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Preface

When first approached by Dr. Pooya with his original manu-
script, I was impressed by his detailed description of numer-
ous case studies of older long-term survivors with chronic,
late-diagnosed acrodermatitis enteropathica (AE). These
cases are not a focus of the book that has evolved subse-
quently which is regrettable as they did provide an interest-
ing reminder of a clinical presentation of AE which is not
always recognized and that the presentation or, at least, the
diagnosis may occur over a wide age range. This variation in
age of apparent onset is but one of many variations in the
clinical presentation of AE attributable primarily to multiple
polymorphisms of the SLC39A4 gene.

This book has evolved into a much more comprehensive
review including a history of the recognition of our under-
standing of AE; an up-to-date review of Zn transporters,
abnormalities of which are central to the etiology of zinc
deficiency. The attention directed to the genetics of this disor-
der is very useful, as is the clinical description of cases treated
at the Razi Hospital in Iran over a relatively short time
period which provides some indication of the variation in
clinical presentation.

To a clinician, the outstanding good fortune about AE is
that ever since Moynihan’s observation [1], there has been a
reliable and dramatically effective treatment for this erst-
while, often fatal, disease by early childhood. Prior to the
observation of the efficacy of Zn, a number of remedies, or
rather partial remedies, had been reported, most notably the
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value of diiodohydroxyquin in some but not all patients.
Observation of the potential usefulness of this treatment was
serendipitous, and the reason for its partial success remains a
matter of conjecture. In contrast, with confirmation of
Moynihan’s observation on the efficacy of generous Zn sup-
plements, including our own research in Denver [2-5], it
rapidly became apparent in the early mid-1970s that AE is an
inherited disease of Zn deficiency that could be “cured” by
administering larger quantities of Zn than those normally
required and that relapse could be prevented by lifelong
administration of frequent, if not daily, Zn supplements.
Moreover, this supplement is effective when taken orally, a
fact that will be discussed further below. Together with the
dramatic skin lesions which should alert the clinician to the
possibility of AE and, with possible exceptions, ease of con-
firmation of the diagnosis with a plasma Zn measurement,
this disease progressed from a puzzling, severe often fatal
illness to one that could be treated rapidly and with great
satisfaction to the patient and caregiver.

Though described later, a brief synopsis of the clinical fea-
tures of AE is merited in this preface. The skin lesions are the
outstanding, consistent, clinically evident feature of
AE. Typically most pronounced around the body orifices,
they are also frequently present at the extremities and can be
more generalized. The lesions are most commonly an acute,
erythematous, vesiculobullous, or pustular dermatitis, but
they may also be or progress to chronic hyperkeratotic pso-
riaform plaques. These lesions typically become manifest in
early to mid-infancy, but are delayed if breast-fed. The other
two features quoted as typical of AE are alopecia and diar-
rhea, neither of which is a constant finding, though variable
gastrointestinal symptoms are usually present at diagnosis.
The untreated case typically has a downhill course with pro-
gressive growth failure, frequent infections associated with
multiple defects in the immune system, and, in the pre-Zn
era, often ending fatally in early childhood. Very frequent,
probable consistent features were psychological disorders
which can include lethargy, anorexia, loss of hedonic tone, or
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overt depression. As with skin lesions, the response to Zn
supplementation is apparent within 2-3 days of starting, illus-
trating the importance of Zn for function of the central ner-
vous system. Relatively little detailed attention was directed
to the typical growth failure. No details were recorded <5 %,
but this appears to have been primarily linear growth failure
except for cases that had a fatal outcome in which wasting
was also likely to be evident. The linear growth failure is not
without interest, given the recognized need for Zn for epiph-
yseal growth and the extreme skeletal deformities observed
in large mammals which were zinc depleted. This early evi-
dence of the importance of Zn for linear growth is of greater
recognized importance today, when the short and later asso-
ciated adverse effects of stunting are clearly recognized.

This preface includes an overview of four AE patients
shared by me, a pediatrician, and my colleague Dr Neldner, a
dermatologist at the time when Dr Moynihan’s report
quickly aroused our interest in utilizing the resources of my
micronutrient laboratory at the University of Colorado
School of Medicine. This was an exciting time for us when
there was a strong need to confirm the apparent likelihood
that AE was a genetically determined disease of Zn
deficiency.

In no particular order, the first subject presented to us as a
boy aged 31 months who developed classical skin lesions at
the age of 6 weeks while fed with a cow milk formula.
Diiodohydroxyquin was ineffective, poorly tolerated, and
discontinued. At that time he had skin lesions, total alopecia,
and diarrhea. He was commenced on expressed breast milk,
increasing to 60 oz/day, and had total clinical remission and
was only troubled with intermittent skin lesions and behav-
ioral change until age 31 months when he was first seen by us
and started on Zn. He remained in full remission on Zn and
only had a temporary recurrence when he discontinued his
Zn supplements as an adolescent. The reason for the favor-
able response to expressed breast milk remains unexplained.
This milk will not have a high concentration of Zn, and the
favorable efficiency of Zn absorption from breast milk
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appears to be explicable on the basis of this low concentra-
tion. However, the large quantities of the milk given in this
case could have resulted in a relatively high intake of Zn.

Subject 2 found us at the age of 37 months. She was breast-
fed for 4 months and progressed well. Three weeks after
switching to formula, however, the typical and severe AE skin
rash developed; hair growth was very poor; she became very
irritable and anorectic and had growth failure. She had a very
good response to diiodohydroxyquin, but linear growth
remained poor. Skin lesions reappeared when diiodohy-
droxyquin was discontinued for 2 weeks when first seen by us.
She was then started on ZnSO,.7H,O 50 mg x 2 daily (a little
over 20 mg Zn/day). This was followed by rapid disappear-
ance of all skin lesions and catch-up growth. Her mother was
most impressed, however, with her improvement in hedonic
tone. Apparently her daughter had never been seen to smile,
but within 1-2 days of starting Zn, she was laughing and
overtly happy. We have continued to informally follow this
case for nearly 40 years. She has normal growth and has done
very well academically, working in the health system, with
two normal pregnancies resulting in two very healthy adoles-
cent children. She does, as expected, need to continue her
Zn-sulfate, which for many years has required 225 mg/day
(~40 mg Zn) which has had no adverse effect on copper
status.

The third subject was a girl aged 12 years and 11 months
who developed a rash on the face, followed by the scalp,
hands, and feet at the age of 3 months. Three weeks later,
vomiting and diarrhea commenced, and she became dehy-
drated. The response to diiodohydroxyquin was disappoint-
ing, though diarrhea ceased at age 11 months and she did
survive. When referred to us at 12 years, she had multiple
hyperkeratotic, mildly erythematous patches on the hands,
forearms, elbows, axillae, knees, ankles, feet, and perineum.
The nails were deformed and atrophic with paronychia on
fingers and toes. Cheilosis was evident at the corner of her
mouth, and her tongue was lumpy and scarred. Hair growth
was poor. Photophobia was severe with a punctate keratopa-
thy of both eyes and blepharitis of both eyelids. She was
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stunted with a bone age of 10 years. She was depressed with
little communication. Zn therapy was started at a dose of
50 mg ZnSO,.7H,O x 4 daily reducing to x 3 daily after 2
weeks. Her long-term skin lesions started to improve 2 days
after commencement of the Zn supplement, but took 2
months for these chronic lesions to disappear. During this
period she had become more active, communicative, and
cheerful. Her eye lesions had improved. Our experience with
this subject demonstrated that even chronic lesions of AE at
an older age will respond to Zn supplementation. She also
illustrates the variety of organs that can be affected by AE.

Our fourth subject was an adult woman aged 23 years, a
long-term patient of Dr Neldner’s, who had developed signs
of the disorder at age 1 and 3 months and was “near death”
at age 1.5 years at which point she responded favorably to
diiodohydroxyquin but remained reclusive and depressed.
Two pregnancies resulted in spontaneous abortion, and she
delivered one anencephalic stillbirth, reminiscent of a con-
genital malformation observed in zinc-depleted mice [6].

Three of these four subjects had hypozincemia prior to Zn
therapy which normalized rapidly with therapy. Subject 1
while on breast milk had a level of 64 ug/dL; Subject 2 had a
level of 44 ug/dL while on diiodohydroxyquin. Plasma Zn in
Subject 3 was 30 ug/dL before Zn therapy. Subject 4 had a
plasma Zn of 39 ug/dL when without skin lesions on diiodo-
hydroxyquin. When the later was withheld, a clinical exacer-
bation occurred after 8 days, starting with aphthous ulceration,
quickly involving the skin, paronychia, and depression. There
was rapid remission with ZnSO,.7H,O at 220 mg x 3 daily.
There was rapid clinical remission, and Zn therapy was dis-
continued after 10 days. Remission continued for 5 weeks at
which time her plasma Zn had fallen to <20ug/g.
Diiodohydroxyquin was ineffective in achieving a remission
or a normal plasma Zn, both of which were then achieved
long term with 50 mg ZnSO4.7H20 x 2 daily.

Numerous cases of classical or possible AE have been
referred subsequently, but typically pediatricians now treat
with Zn without further referral after hypozincemia is
confirmed.
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These subjects contribute to our understanding of the
diversity of the clinical features of AE, the characteristic skin
lesions being the only clinical manifestation which should
ensure that consideration of this disease is high in the differ-
ential diagnosis. At that “early time,” the clinical research
directed to these subjects provided very strong support for
the conclusion that AE is a disease attributable to severe Zn
deficiency, which can be treated and clinical remission main-
tained with quantities of Zn higher than those normally
required to meet physiological requirements for this essential
trace mineral.

In addition to the outstanding and quickly indisputable
impact that generous Zn supplements, if maintained, pro-
vided a clinical cure for AE, this discovery has advanced our
understanding of Zn metabolism and homeostasis. The
opportunity to do this came some 20 years later with the rec-
ognition of the multiple roles of newly discovered Zn trans-
porters in maintaining Zn homeostasis within the cell and
within the whole body. These Zn transporters belong to the
ZIP and ZnT families. Several of these are known to act in
synchrony to regulate Zn absorption into the enterocytes,
especially of the duodenum and jejunum, then across these
cells and exiting through the basolateral membrane into the
portal circulation. Special attention has been given to ZIP4
located at the apical surface of the enterocyte. Evidences
from experimental animals support its role in the regulation
of absorption of Zn by decreasing the transcription of the
SLC39A4 gene when bioavailable Zn in the gut lumen is
excessive and increasing the number of ZIP4 transporters
when the available Zn in the gut lumen is inadequate [7]. In
AE, ZIP4 transporters at the apical surface of the enterocyte
are absent or dysfunctional which readily explains the devel-
opment of severe Zn deficiency in early to mid-infancy when
limited Zn stores acquired by the fetus in utero have been
fully utilized.

At this time even in experimental animals, evidence for the
upregulation of Zn absorption by increasing the number of
apical ZIP4 transporters when Zn intake on the apical surface
of enterocytes is restricted is limited. With AE, the apical ZI1P4
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transporters are distorted and in classical severe cases are
completely nonfunctional. The phenotype, including plasma
Zn in untreated cases, gives irrefutable evidence of the central
importance of mucosal surface ZIP4 in active absorption of
physiological quantities of Zn by the enterocyte.

Why then are the clinical effects ameliorated and plasma
Zn normalized with the administration of quantities of Zn
which, especially in young children, are greatly in excess of
normal physiological requirements? The answer may lie in
the presence of a second passive pathway for Zn absorption
through the enterocyte. The existence of this pathway in
experimental animals was hypothesized by several investiga-
tors in the last century who concluded that their experimental
findings could only be explained by the existence of this sec-
ond pathway [8]. This pathway is linear with a relatively low
slope for Zn absorption versus intake. However, at higher,
nonphysiological levels of bioavailable Zn, Zn absorption via
this pathway, about which relatively little is known, will even-
tually result in adequate Zn absorption independently of any
Zn absorbed via the active pathway. The AE phenotype
before and during Zn supplementation is consistent with this
conclusion.
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Chapter 1

History of Acrodermatitis
Enteropathica

Acrodermatitis Enteropathica (AE) is an inherited autoso-
mal recessive disorder which often presents in newborn
infants [1]. This medical condition occurs as a result of muta-
tion of a zinc transporter that affects the uptake of zinc in the
intestine causing a decrease in the level of this elemental
mineral in the blood [2]. Prior to this knowledge, untreated
AE was considered deleterious to the infant’s health and
sometimes even fatal [3, 4]. Today however, the treatment
involves adding zinc supplements to the patient’s diet which
can easily improve the condition [1, 3].

Except for the characteristic dermatitis, the symptoms of this
disorder vary with age of the patient. Severe uncontrollable
diarrhea, mood changes, anorexia, and neurological disorders
are frequently reported in infants. Growth retardation, alopecia,
weight loss, and recurrent infections have also been reported in
toddlers and young children; and spontaneous remission may
happen in adolescence [3]. Moreover, there have also been
reports of mild sporadic cases in which the patient suffered from
ophthalmic, hepatic, and encephalic complications [5].
Interestingly, the signs and symptoms of acquired zinc deficiency
include dermatitis on hands and feet, alopecia, diarrhea, and the
appearance of inflammatory rashes on the skin of face, hands,
feet, and genitals, all of which represent the signs of AE [3].

The disorder was first discovered in 1902 by Wende [5],
and further analyzed in 1936 by Brandt [6]. In 1942, it was
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4 Chapter 1. History of Acrodermatitis Enteropathica

labelled as Acrodermatitis Enteropathica (AE) by Danbolt
and Closs, who proposed a clinical definition for AE, based
on a triad of pathognomonic symptoms composed by acral
and periorifical dermatitis, alopecia, and diarrhea [7].
Subsequently, in 1953 Neldner et al. reported a successful
treatment of AE by diiodohydroxyquin, which was consumed
orally in order to slow the progress of the disease in children
and to prevent fatality in different stages of the disorder [8].
In 1974, Moynahan concluded that AE appeared in patients
who suffer from zinc deficiency and that it could be abolished
by oral zinc supplementation [9]. Prior to this finding, antibi-
otic amphotericin B, which increases intestinal membrane
permeability to divalent cations, was used to treat the symp-
toms of this disorder [10].

Moynahan suggested that the absence of an enzyme called
oligopeptidase in the intestine was responsible for the decreased
serum zinc levels observed in AE patients [9]. Oligopeptidase is
secreted by enterocytes for the degradation of proteins and
Moynahan proposed that its absence resulted in the accumula-
tion of oligopeptides which then would chelate with zinc, reduc-
ing available zinc for absorption. During the 1980s, it was
suggested that zinc was mainly absorbed in the duodenum by
binding with a low molecular weight zinc-binding ligand, which
is mainly secreted by the pancreas and also present in small
amounts in breast milk because infants are not capable of ZBL
production during early infancy [11, 12]. Recently, it was
revealed that the zinc-binding ligand does in fact facilitate zinc
absorption [12]; however its mechanism is unknown and its
main role in zinc absorption still needs to be elucidated.

In 2002 two independent studies showed that AE was due
to homozygous or compound heterozygous mutations of
SLC39A4, a gene located on chromosomal region 8q24.3,
which codes for the zinc-specific transporter ZI1P4 (or hZIP4)
[13, 14]. This transporter is found more especially in the distal
duodenal and proximal jejunal parts of the small [13], where
it enables the absorption of zinc from the intestinal lumen.
Through its function and localization, ZIP4 plays a major role
in human zinc homeostasis, which explains the broad clinical
picture of acrodermatitis enteropathica.
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Chapter 2
Epidemiology and Etiology

2.1 Epidemiology

AE is not specific to any ethnic population, as cases have
been reported from all around the world [1]. It is globally
widespread with an estimated incidence of 1 in 500,000 chil-
dren [1-4]. According to the cases reported in the literature,
its prevalence seems higher in populations from the
Mediterranean basin, probably because of their relatively
high overall consanguinity [3]. There is also no gender predi-
lection observed in AE [1,3]. Compared to the United States,
the diagnosis of AE may be more difficult in developing
countries where dietary zinc deficiencies are quite common,
a problem emphasized in the World Health Report 2002 [5].
Approximately two billion individuals may be zinc deficient
in these regions of the world [6], where infants and children
are the most affected. The regions particularly affected by
zinc deficiency problems include Southeast Asia and sub-
Saharan Africa, since about 40 % of their preschool children
have been reported to have zinc-related growth problems [7].
It has been reported that moderate zinc deficiency affects
approximately 3 % of adolescents in rural areas of Middle
East and North Africa [8]. Correcting this situation would
have dramatic impacts on the morbidity and mortality of
young children and modest effects on their growth. However,
it is important to tackle malnutrition of these regions as a
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8 Chapter 2. Epidemiology and Etiology

whole, instead of undertaking zinc deficiency in isolation. As
a result, including zinc in a multiple micronutrient supple-
mentation and promoting their use would be an effective
method of dealing with this situation [9].

Even though AE is not as prevalent in the United States
as it is in countries with high rates of consanguinity, acquired
zinc deficiency has been reported in American newborns and
children. There have been several studies that reported of
American infants having exceptionally low hair and plasma
zinc levels [10]. Deficiency in zinc, may have serious and per-
manent growth and developmental effects on children and
infants of which some were reported in a study from Denver
in 1972 where some of the children with zinc deficiency also
suffered from growth retardation [11]. The main contributing
factors resulting in infant zinc deficiency in the United States
include popular infant milk formulae having low zinc concen-
tration and the necessity of large amounts of zinc for infant
rapid growth [12].

Lactation, alcoholism, old age, and metabolic disorders are
associated with zinc deficiency in the American adult demo-
graphic [8]. A recent study found that about 30 % of pregnant
women of low socioeconomic status had low body zinc levels.
Insufficient maternal zinc levels could have severe effects on
prenatal growth and development of the child, such as con-
genital malformation of the central nervous system [12]. In
the light of this, more research and attention should be
devoted to increasing knowledge, raising awareness, and cor-
rection of these nutritional problems.

2.2 Etiology

2.2.1 Molecular Etiology of AE

Presently, AE is considered a treatable disorder since it can
be simply managed with zinc supplementation once diag-
nosed. As a result of the profound effects this disease has on
human physiology, which are particularly pronounced in
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infants, medical science still considers it as one of the most
intriguing and interesting disorders. AE is suggested to have
an autosomal recessive mode of inheritance by genealogic
data [13].

AE presents a multitude of opportunities for research;
however, at present only rare cases are referred to academic
medical centers since this disorder is easily treatable.
Consequently, the study of this disorder is rarely done. Two
main hypotheses are proposed. One is based on a problem of
zinc bioavailability and the other on an intrinsic defect of zinc
transport by the affected individual.

2.2.2 Hpypothetical Etiology 1: The Alteration
of Zinc Bioavailability

As patients with AE can obtain only a small amount of zinc
through dietary sources, supplementing the diet with suffi-
cient amounts of zinc can raise the level of zinc in blood
plasma to a normal level and result in the resolution of the
disorder. Although the amount of zinc in breast milk and
infant formula are roughly equal, the zinc in breast milk has
been observed to be more absorbable by infants with AE and
this phenomenon has become an interesting matter among
dermatologists, pediatricians, and medical researchers [14].

To date, research has indicated that the zinc absorption pro-
cess is very complex. Research laboratory results illustrate that
the zinc binding ligand found in human milk facilitates zinc
absorption in the intestine and the ligand’s presence results in
high bioavailability of zinc in human milk [15] (Fig. 2.1).

0]
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FIGURE 2.1 Molecular structure of picolinic acid
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FIGURE 2.2 Molecular structure of zinc picolinate (zinc bound pico-
linic acid)

Evans and Johnson found the concentration of picolinic
acid, a zinc binding ligand, in human milk to be much higher
than that in either bovine milk or infant formulas. The higher
concentration of picolinic acid in human milk could result in
the formation of additional zinc picolinate complexes which
would be more absorbable by the intestine compared to ionic
zinc or zinc complexed with other ligands [15]. Conversely,
Rebello et al. found the amount of picolinic acid present in
human pancreatic juice or intestine to be less than 2.5 puM.They
also found the amount of picolinic acid present in human milk
to be approximately 3.7 pM and declared it insignificant in
zinc absorption due to its minimal quantity. Rebello et al. also
emphasized that they cannot explain the inordinately high
values of picolinic acid reported by Evans and Johnson [16].
Later on, it was discovered that supplementation of picolinic
acid only increases zinc turnover without increasing retention
since its administration to individuals only increased zinc
excretion, which would lead to zinc depletion in the absence
of adequate zinc supplementation [17, 18] (Fig. 2.2).

Eckhert et al. discovered that alongside elemental zinc,
breast milk contains a protein zinc-binding ligand with a low
molecular weight of about 10,000 Da, while the ligand along-
side elemental zinc observed in bovine milk has a greater
molecular weight. The ligand present in bovine milk does not
improve zinc absorption; as a result AE symptoms often
appear when the infants’ diet is switched to bovine milk [19].

Casey, Walravens, et al. were able to find protein zinc-
binding ligands in the duodenum with the same properties of
the ligand described above, in pancreatic secretions and they
also confirmed that the weight of the ZBL is significant for its
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function [20]. Recently, researchers have hypothesized that AE
may be caused by a mutation in the gene SLC39A4 coding for
the hZip4 Zn transporter present in intestinal cells of the intes-
tine [3, 4]. This hypothesis is supported by studies that have
concluded that AE patients and healthy individuals have simi-
lar duodenal ZBL secretions or that the amount of ZBL pres-
ent in the intestine is insignificant in zinc absorption [16, 21].
Following the acknowledgment that this zinc deficiency
condition is a disorder, the main concern of medical research-
ers has been the discovery of the mechanism for zinc absorp-
tion from a regular diet: a mechanism that seems to function
insufficiently in AE patients. Interestingly, Casey et al. deter-
mined that zinc absorption was decreased in patients with AE
compared to individuals in the control group, even though
both groups had the same amount of ZBL present in their
duodenal secretion [21]. At the time, it was concluded that
ZBL in duodenal secretion of AE patients did not function
sufficiently, which could be due to their abnormal nature as a
result of the AE disorder [21]. Moreover, an alternative
hypothesis is that since zinc absorption was decreased in AE
patients, while both groups (AE patients and control group)
had similar duodenal ZBL secretions, the insufficient zinc
absorption may be due to malfunction of the zinc transporters
present in apical intestinal cells, impairing the uptake of zinc
[3, 21]. This hypothesis will be discussed later in this section.
Cousins and Smith noticed that only 10 % of the zinc in
fat-free breast milk was accompanied by the ZBL that has the
low molecular weight; when more zinc was added in vitro to
the breast milk, almost all the zinc became ZBL bound [22].
Lonnerdal’s research indicated that an increase in the amount
of dietary protein led to an increase in zinc absorption in a
linear fashion, which may have been as a result of amino acids
released from the protein keeping the zinc in solution and
increasing bioavailability of the zinc [23-25]. Amino acids such
as histidine and methionine as well as EDTA, a low molecular
weight ion, and organic acids have been known to boost zinc
absorption and have been used for zinc supplements [23]. For
instance, clinical studies have shown histidine to have a posi-
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tive effect on zinc absorption since it is a good chelator of zinc
[26]. It is important to note that high doses of histidine were
reported to enhance urinary excretion of zinc, hence the molar
ratio of histidine to zinc is of importance when considering the
administration of histidine to zinc deficient patients [27]. It
was also found in a clinical study that infants who were fed
formula with a high protein concentration had lower plasma
zinc concentrations than infants fed formula with less protein
[28]. On the other hand, zinc found in infant formula was
observed to be more absorbable compared to bovine milk,
which could be due to the inhibitory effect of casein that is
present in bovine milk on zinc absorption [25]. This could be
caused by phosphorylated serine and threonine residues on
partially undigested casein subunits that bind zinc and reduce
zinc bioavailability [29, 30]. Interestingly in a recent study, it
was found that casein phosphopeptides (CPP) added to a
phytate-containing solution significantly increased calcium
and zinc absorption in suckling rat pups as well as in human
intestinal cells (Caco-2) in culture [31]. A human study
showed that CPP addition to a high phytate meal had no
effect on zinc absorption, as a result the effect of CPP may be
dependent on the phytate content of the meal [32].

Menard and Cousins have noted that the zinc found in the
intestine tends to be bound to citrate, which has a molecular
weight of 600-650 Da [33]. This zinc-citrate compound is part of
the ZBL mentioned previously; however research has indicated
that the presence of citrate as part of the ligand complex does
not enhance the absorption of zinc in the rat intestine [34].

Due to the significant interest of medical researchers con-
cerning ZBL, there have been many research reports in this
area. However, the exact role of ZBL in zinc absorption is yet
to be elucidated. Sang et al. stated that prostaglandin E2
facilitates zinc absorption in the intestine [35]. Furthermore,
the total amount of zinc present in the human body was seen
to have an effect on its absorption. For instance, in an indi-
vidual with low levels of zinc, zinc absorption is more
widespread and would occur at a higher rate compared to
cases where the amount of zinc present in the body was suf-
ficient or more than the required amount [23].
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Other factors such as the presence of iron, cadmium, low-
molecular-weight ligands, and chelators also affect zinc absorp-
tion [23]. For instance, when adult individuals were administered
high doses of inorganic iron in solution, there was a decrease in
zinc absorption as plasma levels of zinc were seen to diminish [23,
36]. But when the administered solution also contained ZBL,
zinc absorption was unaffected. It is likely that the inhibitory
effect occurs only when iron-to-zinc ratio is very high and is in
solution. When the same amount of high dose iron was adminis-
tered to adult individuals as supplement tablets, no inhibitory
effect on zinc absorption was observed; which suggested that
only iron in solution can affect zinc absorption [23]. Interestingly,
when infants were fed iron drops (30 mg/drop), zinc absorption
was also unaltered [37]. This suggests that iron supplementation
does not affect zinc absorption and if iron and zinc supplements
are administered apart from meals, an inhibitory effect will be
found only when the iron-to-zinc ratio is very high [23].

Furthermore, nontoxic levels of cadmium were seen to
have no effect on zinc absorption. Since zinc can form a com-
plex with low-molecular-weight ligands or chelators, such as
ZBL, an increase in levels of ligands or chelators were
observed to have a positive effect on zinc absorption.
Moreover, amino acids like histidine that are good chelators
of zinc can increase zinc absorption in the intestine; however,
very high levels of histidine often result in excess urinary
excretion of zinc and decrease in plasma zinc levels [23].

2.2.3 Hypothetical Etiology 2: A Defective Zinc
Transporter

This second hypothesis is supported notably by arguments
against a problem of zinc bioavailability. At least two studies
had indeed concluded that AE patients and healthy individuals
had similar duodenal ZBL secretions or that the amount of
ZBL present in the intestine was insignificant in zinc absorption
[16, 21]. If the problem in AE patients did not relate to zinc
consumption itself, then it could be due to a defect in the molec-
ular protein ensuring its absorption from the intestinal lumen.
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Cloning of the first human zinc-specific transporters is
quite recent, as ZnT-1 (SLC30A1) and ZnT-2 (SLC30A2)
were identified in 1995 [38] and 1966 [39], respectively. In
1997, as they were working on a mouse model of pallid
mutant, Huang and Gitschier serendipitously found that
homozygous mutations of ZnT-4 (SLC30A4) caused the
lethal milk phenotype in the strain they were studying [40].
Interestingly, lethal milk, which is a recessive condition, could
be considered as the murine counterpart of human AE, keep-
ing in mind that the consequence of biallelic ZnT-4 mutations
are not seen in the mutant mouse herself, but in her suckling
offspring. Mutations of ZnT-4 entail a decrease in milk zinc
levels of lethal milk mothers, which result in a generalized
zinc deficiency and eventually death of the suckling pups.

Yet, SLC30A4 turned out not to have any link with AE, as
its involvement in the disease was ruled out by sequencing in
AE families [41]. Several other candidates were discarded
this way, including ZnT-1 to ZnT-3 (Kiiry et al., unpublished
data) and ZnT-5 (aka hZTL1 or SLC30AS5) [42], until Wang
et al. highlighted a susceptibility locus for AE on 8q24.3 [43].
Within this locus, two independent teams cloned the gene
SLC39A4 [4, 44], presenting a high degree of homology with
the ZIP (zinc/iron-like proteins) family of zinc transporters
identified several years also in plant and yeast [45-47] and
with the three human ZIP family freshly identified [48]. Both
teams could establish a relationship between homozygous or
compound heterozygous mutations of SLC39A4 and the
symptoms of zinc deficiency in several AE patients originat-
ing from Tunisia, France, Egypt and Jordania [4, 44]. Since
then, the relationship between AE and mutations of SLC39A4
was largely confirmed, as more than 40 mutations were
reported worldwide that are distributed along the gene [3, 44,
49]. Recommendations on the molecular diagnosis of AE
were detailed in a clinical utility gene card [50].

Apart from likely founder effects noted for instance for
the Tunisian mutation c.1224_1228del (p.Gly409Leufs*7) [3],
mutations are almost always private and no hotspot is
observed within the gene. A slight recurrence can however be
noted for a few mutations such as ¢.599C>T (p.Pro200Leu)
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or c.192+19G > A (p.?). The mutations encountered so far are
nonsense, missense and splice site mutations or small frame-
shift insertions/deletions. No large rearrangement encom-
passing one exon or more has ever been reported. All
genuine cases of AE have either a homozygous SLC39A44
mutation or compound SLC39A4 heterozygous mutations.
Beside these cases following a Mendelian autosomal reces-
sive mode of inheritance, transient forms of zinc deficiency
have also been observed in heterozygous carriers of SLC39A4
mutations, which would rather follow an autosomal dominant
mode of inheritance with incomplete penetrance (Kiiry et al.,
unpublished personal observation). The inconsistency of this
transient form of zinc deficiency suggests that its occurrence
is subjected to the co-existence of an additional risk factors,
which might be prematurity, intestinal pathology or a nutri-
tional factor decreasing zinc bioavailability.

According to its function, and its expression-, tissue- and
cellular-localizations, SLC39A4 immediately appeared as the
ideal candidate for explaining AE. On the one hand, it is
highly expressed in the kidney, but most importantly in the
duodenal and jejunal parts of the intestinal tract [2, 4], that is
to say the main sites of dietary zinc absorption and thereby of
human zinc homeostasis. On the other hand, its related pro-
tein SLC39A4 (or ZIP4) is localized at the apical membrane
of the enterocytes [4], where it transports dietary zinc from
the intestinal lumen to the intracellular compartment.
Rapidly, functional studies in cellular and murine models
showed that SLC39A4 transporter is a key component of a
human zinc homeostasis [51] and they confirmed the correla-
tion between SLC39A4 mutations and severe zinc deficiency
[52-56]. AE patients’ mutations were shown to either dimin-
ish the efficiency of zinc transport by SLC39A4, or to induce
its mislocalization in the nuclear envelope and endoplasmic
reticulum, which could be attributed to the misfolding of the
protein and prevention of its proper glycolysation and local-
ization [51, 57].

The finding of the molecular cause of acrodermatitis
enteropathica gave new insight on the mechanism of intesti-
nal zinc absorption. Several studies focused then on SLC39A4,
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which allowed better comprehension of the overall phenom-
enon. Thus, the first step for zinc absorption involves the
arrival of zinc to the intestine after the food is ingested by the
individual and partially digested both mechanically and
chemically in the mouth cavity and stomach. Subsequently, as
the zinc comes in contact with the apical membrane of the
intestinal villous, where the transmembrane protein SLC39A4
(ZIP4) is located, the zinc is actively transported into the
enterocyte from the small intestinal lumen [53]. Research on
human cells over-expressing the ZIP4 gene showed increased
accumulation of %Zn, indicating a carrier-mediated uptake
process [53]. Moreover, in vivo and in vitro studies have
shown that SLC39A4 undergoes posttranscriptional regula-
tion in response to zinc levels: in zinc-deficient conditions the
SLC39A4 (ZIP4) protein was concentrated on the cell mem-
brane whereas in zinc-replete cells SLC39A4 was seques-
tered and mainly found in intracellular compartments [51,
53]. Studies on the mouse homologue of SLC39A4, mZIP4,
highlighted its control by zinc availability: in zinc deficient
conditions, mZIP4 accumulated at the plasma membrane,
whereas zinc repletion increased its endocytosis [51, 57]. This
mechanism would prevent intracellular accumulation of zinc
and thereby from zinc toxicity when dietary zinc amounts are
adequate [53]. This responsiveness of SLC39A4 to variations
of extracellular zinc conditions is altered by certain AE muta-
tions, which impede the accumulation of the protein during
dietary zinc deficiency [57].

2.2.4 Alternative Forms of AE-like Zinc
Deficiencies

Interestingly, about half of the patients suspected of having
AE have no mutation in coding introns, or promoting
sequence of SLC39A4 [58]. In addition, a few patients with a
severe form of zinc deficiency very suggestive of AE exhibit
only a heterozygous SLC39A4 mutation [58]. This suggests
either possible alterations of yet unidentified regulating
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sequences of the SL.C39A4 gene in these patients, or dysregu-
lation of epigenetic mechanisms involving methylation or
miRNAs. Alternatively, other zinc transporters might be
affected in some cases of acrodermatitis enteropathica [44,
59, 60]. From a semantic point of view, cases of zinc deficiency
not caused by homozygous or compound heterozygous muta-
tions of SLC39A4 are not genuine AE and would rather be
labelled as AE-like disorders.

So far, only one form of inherited zinc deficiency alterna-
tive to AE has been identified in humans. It is caused by muta-
tions of SLC30A2 [61], a member of the very same family as
SLC30A4 that is involved in the mouse lethal milk phenotype.
Incidentally, the transient form of zinc deficiency associated
with SLC30A2 is more similar to mouse lethal milk than to
human AE. Mutations of the zinc transporter gene induce
decreased milk zinc levels in the nursing mother, which are
responsible for a lactogenic transient neonatal zinc deficiency
(TNZD; MIM#608118) in the exclusively breast-fed baby.
TNZD would be inherited according to either autosomal
recessive [61, 62] or autosomal dominant [63-65] mode. Zinc
transporter SLC30A2 (or ZNT2), encoded by SLC30A2, con-
tributes to the efflux of zinc from cytosol of secreting mam-
mary epithelial cells to milk, by transporting labile zinc from
cytoplasm to endosomal vesicles which is then trafficked to
the cell membrane and exocytosed to the milk [66].

From the examples of AE and TNZD, one could expect
other forms of zinc deficiency related to zinc transporters.
Beside SLC39A4 and SLC30A2, human zinc homeostasis is
indeed sustained by two zinc transporter families of 10
SLC30 (ZNT) and 14 SLC39 (ZIP) members [67-70], the
alteration of which might have impact on body zinc levels.
Knock-out mouse models showed that ZNT transporters
regulate intracellular zinc concentration by either promoting
zinc efflux or zinc transport into intracellular vesicles [71]. In
contrast, ZIP transporters ensure the uptake of zinc into cells
[72]. Members of the ZNT family have six transmembrane
domains with a long histidine loop between transmembrane
domains IV and V, which is likely a zinc-binding domain [73, 74].



18 Chapter 2. Epidemiology and Etiology

Cytoplasm

\

Variable region

Histidin-rich motif

= metal-binding site
FiGcurk 2.3 Predicted structure of ZIP4 protein. The dark grey bar-
rels represent the transmembrane domains. It is characterized by 8
transmembrane domains organized into two blocks of 3 and 5 sepa-
rated by a histidine-rich cytoplasmic metal-binding site

ZIP family members are characterized by eight transmem-
brane domains organized into two blocks of three and five
domains separated by a histidine-rich cytoplasmic metal-
binding site, as seen in Fig. 2.3 [45, 75].

Theoretically, the best ZIP and ZNT candidates for inher-
ited forms of zinc deficiency comparable to AE would be
those abundantly present in absorptive enterocytes.
According to mouse and various rodent models, a short list
of candidate genes can be inferred, which include SLC30A1,
SLC30A2, SLC30A4, SLC30A5, SLC30A6, SLC30A7,
SLC39A4, and SLC39A5 [76]. In addition, the sole member
of GufA subfamily of ZIP family, SLC39A11, is also abun-
dantly expressed in murine digestive system, and notably in
the stomach, ileum, and caecum [77, 78], which do not con-
stitute the primary intestinal sites of zinc homeostasis, but
could have an important role in intestinal zinc absorption.
Among these candidates, we note SLC30AI, which was the
first human zinc transporter to be discovered; beside small
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intestine, it is highly expressed in renal tubular epithelium,
and placenta [79]. Its function is to transfer zinc from
enterocytes into circulation [80]. As for SLC30A2, it is
involved in lethal milk; it is highly expressed in the mam-
mary gland, where it is associated with milk-containing ves-
icles [40,79]. Contrary to SLC30AI and SLC30A2,SLC30A4
is more tissue-specific; it is more abundantly expressed on
the apical membrane of enterocytes and it functions to
absorb dietary zinc from the intestinal lumen. Interestingly,
its expression is regulated in order to maintain intracellular
zinc homeostasis. For instance, in a healthy individual, zinc
deficiency causes increased expression of ZIP4 whereas zinc
supplementation causes decreased expression. It is this
transporter that is defective in AE patients [53, 81].

If we seek potential candidate genes for a form of zinc
deficiency more like the mouse lethal milk, the best ones
would be those expressed in the mammary gland, that is to
say SLC30A1, SLC30A2, SLC30A3 and SLC39A3 [66]. An
extended list would comprise the genes whose encoded zinc
transporters are abundant during lactation and would have a
major contribution to zinc redistribution in the body, which
include SLC39A3, SLC39A5, SLC39A7, SLC39A8,
SLC39A10, SLC39A11 for ZIP transporter genes and
SLC30A2, SLC30A4 and SLC30A9 for ZNT transporter
genes [66].

Another candidate gene for inherited forms of zinc defi-
ciency would be SLC30A1. Research has indeed shown that
the human ZIP1 protein, expressed in human intestinal
Caco-2 cell line derived from epithelial colorectal adenocar-
cinoma cells, has a major effect on zinc absorption.
Localization of this protein depends on the level of maturity
of the Caco-2 cell [82]. The ZIP1 protein is located in the
proximity of the apical membrane of the intestinal lumen in
differentiated Caco-2 cells; while in undifferentiated Caco-2
cells ZIP1 is localized in the endoplasmic reticulum by the
means of a protein disulfide isomerase (PDI) marker. As a
result, undifferentiated Caco-2 cells are insufficient in zinc
absorption [31].
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As the ZIP1 is located beneath the intestinal microvilli in
differentiated cells but is not present in the apical membrane,
it can only affect zinc absorption indirectly. The indirect
effect of the ZIP1 protein in zinc absorption is demonstrated
by the 20 % reduction in zinc uptake in cells that have had
their ZIP1 gene knocked-out. It has been observed that zinc
uptake is doubled in cells where the ZIP1 gene is overex-
pressed [59]. Additionally, there have been other studies in
which these results have been duplicated: overexpression of
ZIP1 in PC-3 prostate cells [83]. These studies clearly illus-
trate the role of ZIP1 in absorption of zinc in the intestine.
Moreover, notable decreases in the amount of ZIP1 mRNA
were observed when individuals were provided with diets
containing excess zinc, whereas zinc deficient diets seemed to
have increased amounts of ZIP1 mRNA.

Michalczyk and Ackland came up with a hypothetical
mechanism model of zinc absorption based on their findings
involving the ZIP1 and hZIP4 proteins [59]. To begin with,
they proposed that zinc is taken up by differentiated Caco-2
cells via ion channels, such as K*/Zn?* antiporters, Na*/Zn*
antiporters, or the hZIP4 transporter. Once inside the cell, the
imported zinc is sequestered into vesicles by SLC30/CDF
transporters, like ZnT2, ZnT3, and ZnT4. The vesicles con-
taining zinc,commonly known as zincosomes, are then utilized
as temporary mineral storage until usage or exocytosis. When
cytoplasmic zinc levels decrease, zinc is released from zinco-
somes via SLC39A4 transporters. In contrast, high levels of
intracellular zinc results in zinc binding with ZIP1 proteins,
localized on the zincosomes’ membrane, which prevents the
release of vesicular zinc into the cytoplasm. The process by
which the ZIP1 molecule prevents the release of zinc is
unknown. It is important to note that binding events of the
ZIP1 are in binding equilibrium and are not an all-or-none
event. Zinc binds to or is released by the ZIP1 depending on
its intracellular concentration. As a result, less zinc is bound to
ZIP1 when cytoplasmic zinc levels decrease, causing the trans-
location of zinc from the zincosomes to the cytoplasm. In this
way, ZIP1 contributes to intracellular zinc homoeostasis [59].

Moreover, Michalczyk and Ackland also proposed the
process by which overexpression of the ZIP1 gene affects
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zinc absorption. The overexpression of ZIP1 in Caco-2 cells
would increase the number of ZIP1 molecules that are
located on the storage vesicles. Consequently, a greater
amount of zinc would be required in order to bind with the
additional ZIP1 molecules available to prevent the transloca-
tion of zinc from the storage vesicles. Knocking-out the ZIP1
gene would have the opposite effect, where fewer molecules
would be available for zinc to bind to; therefore, the satura-
tion of the ZIP1 molecules is reached at a lower intracellular
zinc concentration compared to normal conditions [59].

In summary, the ZIP1 protein is not a membrane protein of
the apical intestinal membrane and is only found in close prox-
imity of the membrane in mature Caco-2 cells of the intestine.
Hence, it indirectly affects zinc absorption in mature Caco-2
cells and functions as a regulatory molecule in order to main-
tain zinc homoeostasis in the human gut enterocytes.

Furthermore, the presence of zinc binding ligands (ZBLs)
in the intestine can provide additional modes of zinc
absorption. Zinc can complex with ZBL and be absorbed as
part of a ligand molecule. An increase of the amount of ZBL
present would result in a greater quantity of zinc-ZBL ligand
complexes and an increase in the amount of zinc absorbed.
ZBLs may provide a significant additional route for zinc
absorption which may be utilized by the body in the absence
or limited presence of zinc absorbing proteins, such as hZip4.
Itis important to note that this is only a theory based on labo-
ratory and clinical research results. This theory still needs to
be further tested, while the accurate role of Zinc Binding
Ligands in zinc absorption is still to be elucidated.

Following absorption, zinc binds to metallothionein and
enters the body’s circulation system. After passing through
the processing of the liver and kidney, it becomes clear how
much zinc remains in the body and how much of it is excreted.
It appears that the first stage of zinc absorption is deficient in
patients with AE, which is caused by the absence of the hZip4
Zn transporter that is responsible for the absorption of zinc
by intestinal cells, as zinc cannot passively diffuse across the
apical intestinal membrane. Thus, most of the ingested zinc is
excreted after passing through the digestive tract without
being absorbed by the individual’s body (Fig. 2.4) [14].
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Chapter 3

Analysis of Disorder

3.1 Clinical Forms of AE

There are two main forms of AE identified that are clinically
distinguishable from each other. The first form of the disor-
der is an acquired form resulting from a dietary zinc defi-
ciency that resolves upon zinc repletion. The other form is an
inheritable disease caused by a mutation in the SLC39A4
gene, which codes for the hZip4 Zn transporter protein, and
it is inherited in an autosomal recessive pattern. One or more
of its symptoms are often observed in the later stages of the
disorder [1].

3.2 Nomenclature of Zinc Deficiencies

AE was identified for the first time by Brandt in 1936 [2]. In
1942, Danbolt and Closs categorized a group of symptoms as
AE [3].

Furthermore, it was discovered that AE, which is an auto-
somal recessive inheritable disorder caused by a mutation in
the gene coding for the hZip4 Zn transporter, which is neces-
sary for zinc absorption in the intestine [4]. There have been
reports of AE from all around the world and it is not specific
to any gender or age [5].
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There are two known types of zinc deficiency disorders
which have AE-like symptoms: these disorders can either be
hereditary or acquired.

e Hereditary Acrodermatitis Enteropathica: this hereditary
disorder is autosomal recessive and exclusively affects
infants. It diminishes the intestinal uptake of zinc due to
the absence of a zinc transporter called hZip4. Skin erup-
tions (dermatitis), alopecia, and persistent diarrhea are its
distinctive symptoms. It can be fatal for infants if it is not
diagnosed and treated early and properly [4, 6, 7]. Adult
cases are rare and are chronic cases of AE that appear dur-
ing early infancy of the patient [3].

® Acquired Non-hereditary Zinc disorders:

— Acquired zinc deficiency in newborns is often caused by
insufficient zinc levels in maternal breast milk. One
example is mutation of SLC30A2 [8,9].

— Pseudo-Acrodermatitis Enteropathica disorder is often
not associated with a primary deficiency of zinc. Rather,
it is caused by metabolic disorders such as methylmalo-
nic acid productivity disorder, multiple carboxylase
disorder, and fatty acid and amino acid deficiencies like
Hartnup disease [10-13]. Other conditions such as pro-
longed total parenteral nutrition, excessive alcohol
ingestion, and penicillamine therapy have also been
reported to have caused zinc deficiency [14].

— There have been rare reports of spontaneous improve-
ment of zinc deficiency patients who reach puberty [15],
which is likely not true AE but AE-like cases therefore
not due to SLC39A4 mutations.

3.3 Acquired Non-hereditary Zinc Deficiency

As researchers conduct more studies on the biochemical role
of zinc in human physiology, they are beginning to discover
that zinc deficiency disorders are not simple genetic prob-
lems. Because of the researches and studies conducted on
hereditary AE, the diagnosis of other diseases and disorders
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associated with zinc deficiency have become less compli-
cated. Acquired zinc deficiency has been reported mainly in
two different forms. One form is reported to occur in infants
feeding on zinc deficient maternal milk and the other form is
seen in individuals that are suffering from a metabolic defi-
ciency that has zinc deficiency as a side effect. It is important
to note that any chronic catabolic disorder can cause zinc
deficiency: a few examples are methylmalonic acid productiv-
ity disorder, multiple carboxylase disorder, and fatty acid and
amino acid deficiencies. Individuals with alcoholism are par-
ticularly prone to zinc deficiency and the clinical condition of
these patients depends on the severity and duration of their
zinc deficiency as well as their age [13]. The mechanism by
which alcohol consumption induces hyperzincuria is not fully
understood, but it may be as a result of alcohol’s direct effect
on the renal tubules [16, 17]. Studies show significant increase
in renal clearance of zinc in alcoholics, which resulted in
reduction of the individuals’ serum zinc levels. It is important
for clinicians to note that excessive ingestion of alcohol may
cause severe zinc deficiency [18].

One main clinical differentiation between Hereditary AE
and acquired zinc deficiency is that it is possible to stop zinc
supplementation in patients with acquired zinc deficiency
without the disease recurring. In contrast, in AE, the zinc
supplementation is usually given for life because of the defec-
tive zinc absorption in the small intestine [19, 20].

3.3.1 Zinc Deficient Maternal Breast Milk

Acquired zinc deficiency in newborns is often caused by
insufficient zinc levels in the maternal breast milk resulting in
hypozincemia in the newborns. Because of their rapid rate of
growth, normal infants require large amounts of zinc com-
pared to adults. This is accentuated in premature infants who
require even more zinc [20]. As a result, premature infants
are more susceptible to acquired zinc deficiency. These tran-
sient forms of zinc deficiency may be due for instance to
mutations in SLC30A2 [21].
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Maternal milk is normally a good source of zinc; how-
ever, in these cases the maternal milk has a low zinc concen-
tration that cannot be corrected by oral zinc supplementation.
This is because the zinc-secreting mechanism of the mam-
mary glands is defective. For instance in a literature case, a
nursing mother, whose milk zinc level was low at 6 pmol/L
while her serum zinc level was normal at 15 pmol/L, was
subjected to 220 mg of zinc sulfate three times a day for a
week and no change was observed in her milk zinc level
[20]. This case is evident of a defective zinc-secreting mech-
anism since the maternal breast milk zinc concentration
should be higher than those of the maternal serum for the
purpose of meeting the infant’s growth and developmental
requirements [8]. Moreover, this zinc deficiency condition
can be clinically distinguished from AE since its symptoms
only develop during breast feeding and do not recur after
weaning [22].

Recent genetic studies have indicated that mutations in
the SLC30A2 gene, which codes for the ZnT2 transporter
protein, could be the cause for this defective zinc secretion.
When functional, the transporter, located in mammary epi-
thelial cells, is responsible for secretion of zinc into breast
milk during lactation [23, 24]. Figure 3.1 illustrates the pre-
dicted molecular structure of the hZnT2 protein. As illus-
trated by the figure the transporter is predicted to have 6
transmembrane domains with a long histidine loop between
transmembrane domains IV and V, which is likely to be a
zinc-binding region [8, 25, 26].

When defective, it results in low zinc secretion into breast
milk causing the infant who feeds on the milk to develop zinc
deficiency. Interestingly, it was found that lactating mothers
that were homozygous for the SLC30A2 mutation or hetero-
zygous carriers of the SLC30A2 mutations also had low milk
zinc levels, which is suggestive of haploinsufficiency [8]. In
mouse, homozygous mutations of SLC30A4 in lactating
mothers cause zinc deficiency in their pups resulting in the
lethal milk phenotype [27], which was previously discussed in
the etiology section. These infants were successfully treated
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with the addition of zinc to their diets. It is important to note
that as these infants grew up and discontinued breast milk,
they no longer needed supplemental zinc since they were not
actually suffering from a hereditary zinc disorder and their
symptoms were attributed to purely dietary deficiency during
infancy.

3.3.2  Zinc Deficiency Caused
by Metabolism Disorders

Acquired zinc deficiency caused by metabolism disorders can
occur in any age and it is usually not associated with a pri-
mary deficiency of zinc. As a result, SLC39A4 mutations do
not play a role in this type of zinc deficiency. The different
metabolic disorders that result in zinc deficiency were men-
tioned in section 3.2 and will be discussed in detail in the
differential diagnosis section in Chap. 5.

Moreover, the signs and symptoms of acquired zinc defi-
ciency have been reported as skin lesions such as eczematoid
plaques, hyperkeratotic plaques, alopecia, nail dystrophy,
glossitis, stomatitis [28] as well as neurological changes such
as insomnia, anorexia, lethargy, low spirits, and lack of self-
interest [29-31]. Low serum zinc levels and high urine zinc
concentration are other indicators of acquired zinc deficiency
[29]. For treatment, patients were prescribed zinc
supplementation which resulted in the clearing of their symp-
toms and treatment of their acquired zinc deficiency [28, 29].
It is interesting to note that hereditary AE also shares some
of the symptoms of acquired zinc deficiency. As a result, acro-
dermatitis enteropathica should not be diagnosed unless
other possible factors that may lead to zinc deficiency have
been excluded.

Clinicians should be mindful of the fact that any patient
who is receiving long-term total parenteral nutrition (TPN)
without supplementation of trace elements is likely to
become deficient in them [28, 32].
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Chapter 4

Clinical Symptoms

Acrodermatitis Enteropathica symptoms usually begin to
appear either within the first few days of life in formula fed
infants or immediately upon discontinuation of breastfeeding
[1]. Appearance of symptoms after change from breast milk
to bovine milk indicates that human milk has a protective
role which may be due to presence of low molecular binding
agents that increase zinc bioavailability [2]. Common early
symptoms of AE include the appearance of perleche (angular
chelitis), skin lesions, erythematous patches, plaques of dry
and scaly skin, and eczematous plaques on the face, scalp, and
genital area: these skin dermatitises deteriorate quickly [1].
The lesions gradually begin emerging inside the mouth and
then on the hands and feet, accompanied by paronychia and
inflammatory dermatitis on the palms, wrinkles on fingers, as
well as scaly skin on the neck [3]. Next, diarrhea is one of the
most variable symptoms of AE. If it appears and is exacer-
bated, it could lead to dehydration and loss of essential min-
erals and electrolytes; which could result in complications
with the clinical treatment [1].

Furthermore, lack of growth is often observed in patients,
especially in children approaching puberty, within a few
weeks after the appearance of the early symptoms. In addi-
tion, hypogonadism is seen to start in male patients. Mental
and emotional disorders are also common signs and symp-
toms of AE although they are nonspecific findings.
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Photophobia usually develops gradually and most medical
researchers believe that it is associated with retinal protein
disorder, which is caused by zinc deficiency. Other symp-
toms of AE include anorexia, hypogeusia, hyposmia, and
anemia [1].

AE is often fatal in infants. The infants that survive either
have a mild form of AE or obtain a great amount of zinc
through their diet, leading to the infants having less severe
symptoms. However, AE usually results in lack of growth,
dwarfism, delayed puberty, hypogonadism in males at puberty,
skin dermatitis, frequent infections, prolonged wound heal-
ing, and mental disorders [4-6].

Classical AE often develops during the first week or
month after birth especially when the infant discontinued
breast milk. This disorder is characterized by dermatologi-
cal, gastrointestinal and psychological disorders. With
regards to dermatological disorders, skin eruptions and
manifestations are often clear symptoms of AE: erythema-
tous, dry, and rough pseudo psoriasis lesions are a few
examples of these skin eruptions [1]. These skin manifesta-
tions are often found near the mouth, nose, eyes, ears, and
perineum and termed periorificial. Pustular and vesicular
lesions are the dominant forms of the dermatological symp-
toms of AE. Perleche is also common and can be an early
sign of the disorder. Furthermore, diarrhea, abdominal pain,
and foul-smelling stools are usually the first gastrointestinal
symptoms of AE. Psychological symptoms include mental
depression, excitability, and decreased appetite. In addition,
alopecia and visual disorders such as blepharitis, photopho-
bia, and reduced vision have also been reported as second-
ary symptoms of Acrodermatitis Enteropathica [1].
Treatment with the administration of zinc supplements and
diiodohydroxyquin, which has a chemical structure similar
to picolinic acid have been effective. Early diagnosis and
prescription of zinc supplements are fundamental and
necessary to reduce the very high death rate of AE [7]
(Fig. 4.1).
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Chapter 5

Diagnosis

5.1 Laboratory Diagnosis of Zinc Deficiency

Presently, measurement of zinc levels in blood plasma or
serum is the simplest and most common way of determining
the body’s zinc status. However, infections, injuries, and other
stress stimuli can alter blood zinc levels and confound the
clinical picture when attempting to diagnose AE based on
plasma zinc levels. The mechanism for the decreased serum
zinc levels observed in the setting of inflammation has not
been completely elucidated, but a recent discovery that inter-
luekin-6 (IL-6) upregulates the expression of the ZIP14 zinc
transporter in murine liver and may contribute to the hypoz-
incemia seen in inflammatory states [1]. In addition, zinc is
distributed to different parts of the body; as a result blood zinc
levels may not be reflective of the total body stores. Normal
levels of zinc in blood plasma range between 70 and 110 pg/
dL, while zinc levels in blood serum range from 80 to 120 pg/
dL. Under normal conditions, zinc excretion through urine
varies but urinary zinc excretion is significantly reduced in
individuals with zinc deficiency [2]. Hair zinc levels are also
decreased in patients with AE and it was proposed to detect
heterozygous carriers of SLC39A4 mutations [3].

There are several steps the clinician can take in order to
maximize the accuracy of the serum zinc concentrations when
assessing for potential zinc deficiency. Labs should be drawn in
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a fasting patient who has not taken any zinc supplements the
day of the laboratory test. The sample should be collected in a
trace element-free collection tube, and care should be taken to
avoid hemolyzing the sample which may falsely elevate the
serum zinc level [4]. Fasting zinc levels should be greater than
70 pg/dL, and will be lowered after meals. Serum zinc levels
less than 50 pg/dL are suggestive of potential AE, but true
diagnosis requires a supportive clinical picture [5].

In vitro or in vivo zinc absorption tests are performed
using zinc radioisotopes: zinc-65 or zinc-69 may be performed
as confirmatory measures [6]. It should be emphasized that
laboratory techniques are very important in determining
accurate test results, since contamination of containers and
samples and flawed laboratory techniques can alter the
patient’s lab results and cause a false diagnosis.

Hyperleukocytosis, anemia, hypertension, as well as low
calcium levels, phosphate levels, gastric lipase levels and pro-
tease levels are seen in laboratory results of AE patients. In
the stool test of these patients, fatty acid content is high
(50 % of the cases) and sometimes candida albicans, tricho-
cephalus, and lamblia are found [7].

For patients with borderline laboratory results, a thera-
peutic trial is recommended to determine if the abnormality
is due to a zinc deficiency. This therapeutic trial, also known
as a zinc tolerance test, presents an accurate representation
of body zinc nutriture and is carried out in the following
manner [8, 9]:

1. After a fast, a baseline plasma level is drawn.
2. 220 mg zinc sulfate (50 mg elemental zinc) is orally
administered.
. After 2 h, plasma level is redrawn
4. If plasma zinc is increased by two or three times, then the
result is indicative of zinc inadequacy

W

Furthermore, other tests such as neutrophil alkaline phos-
phatase activity [10], the enzyme 5’-nucleotidase [11], and
erythrocyte metallothionein [12] have been found to present
accurate measurements.
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5.2 Histopathology

Confounding the diagnostic process, cutaneous lesions of AE
do not have specific histopathology. The early skin lesions of
AE are characterized by replacement of the granular layer by
clear cells and parakeratosis. These skin lesions may have the
appearance of eczema or psoriasis. As the condition pro-
gresses, the pallor of the upper part of the epidermis becomes
more prominent and the parakeratosis is observed to become
more confluent. Later on, the pallor is seen to disappear
while the psoriasiform appearance still persists [13].

Notable characteristics of AE include the spreading of
parakeratosis and psoriatic epidermal hyperkeratosis with
large pale keratinocytes on top of lumbar spine and dyscrasia
cells, flattened layer of malpighian cells, and absence of
granular layer. In addition to its academic advantages, exami-
nation of these manifestations and lesions under the electron
microscope can be helpful. Furthermore, biopsy examina-
tions can also be conducted in order detect non-specialized
changes in enterocytes.

5.3 Biological Diagnosis of Acrodermatitis
Enteropathica

Measurement of plasma zinc levels is the most reliable
method of determining the amount of zinc present in the
patient’s body providing that the sample is not hemolyzed or
contaminated. However, there have been cases of falsely low
levels of zinc caused by acute stress, infections, and myocar-
dial infarction due to zinc redistribution from blood plasma
to body tissues making the assessment of zinc status in the
body difficult and inaccurate [14]. On average, zinc
concentration in serum is 16 % more than that of plasma due
to zinc release in the process of blood clotting and from
hemolyzed erythrocytes.
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In general, plasma zinc levels do not depend on age or sex
of the individuals. One exception is zinc levels in infants
younger than 6 months that are approximately 25 % less than
the normal levels seen in children and adults. Moreover, zinc
levels also depend on albumin levels in plasma. As a result,
elderly individuals in whom hypoalbuminemia is more com-
mon, have lower zinc levels [15]. Furthermore, leukocytes
have high zinc content (56.8-168 pg Zn/10"* WBC), which is
roughly 10 times the amount present in erythrocytes (9.3—
15.5 pg Zn/10'° RBC). Nevertheless, zinc levels in erythro-
cytes and hair strands are often used to evaluate zinc status
of the body; however, since these cells and tissues have a slow
restoration process, measurement of their zinc levels does not
properly resemble the body’s recent zinc status. The zinc level
in neutrophils is a more precise and accurate resemblance of
the body’s recent zinc status.

Among zinc-dependent metalloproteinase enzymes, quali-
tative assessment of the activity of alkaline phosphatase pres-
ent in serum and neutrophils may be useful for evaluating
zinc status in the body. In the absence of evidence of liver or
bone disease, decrease in alkaline phosphatase activity may
indicate zinc deficiency [16]. In 1985, this observation was
further supported by the clinical research carried out by
Weismann and Hoyer, in which the assessment of the activity
of alkaline phosphatase was utilized to diagnose mild cases of
zinc deficiency as well as cases of AE [17].

In patients diagnosed with AE, zinc levels in plasma, urine,
hair, erythrocytes, and leukocytes, as well as the activity of
alkaline phosphatase, ribonuclease, and serum LDH have
been observed to decrease. Additionally, a strong correlation
was seen between the level of plasma zinc and the activity of
alkaline phosphatase. Conversely, the activity of erythrocyte
carbonic anhydrase did not show any correlation with plasma
zinc levels [16, 18].

In cases of zinc deficiency, plasma zinc levels decrease sev-
eral weeks before clinical manifestations appear. Generally,
when plasma zinc levels reach 60-70 pg/dL, the skin manifes-
tations of the disease begin to appear as roughness and
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dryness. In most AE patients, zinc levels often reached
10-50 pg/dL before any clinical symptoms began to appear.
As previously mentioned, urinary excretion of zinc dimin-
ishes in patients that have zinc deficiency disorder; therefore
zinc excreted through urine, collected within the first 24 h of
patient’s admission to hospital or medical clinic, can be useful
in the diagnosis provided that the most common causes of
second degree hypozincemia such as cirrhosis, sickle cell dis-
ease, and uremia are taken into account [19].

5.4 Clinical Diagnosis

Arriving at the diagnosis of AE relies on the ability of the
clinician to recognize the constellation of distinct symptoms.
However, the presenting signs other than skin lesions often
vary with the age of the patient. Clinical findings such as pso-
riasis manifestations, symmetrical lesions, alopecia, anorexia,
neurological disorders, diarrhea, and mood changes have
been often reported in infants; while mental retardation, alo-
pecia, weight loss, secondary infections, and growth problems
have been reported in toddlers and school aged children.

Laboratory examinations are interpreted in support of the
clinical symptoms, but cannot be a substitute in the absence of
the appropriate clinical findings. Estimations of zinc levels in
serum, urine, and hair are used to diagnose zinc deficiency in
individuals. Nevertheless, interpretation of laboratory results is
prone to some difficulty because of the potential overlap of the
clinical symptoms of AE with coincident findings that may be
observed in healthy individuals such as dermatitis. Additionally,
low zinc levels in serum, urine, and hair are also observed in other
disease and disorders. As a result, the age of the patient and albu-
min levels of serum are also considered for a more precise and
accurate diagnosis. A more specific and accurate laboratory test
is often necessary. In vitro or in vivo zinc absorption tests are
performed using zinc radioisotopes zinc-65 or zinc-69.

In the absence of diagnostic hypozincemia the above labo-
ratory tests, 3-30 p mole of zinc per kilogram is prescribed for
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5 days. This treatment is especially recommended for infants
or children with one or more symptoms of AE. A positive
response to this treatment would be a retrospective support
of the clinical diagnosis [6, 20].

5.5 Molecular Diagnosis

Confirmation of the diagnosis of AE can be brought by a
genetic testing for AE. True AE cases necessarily present
either a homozygous or two compound heterozygous muta-
tions of the SLC39A4 gene [21]. Patients who do not have
such mutations are to be considered as presenting AE-like
disorders, which can either be acquired or due to a genetic
predisposition by a mutation in another gene of zinc homeo-
stasis (zinc transporters or metallothioneins). Certain forms
of transient zinc deficiencies may be due to mutations of the
SLC30A2 gene [22-26].

5.6 Differential Diagnosis

AE-like symptoms of zinc deficiency, which can have numer-
ous different causes, have been observed in infants who were
diagnosed with acquired zinc deficiency [2]. This is because
some zinc deficiency disorders like dermatosis are clinically
indistinguishable from acrodermatitis enteropathica as a
consequence of their overlapping symptoms. For instance,
perioral and acral dermatitis are the shared symptoms of
dermatosis and AE; and both are seen to markedly improve
with the intake of oral zinc supplements [27]. Interestingly,
there have been reported cases of patients with AE-like
eruptions who were suffering from essential free fatty acid
and protein deficiencies as well as mild zinc deficiency. In
one particular case, the condition of the patient was improved
by total parenteral nutrition including amino acids, albumin,
lipid, and zinc. Hence it was inferred that all three elements
in concert caused her dermatoses [28, 29]. Zinc and essential
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fatty acids (EFA) interact in a various ways inside the human
body; this may be why their deficiencies have similar symp-
toms. It has been observed that essential fatty acids are
important in zinc absorption. Zinc was found to be necessary
for at least two stages in EFA metabolism: the conversion of
linoleic acid to gamma-linolenic acid and the mobilisation of
dihomo-gamma-linolenic acid (DGLA) for the synthesis of
prostaglandins. Zinc may also be important in the conver-
sion of DGLA to arachidonic acid and in arachidonic acid
mobilisation [29].

Furthermore, insufficient zinc levels in maternal breast
milk were seen to cause skin eruptions, such as erythematous,
erosive, and crusted patches and plaques in perioral, scalp,
genital, perianal regions of the nursing infants [30, 31]. This
insufficiency of zinc in breast milk is usually caused by a dis-
order affecting uptake of zinc by the mammary gland from
maternal serum [31]. Moreover, total parenteral nutrition
(TPN) that are zinc free can also lead to skin lesions along
with digestive disorders, which can have the appearance of
AE symptoms like alopecia, weight loss, and neuropsychiatric
and dermatologic symptoms [32, 33].

In addition, other skin eruptions that are not associated
with serum zinc level may mimic the symptoms of AE, such
as methylmalonic acid productivity disorder, multiple carbox-
ylase disorder, and amino acid deficiency [34, 35]. AE symp-
toms are also seen in patients suffering from Crohn's disease,
enterocolitis, Hartnup disease, cystic fibrosis, as well as in
patients undergoing dialysis [20, 36-38].

AE is typically characterized by significant decrease in
serum zinc level. It is important to note that the clinical
diagnosis of AE may be challenging due to the roughly
15 % overlap in the symptoms of the disorder with healthy
individuals and other similar diseases and disorders [2, 39].
For instance in diseases like cystic fibrosis, decreased levels
of zinc in serum, urine, and hair may be observed [36].
Additionally, AE-like symptoms such as pellagra eruptions,
vomiting, and diarrhea were observed in a patient who was
diagnosed with Hartnup disease with a normal isoleucine
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level [39]. Therefore, multiple and laboratory medical
examinations are often conducted for a more accurate diag-
nosis. One example is the in-vivo or in-vitro zinc uptake test
which is carried out with radioisotopes zinc-65 and zinc-69
[40, 41]. Recently, genetic testing has been used in order to
distinguish between true AE and AE-like disorders [42].
This matter will be examined in detail in the upcoming
sections.

Recently, there have been reports of preterm infants suf-
fering from dermatitis, suspected of having AE; however, it
was determined that these infants’ symptoms were associ-
ated with insufficient biotin metabolism or biotinidase
deficiency [43].

The symptoms of Acrodermatitis Enteropathica in chil-
dren can often be confused with malnutrition or kwashiorkor.
If Acrodermatitis Enteropathica is not treated and has a
continuous and progressive process, it can cause long-term
weakness, frequent infections, and even fatality within 4-5
years. However, improvements are sometimes observed
which are mainly due to improved nutrition.

Furthermore, differential diagnosis with the following dis-
ease and disorders should also be mentioned:

e Epidermolysis bullosa

¢ Eczema

¢ Pyoderma gangrenosum

e seborrheic dermatitis

e Dermatitis Herpetiformis (Duhring’s disease)
¢ Stevens-Johnson syndrome

e Erythema multiforme

e Reiter’s syndrome

¢ Finger manifestations of Acrodermatitis Hallopeau
e Psoriasis Vulgaris

¢ Apthous ulcers

e Partial biotinidase zinc deficiency

e Atropic dermatitis
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Chapter 6

Disease Course
and Treatment

The natural history of AE is that of a slowly progressive dis-
ease, often presenting in mild form. Untreated, AE is poten-
tially fatal and one third of these reported cases have led to
patient death.

6.1 Treatment

To begin with, successful treatment of Acrodermatitis
Enteropathica with the oral administration of diodoquin
(diiodohydroxyquinoline) was first reported by Dillaha et al.
in 1953 [1]. Later on, clioquinol, which is also known as iodo-
chlorhydroxyquin or 5-chloro-7-iodo-quinolin-8-ol, was gen-
erally prescribed as the main treatment for AE. There were
reports that this drug enhances zinc absorption in patients.
However, the use of clioquinol was epidemiologically linked
to subacute myelo-optic neuropathy (SMON), which is char-
acterized by peripheral neuropathy and blindness and has
affected more than 10,000 people in Japan. As clioquinol-zinc
chelate is considered a mitochondrial toxin, it is one of the
main causes of SMON. Furthermore, clioquinol could potently
inhibit the 20S proteasome via Cu-dependent and
Cu-independent mechanisms and consequently cause cell
death due to the intracellular accumulation of misfolded pro-
teins. Additionally, the discontinuation of clioquinol has been
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reported to lead to the elimination of SMON. Consequently,
clioquinol was withdrawn from the market as an oral agent in
the 1970s [2, 3].

Moynahan et al. discovered that AE is a zinc deficiency
disorder and proposed a treatment with the prescription of
zinc supplements. This treatment has proven to be effective,
inexpensive, reliable, and non-toxic; as a result, it has
become the main source of AE treatment during the last
few decades [4].

Previously AE was treated with the administration of the
antimicrobial agent diiodohydroxyquinoline (diodoquin) at a
daily dosage of 200-300 mg. It was effective but it resulted in
the incomplete remission of symptoms. Treatment with
diodoquin also had side effects, such as abdominal pain, goi-
ter appearance, hair loss, furunculosis due to iodine sensitiv-
ity, agranulocytosis, fever, chills, headache, peripheral
neuropathy, optic neuritis, and optic nerve atrophy [2].
Prescription of diodoquin was the main AE treatment
method until there were reports of complete clinical remis-
sion due to the addition of zinc supplements to the patient’s
diet in 1973. From then on, administration of zinc supple-
ments has become the main treatment method of AE. Today,
clinical cases of AE are often treated with the administration
of a daily dose of zinc supplements: 1-2 mg/kg in children and
220 thrice daily in adults. It is crucial for the administered
treatment to continue and for zinc levels to be checked twice
per year [S]. Long term zinc supplementation in AE is neces-
sary to prevent any recurrence. Zinc acetate, zinc gluconate,
and zinc sulfate are a few examples of available zinc supple-
ments that can be effective in the treatment of AE. In cases
of severe zinc deficiency, intravenous administration of
20-10 mg zinc chloride is recommended.

During treatment with zinc supplementation, some symp-
toms are seen to improve even prior to normalization of
serum zinc levels. For instance, diarrhea is usually stopped
within 24 h, psychological disorders and problems are
resolved within 1-2 days, skin lesions begin to improve within
24 h, severe skin infections are healed within 1 week, and
growth of hair becomes normal within 3—4 weeks [6].
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Part 11
Review of the Roles
of Zinc in Metabolism



Chapter 7

Role of Zinc in Different
Body Systems

Zinc plays multiple roles in metabolism, which can be classi-
fied into three major categories: catalytic, structural and regu-
latory functions [1, 2]. Zinc functions as a component of the
catalytic site of various enzymes (termed metalloenzymes),
which was first described by Keilin and Mann in 1939 after
demonstrating that the enzyme carbonic anhydrase (an
essential enzyme involved in the metabolism of carbon diox-
ide) requires zinc for proper catalytic function [3]. In the
catalytic site of carbonic anhydrase, zinc was found to func-
tion as a Lewis acid by accepting a pair of electrons [3]. In a
similar manner, zinc also is essential for the catalytic function
of multiple other enzymes including alcohol dehydrogenase,
matrix metalloproteinases, alkaline phosphatase and various
RNA polymerases [4-6].

Zinc also serves a structural role in the setting of zinc fin-
ger proteins, in which the zinc ions stabilize the unique sec-
ondary folded structure known as the zinc finger motif and
contribute to the function of these proteins [7]. Zinc finger
proteins are among the most abundant proteins in eukary-
otes and have a diverse array of functions including DNA
binding, transcriptional activation and regulation of cell pro-
cesses such as apoptosis [7]. Retinoic acid receptors and vita-
min D receptors also belong to the zinc finger family of
proteins [8]. Finally, zinc ions serve an important regulatory
function in that they are able to bind zinc-dependant proteins,
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as occurs with zinc binding to the metal response element
transcription factor (MTF) which regulates gene expression
in response to the presence of metal ions and oxidative stress
[9]- The importance of this transcription factor in eukaryotes
is highlighted by the discovery that that a loss of function
mutation of MTF in mice was shown to be lethal [10].

Some individuals obtain high levels of zinc through their
dietary sources. Interestingly, if a patient with zinc deficiency
disorder obtained adequate dietary zinc, general clinical symp-
toms could be prevented. According to observations, individu-
als with hereditary zinc disorders, such as AE, that obtain high
zinc content through their daily diet are often in less danger of
having any severe problems caused by the disorder.

In order to study the clinical effects of deficiency, animal
studies are often carried out due to the rarity of zinc deficiency
in the modern varied human diet. One of the notable symp-
toms of AE observed in both children and animals is thymic
atrophy and an increased susceptibility to infections: produc-
tion of thymocytes and T-cells is reduced significantly [11].

It is important to note that zinc requirements depend on the
physiological status of individuals. Compared a regular adult, a
pregnant woman would have higher zinc requirements. Given
the role of zinc in protein synthesis and other transcriptional
processes, it would be logical for events that are associated
with high metabolic activity, such as growth, pregnancy, and
lactation, to require increased amounts of zinc [12].

Neutrophils, peripheral blood monocytes, tissue macro-
phages and mast cells require a minimum amount of zinc to
function properly. In addition, zinc plays an important role in
the metabolism of essential fatty acids. In regards to wound
healing, zinc is a required nutrient. Zinc deficient patients have
a slow and ineffective wound healing process, which is seen to
improve quickly when zinc supplements are added to their
diet. It is believed that high consumption of zinc through the
diet has no pharmacological effect unless the body’s zinc levels
are abnormal. Furthermore, role of zinc in treating dermato-
logical disorders is controversial and the effect of this mineral
on acne is being studied and some results have been obtained.
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7.1 Biochemistry of Zinc Metabolism

Since 1934, zinc has been considered an essential mineral
required for growth of mice and rats, while it was still not
known as a required nutrient for humans [13]. Finally in 1974,
zinc consumption of up to 15 mg per day for normal adults
and up to 20-25 mg per day during pregnancy was recom-
mended by nutritional counselors. It is important to note that
the average daily diet consumed in the United States supplies
approximately 12-15 mg of zinc for an individual. On average
the human body contains 2-3 mg of zinc. This amount is
almost half of the amount of iron present in the body and
10-20 times more than other elements such as copper, mag-
nesium, and nickel [14].

In solution, zinc often becomes a cation with a charge of
2+ and it is very rare for the Zn?* ion to oxidize further, which
implies its stability. This stability is an important characteris-
tic of zinc.

After its absorption by the intestine, zinc is transferred
into blood vessels in different forms: albumin-zinc complex
(60-70 %), globulin-zinc complex (10-20 %), transferrin
(1-5 %), amino acid (5-10 %), and amino-globulin (less than
1 %). All body tissues contain zinc, but the highest levels are
present in muscles, epidermis of skin, liver, kidney, bones, and
prostate glands.

Zinc is also present in hair; however, after long term zinc
deficiency levels measureably decline and increases in zinc
consumption can significantly influence the zinc concentra-
tion of the hair. In patients who have been zinc deficient for
a only a short time, the concentration of zinc in hair does not
decline appreciably and thus is not reliable for accurate
evaluation of zinc status of the body [15].

The presence of zinc in body is very important for proper
function of many enzymes, such as metalloenzymes [16]. In
1940, Keilin and Mann found that zinc exists in carbonic
anhydrase [3]. Moreover, roughly twenty metalloproteinase
enzymes are associated with zinc [16].



64 Chapter 7. Role of Zinc in Different Body Systems

Zinc also plays a role in bone physiology, especially during
the growth and development of young individuals. It was
observed that the concentration of zinc in bone is signifi-
cantly higher than that of other tissues and zinc is considered
to be an essential component of the calcified matrix [17].

7.2 Skin and Hair Physiology

Zinc is involved in essential functions of epidermal physiol-
ogy, especially the keratinization process. Zinc is often found
in the granular layer of the epidermis and its concentration in
epidermis is six times greater than that in other dermal tis-
sues. The three main functions of zinc in the keratinization
process are catalysis, structural and regulatory. The catalytic
roles of zinc involve its activation of metalloenzymes, such as
RNA nucleotide transferases, RNA polymerase, alcohol
dehydrogenase, and carbonic anhydrase. Zinc also has a key
role in the formation of structural proteins. The regulatory
role of zinc during keratinization includes regulating calmod-
ulin, thyroid hormone binding, protein kinase C, and inositol
phosphate synthesis. Calmodulin is responsible for the release
of Ca’ into the cytosol, where the presence of calcium is
essential for the activation of epidermal transglutaminase,
which is important for development of the keratinocyte. The
protein kinase C, also calcium dependent, carries out the
phosphorylation of proteins during keratinization. The regu-
lation of calmodulin and protein kinase C is done by the
thyroid hormone, and the inositol phosphate increases the
level of calcium [18, 19].

Alopecia, dermatitis, and secondary skin infections are the
major clinical manifestations of zinc deficiency disorder in
humans and animals. Secondary infections are commonly
caused by Candida albicans and gram-positive bacteria; while
gram-negative infections are caused by Pseudomonas aerugi-
nosa [20]. For example, the activity of the enzymes such as
glutamate dehydrogenase and aminotransferase is signifi-
cantly affected by zinc deficiency. Consequently, amino acid



7.3 Gastrointestinal System and Other Organs 65

metabolism and protein synthesis, which is required for epi-
dermal regeneration, is considerably diminished in individu-
als with zinc deficiency. Zinc supplements have been effective
in the treatment of many of these zinc deficiency disorders.
Furthermore, researchers have observed that the consump-
tion of dietary zinc results in a measurable increase of zinc
levels in the epidermal tissue within 72 h of ingestion.

The primary skin lesions, such as bullous pustular derma-
titis and polymorphic bulbous vesiculobullous eruptions have
been observed as one of the main symptoms that is common
within patients who are diagnosed with severe zinc deficiency
disorder [21]. A visible feature of these epidermal eruptions
is that they have hollow-centered erythematous surfaces. The
outbreaks are usually symmetric and often located around
the mouth, nose, eyelids, and external ears. The hands, head,
elbows, knees, thighs, and hips are also at risk of getting
infected [22]. These outbreaks appear in the form of psoriasis
on the hips and around the mouth, often in a mask-shaped
distribution. Infected lesions may be covered with purulent
crusts and have the appearance of impetigo. In addition,
lesions on the fingers may appear similar to Acrodermatitis
Hallopeau. Cases of stomatitis, glossitis, and vulvitis have also
been reported in patients. Losses of hair, eyebrows, and eye-
lashes have also been noted: strands of hair appear pale and
thin and are readily detached without any resistance. As a
result, zinc deficiency has been linked with alopecia [23].

7.3 Gastrointestinal System
and Other Organs

Gastrointestinal symptoms often appear early in the disease
course, coinciding with the onset of the epidermal eruptions.
Patients have reported to have had diarrhea three to six times
per day with colorless stools and sometimes brown, frothy,
greasy and foul-smelling. These symptoms could be as a result
of impaired absorption of water and electrolytes in the large
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intestine. Interestingly, the severity of the epidermal out-
breaks and gastrointestinal symptoms are often similar. In
addition, gastric and peptic ulcers have been reported as well
as diabetes, stomatitis, bleeding of the gums, and nosebleeds
have also been reported. In addition, zinc deficiency patients
who suffer from stomach ulcers have also reported ulcer
healing problems, which can be a fatal condition [24, 25].

7.4 Neurological Development,
Growth, and Mental Status

The concentration and distribution of zinc in the brain varies
with the stage of development the brain is in. Moderate defi-
ciency of zinc has been recognized as one of the causes of
growth failure and hypogonadism in males. Zinc deficiency
greatly affects growth and development in children and ado-
lescents. Furthermore, there have been reports of mental
retardation, growth failure, mental lethargy, loss of appetite,
emotional disorders, weight loss, continuous fatigue, and
depression in patients who have been diagnosed with zinc
deficiency. There have been reports of permanent mental
retardation, schizophrenia, permanent skin damage, dwarf-
ism, and even fatality in untreated patients [20].

7.5 Central Nervous System

There are two pathways through which zinc can reach the
brain: brain barrier system and cerebrospinal fluid (CSF) that
is formed by plexus choroid [27]. It is interesting to note that
zinc primarily reaches the brain through the blood-brain bar-
rier. The influx mechanism of zinc in the brain still remains
unclear; however, the high zinc concentration in the paren-
chymal cells compared to the extracellular fluid is indicative
of existence of an energy-dependent absorption in the neu-
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rons and glial cells. Yet no specific transporter involved in this
process has been identified to date [27].

The distribution of zinc in the central nervous system is
uneven, with the most abundant quantity being in the fore-
brain, more specifically the hippocampus and cerebral neo-
cortex. The male infant hippocampal zinc concentration has
been observed to reach an equilibrium within the first 5 years
of life [28]. The cerebral zinc concentration has been seen to
gradually increase in young individuals while being constant
in adults [27]. Quantitatively speaking, the hippocampal zinc
concentration is much greater than those of other elements,
including calcium and iron [29]. Other parts of the brain, such
as the amygdala, substantia nigra, lenticular nucleus, and the
thalamus, contain significant quantities of zinc [29].

7.6 Enzymes

The primary catalytic function of zinc involves interaction
with metalloenzymes as a cofactor in order to activate them,
which often occurs when the zinc cofactor binds and becomes
part of the enzyme’s active site. The presence of zinc is essen-
tial for the activation of these metalloenzymes [16]. These
metalloenzymes, which include DNA polymerases, RNA
nucleotide transferases, RNA polymerases, alcohol dehydro-
genase, and carbonic anhydrase, have many important bio-
chemical functions throughout the body; such as DNA
replication and transcription, metabolism and catabolism of
proteins, fats, and carbohydrates.

It has been discovered that the activity of zinc-dependent
metalloenzymes is critically influenced by the amount of zinc
present. For example, the activity of alkaline phosphatase,
which is an active enzyme in the testes, intestine, bones,
esophagus, stomach, and kidneys, is greatly affected by the
reduction of zinc concentration in tissues; which in turn
affects the functionality and performance of the associated
tissues and/or organs [30].
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7.7 Endocrine System

It appears that the presence of zinc may influence the func-
tion of hormones such insulin, ACTH, glucocorticoids, gas-
trin, growth hormone (GH), testosterone, androgen, prolactin,
luteinizing hormone (LH), and follicle stimulating hormone
(FSH). For instance, the plasma levels of GH and testoster-
one were significantly lower in zinc deficient rats compared
to normal rats. Zinc deficiency often leads to gonadal growth
impairment in sexually immature rat males. Moreover, the
administration of GH in zinc deficient mice that have no
pituitary glands had no effect on their growth rate; whereas
growth rate was increased after the administration of zinc
[31]. The effect of zinc on LH and FSH production and secre-
tion will be discussed in Sect. 7.11.

7.8 Nucleic Acids

Zinc plays a fundamental role in the catabolism and biosyn-
thesis of DNA and RNA, as it acts as a cofactor for DNA and
RNA polymerases. In addition, zinc may be involved in sus-
taining the structure of polynucleotides [32].

7.9 Cell Development and Cell Cycles

Zinc deficiency can result in growth disorder and birth defect
in newborns, which is due to the regulatory role zinc has in
cell division and proliferation. Research has shown that zinc
deficiency has adverse effects on majority of the stages of cell
cycle. Zinc is considered essential for the progress of bio-
chemical reactions of cells and progression of the cell cycle:
passing from G1 phase to S (synthesis phase), from S phase
to G2 phase, from the G2 phase to mitosis, and accurate chro-
mosomal disjunction. This is because of the presence of zinc
dependent molecules that are significantly involved in the
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phenomena of replication and/or transcription of DNA; these
molecules include chromatin replication enzymes, transcrip-
tion factors, and regulatory hormones [17, 33].

The amount and type of histone proteins in the nucleus is
influenced by the presence of zinc. It was observed that the
content and properties of histone was altered in the brain and
liver of zinc deficient rats, reducing the transcriptional capacity
of the chromatin [28]. Furthermore, enzymes such as DNA
polymerase and RNA polymerase, which are respectively
essential to replication and transcription, cannot function with-
out the presence of zinc [34,35]. There are also many transcrip-
tion factors that are zinc dependent, like the finger transcription
protein, WT-1, which is crucial for the development of kidney
and gonads. During kidney development, WT-1 binds to the
regulatory regions of some developmental genes and is
believed to also prevent the expression of certain growth fac-
tors, such as insulin growth factor II (IGF-II) [36, 37]. Another
zinc dependent transcription factor is Krox 20, which regulates
the expression of the hindbrain development gene.

Furthermore, the presence of zinc is also essential for
accurate chromosome segregation during meiosis. As a result,
zinc deficiency may result in the production of defective or
deficient gametes [38]. In addition, zinc deficiency is known
as one of the causes of hypogonadism in males [31].

7.10 Reproduction System

Zinc is essential for the proper function of the cells of repro-
ductive system such as sperm, oocytes, and embryonic cells.
The differentiation and proliferation of these cells are highly
dependent on zinc; as a result, they are highly sensitive to zinc
deficiency. It has been reported that zinc deficiency caused
reduction in pituitary gland and accessory sex organ size in
male rats. It was observed that all the observed changes
except testicular and epididymis atrophy were reversed when
zinc was added to the diet [39]. This illustrates the importance
of zinc in the development of the reproductive system.
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7.11 Fertility Control

The high zinc concentration present in the reproductive sys-
tem, including the prostate gland, the seminal fluid, and the
ejaculate sperm, points to the possible role zinc may have in
fertility, along with copper and selenium [28, 40]. Zinc has
three main roles in the cells of reproduction system: develop-
mental, morphological, and hormonal.

Zinc deficiency in humans has been associated with matu-
ration delay of sex organs as well as decreased testicular
response to pituitary secretion stimulation [41]. Zinc plays a
role in the conversion of angiotensin during the production
of testosterone by Leydig cells [40]. As a result, men with low
cellular zinc concentrations have low levels of testosterone
[42]; which suggests the significance of zinc for spermatogen-
esis. In addition, zinc is also involved in determining the
motility and life span of these cells [43,44]. It was also discov-
ered that zinc regulates conversion of testosterone to other
secondary sex neurohormones such as dihydrotestosterone.
Hence, it appears that zinc supplementation is beneficial for
male sterility [41].

Furthermore, zinc is involved in the synthesis and secre-
tion of follicle stimulating hormone (FSH) and luteinizing
hormone (LH). Consequently, zinc deficiency would cause
abnormalities in the hormonal cycle resulting in irregular
development of ovaries as well as menstrual cycle problems
[40, 41]. Zinc deficiency could also have a significant effect on
a pregnant individual as zinc requirements increase sharply
during pregnancy [17]; hence it can result in spontaneous
abortion, increased risk of hypertension and pre-eclampsia,
or increased risk of neonatal morbidity. Lactation could also
be greatly affected by zinc deficiency as low zinc concentra-
tion would prevent the normal activity of prolactin, which
requires zinc for the stimulation of breast tissue development
and milk production [28].

It was reported that zinc deficiency in pregnant rats
resulted in slow early embryonic development, resulting in
abnormalities of the cytoplasm and blastocoel cavity,
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decreased rate of embryonic resorption (ability of viable
embryo to be implanted in the uterus wall), and increased
risk of defective development of vital organs during fetal
development, such as cranial bone and brain. Comparably,
moderate zinc deficiency was been associated with delayed
intrauterine growth [17].

7.12 Cell Membranes

Zinc is necessary for normal cell membrane functionality and
stability. For example, zinc has inhibitory effects. Zinc pre-
vents the induced release of histamine from mast cells; and it
also prevents platelet aggregation. The mentioned functions
are carried out through the binding of zinc to specific mem-
brane receptors. It is important to note that there is an antago-
nistic relationship present between calcium and zinc regarding
stimulation and/or stabilization of the cell membrane. For
instance, cell activities that are inhibited by zinc are activated
by calcium: calcium has stimulatory effects on the releasing of
histamine from mast cells and platelet aggregation [45].

7.13 Synthesis of Proteins and Collagen

It has been shown that zinc is essential for protein metabo-
lism and synthesis, and it is often prescribed to zinc deficient
patients to help with wound healing. For example, amino acid
uptake in the liver and chromosomal protein synthesis was
observed to significantly decrease in zinc deficient rats com-
pared to the control group [46]. The detrimental effect of zinc
deficiency on nucleic acid and protein metabolism and syn-
thesis is the cause of improper depositing of collagen in con-
nective tissues of the body. Zinc deficiency impairs the
proliferation of fibroblasts, therefore causing a reduction in
collagen content, which results in wound healing problems in
patients [47]. Furthermore, research showed that synthesis of
nucleic acids and proteins become normal in zinc deficient
rats after they were fed supplemental zinc [46].
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7.14 Immune System

Zinc deficiency is a well-known cause of cell-mediated
immunity dysfunction, which would leave the zinc deficient
individual unprotected against fungal, viral, and pathogenic
attacks [48]. It is important to note that zinc supplementa-
tion is observed to correct all immune defects that are
caused by zinc deficiency. Immunological defects linked to
zinc deficiency disorders include lymphopenia, depressed
T-cell mitogenic response, increased numbers of circulating
suppressor T-cells, and decreased natural killer activity. The
reduction in the concentration of active thymulin in the
plasma is known as one of the early effects of zinc defi-
ciency in humans: thymulin induces the production of
T-cells [49]. Furthermore, zinc deficiency is seen to impair
immune system functions and reduce humoral and cellular
responses which is caused by the reduction of lymphocytes
and T cells. The bactericidal and phagocytic capacities of
macrophages are also seen to diminish in the setting of zinc
deficiency [50].

There has been interest in the idea that zinc supplementa-
tion may be able to correct loss of immunological responsiv-
ity associated with aging. Cellular immunity in the elderly has
been observed to improve by the administration of zinc sup-
plementation; but, further clarification of this proposition is
needed [51, 52].
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Chapter 8

History of Acrodermatitis
Enteropathica in Adults

In this report, we describe several cases of AE, which were
observed around the patients’ time of puberty. In 1952,
Peeper reported the case of a 46-year-old woman, who had a
mild form of AE; and her main symptom was diarrhea with
mucoid stools. The patient’s parents were third cousins and
one of their siblings was reported to have had the symptoms
of this disorder. Next, the case of a 23-year-old woman was
described whose symptoms started when she was eight years
old and her symptoms would only improve during her period
of pregnancy [1].

In 1972, Guy reported the case of a 17-year-old boy who
had the symptoms of epidermolysis bullosa which started
when he was one years old and subsided in his maturity. The
diagnosis was Acrodermatitis Enteropathica since both of his
siblings were also diagnosed with AE [1].

Lastly, there was a case was of a 47-year-old Caucasian
woman who suffered from advanced skin lesions which origi-
nated when she was three months old. As an infant, she was
born naturally, weighed seven pounds, and was fed with
infant formula. The parents of the patient were not blood-
related and her family had no history of this disorder. She was
previously hospitalized because of the same disorder and
received oral steroid treatment; however, her disorder was
not cured. The patient was unable to move or walk for six
months due to the impairments caused by the disorder to her
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hands and feet. She also recalled the pain she felt in her child-
hood due to nail blisters. Furthermore, the greatest amount of
skin damage was seen in the patient’s gluteal area. Whenever
the wounds and skin damages worsened, the patient’s condi-
tions worsened as well. The patient had dermatitis infections,
but had healthy lungs. Severe loss of eyebrows, eyelashes, hair
of groin and armpits were also seen in this patient. Other
symptoms of this patient were blepharitis, stomatitis, glossitis,
perleche, and conjunctivitis. The intake of bovine milk was
reported to cause bloating and severe damage to the patient’s
skin but diarrhea and other gastrointestinal problems were
not observed [1].

As mentioned in the introduction, AE has long been the
subject of interest among dermatologists, pediatricians, and
medical researchers. The disorder’s primary stages, variant
clinical forms, effects on different age groups, and treatment
have been the center of discussion and research among doc-
tors. At this time, in order to clarify the issue and examine it
further, we will discuss and examine several cases reported in
Iranian hospitals as well as academic journals.
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Chapter 9

Iranian Hospital Cases
in Literature

9.1 Patient One [1]

This is the first Acrodermatitis Enteropathica patient in Iran
that was reported by Dr. Sardadvar. This patient was a
6-month-old baby boy at the time of his admission to Razi
Hospital on January 21, 1970. He was suffering from skin
rash, digestion problems, and diarrhea. The patient had three
brothers and two sisters who were apparently healthy. He had
a natural birth, a normal weight at birth, and had been breast
fed. The 6-year-old patient was suffering from a mild diarrhea
at birth. Next, he had itching skin of the thighs, diarrhea, and
hair loss at three months old. It is important to note that the
history of the patient’s disorder was intermittent and he did
not respond to the administration of Mycostatin when he was
3 years old. The patient was re-admitted and examined at the
age of 6 months old. The skin lesions still existed around the
mouth, nose, eyes, hips, and anal canal. The lesions were in the
form of squamous erythematous plaques that were restricted
around the nose, mouth and chin and had spread to the ante-
rior part of the neck. The recent lesions had red color that
could be separated from normal skin because of its red are-
ola, plaque centers slightly sunken, and cloudy content cov-
ered by a thin crust. Impetigo like lesions were seen in the
inner angle of the eyes, on the jowl, and eyebrows. Red
irregular plaques, which seemed like impetigo or eczema,
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were also observed in the area of head and neck. Skin erup-
tion vesicles were seen on the fingers, hips and legs. Alopecia
was also noticed on the head and eyebrows. In addition, his
strands of hair were thin and pale, and the mucosa membrane
of his nasal cavity and the mouth were red. The Patient also
suffered from diarrhea and excretion was done five to six
times per day. Stools were reported to be green or sometimes
yellow, smelly, and mixed with white rashes.

The height and weight of the child were measured to be
88 cm and 9 kg respectively. He also suffered from severe
photophobia and his other organs appeared normal during
examination. The 6-month-old infant also had a mild fever.
The course of treatment was initiated with three
EnteroVioform tablets and Mycostatin ointment, vioform
hydrocortisone, and hand washing with 2 % aqueous eosin
solution. The treatment took a month and it was very success-
ful. The biopsy hyperkeratosis results showed a bit of spon-
giosis on the epidermis but the skin appeared normal and
candidiasis was not seen in the stool or skin.

9.2 Patient Two [1]

The second Acrodermatitis Enteropathica patient in Iran was
reported by Dr. Mostoufi at Razi Hospital. The patient, who
was a 20-month-old baby girl at the time, was admitted to the
hospital because of skin rash, diarrhea and hair loss. She had
a natural birth and had normal weight at birth. She had seven
sisters and one brother, all of which seemed healthy. The child
was breastfed. Skin eruptions appeared on the legs, wrists,
and face, especially around her mouth. It was reported that
her diarrhea with defecation of six times a day started 30 days
after the skin rashes first appeared; and 3 months later her
hair and eyebrows began to fall. When the patient was first
admitted, erythematous squamous dermatoses was observed
around the mouth, nose, and chin. The skin rash on her wrists
had the form of bracelets which progressed to the backhand.
Moreover, the internal and posterior parts of her thighs and



Reference 83

pubic area were covered with rashes. The patient had mild
photophobia, but her other organs seemed to function nor-
mally. She weighed 10 kg and her height was 75 cm. In addi-
tion, there wasn’t any Candida fungus detected in the stool
sample. Her blood test results were 4,200,000 red blood cells,
12,000 white blood cells, 53 lymphocytes, 2 monocytes, 6
eosinophils, and 39 polynuclear leukocytes. There were no
specific symptoms detected in the skin biopsy since there was
only a lack of keratinized stratified pitted cells in the epider-
mis. Furthermore, as the patient was diagnosed with
Acrodermatitis Enteropathica upon clinical criteria. she was
treated with four daily EnteroVioform tablets. Her symptoms
significantly improved in the first week of her treatment.

Reference
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Vol. 1. TUMS; 1972.



Chapter 10

Clinical Research Case
Descriptions

10.1 Patient One

The patient was a 21-month old Caucasian boy with normal
birth weight who had a history of acral lesions and periorifi-
cial dermatitis since he was 3 months old. He was breastfed
until he was two and a half months old. He has a history of
upper respiratory tract infections and otitis media which was
treated in a private clinic. His parents were blood-related and
his older brother, who had the same symptoms, had died at
the age of 14 months. His preliminary skin examination
showed plaque like scaly skin, erythematous, dry skin, and
skin lesions on areas around the eyes, mouth, and diaper area.
Additionally, there were reports of hair loss (alopecia), soft
tissue infections around the nails (paronychia), and cracks
and infection in the inguinal region. Physical examinations
stated that the infant irritable and photophobic. His mea-
sured height and weight were 68 cm and 7.8 kg, respectively.

The infant patient was admitted to another hospital
because of his chronic intermittent diarrhea, where his skin
lesions were cured by the treatment of topical steroid and
antifungal therapy. However, the disorder was not cured and
the symptoms had not improved.

The patient was hospitalized at Razi Hospital when he was
brought in for the evaluation of his skin lesions, which were
caused by Staphylococcus aurous and septicemia caused by
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Klebsiella. He was treated with intravenous antibiotic ther-
apy and after a few days his general condition improved,
except for his skin lesions. The blood and urine tests were
normal but his plasma zinc level was measured to be at 12 pg/
dL (normal levels are 50-150 pg/dL). Moreover, microscopic
examinations showed Candida albicans on the inguinal area,
which was treated in 12 days by the administration of
Baflokonazol 6 mg/kg/day. The patient was diagnosed with
Acrodermatitis Enteropathica because of his clinical and
laboratory test results. He was prescribed 40 mg of oral zinc
sulfate per day which resulted in significant improvement of
the symptoms within a few days, including the skin lesions.
After a month of treatment, all lesions healed, hair began to
grow back, and there were no reports of diarrhea. A follow up
with the patient was recommended.

10.2 Patient Two

The patient was a 25-year-old woman. When she was 2 months
old her mother stopped breastfeeding her and skin eruptions
covered her entire body. The skin eruptions, such as vesicu-
lobullous and erythematous scaly lesions, started around her
mouth and spread throughout her face and legs. She also had
diarrhea. Since she had symptoms suggestive of AE, there
were further tests done in order to confirm the diagnosis. The
diagnosis was confirmed by measurement of the plasma zinc
levels which were at 0.2 mg/L (normal levels are between 0.7
and 1.6 mg/L). Her treatment began with administration of
four tablets of 40 mg zinc sulfate per day. After 4 days, there
was incredible improvement of her skin rashes and diarrhea,
but she had developed behavior disorders. During these 25
years she continued her zinc supplementation treatment.
When she was 15 years of age, her treatment was reduced
from 220 mg three times daily to twice daily. However, after
2 weeks, skin lesions began to appear around the mouth.
When she was 16 she developed severe vomiting; and as a
result, her treatment was increased to 220 mg of spansule-zinc
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supplements three times a day again. Afterwards, her plasma
zinc was decreased from 1.1 to 0.3 mg/L and she suffered
from rashes, similar to eczema and mild seborrheic dermati-
tis, on the sides of her nose and rashes similar to acne on her
body. These rashes began to disappear 3 weeks after the
increasing of spansule-zinc supplements to three times a day:
plasma zinc increased to 1 mg/L.

Plasma zinc levels were measured at regular intervals of 6
months. When the patient reached the age of 20, her plasma
zinc level decreased to the lowest normal level: 0.7 mg/L. The
spnasule-zinc treatment was increased to 10 times a day.
Fortunately, the patient’s body was able to tolerate 10 pills
per day and her plasma zinc level was maintained at a normal
level of 1.4 mg/L.

Since this medication was not supported by the NHS, the
patient had to pay the entire cost of her treatment for a long
time. She used Oral Contraceptive Pills (Brevinor) without
any effects on AE: OCP has been known as one of the causes
of zinc deficiency. In addition the minor increase in zinc
demand by the patient’s body is because of fetal develop-
ment. As a result, when the patient was pregnant, the level of
plasma zinc was kept constant, since this deficiency disorder
may be teratogenic. It is important for plasma zinc levels to
be maintained at a normal concentration, because zinc defi-
ciency may result in behavior and mood disorders, such as
Cerebellar disorders, Parkinsonism, and cortical atrophy.

10.3 Patient Three

The patient was a 10-month-old female baby when she was
administer to Razi Hospital, who presented skin eruptions,
including sharply demarcated patches of vesiculobullous der-
matitis on the cheeks, fingers, and in the diaper region when
she was 2 months old. Her initial skin manifestations appeared
2 weeks after her weaning. She also showed symptoms of
recurrent diarrhea, partial alopecia, and growth retardation.
She was also observed to be irritable and had photophobia.
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It is interesting to note that the patient’s parents were not
blood-relatives. The patient was born by a full term normal
delivery; however since she had symptoms suggestive of AE,
there were further tests done in order to confirm the diagnosis.
Liver and renal function test results were normal. The diagno-
sis was confirmed by measurement of the serum zinc levels
which were at 35 pg/dL (normal levels are between 70 and
150 pg/dL). Her serum alkaline phosphatase levels were also
low at 57 IUL (normal levels are between 115 and 360 IUL).

The patient began substitution therapy with zinc sulfate
5 mg/kg body weight (50 mg daily) which led to the cessation
of diarrhea after 2 weeks. The patient’s plasma zinc levels were
measured at regular intervals of 6 months. During the patient’s
follow- up after 4 months, the infant exhibited normal develop-
ment and there was no recurrence of lesions or diarrhea.

10.4 Patient Four

This patient was a 4-month-old female baby when she was
administered to Razi Hospital, who presented multiple well-
defined erythematous, oozy crusted lesions on hands, feet,
and periorificial areas. She developed these lesions 1 month
after weaning. She was born by full term normal delivery to
non-consanguineous parents. After further clinical examina-
tions it was reported that she had normal anthropometric
measurements, but was irritable. Furthermore, there was no
report or indication of diarrhea or photophobia.

Since she had symptoms suggestive of AE, there were further
tests done in order to confirm the diagnosis. Hematogram, liver,
and renal function test results were normal; however, her serum
zinc levels were at 48 pg/dL (normal levels are between 70 and
150 pg/dL). Her serum alkaline phosphatase levels were normal
at 213 IUL (normal levels are between 115 and 360 IUL).

One week after the administration of zinc sulfate 5 mg/kg
body weight (50 mg daily) the cutaneous lesions showed signs
of improvement. One month after the administration, her
serum zinc level was re-measured and the level was found to
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be higher at 102 pg/dL. During discharge, lifelong continua-
tion of oral zinc supplementation was advised.

10.5 Patient Five

A 9-month-old male baby was administered to Razi Hospital
after visiting the local clinic with superinfected, sharply
demarcated, symmetrical erythematous macules and vesicles.
Yellow-coloured crust manifestations were observed on the
patient’s cheeks as well as on the perioral, perianal, fingers,
and diaper region. The baby was born by full term normal
delivery and his parents were second degree blood-relatives.
The skin lesions had appeared 1 week after weaning and he
also showed signs of irritability and photophobia.

The infant’s 4-year-old sister was also reported to be
affected by similar manifestations and so the initial diagnosis
of the clinic physician was a contagious impetigo. However, the
suspected contagious impetigo had failed to respond to both
topical and systemic antibiotics. Further clinical and laboratory
tests were done at Razi hospital. Hematogram, liver, and renal
function test results were normal; however, his serum zinc level
was at 35 pg/dL (normal levels are between 70 and 150 pg/dL).
His serum alkaline phosphatase levels were at 87 IUL (normal
levels are between 115 and 360 TUL).

The patient was administered zinc sulfate 5 mg/kg body
weight (60 mg daily). After 2 weeks of administration, the
skin lesions showed signs of improvement. It was observed
that his serum zinc level was found to be higher at 116 pg/dL,
when measured 1 month later. Lastly, during discharge, life-
long continuation of oral zinc supplementation was advised.

10.6 Patient Six

A 4-year-old girl, sister of patient five that was described in the
previous section presented similar lesions localized on her face,
hands, and body folds. She was administered to Razi Hospital
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after the suspected impetigo failed to respond to both topical
and systemic antibiotics. Dermatological examinations revealed
eroded and beige coloured dry patches on the dorsum of the
hands, perioral, and inguinal regions. As it was mentioned previ-
ously, the girl’s parents were second degree blood-relatives.

Further clinical and laboratory tests were done at Razi
hospital. Her serum zinc level was measured at 63 pg/dL (nor-
mal levels are between 70 and 150 pg/dL) and her serum
alkaline phosphatase levels were measured at 280 IUL (nor-
mal levels are between 115 and 360 TUL).

The patient was administered zinc sulfate 5 mg/kg body
weight, and 2 week later the skin lesions showed signs of
improvement.

10.7 Patient Seven

The patient was a 2-month-old male baby, who was adminis-
tered to Razi Hospital. He presented perioral and acral bullous
lesions: the acral sites being the patient’s hands and feet. These
manifestations were variable sized vesicles and pustules with
an erythematous base. The patient was observed to be febrile
and irritable. There were no reports or indications of diarrhea
or photophobia. He was born by full term normal delivery and
was breast fed. The skin lesions appeared two weak after wean-
ing. There was no family history of zinc deficiency.

Since he had symptoms suggestive of AE, there were fur-
ther tests done in order to confirm the diagnosis. Hematogram,
liver, and renal function test results were normal; however, his
serum zinc levels were at 43 pg/dL (normal levels are between
70 and 150 pg/dL). This test result was used to confirm the AE
diagnosis. His serum alkaline phosphatase levels were normal
at 180 IUL (normal levels are between 115 and 360 TUL).

The patient was administered zinc sulfate 5 mg/kg body
weight (50 mg daily). After 2 weeks of administration, the
skin lesions showed signs of improvement. It was observed
that his serum zinc level was improved to 103 pg/dL, when
measured 1 month later.
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10.8 Zinc Deficiency Similarities to AE
in Infants (Eighth Patient)

The patient was a 15-week-old infant with the symptoms of
skin rash, loss of appetite, and diarrhea. The skin rash did not
respond to topical steroid treatment, antibiotics, antifungal, or
protective creams. The patient was born prematurely at 35
weeks with normal skin. His parents were not blood-related
and his growth chart was normal. From birth he was exclu-
sively breastfed, and his parents did not report any history of
specific disease or disorders. Additionally, the patient’s sibling
was reported to be healthy and had no history of skin disease.
The examinations showed psoriasiform plaques in the groin
and peripheral scaling. There were also circular patches
observed on both of his cheeks and lips. Dark red psoriasiform
plaques were also spotted on the surface of occipital in the
posterior hairline, similar to the rashes present around the eyes
and mouth. Furthermore, the patient was diagnosed with zinc
deficiency since his plasma levels of zinc were at 3 pg/L (nor-
mal range is 11-24 pg/L). Oral zinc treatment (22.5 mg/day)
resulted in rapid, successful improvements in symptoms:
patient’s appetite, dermatitis on his chest, other skin eruption,
and diarrhea were all showing signs of improvement within 5
days of treatment. This case is suggestive of a transient form of
zinc deficiency in and not hereditary AE.
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Chapter 11

Acrodermatitis Enteropathica

11.1 Synopsis of Study

AE (Acrodermatitis Enteropathica) is an autosomal recessive
disorder affecting the uptake of zinc which causes reduction of
all body zinc levels, including blood serum. Similar symptoms
of severe zinc deficiency have often been observed in patients
who underwent a prolonged intravenous nutrition. Common
symptoms of AE include the appearance of perleche, skin
lesions, erythematous patches, plaques of dry and scaly skin,
and eczematous plaques on the face, scalp, and genital area. It
is interesting to note that AE was frequently observed in
Europe, particularly Northern Europe; and cases of AE have
also been reported every year in Iran since 1970. AE is consid-
ered a minor and treatable disorder as long as it is diagnosed
and treated promptly. It can be treated by supplementing the
patient’s diet with necessary amounts of zinc which would raise
the level of zinc in blood plasma to normal levels.

Being a recessive autosomal disorder, which presents clini-
cal symptoms if an individual of any gender is homozygous
for the disease-related-gene, AE has become more common
in Iran since it was first reported in 1970. It is interesting to
note that Iran contains high numbers of consanguineous mar-
riage especially in rural areas and tribes. Furthermore, malnu-
trition and dietary zinc deficiency contribute to the
manifestation and severity of the clinical symptoms of this
disorder. Many rural populaces of Iran are reported to have
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malnutrition, particularly neonatal and school-aged child-
hood. As a result, number of reported AE cases has been
increasing in Iran. Therefore, conducting more research stud-
ies on this disorder and its complications is of great signifi-
cance, especially in a country like Iran. The opportunity of
conducting various studies in this field seems endless. AE has
rarely been studied which may be due to the very few number
of diagnosed and reported cases. The disorder is occasionally
reported in patients who have been hospitalized for a long
time and undergo intravenous nutrition.

With regards to the complications of AE, such as cutaneous,
trichological, as well as neurological disorders, which are pre-
sented by reference texts and articles, further research studies
are required to endorse or reject the symptoms and conditions
as well as provide further information about AE. The present
study has carried out by using the files of AE patients that
were referred to Razi Hospital during the years 1999 to 2004.

11.2  Purpose of Study

The purpose of the study was to determine blood zinc levels
and the symptoms of patients with Acrodermatitis
Enteropathica, who were referred to Razi Hospital during the
years 1999 to 2004. More specifically, the study aimed to deter-
mine the range of blood zinc levels of the mentioned patients
as some AE cases have been reported to have normal blood
zinc levels. Furthermore, the relationship between blood zinc
level and the disorder’s complications was investigated as well.
Alternate purposes:

¢ Indicate the relationship between blood zinc level and
gastrointestinal symptoms in AE patients!

e Indicate the relationship between blood zinc level and
alopecia in AE patients?

'Refers to any kind of ailment like gastrointestinal disorders or any
alterations in

digestive system functions in the under study patients.

*Refers to excessive hair loss in any part of the body.
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Indicate the relationship between blood zinc level and
cutaneous symptoms in AE patients?

Indicate the relationship between blood zinc level and
psychological symptoms in AE patients*

11.3 The Considered Hypotheses

1.

2.

10.

11.

12.

Blood zinc level is less than normal in majority of AE
patients.
There are some patients diagnosed with AE, whose blood
zinc levels are normal.

. Hair zinc level is less than normal in majority of AE

patients.

. Most AE patients suffer from gastrointestinal disorders

(diarrhea, vomiting, and cramps).

. The lower the blood zinc level is, the more serious the AE

symptoms are.

. All AE patients demonstrate cutaneous manifestations.
. Most AE patients show psychological disorders such as

moodiness, lethargy, anorexia, and photophobia.

. The first symptom of the disorder is mucocutaneous

lesions in most AE patients.

. The first sign of recovery in most AE patients is the disap-

pearance of cutaneous manifestations.

Most cases that are fed breast milk show the symptoms of
the disorder as soon as they discontinue it.

Majority of the AE patients suffer from iron deficiency
anemia and their blood ferritin and alkaline phosphatase
levels are below normal.

There may be a correlation between zinc levels and iron
levels if patients are iron deficiency anemia and blood fer-
ritin and alkaline phosphatase levels return to normal by
the prescription of zinc supplementation.

Refers to any cutaneous manifestation such as acne, verrucose, eczema
and other cutaneous disorders.

“Refers to any kind of psychological or mental disorders observable by
the doctor.
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11.4 Introduction

Being a recessive autosomal disorder, which presents clinical
symptoms if an individual of any gender is homozygous for
the disease-related-gene, Acrodermatitis Enteropathica has
become more common in Iran since it was first reported in
1970. It is interesting to note that Iran contains high numbers
of consanguineous marriage especially in rural areas and
tribes. Furthermore, malnutrition and dietary zinc deficiency
contribute to the manifestation and severity of the clinical
symptoms of this disorder. Many rural populaces of Iran are
reported to have malnutrition, particularly neonatal and
school-aged childhood. As a result, number of reported AE
cases has been increasing in Iran. Therefore, conducting more
research studies on this disorder and its complications is of
great significance, especially in a country like Iran.

The main purpose of the study was to determine blood
zinc levels and the symptoms of 27 infant patients with
Acrodermatitis Enteropathica, who were referred to Razi
Hospital in Tehran, Iran during the years 1999 to 2004. More
specifically, the study aimed to determine the range of blood
zinc levels of the mentioned patients as some AE cases have
been reported to possess normal serum zinc levels.

Furthermore, the secondary purpose of this study was to
determine the relationship between blood zinc levels and the
appearance and severity of symptoms, such as gastrointesti-
nal symptoms, alopecia, cutaneous and psychological symp-
toms in AE patients.

11.5 Methods

The article is presented as a retrospective cross sectional
study. Patients who had referred to the Razi Hospital Clinic
or were sent to Razi Hospital by other medical clinics during
1999 to 2004 because of Acrodermatitis Enteropathica were
considered and examined in this study: 27 infant patient cases
were examined, of which 11 were male and 16 were female.
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The location of study was at Razi Hospital’s Dermatology
Section located on Vahdat Eslami St. Tehran, Iran.

The study was also carried out by referring to the medial
records of the considered patients that were available in the
hospital archives. In cases where there was inadequate patient
information available in the hospital archives or more infor-
mation was needed, the patient was contacted and besides to
ordering appropriate tests, an interview was set with the par-
ents of the patient in order to complete the medical docu-
ments. Patients who were either not available and had
incomplete hospital records or did not give their consent to be
included in the clinical research were excluded from the study.

In order to obtain the zinc blood levels of the patients the
following procedure was carried out. The blood sample was
collected early in the morning since the normal circadian
variation in plasma zinc levels is at its lowest and most precise
during early mornings. The patients’ parents were also told
that their infant should be fasting before the blood test so
that the test results would be accurate.

Furthermore, the patient medical records were used in
order to complete the survey tool and patients were asked to
come in for an interview if any further information was
required or if there were questions that could not be
answered based on the data from the medical documents.
Geographically speaking, the patients were from many differ-
ent parts of the country, such as Meshkin City, Kermanshah,
Ghazvin, Marand, Ghaem City, Zanjan, Tehran, Boushehr,
Shiraz, Tonekabon, and Fouman. Table 11.1 illustrates the
types of variables that were measured in this study including
a brief description about each one.

11.6 Ethical Considerations

e After filling out the survey tools, all medical files were
returned to their former place and kept confidentially.

¢ The medical files were handled with care so that the documents
were not physically damaged and all pages were kept intact.

¢ All Helsinki requirements were taken into account.
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11.7 Results

This study assessed patients clinically diagnosed with AE
who presented to Razi Hospital during the years 1999 to
2004. A total of 27 infants were diagnosed with AE, whose
information was obtained from their medical files or if
required by contacting and re-examining them. As shown in
Table 11.2, the average age of the patients was 8.9 months,
ranging from 20 days to 5 years old. The average onset time
of the disease was 37 days after birth, ranging from the 5th
and 120th day from birth. The minimum ages of fathers and
mothers were 22 and 18, respectively, and the maximum ages
were 44 and 35, respectively, while the average ages were 31
and 25 years, respectively. The average patient weight was
6.5 kg, ranging from 3.2 to 10 kg. The minimum amount of
serum zinc level was measured at 23 pg/dL and the maximum
amount of it was 70 pg/dL, while the average amount was
reported as 45.3 pg/dL. Table 11.3 illustrates that the sur-
veyed patients were composed of 11 females (40.7 %) and 16
males (59.3 %). As seen in Table 11.4, 19 patients (70.4 %)
had parents with first-degree blood-relativity and 5 patients

TaBLE 11.2 Minimum, maximum,and mean values of Acrodermatitis
Enteropathica patients’ information who were admitted to Razi
Hospital between 1999 and 2004

Minimum Maximum Mean

Categories value value value
Patient age (months) 0.7 60 8.9
Disorder start time (days 5 120 37.8
from birth)

Patient weight (kg) 32 10 6.5
Father’s age (years) 22 44 31.78
Mother’s age (years) 18 35 25.37

Serum zinc content (pg/dL) 23 70 45.30
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TaBLE 11.3 Gender of Acrodermatitis Enteropathica patients
admitted to Razi Hospital between 1999 and 2004

Female Male

Number Percentage Number Percentage
of patients of patients  of patients of patients

Surveyed 11 40.7 16 59.3
patients

TaBLE 11.4 Acrodermatitis Enteropathica patients admitted to Razi Hospital between
1999 and 2004

First degree Second degree
blood-related* blood-related® Not blood-related

Number Percentage Number Percentage Number Percentage

of Patients of Patients of Patients of Patients of Patients of Patients

Surveyed 19 70.4 5 18.5 % 3 11.1

patients

A first degree blood-relative is defined as a blood relative which includes the individ-
ual’s first-cousins

A second degree blood-relative is defined as a blood relative which includes the indi-
vidual’s second-cousins

(18.5 %) had parents with second-degree blood-relativity,
whereas in three cases (11.1 %) the parents were not related.

After the survey tools were completed, the data was trans-
ferred to SPSS software for analysis via the Mann-Whitney
statistical test. The perioral, perinasal, perigenital, and peri-
rectal lesions showed significant correlation with the level of
serum zinc with the respective p-values of 0.006, 0.005, 0.005,
and 0.008. On the other hands, periorbital lesions had no sig-
nificant correlation with serum zinc levels: p-value=0.139.
Table 11.5 illustrates the extent of skin manifestations in the
patients. Acral lesions and lesions on fingers, hands, elbow
and feet also demonstrated significant correlation with
patient serum zinc levels, with the respective p-values of
0.001, 0.003, 0.003, and 0.006. However, the lesions on toes,
with p-value of 0.175, and knees, p-value=0.4, had no
significant correlation with serum zinc levels. Table 11.6
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TaBLE 11.5 Extent and site of skin manifestations of Acrodermatitis
Enteropathica patients admitted to Razi Hospital between 1999 and 2004

Present Absent

Number  Percentage Number  Percentage
of patients of patients of patients of patients

Perioral 26 96.3 1 3.7
manifestations

Prenasal 24 88.9 3 11.1
manifestations

Periorbital 7 25.9 20 74.1
manifestations

Perigenital 22 81.5 5 18.5
manifestations

Perianal 19 70.4 8 29.6
manifestations

TaBLE 11.6 Extent and site of skin infections and eczematous skin
lesions of Acrodermatitis Enteropathica patients admitted to Razi
Hospital between 1999 and 2004

Present Absent
Manifestation Number Percentage Number Percentage
Location of patients of patients of patients of patients
Fingers 14 51.9 13 48.1
Toes 8 29.6 19 70.4
Back of 21 77.8 6 222
hands
Back of legs 14 51.9 13 48.5
Ankles 17 63 10 37
Knees 18 66.7 9 33.3

shows the magnitude of skin infections and lesions among the
patients. In regards to gastrointestinal symptoms, diarrhea
and stomach ache symptoms were significantly correlated
with the serum zinc levels with p-values of 0.001 and 0.008,
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TaBLE 11.7 Extent and magnitude of gastrointestinal symptoms of
Acrodermatitis Enteropathica patients admitted to Razi Hospital
between 1999 and 2004

Present Absent

Number  Percentage Number Percentage

of patients of patients of patients of patients

Diarrhea 19 70.4 8 29.6
Vomiting 9 33.3 18 66.7
Stomach 14 51.9 13 48.1
ache

TaBLE 11.8 Extent and modes of hair loss (Alopecia) of
Acrodermatitis Enteropathica patients admitted to Razi Hospital
between 1999 and 2004

Present Absent

Number  Percentage  Number  Percentage
of Patients of Patients of Patients of Patients

Focal 7 25.9 20 74.1
Diffusion 12 44 .4 15 55.6

respectively; however, vomiting had no significant relation
with it with a p-value of 0.4. It is important to note that since
diarrhea is usually simultaneous with cramps, these two
symptoms were observed concurrently. Moreover, Table 11.7
demonstrates the extent of gastrointestinal symptoms among
patients. Table 11.8 illustrates the extent and mode of hair
loss (Alopecia) in the AE patients. In addition to the statistics
of the symptom, only diffused alopecia was significantly cor-
related with serum zinc levels. In regards to neurological
symptoms, it was determined that fatigue, moodiness, irrita-
bility, photophobia, and anorexia are all significantly related
to the serum zinc levels: the calculated respective p-values
are 0.003, 0.008, 0.001, 0.004 and 0.003. Table 11.9 shows the
extent of appearance of these symptoms in the patients.
Furthermore, infants who were fed breast milk and presented
AE symptoms after weaning demonstrated significant
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TaBLE 11.9 Extent and types of neurological symptoms of
Acrodermatitis Enteropathica patients admitted to Razi Hospital
between 1999 and 2004

Present Absent

Neurological Number Percentage Number Percentage
Symptoms of Patients of Patients of Patients of Patients
Fatigue 15 55.6 12 44.4
Moodiness 15 55.6 12 444
Irritability 15 55.6 12 44.4
Photophobia 11 40.7 16 59.3
Anorexia 26 96.3 1 3.7

correlation between the extent and magnitude of symptoms
and serum zinc levels: p-value was 0.004. Infants that were fed
infant formula or bovine milk and as a result presented symp-
toms also showed significant correlation between the extent
and magnitude of symptoms and serum zinc levels: p-value
was 0.001. Finally, with regards to the first symptom of the
disorder, only the mucocutaneous manifestations were sig-
nificantly related to serum zinc levels (p-value=0.004); and
with respect to the first sign of recovery, mucocutaneous
manifestations illustrated significant correlation with serum
zinc levels with the p-value being 0.004.

11.8 Discussion

According to the information obtained in this study, the cases
were composed of 11 female (41 %) and 16 male (59 %)
infants. Other studies have also provided evidence that the
Acrodermatitis Enteropathica disorder is not sex-linked. All
examined patients were at the neonatal period of infancy,
which most credible references have related the disorder to
this period of life. However, there have been very rare cases
of the disorder reported in adults, even though these reports
are not reported in this article.
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Of the 27 patients surveyed, 25 of them had consanguine-
ous parents while the other two patients’ parents were not
blood-related. Regarding the parents’ relativity, it should be
stated that 70.4 % of the cases (19 patients) had parents with
first degree blood-relativity. In the case of the periorificial
manifestations, 26 patients (96.3 %) had perioral manifesta-
tions, 24 cases (88.9 %) showed perinasal manifestations, 7
individuals (25.9 %) had periorbital manifestations, 22
patients (81.5 %) had perigenital manifestations, and 19 cases
(70.4 %) were had perirectal manifestations. Our examina-
tions revealed that 14 cases (51.9 %) had lesions on fingers, 8
(29.6 %) had toe lesions, and 21 (77.8 %) and 14 (51.9 %)
showed lesions on back of hands and feet, respectively.
Furthermore, 17 patients (63 %) had lesions on their elbows
and 18 (66.7 %) on the knees.

All in all, Acrodermatitis Enteropathica is considered a
severely fatal condition for infants if not diagnosed and
treated promptly. It is vital for physicians all over the world
to be alert about this disorder and its specific symptoms,
especially in third world countries where consanguineous
marriage is commonplace so that patients may be appropri-
ately counseled regarding the risk of this and other autoso-
mal recessive disorders to increase the recognition and early
treatment of this treatable but potentially devastating
disease.
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Ficure 12.1 Hand andfinger lesions (Source: Dr. . Khan Mohammad
Beigi, M.D.)
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FIGURE 12.2 After treatment (healing of lesions) (Source: Dr. P.
Khan Mohammad Beigi, M.D.)

FiGURE 12.3 Lesions on legs (Source: Dr. P. Khan Mohammad Beigi,
M.D.)
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FIGURE 12.4 After treatment (healing of lesions on knee) (Source:
Dr. P. Khan Mohammad Beigi, M.D.)
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FIGURE 12.5 After treatment (healing of perioral lesions) (Source:
Dr. P. Khan Mohammad Beigi, M.D.)
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FIGURE 12.6 Hair growth after treatment in a 4-year-old girl
(Source: Dr. P. Khan Mohammad Beigi, M.D.)
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FiGURE 12.7 Psoriasiform plaques with thick yellowish crust on knee
(Source: Dr. P. Khan Mohammad Beigi, M.D.)
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FiGure 12.8 Crusted eczematoid plaques on knee of 4-year-old boy
(Source: Dr. P. Khan Mohammad Beigi, M.D.)
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FiGuRe 12.9 Discrete crusted lesions on foot and leg of a 4-year-old
boy (Source: Dr. P. Khan Mohammad Beigi, M.D.)
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FiGure 12.10 Erythematous scaling plaques with thick crust on foot
and leg of a 4-year-old boy (Source: Dr. P. Khan Mohammad Beigi,
M.D.)
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FiGure 12.11 Perianal crusted oozing patch in a 3-year-old girl
(Source: Dr. P. Khan Mohammad Beigi, M.D.)
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FIGURE 12.12 After treatment (healing of lesions) in a 3-year-old
girl (Source: Dr. P. Khan Mohammad Beigi, M.D.)
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Ficure 12.13 Healing of lesions on knees after treatment of a
3-year-old girl (Source: Dr. P. Khan Mohammad Beigi, M.D.)
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FIGURE 12.14 Healing of perianal lesions after treatment in a 3-year-
old girl (Source: Dr. P. Khan Mohammad Beigi, M.D.)

FiGure 12.15 Healing of lesions after treatment of a 3-year-old girl
(Source: Dr. P. Khan Mohammad Beigi, M.D.)
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FIGURE 12.16 Partial alopecia with thinning of hair in a 2-year-old
girl (Source: Dr. P. Khan Mohammad Beigi, M.D.)
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FIGURE 12.17 After treatment (healing of lesions) (Source: Dr. P.
Khan Mohammad Beigi, M.D.)
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FIGURE 12.18 Perinasal and Perioral Lesions (Source: Dr. P. Khan
Mohammad Beigi, M.D.)
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FIGURE 12.19 Presence of Alopecia (Source: Dr. P. Khan Mohammad
Beigi, M.D.)
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FIGURE 12.20 After treatment (healing of lesions) (Source: Dr. P.
Khan Mohammad Beigi, M.D.)
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FiGure 12.21 Widespread erythematous squamous lesions on trunk
and extremities (Source: Dr. P. Khan Mohammad Beigi, M.D.)
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FIGURE 12.22 Widespread erythematous squamous scaly plaques
with thick crust on trunk and lower extremities (Source: Dr. P. Khan
Mohammad Beigi, M.D.)
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FIGURE 12.23 Perioral lesions in a 3-year-old boy (Source: Dr. P.
Khan Mohammad Beigi, M.D.)
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FIGURE 12.24 Oozing lesions on diaper area (Source: Dr. P. Khan
Mohammad Beigi, M.D.)
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FiGure 12.25 Crusted scaly lesions on lower extremities of a 1-year-
old boy (Source: Dr. P. Khan Mohammad Beigi, M.D.)
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FiGure 12.26 Crusted scaly lesions on lower extremities of a 1-year-
old boy (Source: Dr. P. Khan Mohammad Beigi, M.D.)
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FIGURE 12.27 Crusted scaly lesions on lower extremities of a 1-year-
old boy (Source: Dr. P. Khan Mohammad Beigi, M.D.)
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FIGURE 12.28 Perioral lesions in a 3-year-old boy (Source: Dr. P.
Khan Mohammad Beigi, M.D.)

FIGURE 12.29 Partial alopecia (Source: Dr. P. Khan Mohammad
Beigi, M.D.)
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FiGURE 12.30 Crusted perianal lesions (Source: Dr. P. Khan
Mohammad Beigi, M.D.)

FIGURE 12.31 After treatment (healing of perioral lesions) (Source:
Dr. P. Khan Mohammad Beigi, M.D.)
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FIGURE 12.32 After treatment (healing of lesions) (Source: Dr. P.
Khan Mohammad Beigi, M.D.)
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FIGURE 12.33 Periorificial erythematous scaly crusted lesions
(Source: Dr. P. Khan Mohammad Beigi, M.D.)
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FiGuRe 12.34 Oozing crusted erythematous lesions on upper
extremities of a 3-year-old boy (Source: Dr. P. Khan Mohammad
Beigi, M.D.)

FiGure 12.35 Oozing crusted erythematous lesions on left hand of a
3-year-old boy (Source: Dr. P. Khan Mohammad Beigi, M.D.)
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FiGure 12.36 Oozing crusted erythematous lesions on right hand of
a 3-year-old boy (Source: Dr. P. Khan Mohammad Beigi, M.D.)
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FiGure 12.37 Crusted eczematoid scaly lesions on lower extremities
in a 3-year-old boy (Source: Dr. P. Khan Mohammad Beigi, M.D.)
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FiGure 12.38 Crusted eczematoid scaly lesions on lower extremities
in a 3-year-old boy (Source: Dr. P. Khan Mohammad Beigi, M.D.)
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FIGURE 12.39 Eczematoid crusted lesions on knee and foot of a
3-year-old boy (Source: Dr. P. Khan Mohammad Beigi, M.D.)
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FIGURE 12.40 Lesions on diaper area (Source: Dr. P. Khan
Mohammad Beigi, M.D.)

FIGURE 12.41 Eczematoid dermatitis with brownish thick-scaled
crust on lower extremities (Source: Dr. P. Khan Mohammad Beigi,
M.D.)
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FiGURE 12.42 Eczematoid patches on buttocks and diaper region
(Source: Dr. P. Khan Mohammad Beigi, M.D.)

FiGURE 12.43 Erythematous oozing crusted lesions in diaper area of
a 2-year-old boy (Source: Dr. P. Khan Mohammad Beigi, M.D.)
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FIGURE 12.44 Erythematous scaly lesions in diaper area of a 2-year-
old boy (Source: Dr. P. Khan Mohammad Beigi, M.D.)

FIGURE 12.45 Psoriasiform and eczematoid lesions of right hand of
a 3-year-old girl (Source: Dr. P. Khan Mohammad Beigi, M.D.)
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FIGURE 12.46 Recurrence of peri-oral and facial, scaly and papular
lesions in a 24-year-old man with a history of zinc deficiency from
childhood (Source: Dr. P. Khan Mohammad Beigi, M.D.)
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FIGURE 12.47 Erythematous scaling plaques with thick crusts on the
lower extremities of a 24-year-old man with a history of zinc defi-
ciency from childhood (Source: Dr. P. Khan Mohammad Beigi, M.D.)
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FiGURE 12.48 Recurrence of peri-anal and lower extremities papu-
lar lesions in a 24-year-old man with a history of zinc deficiency
(Source: Dr. P. Khan Mohammad Beigi, M.D.)
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FIGURE 12.49 Recurrence of perineal and peri-genital lesions in a
24-year-old man with a history of zinc deficiency (Source: Dr. P. Khan
Mohammad Beigi, M.D.)
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FiGure 12.50 Recurrence of erythematous papular lesions in a
24-year-old man with a history of zinc deficiency (Source: Dr. P. Khan
Mohammad Beigi, M.D.)
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