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                  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, 

    Chapter 7   
 Role of Zinc in Different 
Body Systems 



62

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 2+  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 ]. 
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 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 2+  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 
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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 [ 26 ].  

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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