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Considerations for determining ‘optimal nutrition’ for copper, zinc,
manganese and molybdenum
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Defining optimal dietary intakes of Cu and Zn throughout the life cycle continues to present a
considerable challenge for nutrition scientists. Although the daily intake of these micronutrients

is below that currently recommended for many groups, traditional biochemical indicators of
nutritional status for these trace metals largely remain within the normal range. Thus, it is unclear
whether the recommended daily intakes may be unnecessarily high, or if the commonly-used
markers simply lack the necessary sensitivity and specificity that are required for accurately
assessing Cu and Zn status. The increasing number of reports that daily supplements with these
trace metals enhance the activities of selective metalloenzymes and specific cellular and organ
processes further points out the need to differentiate between meeting the requirement and
providing optimal nutriture. Results from recent studies suggesting that alternative molecular and
functional markers possess sufficient sensitivity to better assess Cu and Zn status are discussed.
Likewise, recent studies evaluating the impact of very low and excessive levels of dietary Mn and
Mo on selective biochemical and metabolic indicators are reviewed.

Copper: Zinc: Manganese: Molybdenum: Nutritional assessment

Discussion of approaches to define optimal nutrition for Cu, for individuals with inherited disorders that impair transport
Zn, Mn and Mo presents an interesting challenge when it isor metabolism of a specific trace metal. Insights related to
considered that the Food and Nutrition Board of the (US) the regulation of metabolism have been gained by the use of
National Research Council (1989) concluded that there wasradioactive isotopes and the recent development and
sufficient information to establish a recommended dietary application of stable-isotope methodology. Likewise, the
allowance for Zn, but not Cu, Mn or Mo. Instead, Cu, Mn application of the tools of molecular biology has provided
and Mo, along with Cr, fluoride, biotin and pantothenic acid, new information about the metabolism and functions of
were assigned to the category that provides a range of dailyhese inorganic nutrients. The development of imaging tech-
intakes that are estimated to be safe and adequate for ageiques allows the non-invasive investigation of the
and sex, i.e. the estimated safe and adequate daily dietaryesponses of tissues and organs to various levels of these
intake (ESADDI). Before discussing recent discoveries trace metals. Thus, the combined information from past,
about the individual trace metals, it seems instructive to con-ongoing and future studies will facilitate the development of
sider several similarities of these nutrients. All four serve asstrategies required to define optimal nutrition of specific
catalytic and/or structural cofactors for specific proteins. populations and, perhaps, even individuals throughout their
Their metabolism is regulated to ensure the delivery of life cycle. The following discussion focuses on approaches
adequate, but not excessive, quantities of the metal to thdor defining optimal Cu nutriture and then considers Zn, Mn
appropriate cellular compartments for incorporation into the and Mo in less detalil.
apo-metalloproteins over a range of dietary intakes. The

consequences of severe dietary deficiencies and frank

toxicity for each element were described initially with

experimental animals. The outcomes are quite similar for The level of Cu intake that has been recommended as safe
human subjects who inadvertently experience severe dietaryand adequate (ESADDI) is 1-5-3 mg/d for adults (National
restriction or excessive exposure to these metals, as well aResearch Council, 1989). Dietary analyses have consistently

Copper

Abbreviations: Cp, caeruloplasmin; CCO, cytochrome c¢ oxidase; DAO, diamine oxidase; ESADDI, estimated safe and adequate daily dietar intake;
interleukin 2; PAM, peptidylglycine-amidating monooxygenase; SOD, superoxide dismutase.
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shown that typical Western diets fail to provide the lower there are alternative pathways for cellular acquisition of this
limit of the recommended range for adults, as well as metal. Within the cell Cu distribution among organelles and
children and infants (Pennington & Young, 1991; Van exportation appears to be mediated by P-type ATPases.
Dokkum, 1995). Estimates for the actual Cu content of Defects in these pumps are the basis for Wilson and Menkes
daily meals are 1-0-1-2mg for adults. Assuming that thediseases. Cu leaving peripheral tissues can re-enter the
recommended range is appropriate, Cu deficiency would becirculation and be taken up by liver for re-utilization or
expected to be relatively common. However, overt symp- excretion. Excess hepatic Cu is exported into bile for elimi-
toms of Cu deficiency are quite rare. This situation suggestsnhation from the body and can be stored temporarily as
that the lower limit of the recommended range for Cu intake metallothionein (Dameron & Harrison, 1998). Urinary
is simply too high, that marginal Cu deficiency may be com- losses of Cu are typically quite low.
mon but difficult to diagnose, that water provides additional In a sentinel human study Turnlaetdal (1989) exam-
Cu to meet the dietary requirement, or some combination ofined Cu absorption and retention by young healthy men fed
such factors. Numerous investigators have addressed thesen meals that provided low, adequate or high daily intakes
possibilities during the past decade without clear resolutionof Cu (0-8, 1-7, and 7-5mg Cu/d respectively). The results
of the problem. Regardless of the eventual outcome, it isdemonstrated that the efficiency of Cu absorption varied
evident that there is some threshold at which the supply ofinversely with dietary Cu content, and most subjects
dietary Cu is inadequate to sufficiently maintain optimal achieved balance within 1 week of the transition to a differ-
activities of Cu-dependent processes, and that such a&nt level of dietary Cu. Thus, absorption and biliary
response is likely to be influenced by a variety of factors in excretion represent processes subject to homeostatic control
addition to the level of the metal in the diet. Thus, the needover a broad range of Cu intake. This discovery provided
to identify sensitive and specific markers of Cu status will initial support for the possibility that the lower limit of the
remain a challenging area for inquiry. Before reviewing ESADDI was set too high. However, it was not clear if
some specific observations related to the Cu ‘requirement’,homeostatic adaptation might falter when the nutritional
the general biochemical functions and metabolism of the stress was longer in duration, or if the activities of specific
metal will be briefly considered. A series of reports pre- cuproenzymes and processes dependent on such activities
sented at the 1996 International Conference on Genetic andvere altered at the extremes of intake.
Environmental Determinants of Copper Metabolism provide Intensive efforts by Milne (1998) and Turnland (1998)
excellent in-depth reviews of the nutrition, metabolism, and their associates during the past decade have addressed
functions and clinical aspects of Cu (Lonnerdal & Uauy, these issues in a series of well-controlled human trials that
1998) and complement several recent comprehensivehave investigated the responses of different populations of
reviews on Cu (Linder, 1996; Harris, 1997). healthy adults. Numerous indicators known to change in
The typical human adult body contains approximately severe Cu deficiency in animals and human subjects have
100 mg Cu. The majority of the Cu that has been characterbeen monitored, and include (a) plasma levels of Cu and Cp
ized is tightly bound to less than two dozen identified protein and enzyme activity, as well as the activities of
proteins. Cu serves as a catalytic cofactor in some of thes€€u,Zn-SOD and CCO in plasma and/or blood cells, (b)
metalloproteins. These known cuproenzymes participate inhaematological profile (erythrocytes, neutrophils and plate-
diverse cellular and extracellular activities, including ATP lets), and (c) non-invasive assessments of cardiac activity,
production (cytochrome ¢ oxidaseC 1.9.3.1; CCO), @ blood pressure and immunocompetence. In general, these
metabolism (superoxide dismutag&s 1.15.1.1; SOD), Fe variables were not altered, changed minimally, or responded
transport (caeruloplasmin; Cp; enzyrgB€ 1.16.3.1), the inconsistently when daily dietary intake of Cu exceeded

maturation of extracellular matrix (lysyl oxidas&C 0-75mag. In contrast, changes in some indicators were noted
1.4.3.13) and neuroendocrine peptides (peptidylglycine when daily Cu intake was 0-4—0-7 mg.
a-amidating monooxygenas€&C 1.14.17.3; PAM), the Milne & Nielsen (1996) observed significant reductions

synthesis of noradrenaline (dopamieronooxygenase; in erythrocyte SOD and platelet Cu and CCO activity in
EC 1.14.17.1) and melanin (tyrosinageC 4.1.99.2), and post-menopausal women fed on a diet containing 0-57 mg
the catabolism of histamine and polyamines (diamine oxi- Cu for 105 d. The greatest change was a 50 % reduction in
dase;EC 1.4.3.6; DAO). Obviously, maintenance of these the activity of platelet CCO activity between weeks 10 and
activities depends on the ability of the organism to provide 13 of the Cu-depletion phase. Plasma and urinary Cu, Cp
adequate quantities of Cu for incorporation into the apo- enzyme activity and protein, and haematological variables
cuproproteins. were resistant to low Cu intake. Platelet CCO activity
Foods are believed to represent the major source of Cuemained significantly depressed after subjects were
for higher animals and human subjects, although waterrepleted with 2mg Cu daily for 5 weeks, whereas platelet
(Olivares & Uauy, 1998) and nutritional supplements Cu was restored to control levels during this period.
(Johnsoret al 1998) can contribute considerable quantities Turnlandet al. (1997) reported significant declines in levels
of the metal. Generally, 30-60 % of ingested Cu is absorbedof Cu content of plasma, polymorphonuclear cells and urine,
across the intestinal mucosa and rapidly transferred to theCp protein and enzyme activity, and erythrocyte and extra-
liver and kidney. Within the liver much of the recently- cellular SOD activities after feeding healthy men on a diet
acquired Cu is incorporated into Cp and returned to thewith only 0-38 mg Cu/d for 6 weeks. The majority of these
circulation for distribution to other tissues. The recent dis- variables responded to Cu supplementation. There were no
covery that tissue levels of Cu are normal in acaerulo- significant disorders in heart rate during the depletion and
plasminaemic patients (Harrist al 1998) indicates that repletion phases of the study. Lysyl oxidase in skin also
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declined in response to very low Cu intake and reboundedin vivo (Joneset al 1997). These results support the like-
after supplementation (Wermast al 1997). The results lihood that reasonable doses of supplemental Cu do not
prompted Turnlanet al (1997) to conclude that the mini- exceed the homeostatic capacity to maintain a safe body
mum daily requirement for Cu is between 0-4 and 0-8 mg, aburden of the metal. Obviously, individuals with impaired
level markedly below current recommendations. biliary activity (e.g. premature and newborn term infants,
The previously mentioned studies have provided new and patients with cholestatic liver conditions) are at risk for
insights regarding the lower limit of the Cu requirement for Cu toxicity if supplemented.
healthy adults in controlled settings. However, the task of
defining optimal Cu intake for diverse groups of free-living
individuals represents a different problem. This is particu-
larly so for individuals with clinical conditions that pre-
dispose to Cu deficiency (e.g. prematurity and prolonged Cuproenzymes. Several recent reports suggest that the
total parenteral nutrition without Cu) and the chronic use of activity of the cuproenzyme PAM in plasma merits special
Zn supplements (Beshgetoor & Hambidge, 1998). Selectionconsideration as a potentially-useful indicator of Cu status.
of appropriate biochemical and functional indicators of Cu PAM is required for the post-translational modification
status needs to be considered carefully before initiatingof numerous neuroendocrine peptides to their bioactive
screening. Milne (1994) has critically reviewed the sens- forms which possess an amidated carboxyl terminus
itivity and specificity of the traditional indicators of Cu in (Eipper et al 1992). Representative-amidated peptides
blood. Low levels of plasma Cu and Cp are good markers ofinclude calcitonin, cholecystokinin, gastrin, neuropeptide Y,
clinical Cu deficiency. Moreover, samples require minimal oxytocin and vasopressin. Two distinct catalytic activities
processing and are stable for extended periods, and thare required for the covalent modification. The COOH-
assays are simple. However, they alone cannot be used agrminal glycyl residue of the peptide substrate is converted
indicators of Cu status, since plasma levels are elevated byo peptidyla-hydroxyglycine by the Cu, ascorbate and
oestrogen, pregnancy, infection and inflammation. More- molecular oxygen-dependent peptidylglycinehydroxy-
over, the relative insensitivity of these markers to even verylating monooxygenase. The peptidyhydroxyglycinea-
low Cu intake in the human trials suggests that the thresholdamidating lyase cleaves the intermediate to produce the
for change is below the level of Cu provided by most diets. a-amidated peptide and glyoxylate. Inhibition of PAM
Erythrocyte SOD activity seems to respond to rigorous activity increases the concentration of glycine-extended
restriction of dietary Cu. However, the degree of change peptides and decreases that of édhamidated peptides in
appears to be limited by the slow rate of erythrocyte turn- tissues.
over. Intense physical exercise also may elevate the amount The possibility that Cu availability affects PAM activity
of SOD protein in erythrocytes (Lukasd al. 1990). Milne was suggested by several early studies. Treatment of murine
(1994) favours the use of CCO activity in platelets and pituitary cell cultures and rats with disulfiram, the disulfide
leucocytes as a marker, since these cells have short lifetimedimer of the high-affinity Cu chelator diethyldithio-
and may better reflect the metabolically-active pool of carbamate, inhibited PAM activity and increased the
endogenous Cu. However, the isolation of specific cell typesquantities of several glycine-extended peptides (Metirzd
is labour intensive, the enzyme is labile, and the assay of its1986). Also, serum activity of PAM was reduced in adult
activity is subject to considerable variation. The need to male rats after feeding a Cu-deficient diet for 9 weeks (Main
monitor at least several of the previously mentioned et al 1985). Prohaska (1997) examined the effects of
biochemical markers to assess Cu status is evident. Identimarginal and moderate Cu deficiencies in young rats on the
fication of additional reliable markers would be beneficial, activities of several cuproenzymes in the heart and plasma.
and several possible candidates are discussed later. The results clearly showed that serum PAM activity, like
An alternative approach to defining optimal Cu nutriture that of Cp enzyme, was correlated with Cu intake. The
is to evaluate whether supplementation with the metal activities of PAM, CCO and Cu,Zn-SOD in the heart also
enhances Cu-dependent processes. The evident concemvere modulated by Cu intake. The observation ithaitro
with this approach is the potential toxicity of excess Cu. The addition of C@* restored PAM activities in samples from
pathological consequences of Cu overload in animals andCu-restricted rats to those of the controls is particularly
individuals with impaired ability to excrete Cu via bile (e.g. interesting. In contrast, exogenous Cu failed to increase the
Wilson's disease) are instructive for establishing upper activities of Cp enzyme, CCO and Cu,Zn-SOD. Prohaska
limits for Cu intake (Bremner, 1998). There are several (1997) proposed that comparison of serum PAM activity in
reports of particular interest. Adults receiving daily supple- the presence and absence of Cu salt may be useful for
ments of 10mg Cu as the gluconate chelate for 12 weeksassessing Cu status. Additional support for this possibility is
did not exhibit any signs of toxicity (Pra#t al 1985). available. First, several subjects with a mild variant of
Similarly, supplementation of breast-fed and formula-fed Menkes disease were found to have significantly lower
infants with Cu via drinking water from 3—-12 months of age levels of plasma Cu and Cp than control subjects (Prohaska
did not adversely affect growth, liver function or indicators et al. 1997). Although plasma PAM activity was similar for
of Cu status (Olivarest al 1998). Ingestion of the high-Cu  the two groupsin vitro addition of Cu stimulated enzyme
water by formula-fed infants doubled daily Cu intake (2-5 activity 3-0- and 1-6-fold in samples from subjects with
1.2mg). It has been shown also that short-term supple-Menkes disease and control subjects respectively
mentation (4 weeks) of hypercholesterolaemic men with (P<0-001). This finding suggests that the amount of plasma
2mg Cu daily did not increase the oxidation of lipoproteins PAM protein increases in response to Cu deficiency.

Additional potential biomarkers for assessing optimal
copper nutriture
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Second, the stimulatory influence of exogenous Cu on PAMdiseases (Wolvekamp & deBruin, 1994), and severe trauma
activity in plasma from an adult female with acquired Cu (Jounget al 1998).
deficiency (Smithet al 1994) decreased in response to Cu  Functional indicators of optimal copper statusRecent
supplementationn vivo (JR Prohaska, personal commun- studies suggest that selective activities of the skeleton and
ication). Third, it is noteworthy that plasma PAM activity in  immune system may serve as helpful markers for defining
adult male rats was not altered in response to a variety ofoptimal Cu nutriture. Osteoporotic lesions and increased
changes in endocrine status and was similar in male andncidence of infections have been reported for Cu-deficient
female animals (Mainet al. 1985). Finally, quantification  animals and human subjects (Harris, 1997). Ten years ago,
of PAM activity requires a small volume of plasma that can Strain (1988) suggested that mild Cu deficiency had the
be obtained from a microhaematocrit tube, thereby eliminat- potential to contribute to the onset and progression of
ing the need for venipuncture (Prohaska, 1997). Furtherosteoporosis during the ageing process. Studies by Strause
examination of the effects of nutritional, physiological and etal (1994) demonstrated that chronic daily supplement-
pathological stresses on plasma PAM activity is warrantedation with 1000 mg Ca (as citrate malate complex) plus the
in light of the very interesting observations concerning this gluconate salts of Cu (2-5mg), Mn (5mg) and Zn (15 mg)
cuproenzyme. significantly arrested spinal bone loss in post-menopausal
A second cuproenzyme that has received recent attentionvomen; supplementation with only Ca or the trace metal
as a possible indicator of Cu status is DAO. DAO mix were not as effective. The actual contribution of Cu to
oxidatively deaminates polyamines such as cadaverine andhe maintenance of bone mineral density was unknown.
histamine to aldehydes and ammonium ion with the Eaton-Evanset al (1996) addressed this question by
subsequent production of,8,. It has been proposed that conducting a random double-blind study in which women
DAO activity provides a barrier that prevents potentially- aged 45-56 years received either a placebo or 3mg glycine-
damaging polyamines from entering the circulation chelated Cu daily for 2 years. Initial and final bone mineral
(Wolvekamp & deBruin, 1994). High activities are present density of the lumbar vertebrae were not different in the
in the intestine and other tissues containing rapidly- Cu-supplemented group, whereas bone mineral density
replicating cells. Low levels of DAO activity of unknown in the group receiving placebo declined significantly
origin are normally present in the plasma of animals and (P<0-01). This apparently beneficial effect of the Cu sup-
human subjects. Regarding the response of DAO to alteregplement was not associated with a change in the activities of
Cu status, DiSilvestret al (1997) found low activity of  erythrocyte SOD or plasma alkaline phosphataB€ (
plasma DAO in an adult female with diagnosed Cu 3.1.3.1). The outcome supports the need for further examin-
deficiency, and this activity was elevated to normal by ation of functional responses to Cu supplementation as a
parenteral Cu administration. Similarly, plasma DAO tool for defining optimal Cu intake for specific populations.
activity was about 6-fold lower in rats fed on a moderately- The essentiality of Cu for the maturation and signal-
low-Cu diet for 6 months. The impact of Cu supplement- mediated activation of immune cells is well recognized
ation on plasma DAO activity has been examined in two (Percival, 1995; Failla & Hopkins, 1998). The observation
double-blind placebo-controlled crossover studies. Jonesthatin vitro DNA synthesis and interleukin 2 (IL-2) produc-
et al (1997) supplemented twenty hypercholesterolaemic tion by T-cells and respiratory-burst activity of neutrophils
adult males with 2mg glycine-chelated Cu daily for 4 from adult rats chronically fed on a diet marginally low in
weeks. Cu supplementation significantly increased plasmaCu were impaired is particularly interesting (Hopkins &
DAO and erythrocyte SOD activities in those subjects Failla, 1995). Since traditional indicators of Cu status
whose plasma Cu levels were below the group median at thesuch as tissue activities of Cu,Zn-SOD and plasma Cp were
start of the trial. The responsiveness of plasma DAO activity not altered by the chronic dietary treatment, immuno-
to supplementation with a higher level of Cu has been exam-competence appears to be very sensitive to marginal Cu
ined in a trial in Northern Ireland (Kehcat al. 1999). deficiency in the rat. Our efforts have focused on defining
Healthy adult menn 12) and womenn( 12) received the role of Cu in modulating the synthesis of the cytokine
supplements of 3 and 6 mg Cu daily for 6-week periods thatlL-2 for the following reasons: (a) IL-2 plays a central role
were interspersed with periods of equal length when placeban coordinating cell-mediated immunity; (b) the regulation
was administered. Serum DAO activity was elevated 2- to of IL-2 gene expression is well characterized;ifcyitro
5-fold (P < 0-01) in subjects at the end of each period of Cu production of IL-2 is attenuated by decreased cellular Cu;
supplementation. In contrast, there were either no responsef) IL-2 production can be restored to normal by supple-
or limited changes in the activities of cellular SOD and menting Cu-deficient cells with low levels of Cu, but not
serum Cp to Cu supplementation. Subjects did not experi-other metals (Bala & Failla, 1992; Hopkins & Failla, 1997;
ence clinical symptoms of acute Cu toxicity such as nausedrailla & Hopkins, 1998). We have found that reduced Cu
or gastrointestinal distress during the supplementationcontent attenuates transcriptional activity, but not IL-2
periods. These findings encourage further inquiry concern-mRNA stability, using Jurkat cells stably transfected with a
ing the use of plasma DAO as a biomarker of Cu status.luciferase reporter gene driven by the full-length IL-2
However, its utility may be limited, since activity is higher promoter—enhancer region (Hopkins & Failla, 1999).
in females than males (JJ Strain, personal communication) Elucidation of the mechanism by which cellular Cu status
elevated in response to pregnancy and some types of cancemodulates IL-2 expression may identify novel markers in
cystic fibrosis, uraemia, intestinal ischaemia and renalleucocytes that respond to Cu status in a specific and
dialysis (Wolvekamp & deBruin, 1994; DiSilvestst al sensitive manner. It should be noted that the mitogenic
1997), and lower in subjects with Crohn's and coeliac reactivity of T-cells isolated from human subjects fed on a
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very-low-Cu diet (Kelleyet al 1995) and from a woman  susceptibility to free-radical-induced damage or may reflect
with clinical Cu deficiency (Smithet al 1994) was a general decrease in Cu status (Fosmire, 1990).
impaired. The potential ability of physiological levels of Cu
to stimulatein vitro mitogenic responsiveness and IL-2
production by human T-cells, as it does for rat cells (Bala &
Failla, 1992), also merits consideration as a sensitive
biomarker for detecting marginal Cu deficiency. Daily supplementation of post-menopausal women with
30 mg glycine-chelated Zn for 3 weeks increased the activity
of the Zn-dependent enzyme 5-nucleotidase by 60 %
(Blostein-Fujiiet al 1997). In contrast, the activity of this
Zn is essential for the activities of an impressive array of enzyme in plasma significantly decreased when elderly
enzymes and regulatory proteins. In addition to its role as ahealthy women were fed on a low-Zn (4 mg) diet for 15d;
catalytic cofactor for all six classes of enzymes, Zn providesenzyme activity responded robustly when the subjects
structural integrity for the activities of nuclear transcription ingested 28 mg Zn for 6d (Balesal 1994). Thymulin is a
factors, including the steroid receptor superfamily. The Zn-dependent immunomodulatory peptide secreted by
metal also is required by protein kinases that participate inthymic epithelial cells. Serum thymulin activity is decreased
signal transduction processes and for the activation ofin mild Zn deficiency associated with either dietary Zn
trans-acting proteins that regulate gene expression. With restriction or sickle-cell anaemia (Prasatl al 1988).
essential roles in such fundamental cellular processes, ifThymulin activity was increased following Zn supplement-
is not surprising that the whole-body content of Zn is ation of the subjects and kip vitro addition of Zn to
tightly controlled. During periods of low Zn intake, absorp- samples from mildly-Zn-deficient subjects. The ability of
tion is enhanced and secretion of endogenous Zn into th&Zn to enhancén vitro activity when serum thymulin is not
gastrointestinal lumen is suppressed. In contrast, highsaturated with Zn provides a potentially-useful tool for
Zn intake is associated with decreased absorption andexamining optimal Zn status. While there are concerns
enhanced secretion of endogenous Zn. Within cells, fluctua-about the labour-intensive nature of the standard bioassay
tions in Zn content are modulated by changes in the amouni{Chesters, 1997), its use in more laboratories and/or the
of the metal associated with the storage protein metal-development of alternative assays to monitor thymulin
lothionein. Urinary losses usually are minimal. Up-to-date activity warrants consideration.

details about the biochemistry and metabolism of Zn are There has been considerable interest in the use of plasma
provided in several excellent reviews (Cousins, 1996; or blood cell metallothionein as an indicator of Zn status,
Chesters, 1997). just as serum ferritin has been used as a marker of cellular

Results from the Total Diet Study (Pennington & Young, Fe stores. Early studies by Bremner and associates (Sato
1991) indicate that the amounts of Zn provided by typical et al. 1984; Bremneret al 1987) showed that metal-
diets are below the recommended daily allowance for lothionein could be detected in plasma and erythrocytes of
children, adolescent females and women during their repro-rats, that the levels responded as predicted to changes in Zn
ductive years, and elderly men and women. Results fromstatus, and that endotoxin treatment increased plasma but
surveys in a number of European countries are similarnot erythrocyte metallothionein content. Cousins and associ-
(Van Dokkum, 1995). The discrepancy between actual andates (Gridert al 1990; Thoma®t al 1992) subsequently
recommended intakes is the basis for concern that manyeported that erythrocyte levels of metallothionein were
individuals may lack sufficient cellular pools during times increased and decreased in adult men in response to Zn
of increased utilization, e.g. growth, reproduction and tissuesupplementation and deprivation respectively. More rec-
repair (Aggett & Comerford, 1995). Traditional indicators ently, this group has developed a sensitive method using the
of Zn, such as levels in plasma and the activities of Zn competitive reverse transcriptase—polymerase chain reaction
metalloenzymes in blood, are relatively resistant to changeso quantify the level of metallothionein mRNA in human
in dietary Zn, but often altered by other physiological and monocytes. Monocytic metallothionein mMRNA rapidly
pathological conditions. Nevertheless, the list of beneficial increased to levels about 4-fold above control levels when
outcomes of administering Zn supplements to groupssubjects received a 50 mg Zn supplement; levels returned to
believed to be at risk of deficiency continues to increase (forthose in control samples within 4 d after discontinuation of
example, see Prasad al 1993; Goldenbergt al 1995; the supplement (Sullivan & Cousins, 1997; Sullivetral
Sazawalet al. 1997). Together, these findings indicate the 1998). Responses of metallothionein mMRNA in monocytes
need for the identification of more sensitive and specific to nutrient manipulations other than Zn and various stresses
indicators of Zn status. Recent studies support the considerare needed to ascertain the specificity of the marker. Never-
ation of several additional factors as potential markers fortheless, the possibility that the new method will be a useful
defining better the optimal Zn status. tool for optimizing Zn nutriture is exciting.

It is generally assumed that Zn is non-toxic because of the Finally, a family of Zn transporters that mediate cellular
strong homeostatic regulation of processes controlling theefflux and, possibly, intracellular compartmentalization of
absorption and endogenous secretion of the metal. Verythe metal may provide additional markers related to Zn
high doses can cause gastrointestinal distress and vomitingstatus (McMahon & Cousins, 1988 Initial studies have
Levels that are present in many Zn nutritional supplementsrevealed that the level of Zn transporter-1 mRNA in murine
have been found to decrease the activity of SOD in erythro-intestine and liver increases in response to Zn loading
cytes. It is not clear if this alteration is sufficient to increase (Daviset al 1998), and Zn transporter-1 mRNA and protein

New potential biomarkers for assessing optimal zinc
nutriture

Zinc
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levels also increase modestly when rats are fed on a high-ZiThe increases in serum Mn and lymphocyte Mn-SOD
diet (McMahon & Cousins, 1993. activity were not affected by the use of oral contraceptives
or stage of the menstrual cycle. However, the responses to
Mn supplementation were greater in women consuming
diets with more than 31 % of their energy from fat than from
Mn is required as a catalytic cofactor for mitochondrial those consuming less than 30 % of their energy from fat. It
SOD, arginaseHC 3.5.3.1) and pyruvate carboxylage(( was concluded that the change in cellular Mn-SOD activity
6.4.1.1). It also is an activator of glycosyltransferases, reflected exposure to Mn rather than improved Mn status.
phosphenopyruvate carboxylase EC 4.1.1.31) and The demonstration of Strause al (1994) that supple-
glutamine synthetasd=C 6.3.1.2). Foods, and particularly mentation of post-menopausal women with Ca plus a trace
plant foods, represent the principal source of Mn for the metal mix containing 5 mg Mn arrested the decline in spinal
activities of these proteins. Small amounts of ingested Mnbone mineral density merits consideration. The contribution
are absorbed and initially transferred to the liver for utiliza- of Mn, as opposed to Cu and Zn, to the beneficial effect is
tion, for export back to the plasma for distribution to other unknown, and should be investigated.
tissues (probably via the transferrin endocytic pathway), or Excess Mn in the brain adversely affects motor and
secretion into bile for elimination from the body. The metal cognitive function; continued accumulation can lead to
is not stored in tissues, since biliary elimination of excess severe psychiatric disorders and permanent neurological
Mn is quite efficient. Studies with animals have shown that dysfunction (Keen & Zidenberg-Cherr, 1996; Leach &
an insufficient dietary supply causes skeletal abnormalitiesHarris, 1997). Workers in Mn mines are at high risk.
that are probably due to defective proteoglycan synthesisindividuals with cholestatic liver disease are susceptible to
secondary to the reduced activity of the glycosyl- Mn overload since they lack the means to excrete the
transferases. Mn deficiency also impairs reproduction, excess metal. It has been demonstrated also that individuals
exocrine and endocrine pancreatic activities, and carbohy-receiving Mn-supplemented total parenteral nutrition are
drate and lipid metabolism. Peroxidative damage, especiallyalso at risk of Mn toxicity if liver and biliary function are
in mitochondria, has been demonstrated in Mn-deficient compromised. Felet al (1996) recently reported a high
tissues, in conjunction with decreased SOD activity in the incidence of hypermanganesaemia in children receiving the
organelle. Details concerning the metabolism and biochem-standard dose of Mn in parenteral nutrition formulas. This
istry of Mn are presented in recent reviews (Keen & condition was associated with impaired liver function. Mn
Zidenberg-Cherr, 1996; Leach & Harris, 1997). deposition in the brain was detected by magnetic resonance
The results from the Total Dietary Study for 1982-9 imaging scans, and the two patients with the highest blood
indicate that the estimated intake for 6-11-month-old Mn content exhibited movement disorders. Withdrawal of
infants was 10 % above the upper limit of the ESADDI, the supplemental Mn from the formula lowered blood Mn
while the intake of 14—16-year-old girls was approximately and improved liver function in a subgroup with cholestatic
10 % below the lower limit of the recommended range liver disease. The investigators recommended a reduction in
(Pennington & Young, 1991). Estimated intakes of Mn for the Mn level in parenteral formulas, suggesting that Mn
young children (2 years), adolescent boys, and young andoxicity itself can be a factor causing cholestatic liver
older adult men and women were all within the ESADDI disease, especially in young children.
range. Where monitored, Mn intakes in western European
countries are also within the recommended range (Van
Dokkum, 1995). Many multivitamin and mineral supple-
ments for adults provide 2-5-5mg Mn, and liquid nutritional
supplements and ready-to-feed infant formulas containGreger (1998) recently suggested a battery of potential
bioavailable MnSQ@ (Johnsoret al 1998). These findings  biomarkers for assessing Mn exposure. Serum Mn,
suggest that Mn intake throughout the life cycle meets thelymphocyte Mn-SOD activity and possibly blood arginase
requirement. In support of this conclusion, there is only one activity are recommended for detecting low Mn intake.
report of apparent human Mn deficiency. This condition Serum Mn, magnetic resonance imaging scans of the brain
resulted from unintentional deletion of the metal from a and a panel of neurofunctional tests are proposed for detect-
purified vitamin K-deficient diet (Doisy, 1974). Friedman ing excess exposure. Potential confounding factors that
et al (1987) observed that some (five of seven) male require attention include the elevation of Mn-SOD activity
subjects developed a mild dermatitis after ingesting a dietin response to oxidative stress and pro-inflammatory
with a very low Mn content (0-1 mg/d) for 39d. However, cytokines, and increased tissue arginase activity in response
whole blood and serum Mn did not change significantly in to high protein intake, diabetes and catabolic states with
response to severe dietary deprivation of the metal. muscle wasting.
The impact of Mn supplementation on possible indicators
of Mn status has been carefully investigated in young
women (Davis & Greger, 1992). Subjects received either
placebo or 15mg amino acid-chelated Mn daily for 124d. Mo is required for the activities of aldehyde oxidase
Serum Mn increased linearly throughout the supplement-(EC 1.2.3.1), sulfite oxidase EC 1.8.3.1), xanthine
ation period, whereas lymphocyte Mn-SOD activity was oxidase EC 1.1.3.22) and xanthine dehydrogenase
slightly elevated only during the fourth month of supple- (EC 1.1.1.204). Within cells a portion of the metal is
mentation. Urinary Mn was not altered by supplementation. converted into a molybdopterin cofactor that binds to the

Manganese

Recommended markers for defining optimal manganese
nutriture

Molybdenum
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