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INTRODUCTION 

Growth retardation and an abnormal hair coat, induced in rats by feeding a purified diet 
low in Zn (1.6 p.p.m. Zn), were the first clinical signs associated with dietary Zn deficiency 
(Todd et al. 1934). Two decades later, a direct relationship between Zn and growth was 
reported for swine (Tucker & Salmon, 1955). In addition to impaired growth in the Zn 
deficient pigs, Tucker & Salmon (1955) also observed dermatosis that was previously called 
' parakeratosis' by Kernkamp & Ferrin in 1953. Parakeratosis is the classic characteristic 
associated with severe Zn deficiency in swine (National Research Council, 1979). 

Since the recognition of Zn as an essential nutrient, many researchers have studied the 
role of Zn in biology and nutrition. In the first section of this paper the biology of Zn is 
reviewed. This is followed by an overview of our current upderstanding of possible modes 
of action of Zn absorption. In the last part the biological value of dietary organic Zn 
complexes and Zn chelates is discussed. 

BIOLOGY OF ZINC 

Z I N C  I N  P O R C I N E  TISSUES A N D  F L U I D S  
The concentration of Zn in the whole body of the pig, expressed on a fat free basis, is 
25 mg/kg (Spray & Widdowson, 1950). This is within the 20-30 mg/kg range reported for 
fat free bodies of rats, cats, man (Spray & Widdowson, 1950), sheep (Grace, 1983) and 
dairy cows (Miller et al. 1974). In Table 1, concentrations of Zn in tissues, fluids, bone and 
integuments of the pig are presented. These concentrations were similar to those found in 
body compartments of rats, sheep, cows, monkeys and men (Hambidge et al. 1986; 
Jackson, 1989). 

In pigs, the highest concentration of Zn is found in hair. However, relative to the Zn 
content of the whole body the total amount of Zn in hair is small. The largest pool of Zn, 
approximately 60%, is found in skeletal muscle tissue because of its bulk and fairly high 
Zn concentration (Jackson, 1989). The concentration of Zn varies with the type of skeletal 
muscle, being highest in red and lowest in white skeletal muscle (Cassens et al. 1967). The 
remainder of the Zn pool of the body is primarily located in bone and organs. Body fluids 
contain only a small proportion of total body Zn (Hambidge et al. 1986). 

The total Zn content of the body on a weight basis remains fairly constant from birth 
to maturity (Spray & Widdowson, 1950). The relative proportion of body Zn found in the 
liver gradually increases from birth to weaning. After weaning, the liver Zn concentration 
rapidly decreases to approximately the level of Zn present at birth (Spray & Widdowson, 
1950). 

INTRACELLULAR DISTRIBUTION O F  Z I N C  
In mouse liver cells, the largest proportion of intracellular Zn was found in the light 
fraction containing organelles other than mitochondria and nuclei (Bartholomew et al. 
1959). Conversely, in porcine muscle cells the largest concentration of Zn was found in the 
heavy fraction containing myofibrils and nuclei (Cassens et al. 1967). Moreover, it was 
found that the level of Zn in the heavy fraction of red skeletal muscle was almost four times 
as high as in white skeletal muscle. The Zn level in the light fraction was equally low for 
both the red and white muscle types (Cassens et al. 1967). Thus, the intracellular 
distribution of Zn varies among tissues. 

It is much harder to determine the nature of intracellular Zn than its location. Most 
biochemical techniques currently available involve destruction of the cell allowing Zn to 
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Table 1. Concentration of Zn in bodypuids and tissues of fast growing pigs" 

Item Concentration 

Blood 
Plasma (pg/l) 740 
Serum @g/l) 600 

Leucocytesb 21.5 

Bone 113 
Brain 70 
Heart 96 
Kidney 141 
Liver 151 
Red muscle 137 
Mixed muscle 89 
White muscle 67 
Pancreas 161 
Spleen 107 

Hair 20 1 
Skin 28 

Erythrocytes (pg/g packed cells) 7.7 

Tissuesb 

Integumentsb 

a Data compiled from Hoekstra et al. (1956, 1967), Cassens et al. (1967), Miller et al. (l968), Crofton et al. (1983) 
and Zhou et al. (1994). 

Data of leucocytes, tissues and integuments are expressed as p.p.m. on a DM basis. 

exchange ligands prior to analysis of Zn binding compounds (Jackson, 1989). Nevertheless, 
it has become apparent that Zn is part of many cellular metalloenzymes (Galdes & Vallee, 
1983) and that Zn binds readily to the thiolate ligands present in the cellular protein 
metallothionein (Vasak & Kagi, 1983). 

The distribution and nature of intracellular Zn is depicted in Fig. 1. Zinc is found in many 
cell compartments and is largely bound to cellular proteins (Williams, 1984). However, this 
does not exclude the existence of substantial amounts of free intracellular Zn or 
intracellular Zn complexed with one or more free amino acids (Jackson, 1989). 

BIOLOGICAL F U N C T I O N S  O F  I N T R A C E L L U L A R  Z I N C  
To date, it has been suggested that Zn is involved in the following biological processes : (1) 
catalysis, (2) structural arrangement of protein, and (3) regulation of cellular events 
(Williams, 1989). For each of the processes, Zn exerts its biological activity almost entirely 
as part of complex molecules. 

The catalytic function of Zn is clearly demonstrated in the enzyme carbonic anhydrase 
(Galdes & Vallee, 1983). The only physiological reaction known to be catalysed by carbonic 
anhydrase is the reversible hydration of carbon dioxide (H,O + CO, = H+ + HC0,J. The 
Zn ion of carbonic anhydrase is thought to participate in the first step of the catalytic 
reaction. Basically, Zn functions as an electron acceptor, or Lewis acid, and binds to the 
H,O molecule. Due to the neutral imidazole ligands of the enzyme, the complex Zn (H,O) 
attains maximum acidity making ionization of H,O to OH- possible at pH 7 (Williams, 
1989). The reactivity of the nucleophilic OH- group is sufficient for carbonic anhydrase to 
attack the electrophilic CO, molecule. As a result, the end product HC0,- is formed 
(Galdes & Vallee, 1983). Zinc is thought to behave in a similar way in other Zn 
metalloenzymes which contain Zn at the active site. 
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it 
ZnP, 

Mitochondria 

Fig. 1. Outline of the distribution of intracellular Zn (Williams, 1984). Zinc is carried to the cell by an 
extracellular protein carrier (ZnP,). After being transported into the cell, free Zn can bind to intracellular 
metallothionein (MT) or other intracellular proteins (ZnP,). Metallothionein binds Zn (ZnMT) and 
functions either as an intracellular storage protein or as an extracellular protein carrier. Zinc can also 
be transferred outside the cell as a constituent of enzymes or hormones (ZnP,). Intracellularly, Zn is 
transported to different cellular compartments in which it carries out important biological functions. 
Nuclear (ZnP,), ribosomal (ZnP,) and mitochondria1 (ZnP,) proteins may be involved in polymerization, 
catalysis or protection. Zinc-containing enzymes or transporter proteins (ZnP,), produced at the 
ribosomes, can be incorporated into the cell membrane. 

Zinc may play a structural role in enzymes whenever it is located in a site not critical for 
catalysis. Furthermore, Zn is considered of critical importance in maintaining the structure 
of metalloproteins such as insulin and growth hormone. In this sense, Zn can be viewed as 
a replacement for a disulphide bond, a common feature in many proteins that provides 
stability by interlinking polypeptide chains (Stryer, 1988). 

One disadvantage of the disulphide bond is that in a reducing environment the sulphur 
containing amino acids of the protein chain can be protonated. Protonation causes a 
breakup of the disulphide bridge so that protein conformation is lost. A second 
disadvantage of the disulphide bridge is that it allows little motion about itself and 
therefore restricts protein conformation. In contrast to the disulphide bridge, Zn cannot be 
reduced and puts very little stereochemical demand on the protein (Williams, 1984). Thus, 
Zn provides enzymes and other Zn-containing proteins with conformational stability at 
various pH without causing much steric hindrance. 

A possible cooperative role of Zn and enzymes has been recognized in regulation of 
metabolic processes and synthesis (Jackson, 1989). Moreover, evidence has been presented 
that Zn is involved in gene expression of metallothionein (Seguin & Hamer, 1987). 
Recently, Cousins & Lee-Ambrose (1992) used rats to investigate the interactions of dietary 
Zn intake, nuclear Zn uptake and metallothionein gene expression. They reported that 
increases in dietary Zn were proportional to nuclear uptake of ingested Zn as well as to the 
level of metallothionein gene expression in the kidney, liver, intestine, spleen and heart. 
Using heparin-Sepharose chromatography and South-Western blotting, several Zn-binding 
protein fractions were isolated. One of the isolated protein fractions was able to bind an 
oligonucleotide in addition to Zn. This oligonucleotide was a DNA fragment of a 
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transcription factor of the metallothionein gene (Cousins & Lee-Ambrose, 1992). These 
results support the earlier findings of Seguin & Hamer (1987) that Zn is involved in 
regulation of metallothionein gene expression and suggest that this occurs in several tissues. 

It is not always easy to distinguish among the catalytic, structural and regulatory 
functions of Zn. A good illustration is provided by Zn present in RNA and DNA 
polymerases. The nature of the function of Zn in these enzymes may be catalytic by binding 
substrate, primer or template. Alternatively, Zn may be involved in maintaining 
conformation and not be part of the active site of the enzymes. A third possibility is that 
Zn acts in a regulatory manner by supplying specificity to proteins involved in gene 
replication and transcription (Wu & Wu, 1983). 

ZINC HOMEOSTASIS 

Homeostasis can be considered effective when the animal is able to maintain optimum 
health and function (Aggett, 1991). Initially, the animal is able to maintain Zn homeostasis 
by varying the rates of Zn absorption and excretion (Fig. 2). In the short term the animal 
can further adjust its Zn status. At low dietary Zn intakes, redistribution of Zn occurs to 
those Zn pools that are important in metabolism. When dietary Zn intakes are high, Zn is 
sequestered in several body tissues such as liver and bone. Conditions of long term 
deprivation or excess of dietary Zn lead to inadequacy of processes involved in maintaining 
Zn homeostasis (Fig. 2). 

The mechanisms which enable the animal to maintain Zn homeostasis are not exactly 
understood (Aggett, 1991). This lack of understanding is an important factor contributing 
to the problems encountered in determining Zn status. 

ASSESSMENT O F  Z I N C  STATUS 
Levels of plasma or serum Zn and activities of Zn-containing metalloenzymes are 
frequently measured in studies with man (Prasad et al. 1971). When animals are used, these 
easily obtainable indicators of Zn status are often supplemented with measurements of Zn 
content and Zn metalloenzyme activities in various tissues (Giugliano & Millward, 1984). 
It is questionable, though, whether these indicators are sensitive enough to provide the 
accuracy required for a reliable interpretation of Zn status. 

Plasma or serum contains only a small proportion of the whole body Zn content (Jackson, 
1989). Moreover, Zn levels in plasma or serum respond directly to increases in dietary Zn 
intake and also to minor catabolic processes occurring in skeletal muscle and other tissues 
with large Zn stores. 

There are clear effects of dietary Zn intake on tissue Zn levels, but they are not uniform 
among tissues. Feeding diets low in Zn leads to reductions in Zn concentrations of the 
pancreas, liver, kidney, heart, intestine, skin, hair and bones of the Zn depleted pigs 
compared with pigs pair-fed diets with National Research Council (1988) recommended 
levels of Zn (Hoekstra et al. 1956, 1967; Miller et al. 1968; Crofton et al. 1983; Derrup & 
Clausen, 1991). Zinc concentrations in skeletal muscle tissue, however, are not affected by 
dietary Zn levels (Crofton et al. 1983; Derrup & Clausen, 1991). The large Zn pool found 
in skeletal muscle appears to be important for the biological functioning of the animal. 

The relationship between dietary Zn intake and tissue Zn levels was studied by Cousins 
& Lee-Ambrose (1992). Following an overnight fast, diets containing different levels of Zn 
were administered via a stomach tube to Zn adequate rats. Two hours after feedin&, the 
largest portion of 65Zn was found in the small intestinal tissue, followed by liver, bone 
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Excess Zn 

EXCRETlON AND TlSdJE SEQUESTRATION 
I 

I 
I 

Zinc Homeostasis 

DECREASED ABSORPTION AND INC EASED INTESTINAL SECRETION b 

INCREASED ABSORPTION AND DE EASED INTESTINAL SECRETION .p 
I 

-----I------i------------ 
I 

Zn Deficiency 

TISSUE REDISTRIBUTION TO~PROTECT VITAL Zn POOLS 

Fig. 2. Adaptive processes used to maintain Zn homeostasis (Aggett, 1991). During short periods of low 
or high dietary Zn intake, animals can initially maintain Zn homeostasis by adjusting intestinal Zn 
absorption and secretion. Other mechanisms that are enacted when intestinal mechanisms become 
insufficient are redistribution of Zn to tissues containing functional Zn pools and sequestration of Zn in 
tissues containing exchangeable Zn pools. During prolonged periods of low or high dietary Zn intake, 
animals cannot maintain Zn homeostasis and show signs of Zn deficiency and Zn toxicity respectively. 

marrow, bone, skin, kidney, serum, thymus and skeletal muscle (Cousins & Lee-Ambrose, 
1992). 

It may be argued that pools which contain Zn needed for metabolic functions, the 
functional Zn pools, are located in those tissues and body fluids least affected by dietary 
Zn intake. Tissues that respond strongly to variations in dietary Zn intake may contain Zn 
pools less important for metabolism, the exchangeable Zn pools. The Zn content of many 
tissues and body fluids increases or decreases as dietary Zn intake changes. This suggests 
that there are numerous small sized exchangeable Zn pools. 

In clinical nutrition, two approaches have been proposed to identify the early onset of 
Zn deficiency. The first involves prediction of exchangeable Zn pool sizes. This could be 
done by kinetic modelling studies in which either radioisotopes or the more widely used 
stable isotopes of Zn are used. Recently, Fairweather-Tait et al. (1993) demonstrated the 
feasibility of using an intravenous infusion of ''Zn stable isotope and measuring plasma 
kinetics to estimate body pool sizes in man. They were able to distinguish between small 
rapidly exchanging and large slowly exchanging Zn pools containing less than 10 mg and 
approximately 350 mg of Zn respectively. Before this method can be used for assessment 
of Zn status, the relative sensitivity of body Zn pools to dietary and (or) physiological 
change must be established (Fainveather-Tait et al. 1993). 

An alternative approach for identifying the exchangeable Zn pools is to diagnose factors 
involved in Zn redistribution between exchangeable and functional Zn pools. Some 
progress has been made in identifying a key factor involved in Zn redistribution, namely 
the Zn metalloprotein metallothionein (Golden, 1989). For accurately assessing Zn status 
in man, King (1990) proposed the use of a combination of plasma levels of Zn and 
metallothionein. Low plasma Zn and low metallothionein levels would indicate depletion 
of exchangeable Zn pools as a result of inadequate Zn intake. On the other hand, low 
plasma Zn in combination with high plasma metallothionein levels could be interpreted as 
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tissue redistribution of Zn from exchangeable to functional Zn pools. Although plasma Zn 
is low in both events, the latter condition is not necessarily caused by low dietary Zn intake 
(King, 1990). A balanced diet is not available to every human and most of the time there 
is a lack of information on dietary intake. Consequently, cases of Zn deficiency are 
frequently reported (Prasad, 1988), especially if Zn demands are increased due to growth 
or pregnancy (Yasodhara et al. 1991). The development of diagnostic tools which allow 
easy and accurate assessment of Zn status is essential. Without these indicators, it remains 
impossible to diagnose cases of Zn deficiency at an early stage. 

In animal nutrition, optimum levels of Zn have been defined for the different domestic 
species. The US National Research Council (1979) and the UK Agricultural Research 
Council (198 1) give recommended intakes, and diets are generally formulated accordingly. 
Therefore, Zn deficiency is rarely observed in modern livestock production and thus the 
assessment of Zn status is not common practice. 

BIOLOGICAL ADAPTATIONS D U R I N G  Z I N C  D E F I C I E N C Y  
Experimentally depleted animals have been used to study the biological effects of Zn 
deficiency. Early investigations showed that Zn depletion reduces levels of Zn and Zn 
metalloenzymes in many tissues and body fluids (Hoekstra et al. 1956, 1967; Prasad et al. 
1971). More recently, it was found that Zn deficiency causes increased osmotic fragility of 
red blood cell membranes (Johanning et al. 1990) and depression in both the humoral and 
cellular immune responses (Gupta et al. 1985; Verma et al. 1988; Spears et al. 1991). 

Of particular interest are the studies investigating the relationships between dietary Zn 
intake and growth. Growth retardation observed at low intakes of Zn can only partly be 
accounted for by overall depression of feed intake. This was demonstrated by Miller et al. 
(1968). In their study, performance was determined for three groups of pigs receiving 
different amounts of dietary Zn. Pigs fed a Zn deficient diet had lower gains and poorer feed 
conversion efficiencies than both pair-fed controls and control pigs with ad lib. access to 
feed. Feed conversion efficiency was similar in the two control groups (Miller et al. 1968). 

Growth retardation of Zn deficient animals has been associated with reductions in levels 
of blood insulin-like growth factor I (Cossack, 1986; Derrup et al. 1991), and insulin 
(Giugliano & Millward, 1987; Dsrup et al. 1991 ; Droke et al. 1993). Moreover, decreases 
in serum mitogenic activity and depressions of total pituitary RNA levels and growth 
hormone mRNA expression were found in pigs fed low dietary levels of Zn (Swinkels et al. 
1994~). The observed decreases in both pituitary growth hormone mRNA (Swinkels et al. 
1994c) and blood insulin-like growth factor I levels (Cossack, 1986; Derrup et al. 1991; 
Droke et at. 1993) could not be linked to reduced serum growth hormone levels (Dsrup et 
al. 1991). After injection of a growth hormone-releasing factor analogue, Droke et al. 
(1993) even observed an increase in serum growth hormone levels in Zn deficient lambs. 
Thus, more research is warranted to determine whether synthesis of growth hormone is 
affected by Zn deficiency and to identify those growth mechanisms in which Zn is of critical 
importance. 

In fast growing animals, Zn deficiency primarily affects protein metabolism. Reduced 
protein accretion has been found to occur in skeletal muscle, heart, thymus (Giugliano & 
Millward, 1987; Derrup & Clausen, 1991), and small intestinal tissues (Southon et al. 1986) 
of Zn deficient animals compared with Zn adequate controls. A direct association between 
Zn metabolism and protein metabolism in tissues like the small intestine may be present. 

The magnitude of the effects of Zn deficiency on metabolism is an indication of the 
importance of Zn as a nutrient. The changes in growth, gross anatomy and histology are 
directly related to inadequate supply of intracellular Zn. Consequently, levels and/or 
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activities of Zn metalloenzymes, Zn metalloproteins, and Zn transcription factors are 
reduced thereby impairing metabolism. 

J .  w .  G. M. S W I N K E L S  A N D  O T H E R S  

ABSORPTION OF ZINC 

In general, absorption refers to one of the components in nutrient balance studies. More 
precisely, apparent absorption can be defined as the fraction of the dietary intake that does 
not appear in the faecal secretions. True absorption corrects the apparent absorption for 
endogenous losses occurring with intestinal secretions and mucosal sloughing which are not 
reabsorbed (ODell, 1984). 

The process of Zn absorption can be physiologically divided into two separate events : 
firstly, uptake of Zn from the lumen into the cell, and secondly Zn transport from the cell 
into the circulatory system. In a review, Cousins (1989) has summarized current knowledge 
on mechanisms suspected to be involved in Zn uptake and transport (Fig. 3). 

Uptake or cellular entry of Zn appears to occur by means of active transport and 
facilitated diffusion, both saturable processes (Davies, 1980; Menard & Cousins, 1983 ; 
Blakeborough & Salter, 1987). A small portion of Zn uptake and transport may be non- 
saturable, occurring through simple diffusion (Steel & Cousins, 1985) and paracellular 
movement of Zn, i.e. solvent drag (Bronner, 1987). The saturable uptake of Zn may involve 
binding of Zn by low molecular weight ligands which are present within the intestinal 
lumen. The Zn ligand complex either enters the cell intact or donates Zn to a membrane 
bound receptor. Subsequently, the receptor releases Zn intracellularly. 

The capacity of the small intestine for Zn transport (V,,,) depends on the body Zn status. 
Using isolated intestinal brush border membrane vesicles, Menard & Cousins (1983) found 
that Zn transport in rats fed adequate levels of Zn was twice as low as in Zn depleted rats. 
The affinity for Zn (K,) was not affected by previous dietary Zn intakes. Thus, the increase 
in transport rate at low dietary Zn intakes is due only to an increase in number of receptors 
for free Zn or Zn bound to a low molecular weight ligand. 

Evidence presented thus far suggests that Zn absorption is initiated largely by saturable 
uptake of Zn from the intestinal lumen into the cell. Using basolateral membrane vesicles 
of rat intestine, Oestreicher & Cousins (1989) studied transport of Zn out of the cell into 
the vascular system. Uptake of Zn in basolateral membrane vesicles was saturable and not 
affected by dietary Zn intake (Oestreicher & Cousins, 1989). A saturable Zn uptake 
indicates that a carrier mediated mechanism exists for Zn to enter the blood circulation. 
The lack of effect of dietary Zn intake on vesicular Zn uptake further suggests that Zn 
absorption is not regulated at the basolateral membrane (Oestreicher & Cousins, 1989). 

ROLE OF INTESTINAL METALLOTHIONEIN I N  Z I N C  
ABSORPTION 

Metallothionein is a protein of low molecular weight, about 6500 D, with a high metal- 
binding capacity, 7-10 atoms/mole (Bremner, 1983). For a thorough review of the role of 
metallothionein in Zn metabolism the reader is referred to Bremner (1983), Cousins (1985), 
Richards (1989) and Bremner & Beattie (1990). 

A regulatory role of intestinal metallothionein in Zn absorption was first proposed by 
Richards & Cousins (1 975). Intestinal metallothionein is synthesized in proportion to 
dietary Zn intake (Cousins & Lee-Ambrose, 1992). Metallothionein reduces Zn absorption 
by sequestering Zn within the enterocyte due to its higher affinity for Zn compared with 
other identified intestinal proteins (Starcher et al. 1980; Menard et al. 1981). 
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Zn-LMW 

Zn-LMW 

Zn-LMW 

LMW 

-LMW 

LMW 

Metallothionein 
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Plasma Cells Lumen 

Fig. 3. A model for zinc absorption (Cousins, 1989; Hempe & Cousins, 1992). Zinc absorption can 
be physiologically divided into two processes: uptake of Zn from the GI lumen into the enterocyte (top) 
and transport of Zn from the enterocyte into the circulatory system (bottom). Within the GI lumen Zn 
may be presented for uptake into the enterocyte as free Zn or as Zn bound to a low molecular weight 
(LMW) ligand. The uptake of free Zn or Zn-LMW may involve carrier mediated and non-mediated 
mechanisms (top). Within the enterocyte, Zn transport may involve a cysteine-rich transcellular 
transport protein. Metallothionein competes for Zn with the transcellular transport protein and, 
therefore, may play a regulatory role in Zn absorption. Export of Zn from the enterocyte into the 
circulatory system may involve active mechanisms (bottom). A small portion of Zn uptake and transport 
may occur through simple diffusion and paracellular transport of free Zn (top). 

As shown in Fig. 3, Hempe & Cousins (1992) included an interaction of a cysteine-rich 
intestinal protein, identified by Hempe & Cousins in 1989, with metallothionein in the Zn 
absorption model proposed by Cousins (1989). The cysteine-rich protein may enhance Zn 
absorption by transporting Zn transcellularly, from the intestinal brush border to the 
basolateral membrane. Intestinal metallothionein competitively inhibits binding of Zn to 
the transport protein and thereby regulates Zn absorption (Hempe & Cousins, 1992). 

The regulatory role of intestinal metallothionein in Zn absorption has been partly 
challenged by Flanagan et al. (1983) and Coppen & Davies (1987). In these studies, 
criticism was focused on the proportional response of intestinal metallothionein synthesis 
to dietary Zn levels. Flanagan et al. (1983) observed only a transitory effect of dietary Zn 
level on intestinal metallothionein synthesis. They concluded that intestinal metallothionein 
synthesis was most likely induced by the nutritional stress associated with Zn deficiency and 
not by dietary Zn level (Flanagan et al. 1983). Moreover, Coppen & Davies (1987) found 
that dietary Zn intake did induce intestinal metallothionein synthesis in rats, but only at 
Zn levels of 5 to 80 mg per kg diet. At higher levels of Zn, 80 to 160 mg per kg diet, no 
further induction of intestinal metallothionein was observed (Coppen & Davies, 1987). 

SITE(S) OF Z I N C  ABSORPTION 
Many researchers have investigated the capacity for Zn absorption of various sites of the 
gut using a variety of methods. Some have reported that net Zn absorption in rats occurs 
primarily in the small intestine (Underwood, 1977) with negligible Zn absorption occurring 
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Table 2. Apparent absorption coefficients of Zn determined within seven gut segments of 
depleted pigs fed an isolated soya protein semipurlJied Zn depletion diet supplemented with 

15 and 45p.p.m. Zn as ZnSO,a 

gut segmentb' 15 p.p.m. ZnSO, 45 p.p.m. ZnSO, SEM 

Stomach 
Small intestine 

Proximal 
Medial 
Distal 

Caecum 
Colon 

Large intestine 

Proximal 
Distal 

YO 
- 20.4 

- 24.3 
5.4 

25.5 

18.0 

203 
16.7 

% 
- 16.1 6 6  

- 46.9 18.7 
0.7 14.1 

17.6 5.8 

18.4 4.7 

15.7 4.9 
17.4 6.2 

Apparent absorption coefficients were determined using the indirect indicator (0.25 % Cr,O,) method. Each 
depleted mean represents five pigs that had been depleted for a 32-d period using an isolated soyabean semipurified 
diet containing 17 p.p.m. Zn. Pigs were killed 0, 3, 6, 12 and 24 d (one pig per d) after the start of a 24 d Zn 
repletion period. Digesta were collected exactly 2.5 h after feeding the last meal using a total digesta collection 
procedure. The gut was divided into seven segments: stomach, three small intestinal segments of equal length, 
caecum and two colonic segments of equal length. 

Linear, quadratic and cubic increases from stomach to distal colon segment (P <0.05). 
Zn level by gut segment interaction (P < 0.01). 

in other segments of the gut (Underwood, 1977; Davies, 1980). Others, however, did 
observe substantial Zn absorption in the large intestine of rats (Wapnir et al. 1985; Seal & 
Mathers, 1989), pigs (Partridge, 1978), sheep (Grace, 1975) and cattle (Bertoni et al. 1976). 
Furthermore, absorption of Zn anterior to the small intestine was observed in chickens 
(Miller & Jensen, 1966) and dairy cattle (Miller & Cragle, 1965). 

Duodenal and ileal segments of the small intestine have been suggested as primary sites 
for Zn absorption. Infusion of 65Zn into a ligated duodenal loop led to the highest 65Zn 
recovery in blood, liver, kidneys and heart (Van Campen & Mitchell, 1965) or the whole 
body (Davies, 1980). With the use of an in vivo intestinal perfusion technique, it was found 
that the ileum had the highest capacity for Zn absorption (Antonson et al. 1979). Recently, 
Swinkels et al. (1994b) determined the site of apparent Zn absorption using a total digesta 
collection procedure and the indirect indicator method. The pigs used in this study had 
been depleted of Zn for a 5-week period by feeding an isolated soya protein semipurified 
diet. The diet contained 17 p.p.m. Zn and 3 %  cellulose. Following the depletion period, 
pigs were repleted by feeding the same diet supplemented with either 15 or 45 p.p.m. Zn 
as ZnSO,. As shown in Table 2, jejunal and ileal segments of the small intestine were 
identified as the main sites of Zn absorption. The large intestine did not seem to contribute 
to the overall apparent Zn absorption (Swinkels et al. 1994b). 

Partridge (1978) and Seal & Mathers (1989) examined the role of different amounts and 
sources of dietary fibre or non-starch polysaccharides on capacity and site of apparent Zn 
absorption. Using re-entrant cannulas in Zn adequate pigs given a casein semipurified diet 
containing about 50 p.p.m. Zn as ZnCO, and 3 % cellulose, Partridge (1978) found that the 
large intestine was the primary site of Zn absorption. However, the gut sites anterior to the 
terminal ileum became the more important sites of apparent Zn absorption when 9 YO 
instead of 3 % cellulose was included in the diet. The inclusion of a high level of cellulose 
in the diet also decreased overall apparent Zn absorption (Partridge, 1978). Feeding 
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different non-starch polysaccharide sources to rats, Seal & Mathers (1989) found similar 
rates of Zn absorption from everted gut sacs of duodenal, ileal and colonic segments. 
Analysis of the everted gut sacs showed that the absorbed Zn was largely accumulated in 
all intestinal tissues, particularly in the duodenal segment, and that only a small amount 
of Zn was transferred across the serosal surface. The source of non-starch polysaccharides 
in the diet appeared to affect the capacity of the large intestine for Zn absorption. Rats 
previously fed diets containing high levels of pectin showed higher rates of Zn transfer by 
colonic tissues than rats previously fed diets with or without non-starch polysaccharides 
from wheat bran (Seal & Mathers, 1989). 

From the above mentioned studies it appears that all segments of the gut have the 
capacity to absorb Zn. As stated by Seal & Mathers (1989), some of the differences observed 
among the studies may relate to experimental technique, animal species and dietary 
composition. With regard to the diet, it appears that the capacity of the large intestine to 
absorb Zn is expressed when a fibre or non-starch polysaccharide source is included in the 
diet (Grace, 1975; Bertoni el al. 1976; Partridge, 1978; Seal & Mathers, 1989). However, 
inclusion of high amounts of dietary fibre or non-starch polysaccharide (Partridge, 1978) 
or a high body need for Zn in the experimental animals (Swinkels et al. 19946) appeared 
to increase the relative contribution of the small intestine to overall Zn absorption. 

MINERALS I N T E R A C T I N G  W I T H  Z I N C  D U R I N G  ABSORPTION 
Transport of Zn from the intestinal lumen into the enterocyte can be impeded by other 
minerals. Iron and Cd have been shown to inhibit Zn uptake from an open-ended duodenal 
loop in Fe deficient mice (Hamilton et al. 1978). An interaction between Zn and Fe was also 
observed from jejunal segments of Fe adequate rats. Addition of Zn to the perfusate 
reduced absorption of Fe by 34 YO (El-Shobaki & Srour, 1989). Substantial inhibition 
exerted by Fe on Zn absorption in men was reported by Solomons & Jacob (1981). The 
inhibition became more apparent with increasing ratios of dietary Fe to Zn. In a 
subsequent study, it was shown that there is a competition between Fe and Zn at 
intraluminal and intracellular sites (Solomons et al. 1983). 

Copper uptake by intestinal brush border membrane vesicles of rats given either high 
levels of Zn, adequate Cu and Zn, or Cu deficient diets was studied by Fischer & L'Abbe 
(1985). They observed the highest Cu uptake by vesicles of rats given high levels of Zn 
(Fischer & L'Abbe, 1985). In pigs given a high dietary level of Cu, an increase in plasma 
Cu and in liver Cu and Zn contents was observed together with a concurrent decrease in 
plasma and liver Fe (Shurson et al. 1990). A tissue specific association between Zn and Cu 
was found by Swinkels et al. (1994a). In their Zn depletion-repletion study, they examined 
the bioavailability of Zn from different Zn sources by determining the Zn contents in liver, 
kidney, pancreas, brain and gut tissues. In the kidney, Cu was depleted and replaced with 
Zn, whereas kidney Fe levels and both Cu and Fe levels in other tissues were not affected 
by the tissue Zn status (Swinkels et al. 1994a). 

Zinc retention was not different in pigs fed different levels of Ca (Morgan et al. 1969). 
In rats, a negative effect of Zn on Ca uptake by intestinal brush border membrane vesicles 
was only observed at high Zn to Ca ratios (Roth-Bassell & Clydesdale, 1991). 

It has become clear that the presence of Cu and Fe in the chyme can affect Zn absorption. 
It is not clear whether both minerals actually interfere with cellular uptake of Zn or whether 
Cu and Fe interact with Zn to form non-absorbable complexes within the lumen of the gut. 
Interference with cellular uptake may occur when the minerals compete either for common 
transporters in the cell membrane or for common cytosolic proteins that are involved in 
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intracellular transport of Zn. The interaction between Cu and Zn may result from 
competition for binding with metallothionein. Metallothionein has a high affinity for both 
Cu and Zn (Cousins, 1985), but thermodynamically binding with Cu is preferred to binding 
with Zn (Williams, 1984). 

J .  w. G. M. S W I N K E L S  A N D  O T H E R S  

I N T R I N S I C  FACTORS A F F E C T I N G  Z I N C  ABSORPTION 
Zinc absorption is affected by dietary and endogenous factors, In rat jejunal segments, an 
excess of unhydrolysed glucose polymers and slowly absorbed sugars reduces Zn absorption 
(Wapnir et al. 1989). Absorption of Zn is also affected by the protein source (Miller & 
Jensen, 1966; O’Dell et al. 1972) as well as the protein concentration (Hunt & Larson, 1990; 
Hunt & Johnson, 1992). 

The negative association of protein with Zn absorption may be due to other dietary 
components that contaminate the protein source. An allegedly higher Zn absorption from 
diets containing an animal protein source compared with diets based on cereal protein 
proved to be due to the presence of phytate in the cereal protein sources (Harmuth-Hoene 
& Meuser, 1987). Phytate and also fibre are two well known intrinsic factors which have 
been shown to affect the absorption of Zn negatively (Davies & Reid, 1979; Simons et al. 
1990). 

Endogenous factors may also interfere with Zn absorption from the gut lumen. A 
decrease in the plasma Zn level was observed by Sturniolo et al. (1991) after selective 
inhibition of gastric acid secretion in man. Their explanation was that a more alkaline 
environment in the stomach induces the formation of insoluble Zn compounds which 
cannot be absorbed further down the gut (Sturniolo et al. 1991). 

As shown in the above mentioned studies both dietary and endogenous factors may 
affect the absorption of Zn to some extent but, unless dietary Zn intake is too low or too 
high for a prolonged period, the animal will be able to maintain Zn homeostasis. 

BIOLOGICAL VALUE OF DIETARY COMPLEXES A N D  
CHELATES OF ZINC 

METAL COMPLEXES AND CHELATES 
Metal complexes are compounds of a central metal atom together with ligands which 
contain at least one ligand atom with a free electron pair. Proteins and carbohydrates 
including their derivatives, lipids, and many synthetic compounds which contain an 0, S 
or N atom may function as ligand (Kratzer & Vohra, 1986). The number of ligands that 
bind the metal atom usually exceeds the number expected from valency considerations 
(Smith, 1990). Binding of the ligand to the metal occurs through donation of the free 
electron pair of the ligand atom to the metal atom which acts as an electron acceptor (Fig. 
4). This type of bond is referred to as a coordinate or dative bond. Coordinate bonds are 
mostly formed between the transitional elements and the electronegative atoms oxygen, 
sulphur and nitrogen (Kratzer & Vohra, 1986). 

A metal chelate is a special form of a metal complex. A metal complex is considered a 
metal chelate when instead of one ligand atom, two or more atoms of the ligand donate 
their electron pairs to the metal in the formation of coordinate bonds. The chemical ring 
structure formed between the ligand and the metal resembles a pincer-like claw, for which 
the Greek word is ‘Chele’ (Fig. 4). Formation of metal complexes and chelates are both 
reversible processes. A continuous exchange of ligands occurs with a change in intraluminal 
or intracellular conditions. The free metal prefers those ligands with which it can form the 
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Zn Complexes Zn Chelate 

S 

Fig. 4. Complexes and chelates of zinc as found at some known Zn sites of Zn-containing proteins 
(Williams, 1984). In Zn complexes only one atom of each participating ligand donates its free electron 
pair to Zn. this occurs at the structure sites of metallothionein (shown in part) and alcohol 
dehydrogenase (left figure) and at the active site of carbonic anhydrase (centre figure). In Zn chelates two 
or more atoms of each participating ligand donate their free electron pairs to Zn. This occurs at the active 
site of carboxypeptidases (right figure). 

chemically most stable complexes or chelates under the given conditions (Kratzer & Vohra, 
1986). 

CONSIDERATIONS W H E N  D E T E R M I N I N G  BIOAVAILABILITY OF 
Z I N C  

The term ' bioavailability ' is generally used to describe the properties of absorption and 
utilization of nutrients (ODell, 1984). Only absorbed nutrients which can participate in the 
biological processes in the animal are considered utilizable, and thus bioavailable. Free Zn 
or Zn bound to low molecular Weight ligands could have been absorbed and be present in 
body fluids and tissues, but it may not have been utilized. In determining the Zn availability 
of mineral sources, therefore, Zn metalloenzyme activities and metallothionein levels in 
body fluids and tissues are probably more reliable indicators of Zn availability than blood 
or tissue Zn concentrations. 

A second important consideration in Zn availability studies is that animals maintain 
homeostasis by secreting part of the excess body Zn into the gut lumen. To prevent this 
mechanism from occurring, the animals should be depleted of Zn prior to the study. In a 
study conducted by Hallmans et al. (1987), bioavailability of Zn from one test food was 
estimated using two groups of rats with different needs for Zn to maintain Zn homeostasis. 
To increase the need for Zn in rats of the treatment group, anabolic processes that require 
Zn were stimulated by an intraperitoneal injection of a solution containing amino acids. 
The controls were injected with physiological saline. Results of the study showed that rats 
receiving the amino acid solution had a 40 % increase in Zn absorption from the test food 
(Hallmans et al. 1987). 

In addition to the use of animals with a high body need for Zn, the level of Zn used to 
replete the animals with Zn has to be carefully selected. If the levels of Zn are too low, the 
appetite of the depleted animals may remain depressed. On the other hand, if levels of Zn 
are too high, repletion of the depleted tissues with Zn may occur very rapidly. In both cases, 
the availability of Zn from the experimental diets cannot be determined. Thus, a dose 
response experiment has to be conducted to determine an optimum level of Zn. With an 
optimum Zn level, the change in Zn status of the depleted animal can be monitored over 
time as an indication of Zn availability in the experimental diets. Effectiveness and duration 
of Zn repletion can be determined by monitoring performance, repetitive measurement of 
serum or plasma Zn or metallothionein levels, the activities of metalloenzymes and serum 
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mitogenic activity (Miller et al. 1968; Prasad et al. 1971; Swinkels et al. 1994a). Moreover, 
tissue levels of Zn and Zn metalloenzyme activities can be determined at one or more times 
during Zn repletion. Each of these measurements or several of them together may be 
referred to as a Zn bioassay (Wedekind & Baker, 1990). 

A final consideration in mineral availability studies is that the mineral source used as the 
control may influence the outcome of the comparison. For example, based on tibia Zn, 
Wedekind & Baker (1990) estimated a 61 % availability of Zn from ZnO relative to ZnSO,. 
Both inorganic Zn sources are frequently used as control treatments in Zn bioassays. 

J .  w. G .  M. S W I N K E L S  A N D  OTHERS 

AVAILABILITY O F  Z I N C  C O M P L E X E D  W I T H  P I C O L I N I C  A C I D  
Picolinic acid (pyridine 2-carboxylic acid), a minor metabolite of tryptophan, was one of 
the first organic ligands studied for its possible promoting effect on Zn availability. The 
interest in picolinic acid originated from the finding that human milk provides more 
available Zn than cows’ milk. In this research, Evans & Johnson (1979) characterized 
picolinic acid as a strong Zn binding ligand in human milk. 

In subsequent studies, Evans & Johnson (1980~-c) showed that absorption of Zn was 
increased and growth rate stimulated in rats given diets supplemented with picolinic acid. 
In the later studies of Roth & Kirchgessner (1985) and Hill et al. (1986) these findings were 
not confirmed. Addition of picolinic acid to the diet improved neither the body gains, 
serum Zn levels, and Zn contents in the testes, femur and whole body of rats (Roth & 
Kirchgessner, 1985) nor bone Zn concentrations in pigs (Hill et al. 1986). 

Using everted sacs of rat duodenum and ileum, Seal & Heaton (1983) studied the uptake 
of Zn with a variety of ligands including 2-picolinic and 4-picolinic acid. Salient features 
of this study are presented in Fig. 5. Adding 2-picolinic acid to the mixture improved the 
uptake of Zn in both everted duodenal and ileal sacs when compared with inorganic 
sulphate. Of the organic ligands tested, sulphate proved to be the most effective in 
enhancing Zn uptake. Compared to sulphate, the amino acids histidine and cysteine did 
improve Zn uptake from the ileal but not from the duodenal sac (Seal & Heaton, 1983). As 
part of the same study, the most promising ligands were included in the diets of intact rats 
housed in metabolism cages. The ligand 2-picolinic acid did improve apparent Zn 
absorption as expected from the results of the in vitro study. Zinc retention, however, was 
not improved primarily because of increased urinary Zn excretion (Seal & Heaton, 1983). 
These findings suggest that Zn was so tightly bound to 2-picolinic acid that it could not be 
utilized after being absorbed in complexed form, and therefore was excreted via the kidneys 
(Seal & Heaton, 1985). 

AVAILABILITY OF Z I N C  C O M P L E X E D  W I T H  M E T H I O N I N E  OR 
O T H E R  A M I N O  A C I D S  

Amino acids are frequently used as dietary ligands for synthesizing Zn complexes or 
chelates. Of all Zn amino acid complexes studied Zn methionine has received by far the 
most attention. 

An improvement in Zn availability from the complex Zn methionine compared with 
ZnSO, was observed after measuring levels of Zn in the tibia of chicks (Wedekind et al. 
1992). In other studies, Zn availability from Zn methionine, determined by measuring 
performance and serum Zn levels, was not different from an inorganic Zn salt in pigs 
(Kornegay & Thomas, 1975; Hill et al. 1986) or in heifers (Spears, 1989). Although 
apparent Zn absorption from Zn methionine was not different from ZnO, Spears (1989) did 
observe an increase in Zn retention of lambs fed Zn methionine. The increase in Zn 
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Fig. 5. Effect of inorganic and organic ligands on serum Zn concentrations and intestinal Zn uptake in 
rats. Serum Zn levels (top) were measured in rats 1 and 4 h after oral dosage of ZnSO, or mixtures 
of ZnC1, and different organic ligands containing 10 p.p.m. Zn (Giroux & Prakash, 1977). Intestinal Zn 
uptake (bottom) was measured using duodenal and ileal everted gut sacs after incubating with a buffer 
containing 00003 M-Zn as ZnCl,, ZnSO, or mixtures of ZnC1, and organic ligands (Seal & Heaton, 
1983). Organic ligands containing negatively charged carboxyl or thiol groups appeared to be the most 
effective in stimulating serum Zn concentrations and intestinal Zn uptake. 

retention was caused by a slight reduction in urinary Zn excretion. A higher Zn retention 
with no difference in apparent Zn absorption (Spears, 1989) suggests that the complex Zn 
methionine provided more utilizable Zn than ZnO. In a 2-year study with beef cows and 
calves, Spears & Kegley (1991) observed a slight improvement in over-all performance with 
the use of Zn methionine and Mn methionine compared with ZnO and MnO. Addition of 
Zn methionine instead of ZnO to chick diets containing already adequate amounts of Zn 
slightly increased the content of Zn in the pancreas (Pimentel et al. 1991). Growth and 
concentrations of Zn in tibiotarsus and liver were not affected by the Zn source (Pimentel 
et al. 1991). Carcass quality of steers was improved with a Zn methionine supplement to 
the diet instead of ZnO (Greene et al. 1988). The better carcass quality was not associated 
with improved performance. 

The influence of a variety of amino acids and their chemical homologues on Zn uptake 
from perfused jejunal, ileal and colonic segments of rats was studied by Wapnir & Stiel 
(1986). In the small intestine, perfusion with tryptophan, histidine, cysteine and proline 
achieved a higher Zn uptake compared with results after perfusion with their respective 
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homologues tryptophol, imidazole, N-acetyl-L-cysteine and pyroglutamate. It appeared 
that both mediated and non-mediated transport mechanisms were involved in Zn uptake 
of the small intestine when the perfusate contained one of the amino acids. When the 
perfusate contained one of the amino acid homologues only non-mediated transport 
mechanisms appeared to be activated. In the colon, uptake of Zn was increased only with 
imidazole, the homologue of histidine, which may be explained by the high structural 
affinity of imidazole for Zn (Wapnir & Stiel, 1986). In humans, a 25 % increase in serum 
Zn level was observed after ingestion of Zn as a Zn histidine complex compared with 
ZnSO, (Scholmerich et al. 1987). The apparent higher absorption of Zn histidine, however, 
was associated with increased urinary Zn excretion. Performance of grower pigs was not 
improved by supplementing Zn adequate diets with 1 % histidine or 289 p.p.m. EDTA 
(Dahmer et al. 1972; Owen et al. 1973). However, inclusion of histidine appeared to 
alleviate skin lesions of the Zn deficient pigs used by Dahmer et al. (1972). This may 
indicate that dietary histidine did improve Zn availability. Alternatively, histidine may have 
stimulated the healing process independent of Zn. After measuring several serum and tissue 
variables in pigs that had been depleted of Zn, Swinkels et al. (1994~) reported similar 
availabilities of Zn from an amino acid chelate and ZnSO,. However, the apparent Zn 
absorption coefficients were not consistent with the serum and tissue Zn measurements 
(Swinkels et al. 1994b). 

Uptake, mucosal retention and absorption of Zn from ZnCl,, ZnC1, with methionine, Zn 
complexes with methionine and ZnC1, with EDTA were studied by Hempe & Cousins 
(1989) with the aid of ligated rat duodenal loops. After 60 min incubation, Zn uptake and 
absorption were lowest for Zn methionine and the Zn EDTA mixture. It was suggested that 
the low Zn absorption was associated with reduced binding of Zn to an unidentified low 
molecular weight protein present in the mucosa (Hempe & Cousins, 1989). Later on, the 
protein was assigned a possible role in the transcellular transport of Zn as shown in Fig. 
3. Uptake of Zn, determined with everted duodenal sacs of pigs, was not different among 
ZnSO,, Zn methionine and Zn lysine (Hill et al. 1987). 

The hypothesis that organic ligands are actively involved in Zn absorption was examined 
by Giroux & Prakash (1977). Salient features of the results of this study are shown in Fig. 
5. In their study, Giroux & Prakash (1977) gave different ligand and ZnSO, mixtures 
(10 p.p.m. Zn) by stomach tube after a 24 h fast. One and 4 h after force feeding the rats, 
they determined Zn absorption by measuring serum Zn levels. As shown in Fig. 5, ligands 
containing thiol and carboxylic acid groups, such that formation of five- or six-membered 
Zn chelates could occur, proved to be the most effective in increasing levels of serum Zn 
1 h after feeding. A 1 : 1 mixture of phytate and ZnSO, reduced serum Zn levels about 3.5 
times compared with the control ZnSO,. Of the amino acids tested, a 2: 1 mixture of glycine 
and ZnSO, was most effective. Increases in serum Zn levels observed with the amino acids 
lysine, histidine and cysteine were only slightly lower. Serum Zn levels, measured 4 h after 
feeding, returned to the ZnSO, control value for most amino acid and ZnSO, mixtures. In 
contrast to the amino acid ligands, changes in levels of serum Zn observed with phytate and 
several ligands containing thiol or carboxylic acid groups 1 h after feeding were still 
maintained 4 h after feeding (Giroux & Prakash, 1977). Also, in the study of Seal & Heaton 
(1983), a ligand containing a carboxylic acid group, 2-picolinic acid, improved the uptake 
of Zn when compared with inorganic sulphate (Fig. 5). 

It is difficult to deduce a general mode of action for absorption of organic Zn complexes 
or chelates from the studies of Giroux & Prakash (1977) and Seal & Heaton (1983). In both 
studies it appears, however, that absorption of Zn may be enhanced in the presence of 
organic ligands containing highly negatively charged atom groups that form negatively 
charged Zn complexes or chelates. This observation is supported by the findings of Tacnet 
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et al. (1990) in a study using intestinal membrane vesicles of rats. They also found a 
considerable increase in vesicular Zn uptake when ZnSO, was substituted for Zn(SCN),’-, 
a highly negatively charged anion. 

CONCLUSIONS 

Studies on the mechanisms underlying Zn absorption have suggested that Zn may be 
absorbed as part of an intact complex or chelate formed between Zn and one or more 
organic ligands. To date, this hypothesis has been examined primarily using Zn complexed 
to either picolinate or methionine. Although both organic Zn forms have been shown to 
affect Zn absorption, a consistent improvement in availability of Zn from these sources was 
not found. More basic research focusing on conditions within the gut lumen and on 
mechanisms underlying Zn absorption is needed to elucidate which characteristics of a 
dietary Zn form are essential in determining its biological value. Within the gut lumen, 
dietary Zn complexes or chelates should be stable enough to withstand luminal conditions 
in all gut segments prior to the site of absorption. In order to be utilized, the stability of 
the dietary organic Zn form should be low enough to allow for the release or donation of 
Zn either during or after Zn absorption. Previous research has shown that dietary ligands 
may affect both absorption and utilization of Zn. A complete understanding of the 
mechanisms underlying these processes, however, is necessary to determine the specific 
importance of ligands. When these mechanisms are elucidated, it should be possible to 
develop dietary Zn complexes or chelates with a high biological value more effectively. 
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