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Absorption, transport and tissue storage of essential trace elements

By I. BREMNER AND C. F. MiLLs
Rowett Research Institute, Bucksburn, Aberdeen AB2 9SB, U.K.

Intestinal absorption of many essential trace elements probably occurs by saturable
and carrier-mediated processes. The nature and efficiency of these are influenced by a
range of physiological, nutritional and genetic variables. Special emphasis is given to
the influence of exogenous and endogenous ligands of small molecular mass in the
intestinal lumen on absorptive efficiency. The effect of enterocyte proteins such as
metallothionein which, by sequestering metals, influence their fate during absorption
is also considered.

Changes in the metabolic activity of the intestinal mucosa induced by copper or
zinc deficiencies influence the fate of other nutrients, either by inhibiting intracellular
transport or by preventing the degradation of potential antagonists of absorption.

Conflicting evidence of roles for plasma albumin, transferrin and caeruloplasmin
in the transport of zinc and copper is considered.

The extent, location and form in which trace elements are stored in tissues differs
between elements and between species. Retention and utilization are also influenced
by pregnancy, lactation, stage of foetal development and by genetic variables. Better
definition of the effects of these variables would improve the validity of estimates of
the trace element requirements of man and other animals.

1. INTRODUCTION

Although a low dietary intake of an essential trace element is a frequent cause of deficiency
disease, deficiencies often arise when the dietary concentration of the element would normally
be considered adequate. Such situations arise when dietary, physiological or genetic variables
influence either the absorption or utilization of the element. Some of these effects will be
considered in this paper. Using copper and zinc as examples, we shall indicate how knowledge
of the mechanisms of absorption and utilization can (i) aid understanding of the aetiology of
trace element deficiencies, (ii) indicate how compensatory changes in absorption or utilization
occur in response to the supply of trace elements, and (iii) suggest alternative techniques for
detecting when trace element supply is suboptimal.

2. TRACE ELEMENT SUPPLY AND ABSORPTION

The efficiency with which trace elements are absorbed and utilized is strongly influenced by
many dietary and physiological variables (table 1). Reliable estimation of their effects on trace
element metabolism is often the most difficult problem encountered when attempting to
determine the adequacy or otherwise of dietary supply (Mills 1979).

(a) Variables influencing intraluminal solubility
Little is known of the chemical forms in which most essential trace elements occur within
the digestive tract or of the influence of this on their availability for absorption. The discovery
that virtually all of the soluble copper in grass is present in the form of relatively stable
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complexes (Mills 1956a, b) first focused attention on the possible influence of metal-binding
ligands in the food and gastrointestinal secretions on the fate of copper and of other trace metals.

It is well known that the effectiveness with which rumen bacteria form the cobalt complex,
cobalamin, profoundly influences the biological availability of cobalt to ruminants. The util-
ization of other elements is also influenced by processes which modify their form and solubility.
Thus, it is probable that the marked decline in efficiency with which dietary copper is utilized
by ruminants once rumen microbial activity develops is at least partly attributable to bacterial
processes that modify the form and distribution of copper. For example, the cell-wall fraction
of rumen bacteria accounts for an appreciable proportion of the copper present in the rumen
(Mills 1958). The fate of this component during subsequent digestion is only now being
investigated.

TABLE 1. VARIABLES INFLUENCING THE EFFICIENCY OF UTILIZATION OF
TRACE ELEMENTS BY ANIMALS

1. pre-existing tissue reserves
2. anabolic demands:
(i) growth rate
(ii) age
(iii) pregnancy, lactation
. infection; stress increasing losses
. genetic variables
. physical nature of diet (e.g. fluid diets enhancing absorption)
. chemical composition of diet:
(i) form and content of essential element
(ii) presence of ligands enhancing absorption (e.g. in homologous/heterologous milk)
(iii) presence of organic or inorganic antagonists decreasing absorption or influencing tissue retention (e.g.
phytate, cadmium, molybdenum)

S W

The fate of elements that readily form insoluble sulphides, phosphates or hydroxides must
also be influenced by microbial activity, by variations in pH within the gastrointestinal tract
and by the concentration and metal-binding affinity of ligands secreted into its lumen. Species
differences in the effects of inorganic and amino acid sulphur sources on copper utilization
reflect the extent to which sulphide is generated as an intermediary metabolite by micro-
organisms in the digestive tract. In ruminants, the adverse effects of sulphide on both the
solubility and absorption of copper from the gut are exacerbated by the presence of molyb-
denum in the diet. Recent studies suggest that this effect of molybdenum is attributable to the
formation, within the rumen, of derivatives related to the tetrathiomolybdates, which, unlike
the free sulphide ion, are not readily oxidized in the intestinal lumen and retain a strong
affinity for copper (Mills et al. 19814, b).

The species specificity of the action of molybdenum as an antagonist of copper absorption
is related to the fact that little opportunity exists in the digestive tract of the non-ruminant
for the generation of sulphide and its subsequent reaction with molybdate. In contrast, when
either the tetrathiomalybdate ion or its tungsten analogue is given orally to rats, effects on
copper metabolism closely reflect those found in ruminants, i.e. copper absorption is inhibited
and, if absorption of the thioanion occurs, systemic inhibitory effects on copper metabolism
also become evident. Studies of this interaction have also indicated that antagonistic reactions
influencing absorptive efficiency can be very delicately poised. Thus, incomplete replacement
of oxygen by sulphur in the series MoO%~ — MoS}~ yields oxythiomolybdate derivatives
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which, while capable of modifying the tissue distribution of absorbed copper (see later), do
not inhibit its absorption (I. Bremner, C. F. Mills & B. W. Young, unpublished results).
Recent studies (S. Laurie & N. Clarke, personal communication) suggest that the different
physiological effects of the Group VI thioanions may well parallel the stability and insolubility
of their [Cu! thioanion] derivatives.

The wide range of antagonistic interactions that can influence trace element absorption
adversely has been summarized previously (Mills 1979). Some antagonists also act by reducing
intraluminal solubility of the agonist and these are considered in more detail later (§2f).
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Ficure 1. Changes in the distribution of copper, zinc and manganese in the alimentary tract of sheep. The
proportion of metal present in the soluble phase of lumen contents and the distribution of the principal
soluble complexes are shown for different parts of the gut: r, rumen; a, abomasum; d, duodenumj; u.j.,
m.j., upper and mid jejunum; im, ileum. I, ionic form of metal; [ML], neutral complexes; [ML]*, cationic
complexes; [ML]-, anionic complexes. Lower case symbols indicate minor components. The cationic
complexes were generally of small molecular mass (M, < 1000) and the anionic complexes of large mol-
ecular mass. The low concentrations of soluble Cu precluded identification of Cu-containing species. (From
Bremner (1970).)

It is clear that the expression of the potentially adverse effect of such precipitation reactions
in the gastrointestinal lumen must be influenced by the simultaneous presence of competing
ligands that yield water-soluble complexes. Ligands, such as the amino acids derived from
digestion of proteins, can probably act in this way. Thus the inverse relation observed between
dietary protein content and the inhibitory effect of phytic acid on zinc absorption by man
(Sandstrom et al. 1978) may be accounted for by the intra-luminal release of amino acids that
partially inhibit formation of the zinc-phytate complex and thus maintain zinc solubility.
Studies with pigs and poultry have also shown that some synthetic chelating agents, when
administered orally, abolish the adverse effect of dietary phytic acid on zinc availability. In
one comprehensive study (Vohra & Kratzer 1964) it was apparent that the magnitude of the
protective effect of chelating agents was directly related to the stability constants of the soluble
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zinc complexes likely to be formed within the gut lumen. Some of the more stable complexes
enhanced both absorption and excretion of zinc.

The influence of intraluminal pH and other variables on the distribution of elements
between water-soluble components of gut contents has been demonstrated in studies of the
complexes of copper, zinc and manganese in the alimentary tract of sheep (Bremner 1970).
Many of the changes in solubility, molecular mass and even the cationic or anionic nature
of the complexes were directly related to the pH gradient along the gut (figure 1). Particularly
surprising was the finding that the acid environment of the abomasum (true stomach) did not
liberate copper from the particulate fractions of digesta and actually decreased the soluble
concentrations of copper.

As yet, nothing is known of the availability to the animal of the different copper and zinc
complexes that occur in the sheep digestive tract.

(b) Trace element supply and absorptive efficiency

The efficiency with which dietary sources of copper and zinc are utilized is inversely pro-
portional to their concentrations and to the adequacy of tissue reserves of the metals (see
Owen 1964; Weigand & Kirchgessner 1980). Retention of dietary zinc by rats may be as low
as 5-109%, when dietary zinc is high (more than 200 mg/kg), but 909, or more from zinc-
deficient diets (less than 1 mg/kg). Tissue zinc remains constant over a wide range of zinc
intakes, indicating that there is efficient homoeostatic control of zinc metabolism. Similar
findings have been made with other elements, including copper and manganese.

There is controversy whether copper and zinc homoeostasis is achieved through regulation
of absorption or of excretion. This uncertainty reflects the technical difficulties of measuring
the precise amount of metal absorbed when a proportion is being returned to the gut in gastro-
intestinal secretions. Recent studies on zinc utilization (Weigand & Kirchgessner 1980) indicate
that both processes are influenced by zinc supply. At very low zinc intakes, young growing
rats absorbed almost all their dietary zinc and re-secreted little into the intestine. As dietary
zinc content increased, efficiency of absorption progressively decreased but zinc secretion
increased. With copper, control is exercised mainly by regulation of the biliary excretion of
the metal (Owen 1964), although the efficiency of absorption also varies (Marceau et al. 1970;
Bremner 1980). The efficiency with which manganese is absorbed by cattle remains almost
unchanged over a very wide range of manganese intakes, and homoeostatic control is achieved
almost solely by the regulation of biliary excretion (Sansom et al. 1978).

(¢) Mechanisms and control of zinc absorption

Transfer of an inorganic element across a membrane frequently involves the binding of the
element to an acceptor, its transfer from an aqueous interface across the membrane and,
finally, its release (Williams, this symposium). That similar steps are involved in the intestinal
absorption of zinc is indicated by kinetic studies on the absorption of the metal from ligated
segments of rat intestine (Davies 1980). Two separate phases of zinc absorption were identified,
one being rapid and the other slow. Both exhibited saturation kinetics in accord with whole-
animal studies, which showed decreased absorptive efficiency at high zinc intakes, suggesting
that enzyme-mediated or carrier-mediated processes are involved. The slow phase, and
possibly the rapid phase also, was preceded by uptake and accumulation of zinc by the mucosa.
Transfer of most of the mucosal zinc to the carcass occurred within 0.5-6.0 h, and it appeared
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that transfer of the element from mucosa to plasma was the rate-limiting step in the slow phase
of zinc absorption.

It has been suggested that a specific ligand in the lumen of the rat intestine is directly involved
in the absorption of zinc. This ligand, thought to originate from the pancreas, was found in
the intestinal wall and in the milk of certain species (Evans 1980; Lonnerdal et al. 1980). Its
identity is still uncertain, although it has been claimed to be a prostaglandin (Song & Adham
1979), citrate (Lonnerdal et al. 1980) or picolinic acid (Evans 1980). Picolinic acid enhances
the absorption of zinc by rats (Evans & Johnson 1980), but this property is shared by many
other chelating agents. It would be surprising if the effects of picolinic acid were unique when
many other potential ligands are also present in the mucosal environment. Other studies throw
doubt on claims that ligands secreted from the pancreas play a role in zinc absorption (Davies
1980) and emphasize the difficulty of preventing the appearance of artefacts when attempts
are made to isolate zinc-binding ligands from the intestinal mucosa (Cousins 1979).

It is possible that sequestration of zinc as Zn-metallothionein within enterocytes may also
influence the efficiency with which Zn is absorbed. Oral or parenteral administration of zinc
induces its synthesis in the mucosa of rats (Cousins 1979; Hall et al. 1979) but, in contrast,
little zinc is present in this form in zinc deficient rats. Diversion of any excess of absorbed zinc
into this relatively inert mucosal metalloprotein appears to account for the reduced efficiency
with which large oral doses of zinc are absorbed.

Most studies on the involvement of metallothionein in the control of zinc absorption have
been made with animals given relatively large amounts of zinc orally or parenterally, and
there is some doubt as to the importance of metallothionein in controlling zinc absorption at
physiological zinc intakes. For example, in one experiment with rats, significant increases in
mucosal zinc-metallothionein concentrations only occurred when dietary zinc intake was more
than 450 mg/kg, i.e. nearly 10 times normal (Hall et al. 1979). The possibility cannot therefore
be excluded that synthesis of this protein is simply a response to increased intracellular zinc
concentrations arising from the swamping of other control mechanisms.

The identity of the carriers and of the exchange reactions involved in the transmucosal flux
of selenium, molybdenum and manganese is unknown. For elements such as selenium, which
may be presented to the intestinal mucosa in anionic forms (i.e. as selenite or selenate), or as
analogues of sulphur amino acids, there is evidence for the existence of more than one absorptive
mechanism.

(d) Effects of pregnancy and stress

Evidence that trace element absorption is partly regulated by demand is supported by
studies on zinc absorption by pregnant and lactating rats (Davies & Williams 1977). The
quantity of zinc absorbed by isolated loops of duodenum increased by up to 80%, in the late
stages of gestation, but not at earlier stages (12-15 days), when foetal demand for zinc was less.
Copper absorption is also enhanced in pregnant rats, although this is related neither to foetal
demand (Davies & Williams 1976) nor to changes in the levels of female sex hormones, since
administration of oestrogens to rats decreases copper absorption (Cohen et al. 1979). The
probability that absorptive efficiency increases in response to the high demands of pregnancy
and lactation has not been taken into account when estimates of the trace element requirements
of man and for animals other than rats have been derived.

Zinc absorption is also influenced by circulating glucocorticoid hormones. Injection of
hydrocortisone into chicks increased zinc absorption and retention by 509, (Sas & Bremner
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1979). Administration of endotoxin and of leucocytic endogenous mediator elicited a similar
response in rats and chicks (Pekarek & Evans 1975, 1976; Sas & Bremner 1979), indicating
that enhanced zinc absorption could be a general response to acute stress and infection. Even
relatively mild stress, as induced by unusual physical exercise, enhances zinc absorption in
rats (Starcher et al. 1980). Shock, infection and trauma are all associated with increased
permeability of the gut to macromolecules, and this may be relevant to the effects on zinc
absorption described above.

(¢) Trace element absorption by neonatal animals

The permeability of the gut of neonatal animals to macromolecules is almost certainly
responsible for enhanced absorption of both essential and non-essential elements. Studies by
Mistilis & Mearrick (1969) and by Mann et al. (1979) suggest that pinocytic absorption of both
copper and iron may predominate in the neonatal rodent. However, species differences in the
rate at which the gut becomes impermeable to macromolecules suggest that this route of trace
metal absorption may not be generally significant. Furthermore, there is no evidence that
elements absorbed by this process have the same biopotency as those absorbed by routes over
which homoeostatic control is normally exercised (Mills & Davies 1979).

(f) Effects of dietary composition on trace element absorption

Trace element absorption can also be influenced greatly by organic and inorganic dietary
components. The physicochemical processes involved are poorly understood and data on the
quantitative aspects of the interactions between trace elements and their antagonists are scarce.
A typical example is provided by the antagonistic effect of dietary phytate on zinc availability.
Phytates present in cereals and some vegetable sources of protein have frequently been shown
to be responsible for the development of zinc deficiency in simple-stomached species and have
been implicated in the aetiology of zinc deficiency in man. While the principal effect of phytate
is to decrease the solubility of zinc in the lumen of the gut and so decrease zinc absorption, it
also inhibits the reabsorption of zinc secreted into the gut (Davies & Nightingale 1975). Increases
in dietary calcium enhance the antagonistic effect of phytate, probably through formation in
the gut of an insoluble ternary zinc—calcium-phytate complex. Little is known of the structure
of this complex or of the factors that influence its formation or stability. These could include
the relative concentrations of zinc, calcium and phytate and of naturally occurring zinc-
binding ligands in the lumen of the gut.

Studies with experimental animals indicate that the phytate content of certain human foods
could be such as to inhibit zinc utilization (Davies & Reid 1979). Whether the relatively low
calcium content of human diets potentiates the effect of phytate is not known. The antagonistic
effects of phytate on trace element metabolism in man may not be confined to zinc; phytate
can also reduce the retention of copper and manganese in rats (Davies & Nightingale 1975).

As shown in table 2, the absorption of many trace metals is influenced by the dietary con-
centrations of other inorganic elements. In many cases, close structural similarities between
the competing elements or ions suggest that isomorphous substitutions within carrier systems
may be the basis of their mutual antagonism. Thus, the inhibitory effects of sulphate and
tungstate on molybdate absorption arise from competition between the anions for a common
carrier in the intestinal mucosa (Cardin & Mason 1975). The adverse effects of cadmium on
zinc absorption may have a similar origin, since cadmium inhibits the uptake and vascular
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transfer of zinc by perfused mouse duodenum (Hamilton et al. 1978). This effect is only evident,
however, in iron-deficient animals. Iron status also influences zinc absorption; it is enhanced
by iron deficiency and reduced by increases in dietary iron. Mild iron deficiency also enhances
the absorption of cobalt, manganese and lead. Since iron deficiency is one of the commonest
nutritional disorders, such findings could have particular relevance to man.

The induction of metallothionein synthesis in the intestinal mucosa by high dietary intakes
of zinc and cadmium has secondary effects on the absorption of copper and may induce copper
deficiency (Van Campen & Scaife 1967; Hall et al. 1979). When rats received diets containing
30 or 900 mg Zn/kg, the decrease in the absorption of an oral dose of 8Cu in zinc-supplemented
animals could be correlated with increased binding of Cu in the mucosa, mainly in the form
of $4Cu-metallothioncin (figure 2) (Hall ef al. 1979). Lower dietary zinc concentrations (150
or 450 mg/kg) affected neither #Cu absorption nor intestinal metallothionein concentrations
significantly.

TABLE 2. INORGANIC ANTAGONISMS INFLUENCING ABSORPTION OR METABOLISM
OF SOME ESSENTIAL TRACE ELEMENTS

agonist antagonist
copper zinc, cadmium, sulphides, thiomolybdate derivatives, iron
zinc cadmium, copper, iron, calcium, lead, phosphates
selenium specific organic and inorganic sulphur analogues of dietary Se sources, cadmium, arsenic, silver
molybdenum sulphur and tungsten analogues of dietary Mo sources
manganese iron, copper, phosphates

There are other grounds for suggesting that intestinal metallothionein may be involved,
directly or indirectly, in processes that regulate copper absorption. Thus, there is an inverse
relation between copper absorption and the intestinal Cu-metallothionein content in (i) rats
dosed with oestrogen (Cohen et al. 1979), (ii) human infants with copper deficiency induced by
genetic defects in copper metabolism (Menkes’s disease), and (iii) brindled mice with a similar
genetic defect (Danks 1977; Evans & Reis 1978; Bremner 1980). There is, however, no con-
vincing evidence that decreases in the efficiency of copper absorption that occur when copper
intake is high are mediated by increased metallothionein production in the intestine.

(g) Trace element deficiency and the integrity of the intestinal mucosa

Both the metabolic activity and the structural integrity of the intestinal mucosa can be
influenced by essential trace element deficiency. Extensive structural defects develop in the
enterocyte mitochondria of copper deficient cattle and are accompanied by a marked loss of
mucosal cytochrome oxidase activity (Fell et al. 1975) and, later, by villus atrophy (Mills et al.
1976). The severity of cytological damage and the sensitivity of mucosal cytochrome oxidase
to copper depletion and repletion suggest that the intestine may be particularly sensitive to
copper deficiency. It is certainly one of several tissues in which the development of copper
deficiency is accompanied by secondary defects in the absorption and transport of iron (Lee
et al. 1968). While the metabolic origin of these defects is a subject of controversy (Mills 1980),
they lead to the accumulation of histochemically demonstrable deposits of iron, to a delay in
iron absorption and to a decrease in total body iron content.

Other evidence indicates that metabolic defects that arise in the mucosa as a result of trace
element deficiency can accelerate the development of a deficiency state. Davies ef al. (1975,

6 Vol. 294. B
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1978) investigated the action of phytate as an antagonist of zinc absorption and found that
the induced deficiency of zinc resulted in a significant decline in the activity of intestinal
phytase. Thus the syndrome induced by excessive dietary phytate included an impaired
ability to degrade the antagonist that first provoked its development!

These findings and other, largely circumstantial, evidence that deficiencies of copper and
cobalt may impair the immune response of the intestinal mucosa suggest that more detailed
studies of the effects of deficiency on intestinal mucosal function should be made.

17 15 40 20.5|pg Zn/g

45
30—

15

a
b
A~A/A/

- T |
0 150 750 500

dietary zinc content/(mg/kg)

proportion of administered dose (%)

Figure 2. Effect of zinc supplementation on the absorption of #Cu by rats. (a) $4CGu absorption; (b) ®Cu in
mucosa of small intestine; (¢) %4Cu present in mucosa as metallothionein [MT]; inset, concentration of zinc
present as intestinal metallothionein. The values for mucosal #4Cu are based on the assumption that the total
mass of mucosa was about 5 g. (From Hall ef al. (1979).)

3. TRANSPORT OF TRACE ELEMENTS

Although the predictive validity of models describing the likely sequence of events governing
trace metal release from the basolateral membrane of the intestine into plasma has never been
adequately assessed, some qualitative data are now becoming available for zinc and copper.
Studies with isolated perfused rat intestine (Smith & Cousins 1980) indicate that zinc is bound
to albumin as it leaves the serosal surface of the gut wall, and not to transferrin as has been
suggested (Evans 1976). If this is so, it seems unlikely that the efficiency of zinc absorption
could ever be limited under normal physiological conditions by the inadequate flux of binding
sites available on the protein. The molar ratio of zinc to albumin in plasma is about 0.06 under
normal conditions. Even allowing for only one zinc-binding site per albumin molecule, there
would always be an excess of sites available for zinc binding.

The uptake of copper from the intestine and its immediate transport to the liver and other
tissues is also thought to involve albumin as the transport protein, although amino acids such
as histidine, threonine and glutamine may also be involved. As with zinc, the transport of
plasma albumin through intestinal tissues is unlikely to be a rate-limiting factor influencing the
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transfer of copper to tissues. Variables influencing the rate of release of copper from albumin
may have greater significance. Thus, it has been suggested that the absence of the specific
copper-binding site on albumin (Appleton & Sarkar 1971) may be responsible for the abnor-
mally rapid rate of clearance of copper from plasma and the enhanced hepatic uptake of copper
in the dog (Goresky et al. 1968).

The release of copper from plasma albumin is also affected in ruminant animals receiving
diets with a high molybdenum content. Such animals have increased plasma copper concen-
trations (Smith et al. 1968; Bremner & Young 1978), which probably arise from a decreased
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Ficure 3. The effects of dietary supplementation with (NH,),Mo00O,S,, (NH,),Mo00S; and (NH,),MoS, on
the tissue distribution of absorbed #Cu in rats. Rats were given a diet containing 3 mg Cu/kg and were
killed 4 h after receiving an oral dose of #4Cu. Results are given for liver ( 0), kidneys ( ®) and plasma (7).
(I. Bremner, C. F. Mills & B. W. Young, unpublished observations.)

rate of clearance of copper from the plasma (Smith et al. 1968). This, in turn, appears to be a
consequence of the formation in the rumen of thiomolybdates, or related compounds which,
when absorbed, enhance the affinity of albumin for copper (Mills & Bremner 1980). This
view is supported by the changes which occur in the clearance of #4Cu from the plasma of rats
given di-, tri- and tetrathiomolybdates in their diet. Furthermore, such treatment influences
the tissue distribution of orally administered ®4Cu, its retention by plasma being enhanced
strongly at the expense of liver and kidney (figure 3). Progressively increasing substitution of
the oxythiomolybdates with sulphido groups increases the magnitude of these anomalies of
copper distribution which are believed to reflect a direct reaction of copper with the thio- or
oxythiomolybdates retained by the albumin fraction of plasma.

Although it is generally accepted that albumin is involved in the transport of copper from
the intestines to the liver, there is evidence that caeruloplasmin may play an important role in
its subsequent transport to other tissues for incorporation into enzymes such as cytochrome
oxidase, superoxide dismutase and lysyl oxidase (Marceau & Aspin 1973; Frieden 1979;
Harris et al. 1980). For example, the restoration of cytochrome oxidase activity in several
tissues of copper-deficient rats was much faster in animals injected with caeruloplasmin than
when they were given equimolar doses of copper—albumin or the copper-histidine complex

6-2
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(Frieden 1979). Although caeruloplasmin may facilitate the transfer of copper to the sites of
synthesis of the above enzymes, it is not known whether this involves the direct entry of caerulo-
plasmin into the cell and the donation of its copper to the respective apoenzymes, or whether
copper is first reduced and incorporated into receptors at cell membranes (Frieden 1979).
However, the possibility cannot be excluded that the apparently more effective utilization of
caeruloplasmin copper results from the faster removal of the other forms of copper by the liver.
Resolution of this problem must await studies with cell cultures. If caeruloplasmin has a role
as a copper carrier, it will be important to establish whether the changes in caeruloplasmin
concentration in protein deficiency, during stress, pregnancy and after the administration of
oral contraceptives induce other changes in copper metabolism.

4. STORAGE OF TRACE ELEMENTS

The period for which a reduced intake of an essential trace element can be tolerated is in-
fluenced by the extent to which stores of the element have accumulated previously and by the
ease with which they can be mobilized. The tissue distribution and physiological availability
of such reserves differs between species and, within a species, both are influenced by genetic
variables and age.

Marked differences exist between elements in the extent to which any body reserve is con-
centrated within a single organ or distributed widely between tissues. Thus, no locally concen-
trated store of chromium, selenium or manganese has been identified. Zinc reserves are usually
small and located mainly in the skeleton and muscle mass, although appreciable hepatic
accumulation of zinc can also occur in the liver of foetal animals (Bremner et al. 1977). Mobil-
ization of the skeletal reserve of zinc is influenced by calcium status and is enhanced by condi-
tions that promote bone resorption (Tao & Hurley 1975).

Pregnancy and lactation also influence the rates of accretion and mobilization of tissue
reserves. Pregnant rats accumulate copper throughout gestation, and much of this copper is
utilized during subsequent lactation (Williams et al. 1977). Thus, pregnancy increased by 609,
the amount of copper in the maternal carcass (excluding the products of conception), but body
copper had returned to normal by the 14th day post-partum. If all this copper were transferred
to their sucking offspring, it would have met about 25 %, of their demand for copper. The need
for such a reserve is indicated by the observation that the lactating rat transfers to her off-
spring more copper than she can absorb from her own diet. The site of copper deposition was
not established in these experiments, but the metal was probably distributed throughout the
body, since there was no major increase in the copper content of the femur, kidneys or, most
surprisingly, the liver.

(a) Metallothionein and the hepatic accumulation of copper

The liver is commonly regarded as the major storage organ for copper and considerable
attention has thus been paid to the forms in which it is retained.

There are rapid changes in the distribution of #Cu in the liver of rats injected with tracer
quantities of #Cu (Marceau & Aspin 1973). Much is initially associated with metallothionein
(Bremner 1978), but is then transferred rapidly to other hepatic proteins, including superoxide
dismutase.

When rats are injected with large quantities (100-300 pg) of non-radioactive copper, the
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pattern of copper retention differs. Maximum concentrations of copper-metallothionein are not
achieved until after about 10 h, and the protein persists in the liver for much longer, the half-
life being about 17 h (Bremner et al. 1978). Unlike the tracer studies referred to above, in which
the binding of #Cu to metallothionein could have occurred by exchange reactions, the incor-
poration of non-radioactive copper into the protein is clearly a consequence of synthesis de novo
of the protein. Thus the incorporation of [3S]cysteine into this sulphur-rich protein is stimu-
lated by the administration of copper (Bremner ef al. 1978) and is inhibited by actinomycin D
(Premakumar et al. 1975), suggesting that the induction of metallothionein synthesis is under
transcriptional control. The administration of cycloheximide also blocks the Cu-metallothionein
synthesis but does not prevent the uptake of copper by the liver (Bremner 1978). Similar
observations have been made with primary monolayer cultures of rat liver parenchymal cells
(Weiner & Cousins 1980). Thus the hepatic uptake of copper is not dependent on the ability
to synthesize metallothionein. In contrast, the inhibition of protein synthesis clearly prevents
the hepatic uptake of zinc (Richards & Cousins 1975).

Metallothionein is also a major copper-binding protein in the liver of animals receiving
copper in the diet rather than parenterally. Up to 40 %, of the copper in pig liver can be present
in this form, the concentration of the protein being directly related to the liver copper content
(Bremner 1978). Since concentrations of the protein respond readily to changes in the copper
status of the animal, it could be argued that metallothionein has a temporary or short-term
storage function for copper. However, it cannot be essential for the utilization of hepatic copper,
since there are no major disturbances in copper metabolism in zinc-deficient animals, in which
hepatic accumulation of copper-metallothionein does not occur (Bremner 1978).

(b) Copper accumulation in foetal livers

Copper-metallothionein is frequently present in large amounts in the liver of foetal or neo-
natal animals, which often have exceptionally high liver copper contents (Hartmann & Weser
1977; Riordan & Richards 1980). However, the distribution of the copper-rich protein within
these livers differs from that in livers of adult animals; it is located principally in the particulate
fractions of the liver, and not in the cytosol (Riordan & Richards 1980). The location of the
copper-rich metallothionein in foetal livers has not been established, but it is probable that it
occurs in the lysosomes, since the insoluble copper-protein, neonatal mitochondrocuprein,
found in the lysosomes of newborn calves is a polymerized form of metallothionein (Porter 1974).

About half the total body copper in the developing foetus is usually present in the liver
(Williams et al. 1978). It is often assumed that this provides the newborn animal with a readily
available reserve at a time when the intake of copper from milk is low. However, the amount
that is used for metabolic purposes has not been established. Recent studies on the rate of loss
of copper from the liver of newly weaned calves suggest that much of the hepatic copper may
be lost by endogenous secretions (McDonald et al. 1979). When calves received a copper-
deficient diet after weaning, the rate of loss of copper from the liver was related to liver copper
concentration by the equation

[Cul, = [Cupe ™,

where [Cu], and [Cu], are the liver copper concentrations (milligrams per kilogram dry mass)
at the start of the depletion and after ¢ days respectively. The value of the exponent £, 0.027,
indicates that the half-life of copper in the liver of these animals was about 27 days and did
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not differ significantly between three separate studies. The amount of copper lost from the
liver of many calves exceeded their estimated requirement for growth and was probably
excreted in bile. These findings support the view of Evans (1973) that the accumulation of
copper in the liver of newborn animals could sometimes be the result of a limited capacity for
excretion of copper rather than a need to form copper reserves during foetal development and
in the neonatal period.

5. CONCLUSIONS

Knowledge of the processes involved in the absorption, transport and excretion of trace
elements is very incomplete. It has been established that the efficiency of absorptive and of
excretory processes responds to changes in trace element demand, but the nature of the ‘trigger’
mechanism is obscure. There is some evidence that, in neonatal animals, the absorption of some
trace elements may occur by pinocytosis, but whether there is any mechanism for the peri-
cellular transfer of metals through the so-called ‘tight junctions’ in the intestinal wall that
might account for the marked increase in absorptive efficiency that occurs when liquid diets
are given has not been studied. Similarly, the possibility that lipid-soluble or phospholipid
derivatives of the trace metals in the digestive tract may be able to bypass control mechanisms
that normally regulate metal absorption in the intestine has not been investigated.

Changes in dietary composition have marked effects on the availability of trace elements,
but the quantitative aspects of most of these relations have still to be defined. Most studies have
involved the use of diets containing excessive amounts of antagonists, and it is usually impossible
to extrapolate the findings to more ‘normal’ situations, where there are only moderate increases
in the concentration of the antagonist. The mechanisms whereby interaction occurs has rarely
been established in detail. For example, the mucosal binding sites involved in the uptake and
transfer of both iron and zinc have not been identified. The fate of copper after its incorporation
into zinc-induced mucosal metallothionein is still a matter of conjecture.

Considerable effort is being expended on the study of the physiological role of metallo-
thionein and its involvement in the metabolism of both essential and non-essential elements.
The wide distribution of the protein in most animal tissues, in plants, marine organisms and
micro-organisms, and the fact that several metals can induce synthesis of the protein, suggest
a fundamental role for the protein in metal metabolism, possibly in storage or detoxication.
However, the lack of discrimination between metals could also argue against a role in the
maintenance of homoeostasis. It may be that synthesis of the protein is merely a short-term
response to increased intracellular concentrations of a metal, with its subsequent fate, and
therefore the function of the protein, being determined by the immediate needs of the animal.

This does not imply that studies on the binding of metals to metallothionein are physio-
logically irrelevant but rather that we have not yet defined, in sufficient detail, the kinetic
relations influencing the distribution of metal between this and other proteins involved in
absorption and tissue retention of metals. There is already evidence that susceptibility to copper
toxicity is reflected by changes in such relations. Thus sheep, a species particularly susceptible
to copper poisoning, appear to be unable to sequester excess liver copper as Cu-metallothionein.
Instead, the excess accumulates in a protein-containing and sulphur-rich particulate fraction,
the extent and distribution of which appears to be related to the severity of hepatic dysfunction.

Better understanding of the primary, genetically determined, defects of trace element
metabolism in diseases such as acrodermatitis enteropathica and Menkes’s disease will un-
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doubtedly require elucidation of the forms in which zinc and copper occur in tissues. The latter
disease is particularly interesting because clinical signs of copper deficiency are accompanied
by enhanced concentrations of copper in tissues such as the intestines and kidneys. Investigation
of the reasons for such anomalies in the distribution and mobility of copper could well con-
tribute to the resolution of other difficulties in interpreting data on tissue copper content. These
include the problem of distinguishing clinically normal animals from those with covert or overt
signs of deficiency when analysis of tissues from both reveals a low content of copper.

The influence of genetic variables on trace element metabolism and distribution in tissues
is not restricted to these rare X-linked recessive disorders. Wiener (1979) has reported that
marked differences exist in plasma and liver copper content between breeds of sheep, and that
susceptibility to copper deficiency or excess also differs between breeds. Other studies have
shown that the intracellular distribution of copper in hepatocytes differs markedly between
strains of rats. There is no reason to assume that such effects are restricted to sheep, to rats or
to copper metabolism.

This account, although largely confined to consideration of zinc and copper, has indicated
the frequency with which inadequate understanding of the processes of trace element absorp-
tion, transport and storage so frequently hinders our ability to anticipate the effect of variables
that influence trace element ‘availability’. The paucity of kinetic studies of these processes has
been particularly emphasized. Until such information becomes available, it is unrealistic to
expect that future attempts to define the trace element requirements of man and animals will
overcome the most important limitation of existing estimates: a lack of flexibility that hinders
extrapolation to subjects differing in stage of physiological development, diet and genetic back-
ground.
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