Chapter 1
Overview of Zinc Nutrition

1.1 Biological functions of zinc

Zinc is ubiquitously present throughout all biologic
systems and has abundant and varied functions within
these systems. These characteristics owe to its unusu-
ally versatile physicochemical properties. For example,
zinc is able to assume a number of coordination num-
bers and geometries, which make it steriochemically
adaptable to the functional needs of various ligands
[1]. Moreover, under physiologic conditions, zinc is not
subject to oxido-reductive reactions, so it is relatively
non-toxic. These properties make zinc an ideal element
to participate in catalytic, structural, and cellular regu-
latory functions [2].

More than 100 specific enzymes require zinc for their
catalytic function [2]. If zinc is removed from the cata-
lytic site, activity is lost; replacement of zinc restores
activity. Unlike any other metal, examples of zinc-
requiring enzymes are found in all six enzyme-classes
(oxidoreductases, transferases, hydrolases, lysases,
isomerases, and ligases) and include RNA polymer-
ase, alcohol dehydrogenase, carbonic anhydrase, and
alkaline phosphatase [1]. Zinc may provide activity to
these enzymes by serving as an electron acceptor. In its
structural role, zinc facilitates the folding of proteins
into three-dimensional configurations, thus enabling
their biologic activity. This folding often involves chela-
tion of zinc with the amino acids cysteine and histidine
and the formation of finger-like motifs, referred to as
‘zinc fingers.’ Metal transcription factor 1, retinoic acid
receptor, and enzymes (such as copper-zinc superoxide
dismutase) are examples of proteins that require zinc
in a structural role. Processes regulated by zinc include
expression of the metallothionein gene, apoptosis (or
programmed cell death) and synaptic signaling.

In summary, zinc is the most ubiquitous of all trace
elements involved in human metabolism. Zinc par-
ticipates in all major biochemical pathways and plays
multiple roles in the perpetuation of genetic material,
including transcription of DNA, translation of RNA,
and ultimately cellular division.

1.2 Tissue zinc distribution and reserves

The zinc content of the adult human body ranges from
1.5 to 2.5 g, with higher average contents in men than in
women. Zinc is present in all organs, tissues, fluids, and
secretions in the body. However, most zinc is located
in the fat-free mass, with about 30 mg zinc/kg tissue,
almost all of which (> 95%) is intracellular. Due to the
bulk of skeletal muscle and bone in the body, zinc in
these tissues accounts for the majority (83%) of whole
body zinc [3]. The concentration and total zinc content
of various tissues, and the proportion contributed to
total body zinc, are shown in table 1.1.

When total body zinc content is reduced during
depletion, the loss of zinc is not uniform across all
tissues. Skeletal muscle, skin, and heart zinc are main-
tained, while zinc levels decline in bone, liver, testes,
and plasma [4]. It is not known what signals certain
tissues to continue to release zinc during depletion
while others retain zinc.

There are no conventional tissue reserves of zinc that
can be released or sequestered quickly in response to
variations in dietary supply. Nevertheless, it has been
proposed that bone may serve as a passive reserve
because some zinc may become available during
normal turnover of osseous tissue. Thus, although
the release of zinc from bone does not increase during
deficiency [5], less of the zinc that is released during
normal remodeling of bone may be re-deposited in the
skeleton when the dietary supply is very low [6]. This
passive reserve of zinc may be even more important in
growing individuals, as bone turnover is more active.
For example, young rats fed zinc-deficient diets for 24
days had nearly 50% less bone zinc content than did
rats in a control group [7]. Interestingly, chicks fed
higher zinc-containing diets during a baseline study
period accumulated more skeletal zinc and were more
resistant to growth failure during a subsequent period
of very low zinc intake than were comparison animals
fed a diet that was marginally adequate for zinc during
the baseline period [8]. This suggests that intermittent
zinc supplementation may be able to reduce the risk of
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TABLE 1.1. Zinc content of major organs and tissues in an
adult (70 kg) man?

Zinc Propor-
concen- tion of
tration Total total
(mg/kg zinc body
wet content zinc
Tissue weight) (mg) (%)
Skeletal muscle 50 1,400 63
Skeleton
Bone 90 450 20
Marrow 20 60 3
Cartilage 34 30 1
Periarticular tissue 11 11 <1
Liver 40 72 3
Lung 40 40 2
Skin 15 39 2
Whole blood 6 33 1
Kidney 50 15 1
Brain 10 14 1
Teeth 250 11.5 1
Hair 200 4 <1
Spleen 20 3.6 <1
Lymph nodes 14 3.5 <1
Gastrointestinal tract 15 1.8 <1
Prostate 100 1.6 <1
Other organs/tissues Variable 50 2
Total 2,240 100

a. adapted from Iyengar [3]

symptomatic zinc deficiency among people with poor
dietary intakes.

1.3 Zinc metabolism

Zinc is released from food as free ions during digestion.
These liberated ions may then bind to endogenously
secreted ligands or to exogenous material in the intesti-
nal lumen before their transcellular uptake in the distal
duodenum and proximal jejunum [2]. Zinc transport
into the enterocyte demonstrates saturable kinetics,
suggesting involvement of a specific carrier mecha-
nism. With high intakes, zinc is also absorbed through a
passive, paracellular route. Other specific transporters,
such as zinc transporter protein—1 (ZnTP-1) may facili-
tate passage of zinc across the basolateral membrane of
the enterocyte into the portal circulation [9].

The portal system carries absorbed zinc directly to
the liver, where it is taken up rapidly and released into
the systemic circulation for delivery to other tissues [2].
About 70% of zinc in circulation is bound to albumin,
and any conditions that alter serum albumin concen-
tration have a secondary effect on serum zinc levels.
For example, serum zinc concentration declines in
concert with serum albumin during pregnancy, due to

expansion in plasma volume. Serum zinc concentration
also falls with the hypoalbuminemia that accompanies
aging and protein-energy malnutrition. The concen-
tration of circulating zinc is also altered by conditions
that affect its uptake by tissues. For example, infections,
acute trauma, and other stresses that induce increased
secretion of cortisol and cytokines (such as interleukin
6) also augment tissue zinc uptake and thereby reduce
serum zinc concentrations. During fasting, serum zinc
concentrations rise due to release by muscle during
catabolism; following meals, serum zinc levels decline
progressively in association with hormonal changes
and tissue uptake of circulating nutrients induced by
fuel metabolism. Although serum zinc represents only
0.1% of the whole body zinc, the circulating zinc turns
over rapidly (~ 150 times per day) to meet tissue needs.
Notably, during the course of 24 hours, the equivalent
of approximately one-fourth to one-third (~ 450 mg)
of total body zinc exchanges between the bloodstream
and other tissues [5].

Loss of zinc through the gastrointestinal tract
accounts for approximately half of all zinc elimi-
nated from the body. Considerable amounts of zinc
(~3-5 mg) are secreted into the intestine from the pan-
creas following each meal, and biliary and intestinal
secretions also contain sizeable amounts of zinc [10].
The total endogenous gastrointestinal zinc secretion
may well exceed the amount consumed in the diet.
However, much of the zinc that is secreted into the
intestine is subsequently reabsorbed, and this process
serves as an important point of regulation of zinc bal-
ance. Other routes of zinc excretion include the urine,
which accounts for approximately 15% of total zinc
losses, and epithelial cell desquamation, sweat, semen,
hair, and menstrual blood, which together account for
approximately 17% of total zinc losses [11]. The fecal
loss of endogenous zinc from the body is less than 1
mg/d when a virtually zinc-free diet is consumed by
healthy individuals studied under experimental condi-
tions [10]. Under these conditions, urinary zinc losses
decline by about 95%, largely due to the effects of glu-
cagon and renal zinc transporters [2, 10].

In general, the amount of endogenous zinc excreted
in the feces goes up as the total absorbed zinc increases;
fecal excretion of endogenous zinc declines when
either dietary zinc intake is reduced or zinc needs are
increased due to growth or lactation [12-14]. When
dietary zinc is decreased, the individual goes into
negative zinc balance for a period of time before zinc
balance is re-established at the lower level of intake [5].
This transient negative zinc balance results in a small loss
of zinc from the exchangeable zinc pool; the amount lost
depends on the length of time required to achieve zinc
balance. This small loss of exchangeable zinc could have
a subtle effect on zinc function, for example a reduction
in immune function. However, functional consequences
are generally not apparent until the capacity of these
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adaptive mechanisms is exceeded.

1.4 Importance of zinc for human health

Given the diverse array of biologic functions of
zing, it is not surprising that multiple physiologic
and metabolic functions, such as physical growth,
immuno-competence, reproductive function, and
neuro-behavioral development are all affected by zinc
status. When the supply of dietary zinc is insufficient
to support these functions, biochemical abnormalities
and clinical signs may develop. Evidence regarding the
effects of zinc status on physiologic function has been
derived from three types of studies in human subjects:
(1) evaluations of individuals with acrodermatitis
enteropathica; (2) studies of the association between
markers of zinc status and specific functions; and
(3) clinical or community-based intervention trials.
In some cases, studies in experimental animals also
provide insights into the functional consequences of
zinc deficiency.

Acrodermatitis enteropathica is a rare autosomal
recessive genetic disorder that results in zinc
malabsorption [15]. The classification of clinical signs
associated with this disease has provided much insight
into the functional outcomes of zinc deficiency, and
therefore the physiologic roles of zinc. The clinical
manifestations of acrodermatitis enteropathica and
the frequency with which they have been observed
are listed in table 1.2 [16]. Impairments of the dermal,
gastrointestinal, neurologic, and immunologic systems
predominate. Iatrogenic causes of zinc deficiency—
such as prolonged administration of total parenteral

TABLE 1.2. Clinical manifestations of acrodermatitis
enteropathica®

Symptom Frequency (%)
Dermatitis 84
Intermittent diarrhea 54
Alopecia 48
Growth retardation (stunting) 46
Weight loss (wasting) 43
Mood changes 39
Birth defects 31
Recurrent infections 30
Nail deformation 25
Miscarriage 23
Blepharoconjunctivitis 22
Death 20
Anorexia/hypogeusia 15
Photophobia 14
Pale skin

Neurological defects 3

a. adapted from Van Wouwe [16]

nutrition with inadequate zinc content [17], long-term
penicillamine therapy for Wilson’s disease, which results
in chelation of circulating zinc [18], and chlorthiazide
administration [19], which increases urinary losses of
zinc—have produced similar clinical signs as those
described for acrodermatitis enteropathica.

The severity and manifestations of frank zinc defi-
ciency may vary at different ages [20]. In infants up to 2
months of age, diarrhea is a prominent symptom. Early
zinc deficiency leads to cognitive function impairment,
behavioral problems, mood changes, memory impair-
ment, problems with spatial learning, and neuronal
atrophy (optic and cerebellar) [21]. Skin problems
become more frequent and gastrointestinal problems,
anorexia, and mood changes less frequent as the child
grows older [16]. Alopecia (hair loss), growth retarda-
tion, blepharoconjuctivitis (inflammation of eyelids
and conjuctiva), and recurrent infections are common
findings in school-aged children. Chronic non-healing
leg ulcers and recurrent infections occur among the
elderly [22].

Of the aforementioned types of study designs,
placebo-controlled intervention trials provide
the strongest inferences regarding the functional
importance of zinc nutriture and the expected impact
of interventions designed to enhance zinc status. When
measurable functional changes occur in response to
supplemental zinc in adequately controlled trials,
preexisting zinc deficiency can be inferred, and the
specific functions that are responsive to zinc can be
identified. Unlike the situation with acrodermatitis
enteropathica described above, where the myriad of
clinical signs are likely to reflect severe deficiency,
functional impairments identified in community-based
trials may be more representative of mild or moderate
deficiency. The range of functional impairments
reported from these trials is described in the following
sections.

It is important to recognize that the results of these
studies may be affected by concurrent deficiency of
other nutrients. Among the set of other nutrients that
are commonly consumed in inadequate quantities,
several also have demonstrated effects on growth [23],
immune function [24], or neurologic or behavioral
function [25]. While several of the zinc supplemen-
tation trials cited in this report have included other
nutrients in the supplement formulation (e.g., iron
plus folate, multi-micronutrients), zinc was the only
factor differing between control and treatment groups
in the results reported herein. In cases where zinc was
given alone and compared with a placebo, the effect
of zinc treatment may have been reduced or absent,
either because zinc deficiency was not prevalent or
because other concurrent nutrient deficiencies limited
the impact of zinc [26, 27]. Considerations for the
inclusion of zinc with other nutrition programs are
discussed later in section 3.5 of chapter 3.



$102

Chapter 1

Immune function and risk of infection

The role of zinc in immune function has been reviewed
in detail elsewhere [28, 29]. Zinc affects both nonspe-
cific and specific immune function at a variety of levels.
At least some effects of zinc on immune function are
mediated via release of glucocorticoids, decreased thy-
mulin activity, and possibly antioxidant properties. In
terms of nonspecific immunity, zinc affects the integ-
rity of epithelial barrier, and function of neutrophils,
natural killer cells, monocytes, and macrophages.
With regard to specific immunity, lymphopoenia and
declined lymphocyte function occur, as do alterations
in the balance of T helper cell populations (TH1 and
TH2) and cytokine production.

Although most knowledge of the effects of zinc on
immune function has been derived from experimental
animals or in vitro models, several studies have shown
that perturbations of zinc status can affect immune
competence in adult human subjects [30-37]. For
example, elderly subjects in higher-income countries
who received supplemental zinc demonstrated
improvements in delayed cutaneous hypersensitivity
[34, 36], the number of circulating T cells, and serum
IgG antibody response to tetanus toxoid [36]. In other
studies of experimentally induced mild zinc deficiency
among adults, reduced serum thymulin and IL-2
activity, and reductions in specific subpopulations of
lymphocytes occurred during zinc depletion, and these
returned to normal levels following zinc repletion [30,
37]. The specific links between zinc-related aspects
of immune function and the incidence and severity
of different infections are not well understood.
Nevertheless, it can be assumed that the reported
changes in immune function are clinically important
because decreased rates of infection have been observed
following zinc supplementation in population-based
studies, as described below.

Diarrhea

Several studies have demonstrated reductions in
the incidence and duration of acute and persistent
diarrhea in zinc-supplemented children compared
with their placebo-treated counterparts [38—41]. In
two cases [42, 43], beneficial effects of supplemental
zinc on the incidence of diarrhea extended beyond
the actual period of zinc administration. Recently, a
pooled analysis of randomized, controlled trials of
zinc supplementation performed in nine lower-income
countries in Latin America and the Caribbean, south
and southeast Asia, and the western Pacific, indicated
that supplemental zinc led to an 18% reduction in the
incidence of diarrhea and a 25% reduction in diarrheal
prevalence [44]. Notably, this analysis did not find
differences in the effect of zinc by age, baseline serum
zinc status, presence of wasting, or sex, suggesting
that the benefits of zinc supplementation are likely to

occur in all subgroups of children living in areas where
there is an elevated risk of zinc deficiency (see section
2.2 in chapter 2). Since the publication of the pooled
analysis just cited, results from two additional zinc
supplementation trials have been reported from Africa
[45, 46]. Both of these trials demonstrated significant
reductions in the incidence or number of days with
diarrhea, thus confirming that the preventative effect
of zinc on diarrheal infection is consistent across a wide
range of geographic regions. It is noteworthy that the
impact of supplemental zinc on reducing diarrheal
morbidity is comparable to that observed in programs
to improve water quality, water availability, and excreta
disposal [47].

Respiratory infections

Reductions in the incidence of acute lower respiratory
infections in response to zinc supplementation have
also been documented [48, 49]. The recent pooled
analysis of trials conducted in India, Jamaica, Peru,
and Vietnam indicated an overall 41% reduction in
the incidence of pneumonia among zinc-supplemented
children [44].

Malaria

Randomized, placebo-controlled studies in Gambia
[50] and Papua New Guinea [51] suggest that zinc
may play a role in morbidity reduction related to
Plasmodium falciparum infections. The trial conducted
in Gambia demonstrated a 32% reduction in clinic
visits due to P. falciparum infections among those given
70 mg zinc twice weekly for 18 months. Similarly, the
trial in Papua New Guinea showed a 38% reduction in
clinic visits attributable to P. falciparum parasitemia
among pre-school children provided with 10 mg zinc
daily [51]. In the latter study, zinc supplementation
resulted in an even greater reduction (69%) in clinic-
based malarial episodes with high densities of P.
falciparum parasites in the blood (i.e., > 100,000/pl).
On the other hand, one recent trial conducted in
Burkina Faso did not find any reduction in episodes of
falciparum malaria among children who received daily
supplementation with 10 mg zinc for 6 months [45].
However, malaria episodes were identified using daily
household visits in this study. The contrast in results
may occur because zinc has an ameliorating effect on
the severity of falciparum-related morbidity, possibly
resulting in fewer clinic visits, but not necessarily fewer
infections.

Mortality

Only limited information is available concerning the
impact of zinc supplementation on child mortality,
although several large-scale studies are currently in
progress. In one study of full-term, small-for-gesta-
tional-age infants in north India, daily supplementation
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of zinc (1-5 mg/day, from 15-30 days of age, followed
by 5 mg/day, from 30 days of age and continued until
reaching 269 days of age) significantly reduced mortal-
ity by 67% compared with a control group that did not
receive zinc supplements [52]. Another, smaller trial of
older children in Burkina Faso also found that mor-
tality from all causes was reduced by more than 50%
among those who received zinc supplements, although
this difference was not statistically significant [45].

Growth and development

Given the multiple roles of zinc in DNA replication,
RNA transcription, endocrine function and metabolic
pathways, it is not surprising that the state of zinc
nutriture affects growth and development. Although
the primary mechanism(s) whereby zinc influences
growth is uncertain, there is a large body of literature
indicating that zinc depletion limits growth and devel-
opment, as summarized in the following paragraphs.

Low-birthweight infants

Low-birthweight infants (i.e., those < 2500 g at
birth) may be especially vulnerable to zinc deficiency.
Two studies of low-birthweight infants have been
undertaken in lower-income countries, and in both
cases weight gain increased among those who received
the zinc supplement [43, 53]. Responses in linear
growth have been less consistent. Castillo-Duran et al.
[53] reported increased growth among low-birthweight
Chilean infants, but this was not seen in the study in
Brazil [43], possibly because the zinc supplement
(5 mg zinc/day) was given for only a short period
(i.e., 8 weeks) in the latter study. In a study of very
low-birthweight, premature infants in Canada [54], a
significant increase in linear growth was reported, but
only in the zinc-supplemented female infants.

Severely malnourished infants and children

Some of the earliest studies of zinc supplementation
in severely malnourished children were carried out in
Jamaica, where zinc supplementation (1.6-9.8 mg/kg
body weight/day, for 2 weeks, starting between the 4th
and 12th week after hospital admission) was found to
increase weight gain and lean tissue synthesis compared
to unsupplemented children [55, 56]. Subsequent
trials in Bangladesh [57, 58] have likewise found
greater weight gain among severely malnourished
inpatients who received supplemental zinc (10 mg/kg
body weight/day up to a maximum of 50 mg/day, for
3 weeks) during the course of nutritional rehabilitation.
However, one group of investigators [59] who provided
either 1.5 or 6 mg zinc/kg body weight/day for 15 or
30 days starting immediately after hospital admission,
found that severely malnourished inpatients who
received the higher dose of supplemental zinc had
increased mortality compared with similar patients

who received 1.5 mg zinc/kg body weight/day,
suggesting that excessive zinc supplementation may
increase the risk of severe complications.

There have been fewer reports of a positive effect
of zinc supplementation on children s linear growth
during recovery from severe malnutrition, perhaps
because most of the available studies were too brief
to detect significant changes in linear growth, which
generally occurs only after recovery of weight deficits
in these patients [60].

Infants and children

The effects of zinc supplementation on children’s
growth were examined in a recently completed meta-
analysis of 33 randomized intervention trials that
were conducted in pre-pubertal children [61]. Zinc
supplementation produced highly significant positive
responses in linear growth and weight gain (mean
effect sizes of 0.30-0.35 SD units), but no effect on
weight-for-height indices. Growth responses were
greater in children with low initial weight-for-age or
height-for-age Z-scores. Thus, the beneficial effect of
zinc on children’s growth may be limited to popula-
tions with evidence of pre-existing growth failure. The
magnitude of the zinc-induced growth impact tended
to be greater in studies that enrolled younger children,
but these age-related differences were not statistically
significant, possibly because of the limited number of
studies available for analysis.

In some studies, zinc supplementation had a greater
impact in males than in females [62—64], but this find-
ing was not consistent in all of the trials that identi-
fied a significant impact of zinc supplementation.
Males have a higher percentage of total body weight
comprised of muscle, which in turn contains a higher
content of zinc than fat. Additionally, the growth rate
of males is generally higher than females, so their zinc
requirements are probably greater.

Adolescents

The first cases of human zinc deficiency described in
the 1960s were reported in male adolescents from the
Middle East [65, 66]. In this group, zinc deficiency was
characterized by delayed sexual development, short
stature, anemia, enlargement of the liver and spleen,
and abnormalities in skeletal maturation. Zinc sup-
plementation resulted in significantly increased height,
weight, bone development, and sexual maturation [26,
67]. Decreased sperm counts and testosterone levels
were also observed during experimental zinc deple-
tion among adolescent males [68]. Since these early
studies, very few zinc supplementation trials have been
performed in this age group.

In a study of Chilean adolescents with idiopathic
short stature, zinc supplementation (10 mg zinc/day
as zinc sulfate) for 12 months significantly increased
height-for-age Z-scores in boys, but not in girls, com-
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pared with their unsupplemented counterparts [69].

Maternal health and pregnancy outcome

Zinc supplementation trials during pregnancy have
been reviewed extensively by Tamura and Goldenberg
[70], Caulfield et al. [71], and King [72]. Adverse
outcomes associated with zinc status in at least some of
these trials include intrauterine growth retardation, low-
birthweight, poor fetal neurobehavioral development,
and increased neonatal morbidity. Adverse maternal
outcomes include preterm delivery and pregnancy-
induced hypertension. Other possible consequences of
maternal zinc deficiency on pregnancy outcome have
been suggested from clinical observations of women
with acrodermatitis enteropathica and cross-sectional
studies of maternal zinc status. Notable associative
outcomes not observed in controlled trials include
fetal congenital anomalies, intra- or postpartum
hemorrhage, and prolonged labor.

Figure 1.1 summarizes the consequences of maternal
zinc deficiency, as derived from the controlled trials
(shaded), and other possible consequences determined
from observational studies, with indication of possible
relationships among the various outcomes.

Most of the zinc supplementation trials have
measured only a subset of the possible outcomes

described above. Of the 13 published, randomized,
placebo-controlled zinc supplementation trials
identified for this report, only four have been
conducted in lower-income countries: South Africa
[73], India [74], Peru [75], and Bangladesh [76]. Six of
the 13 trials reported no effect on pregnancy outcomes
measured. Two studies found significantly improved
fetal growth, as measured by birth weight, one of which
was carried out in the US among African American
women with below average plasma zinc concentrations
[77], and the other among poor urban Indian women
[74]. Significant reductions in preterm deliveries were
reported in three of the zinc supplementation trials [74,
77,78], although only in women of normal body weight
in the study of Cherry et al. [78]. Two studies observed
reductions in the incidence of maternal complications
[79, 80], although only one of these studies statistically
analyzed the outcome data [79]; this study of adult
Hispanic Californian women showed a significant
reduction in pregnancy-induced hypertension.
However, a similar study conducted among Hispanic
adolescents in California did not show any effect of zinc
supplementation on blood pressure [81].

Fetal and infant health have also been assessed as
pregnancy outcome variables. In the Peruvian trial,
inclusion of zinc with iron and folate in maternal

Maternal zinc deficiency

Adverse maternal

outcomes

® Preterm labor
Prolonged labor

Adverse fetal

outcomes

e Intrauterine growth
retardation

.

e Placental abruption

® Premature rupture
of membranes

o Inefficient uterine

y

e Induction of labor
P o Increased assisted or <€
operative deliveries

e Congenital

> malformations
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¢ Pregnancy-induced
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e Intra- or postpartum
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FIG. 1.1. Possible consequences of maternal zinc deficiency on birth outcomes and maternal
and perinatal health. Outcomes observed in randomized, controlled zinc supplementation
trials are shaded, indicating greater confidence in their association with zinc deficiency.
Unshaded outcomes are those derived from observational studies of human maternal zinc
status and pregnancy outcome, and their association with zinc deficiency can be considered

only tentative.
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supplements resulted in greater fetal heart rates and
fetal movements, indicators of fetal neurobehavioral
development, compared with those receiving only iron
and folate [82]. Although no effects on birth weight
were observed in the Bangladeshi trial, a follow-up
study found that the risks of acute diarrhea, dysentery,
and impetigo at 6 months were lower among infants
whose mothers had received zinc supplements during
pregnancy [83]. No effects on mental development
or behavior, as assessed by the Bayley and modified
Wolke’s scales, respectively, were identified during
later follow-up on the same infants at 13 months of
age [84].

In summary, the results of zinc supplementation
trials during pregnancy have been inconsistent. Several
reasons may account for these discrepancies, including
small sample sizes, varying degrees of underlying zinc
deficiency, differing levels and periods of supplementa-
tion and measures of pregnancy outcome, and failure
to account for confounding factors, including concur-
rent nutrient deficiencies. Clearly, more double-blind,
placebo-controlled trials among pregnant women are
needed in those lower-income countries where there
is an elevated risk of zinc deficiency and where poor
fetal growth is prevalent. Further, it is important to
look beyond poor fetal growth alone as a possible
outcome of maternal zinc deficiency, and to consider
that suboptimal maternal zinc status may also manifest
during postnatal development as poor infant growth
and increased risk of infant morbidity and mortality.

Degenerative changes among the elderly

Several of the degenerative changes associated with
aging may be due in part to zinc deficiency. These
include a decline in immunocompetence [85],
a decrease in taste acuity (hypoguesia) [86-88],
delayed wound healing [89, 90], certain limitations
of neurologic and psychologic function [91, 92], and
deterioration of glucose tolerance [93, 94].

Neurobehavioral function

Some studies provide evidence that zinc deficiency
contributes to compromised neuro-behavioral function
among infants and children. One study among very low-
birthweight infants showed improved developmental
scores among those receiving supplemental zinc in
formula [54]. In a zinc supplementation trial among
infants in rural Guatemala, attainment of motor
milestones was not affected, but activity patterns were
improved with zinc supplementation [95]. A study
among one-year-old Indian children also indicated
that supplemental zinc plus vitamins resulted in higher
activity levels than when vitamins alone were given
[96]. School-aged children in China demonstrated
improved neuropsychologic test performance with

supplemental zinc, with the greatest improvements
observed when other micronutrients were also given
[27].

Zinc and appetite

Zinc deficiency has also been associated with
reductions in appetite and may thereby contribute to
deficiencies of other nutrients. Decreased food intake
is observed early during the course of zinc depletion
in animal models [97], and anorexia is a symptom of
clinical zinc deficiency in humans [16]. Zinc-responsive
anorexia has been demonstrated in population
studies as well. A controlled zinc supplementation
trial among low-income US children with evidence
of mild zinc deficiency resulted in increased dietary
intakes (137% energy intake of control group) after
one-year of zinc supplement use (~ 4.2 mg zinc/day)
[98]. A significant reduction in reported anorexia was
also observed following zinc supplementation among
stunted Ethiopian children [46]. However, because
the high rates of morbidity were also responsive to
zinc in the latter study, it is not possible to determine
to what extent anorexia resulted primarily from zinc
deficiency or was associated with morbidity. The
mechanisms that link zinc status to appetite control
are not well understood, and it is unclear whether
appetite reduction precedes growth retardation or vice
versa [99]. Nonetheless, the effects of zinc status on
growth and appetite may be integrally related and both
outcomes would likely be corrected simultaneously
through improved zinc intakes.

1.5 Human zinc requirements

Since the mid 1990s, the World Health Organization/
Food and Agriculture Organization/International
Atomic Energy Association (WHO/FAO/IAEA) and the
Food and Nutrition Board (FNB) of the US Institute
of Medicine (IOM) have convened expert committees
to develop estimates of human zinc requirements and
to propose the corresponding dietary intakes that are
needed to satisfy these requirements [11, 100, 101]. For
most age and physiologic groups, the committees used
a factorial method to estimate the average physiologic
zinc requirement, which is defined as the amount of
zinc that must be absorbed to offset the amount of
endogenous zinc lost from both intestinal and non-
intestinal sites. Non-intestinal sources of zinc loss
include the urine, “surface losses” (desquamated skin,
hair, nails, sweat), and, in adolescents and adults, semen
or menstrual flow. In growing children and pregnant
women, the amount of zinc retained in newly accrued
tissue is also factored into total physiologic needs, and
in lactating women the zinc transferred in breastmilk
is added to the requirements.
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When applying this conceptual framework, the
committees considered the amounts of zinc lost from
non-intestinal sites to be fixed, because these losses
are generally constant across a wide range of zinc
intakes [11]. On the other hand, intestinal excretion
of endogenous zinc varies considerably in relation to
the amount of absorbed zinc. Thus, the figure used
for intestinal loss of endogenous zinc is appropriately
estimated as the level that occurs when total absorbed
zinc is just adequate to meet the theoretical physiologic
needs. In the following paragraphs, we will describe in
greater detail the conceptual frameworks and specific
sources of data used by the various expert committees
to estimate the physiologic requirements for absorbed
zinc in different age and physiologic groups. In section
1.6, we will then discuss several issues concerning the
absorption of dietary zinc and provide estimates of
dietary zinc requirements and recommended dietary
intakes.

1.5.1 Adult men

As indicated above, the physiologic requirement for
zinc can be defined as the amount of zinc that must be
absorbed to counterbalance the sum of endogenous
zinc lost through all routes of excretion plus the amount
of zinc retained in newly accrued tissue. The FNB/IOM
estimated mean urinary zinc excretion by adult males
to be 0.63 mg/day, based on the amounts reported from
17 previously published studies of individuals whose
zinc intakes (4 to 25 mg/day) were within the range
at which urinary concentrations are not influenced by
zinc intake [11]. The corresponding figure published
by WHO (0.3 mg/day) was based on just two studies
[102, 103], which were conducted in men who had
very low zinc intakes (0.8 to 3.6 mg/day); the observed
amounts of urinary zinc were then inflated by 40%
to account for the degree of reduction in urinary
zinc excretion that occurred in response to the low
intakes that were provided in those same studies. The
authors of the present document conclude that the
information derived by the FNB/IOM committee is
more reliable because that report did the following:
(1) reviewed a larger number of studies; (2) included
only studies in which zinc intakes fell within the range
in which urinary excretion is constant and which is
likely to include the true physiologic requirement; and
(3) provided more extensive documentation of the
analytic process.

The FNB/IOM report considered just one study of
integumental and sweat losses of zinc [104], which was
carried out in 11 adult males whose mean zinc losses
of 0.54 mg/day did not change in response to different
levels of dietary zinc intakes ranging from 1.4 to 10.3
mg/day during periods of 28-35 days. Hence, this single
figure was applied for surface losses of endogenous
zinc. The WHO reports referred to a single earlier study

of eight adult male volunteers [102] in whom surface
losses of zinc declined from 0.49 mg/day when they
consumed a diet containing 8.3 mg zinc per day to 0.28
mg/day when they consumed only 3.6 mg zinc per day.
The IZiINCG SC concluded that although surface losses
of zinc may decline with very restricted zinc intakes, it
is preferable to estimate endogenous losses through this
route when intakes are sufficient to meet physiologic
needs. Thus, the IZINCG SC decided that until more
information becomes available it would be appropriate
to use the study results applied by the FNB/IOM
committee. However, as it is desirable to adjust zinc
losses by this route for body size, as discussed in further
detail below, the IZINCG SC applied the figure per kg
body weight (i.e., 6.5 ug/kg) as derived from Johnson
et al [104]. Thus for a 65-kg adult man, the amount of
zinc lost via the integument is 0.42 mg/day.

Unlike the WHO committees, which did not
include an estimate of zinc loss in semen, the FNB/
IOM committee considered information provided in
two papers [104, 105] on the zinc concentration of
semen and ejaculate volume of the same 11 volunteers
for whom surface losses were reported above. The
men’s semen zinc concentrations (0.11 mg/ml) did
not change with restricted dietary zinc intakes, and
the ejaculate volume decreased significantly only at
the lowest level of zinc intake (1.4 mg/day). Thus, the
FNB/IOM committee decided to use a single figure
of 0.10 mg zinc loss per day in semen, considering a
mean ejaculate volume of 2.8 ml and a mean number
of 2.45 ejaculations per week. The IZINCG committee
agrees with the general approach used by FNB/IOM,
although more information is needed from a greater
range of individuals, particularly on the mean daily
volume of semen. Pending the availability of additional
information, IZiNCG accepts the figure of 0.10 mg/day
for average zinc loss in semen.

To estimate the intestinal loss of endogenous zinc,
the WHO committees used the results from one study
that reported a total fecal zinc excretion of 0.5 mg/day
in six young adult males who received 0.28 mg zinc per
day for 4-9 weeks [106]. This level of fecal zinc output
was felt to represent the minimal amount that might
be excreted after adaptation to a severely restricted diet.
The WHO committee then inflated the figure for fecal
losses by 40%, although the basis for this adjustment
was not well substantiated in the WHO reports. Thus,
the derivation of the figure of 0.8 mg/day used by WHO
to indicate endogenous fecal zinc losses in adult men
not adapted to low intakes of zinc is questionable.

The FNB/IOM committee considered a larger
number of studies for their analyses and applied a
somewhat different conceptual approach to estimate
intestinal losses of endogenous zinc. In particular,
the FNB/IOM committee identified 10 studies from
7 published articles that measured total absorbed
zinc and intestinal excretion of endogenous zinc
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using radio- or stable-isotope techniques, where
the absorbed zinc was estimated from a whole day’s
dietary intake. Only studies that were conducted in
North American or European men 19-50 years of
age were accepted for inclusion in the analysis. After
examining this information, the FNB/IOM committee
concluded that, “excretion of endogenous zinc via the
intestine is a major variable in the maintenance of
zinc homeostasis and is strongly correlated with
absorbed zinc.” Therefore, to estimate the physiologic
requirement for absorbed zinc, they decided that it
would be necessary to consider the amount of intestinal
losses of endogenous zinc that would occur when the
absorbed zinc is just sufficient to offset the sum of all
sources of endogenous zinc lost from both intestinal
and non-intestinal sites.

Using this analytic approach, the FNB/IOM
committee concluded that 2.57 mg/day of endogenous
zinc would be excreted in feces when the amount of
absorbed zinc is equivalent to the total losses of
endogenous zinc from all sources, and the physiologic
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FIG. 1.2. Graphical representation of the conceptual model
used by FNB/IOM [11] to estimate intestinal endogenous
losses of zinc and total endogenous losses of zinc, when the
amount of absorbed zinc is sufficient to offset all losses. The
10 data points represent mean data from 7 published studies
of zinc absorption and intestinal losses of endogenous
zinc in adult American or Western European men (19-50
years of age). The regression line (- - -) of the data points
represents the relationship between total absorbed zinc
and intestinal losses of endogenous zinc. The parallel line
above (—) represents the total endogenous losses of zinc
after adding the static losses through urine, integument, and
semen. The line of perfect agreement (-----) indicates where
total endogenous losses would be equal to the amount of
absorbed zinc. The vertical line (;) is derived from the point
where the total endogenous losses of zinc crosses with the
line of perfect agreement, thus representing the physiologic
requirement for absorbed zinc for North American adult men
(i.e., 3.84 mg/day).

requirement for absorbed zinc in adult men is therefore
3.84 mg/day (i.e., with endogenous losses 0.63 mg/day
from urine, 0.54 mg/day from integument and sweat,
0.10 mg/day from semen, and 2.57 mg/day in feces, it
would be necessary to replace a total of 3.84 mg/day
of endogenous losses of zinc). The estimate of the
physiologic requirement for absorbed zinc derived
from these data is illustrated graphically in figure 1.2,
which is excerpted from the FNB/IOM report. The ten
data points that the FNB/IOM committee used for
these analyses are summarized in table 1.3 [13, 14, 103,
107-115]. As shown in the table, the studies employed
diets that had a fairly low range of phytate:zinc ratios,
including several that were formula diets prepared from
purified ingredients.

The 1ZiNCG SC concluded that the conceptual
approach used by the FNB/IOM committee to estimate
intestinal excretion of endogenous zinc is more appro-
priate than that used by WHO. However, the IZINCG
SC felt that, for the development of internationally
relevant estimates of zinc requirements, it is appropri-
ate and desirable to use the same methodologic types
of studies as the FNB/IOM, but to expand the database
used in this analysis to include all available studies of
apparently healthy men and women, regardless of their
age and nationality. Further, the IZINCG SC initially
restricted its analysis to those studies that used mixed
diets prepared from common foods (i.e., studies in
which supplemental zinc salts or exogenous phytate
were added to the diet were excluded). Studies that
manipulated several nutrients or isolated food com-
ponents simultaneously were also excluded. Using these
criteria, nine new studies were identified. For this new
set of studies, the relationship between total absorbed
zinc and fecal endogenous losses was examined by
linear regression analysis, weighting by the sample size
of the respective studies.

The relationship between total absorbed zinc and
fecal losses of endogenous zinc was then explored to
determine whether this relationship was inherently dif-
ferent between the new set of studies added and those
used previously by the FNB/IOM. Notably, there were
no significant differences in the slopes or intercepts
of the respective best-fit lines, as shown in figure 1.3.
Further, when all studies that employed diets prepared
with common foods were then compared with those
that employed semi-purified, formula diets, there were
no significant differences in the relationship between
absorbed zinc and endogenous fecal losses of zinc.
Moreover, there were no significant differences in this
relationship when studies conducted in men or women
were compared. It may thus be interpreted that, once
absorbed, the relationship between the amount of
absorbed zinc and the amount of endogenous zinc
excreted via the intestine is not dependent on the
source of zinc ingested (i.e., zinc salts vs dietary zinc).

Because of the limited number of available studies in
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TABLE 1.3. Summary of studies used by the FNB/IOM committee [11], the IZINCG SC, or both committees, to estimate the
relationship between total absorbed zinc and intestinal losses of endogenous zinc.

Intestinal
losses of
Total zinc Phytate: endogenous Total
intake zinc molar zinc absorbed zinc
Source of data Diet description n (mg/day) ratio (mg/day) (mg/day)
FNB/IOM only
Lee et al. [13] Soy protein-based, 8 4.1 21 1.8 2.4
6 months
Taylor et al. [103] Semi-purified formula 5 5.6 0 1.9 2.2
Taylor et al. [103] Semi-purified formula 5 0.9 0 0.8 0.8
Turnlund et al. [107] | Purified formula diet, 6 15.0 0 3.8 5.0
young men
Turnlund et al. [108] | Semi-purified formula 4 15.0 0 2.7 5.1
FNB/IOM and IZiNCG
Lee et al. [13] Hospital 8 12.6 * 4.3 5.5
Jackson et al. [109] Mixed 7.2 * 3.0 3.4
Hunt et al. [110] Mixed 14 14.0 5 1.6 3.1
Wada et al. [111] Mixed 6 16.5 4 1.9 4.1
Wada et al. [111] Mixed 6 5.5 12 1.9 2.7
IZiNCG only
Knudsen et al. [112] High-fiber, mixed 8 10.7 6 2.6 3.1
Hunt et al. [113] Lacto-ovo-vegetarian 21 9.1 18 0.8 2.4
Hunt et al. [113] Mixed 21 11.1 5 1.4 3.7
Hunt et al. [114] Low meat content 14 6.7 15 0.4 2.0
Hunt et al. [114] High meat content 14 13.0 8 0.9 3.6
Sian et al. [14] Plant-based 10 5.2 11 1.3 1.6
Sian et al. [14] Mixed 10 8.1 10 2.3 2.8
Hunt et al. [110] Mixed 14 7.8 5 2.0 2.3
Lowe et al. [115] Mixed 6 7.0 8 2.0 2.0

* = Not available.

each of the foregoing subsets analyzed by the FNB/IOM
and IZINCG committees, respectively, the IZINCG SC
decided that the most reliable estimate of the relation-
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FIG. 1.3. Comparison of regression lines of total absorbed
zinc and intestinal losses of endogenous zinc used by the
FNB/IOM committee [11] and the IZiINCG SC for the
estimation of physiologic zinc requirements.

ship between total absorbed zinc and endogenous fecal
zinc should be based on the full set of available infor-
mation from all 19 studies (including the ten studies in
the original FNB/IOM analysis and the nine additional
studies identified by the IZiNCG SC). Figure 1.4 shows
the relationship between total absorbed zinc and fecal
endogenous zinc for the combined data set. Based
on this combined set of information, 1.54 mg/day
of endogenous zinc would be excreted in feces when
the amount of absorbed zinc is equivalent to the total
losses of endogenous zinc from all sources, and the
physiologic requirement for absorbed zinc in adult
men is therefore 2.69 mg/day. That is, with endogenous
losses of 0.63 mg/day from urine, 0.42 mg/day from
integument and sweat, 0.10 mg/day from semen, and
1.54 mg/day in feces, it would be necessary to replace
a total of 2.69 mg/day of endogenous losses of zinc.
Estimates for the various sources of endogenous losses
of zinc for 65-kg adult men derived by the IZINCG
SC are summarized in table 1.4. For the purpose of
comparison, the estimates derived by the WHO and
FNB/IOM committees are also shown.
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FIG. 1.4. Graphical representation of the model used by
the IZINCG SC in the present report to estimate intestinal
endogenous losses of zinc and total endogenous losses of
zinc, when the amount of absorbed zinc is sufficient to offset
all losses. The 19 data points represent mean data from 12
published studies of zinc absorption and intestinal losses of
endogenous zinc in adult men and women (19-50 years of
age). The regression line (- - -) of the data points represents
the relationship between total absorbed zinc and intestinal
losses of endogenous zinc. The parallel lines above (— men,
——women) represent the total endogenous losses of zinc
after adding the static losses through urine, integument, and
semen. The line of perfect agreement (-----) indicates where
total endogenous losses would be equal to the amount of
absorbed zinc. The vertical lines (| men,: women) are derived
from the point where the total endogenous losses of zinc
crosses with the line of perfect agreement, thus representing
the physiologic requirement for absorbed zinc for 65 kg adult
men (i.e., 2.69 mg/day) and 55 kg adult women (i.e., 1.86
mg/day).

One final consideration for the derivation of physi-
ologic zinc requirement estimates that are internation-
ally applicable is that of reference body weights. The
FNB/IOM Dietary Reference Intake committee applied
reference body weights that are suitable for North
American populations. However, the IZINCG SC felt
that the reference body weights adopted by the WHO,
and based on the NCHS/CDC 1977 growth reference
data, are more suitable for the present report. Based
on the available data for body weight of subjects from
17 of the 19 studies used in the analysis of endogenous
losses of intestinal zinc, the average body weights of
the adult subjects (men, 71 kg; women, 61 kg) were
intermediate to the reference body weights used by
FNB/IOM (men, 75 kg; women, 65 kg) and those used
by WHO (men, 65 kg; women, 55 kg). The IZINCG SC
thus felt it was unnecessary to correct intestinal losses
according to different body weights among adult men.
Similarly, it is unlikely that urinary losses of zinc would
vary predictably according to different body weights
among adults of different sizes. On the other hand, as
integumental zinc losses may be more directly associ-

TABLE 1.4. Estimated physiological requirements for
absorbed zinc in adult men and women, as developed by
expert committees of the WHO [99, 100], the US FNB/IOM
[11], and as reviewed by IZINCG

Source of estimated physiological
Endogenous zinc requirements
losses (mg/day) Revisions
in adult men and sug-
women, by source gested by
of loss WHO IOM IZINCG
Men
Reference body 65 75 65
weight (kg)
Urinary excretion 0.30 0.63 0.63
Integument 0.30 0.54 0.42
Semen — 0.10 0.10
Total non-intestinal 0.60 1.27 1.15
endogenous losses
Intestinal excretion 0.80 2.57 1.54
of endogenous zinc
Total endogenous 1.40 3.84 2.69
losses
Women
Reference body 55 65 55
weight (kg)
Urinary excretion 0.30 0.44 0.44
Integument 0.20 0.46 0.36
Menstrual blood — 0.10 0
Total non-intestinal 0.50 1.00 0.80
endogenous losses
Intestinal excretion 0.50 2.30 1.06
of endogenous zinc
Total endogenous 1.00 3.30 1.86
losses
Additional require-
ments for preg- 0.1,0.3, 0.16, 0.70¢
nancy (first, 0.7 0.39,
second, third tri- 0.63
mesters)
Additional require- 1.4,0.8, 1.35Y 1.0
ments for lacta- 0.5
tion (0—3 months,
3—6 months, > 6
months)

a. A single estimate for additional zinc requirements is applied
throughout pregnancy.

b. A single estimate for additional zinc requirements is applied
throughout lactation.

ated with body surface area and hence body size, it was
felt appropriate to apply these losses to both adult men
and women according to reference body weight.

1.5.2 Adult women

The foregoing conceptual issues concerning zinc
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requirements generally apply to women as well as men.
However, for several reasons, the specific figures used
for endogenous zinc losses differ by sex, as described
in the following paragraphs. The FNB/IOM committee
examined the results of 10 published studies to cal-
culate a mean urinary zinc excretion of 0.44 mg/day
for adult females. The WHO committee relied on the
results of just one study of women who were receiving
very restricted zinc intakes, and then inflated the results
by 40%, as described previously for men. For the same
reasons described above, the IZINCG SC has more
confidence in the figure proposed by the FNB/IOM
committee for urinary losses of zinc in women.

Each of the former expert committees estimated
women’s surface losses of zinc by adjusting for
differences in body surface area to extrapolate from
the data available from men. Because the IZiINCG
SC preferred the original estimates for adult males
proposed by the FNB/IOM committee, these same
figures (adjusted for body size) were adopted for adult
females (i.e., 0.0065 mg zinc/kg body weight/day x 55
kg = 0.36 mg zinc/day). There is little information on
endogenous zinc losses in menstrual fluid. In one study
[116], the average excretion of menstrual fluid during
a single period was 60 g, and the mean zinc content
was approximately 2.8 pg/g menstrual fluid or 154
pg during each menstrual period. This resulted in an
average daily zinc loss of about 5 ug/day, considering
the average cycle length of the women in the study.
The WHO committees did not account for menstrual
zinc losses, but the FNB/IOM committee estimated
average menstrual losses to be 0.1 mg/day. However,
this estimate was based on erroneous interpretation
of data from the aforementioned study [116]. Because
loss of zinc by this route is negligible, the IZINCG SC
concluded that it can be ignored in estimates of zinc
requirements.

As discussed above, the IZINCG SC prefers the con-
ceptual approach used by the FNB/IOM committee to
estimate fecal losses of endogenous zinc. Using this
approach, the amount of intestinal losses of endog-
enous zinc that would occur in adult women is 1.06
mg/day when the amount of absorbed zinc is just suf-
ficient to offset the sum of all sources of endogenous
zinc loss (1.86 mg/day) from both intestinal and non-
intestinal sites, assuming a reference body weight of 55
kg, as shown in figure 1.4. The endogenous losses of
zinc by intestinal and non-intestinal routes for a 55-kg
adult woman are summarized in table 1.4.

1.5.3 Children
Infants 0-6 months

Very little empirical information is available on zinc
homeostasis, and, therefore, little information is
available on physiologic requirements for absorbed
zinc in infants less than 6 months of age. Moreover,

there is some evidence that young infants may be able
to acquire a portion of their zinc needs by mobilizing
hepatic reserves accumulated during gestation [117],
thereby possibly modifying their need for absorbed
zinc from the diet. Studies of exclusively breastfed,
healthy, term infants in the United States found no
differences in the growth patterns of those who received
zinc supplements or placebo from 4-6 months of age,
suggesting that their zinc intake from breastmilk, along
with any additional zinc contributed from pre-existing
stores, was adequate to maintain normal growth [118].
On the other hand, European investigators found that
infants 4-9 months of age of immigrant populations
had increased rates of growth when supplemented
with zinc (5 mg/day for three months) [119]. However,
these latter infants were not exclusively breastfed, so it
is conceivable that foods with lower zinc density were
displacing breastmilk and/or these foods interfered
with zinc absorption from breastmilk. Although more
information is needed, it appears that zinc transfer
from breastmilk is adequate for full-term, normal-
birthweight, exclusively breastfed infants until about
6 months of age.

The FNB/IOM committee did not attempt to
estimate physiologic requirements of zinc for young
infants. Instead, the committee described presumably
adequate intakes (Als), based on the content of zinc in
breastmilk at different ages and the average amount of
milk consumed. It is important to note that because
the zinc concentration of human milk declines sharply
during the first few months post-partum, the total zinc
transferred through milk falls from about 2.5 mg/day at
one month to approximately 0.8 mg/day at six months
[11]. Based on average figures for zinc transfer in
breastmilk from 0-5 months post-partum, the FNB/
IOM proposed 2.0 mg/day as the Al for infants in this
age range. By contrast, the WHO committees developed
estimates of physiologic zinc requirements of young
infants by extrapolating from data for adults in relation
to metabolic rate and then adding the amount of zinc
incorporated into newly deposited tissue. Using this
approach, the WHO committees suggested that the
requirement for absorbed zinc from 0-5 months of
age ranges from 0.7-1.3 mg/day, depending on age and
sex. This compares with the estimate for absorbed zinc
of ~ 0.7 mg/day developed by Krebs and Hambidge
[120]. Considering the available information, IZINCG
concludes that breastmilk is a sufficient source of zinc
for exclusively breastfed, normal-birthweight term
infants until about 6 months of age. Non-exclusively
breastfed infants need to absorb approximately 1.3
mg/day during the first three months of life and 0.7
mg/day during months 3-5.

Even less information is available on the zinc
requirements of infants with low birth weight due to
prematurity and/or intra-uterine growth retardation.
Low-birthweight infants may have greater needs
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for absorbed zinc than normal-birthweight infants
because of limited hepatic reserves at birth and higher
rates of postnatal growth. Notably, several researchers
have found that low-birthweight infants had increased
growth rates following zinc supplementation, which
ranged from 2 to 5 mg/day of supplemental zinc in the
available studies [43, 53, 54]. More research is needed to
establish the physiologic requirements for zinc among
low-birthweight infants.

Children 6 months to 18 years

The FNB/IOM used a factorial method to estimate
physiologic zinc requirements of older infants and
children. Losses of endogenous zinc from non-intesti-
nal sites (i.e., urinary and surface losses) were estimated
to be 0.014 mg/kg/day on the basis of extrapolations
from adults per unit body weight. Fecal excretion of
endogenous zinc was estimated to be 0.050 mg/kg/day
for infants 6-11 months of age, based on empirical data
obtained from breastfed infants, and 0.034 mg/kg/day
for older children, as extrapolated from adult data. To
these figures for endogenous losses were added the
amount of zinc required for growth, which is esti-
mated to be 0.020 mg/g of tissue gained. The figures
for endogenous losses and zinc content of accrued
tissue were then multiplied, respectively, by the refer-
ence body weight and the expected rate of weight gain
at different ages. For male adolescents 14-18 years of
age, an additional 0.1 mg/day was included in the esti-
mated physiologic requirements to account for losses

in semen. The WHO committees estimated physiologic
zinc requirements throughout childhood by extrapolat-
ing from the data used to estimate endogenous losses
in adults.

For the sake of consistency with the information
discussed above for adults, the IZINCG SC prefers to
follow the factorial approach used by the FNB/IOM,
but to base intestinal losses of endogenous zinc on the
estimates derived by IZiNCG and to use the NCHS/
CDC/WHO reference body weights, as summarized in
table 1.5. Total endogenous zinc losses are calculated
as 0.064 mg/kg/day for infants 6-11 months of age
and 0.034 mg/kg/day for children one year of age and
older (i.e., urinary losses 0.0075 mg/kg/day, surface
losses 0.0065 mg/kg/day, and intestinal losses of 0.05
mg/kg/day for infants 6-11 months or 0.02 mg/kg/day
for children 1 year and older). For example, children
6-11 months of age who have a reference body weight
of 9 kg and expected weight gain of 13 g/day, need
0.576 mg/day (i.e., 9 kg x 0.064 mg/kg) to replace
endogenous losses and 0.260 mg/day (13 g/day x 0.020
mg/g) for tissue accrual, resulting in a total physiologic
requirement of 0.836 mg/day. The same procedure was
used in children 1-3,4-8, 9-13, and 14-18 years of age,
using their respective reference body weights and rates
of weight gain (table 1.5).

1.5.4 Pregnancy

Accrual of zinc in newly synthesized fetal and maternal

TABLE 1.5. Estimated physiologic requirements for absorbed zinc during childhood by age group and sex, and during
pregnancy and lactation, as developed by expert committees of the WHO [100, 101], the US ENB/IOM [11], and as reviewed

by IZINCG
WHO FNB/IOM Revisions suggested by IZINCG
Reference | Physiologic Reference | Physiologic Reference | Physiologic
weight |requirement weight |requirement weight |requirement
Age, sex (kg) (mg/day) Age, sex (kg) (mg/day) Age, sex (kg) (mg/day)
6-12 mo 9 0.84 7-12 mo 9 0.84 6-11 mo 9 0.84
1-3 yrs 12 0.83 1-3 yrs 13 0.74 1-3 yrs 12 0.53
3—6 yrs 17 0.97 4-8 yrs 22 1.20 4-8 yrs 21 0.83
6-10 yrs 25 1.12
10-12 yrs, M 35 1.40 9-13 yrs 40 2.12 9-13 yrs 38 1.53
10-12 yrs, F 37 1.26
12-15yrs, M 48 1.82
12-15yrs, F 48 1.55
15-18 yrs, M 64 1.97 14-18 yrs, M 64 3.37 14-18 yrs, M 64 2.52
15-18 yrs, F 55 154 | 14-18yrs,F 57 3.02 14-18 yrs, F 56 1.98
Pregnancy — 2.27 Pregnancy — 4.12,4.42, | Pregnancy — 2.68
(1st, 2nd, 5.02
3rd trimes-
ter)
Lactation — 2.89 Lactation — 4.92,3.82, | Lactation — 2.98
(0-3, 3-6, 4.52
6—12 mo)
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tissue during pregnancy imposes an additional
physiologic requirement for zinc. Both the FNB/IOM
and WHO committees based these requirement
estimates on data derived from Swanson and King
[121]. The FNB/IOM estimated these additional zinc
needs as 0.16 mg/day during the first trimester of
pregnancy, 0.39 mg/day during the second trimester,
and 0.63 mg/day during the third trimester; and WHO
provided similar estimates of the respective amounts
needed in each trimester, as follows: 0.1 mg/day during
the first trimester, 0.3 mg/day during the second, and
0.7 mg/day during the third. To provide a single figure
for the amount of additional zinc that needs to be
absorbed during pregnancy, IZINCG proposes using
the figure of 0.7 mg/day, which covers the amount
needed in the third trimester. It should be recognized,
however, that this single figure overestimates the
average requirements for absorbed zinc in the first
and second trimesters. This additional amount of zinc
needed during pregnancy should be added to the usual
age-specific physiologic requirements for absorbed zinc
of adolescent or adult women.

1.5.5 Lactation

The amount of zinc transferred from mother to infant
in breastmilk must be added to lactating women’s phys-
iologic requirements for absorbed zinc. This amount is
calculated by multiplying the average volume of milk
transferred to the infant by the zinc concentration
of human milk at different post-partum periods. To
complete these calculations, the FNB/IOM commit-
tee applied milk volumes that were measured in US
women during the first year post-partum (0.78 L/day).
The FNB/IOM also summarized the results of 12 stud-
ies to provide age-specific information on the zinc con-
centration of human milk (2.75 mg/L at 4 weeks, 2.0
mg/L at 8 weeks, 1.5 mg/L at 12 weeks, and 1.2 mg/L
at 24 weeks). Using these two sets of information, the
FNB/IOM committee produced a single estimate of
1.35 mg/day for the average additional amount of
absorbed zinc needed to support lactation, after dis-
counting an assumed 1 mg/day of endogenous zinc
that may become available during the first month post-
partum because of involution of reproductive tissue.
The WHO committees used data from just 3 of the 12
studies cited by FNB/IOM to estimate the zinc content
of human milk (2.5 mg/L at 1 month, 0.9 mg/L at 3
months, and 0.7 mg/L at 4 months). WHO estimated
that an additional 1.4 mg zinc/day is needed from 0-3
months post-partum, 0.8 mg/day from 3-6 months,
and 0.5 mg/day thereafter.

Because women from developing countries typically
breast feed for longer periods of time than do US
women, and because breastmilk volume changes with
infant age, the IZINCG SC felt it would be desirable to
derive estimates of zinc transfer in breastmilk using

data on milk output from women in developing
countries. Because the zinc concentration of human
milk seems to be affected minimally, if at all, by
maternal zinc status, it seems reasonable to use the
more extensive set of data on milk zinc concentrations
that was summarized by the FNB/IOM. Table 1.6
shows the mean amount of milk consumed by infants
in developing countries at different ages, as published
in a recent review [122]. These figures were multiplied
by the mean zinc concentration of human milk for the
same postpartum periods as reported by FNB/IOM
[11] to estimate the total amount of zinc excreted in
breastmilk. As indicated in table 1.6, the additional zinc
needs imposed by lactation are considerable, especially
during the early months of breastfeeding. On average,
about 1 mg of additional zinc must be absorbed during
lactation. Although more than this amount might be
needed during the initial montbhs, it is likely that this
is partially offset by zinc released during involution of
reproductive tissue. Thus, the figure of 1 mg/day seems
to be a reasonable estimate of the additional amount
of absorbed zinc needed throughout lactation. This
additional amount should be added to the usual age-
specific physiologic requirements for absorbed zinc of
adolescent or adult women.

1.6 Dietary sources of zinc and suggested
revisions of Recommended Daily Intakes

To translate physiologic requirements for absorbed zinc
into recommendations for daily dietary zinc intakes,
it is necessary to take into account the proportion of
zinc in the diet that is absorbed by the intestine. In
this section, we present the following: (1) a review of
the dietary factors that affect zinc absorption; (2) esti-
mates of zinc absorption from different diets; and (3)
the derivation of dietary requirements, which incor-
porate information on the physiologic requirements
for absorbed zinc (as described in section 1.5) and the
estimated average zinc absorption.

TABLE 1.6. Amount of zinc transferred from mother to child
in human milk, by infant age

Milk Zinc concen- Zinc
Age range volume tration amount
(months) (ml/day)* |(mg/100 ml)?| (mg/day)
0-2 714 0.230 1.64
3-5 784 0.135 1.06
6-8 776 0.120 0.93
9-11 616 0.120 0.74
12-23 549 0.120 0.66

a. Data from Brown et al. [122]
b. Data from FNB/IOM [11]
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1.6.1 Dietary sources of zinc and factors affecting the
proportion of zinc available for absorption

Zinc occurs in a wide variety of food sources, but is
found in highest concentrations in animal-source
foods, particularly in the organs and/or flesh of
beef, pork, poultry, fish and shellfish, and with lesser
amounts in eggs and dairy products. Zinc content is
relatively high in nuts, seeds, legumes, and whole-grain
cereals, and is lower in tubers, refined cereals, fruits,
and vegetables. Average ranges of zinc content (mg/100
g fresh weight) and zinc density (mg/100 kcal) in a vari-
ety of food sources are summarized in table 1.7, using
information provided in the International MiniList
(WorldFood Dietary Assessment System, 2.0, University
of California, Berkeley; www.fao.org/infoods/software/
worldfood.html).

As a result of physico-chemical interactions, dietary
factors can alter the proportion of zinc that is available
for absorption in the intestine by as much as 10-fold.
Most of the available information on the effect of
specific dietary factors on zinc absorption has been
derived from studies measuring absorption from
single test meals. However, it is questionable whether
zinc absorption determined from single meal studies
reflects the true proportion of zinc that would be
absorbed from meals over the course of a whole day, as
discussed below. Nonetheless, the large amount of data
from these single meal studies is useful to identify the
factors that do affect zinc absorption and to indicate
their relative impact. Based on these single meal studies,
the dietary components that demonstrate a substantial

impact on the absorption of zinc are phytate and
dietary calcium, which inhibit zinc absorption, and
protein, which enhances absorption [123]. The total
zinc content of a meal also influences the absorption of
zing; specifically, the percent absorption decreases with
increasing intake of zinc [124], although the absolute
amount of zinc absorbed increases.

Myo-inositol hexaphosphate (phytic acid) consists
of a ring of six phosphate ester groups. Phytate is the
magnesium, calcium, or potassium salt of phytic acid;
the term “phytate” is used generically in this document
to refer to the phytic acid molecule, as well as its salt
forms. Phytate is a phosphorus storage molecule with
a high natural content in seeds, including cereal grains,
nuts, and legumes, and a lower content in other plant
foods, such as fruits, leaves, and other vegetables. In
legumes, phytate is uniformly distributed and associ-
ated with protein, whereas in cereal grains it is gener-
ally concentrated in the bran; in maize, the majority of
phytate exists in the germ. Phytate is a strong chelator
of minerals, including zinc. Because phytate cannot
be digested or absorbed in the human intestinal tract,
minerals bound to phytate also pass through the intes-
tine unabsorbed. The inhibitory effect of phytate on
zinc absorption appears to follow a dose-dependent
response, and the phytate:zinc molar ratio of the diet
has been used to estimate the proportion of absorbable
zinc. The phytate:zinc molar ratio of foods or diets is
calculated as follows:

mg phytate/660
mg zinc/65.4

TABLE 1.7. Zinc content, zinc density, phytate content, and phytate-to-zinc molar ratios of commonly consumed foods; data

derived from the International MiniList?

Zinc content Phytate content

Phytate:zinc
Food groups mg/100 g mg/100 kcal mg/100 g molar ratio
Liver, kidney (beef, poultry) 4.2-6.1 2.7-3.8 0 0
Meat (beef, pork) 2.9-4.7 1.1-2.8 0 0
Poultry (chicken, duck, etc.) 1.8-3.0 0.6-1.4 0 0
Seafood (fish, etc.) 0.5-5.2 0.3-1.7 0 0
Eggs (chicken, duck) 1.1-1.4 0.7-0.8 0 0
Dairy (milk, cheese) 0.4-3.1 0.3-1.0 0 0
Seeds, nuts (sesame, pumpkin, almond, etc.) 2.9-7.8 0.5-1.4 1,760-4,710 22-88
Beans, lentils (soy, kidney bean, chickpea, etc.) 1.0-2.0 0.9-1.2 110-617 19-56
We}igl)e—gram cereal (wheat, maize, brown rice, 0.5-3.2 0.4-0.9 211-618 2953
Refined cereal grains (white flour, white rice, etc.) 0.4-0.8 0.2-0.4 30-439 16-54
Bread (white flour, yeast) 0.9 0.3 30 3
Fermented cassava root 0.7 0.2 70 10
Tubers 0.3-0.5 0.2-0.5 93-131 26-31
Vegetables 0.1-0.8 0.3-3.5 0-116 0-42
Fruits 0-0.2 0-0.6 0-63 0-31

a. WorldFood Dietary Assessment Program, 2.0, University of California, Berkeley
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where 660 = the molecular weight of phytate, and
65.4 = the molecular weight of zinc.

The phytate content, and the phytate:zinc molar ratio
of some commonly consumed foods are shown in table
1.7. In general, seeds, nuts, legumes, and unrefined
cereal grains have the highest phytate:zinc molar ratios,
which range from 2288, while other plant foods have
phytate:zinc molar ratios in the range of 0-42. Animal
source foods do not contain phytate and therefore have
a phytate:zinc molar ratio equivalent to zero.

Calcium also has an inhibitory effect on zinc
absorption, although this may only occur when phytate
is also present in the diet [123]. The inhibitory effect
of calcium may result from the formation of insoluble
calcium-zinc-phytate complexes in the intestinal tract.
Both the total amount and type of protein in the diet
influence zinc absorption. Increasing protein content
results in a greater percent absorption of dietary
zinc [124]. Animal protein, such as from meat and
eggs, including whey protein, appear to have further
enhancing effects on zinc absorption, although casein
may be inhibitory [123].

1.6.2 Revised estimates of dietary requirements and
recommended intakes for zinc

Two committees charged with developing dietary
reference values, the FAO/WHO/IAEA Expert
Consultation [100, 101] and the US Food and Nutrition
Board/Institute of Medicine Standing Committee on
the Evaluation of Dietary Reference Intakes [11], have
estimated the percent absorption of dietary zinc. Both
committees used a similar conceptual approach to
develop these estimates, although the types of studies
used in their analyses differ markedly. Each committee
extracted data from studies of zinc absorption and
plotted the mean amount of absorbed zinc against the
total zinc ingested from the meal or diet being tested.
A regression equation was then derived from the data
and used to determine the amount of total zinc that
would need to be ingested such that the amount of
absorbed zinc would be equivalent to the physiologic
requirement. This amount of total zinc ingested
represents the daily “estimated average requirement”
from the diet, or the EAR. The physiologic requirement
for absorbed zinc divided by the associated total zinc
intake (X 100%) represents the “critical” average zinc
absorption, i.e., the percent of dietary zinc that is
absorbed when the level of intake is just adequate to
satisfy the physiologic requirement.

The IZiNCG SC reviewed the methods used by the
WHO and FNB/IOM committees to estimate zinc
absorption, taking into consideration the methodol-
ogy used to measure absorption, the types of diets and
subjects from which data were derived, as well as the
models used to summarize these data.

Two general types of study designs have been used

most commonly to estimate dietary zinc absorption:
single-meal studies and total-diet studies. Single-meal
studies are those that measure absorption from a single
test meal, whereas total-diet studies measure zinc
absorption from multiple meals consumed over 1 or
more days. Zinc absorption data derived from total-diet
studies have two main advantages. First, these studies
label meals with either radioisotopes or stable-isotopes
of zinc and, using fecal monitoring techniques, are able
to estimate true zinc absorption for each individual
by correcting for the simultaneous intestinal losses
of endogenous zinc that occur during digestion.
On the contrary, most single-meal studies have
used radioisotope tracers and whole-body counting
to measure zinc retention. This method can only
estimate true absorption of zinc by applying an average
correction factor for intestinal losses of endogenous
zing, derived from a separate study. Second, there is
also evidence from studies of iron absorption that the
percent iron absorption measured from a single test
meal differs significantly from that measured from a
total diet of similar composition as the single test meal
[125, 126]. One of these studies [125] suggested that
the enhancing and inhibiting effects of dietary factors
(e.g., ascorbic acid, phytate) on iron absorption are
exaggerated when measured from single test meals,
whereas another suggested that iron absorption is
much higher when measured from a breakfast meal
than when the same test meal is consumed at later
times during the day. It is possible that the same
situation holds for zinc, although this has not been
studied directly. For these reasons, the IZINCG SC
considered the total-diet study methodology as the
reference method for measuring zinc absorption from
the diet, particularly where the goal is to calculate
dietary zinc requirements.

In determining its zinc absorption estimates, the
WHO committee used data from a combination of
single-meal studies and total-diet studies, although the
specific studies used were not referenced [100]. Given
the availability of zinc absorption studies at the time
these estimates were made, it is likely that most of the
data used were derived from single-meal studies. The
WHO committee divided the available data into three
categories according to the phytate:zinc molar ratio of
the test meal or diet; where ratios of < 5, 5-15, and
> 15 were considered to represent diets of relatively
high, moderate, and low absorption levels, respectively.
The process described above was applied to each of the
three sets of data to derive zinc absorption estimates.
A description of the diet types for each of the three
categories and the associated absorption estimates are
summarized in table 1.8. Because the specific studies
used in these estimates were not reported, it is not
possible to describe the specific meals or diets studied,
nor the sex or geographic origin of the participants.

The FNB/IOM committee selected 10 data points
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TABLE 1.8. Estimates of dietary zinc absorption, as developed by WHO [100, 101], FNB/IOM [11], and IZiNCG, and

summaries of the data used to derive them

WHO IOM 1ZiNCG

Diet types Highly Mixed/ Unrefined® Mixed,n =5 Mixed,n =11 | Unrefined,

represented | refined? refined veg- Semi-purified, n =4 Refined vege- cereal-based,
etarian® EDTA-washed soy tarian,n =3 n=1
protein,n =1

Study type Single meal & total diet Total diet Total diet

Subjects NA4 NA NA Men 19-50 yrs Men & women 20+ yrs

Phytate:zinc <5 5-15 >15 NA 4-18 >18
molar ratio

Zinc absorp- 50% 30% 15% 41% 26% men 18% men
tion® 34% women 25% women

a. Refined diets low in cereal fiber, and where animal foods provide the principal source of protein. Includes semi-purified formula diets.
b. Mixed diets, and lacto-ovo-vegetarian diets that are not based on unrefined cereal grains or high extraction rate (> 90%) flours.
c. Cereal-based diets, with > 50% of energy intake from unrefined cereal grains or legumes and negligible intake of animal protein.

d. NA = not available

e. These figures represent the “critical” level of zinc absorption, or that which occurs when zinc intakes are just sufficient to meet physiologic

requirements for absorbed zinc.

from 7 published studies of zinc absorption, using
only total-diet studies, likely for the reasons described
above [11]. The studies used by the FNB/IOM commit-
tee included only those of North American or Western
European adult male subjects (19-50 years) and the
diet types represented both mixed diets and semi-puri-
fied formula diets; all data points were considered in a
single diet category, regardless of the composition of
the diet. The same regression line relating zinc intake
and total absorbed zinc that was derived from the stud-
ies of men was used to derive a zinc absorption estimate
for women, based on their physiologic requirement for
absorbed zinc. The studies included in the analysis and
the absorption estimates derived are summarized in
table 1.8.

For the reasons described above, the IZINCG SC
concurred with the FNB/IOM that total diet studies
of zinc absorption provide the most valid estimates
of dietary zinc absorption. Further, the IZINCG SC
felt it was important to consider differences in zinc
absorption based on diet type and dietary content of
known enhancers and inhibitors of zinc absorption,
as done by the WHO, because—on the basis of their
higher content of inhibitors of zinc absorption [127]—
diets consumed habitually by a large proportion of the
global population would be expected to have a lower
fractional absorption of zinc than the diets considered
by the FNB/IOM committee to establish their estimates.
As a further step to ensure the appropriateness of the
absorption estimates for internationally representative
diet types, the IZINCG SC rejected absorption studies
that included semi-purified diets or other diets that
included exogenous sources of zinc in the form of zinc
salts. These types of diets do not represent typical diets
consumed by populations, and the zinc absorption is
expected to be higher from liquid formulas than from

solid food matrices [128], and possibly higher from
soluble zinc salts added exogenously than from an
equivalent amount of zinc endogenous to the food. It
also appeared unnecessary to exclude zinc absorption
data derived from studies of women because the same
regression curve is used to derive the zinc absorption
estimate for both men and women. Finally, as the
absorption estimates are intended for international
use, geographic restriction on the origin of studies is
unnecessary. Therefore, the selection criteria for the
present IZiINCG analysis included the following: (1)
radio- or stable-isotope studies that estimated true zinc
absorption from total diets by correcting for intestinal
losses of endogenous zinc; (2) studies of typical
mixed, refined vegetarian, or unrefined, cereal-based
diets, but not those that used semi-purified formula
diets or diets with exogenous zinc salts added; and (3)
studies with male or female adults, with no geographic
limitations.

Initially, 17 data points from 11 published articles
meeting the above criteria were identified. Information
on the content of zinc, phytate, protein, and calcium
of the study diets was derived either from the
published article, by estimation from the published
food composition of the study diet using a dietary
assessment program, and/or from unpublished
information obtained from the authors. Zinc and
phytate contents of the study diets were available for
15 studies, and, calcium and protein contents were also
available for 12 of these studies. The 15 data points,
derived from 9 separate published articles, for which
at least zinc and phytate contents were available were
used in the final analyses [14, 110-115, 129, 130]. The
diet types represented by these studies are summarized
in table 1.8.

Data for these four dietary factors were log trans-



S116

Chapter 1

formed and a logit regression model was used to
describe their relationship with the percentage of
zinc intake that was absorbed. The logit model was
used because, unlike the logarithmic transformation,
it constrains predicted zinc absorption to between 0
and 100%. Neither protein nor calcium added signifi-
cant predictive power, so the final model (r? = 0.413,
p < 0.001) included only zinc and the phytate:zinc
molar ratio, both of which were highly significant
predictors of percent zinc absorption. Therefore, it
appears to be valid to continue to use the phytate:zinc
molar ratio to define diet types, with respect to zinc
absorption. The prediction equation for proportion
of absorbed zinc given as a fraction, using the dietary
phytate:zinc molar ratio and zinc content derived from
this model is*:

Logit = 1.1365-0.6129 X In (mg zinc)
(fraction of .
absorbed 03164 x In ( phytate:zmc )
zinc) molar ratio
and

Fraction of
absorbed =

zinc

exp(logit(fraction of absorbed zinc))

1 + exp(logit(fraction of absorbed zinc))

The range of phytate:zinc molar ratios was divided
into two categories: (1) 4-18, which represents mixed
or refined vegetarian diets, and (2) 18-30, represent-
ing unrefined, cereal-based diets (table 1.8). Using the
prediction equation above, the phytate:zinc molar
ratio was set at the midpoint of the range for the first
diet category (i.e., 11) and then at the midpoint for
the second diet category (i.e., 24), and the percent
absorption of zinc associated with each level of total
zinc intake between 4.2 and 16.5 mg (i.e., the range of
values for zinc in the diets of the studies included in the
analysis) was used to calculate the associated amounts
of absorbed zinc. Curves were then generated show-
ing the relationship between total zinc intake and
absorbed zinc for the two diet categories (figure 1.5).
Using these curves and the physiologic requirement for
absorbed zinc of adult men (2.69 mg zinc/day) and
women (1.86 mg zinc/day), as described in section
1.5, the amount of total zinc intake needed to meet
this requirement was determined for each diet type, as
shown in figure 1.5; this amount represents the dietary
requirement. The percent zinc absorption represented

* This prediction equation may be used to estimate frac-
tional zinc absorption from adult diets. However, because the
equation is dependent on total zinc intake it may not provide
accurate estimates of fractional absorption from children’s
diets given that their dietary requirements and usual intakes
are lower than for adults.

Men
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FIG. 1.5. Derivation of the estimated average requirement
for men and women and the critical level of zinc absorption
for mixed/refined vegetarian diets (P:Z = 11)and unrefined
cereal-based diets (P:Z = 24), using the association between
total zinc intake and absorbed zinc for each diet type and
the physiologic requirement. Top panel is for men. Bottom
panel is for women.

at this level of intake is referred to as the “critical” level
of absorption. For example, the critical absorption level
of an adult man consuming a mixed diet is calculated as
1.86 mg zinc/day (physiologic requirement) + 10.4 mg
zinc/day (dietary requirement) X 100% = 26%. Follow-
ing this example, the calculated critical levels of zinc
absorption were 26% for men and 34% for women for
mixed/refined vegetarian diets, and 18% for men and
25% for women for unrefined, cereal-based diets.**
These estimates of zinc absorption should be consid-
ered as tentative until further data are available from a
wider range of diet types, particularly from unrefined
diets with a high phytate:zinc molar ratio (i.e., > 18),
for which we identified only one data point from total
diet studies of zinc absorption in adults. Notably, the
estimate for zinc absorption from mixed or refined

** The figures for zinc absorption which correspond to
the amount of ingested zinc needed to meet the physiologic
requirements of adult men and women with the higher refer-
ence body weights assumed by the FNB/IOM committee (i.e.,
men 75 kg and women 65 kg) are 24% for men and 31% for
women consuming mixed/refined vegetarian diets and 16%
for men and 22% for women consuming unrefined, cereal-
based diets.
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vegetarian diets in the present report is not as high as
the estimate made by the FNB/IOM committee (41%)
for North American diets or the upper estimate made
by the WHO committee (50%) for highly refined diets,
likely due to the IZINCG SC’s exclusion of data from
semi-purified formula diets.

The IZiNCG SC felt that there was no justification
at this time for assuming different levels of zinc
absorption for different age groups, and therefore
the mean of the absorption figures for adult men and
women from each diet type were applied to children
1-18 years of age (i.e., 31% absorption from mixed/
refined vegetarian diets and 23% from unrefined,
cereal-based diets). The FNB/IOM committee applied
lower figures for the critical absorption level for
children than they used for adults. However, these data
for children were based on results from only two studies
of zinc absorption from single meals, and the average
absorption from these two studies was 30%, similar
to the absorption level that the IZINCG SC derived
for adults consuming mixed or refined vegetarian
diets. The WHO committee did not propose different
levels of zinc absorption for pregnant or lactating
women. The FNB/IOM committee concluded that
zinc absorption is not increased significantly during
pregnancy. This conclusion was based on the results
of one study in which zinc absorption was measured
in women prior to conception and at 24-26 weeks and
34-36 weeks of gestation [12], with average zinc intakes
of 15 mg/day throughout the study. In that study, the
slight increase from 15% absorption at preconception
to 19% absorption during pregnancy was statistically
insignificant. Although these results do not exclude
the possibility that zinc absorption is increased during
pregnancy in women with lower zinc intakes, the
IZiINCG SC concurs with the FNB/IOM committee
that there is insufficient evidence to suggest a higher
level of zinc absorption for pregnancy. Therefore, the
IZiNCG SC also felt it was reasonable to apply the
same zinc absorption estimates for pregnant as well as
non-pregnant women, for each diet type. On the other
hand, it does appear that zinc absorption increases
significantly during lactation [12, 131-133]. In the
study by Fung et al. [12], for example, absolute zinc
absorption was increased by 10% among healthy, North
American, lactating women who ingested 15 mg zinc
per day from a combination of diet and supplements,
compared to a non-pregnant, non-lactating, control
group. The FNB/IOM committee suggested a level of
absorption for lactating women that was 10% greater
than that determined for pregnant women above (i.e.,
27% + 10%), on the basis of the study by Fung et al.
[12]. The study by Moser-Veillon et al. [131] reported
a mean zinc intake of 8.0 mg/day by lactating women
with 15% higher zinc absorption than measured in
non-lactating women, and the study by Sian et al.
[133] reported a mean zinc intake of 7.6 mg/day by

lactating women, and a 19% greater absolute zinc
absorption than determined in a separate study of non-
lactating women. As there is insufficient information
to determine whether these lactating women were
meeting their zinc requirements, it is preferable to
assume the figure of 10% increased absorption, as
determined by Fung et al. [12]. Therefore, the IZINCG
SC estimated zinc absorption during lactation as 44%
(> 19 years of age) and 40% (14-18 years of age) for
those consuming mixed or refined vegetarian diets and
35% (> 19 years of age) and 32% (14-18 years of age)
for those consuming unrefined, cereal-based diets.

Recommended derivation of the estimated average
requirements

The estimates for absorption can now be applied to the
physiologic requirements for absorbed zinc to derive
EARs and Recommended Daily Allowances (RDA) for
dietary intakes of zinc. The derivation of these Dietary
Reference Intakes and their uses are described in the
following paragraphs.

Different types of dietary reference intakes are
derived depending on whether they are being used
to assess the intakes of individuals or populations.
Methods for calculating these reference intake values
and their uses have been described previously by the
FNB/IOM Dietary Reference Intake Committees [11],
and the same terminology and methods are applied
here. The EAR and the RDA for zinc developed by the
IZiINCG SC for the purpose of international applica-
tion are presented below. The upper limits for zinc
intakes will be discussed in section 1.7.

The EAR represents the mean dietary requirement,
or the dietary intake level at which 50% of individu-

TABLE 1.9. Revised estimated average requirement (EAR) for
zinc by life stage and diet type, as suggested by IZINCG

Revisions suggested
by IZiNCG for EAR
for zinc (mg/d)
Reference | Mixed or
body refined | Unrefined,
weight vegetar- cereal-
Age Sex (kg) ian diets |based diets
6-11 mo M+F 9 3 4
1-3yr M+F 12 2 2
4-8yr M+F| 21 3 4
9-13 yr M+F 38 5 7
14-18 yr M 64 8 11
14-18 yr F 56 7 9
Pregnancy F — 9 12
Lactation F — 8 9
=19yr M 65 10 15
=19yr F 55 6 7
Pregnancy F — 8 10
Lactation F — 7 8
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als would meet their physiologic requirement. The
EAR is thus derived by dividing the mean physiologic
requirement for absorbed zinc by the estimated aver-
age absorption of zinc. For example, the EAR for adult
women (55 kg) consuming unrefined, cereal-based
diets would be calculated as: 1.86 mg absorbed zinc/day
+ 0.25 = 7.4 mg zinc/day, and rounded to 7 mg/day.
The EAR for all age, sex, and life stage groups is given
in table 1.9, for both mixed/refined vegetarian diets and
for unrefined, cereal-based diets.

For consideration of breastfeeding infants 6—12
months of age, the FNB/IOM committee assumed that
50% of zinc in breastmilk is available for absorption
[134] and that the average breastmilk consumption
is 0.76 L/day. The amount of zinc required from
complementary foods was then determined by
difference. The EAR for breastfed children was
calculated as the amount of zinc acquired from
breastmilk plus the amount of zinc required from
complementary foods, assuming 30% zinc absorption
from the complementary diet. The WHO committee
assumed that the absorption of zinc from breastmilk
was 80%, although this estimate was not based on
direct measures of absorption, and estimates of zinc
intake from breastmilk in exclusively breastfed infants
were derived from a single study of infants 1-3 months
of age [135]. The IZiNCG committee used a similar
approach as the FNB/IOM committee and also assumed
50% absorption of zinc from breastmilk. However,
different estimates for average breastmilk consumption
and milk zinc concentrations were used in each age
group, as described in section 1.5 (table 1.6). Using
these figures, the calculated total zinc requirements
are somewhat lower than those that are derived when
it is assumed that all dietary zinc is derived from
complementary foods. The IZiNCG SC felt that it
is unnecessary to provide two different sets of EARs
for breastfed or non-breastfed children. Therefore,
the slightly higher EARs, calculated assuming that all
dietary zinc is derived from non-breastmilk sources, is
provided in table 1.9.

The EAR has two primary uses, both of which apply
to assessing the adequacy of dietary zinc intake by
populations. First, the EAR can be used to evaluate the
risk of inadequate intakes by a population by determin-
ing the proportion of the population whose intakes fall
below the EAR. Second, the EAR may also be used for
setting a recommended mean intake for a population
(considering the observed variation in intakes of the
population), such that only a small proportion of the
population’s intakes fall below the EAR. The application
of the EAR in assessment of adequacy of zinc intakes
by populations will be discussed in further detail in
section 2.3.1, which describes methods to estimate the
risk of inadequate zinc intakes.

Recommended derivation of the recommended daily
allowances

It is not possible to know the true nutrient require-
ments of a particular individual, as these vary among
individuals. However, when the normal variation of a
physiologic nutrient requirement is known, the recom-
mended intake level of that nutrient can be set at two
standard deviations (SD) above the EAR. When cal-
culated as such, almost all individuals (97.5%) whose
intakes meet or exceed the recommended amount
for any given nutrient will theoretically meet their
physiologic requirement. This recommended intake
level used for the purpose of individual assessments
is commonly referred to as the RDA. The FNB/IOM
committee has set RDAs for zinc. As for all nutrients for
which adequate information on requirement distribu-
tions does not exist, zinc requirements were assumed to
vary by £ 10% (i.e., the coefficient of variation (CV) of
the requirement distribution is 10%) and the RDA was
thus set as 120% (mean + 2 SD) of the EAR. The 1996
WHO report did not attempt to estimate the variability
in zinc requirements. However, the more recent 2002
report assumed that the CV for zinc requirements was
25%, although the rationale for this assumption can
be challenged. This estimate was based on two com-
ponents. First of all, it was assumed that variation in
the physiologic requirement for zinc is similar to that
for protein (i.e., 12.5%) because both are related to
tissue turnover and growth. An additional 12.5% was
then added to account for variation in zinc absorption,
resulting in an assumed total variability of £25%, and
the RDA was set at 150% of the EAR. Nevertheless it
could be argued that the variation in protein digest-
ibility is incorporated in the figure for variability in
protein requirements, which was used as the basis for
the estimate of the variability in zinc requirements, so
it may not be justifiable to increase the estimate further
to account for variation in zinc absorption. For this
reason, the IZINCG SC concluded that an estimate
of £12.5% for the variability in the zinc requirement
might be more appropriate, and that is the figure that
is adopted for the present report. The assumptions of
each respective committee regarding the inter-indi-
vidual variation in zinc requirements for women are
the same as those for men.

The RDA for dietary zinc intakes was thus calculated
as the EAR plus two times the CV (2 X 12.5), and is
equivalent to 125% of the EAR. The RDAs for dietary
zinc intakes derived by the IZINCG SC are presented in
table 1.10 for each sex and life-stage group. It is note-
worthy that there is a negligible difference in the result-
ant RDAs when the CV of the physiologic requirement
is assumed to be 10% vs. 12.5%.
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TABLE 1.10. Revised recommended dietary allowances
(RDAs) for zing, by life stage and diet type, as suggested by
IZINCG

Revisions suggested
by IZiNCG for RDA
for zinc (mg/d)
Reference | Mixed or
body refined |Unrefined,
weight | vegetar- cereal-
Age Sex (kg) ian diets |based diets
6-11 mo M+F 9 4 5
1-3yr M+F 12 3 3
4-8 yr M+F 21 4 5
9-13 yr M +F 38 6 9
14-18 yr M 64 10 14
14-18 yr F 56 9 11
Pregnancy F — 11 15
Lactation F — 10 11
=19yr M 65 13 19
=19yr F 55 8 9
Pregnancy F — 10 13
Lactation F — 9 10

1.7 Zinc toxicity

Individuals may be exposed to high intakes of zinc,
either through supplemental zinc or by contact with
environmental zinc. Overt toxicity symptoms, such as
nausea, vomiting, epigastric pain, diarrhea, lethargy and
fatigue, may occur with acute, high zinc intakes [136].
Approximately 225-450 mg zinc is known to produce
immediate vomiting in adults. Short-term exposure to
very high levels of contaminant zinc (> 300 ppm) from
the improper storage of food or beverages in galvanized
vessels has caused acute gastroenteritis [136]. After
receiving 150 mg zinc/day for six weeks, 26/47 human
subjects reported gastrointestinal disturbances
(abdominal cramps, nausea, and vomiting) [138].
Chronic overdosage of zing, in the range of 100-300
mg zinc/day for adults, may induce copper deficiency
[139] and alterations in the immune response
and serum lipoprotein levels [140]. Some of these
disturbances may also occur at lower doses (i.e., 50
mg zinc/day), although the data are conflicting and
require confirmation [141-144]. Doses of 25-35 mg
zinc/day in adults do not appear to pose a health
hazard [145]. Intakes as low as 50 mg supplemental
zinc/day affected copper metabolism, as measured by
a decrease in erythrocyte copper-zinc SOD activity
[144, 146]. However, the clinical significance of the
depressed erythrocyte SOD activity is unknown. This
same level of intake also resulted in a decline in serum
ferritin concentration, which did not occur when 50
mg of iron was included with the daily zinc supplement
[144]. Doses between 50 and 160 mg/day lowered the

levels of high-density lipoprotein cholesterol in some,
but not all studies [11, 147]. Among female subjects
in one study who received 100 mg zinc/day, there was
a significant reduction in high-density lipoprotein
cholesterol levels after four weeks [142]. However, these
levels returned to normal after eight weeks, suggesting
that this effect may only be transient. A single case of
a 13-month old child who received 16 mg zinc/day
for six months and 24 mg zinc/day for one month
was associated with copper deficiency attributed to
excessive zinc intake [148].

The WHO/FAO/IAEA Expert Consultation derived
upper limits for zinc intakes [100, 101]. These were
based on the observation that 60 mg of supplemental
zinc/day resulted in adverse interactions with other
nutrients, although the source of these data was not
provided, and it was considered that intakes should
not exceed this amount. After accounting for a 25%
possible variation in population intakes, the upper
limit for males was set at 45 mg/day. Due to the limited
availability of studies that looked at possible adverse
effects of supplemental zinc, the upper limit for adult
males was extrapolated to other age and sex groups
based on differences in metabolic rates. These upper
limits are shown in table 1.11. Although the case report
of the 1-year-old child cited above was not included
in the derivation of these upper limits, the 16 mg/day
intake, after accounting for a 25% possible variation in
intakes, is consistent with the 13 mg/day upper limit
set by WHO [100].

The FNB/IOM committee also established upper
tolerable limits for zinc [11]. This committee also
based the upper limits on the studies that measured
the effect of supplemental zinc intakes on measures
of copper status, including erythrocyte superoxide
dismutase (SOD) activity or the concentration of
copper or ceruloplasmin in serum, but estimated the
upper tolerable limits based on the Lowest Observed
Adverse Effect Level (LOAEL) and the No Observed
Adverse Effect Level (NOAEL). For adults, a LOAEL of
60 mg zinc/day (50 mg zinc/day from the supplement
and an estimated 10 mg/day from the diet) was derived
from the results of the study by Yadrick et al [144],
as described above, and were supported by the data
from Fischer et al. [146]. To take into account intra-
individual variation in this response, an uncertainty
factor of 1.5 was assumed, and this factor was used to
extrapolate the LOAEL (60 mg zinc/day) to the NOAEL
(40 mg zinc/day) for both male and female adults. For
children, the upper limit was based on the results of just
one available study [149]. This study measured serum
copper and cholesterol concentrations in newborn
infants receiving a formula that provided 5.8 mg
zinc/L, compared with a formula with 1.8 mg zinc/L.
No changes in measures of copper status were found
in either group after 6 months. Based on an estimated
consumption of 0.78 L formula/day, the formula with
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TABLE 1.11. Upper limits or no observed adverse effects levels (NOAEL) for zinc intake by life stage,
as developed by expert committees of the WHO [100, 101], the US FNB/IOM [11], and as reviewed

by IZINCG
WHO FNB/IOM Revisions suggested by IZINCG
No observed
adverse
Upper limit Upper limit effect level
Age/sex (mg/d) Age/sex (mg/d) Age/sex (mg/d)
0-6 mo — 0-6 mo 4 0-5mo —
7-12 mo 13 7-12 mo 5 6-11 mo 6
1-3yr 23 1-3yr 7 1-3yr 8
3-6yr 23 4-8 yr 12 4-8yr 14
6-10yr 28
10-12 yr, M 34 9-13yr 23 9-13yr 26
10-12 yr, F 32
12-15yr, M 40
12-15yr, F 36
15-18 yr, M 48 14-18 yr, M 34 14-18 yr, M 44
15-18 yr, F 38 14-18yr, F 34 14-18yr, F 39
18-60+ yr, M 45 =19y, M 40 =19y, M 407
18-60+ yr, F 35 =219yr, F 40 =219yr, F 40¢

a. Represent upper limits.

5.8 mg zinc/L was estimated to provide an average
intake of 4.5 mg zinc/day, and this figure was used as
the NOAEL for infants 0—6 months of age. This was
rounded down to 4 mg zinc/day for the upper limit;
an uncertainty factor of 1 was applied. This upper
limit was then extrapolated to older children based on
differences in reference body weights (section 1.5). The
upper limits derived by the FNB/IOM committee are
presented in table 1.11.

The IZiINCG SC concurs with the upper limit
of 40 mg zinc/day set for adults by the FNB/IOM,
as derived from the LOAEL of 60 mg zinc/day; no
further data on the effects of supplemental zinc
on copper status in adults were found since the
publication of the FNB/IOM report. Unfortunately,
there is a lack of adequate data to better define the
upper limits for children. By definition, the level of
zinc intake described by the NOAEL does not exclude
the possibility that chronic intakes of higher levels
of zinc would also not cause an adverse effect. It is
appears likely that the upper limits proposed by the
FNB/IOM for young children (< 3 years of age) may
be inappropriately low. This presents concern for the
development of interventions to improve zinc intakes
among this age group, because the margin between
the RDA for zinc and the upper limit is rather narrow
(only 0-5 mg zinc/day, depending on age and diet
type). Further, it is apparent that a large proportion
of US children have usual zinc intakes greater than
the IOM/FNB upper limits. For example, the median
intake of zinc by presumably healthy US infants 2-11
months of age from the diet is 5.5 mg/day (with or

without consideration of supplement use) (NHANES
III [150], whereas the upper limit for zinc for children
in this age range set by FNB/IOM was 5 mg/day. The
median zinc intake by children 1-3 years of age in the
United States is 6.3 mg/day from the diet alone, and 6.4
mg/day when zinc supplements are also included, and
the FNB/IOM upper limit for zinc for this age group
is 7 mg/day. Although the proportion of children
with intakes above the upper limit was not reported,
it is likely that about half of children 2-11 months of
age exceeded the upper limit of 5 mg/day and many
children 1-3 years old would have exceeded the upper
limit of 7 mg zinc/day. Given the unlikelihood that the
described toxic effects of excessive zinc intakes occur in
such a large proportion of children from this relatively
healthy, US population, the degree of confidence in the
upper limit is relatively low. Therefore, the IZINCG SC
is unsatisfied with the upper limits presented by the
FNB/IOM for children, as these may have important
implications on recommendations for the design of
intervention strategies to improve zinc status among
young children, particularly where supplements are
used (section 3.1.2). For the reasons described above,
IZiNCG will report only a NOAEL for children to
indicate that insufficient data exists to set an upper
limit with confidence.

Results from two community-based zinc supple-
mentation studies in children have become available
recently, and the IZINCG SC felt it was important to
take these into consideration in the calculation of the
NOAEL. One study was conducted in India among
children 6-30 months of age [151]. For a period of
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4 months, children between 6 and 12 months of age
received 10 mg zinc/day and those 1-2.5 years of age
received 20 mg zinc/day. Plasma copper concentration
was reported to be lower in the group that received
supplemental zinc compared to the placebo group.
The results for plasma copper were not presented
according to age group, however, so it cannot be
distinguished as to what dosage level and which age
group was associated with changes in plasma copper
concentration. The second study was conducted in
Indonesia among children 6 months of age [152], who
were provided with either 10 mg zinc or a placebo for 6
months. In this study, plasma copper concentration did
not differ between the zinc supplemented group and
the control group at the end of the supplementation
period. The results from the Indonesian study may
thus be used to set the NOAEL and derive upper
limits for infants and older children. Considering
unconsumed portions of the supplement monitored
in the Indonesian study, the estimated intake of zinc
from the supplement was 8.2 mg/day. However, as
information was not available on the usual dietary zinc
intake by the infants in the Indonesian study, the total
zinc intake applied to the NOAEL will be somewhat
underestimated. On the other hand, it was noted that
the zinc supplement was provided apart from meals,
therefore possibly avoiding direct interference between
the supplemental zinc and the absorption of dietary
copper or endogenous copper secreted in the intestine
postprandially. Given that some further interference of
the supplement with copper absorption may occur if
supplements are consumed with a meal, an uncertainty
factor of 1.5 was applied. Based on the average zinc
intake from the supplement of 8.2 mg/day, and the
mean body weight between baseline and the end of
the study of 7.9 kg, the zinc intake was equivalent
to 1.0 mg/kg body weight/day, or 0.7 mg/kg/d when
considering the uncertainty factor of 1.5. This figure is
then applied to the reference body weights for children
to derive the NOAEL (table 1.11).

Reporting of the NOAELs for children does not
preclude studies of possible adverse effects of higher
intakes of zinc, with the caveat that appropriate moni-
toring is included. Indeed, further prospective studies
of the possible adverse effects of varying levels of sup-
plemental zinc are urgently required to improve the
derivation of upper limits for total zinc intakes, par-
ticularly among children. Several issues, however, must
be considered and controlled for in the design of such
studies to facilitate the interpretation of results, includ-
ing: (1) the proportion of zinc acquired from the diet
versus zinc derived from pharmacologic supplements;
(2) the comparative effects of zinc on copper status
when supplemental zinc is taken with copper-contain-
ing meals, or between meals; (3) if supplemental zinc is
taken with meals, the estimated bioavailability of zinc
based on the phytate:zinc molar ratio of the usual diet

of the subjects involved; and (4) the baseline copper
status and copper intake of individuals and the pos-
sible influence of infections on biochemical indicators
of copper status.

1.8 Causes of zinc deficiency and groups at
high risk

Development of zinc deficiency can be attributed to at
least five general causes occurring either in isolation
or in combination. These include inadequate intake,
increased requirements, malabsorption, increased
losses, and impaired utilization [153]. The conditions
or circumstances underlying these mechanisms are
described below.

Inadequate dietary intake of absorbable zinc is likely
to be the primary cause of zinc deficiency in most
situations. This may result from a combination of low
total dietary intake, heavy reliance on foods with a low
zinc content and/or with zinc that is poorly absorbable.
Several estimates of dietary zinc intakes indicate that
inadequacy of intakes is widespread, occurring across a
wide variety of geographical areas and dietary patterns
[154, 155]. Low intakes of absorbable zinc are further
exacerbated by physiologic or pathological conditions
that lead to greater requirements for zinc (per kg body
weight). The physiologic and pathologic conditions
associated with elevated zinc requirements place
individuals in these subgroups at an increased risk
of zinc deficiency; these subgroups are described in
further detail below.

Malabsorption of zinc may result from a number
of different conditions. For example, acrodermatitis
enteropathica is a rare genetic defect that specifically
affects zinc absorption (section 1.4). Certain disease
states, such as malabsorption syndromes and
inflammatory diseases of the bowel, may result in
poor absorption and/or losses of zinc from the body.
Hence, these conditions may precipitate secondary
zinc deficiency states, particularly in the presence of
marginal dietary zinc intakes [156]. Certain drugs, such
as phenytoin and tetracycline, are also noted to reduce
the absorption of zinc [157]. Several studies suggest
that zinc absorption is antagonized by pharmacologic
doses of iron which would result from competitive
interaction between these elements [12, 158—160].

Impaired utilization of zinc may occur as a result
of administration of certain drugs (e.g., ethambutol,
halogenated 8-hydroxyquinolines, penacillamine) that
chelate zinc systemically and make it less available for
use by tissues [156]. Presence of infection in general
results in sequestration of zinc in the liver [161], and
decreased circulating levels of zinc, which will reduce
the availability of zinc to other tissues. In response
to infection-induced secretion of cytokines, such
as interleukin-1 and tumor necrosis factor—alpha,
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by monocytes and activated macrophages, there
is increased hepatic synthesis of metallothionein
(MT), an intracellular metal-binding protein [162],
and subsequently increased hepatic uptake of zinc
and reduction in serum zinc concentration. It is not
known whether these alterations in zinc metabolism
may benefit the host by making more zinc available
for particular processes in the liver or by reducing zinc
availability in the peripheral blood.

Certain disease states or conditions that result in
increased losses of endogenous zinc from the body
include chronic renal disease, trauma, prolonged bed
rest, and other conditions associated with bone or
muscle atrophy. As the secretion and re-absorption of
endogenous zinc in the intestine are key mechanisms
in maintaining zinc homeostasis, conditions that
perturb intestinal function or the integrity of the
intestinal mucosa may have profound effects on the
body’s ability to maintain zinc status. For example,
endogenous zinc losses are increased in infants with
cystic fibrosis [163], and fecal zinc excretion is elevated
during acute diarrhea [164]. However, it is unclear
to what extent the increased fecal zinc represents
unabsorbed dietary zinc or zinc of endogenous origin.
Because diarrheal disease is a common infection in
many lower-income countries, the possible effects of
diarrhea on endogenous zinc depletion merit further
study and quantification. Not only does zinc deficiency
appear to augment the susceptibility to, and severity of,
childhood diarrhea, but increased losses of endogenous
zinc that occur during diarrhea may further deplete
body zinc and propagate a cycle of diarrhea and further
zinc depletion. Two studies of zinc homeostasis in
Malawian children have demonstrated unusually
high intestinal losses of endogenous zinc, even among
apparently healthy children [165, 166]. While the
causes of these increased losses were not identified, it
was speculated that this may be attributed in part to
poor intestinal health and may parallel the occurrence
of poor intestinal permeability, which is consistently
observed in lower-income populations [167], including
infants [168]. Further measures of intestinal losses of
endogenous zinc among populations living in areas
with high exposure to environmental pathogens are
needed to determine whether this phenomenon is
widespread and to what extent it may contribute to
zinc deficiency.

Population subgroups at increased risk of zinc
deficiency

Population subgroups with particularly high risks of
zinc deficiency can be identified on the basis of their
age and physiologic status or the presence of particular
pathologic conditions, as described in the following
sections.

Infants and young children

Theoretical estimates of zinc requirements suggest that
exclusively breastfed infants of mothers with adequate
zinc nutriture can satisfy their zinc requirements for
the first 5-6 months of life [120]. This is well supported
by experimental evidence [169-172]. However, after
approximately six months of age, it is unlikely that
breastmilk alone can supply sufficient zinc to meet
infants’ needs [120, 173]. Therefore, if the introduction
of complementary foods to breastfed infants is delayed
until after six months of age, or if the complementary
foods introduced contain inadequate amounts of
absorbable zinc, infants will be at increased risk of
zinc deficiency. In many lower-income countries,
cereals or starchy roots or tubers are used as the basis
for complementary foods and these foods often have
a low content of total or absorbable zinc. Thus, the
complementary diet fails to meet the estimated needs
for zinc [174].

Conversely, the premature introduction of other
food sources will reduce net zinc absorption if these
foods displace breastmilk, have a lower concentration
of absorbable zinc than breastmilk, and/or contain
substances like phytate, which may interfere with
absorption of zinc from breastmilk [175]. Notably,
one zinc supplementation trial of non-exclusively
breastfed infants of African immigrants to France
found that those infants who received supplemental
zinc for 3 months beginning at 4-9 months of age
had increased weight gain and linear growth, possibly
because the foods that had been introduced in
addition to breastmilk had an adverse effect on total
zinc intake and/or absorption [119]. This combined
set of results suggests that premature introduction of
complementary foods may impose an increased risk of
poor zinc status in early infancy.

Adolescents

Physiologic requirements for zinc peak during
adolescence at the time of the pubertal growth spurt,
which generally occurs in girls between 10-15 years,
and in boys between 12—15 years. Even when the
growth spurt has ceased, adolescents may require
additional zinc to replete tissue zinc pools depleted
during puberty [176].

Pregnant and lactating women

Increased nutritional demands during pregnancy
and lactation predispose women to developing zinc
deficiency. These demands are greater for lactation
than for pregnancy, although physiologic adjustments
in zinc absorption help to meet the needs for lactation
[72]. Smoking and alcohol abuse during pregnancy
may also reduce the amount of zinc available for
fetal development by compromising blood flow,
and therefore transfer of zinc, to the placenta. As
noted above, several studies have indicated that
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iron supplements reduce the absorption of zinc [12,
158-160]. All of these studies were conducted in
pregnant and/or lactating women and included either
prophylactic or therapeutic doses of iron ranging from
60 to > 200 mg/day. Where dietary intakes of zinc are
low, supplemental iron, in dosages as low as 60 mg/
day, may prevent women from meeting their increased
needs for zinc during pregnancy and lactation [160].

Elderly

Dietary surveys indicate that zinc intakes in the elderly,
even in higher-income countries, are often inadequate
[177]. Zinc deficiency among the elderly has been
reported in various countries, and senior citizens
living in nursing homes appear to be at increased risk
[178]. A number of factors may contribute to the risk
of poor zinc nutrition among the elderly, including
reductions in total food intake due to reduced mobility,
decreased energy needs, and possibly depression, and
low intakes of zinc-rich foods, such as meat, poultry,
or fish due to poverty or physical disabilities (e.g.,
swallowing and dental problems). Low zinc intakes
may be compounded if efficiency of zinc absorption
decreases with age, as has been suggested by some
[179—181], but not all [182], investigators.

Low-birthweight infants

Low-birthweight infants have a reduced size at
birth, and hence a smaller content of hepatic zinc
metallothionein, which reportedly acts as a zinc reserve
in young infants [117]. For low-birthweight infants
born prematurely, their body zinc content at birth will
be further compromised because more than two-thirds
of the zinc is transferred during the last trimester of
pregnancy [183]. Moreover, preterm infants may
have reduced absorption because of their immature
gastrointestinal tract. These impairments result in
elevated zinc requirements during the neonatal period,
although specific requirements for these infants have
not been established.

Malnourished infants and children

The dietary requirements for zinc in malnourished
children are estimated to be between 2 and 4 mg/kg/
day, depending on the volume of food intake and rate
of growth [184]. These zinc requirements are markedly
higher than those estimated for healthy children (e.g.,
0.17 mg zinc/kg/day for children 1-3 years of age;
table 1.9), presumably due to prior zinc depletion,
the need for zinc for tissue synthesis, problems of
malabsorption due to changes in the intestinal tract,
and possibly increased losses due to diarrhea.

1.9 Summary

Due to the multiple biologic functions of zinc and

its ubiquitous distribution in human tissues, there is
a broad range of physiologic signs of zinc deficiency,
which may vary depending on the affected individuals’
sex and stage of the lifecycle. The functional effects
of zinc deficiency have been determined primarily
through community-based zinc supplementation trials
and clinical studies of individuals with acrodermatitis
enteropathica, children with severe malnutrition,
and the elderly. The adverse consequences of zinc
deficiency include the following: (1) impaired
immunocompetence and increased prevalence and
incidence of childhood infections, such as diarrhea
and pneumonia, which may result in increased rates
of mortality; (2) impaired growth and development
of infants, children and adolescents; and (3) impaired
maternal health and pregnancy outcomes. These
complications of zinc deficiency may be better defined
when the specific biochemical mechanisms that link
zinc status to these outcomes are elucidated.

Although other factors may contribute to the
development of zinc deficiency, inadequate dietary
intake of absorbable zinc is likely to be the most
common cause. The adequacy of zinc intake is
affected by the presence of dietary factors that inhibit
zinc absorption, primarily the phytate:zinc molar ratio.
Diets based largely on unprocessed cereals or tubers and
negligible amounts of animal source foods increase the
dietary requirements for zinc, and therefore heighten
the challenge of acquiring an adequate amount of zinc
from the diet. It is also recognized that zinc deficiency
in many populations may be attributable to underlying
social and economic problems, such as poverty, poor
quality food supply, lack of nutrition education, and
elevated exposure to pathogens because of poor
environmental sanitation and/or personal hygiene. The
identification of high-risk groups within populations
on the basis of socio-demographic variables is covered
in section 2.5.

Groups at increased risk of zinc deficiency include
those with high requirements for zinc and those for
whom other factors make it difficult to acquire diets
with adequate zinc content. These high-risk groups
include pre-term infants, small-for-gestational-age
term infants, young children after the period of exclu-
sive breastfeeding, children presenting with and recov-
ering from malnutrition, adolescents, pregnant and
lactating women, and the elderly. Based on the large
body of evidence for positive effects of supplemental
zinc on multiple outcomes of concern to public health,
it is evident that similar benefits would be realized in
programs designed to improve zinc intakes among
those at high risk for zinc deficiency. Identification
of nutritional zinc deficiency and its specific causes
has therefore become a growing concern for public
health planners. Methods to estimate the risk of zinc
deficiency in populations and strategies for improving
zinc status are considered in the following chapters.
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There are still a number of zinc-related issues
for which additional research is needed: (1) the full
range of functional consequences of zinc deficiency,
(2) zinc requirements and safe upper limits of zinc
intake, and (3) zinc absorption from mixed diets. New
information on the functional consequences of zinc
deficiency would be useful to motivate greater interest
in the likely benefits of zinc intervention programs and
to define the full range of conditions for which such
interventions might be helpful. Additional research
on zinc requirements is needed to provide relevant
information for different population subgroups, as
defined by age, sex, and physiologic status. For example,
more information is needed on the quantitative
losses of endogenous zinc from different sites to
define physiologic requirements more precisely for
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