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Introduction
Zinc is a trace element that is essential to all forms of life.
Among the trace elements, it is second in abundance to
iron in the body. Unlike iron and copper, zinc cannot be
oxidized or reduced in biologic systems. Rather, in its sta-
ble divalent cation form in the body, zinc complexes with
nitrogen, sulfur, and oxygen molecules on the side chains
of amino acids to form a stable tertiary conformation and
thereby confers protein structure and in some cases cata-
lytic function. For example, there are several hundred zinc
metalloenzymes identified to date. In some, such as car-
bonic anhydrase, carboxypeptidases, and alkaline phos-
phatase, zinc is directly involved in enzyme catalysis. In
others, such as transcarbamylases and alpha-amylase, zinc
is necessary to maintain protein structure. In still others,
such as aminopeptidases, zinc regulates enzyme activity.
Zinc also plays an important role in gene expression. Some
transcription factors, steroid and thyroid hormone recep-
tors, and RING (really interesting new gene) finger pro-

teins (eg, breast cancer gene BRCA1) have two or more zinc
finger motifs that bind to DNA. The most common zinc
finger motif in transcription factors consists of a short
sequence of amino acids (about 25) that contains two cys-
teine and two histidine residues that bind to a zinc atom.
Tandem repeats of this sequence determine the number of
zinc fingers formed. The zinc atoms of zinc finger proteins
are critical for folding into the finger-like conformations
that complex with DNA.

Overall, hundreds of zinc-dependent proteins partici-
pate in intermediary metabolism, DNA and RNA synthesis,
gene expression, and hormonal homeostasis. Given the
vast number of biochemical pathways involved, manifesta-
tions of zinc deficiency are often protean (such as anorexia,
growth failure, skin rash, and neuropsychiatric problems)
and difficult to distinguish from other vitamin, mineral, or
protein-calorie deficiencies.

Zinc Food Sources and Bioavailability 
Meats, shellfish (especially oysters), and whole grains are
the richest source of zinc in the diet. Vegetarian diets that
consist predominantly of fruits and vegetables have a low
zinc content. Diets containing cereal as the main staple are
high in phytates (inositol hexaphosphates), which chelate
zinc and decrease its bioavailability. Adults ingest about 8
to 15 mg of zinc each day in their diet; the elderly, on aver-
age, ingest less. The recommended daily allowance of zinc
is 15 mg for men and 12 mg for women. Breast milk is a
rich source of zinc. Infants are at risk for zinc deficiency at
the time of weaning, when dietary intake may be inade-
quate, and in rare inherited diseases of impaired zinc excre-
tion in breast milk or impaired zinc intestinal absorption. 

A number of factors affect the bioavailability of zinc.
Phytates, high dietary fiber, and oxalate form insoluble
complexes with zinc and decrease its absorption. A
number of ions (Ca2+, Fe2+, Cd2+, and Sn2+), when
given in oral solutions, compete with Zn2+ for uptake in
the intestine. Elemental calcium supplements have been
reported to depress plasma zinc concentrations in
humans [1]. The clinical significance of this finding is
unclear, as manifestations of zinc deficiency did not
occur in the reported study, and balance studies show
that calcium supplementation has no effect on zinc
absorption or excretion [2,3]. Iron decreases 65ZnCl2
absorption in whole-body studies [4,5]. However, iron
does not decrease zinc absorption when 65Zn is admin-
istered as part of a test meal [5]. This finding suggests
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that supplemental iron does not interfere with zinc
absorption from food. Copper does not decrease zinc
absorption in the intestine, but zinc decreases copper
absorption and causes copper deficiency. Factors that
enhance zinc absorption include cysteine, histidine, and
organic acids (citric, acetic, and butyric acid). The mech-
anism by which these ligands enhance zinc absorption
is not known.

Zinc Absorption, Transport, and Body Pools
Zinc is absorbed predominantly in the duodenum and
jejunum. Absorption decreases with age; however, zinc
excretion also decreases with age. Consequently, overall
zinc balance is not affected [6]. Zinc in the intestinal
lumen comes from two sources, the diet (about 10 mg)
and digestive juices (about 3 mg). Pancreatic juice has
the highest concentration of zinc and may contain a
ligand that promotes absorption of zinc in the intestine.
The predominant forms of zinc (free, ligand-bound, and
salt) and their concentrations in the intestinal lumen
after a standard diet have not been measured. The mech-
anism of zinc transport in intestinal epithelial cells is
just beginning to unfold (Fig. 1). A proton-coupled
divalent cation transporter (DCT1) that has substrate
specificity for Fe2+, Zn2+, Cu2+, Cd2+, Mn2+, Co2+, Ni2+,
and Pb2+ has been identified in the brush-border mem-
brane of the proximal small intestines of rats [7••]. It is
not known to what extent this transporter or other pro-
cesses, such as internalization of zinc bound to extracel-
lular ligands or diffusion of the uncharged zinc species
(eg, ZnCl2), contributes to zinc uptake in the intestine
[8]. Development of a specific DCT1 inhibitor will help
resolve this question.   

Once taken into intestinal epithelial cells, zinc binds to
metallothioneins or other intracellular proteins such as
cysteine-rich intestinal proteins and is also transported
into organelles and across the basolateral membrane into
the blood. The zinc transporter ZnT-1 [9], a member of the
family of zinc/cadmium/cobalt transport proteins that
protects cells from metal toxicity, has been localized to the
basolateral membrane of the intestinal epithelial cells of
rats and is a likely candidate for zinc export from cells
[10••]. Another zinc transporter, ZnT-2, has been localized
to intracellular vesicles in rat kidney cells [11••]. ZnT-2
may be important in transporting zinc into vesicles,
thereby protecting cells from zinc toxicity.

Zinc is exported from the basolateral membrane of
intestinal epithelial cells into the mesenteric circulation,
where it binds to plasma proteins, predominantly albu-
min. Protein-bound zinc is then transported via the portal
circulation to the liver, where it is taken up and released
and then distributed to other tissues. In the serum, zinc is
bound predominantly to albumin (about 85%), and to a
lesser extent to a2-macroglobulin (about 16%) and amino
acids (1% to 2%) [12]. Changes in the circulating concen-
trations of these proteins, especially albumin, can dramati-
cally alter plasma zinc levels.

There are no body stores of zinc. Inadequate zinc
absorption causes an immediate decrease in protein turn-
over and cell growth to preserve zinc body pools, which
may rapidly result in signs of zinc deficiency. Muscle may
be broken down to maintain plasma zinc levels with inad-
equate zinc absorption.  

Zinc Excretion
The intestine is the major route of zinc excretion. Stool
losses arise from unabsorbed zinc (dietary and endoge-
nous) and zinc present in sloughed epithelial cells. Smaller
amounts of zinc are lost in urine, desquamated skin, hair
outgrowth, semen, and menses. The amount of zinc lost in
the stool ranges from 1 mg/d on a low-zinc diet to 5 mg/d
on a high-zinc diet. Higher amounts of zinc are lost in
individuals with increased gastrointestinal fluid losses (Fig.
2) [13]. Zinc can also be lost in excess amounts in the
urine. Increased urinary excretion of nitrogen, which hap-
pens in stress (infection, trauma, major surgery, or burns),
is associated with increased urinary loss of zinc. This loss
may be caused by protein catabolism. High concentrations
of amino acids in parenteral nutrition increase the fraction
of amino acid–bound zinc filtered by the kidneys and
result in increased loss of zinc in the urine.       

Conditions Predisposing to Zinc Deficiency
A number of diseases, drugs, dietary substances, and physi-
ologic conditions predispose individuals to zinc deficiency.
These are summarized in Table 1 and in the text below.

Figure 1. Proposed mechanisms for zinc uptake and transport in 
mammalian small intestine. CRIP—cysteine-rich intestinal protein; 
DCT1—divalent cation transporter; Ligand—histidine, cysteine, and 
others. MT—metallothionein; Znt—zinc transporters.
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Dietary deficiency 
Dietary inadequacy is probably the most common cause of
zinc deficiency worldwide. Among the factors that predis-
pose individuals to zinc deficiency are cereal-based diets
high in phytates, malnutrition, alcoholism, anorexia ner-
vosa, and aging. In alcoholics, zinc deficiency may be
caused by a combination of decreased zinc intake and
increased zinc losses in the urine, especially in individuals
with liver disease. There are also physiologic states in
which zinc requirements are increased. These include preg-
nancy, lactation, and infant and childhood growth.

Zinc deficiency has been reported in individuals receiv-
ing parenteral nutrition. Initially, this was due to failure to
include zinc in the solution. However, even when zinc is
added to parenteral solutions, deficiency can occur
through inefficient delivery to tissues or increased losses

from the body secondary to the underlying disease that
warranted parenteral nutrition. Those malnourished
before the initiation of parenteral nutrition may be more
prone to zinc deficiency.

Malabsorptive diseases
A variety of diseases (intestinal and extraintestinal), drugs,
dietary products, and procedures (such as intestinal resection
or bypass surgery) cause nutrient malabsorption. Diseases
that most commonly cause zinc deficiency are Crohn’s dis-
ease, short-bowel syndrome, HIV disease, celiac disease, and
enterocutaneous fistulae. Pancreatic insufficiency may also
cause zinc deficiency. The etiology is poorly understood.     

Diarrheal diseases
The association between zinc deficiency and acute diar-
rheal diseases has been best studied in children. Every year,
about 3 million children worldwide die of diarrheal dis-
eases despite widespread use of oral rehydration solutions.
Children with malnutrition have the highest morbidity
and mortality rates and are more likely to have prolonged
and more frequent episodes of diarrhea. They are also
more likely to be zinc deficient due initially to decreased
dietary intake and then to increased losses in the stool.
Results from studies conducted in a variety of countries
suggest that zinc supplementation lessens the duration and
frequency of diarrheal episodes in children, particularly
those who are malnourished [14,15]. A recent large dou-
ble-blinded, randomized, controlled study in India
showed a similar reduction in the duration (23% reduc-
tion in the risk of continued diarrhea on a given day) and
severity (39% reduction in the mean number of watery
stools per day) of diarrhea in children supplemented with
zinc [16•]. Zinc supplements were started within 3 days of
the onset of diarrhea. The best responses were observed in
children with stunted growth. Equivalent studies have not
been conducted in adults with acute diarrheal diseases.    

Chronic diarrhea caused by infection, inflammatory
bowel disease, hormone-producing tumors, and other con-
ditions causes increased intestinal zinc losses that may
result in zinc deficiency. Zinc deficiency may then worsen
the diarrhea.

Genetic diseases 
Only a few inherited disorders of zinc transport have been
reported in mammals. Acrodermatitis enteropathica is a
rare inherited autosomal recessive disease caused by
decreased intestinal zinc absorption [17]. Infants present
with growth retardation, dermatitis, alopecia, and diarrhea
between three and 18 months of age. Death occurs unless
zinc is supplemented in the infant’s diet. The gene respon-
sible for the disorder has not yet been identified. Plasma
zinc and alkaline phosphatase levels are characteristically
very low. Pharmacologic doses of oral zinc result in rapid
improvement of symptoms, presumably due to the absorp-
tion of zinc by diffusion or another alternative pathway.

Figure 2. Log–log plot of regression analysis of the amount of zinc 
lost in gastrointestinal contents and the weight of the contents. From 
Wolman et al. [13]; with permission.

Table 1. Conditions Predisposing to Zinc Deficiency

Malabsorptive diseases (Crohn’s disease, short-bowel 
syndrome, HIV disease, celiac disease, intestinal bypass)

Enterocutaneous fistula
Pancreatic cutaneous fistula
Chronic diarrhea
Malnutrition
Alcoholism
Cirrhosis
Pancreatic insufficiency
Diabetes
Anorexia nervosa
Cystic fibrosis
Extensive burns
Drugs/dietary substances (phytates, high dietary fiber, 

penicillamine, sodium valproate, diethylene triamine 
penta-acetate)

Nephrotic syndrome
Pica
Parenteral nutrition
Sickle cell anemia
Acrodermatitis enteropathica
Pregnancy 
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Zinc deficiency has been reported in infants of lactat-
ing women who fail to secrete zinc into breast milk but
otherwise have a normal zinc status. Pharmacologic
doses of zinc do not correct the low zinc concentration
in mother’s milk. Consequently, these infants must be
supplemented with zinc. An animal model for this dis-
ease is the lethal milk (lm/lm) mouse [18]. Offspring of
lm/lm mice have stunted growth and dermatitis. They die
unless fostered by normal mothers or given zinc supple-
mentation. Unlike the human disease, zinc supplemen-
tation to lm/lm mothers increases their milk zinc
concentration and can also restore health to the off-
spring. The lethal milk gene was recently cloned and
found to be a zinc transporter (ZnT4) that is expressed
in mammary epithelia and in the brain and has homol-
ogy to ZnT2 and ZnT3 [19••]. Affected offspring with
the lm/lm genotype also develop zinc deficiency in adult
life, suggesting that ZnT4 may be involved in intestinal
transport of zinc as well.       

Clinical Manifestations of Zinc Deficiency
The signs  o f pure zinc def ic iency have been bes t
described in individuals with acrodermatitis enteropath-
ica and in those receiving parenteral nutrition solutions
that lack zinc (Table 2). These individuals present with
growth failure or weight loss, skin rash, diarrhea, hair
loss, impaired taste, visual disturbances, behavioral dis-
orders, recurrent infections, and impaired wound heal-
ing. The rash is characteristically an erythematous, scaly,
pustular dermatitis found around the mouth or on the
nasolabial folds, arms, or groin. A bullous dermatitis
can be seen with severe deficiency. Even mild zinc defi-
ciency has been associated with growth retardation in
children [20]. Most cases of zinc deficiency occur in the
setting of malnutrition, alcoholism, or intestinal malab-
sorptive diseases. In these cases, signs of zinc deficiency
such as skin rash, growth failure, recurrent infections,
and poor wound healing are difficult to distinguish
from signs of protein–calorie malnutrition and other
vitamin and mineral deficiencies.         

How Does Zinc Deficiency Cause Diarrhea?
It has been known for many years that zinc deficiency
causes diarrhea. The mechanism remains unknown. The
histology of the small intestine in humans and animals
with zinc deficiency is for the most part normal. Disaccha-
ridase activity in zinc-deficient rats is normal when the
overall decrease in mucosal protein content is taken into
account [21]. Intestinal permeability is not altered in rats
with select dietary zinc deficiency [22]. However, zinc defi-
ciency may adversely affect intestinal permeability in mal-
nourished animals. Malnutrition causes increased
intestinal permeability to small solutes in guinea pigs [23].
This abnormality can be prevented by treating malnour-
ished animals with pharmacologic doses of zinc.

Intestinal transport abnormalities have been reported
in zinc-deficient animals. Sodium and water transport is
decreased in the small intestine and colon of zinc-deficient
rats when compared to controls, but glucose transport
remains normal [24]. Recent studies show that uroguany-
lin message RNA is upregulated in zinc-deficient rats [25•],
evidence that may link this hormone to the sodium and
water transport abnormalities observed. Uroguanylin, a
natural ligand for the Escherichia coli stable toxin (STa)
receptor (guanylate cyclase GC-C) [26], has been shown to
elevate cyclic GMP concentrations in intestinal epithelial
cells, to inhibit sodium and chloride absorption, and, to a
lesser extent, to stimulate chloride secretion [27]. Urogua-
nylin has been localized to enterochromaffin cells in the
proximal small intestine [28]. These cells have the capabil-
ity of secreting their hormone products basolaterally or
apically. It is not clear why zinc deficiency would cause
upregulation of a secretory hormone that may promote
zinc loss from the intestine and perhaps from the kidney,
where activation of GC-C results in a natriuresis. Normally,
the body conserves zinc when its absorption decreases.
Measurement of uroguanylin protein levels in zinc-defi-
cient animals and humans is necessary to determine the
role of uroguanylin in zinc deficiency–related diarrhea.
Impaired immune function in the gut may play a role in
the etiology of diarrhea due to zinc deficiency, but there are
no studies to support this hypothesis.

Assessment of Zinc Status
No sensitive test exists for the detection of zinc deficiency
(Table 3). A number of factors affecting zinc concentration
in the blood make interpretation of plasma and serum
zinc levels difficult. Severe zinc deficiency, along with a
number of other conditions (ie, infection, stress, steroids,
pregnancy, and hypoalbuminemia), decreases plasma and
serum zinc levels. Hemolysis, contamination with zinc
during blood collection, and fasting may increase plasma
and serum zinc levels. For these reasons, plasma and
serum zinc levels are a poor indicator of zinc status in the
body. Radioisotope tracer studies are the best measure of
zinc status, but they require expertise and radioactive

Table 2. Clinical Manifestations of Zinc Deficiency

Growth retardation
Skin rash
Diarrhea
Hypogeusia
Behavioral changes (apathy, irritability, depression, 

impaired cognition)
Hair loss
Ataxia
Impaired wound healing
Hypospermia
Night blindness
Corneal edema/opacities
Glucose intolerance
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material, which limits their use. Tests for zinc deficiency
that hold the most promise include plasma and erythro-
cyte metallothionein concentrations and stable isotope
studies. These studies are experimental and require further
validation before they can be put into general use. Low
serum alkaline phosphatase levels are associated with
hypozincemia and zinc deficiency. Measurements of alka-
line phosphatase levels have been used to screen children
for zinc deficiency and to follow zinc status in those on
parenteral nutrition [29,30]. This test is inexpensive and
easy to follow with zinc repletion. Functional tests of zinc
status such as dark adaptation, taste acuity, skin testing,
and measurements of wound healing lack specificity. In
individuals predisposed to zinc deficiency, low blood zinc
or alkaline phosphatase levels may be helpful in the diag-
nosis of zinc deficiency. However, until a sensitive test is
developed to assess zinc status, recognition of those at risk
or with clinical manifestations of zinc deficiency remains
the mainstay in diagnosis.

Intestinal Diseases and Zinc Treatment
Individuals with chronic diarrhea or malabsorptive dis-
eases should receive zinc supplementation to prevent defi-
ciency. Zinc should be supplemented according to the
amount lost in diarrhea or intestinal effluent. In adults,
diarrhea or ileostomy effluent contains about 17 mg of
zinc per kg [13]. Proximal small intestinal fluid effluent via
fistula or stoma contains about 12 mg of zinc per kg [13].
Failure to supplement zinc may result in worsening of
intestinal outputs caused by zinc deficiency. Zinc supple-
mentation should also be considered in individuals who
are at risk for zinc deficiency and develop diarrhea
(Table 1). Oral multivitamin and mineral preparations
usually contain 10 to 20 mg of elemental zinc. Zinc sulfate,
220 mg, contains 50 mg of elemental zinc. For adults

receiving parenteral nutrition with gastrointestinal outputs
of less than 300 g/d, 3 to 5 mg of zinc is usually given [13].
In patients with larger gastrointestinal fluid losses, higher
amounts of zinc should be added to the solution, typically
10 to 25 mg/d. Even with zinc supplementation, those at
risk should be monitored for signs of zinc deficiency
because plasma and serum zinc levels do not necessarily
reflect zinc status.   

In children, most studies support a role for zinc in the
treatment of acute diarrheal diseases, particularly in those
who are malnourished. In the largest study conducted, chil-
dren were treated with 20 mg of elemental zinc (as zinc glu-
conate) once a day. However, general use of zinc in the
treatment of childhood diarrheal diseases is not recom-
mended until the optimal dose and form (elemental or as a
multimineral) of zinc and the timing, duration, and compli-
cations accompanying treatment have been established. It is
not known whether prophylactic zinc supplements or foods
fortified with zinc decrease the number of diarrheal epi-
sodes in children. The role of zinc in the treatment of acute
diarrheal diseases in adults has not been studied.

Complications of Zinc Treatment
Copper deficiency is the main complication of prolonged
zinc therapy. Zinc inhibits copper absorption in the intes-
tine. One theory holds that zinc increases synthesis of
intracellular metallothioneins that have a higher affinity
for copper than zinc. Copper bound to metallothioneins is
then lost from the gastrointestinal tract in sloughed epithe-
lial cells. Zinc may also compete with copper for uptake by
DCT1, thereby decreasing copper absorption. Doses of zinc
as low as 18 mg/d interfere with copper absorption [31].
Malnourished individuals with marginal copper status
may be at highest risk for zinc-induced copper deficiency.
The ability of zinc to inhibit copper absorption is so effec-
tive that zinc is the first line of treatment in individuals
with Wilson’s disease, a hereditary disease of excess copper
accumulation in the body.

Zinc has minimal toxicity when compared to other
heavy metals. Elemental zinc doses of 100 to 200 mg/d
have been reported to decrease serum high-density lipo-
protein concentrations, depress immune function, and
cause clinical signs of copper deficiency (such as anemia,
neutropenia, and hair depigmentation) [32]. Doses higher
than 200 mg/d frequently cause nausea and vomiting.
Acute intoxication, arising from doses higher than 500 mg,
can cause epigastric pain, nausea, vomiting, and lethargy.

Conclusions
Zinc deficiency is probably more common than reports
would indicate. This may be due to the lack of a sensitive
assay for its detection and the lack of recognition for signs
of zinc deficiency. Diarrheal and malabsorptive diseases
are important causes of zinc deficiency. In such cases, zinc

Table 3. Laboratory Assays for Assessing 
Zinc Status

Plasma and serum zinc concentration*
24-hour urinary zinc
Erythrocyte zinc content
Leukocyte zinc content
Hair zinc content
Saliva zinc concentration
Nail zinc content
Rectal mucosal zinc content
Serum alkaline phosphatase*
Serum and erythrocyte metallothionein†

Erythrocyte 65Zn uptake study
67Zn, 68Zn, or 70Zn stable-isotope study†

65Zn, 69mZn, or 63Zn radioisotope whole-body study‡

*Useful measure in individuals receiving parenteral nutrition.
†Experimental tests under development.
‡Best test of zinc status. Utility limited by cost, availability, and 
requirement of radioactive isotopes.
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deficiency may then worsen diarrhea. Supplemental zinc
treatment is not without complications, and it should be
targeted to those individuals with signs of zinc deficiency
or those who are predisposed to deficiency. Until the role
of zinc in the treatment of acute diarrheal diseases is fur-
ther clarified, zinc supplementation should not be rou-
tinely given. In those individuals who require long-term
zinc supplementation, intermittent measurements of
plasma zinc levels and monitoring for signs of both zinc
and copper deficiencies are recommended.
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