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INTRODUCTION 

The effect of variations in the form and content of inorganic constituents of 
diets on the metabolic fates of both essential and toxic trace elements is often 
substantial. Attempts to define the minimal trace element requirements of man 
and animals are commonly hindered by not taking into account the influence of 
such variables on the efficiency of absorption of essential elements. Superficial 
understanding of how such interactions arise also limits our ability to anticipate 
the development of deficiency or to predict the influence of diet upon suscepti­
bility to trace element toxicity. 
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174 MILLS 

Present understanding of the nutritional and toxicological significance of 
such interrelationships has been gained largely from a series of circumstantial 
observations. One exception is the attempt to provide a rational explanation of 
mutual antagonistic effects of structurally related inorganic elements or ions 
that are believed to share common binding sites on receptors involved in their 
absorption, transport, and tissue distribution. This concept (59) proves particu­
larly fruitful in the design of experiments that have now revealed the wide range 
of interactions that may be nutritionally or toxicologically relevant. Such 
interactions are summarized elsewhere (10, 80). A second, if more restricted, 
area of rapid and systematic growth developed from intensive studies of 
the roles of metallothionein-like, low-molecular-weight, sulfur-rich proteins 
as determinants of the kinetics of tissue distribution, utilization, or toxicity 
of the elements zinc, cadmium, copper, and mercury (7, 63). Once it became 
established beyond doubt that the metallothioneins had roles not merely re­
stricted to the sequestration of potentially toxic tissue concentrations of cad­
mium but also acted as modulators of the tissue flux of zinc and copper (9), 
with both competing for its metal binding sites, a rational approach to the 
study of at least one important group of metal-metal interactions became 
feasible. 

Such developments have materially enhanced the sensitivity of studies of 
trace metal-related interactions. This is evident, for example, in recent experi­
ments indicating that "nutritionally realistic" increases in zinc intake depress 
cadmium retention by some tissues (56, 62) and, as discussed below, may 
influence iron and copper utilization (62). Until recently, much of the data 
describing the effects of these and other interactions was derived from experi­
ments imposing very wide variations in dietary composition, especially with 
respect to the concentrations of potentially competitive inorganic elements. 
While often appropriate for exploring aspects of the biochemistry of such 
interactions, the relevance of such data to circumstances other than those 
arising from gross, dietary contamination or "environmental" anomalies is 
often in doubt. This point is also emphasized in two recent reviews (28, 38). 
Thus, the present chapter is restricted to interactions whose nutritional rele­
vance is strongly suspected but whose quantitative effects are difficult to 
predict and whose mechanisms are sometimes insufficiently well understood to 
permit confident extrapolation between species in the context of human and 
animal nutrition. Even in such situations there are often reasonable grounds for 
suspecting that the events modifying trace element utilization or metabolic 
responses to deficiency or toxicity occur (a) prior to absorption, (b) at some 
stage during the absorptive process, or (c) systemically, during the physiologi­
cal utilization of elements within body tissues. The examples considered are 
categorized accordingly. 
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TRACE ELEMENT INTERACTIONS 175 

V ARIABLES INFLUENCING INTESTINAL SOLUBILITY 
OF TRACE ELEMENTS 

Dietary Phytate, Calcium, and Trace Metals 

The role of dietary phytate as an antagonist of zinc absorption has been known 
for 25 years ( 14, 73, 94, 96). Despite this, substantial controversy still exists as 
to the significance of phytate as a determinant of the availability of dietary zinc 
to most species other than rats and chicks. 

Early in vitro studies of reactions between soluble phytate, zinc, and calcium 
to yield the zinc/calcium!phytate complex, [Zn Ca phytate] , at the pH of the 
distal duodenum suggested that the inhibitory effect of phytate on the utiliza­
tion of zinc is explicable on the basis of intraluminal reactions depressing zinc 
solubility (11). This convincing argument has been widely accepted but often 
without considering the restricted physiological relevance of the simplified 
aqueous systems within which such evidence was first obtained. 

Preeminent among the variables presenting difficulty in attempts to predict 
zinc availability from consideration of dietary phytate content must be the form 
and stability toward hydrolysis of ingested phytate and, secondly, the intralu­
minal presence of other ligands that, by associating with zinc, reduce the 
concentration of Zn2+ ions free to participate in reactions leading to formation 
of [Zn Ca phytate]. The importance of such variables is frequently obscured in 
studies of the phytate/zinc interaction with laboratory rats offered semisynthet­
ic diets formulated to meet recommended nutrient allowances for all constit­
uents other than "available" zinc. Data obtained under such conditions (26, 88) 
indicate unequivocally that dietary phytate:Zn (molar) ratios exceeding 25: 1 
sufficiently inhibit zinc utilization to restrict growth, provided dietary calcium 
is maintained at or above the currently accepted RDA for the rat of 5 g Calkg 
diet (9 1). However, attempts to predict the availability of zinc in human diets 
by use of the phytate/zinc ratio technique have not been uniformly successful 
(19, 38). The reasons for this are now becoming clearer. The fact that calcium 
contents of human diets are markedly lower than those of typical rat bioassay 
diets clearly contributes to this difficulty. Thus recent quantitative studies of 
the synergistic effects of dietary calcium upon the phytatelzinc antagonism 
show that variations in Ca content between 3 and 6 g/kg have a major influence 
on the availability of zinc when phytate is present ( 16, 88). The dominant role 
of calcium in determining zinc availability in phytate-rich diets is now becom­
ing understandable from evidence of its role as a determinant of phytate 
solubility ( 135) and thus of the yield of the [Zn Ca phytate] complex ( 134). 
Furthermore, the rate of phytate hydrolysis by phytases of the intestinal mucosa 
appears to be inversely proportional to the intraluminal concentration of cal­
cium (90, 137). Reappraisals of published data from experiments with rats in 
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176 MILLS 

which the phytate/zinc antagonism was studied using diets ranging in Ca 
content from 3 to 17.5 g/kg indicate a substantially greater predictive value of 
equations describing zinc availability when the equations incorporate a term 
accounting for the synergistic effect of calcium. Thus in a recent study (85) the 
rate of weight gain of rats (.:lW; g/day) was closely related to the (molar) 
concentration of dietary Ca, Zn, and phytate by the expression: 

.:lW = 6.213 - 0.33 1x (r=0.877; t=I1.77), 

where x = [CaHphytate]/[Zn] moles/kg diet; and the critical threshold ratio of 
[Ca phytate]/[Zn] above which available zinc supply was inadequate to main­
tain growth was approximately 3.5. This relationship is clearly of greater value 
for predicting zinc availability from the diets of rodents; its predictive value for 
human diets cannot yet be assessed because of the startling infrequency with 
which concentrations of all relevant variables are reported. However, prelimi­
nary estimates (23) derived from the few recent studies with human subjects in 
which such data are presented (21, 42) or can readily be calculated (92) suggest 
that a ratio exceeding 0.4 may significantly reduce the efficiency of zinc 
absorption, or if exceeding 3, produce evidence of depletion of tissue zinc. 

While the predictive value of the [CaHphytate]/[Zn] ratio may well prove to 
be superior to that of the phytate/zinc ratio, it must also be anticipated that 
either will have important limitations when applied to dietary regimes differing 
markedly with respect to amino acid pattern and protein content. This belief 
arises from the results of balance studies with human subjects (110) and zinc 
availability studies with rats (24), which indicate that the phytate/zinc antago­
nism is ameliorated by increases in dietary protein. It is strengthened by 
evidence that the free amino acids, histidine, cysteine, and methionine readily 
desorb zinc from the particulate, insoluble [Zn Ca phytate] complex (136). 
Other reports describe the extent to which ligands normally present in the 
soluble phase of intestinal lumen contents of rats are capable of dissolving a 
range of metals (M) from insoluble [M Ca phytate] complexes. The yield of 
soluble copper or zinc from such complexes was directly proportional to the 
amino-N content of the intestinal soluble phase, and the effectiveness of release 
of a range of metals from their complexes with phytate was typically 
Cu>Cd> Mn> Zn> Pb (136). Such data begin to provide a rational explanation 
of a number of phenomena associated with the consumption of phytate-rich 
diets. Thus they indicate why absorption of zinc is more strongly inhibited than 
that of copper (20, 25, 97) and they support evidence from recent studies with 
rats indicating that, contingent upon their calcium content, such diets strongly 
inhibit the absorption of dietary lead ( 108, 109, 132). The possible value of 
high phytate diets for restricting lead accumulation by workers exposed to lead 
in industrial environments is being investigated. 
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TRACE ELEMENT INTERACTIONS 177 

In the face of physicochemical data indicating that the insolubility and 
biological stability of phytate-containing metal complexes are detennined 
substantially by their alkaline-earth component ( 1 9, 134), and given evidence 
that magnesium deficiency can also be induced by a high phytate diet ( 107, 
1 12), it is realistic to anticipate that future attempts to predict the inhibitory 
effects of dietary phytate on trace metal absorption must include consideration 
of both dietary calcium and magnesium content. Although [Mg phytate] 
complexes are already known to have a strong affinity for zinc ( 134), the 
synergistic effects of dietary magnesium upon the phytate/zinc antagonism 
have not yet been fully investigated. However, one recent study (39) suggests 
that Ca- and Mg-phytates may be equally effective inhibitors of zinc absorp­
tion. 

Provided that the complexity of equilibria governing the antagonistic effect 
of phytate upon the availability of several metals is recognized in the design and 
in published accounts of experimental protocols, there are grounds for opti­
mism that controversy as to the nutritional significance of phytate may soon 
diminish. However, it is also suspected that the biopotency of phytate is 
affected not only by food-processing techniques that modify the solubility or 
susceptibility to hydrolysis of the indigenous phytate/protein complexes pre­
sent in many foods ( 19, 31 ,  38) but also by developmental changes in intestinal 
phytate activity (21, 93, 133, 134), some of which are associated with the 
transition from liquid to solid diets. 

Absorption and Metabolism of Copper 

The efficacy with which copper is absorbed from the intestine is influenced 
both by reactions affecting its intraluminal solubility and by competitive 
interactions modifying its fate during transport through the mucosa. Direct or 
indirect evidence of the nutritional relevance of the "mucosal block" to copper 
absorption induced by high dietary concentrations of zinc or of cadmium was 
considered extensively in several recent reviews (e.g. 70, 81)  and is not 
reconsidered here. Instead, the following sections emphasize aspects of in­
teractions that influence the intralumenal solubility of copper and, in the 
instance of those involving sulfur, molybdenum, and iron, not only inhibit 
copper absorption but are also involved in the etiology of copper deficiency. 

POL YURONIC ACID DERIVATIVES AND PHYT A TE Many naturally occurring 
organic or inorganic ligands present in the diet or gastrointestinal secretions 
exhibit an affinity for copper and react therewith to yield products that are 
sparingly soluble in aqueous systems. The most common dietary constituents 
exhibiting such properties are the "fiber" and "phytate" fractions. However, 
despite evidence that, for example, the polygalacturonic residues of pectins 
readily bind copper at neutral pH (98) to form insoluble products, the metal 
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178 MILLS 

complexes formed with the structurally related ligands of relatively indigestible 
polysaccharides such as alginates, pectates, and hemicelluloses appear to be 
readily degraded. Thus such constituents have little or no significant effect 
upon copper utilization (for further details see 38, 57). Experimentally, there is 
no doubt that phytate reacts with Cu to form stable insoluble complexes ( 134) 

and, if added as a soluble phytate to the diet, can reduce copper absorption by 
rats (25) or provoke clinical signs of copper deficiency in chicks (27). Again, 
however, there are no indications that the concentrations of phytate encoun­
tered in typical human diets sufficiently inhibit the utilization of dietary copper 
to give rise to concern (65, 126). 

DIETARY SULFUR AND MOLYBDENUM AS COPPER ANTAGONISTS In 
marked contrast to the above, some metabolites of dietary sources of sulfur 
significantly inhibit copper utilization, particularly in the nutrition of rumi­
nants. The fractions of ingested sulfate, methionine, and cyst(e)ine metabo­
lized via sulfide (S2-) or hydrosulfide (HS-) ions by rumen microorganisms 
are highly variable (5, 6) for reasons that are not yet defined adequately. 
Nevertheless, it is clear, firstly, that the flow of soluble copper from rumen to 
abomasum and the small intestine is inversely proportional to ruminal S2- or 
HS- concentration ( 1 )  and secondly, that S2-, HS-, and their derivatives are 
primary determinants of the fraction of ingested copper that becomes physio­
logically unavailable to ruminants. Among the sulfides of the essential metals, 
those of copper are unique in being stable at the lowest pH encountered in the 
digestive tract and, although susceptible to oxidation in vitro, apparently 
remain intact at the redox potentials encountered within the intestinal lumen (J. 
Price, J. K. Chesters, C. F. Mills, unpublished data), thus precluding utiliza­
tion of copper therefrom. 

The physiological nonavailability of copper when ingested as its sulfide has 
been apparent from the earliest studies of the role of copper as an essential 
nutrient ( 1 14) and has been confirmed in many subsequent investigations (3, 

7 1 ). Intraruminal metabolites of both inorganic and organic dietary sources of 
sulfur metabolized via sulfide are also involved in the antagonistic action of 
molybdenum upon copper metabolism and thus in the etiology of molybdenum­
induced copper deficiency of ruminants. The species specificity of the action of 
molybdenum as a copper antagonist (84) and the potentiating effects of a 
variety of dietary sulfur sources (120) accord with the view that the antagonistic 
potency of molybdenum is expressed most strongly in situations in which S2-
or HS- are generated within the digestive tract by bacterial activity or are 
deliberately included in the diet. 

The concept that the particular susceptibility of ruminants to molybdenum­
induced copper deficiency reflects the intraruminal reaction of ingested molyb­
denum with endogenous sulfide or hydrosulfide to yield tetrathiomolybdate 
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TRACE ELEMENT INTERACTIONS 1 79 

(MOS4)2-, oxythiomolybdates (MoOnS4-nf-, or their polymeric analogs, 
which subsequently react with copper to yield physiologically unavailable 
products, is being closely investigated. This suggestion originated, indirectly, 
from evidence that anomalies in the form of copper detected in the blood 
plasma of sheep receiving diets high in molybdenum (116) could be reproduced 
by intravenous infusion or in vitro addition to ovine plasma of ammonium 
tetrathiomolybdate (MoS4f- (29). The appearance in blood plasma of a 
variable fraction of total copper in a form that is insoluble in 5% wt./vol. 
trichloracetic acid (TCA), is now known to be contingent, initially, upon the 
association of either tetrathio- or oxythiomolybdates with the plasma albumen 
fraction and upon their subsequent reaction with copper entering plasma from 
either gut or tissues (11, 64, 74, 75, 86). The extent to which the thiomoly­
bdates are absorbed from the gut of rats or ruminants to produce these and other 
anomalies in the form, distribution, and physiological availability of tissue Cu 
appears to be inversely proportional to the dietary Cu/Mo ratio (87, 123). 

Several studies showed that tri- or tetrathiomolybdates form when popula­
tions of ovine or bovine rumen microorganisms are incubated in vitro in the 
presence of potential sources of S2- or HS- (e.g. sOi- , cystine) and molyb­
date (4,5,30). However, evidence of the intraruminal formation in vivo of tri­
or tetrathiomolybdate is either indirect (e.g. the appearance of anomalous, 
TCA-insoluble forms of molybdenum and copper in plasma after the absorption 
of thiomolybdates) or is confined to tentative spectrophotometric evidence of 
their presence in the soluble phase of rumen contents of animals receiving diets 
very high in molybdenum content (e.g. 100 mg Mo/kg) (30). Thus the rele­
vance of the "thiomolybdate hypothesis" to the clearly established involvement 
of relatively lower dietary concentrations of dietary molybdenum (2.': 2 mglkg) 
in the etiology of ruminant copper deficiency is not yet fully substantiated (82). 

Despite this, studies of the biochemical effects of the thiomolybdates clearly 
indicate that some, and particularly (MOS4)2-, are potent inhibitors both of the 
absorption of copper and of its redistribution within tissues (75, 86). Studies 
with rats, sheep or cattle indicate that antagonistic potency is related directly to 
the extent of thio-substitution within the series (MoOnS4-nf- whether this 
potency is assessed by monitoring inhibition of copper absorption, by the 
depression of cell cytosol content of copper in liver or kidney, by the inhibition 
of the activity of copper-dependent enzyme activity, or by monitoring the 
development of gross pathological defects preventable if additional copper is 
given ( 1 1 , 86). It is noteworthy that correspondingly low dietary concentrations 
of molybdenum as molybdate (e. g. 6 mglkg) or of reactive sulfide in most other 
forms have no significant antagonistic effect on copper metabolism when given 
to monogastric animals. 

Evidence of inhibited copper absorption when tetrathiomolybdate is added to 
the diet of rats (96) or sheep ( 123) is fully compatible with its suggested role in 
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180 MILLS 

the etiology of molybdenum-induced copper deficiency in ruminants. Howev­
er, systemic disturbances of copper utilization are almost always observed 
when MoS/- is given to the nonruminant whereas effects of high dietary Mo in 
ruminants are usually confined to inhibition of eu absorption. This casts doubt 
on whether or not intraruminal synthesis of free Mosi- is an obligatory initial 
step in this antagonism (82). Further uncertainty arises from the observation (J. 
Price, J. K. Chesters, personal communication) that the physiological utiliza­
tion of dietary copper by rats is inhibited more strongly by some molybdenum­
containing fractions of ovine rumen and duodenal contents than by correspond­
ing daily intakes of molybdenum as Mosi-. Both these difficulties would be 
resolved if the relevant Mo-containing derivative formed by rumen bacterial 
activity proves to be a polymeric analogue of MoS42- structurally incorporated 
into bacterial cells, more stable than the free monomeric ion at low gastric or 
abomasal pH, but retaining a high affinity for copper (82). Such aspects of the 
"thiomolybdate hypothesis" remain to be clarified. 

Concurrent attempts to quantify and to predict the adverse effects of dietary 
Mo and S on the utilization of Cu by ruminants indicate that antagonistic 
potency is influenced markedly by the primary constituents of the diet. Thus 
Mo and S have much greater effect when present in fresh rather than dried 
forages or when added as supplements to cereal-based diets ( 121). The reasons 
for such variations may remain obscure until the variables influencing the 
intraruminal synthesis, stability, and antagonistic potency of the thiomolyb­
dates and related Mo-S compounds are more clearly defined. Meanwhile, the 
action of Mosi- as a copper antagonist is exploited very successfully in its 
therapeutic use to prevent copper intoxication in sheep (49, 50). 

IMBALANCES IN VOL VING IRON SUPPL Y OR 
UTILIZATION 

Zinc and the Metabolism of Iron and Copper 

The recent proliferation of studies of metallothioneins in dietary imbalances of 
zinc, cadmium, and copper tends to obscure the frequently greater nutritional 
significance of interactions between these metals and iron. Although adverse 
effects of very high intakes of zinc, cadmium, or copper on the utilization or 
tissue storage of iron are widely recognized and well documented (45, 54, 76, 

77, 106), recent studies indicate that a relatively lower intake of zinc from 
zinc-fortified conventional diets or therapeutic preparations can restrict the 
absorption and utilization both of iron and of copper (101). Thus, administra­
tion of 200 mg zinc per day to nonresponsive celiac patients reportedly induced 
anemia accompanied by hypocupremia ( 102). In human volunteers given iron 
and zinc supplements simultaneously, the absorption of constant doses of iron 
declined progressively as the ZnlFe ratio of supplements increased from 0.4 to 
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TRACE ELEMENT INTERACTIONS 1 8 1  

2.5 (22). Fox and her associates (55, 56), i n  experiments with quail, investi­
gated the effects of adding modest or excessive supplements of zinc to diets 
with iron and copper contents similar to those of human diets. In one group of 
studies, growth, hemoglobin, hematocrit, and liver iron and copper were 
frequently depressed when dietary zinc exceeded 125 mg/kg. In a second 
series, the adverse effects of 250- or 500-mg Znlkg diet were overcome by 
increased supplementation with copper, provided that the dietary ZnlFe ratio 
was >2. The merits and limitations of such animal models and the need for 
better understanding of the mechanisms involved in such interactions are fully 
discussed by these workers (40, 41). 

Effects of Iron Deficiency on Trace Metal Metabolism 

The above findings clearly indicate the need for general discretion in the 
fortification of diets with zinc if adverse effects on iron and copper utilization 
are to be avoided. It is becoming apparent moreover that the consequences of 
inorganic element imbalances may well be exacerbated if induced in subjects 
marginally or frankly deficient in iron. Thus, low dietary iron increases not 
only the efficacy of iron absorption but also that of lead (20, 36) zinc, 
cadmium, cobalt, and manganese (37, 53, 124, 125) and pre- and postnatal 
accumulation of lead by young rats is related, inversely, to the iron content of 
the maternal diet (17). 

Particularly noteworthy in the context of suboptimal iron nutrition is pre­
liminary evidence that a relatively mild degree of iron depletion enhances the 
uptake of other metals. Thus, in one study with human volunteers given 
115mCd, cadmium absorption was enhanced from 2.6% of the dose in normal 
subjects to 7.5% in individuals with normal blood hemoglobin but low serum 
ferritin concentrations. In concurrent experiments with mice, iron deficiency 
increased deposition of cadmium in the duodenal mucosa, and enhanced both 
the transfer of cadmium from the gastrointestinal tract to body tissues and its 
deposition in kidneys (37). Rats given an iron-deficient diet for seven days, but 
showing no significant differences in hemoglobin or hematocrit, absorbed and 
retained from the diet 65% more 203Pb in the carcass and, as in the above study 
with cadmium, retained more lead in intestinal tissue than animals of normal 
iron status (89). 

Evidence of the effects of mild iron deficiency on absorption of lead by 
human subjects is conflicting. In one study with 10 human subjects among 
whom serum iron and serum ferritin ranged from normal to low, the efficiency 
of absorption of 59Pe and of 203Pb showed a strong positive correlation ( 127). 
[Although it has been suggested that this result arose from ineffective radioiso­
tope discrimination during the counting of 59Pe and 203Pb activity (96), this 
criticism has been refuted (128)]. Whereas the mean fractional absorption of 
orally administered lead was 20% in normal subjects, it was 47% in subjects 
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classified as being of low iron status ( 127). Others (34, 35) found no such 
relationship between Fe status and Pb absorption in human subjects given 
isotopically labelled Pb and Fe. Although important procedural differences 
exist between these studies yielding conflicting data [such as the use of 
carrier-free Pb in the former (118) but not the latter (35)], different mechanisms 
of lead absorption may also exist in rodents and human subjects and may thus 
account for species difference in the influence of changes in iron status on lead 
retention (35). The relevance of this broad generalization appears questionable, 
however. Differences in response certainly do not extend to Fe/Cd relationships 
for which, both in mouse and man, there is evidence that a low iron status 
provokes increased absorption and tissue retention of cadmium (37). 

Whatever mechanisms are responsible for the modulatory effects of changes 
in iron status on heavy metal absorption, it appears unlikely that they are 
attributable merely to nonselective incorporation of a range of metals into the 
mucosal carriers involved in the enhanced uptake of iron by iron-deficient 
subjects. For example, the effects of iron depletion upon metal absorption 
differ according to whether a low iron status is induced by dietary deficiency of 
this element or by phlebotomy (36). In contrast to a dietary deficiency of iron, 
reduction of iron stores by blood withdrawal failed to enhance absorption of 
lead or cadmium by mice even though that of cobalt, zinc, and possibly 
manganese were increased (36). The enhanced uptake of iron induced by 
transient anoxia is not accompanied by increased lead uptake (J. N. Morrison, 
personal communication), which again suggests that distinctly different 
absorptive mechanisms are involved. 

It will remain difficult to assess the significance of iron-dependent effects 
upon metal absorption until more is known of the mechanisms involved and 
how these may differ among species. In the context of the nutrition of the 
newborn, it appears particularly important to substantiate indications from one 
study with rats that the modulatory effects of iron status upon metal absorption 
are not evident initially but develop during the postnatal suckling period (51). 
Variations in the degree of saturation of endogenous iron-binding ligands of 
dietary constituents such as milk may be relevant to the effects of iron status and 
supply on the absorption of other metals. In one recent study with rats ( 104, 
105), enhanced absorption of lead achieved by giving liquid milk was simu­
lated if a solid diet was given and apo-Iactoferrin was administered by intragas­
tric infusion. In contrast, iron-saturated lactoferrin did not enhance lead absorp­
tion. Zinc absorption was also enhanced by apo-lactoferrin, but less markedly 
than that of iron. Although, in addition to iron, apo-Iactoferrin exhibits an 
affinity for zinc and for a range of other metals, it is not yet known whether they 
share a common binding site with iron or whether the above effects of apo­
lactoferrin reflect nonselective metal binding by a protein with a known affinity 
for mucosal cell membranes. Evidence that in human milk (but not in cow's 
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milk) most of the zinc is bound to lactoferrin (2) suggests that similar differ­
ences could occur in the partition of other metals between milk proteins and 
could influence their absorption. 

Effects of a High Iron Status 

It is now becoming appreciated that the effectiveness of high dietary iron as an 
antagonist of copper utilization by ruminants has been grossly underestimated. 
Adverse effects of a high iron intake on copper metabolism were first suspected 
from ad hoc observations on the development of hypocupremia in cattle 
consuming irrigation waters rich in iron (22). Later work indicated that iron 
supplementation reduced hepatic copper storage in cattle and sheep (15, 52, 
119), but the high levels of iron used in these experiments (1500-3200 mg 
Fe/kg) and failure to define, separately, the inhibitory effects of increments of 
sulfur intake arising from the supplementary source of Fe (as FeS04) delayed 
appreciation of the full significance of the Fe/Cu interactions. 

A recent reinvestigation of this phenomenon indicated that only 250, 500, or 
800 mg Fe/kg in the diet of cattle inhibited hepatic copper storage and de­
pressed plasma copper, ceruloplasmin, and erythrocyte superoxide dis mutase 
activities to levels indicative of severe copper depletion (60). It appears 
unlikely that high dietary iron enhances endogenous losses of copper since the 
depletion of hepatic copper stores is not accompanied by increases in biliary 
loss of copper (D. S. Graca, personal communication). Recent studies at the 
Rowett Institute indicate that this particular manifestation of the antagonistic 
effect of iron on copper metabolism is contingent upon the establishment of 
rumen function since high dietary iron does not inhibit the utilization of copper 
by unweaned calves. 

Furthermore, there are indications from work with both rats (13) and sheep 
(113) that, like molybdenum, the antagonistic effect of iron is potentiated by 
the presence of sulfide in the digestive tract. Such evidence suggests that these 
and possibly other metallic elements may act as inhibitors of copper absorption 
in ruminants by a fundamentally similar mechanism (83). This could involve 
(a) sequestration within the rumen of (microbially produced) sulfide in the form 
of metal sulfides or polythio complexes stable at rumen pH (typically 6-7), 

and, after their passage to the more acid environment of the abomasum and 
proximal duodenum, either (b) their direct reaction with copper released from 
digesta by acid proteolysis or (c) reaction of such copper with S2- arising from 
the decomposition of acid-unstable metal sulfides to form physiologically 
unavailable CuS or CU2S. The physiological feasibility of this concept was 
demonstrated recently by in vitro studies of the reactions of copper with a range 
of metals whose sulfides or thio complexes are less acid-stable and have higher 
solubility products than those of copper (83). Evidence of its biological rele­
vance is currently confined to the findings that dietary supplements �f iron 
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(113) or of molybdenum (44) increase the rumenal pool of potentially Cu­
reactive sulfide and thus increase its flux to the duodenum, at which site copper 
is released and normally absorbed (8). 

In marked contrast to the clinical response of ruminants equally severely 
depleted of blood and liver copper by the antagonistic action of high dietary 
molybdenum, the induction of a low copper status by high iron diets has not yet 
been found to induce clinical signs of copper deficiency (12, 60). Ostensibly 
relevant is the suggestion that, since copper depletion is accompanied by 
secondary defects in iron metabolism (43), some pathological sequelae of 
copper deficiency syndromes may well be ameliorated by increases in iron 
supply (129). In support of this suggestion, evidence was presented that 
inhibition of growth, protein synthesis, and hemopoiesis and the depression of 
hepatic ATP concentrations in copper-deficient rats were eliminated if dietary 
iron was increased from 25 to 40 or 80 mg Fe/kg. In contrast, increased 
provision of iron did not affect the decline of cytochrome oxidase activity nor 
the enhanced salt solubility of skin collagen induced by a deficiency of copper. 
While not all these claims have been reinvestigated, one recent study (130) 
fully substantiated the long-standing evidence (76) that increases in iron supply 
ameliorate the inhibitory effects of copper deficiency upon hemopoiesis, but it 
failed to substantiate the striking claim that additional iron rectifies the meta­
bolic defect responsible for growth failure in copper deficiency (129). 

Despite uncertainties as to the nature of pathological responses to a low 
copper status induced by iron excess, it is quite clear that concentrations of 
dietary iron commonly encountered by ruminants consuming forages con­
taminated with soil or receiving adventitious iron in mineral supplements are 
frequently sufficient to restrict utilization of copper (122). 

Although adverse effects of high dietary iron on Cu metabolism are most 
strongly evident in ruminants, a reduced hepatic storage of copper in response 
to increases in the dietary Fe/Cu ratio has also been noted in guinea pigs (115) 
and in pigs (58). Other consequences of iron excess recently noted in nonrumi­
nants include inhibitory effects upon the absorption or metabolism of selenium 
and zinc. Thus, high tissue iron promoted by a high iron diet (>300 mg Fe/kg) 
inhibited the utilization of tissue selenium for synthesis of the selenoenzyme 
glutathione peroxidase (GSHpx) in livers and erythrocytes of rats (72). Since 
hepatic iron accumulation is a frequent feature of copper deficiency, this 
finding may well be relevant to evidence that deficiency of copper reduces the 
rate of postnatal increase in GSHpx activity in young mice and rats (103). 

Neither from these investigations nor from those demonstrating the influence 
of a marginal or low iron status on the accumulation or absorption of lead and 
other metals is it yet possible to suggest mechanisms for these iron-dependent 
processes. It appears probable, however, from one recent study of the Fe/Zn 
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antagonism with human subjects (118) that Fe(II) may be a more potent 
inhibitor of zinc absorption than Fe(III). This conclusion is consistent with 
evidence that the adverse effects of a 2: 1 Fe/Zn ratio on Zn absorption are 
exacerbated by dietary ascorbate. In contrast, heme Fe neither inhibits the 
absorption nor the systemic utilization of zinc in human subjects (117, 118). 
The importance of gaining an understanding of the mechanisms involved is 
again emphasized by the recent claim that, whereas inhibition of Zn absorption 
by Fe is clearly evident when both are administered in aqueous solution, the 
magnitude of the effect is not related to the previous Fe status of subjects and it 
is not apparent when the Fe/Zn ratio of solid diets is varied (111). 

Recent studies with pregnant rats have also suggested that varying the Fe/Zn 
ratio of a solid diet between 0.8 and 3.7 does not influence the Zn status of the 
fetus (32, 33). We cannot yet exclude the possibility that sensitivity to a wide 
Fe/Zn ratio may change at differing stages of physiological development, but it 
appears more probable that antagonisms between Fe and Zn may have greater 
relevance to the efficacy of therapy with liquid supplements than to modest 
imbalances in the content of these elements in conventional diets. 

Iron Metabolism in Deficiencies of Nickel and Lead 

Less clearly established is the relevance of the forms of dietary iron to the 
effects of nickel deficiency on tissue iron storage. It has been suggested that the 
adverse effects of nickel deficiency on the utilization of a marginal supply of 
dietary iron are more strongly expressed when the latter is in the form of Fe(III) 
(95). While such differences in the form of iron may be related to conflicting 
observations on the effects of nickel on hepatic iron storage (69, 94, 95, 113), 
there is universal agreement that the anemia, depressed hematocrit, and, in 
some instances, the depressed growth rate induced by nickel deficiency in rats 
are related to inhibition of iron absorption and to secondary effects upon 
iron-dependent processes (69). Whether the depression of growth, blood 
hemoglobin, and serum iron and the concomitant increase in serum iron­
binding capacity that develops during the induction of lead deficiency in rats 
result similarly from inhibition of iron absorption (66, 67) or from other defects 
reflecting an unknown role of lead has been speculated upon (68). 

METABOLIC RESPONSES TO MULTIPLE DEFICIENCIES 

Modified Responses to Zinc Deficiency 

Familiar biochemical or clinical features of an individual inorganic element 
deficiency may be modified if concurrent deficiency of a second nutrient arises. 
Such situations are not uncommon both in agricultural practice (e.g. 46) and in 
the nutrition of socially deprived human communities (e.g. 47, 48). Ex-
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perimental evidence that a concurrent deficiency of calcium ameliorates the 
teratogenic effects of zinc deficiency in rats (61) has been attributed to release 
and utilization of zinc from the resorbing skeleton. Other studies (78, 79) 
clearly illustrated that catabolic maternal responses to deficient protein or 
energy intake not only release maternal tissue zinc to permit fetal accretion of 
this element but can also promote sufficient maternal/fetal transfer to protect 
the fetus against a severe dietary deficiency of zinc. Similar maternal "buffer­
ing" against fetal deficiency of copper appears to be much less effective (79). 

The influence of changes in the balance between dietary zinc and energy 
supply on the mobility of tissue zinc is also evident from investigations made on 
malnourished and zinc-deficient infants. Thus, restoration of normal growth 
following therapy with supplements (which included zinc) provoked a further 
rapid decline in plasma zinc to concentrations that were inversely proportional 
to rate of growth (47, 48). All the above observations have important implica­
tions both for the diagnostic interpretation of blood and tissue analyses and for 
the estimation of zinc and copper requirements. 

Interrelated Effects of Selenium, Copper, and Manganese 
Deficiencies 

Attention has been focussed upon responses to mUltiple deficiencies of nu­
trients whose biochemical roles, like those of copper and iron (38, 75) are 
closely related in metabolic sequences. Interrelationships likely to modify 
tissue susceptibility to pathological damage initiated by oxygen-derived free 
radicals have been investigated during the induction of single or multiple 
deficiencies of selenium, copper, and manganese in rats (99, 100). Effects on 
tissue peroxidation attributable directly or indirectly to changes in the activities 
of the enzymes (Se-) glutathione peroxidase and (Cu- and Mn-) superoxide 
dismutases have been assessed, as have the modifying effects of changes in 
dietary vitamin E supply. 

A salient feature of these necessarily complex studies was that the potentiat­
ing effect of Se deficiency on lipid peroxidation was enhanced in some, but not 
all tissues, by concurrent deficiencies of copper or manganese. Tissues found 
particularly susceptible to such damage were frequently those inherently low in 
"non-Se-dependent glutathione peroxidase" (i.e. glutathione S-transferase) 
activity and those in which the activities of Cu- or Mn-dependent superoxide 
dismutases declined markedly in response to concurrent dietary deficiencies of 
copper or manganese. Particularly noteworthy in the light of present interest in 
the role of Se-lack as one variable associated with the etiology of infant 
cardiomyopathy in Keshan disease (18, 138, 139) were the observations in rats 
that a concurrent deficiency of Se strongly exacerbated the cardiomegaly, 
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ventricular fibrosis, and mortality induced by copper depletion and, that unlike 
most other syndromes associated with Se deficiency, this response was not 
eliminated by increases in vitamin E supply ( 100). 

CONCLUSION 

Studies of interactions among inorganic nutrients are slowly emerging from a 
period of intense preoccupation with the task of demonstrating their existence, 
regardless of the conditions required to produce such evidence. While this 
period was fruitful, its principal achievement was to show, not surprisingly, 
that many chemical reactions governing the mutual solubility and competition 
of structurally related inorganic elements for ligands can be demonstrated to 
occur in vivo if the animal is treated as a biological test tube! While the 
nutritional relevance of many such observations remains in doubt, it is quite 
clear that others reflect processes that are important determinants of the metab­
olism of these elements, which regulate requirements and the tolerance for 
inorganic imbalances, deficiencies or excesses. Although examples typifying 
the latter were considered in this review, it will have become apparent that 
knowledge of such interactions is largely qualitative and lacks the quantitative 
definition required if their full nutritional significance is to be assessed. Before 
this is possible it is essential to better understand the nature of the biochemical 
processes modifying the efficiency of absorption or tissue utilization of the 
elements involved, if only to clarify the nature of variables that directly or 
indirectly modify responses to changes in the dietary supply of potential 
antagonists. Thus, the difficulties that continue to be encountered in attempts 
to determine the significance of dietary phytate in the context of the zinc 
requirements of man are directly attributable to the low priority accorded un­
til recently to studies of the variables that influence both the survival of this 
"inhibitor" in the digestive tract and its affinity for zinc within the intestin­
al lumen. 

Similar uncertainties are delaying not only the reliable definition of tolerable 
dietary imbalances involving the elements molybdenum, copper, iron, zinc, 
and selenium but also the wider acceptance by toxicologists of the concept that 
nutrient supply, adequacy, or imbalance are significant determinants of heavy 
metal tolerance. While ad hoc nutritional experimentation has yielded much 
relevant and valuable information, further progress is certain to be contingent 
upon more detailed consideration of the physicochemical principles involved in 
the interactions responsible for modifying the absorption and metabolic fate of 
essential and potentially toxic trace elements. Additional justification of this 
argument is presented in two recent reviews covering both fundamental bio­
chemical (131)  and nutritional aspects (41). 
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