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Abstract

The adult human contains 2-3 g of zinc, about 0.1% of which are replenished daily. On this basis and based on
estimates of bioavailability of zinc, dietary recommendations are made for apparently healthy individuals. Absent
chemical, functional, and/or physical signs of zinc deficiency are assumed indicative of adequacy. More specific data
are seldom available. Changing food preferences and availability, and new food preparation, preservation, and
processing technologies may require re-evaluation of past data. Conservative estimates suggest that >25% of the
world’s population is at risk of zinc deficiency. Most of the affected are poor, and rarely consume foods rich in highly
bioavailable zinc, while subsisting on foods that are rich in inhibitors of zinc absorption and/or contain relatively small
amounts of bioavailable zinc. In contrast, among the relatively affluent, food choice is a major factor affecting risk of
zinc deficiency. An additional problem, especially among the relatively affluent, is risk of chronic zinc toxicity caused
by excessive consumption of zinc supplements. High intakes of zinc relative to copper can cause copper deficiency.
A major challenge that has not been resolved for maximum health benefit is the proximity of the recommended dietary
allowance (RDA) and the reference dose (RfD) for safe intake of zinc. Present recommendations do not consider the
numerous dietary factors that influence the bioavailability of zinc and copper, and the likelihood of toxicity from zinc
supplements. Thus the current assumed range between safe and unsafe intakes of zinc is relatively narrow. At present,
assessment of zinc nutriture is complex, involving a number of chemical and functional measurements that have
limitations in sensitivity and specificity. This approach needs to be enhanced so that zinc deficiency or excess can be
detected early. An increasing number of associations between diseases and zinc status and apparently normal states of
health, where additional zinc might be efficacious to prevent certain conditions, point at the pharmacology of zinc
compounds as a promising area. For example, relationships between zinc and diabetes mellitus are an area where
research might prove fruitful. In our opinion, a multidisciplinary approach will most likely result in success in this
fertile area for translational research.
© 2006 Elsevier GmbH. All rights reserved.
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Introduction

The ranges of intake for nutritionally essential

elements are usually discussed in the framework of a
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here, defining the range where the intake of zinc is only
beneficial (acceptable range of oral intake, AROI) is a
multidimensional problem and a major challenge.

Zinc occurs in hundreds of zinc enzymes and in
thousands of protein domains. Enumerating and dis-
cussing the catalytic, structural, and regulatory func-
tions of zinc in these proteins is far beyond the scope of
this article. However, one needs to be aware of the great
number of zinc-dependent biological processes and
interactions in order to appreciate the significance and
implications that dietary imbalances of this element will
have.

Zinc is essential for growth and development. At the
cellular level, it is critically involved in proliferation,
differentiation, and apoptosis. Examples of functions
that require zinc include immunity, intermediary meta-
bolism, DNA metabolism and repair, reproduction,
vision, taste, and cognition/behavior [1-11]. In addition,
zinc is essential for neurogenesis, synaptogenesis,
neuronal growth, and neurotransmission [12-15]. It is
stored in specific synaptic vesicles by a class of
glutaminergic neurons and released as a neuro-mod-
ulator in an activity-dependent manner [16].

One of the major advances in the last decade has been
the recognition of a homeostatic system of proteins that
control cellular zinc by coordinating zinc import and
export, distribution, and sensing of zinc status. The
involvement of so many proteins in homeostatic control
increases the potential for variations of zinc metabolism
due to mutations in these proteins. For example,
acrodermatitis enteropathica, a genetic disorder of zinc
absorption in humans and a fatal disease if untreated
with zinc, is caused by a mutation in the zinc transporter
hZip4 [17,18].

In spite of knowledge about so many functions of
zing, it is not understood whether or not these functions
are hierarchical in terms of zinc utilization. If zinc
becomes increasingly limiting, are all zinc-dependent
functions affected to the same extent or are some
functions compromised for the sake of preserving
homeostasis? Without an answer to this question it is
impossible to evaluate the relative significance of
different clinical or functional tests for zinc deficiency.

Zinc intake

Recommendations are based on measured require-
ments. Mean daily dietary zinc intakes of populations
from several countries range from 4.7 to 18.6 mg [19]. In
the United States, the third National Health and
Nutrition Examination Survey (NHANES-III) reported
median zinc intakes for whites, blacks, and Hispanics of
different ages and gender (Table 1) [20]. Elderly aged
>69yr are apparently at increased risk of zinc

deficiency. According to the US Department of Agri-
culture 1994-1996 Continuing Survey of Food Intakes
by Individuals, mean daily zinc intakes of men and
women >20yr were 13.5 and 9.0 mg, respectively [21];
those of subjects =60 yr were 12.0 mg in men and 8.0 mg
in women [22], and in children, aged <1yr, 1-3yr, and
4-5yr, they were 6.6, 7.6, and 9.1 mg, respectively [23].
The 2000-2001 United Kingdom National Diet and
Nutrition Survey of adults, aged 19-64yr, found zinc
intakes of 10.74+5.7mg (males) and 7.9+3.5mg
(females) [24]. British children aged 15-18yr had zinc
intakes that were similar to adults [25], while in children
aged 11-14yr intakes were 7.7 mg in boys and 6.7 mg in
girls.

Consumption of nutritional supplements can sub-
stantially increase zinc intake. Supplement consumption
is common in the USA. The third National Health and
Nutrition Examination Survey found that about 40% of
the population takes supplements. Among adults
>60yr, 3541% of men and 36-45% of women
consumed dietary zinc that is inadequate by current
standards, and supplements improved intakes [26].
Among US infants, aged 24 m, nearly 32% were given
supplements while the majority had diets adequate
in most vitamins and minerals including zinc [27].
In contrast, about 6% of young Germans aged
2-18yr consumed supplemental minerals [28].
Effects of supplemental zinc when the dietary intake is
adequate are incompletely understood; they are dis-
cussed below.

While average intakes are adequate in many coun-
tries, all populations have groups at risk of deficiency.
Some of the factors that contribute to risk include
poverty, limited food availability, and food preferences.
Widespread zinc deficiency has serious implications for
health and productivity. Prevention of zinc deficiency is
a major challenge.

Zinc in food

Zinc nutriture is based on the quantity and bioavail-
ability of zinc in food. The zinc content of some
common US foods varies by at least one order
of magnitude (Table 2) [29]. Worldwide, pulses and
cereals are the major sources of zinc for most people
[30]. In the US, pulses and cereals provide about 30%,
meat about 50%, and dairy products about 20% of
dietary zinc [31]. Usually, pulses are richer in zinc than
refined cereals.

Flesh foods are the most important dietary sources of
readily bioavailable zinc. Red meat is the richest
common source of zinc while fowl and fish usually
provide substantially less zinc (Table 2). Avoidance of
red meat by young women was partly responsible for
their being both zinc and iron deficient [32-34].
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Table 1. Median zinc intake (mg/d) of participants in NHANES-III [20]

White Hispanic Black

N Median N Median N Median
Male
2-11 months 241 5.59 89 6.32 78 6.28
12yr 202 6.67 186 5.81 182 6.74
3-5Syr 219 7.28 281 7.80 210 8.13
6-11yr 252 9.02 344 9.27 239 9.17
12-15yr 98 11.62 129 10.48 95 8.91
16-19yr 112 13.43 139 12.04 103 12.28
20-29yr 216 13.14 349 13.27 245 12.90
30-39yr 271 13.88 225 13.19 213 10.77
40-49 yr 243 12.25 181 12.35 178 10.55
50-59 yr 251 12.27 96 9.73 105 8.40
60—69 yr 247 11.52 152 8.71 141 8.77
70-79 yr 285 10.34 60 8.13 93 7.84
80yr + 250 9.06 19 7.74 21 7.04
Female
2-11 months 232 5.55 74 5.89 84 5.80
1-2yr 222 5.65 216 5.72 173 5.69
3-5Syr 206 6.48 328 6.79 244 7.47
6-11yr 259 7.70 383 8.07 213 8.12
12-15yr 123 8.07 140 8.65 96 8.53
16-19yr 133 8.38 131 8.62 114 9.37
20-29yr 244 8.41 317 8.80 254 8.86
30-39yr 279 8.78 247 8.39 241 7.55
40-49 yr 224 8.55 185 7.80 160 7.16
50-59 yr 221 7.94 100 8.13 125 7.01
60—-69 yr 246 7.71 153 6.80 148 6.93
70-79 yr 253 7.18 51 6.42 93 6.37
80yr + 251 6.59 23 5.26 35 5.92

Table 2. Zinc content of foods commonly consumed in the United States; per common measure in milligrams [29]

>15 5-10 34 2-3 1-2 <1
Oyster Beef Beef liver Lamb Lamb Pork loin Chicken breast
Peanut Butter Crunch® Lamb Pork Pork Chicken dark meat Chicken liver
Product 19% Duck Lamb Veal Lobster Sword fish Salmon
Total® King Crab Turkey dark meat Clam Shrimp Tuna
Wheaties® Capitan Crunch® Blue Crab Yogurt Mushroom Other finfish
Quaker Oats®™ Rice Chex®™ Skim milk ~ White wheat flour  Vegetables
Corn Chex® White bean Navy bean White rice
Cheerios®™ Chick pea  Black bean Egg
Whole wheat flour Lentil Pinto bean Tofu
Corn meal  All Bran® Cheddar cheese
Nuts Blue cheese

Cottage cheese
Nuts

Individuals who shun certain foods increase their risk
of zinc deficiency. For example, a preference for poultry,
fish and dairy products instead of red meat increases the
risk of zinc deficiency [35] as does a purely vegetarian

diet. Thus, in affluent societies, food selection is a major
influence on zinc nutriture. For example, a constant
omnivorous diet based on white poultry meat and finfish
provided insufficient zinc for adult men [36].
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Bioavailability is influenced by other food constitu-
ents. Non-digestible plant ligands such as phytate, some
dietary fibers, lignin, and products of Maillard reactions
bind zinc, inhibit its absorption, and thus affect risk of
dietary (primary) zinc deficiency [37]. Calcium can also
inhibit zinc absorption, and augments the inhibition of
zinc absorption by phytate [38,39]. Thus the dietary
phytate:zinc, and phytate x calcium:zinc molar ratios
are predictive of the risk of zinc deficiency [39,40]. Other
factors that affect zinc bioavailability include high
concentrations of ferrous iron in iron supplements
[41], and pharmacological intakes of folic acid [42,43].
Bioavailability of zinc from supplements ranges from
very low, e.g. zinc oxide, to relatively high, e.g. zinc salts
such as zinc acetate. The bioavailability of zinc from
mixed omnivorous Western diets of common foods is
about 20-30% [44].

In this article, we focus on food as the primary source
of zinc. We will not address the effects of zinc exposure
in the work place including inhalation of metallic zinc
and solid zinc compounds, or topical applications of
zinc compounds.

Zinc deficiency
Dietary (primary) deficiency

Zinc deficiency was first described in Iranian and
Egyptian farmers [45,46]. According to an analysis of
data from the Food and Agricultural Organization, the
prevalence might be as high as 40% worldwide [47].

Conditioned (secondary) deficiency

Zinc deficiency also occurs secondary to diseases that
impair intestinal absorption and/or increase intestinal
loss of zinc, e.g., acrodermatitis enteropathica, sprue,
cystic fibrosis, other intestinal malabsorption syndromes
[48], inflammatory bowel diseases [49] such as Crohn’s
disease [50,51], hemolytic anemias such as sickle cell
disease [52,53] and thalassemia [54], chronic bleeding
from hookworm and other intestinal parasites [55],
menorrhagia [32,33], chronic increased urinary zinc loss
as may occur in some renal diseases [56], cirrhosis of the
liver [57-60], alcoholism [61], stress [62], catabolism [63],
and chronic inflammatory diseases that increase inter-
leukin-1 [64-66].

Physical signs of zinc deficiency

In children and adolescents, poor growth and
retarded development may be evident long before other
signs of zinc deficiency are recognized. It seems that one
of the early manifestations of zinc deficiency is suppres-

sion of aspects of cell-mediated immunity [67—69]. In
contrast, dermatitis appears to be a later manifestation
as the severity of zinc deficiency increases. The severe
dermatitis affects the peri—oral-facial, peri-anal-pero-
neal-scrotal, and peri—ungual areas as is characteristic
for ‘“‘acrodermatitis” in acrodermatitis enteropathica
[70,71]. Any or all of these surfaces may be infected
[70-73]. Atrophy of lingual papillae, which is commonly
associated with severe iron deficiency [74], may also
occur. Patients may display poor healing of cutaneous
wounds [75-79] without other obvious signs of zinc
deficiency; hair may be easily plucked and alopecia
evident; black hair may be changed to a reddish brown.
Effects on the nervous system may include decreased
nerve conduction [80], ataxia, disorientation [81], and
impaired neuropsychological performance [82]. Initial
manifestations of zinc deficiency are non-specific and
unlikely to suggest zinc deficiency unless the history of
the patient alerts the caregiver to the possibility. After
deficiency has been present for some time other
manifestations may be recognized. They include re-
tarded genital development and hypogonadism
[46,83-86], poor pregnancy outcomes and teratology
[87-93], high morbidity and death from diarrhea,
pneumonia, and other infections [94], and impaired
brain function [71,95-96]. No sign is pathognomonic.

Biomarkers of zinc status
Plasma (serum) zinc

Plasma or serum zinc is the most frequently used
index for evaluating the likelihood of zinc deficiency
[97-100]. Values vary diurnally, decrease after meals,
and appear related to gender and age. The lower limit of
normal (morning) fasting plasma zinc has been set at
10.7 umol/L (700 mg/L). The relation of this value to
diet history, zinc kinetics, and physiological function in
premenopausal women [33] suggests that a cutoff value
of 11.5pumol/L (750mg/L) might be a more reliable
index of status. Plasma and serum zinc concentrations
are convenient indices, but physiologically insensitive
[36,45,101-102] as they may not necessarily reflect the
cellular zinc status. Plasma concentrations were main-
tained within the accepted normal range for several
weeks to months even though diets provided only
2.6-3.6mg/d (40-55 umol/d) [36,103], amounts of zinc
that are inadequate for neurobiological function [104].

White blood cell zinc and immunological markers

Zinc in leukocytes or lymphocytes is substantially
more reflective of zinc status and associated functions,
e.g., growth at all stages of the life cycle and immunity,
than plasma zinc [105]. Thus leukocyte, but not plasma
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zinc, was reflective of fetal growth and related to
maternal muscle zinc concentration [87]. Lymphocyte
ecto 5-nucleotidase activity is more sensitive to zinc
status than plasma 5-nucleotidase activity or plasma
zinc [106-108]. A conceptually different approach
employs gene expression of zinc-dependent genes in
Ilymphocytes as a bioassay for zinc status [109]. The
authors observed that expression of the cellular zinc
transporter hZip1 decreased by 17% when humans were
supplemented with 22 mg/d zinc gluconate for 27 days.

The CD4+ /CD8+ T-lymphocyte ratio was advanced
as a robust immunological test for zinc deficiency [110].
Also, very mild zinc deficiency inactivates the peptide
hormone thymulin by making zinc unavailable for
binding to the hormone, and thus impairing immunity
without causing thymic atrophy [111], which is a
manifestation of zinc deficiency [112]. Thymulin med-
iates T-cell differentiation and various T-cell subset
functions [113]. Low plasma thymulin activity was
found in elderly subjects with normal plasma and low
leukocyte zinc [114].

Red blood cells

Human erythrocyte metallothionein responds to zinc
supplementation (50 mg/d) and dietary restriction [115].

Clinical vs. functional markers

Zinc deficiency can also be assessed by demonstrating
effects of supplemental zinc on physiological functions.
In laboratory medicine, abnormalities of chemical
values often precede functional and physical signs of
illness. This is not true for plasma (or serum) zinc, the
most commonly measured index of zinc status. Func-
tional effects may be observed in the absence of usual
laboratory indices, thereby indicating the inadequacy of
such indices. Parameters of physiological function
include growth, body composition, cell-mediated im-
munity, neurobiological performance/cognition, neuro-
motor function, dark adaptation, taste and smell acuity,
and conduction of gustatory nerves. However, these
indices are not specific for zinc deficiency and therefore
they are of limited diagnostic value in the absence of
controlled observation. In the natural world, single
nutrient deficiencies are rare. Zinc, iron and other
micronutrient deficiencies often occur together. Demon-
stration of functional effects of zinc deficiency in
humans is best achieved through prospective controlled
dietary studies or treatment trials in which all other
nutrients and energy intake are adequate.

In conclusion, experiments and clinical observations
have shown serum/plasma zinc to be insensitive of zinc
status. Effects of zinc deficiency on specific functions are
often apparent before plasma zinc decreases. More
specific markers of zinc status are needed, and their

relationships to zinc-dependent cellular functions and
the distribution and allocation of zinc to the different
organ systems need to be clarified.

Zinc excess

In as much as zinc has multiple essential functions, it
also has the potential to interact with at least as many
biological functions to induce adverse effects.

Concentrations of zinc in blood plasma or serum,
urine, and hair may increase when exposures are high,
but their measurement is not a standardized procedure
to confirm exposure.

In rats, the oral LDsq for zinc salts is 237-623 mg/kg,
the intraperitoneal injection LDs, is 28-73mg/kg
[19,116], and the inhalation LDsy for zinc chloride is
2000 mg/m> [19,117]. In humans, these doses for acute
toxicity may be achieved only under the most unusual
circumstances. High concentrations of zinc in drinks, up
to 2500 mg/L with an estimated dose of 325-650 mg,
have been linked to poisoning of individuals, causing
nausea, abdominal cramping, vomiting, tenesmus, and
diarrhea with or without bleeding [19,118]. Acute
toxicity from consumption of contaminated drink or
food is unusual. We found no scientific reports that
clearly implicate natural or anthropogenic sources of
environmental zinc in food and drink as human health
hazards.

Excess zinc during embryogenesis can be teratogenic
or lethal [19]. However, much more subtle effects are
suggested by recent investigations that reach back to
classic work in nutrition by Bacon F. Chow and
colleagues. They demonstrated that nutritional deficien-
cies in the maternal diet can have permanent negative
effects on the growth of offspring [119]. Rehabilitation is
possible only if begun in utero, and even then, only to a
certain degree. The studies of David Barker and
colleagues have brought to the attention of many
scientists relationships between low birth weight and
chronic diseases later in adult life [120]. Molecular
sciences have now uncovered that such generational
effects are expressed by epigenetic mechanisms such as
DNA methylation. Even after zinc repletion in the
offspring of rats, altered immune functions persist in
subsequent generations when a marginally zinc-deficient
diet is fed during gestation [121-123], clearly showing
that maternal nutrition alters the programming of fetal
genes. Recent studies of maternal epigenetics and methyl
supplements, including diets that contain zinc supple-
ments [124,125], are “the first report of an effect of
dietary methyl supplements on gene imprinting and
specific gene expression” and it was concluded that the
investigation ‘“‘demonstrates that the diet influences
mechanisms of epigenetic regulation, imprinting, and
development.” The authors suggest that ‘dietary
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supplementation, long presumed to be purely beneficial,
may have unintended deleterious influences on the
establishment of epigenetic gene regulation in humans.”
These data clearly suggest that intrauterine and post-
natal environment influences health in adulthood, and
they serve as a warning that both zinc deficiency and
excessive zinc supplementation might have adverse long-
term effects on the epigenome.

Zinc is apparently neither a mutagen nor a carcinogen
[19,116]. However, what should be of great concern is
that studies in rats found that zinc deficiency causes pre-
cancerous esophageal epithelial hyperkeratosis, para-
keratosis, acanthosis and hyperplasia of basal cells
[126—128]. Zinc deficiency also facilitates induction of
N-nitrosomethylbenzylamine-induced esophageal can-
cers [129] that were prevented by zinc administration.
While zinc deficiency also increases susceptibility of

fore-stomach and tongue to cancer induced by the
carcinogen 4-nitroquinoline-1-oxide [130], an increase in
cancer in other tissues has not been reported.

One of the established effects of chronic zinc toxicity
is that oral zinc intakes disproportionately high relative
to copper are a conditioning factor to induce copper
deficiency. In humans, multiple adverse effects include
decreases in copper-dependent enzymes such as super-
oxide dismutase, ceruloplasmin, and cytochrome c
oxidase, and changes in immunological parameters,
cholesterol, and its lipoprotein distribution (Table 3).
The hematological complications of copper deficiency
are well documented. More recent work calls attention
to neurological manifestations of copper deficiency
secondary to high intakes of zinc (Table 3). The
thresholds for the observed effects are unknown from
these studies, emphasizing the need for additional

Table 3. Zinc/copper interactions affecting the nutritional copper status in humans

N Sex Time Cu intake Zn intake Zn:Cu Diet Response® Ref.
days  (mg/d) (mg/d)
7 F 165 1.254+0.20 ? Nil [131]
24 M 77 1.03/2850 kcal ~25 24.3 20% Fructose vs 4/24 abnormal ECG, | ESOD, [132-134]
20% Starch Tfructose, |pl Leu- & Met-
enkephalins, Tpl beta-
endorphins, 1cholesterol
7 M 108-120 0.89+0.09 19 21.3 4/7 |ESOD, 2/7 |plCu,, 1/7  [135,136]
LENZCp, 2/7 |oral glucose
tolerance test
1 M 105 0.79 19 24 Abnormal ECG, |ESOD, [137]
I plCu, 1cholesterol
11 M 42 0.79 14.7? 18.6 Food formula,  Nil [138]
vitamins
8 F 42 and 0.63-0.76/ 8.5+ diet ~25 Food formula, = |ENZCp, | MNC CCO, [139,140]
42 with energy 50mg Fe T stress blood pressure
vit C
10 M 36 0.6-0.7 LENZCp, 6/10 | MNC CCO, 4/ [141]
10 fglutathione
6 M 49 0.6 High fructose 3/6 abnormal ECG, |plCu, [142,143]

12 F 105 0.64/2500 kcal 12/2500 kcal 18.8

11 M 42 0.38 14.7 38.7
13 F 90 1.0/2000 kcal 53 53
1 F 365 or 200-400

more

Food formula

| ESOD, 1glutathione,
T fructose

3/12 abnormal ECG; | Plt CCO, [144]

|ESOD, |PItCu, |EGPX,
Tclotting factors V&VIIIL, no
anemia or leukopenia

Food formula, |plCu, | ENZCp [145]
vitamins
| short term general recall, [146]
1 plCu, |ENZCp, |Plt CCO
lplCu, | ENZCp, 1plZn, [147]

| Hgb, |leukocytes,
myelopathy similar to

“combined systems disease” of

vitamin B, deficiency

@ Abbreviations: ECG, electrocardiogram; ESOD, erythrocyte superoxide dismutase; plCu, plasma copper; ENZCp, enzymatic activity of
ceruloplasmin; MNC (PIt) CCO, monocyte (platelet) cytochrome ¢ oxidase; EGPX, erythrocyte glutathione peroxidase; plZn, plasma zinc; Hgb,

hemoglobin.
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research on the zinc/copper interaction and its clinical
significance. In dietary and supplemental intakes, zinc
and copper should be proportionate [148].

Requirements

A 70 kg adult contains about 2-3 g zinc. The amount
of zinc needed daily is relatively small, about 2-3 mg in
adults, i.e. only 1/1000 of the total is renewed daily, in
agreement with a biological half-life of zinc of about 280
days [149].

Factorial calculations suggest healthy adults have an
absolute need for 2-3 mg zinc per day to compensate for
the relatively small loss of zinc in urine, stool, and sweat
[37]. In the previous recommended dietary allowance
(RDA) [150], this approach and results of balance
studies led to recommendations for zinc requirements
that were higher than the current RDA in the USA. The
current RDA of the Food and Nutrition Board [151]
was derived using different methodology and assump-
tions. Recommendations for men are 11 mg, and for
women are 8mg. These values are thought to be
adequate for 97-98% of the US population. Note-
worthy, the remaining 2-3% corresponds to 5-7.5
million Americans that could be at risk [152]. Identifica-
tion of this sub-population is an important health issue.
The Deutsche Gesellschaft fiir Erndhrung, Osterrei-
chische Gesellschaft fiir Erndhrung, and Schweizerische
Vereinigung fiir Erndhrung (DACH) recommend 10 and
7mg, respectively [153].

In addition to gender, recommendations are stratified
for age and conditions of greater metabolic need such as
pregnancy and lactation. Lower values are given for
younger individuals. For vegetarians, the requirement is
at least 50% higher because zinc in not readily available
from a vegetarian diet [154]. Zinc requirements for
pregnant and nursing women are also higher. An
increase of the daily intake by 4 and 3 mg, respectively,
is recommended. However, recommendations do not
specifically consider effects of diets rich in inhibitors of
zinc absorption on requirements of healthy people.
Effects of disease on requirements are not within the
purview of the RDA. Resolution of these issues is an
important task for the future.

Approaches to establish requirements

Several approaches have been used to derive human
requirements for zinc. A traditional but demanding
method involves measurement of metabolic balance. The
method involves feeding constant diets of similar foods,
which provide several levels of zinc intake, to a group of
subjects that agree to consume all of the diet and to
collect all excreta. This is best achieved in a highly

controlled environment such as is possible at some
clinical research centers. Total input and output are
determined precisely and the input necessary for
equilibrium is determined by regression analysis of the
data. Because the method is fraught with the potential
for errors, reliable balance data are difficult to obtain.
Thus the method is not used except at a few research
centers with high technical expertise. Another drawback
of the method is that it is highly expensive both in time
and money. Thus few reports include a sufficient number
of subjects to lend high confidence to the findings.

An alternative to the balance approach is estimation
of requirements by the factorial method, which esti-
mates dietary requirements based on likely losses and
anabolic needs (Table 4). Table 4 also gives calculated
amounts required if the percentage of bioavailable zinc
is 20% or 30%, and if the coefficient of variation (CV)
of the absolute requirement is 15%. The intent of such
an estimate would be to suggest a recommended daily
intake that meets the needs of nearly all adults. Because
the actual CV of the requirement is unknown, selection
of the number is a critical issue in determination of an
RDA, which by convention is two standard deviations
above the estimated requirement.

Most recently, the difficulties associated with mea-
surement of chemical balance and factorial estimates
prompted the use of radioisotopes and stable isotopes of
zinc to determine the amount of zinc needed to replace
losses. The method determines the fractional retention
(net retention) of orally administered isotopic zinc
tracers. Again, discussion of the methodology is beyond
the scope of this article. Table 5 shows zinc absorption
data obtained mostly by methods using the radioisotope
95Zn. When stable isotopes (°’Zn, *®Zn, and "°Zn) are
used, the amount of absorbed zinc is determined by
mass-spectroscopic measurement of the urinary excre-
tion of an orally administered zinc tracer relative to
excretion of an intravenously administered, different
zinc isotope tracer [164—166]. The 2002 US Zinc
Recommended Dietary Allowance (RDA) issued by
the National Research Council [155] was derived by this
approach and is given together with estimates by
committees in other countries (Table 6). With the
exception of the recommendation by the World Health
Organization (WHO) [155], the recommendations do
not include adjustments for bioavailability. In addition,
it is unclear which CV for the absolute requirement
should be used. This is important because the lower the
CV, the lower the calculated RDA.

Reference dose (RfD)

The US Environmental Protection Agency [168] used
data from Yadrick et al. [169] on the effects of zinc
on copper and iron absorption as the basis for a
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Table 4. Comparison of factorial estimates of adult zinc requirements [37]

Source available Group Absolute need®  Need if 20% 1.3 x 20% Need if 30% 1.3 x 30%
(mg/d) available® available available available

WHO" [19] Adults 22 11.0 14.3 7.3 9.5

King®[156] Adults 2.5 12.5 16.3 8.3 10.8

UK [157] Men 22 11.0 14.3 7.3 9.5
Women 1.7 8.3 10.8 5.5 7.2

Canada [158] Men 2.1 10.5 13.7 7.0 9.1
Women 1.8 9.0 11.7 6.0 7.8

#Absolute (minimal) need: factorially calculated “absolute” requirement.

® Available: amount of zinc (mg/d) ‘bioavailable’, i.e., absorbed and utilized by the body each day.

“The factor 1.3 refers to the amount of zinc bioavailable plus two 15% coefficients of variation (2 x 15 = 30%) of the amount bioavailable.

4The WHO estimate was based on the assumption that the zinc concentration of fat-free tissue is 30 pg/g, i.e. equivalent to 2.0 and 1.2 g of total
zinc in soft tissue of a man or a woman, respectively. Bone zinc was not included in the calculation because it is relatively sequestered from the
exchangeable zinc pool. The zinc content of sweat was based on a surface loss of 1 mg/L. The urinary excretion of zinc was based on reported normal
levels.

“Based on more recent data than the WHO estimate.

Table 5. Fractional zinc absorption from total diets as measured by isotope techniques [159]

Subjects Isotope Diets Zinc content, umol  Phytate:zinc, molar  Zinc absorption, %
(mg) ratio (x+SD)
Young adults [160] Radio High fiber 163 (10.7) 7 27+6
Young women [161] Stable Habitual 124 (8.1) 10 3449
Women (20-42yr)  Radio Lactoovo- 139 (9.1) 14 26 pooled SD =5
[162] vegetarian
Omnivorous 169 (11.1) 5 33
Women (20-42yr)  Radio “Low meat” 102 (6.7) — 30 pooled SD = 4.6
[162]
Postmenopausal Radio “High meat” 198 (13.0) — 28 pooled SD = 4.6

women [163]

“lowest-observed adverse-effect level, LOAEL.” RfDs
of 1.66 and 0.83 mg/kg/d were calculated for bioavail-
ability of 15% and 30% [170]. For zinc supplements that
might be 95% absorbed, an RfD of 0.25mg/kg/d was
calculated. This value corresponds to 17.5 mg of zinc for
a 70kg man and 15mg for a 60kg woman, and
obviously is in conflict to zinc supplements that contain
up to 50 mg zinc or even more. An RfD of 0.33 mg/kg/d
is meant to protect individuals, but not to predict
toxicity. Thus the RfD is similar to or below the 1989
RDA for zinc [150], and below the provisional zinc
requirement suggested by the WHO at 15% bioavail-
ability [171]. Taken together, these data seem to indicate
that there is no AROI for 95% of the population, i.e. a
group that is homogeneous in terms of age, sex, and
other characteristics believed to affect requirement, but
not demographically or culturally. The issue may be
further compounded by variability in sensitivity among
individuals to both deficiency and toxicity.

Perhaps estimation of the LOAEL and upper limit
(UL) for zinc should relate to the Zn:Cu ratio.
Relationships between diet zinc, copper and protein
(Table 3) suggest a zinc LOAEL of 13.7mg when diet

copper is 0.83mg (Zn:Cu ratio = 16.5, per weight; 16.1,
per molar ratio). The UL would be determined by the
intake of copper. For example at an intake of 1.5mg
copper and 13.7mg zinc (Zn:Cu ratio = 9.1), the zinc
intake would be safe and adequate. However, if a zinc
supplement of 10mg of highly bioavailable zinc were
added to the intake to increase the total zinc intake to
23.7mg (Zn:Cu ratio = 15.8), experiments in humans
suggest the resulting intake might be unsafe [132].
Clearly, inclusion of bioavailability data would improve
the estimate of safety.

Evaluation of risk vs. benefit to human health

Adverse effects on health can arise from either zinc
deficiency or conditioned deficiency of copper secondary
to excess zinc. Diet is the major factor determining zinc
deficiency while supplements are the major factor
determining toxicity.

The recommendations issued by various committees
are guidelines, not precisely defined limits. Supplemen-
tation with quantities of zinc above the suggested upper
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Table 6. Dietary reference values for zinc (mg/d)

Age United Kingdom [160] USA RDA?® [151] WHO DRI [155] European DRI [167]
LNRI EAR RNI

Infants

0-3 months 2.6 33 4.0 2.0

4-6 months 2.6 3.3 4.0 3.0

7—-12 months 3.0 3.8 5.0 3.0 5.6 4.0

1-3yr 3.0 3.8 5.0 3.0 5.5 4.0

4-6yr 4.0 5.0 6.5 5.0 6.5 6.0

7-10yr 4.0 54 7.0 8.0 7.5 7.0

Males

11-14yr 5.3 7.0 9.0 8.0 12.1 9.0

15-18yr 5.5 7.3 9.5 11.0 13.1 9.5

19-50+ yr 5.5 7.3 9.5 11.0 94 9.5

Females

11-14yr 53 7.0 9.0 8.0 10.3 9.0

15-18yr 4.0 5.5 7.0 9.0 10.2 7.0

19-50 + yr 4.0 5.5 7.0 8.0 6.5 7.1

Pregnancy 11.0 7.3-13.3

Lactation

0—4 months 12.0 12.7 +5.0

4+ months 12.0 11.7 +5.0

DRI, dietary reference intake; EAR, estimated average requirement; LNRI, lower reference nutrient intake; RDA, recommended dietary allowance;

RNI, recommended nutrient intake.

“The age groups for the RDA do not coincide exactly to the groups of the other standards.

limit can result in copper deficiency, especially if the
form of zinc in the supplement is readily bioavailable.
However, the threshold for this effect is unknown. The
concern is for both the effects of copper deficiency and
the potential for long-term damage. The literature
provides many examples of copper deficiency related
to excess supplemental zinc, affecting many tissues and
functions. An example is a report of adolescents who
had been treated for years with over-the-counter zinc
supplements for acne. They displayed anemia and
leucopenia [172,173]. Supplements of 80mg/d are
immunosuppressive and inhibit allogenic reactions
[174,175]. In the “Health Professionals Follow-up
Study” men consuming >100mg/d zinc had a 2.9-fold
higher risk for metastatic prostate cancer [176].
A supplement of 53mg/d zinc impaired copper status
and behavior [146]. Because of this negative impact, the
safety of zinc supplements should be carefully consid-
ered. Long-term supplementation with pharmacological
amounts of highly bioavailable forms of zinc should
probably not be done without close medical supervision.
In addition, supplementation with physiological
amounts of zinc should certainly not exceed the RDA
in healthy people, and for safety’s sake, should probably
not exceed 50% of the RDA. It appears clear that safe
intakes of bioavailable zinc are related to the intake of
copper. Disproportionately high dietary and/or supple-

mental intake of readily bioavailable zinc increases the
risk of copper deficiency. The prevalence is unknown.
For practical purposes and until research indicates
otherwise, zinc intakes should probably not exceed
20mg zinc in adults, and at that level, copper intake
must be in sufficient amounts that intakes of highly
bioavailable zinc and copper do not exceed a ratio of
10-12.

In order to find a balance in recommendations for
maximum public health, critical effects of deficiency and
toxicity should have similar clinical significance [177]. In
terms of severity, there are lethal effects, obvious clinical
effects, and subclinical or hidden effects. For example,
for zinc, there seems to be no carcinogenic effect at high
zinc intake. However, the observation of zinc deficiency
as a risk factor for cancer and other diseases should be
carefully weighed against the adverse effects of high zinc
intake.

Zinc supplementation in disease

Zinc therapy — acrodermatitis enteropathica and
Wilson’s disease

Pharmacological doses of zinc are given for the
treatment of acrodermatitis enteropathica to ascertain
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that the patients obtain enough zinc and Wilson’s
disease to avoid the accumulation of copper in tissues.
Patients with copper overload from Wilson’s disecase
benefit from treatment with 50mg zinc acetate three
times daily or more [178]. Treatment with zinc was
highly efficacious for up to 10yr [179]. Morbidity in
untreated Wilson’s disease includes cirrhosis of the liver,
neuromotor dysfunctions, and psychosis. Death ensues
if untreated.

Our knowledge about adequacy of zinc in popula-
tions, subclinical zinc deficiency, and indications for
supplementation with zinc is fragmented. Worldwide,
zinc supplementation is an enormously important
intervention against mortality from diarrhea, pneumo-
nia, and perhaps malaria [180,181]. Without unambig-
uous data on zinc uptake and a method to determine
zinc status, it is inappropriate to make general
statements about the utility of zinc supplementation in
disease. Yet ascertaining adequate zinc intake is a most
important health issue. However, one must caution that
the considerable potential for zinc therapy in some
diseases is offset by a lack of knowledge of how
supplemental zinc may adversely affect the progression
of yet other discases.

Diabetes as a candidate disease for zinc therapy

Diabetes is accompanied by zincuria [182]. For
diabetics with an increased risk for zinc deficiency more
clinical data would be very important as zinc has an
insulinomimetic effect and protects against oxidative
damage that is associated with the disease. Moreover, it
needs to be determined whether or not zinc has a
protective function in prevention of the disease in
humans. In this regard it is of interest that zinc lowers
high blood glucose in genetically obese mice [183,184].
Supplementation with 30mg/d zinc over 6 months
reduced the burden of oxidative stress — monitored by
plasma thiobarbituric acid-reactive substances — in
human adults with type-2 diabetes by 15% without
apparent effects on copper metabolism [185]. Also, zinc
protects against oxidative stress in diabetic retinopathy
[186]. The relation between zinc and redox metabolism
[187,188] and risk of zinc deficiency and oxidative stress
in diabetics suggest efficacy of a combined therapy with
antioxidants and zinc. Zinc alone may not suffice
because zinc deficiency seldom occurs as an isolated
phenomenon. It may be necessary to decrease the
oxidative stress in diabetics and adjust the redox state
of the cell to its normal reductive state so that zinc can
bind where and when it is needed. Better diagnostics of
zinc and redox status are important to determine the
efficacy of optimal and individual doses and to use the
full therapeutic potential without running the risk of
complications when over-dosing.

Conclusions

The significance of iron deficiency is undisputed. For
zinc deficiency, there is a similar, but largely untapped
potential for improving public health. Considering the
myriad of functions of zinc, the benefits of assuring
adequate zinc nutriture is likely to be at least as great as
assurance of iron adequacy. Based on the critical mass
of knowledge on zinc in the basic sciences, numerous
opportunities exist for translational research in inter-
and multidisciplinary settings such as nutrition and
toxicology. The following summarizes this article:

1. Requirements are more readily established than
upper safe limits. Recommendations are higher than
actual requirements and lower than upper safe limits
as they both suffer from uncertainties in bioavail-
ability of zinc and CV due to variable sensitivities of
individuals in populations. Subpopulations at risk for
zinc deficiency or excess need to be identified with
special attention to children and the elderly and
individuals with different metabolic demands.

2. Recommendations have no practical relevance for
public health without data on the actual zinc uptake
in populations and relationship to health. Food
availability, composition, and preferences can
change. Therefore uptakes need to be re-evaluated
from time to time.

3. Recommendations are made for healthy individuals.
There is an enormous potential for reducing the
burden from morbidity with targeted zinc supple-
mentation in both developed and developing coun-
tries. Zinc supplementation is most likely to be
efficacious if other potentially limiting micronutrients
are administered simultaneously [189].

4. Considerations for supplementation will differ for
developed and developing countries as different risks
vs. benefits apply. In developing countries, remark-
able results can be expected: zinc supplementation
might reduce child death globally by 63%. Zinc
deficiency is one of the ten most important factors
contributing to the burden of disease in developing
countries with high mortality [190]. Hence, zinc
supplementation is one of the major preventive
public health strategies. It might be enhanced by
interventions such as food fortification and diversi-
fication [190].

5. RfDs are meant to protect the public, not necessarily
to indicate acute toxicity. The main known mechan-
ism for adverse health effects of high zinc intakes is
that they cause a conditioned copper deficiency.
There is virtually no knowledge on genetic suscept-
ibility of populations to excess zinc.

6. RDAs and RfDs for zinc are almost identical, leaving
almost no gap for supplementation. Therefore the
window for pharmacological intervention requires
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further studies and definitions. Indications for
supplementation may override concerns about side
effects, in particular since known side effects can be
managed by copper and iron supplementation. For
zinc supplementation, a balanced and informed
approach is therefore necessary.

7. There is no single reliable clinical test for all the
biological functions of zinc. Thus there is not even a
“baseline” regarding the definition of an adequate
zinc status for all zinc-dependent functions, some of
which seem to be improved by additional intakes.

8. What seems to be at issue is not the supplementation
for the purpose of eliminating zinc deficiency per se,
but the supplementation above RDAs in view of
claims of pharmacological effects. With regard to
readily available zinc supplements and planned
intervention trials in humans, this topic clearly needs
additional attention in experimental research.

9. The role of zinc in diseases deserves much more
attention. Zinc deficiency is a cause of disease and
determines the progression of disease.
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