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  Abstract     The vast knowledge of the physiologic functions of zinc in at least 3000 
proteins and the recent recognition of fundamental regulatory functions of zinc(II) 
ions released from cells or within cells links this nutritionally essential metal ion to 
numerous diseases. However, this knowledge so far has had remarkably limited 
impact on diagnosing, preventing, and treating human diseases. One major road-
block is a lack of suitable biomarkers that would detect changes in cellular zinc 
metabolism and relate them to specifi c disease outcomes. It is not only the right 
amount of zinc in the diet that maintains health. At least as important is the proper 
functioning of the dozens of proteins that control cellular zinc homeostasis, regulate 
intracellular traffi c of zinc between the cytosol and vesicles/organelles, and deter-
mine the fl uctuations of signaling zinc(II) ions. Cellular zinc defi ciencies or over-
loads, a term referring to zinc concentrations exceeding the cellular zinc buffering 
capacity, compromise the redox balance. Zinc supplementation may not readily 
remedy zinc defi ciency if other factors limit the capability of a cell to control zinc. 
The role of zinc in human diseases requires a general understanding of the wide 
spectrum of functions of zinc, how zinc is controlled, how it interacts with the 
metabolism of other metal ions, in particular copper and iron, and how perturbation 
of specifi c zinc-dependent molecular processes causes disease and infl uences the 
progression of disease.  

  Keywords     human diseases   •   zinc   •   zinc homeostasis   •   zinc metalloproteins   •   zinc 
signaling  

  Please cite as:  Met. Ions Life Sci.  13 (2013) 389–414   

1     Introduction 

 The biochemistry of zinc deserves much more attention than it generally receives in 
textbooks in the biomedical sciences and in some parts of the scientifi c literature. 
There are historic reasons for this lack of coverage. Unlike iron, which was easily 
detected and analyzed in blood and tissues due to the color of its complexes, zinc 
compounds are colorless. Therefore the fi eld of zinc biology developed much later 
and only with the advent of new methods to analyze zinc in biological material. 
Also, unlike iron, where a large amount is found in heme, zinc is not predominantly 
part of a single substance but instead serves as a cofactor of at least 3000 human 
proteins. This distribution among so many proteins dilutes zinc and requires sensi-
tive methods for the speciation and characterization of proteins. Zinc is involved in 
a much wider variety of processes and molecular mechanisms than vitamins and 
other cofactors with more specifi c chemical functions. The notion of zinc being a 
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trace metal also somewhat confuscates the issues at hand. While the total amount of 
zinc in a human (70 kg) is 2–3 g and about as much as that of iron, cellular zinc 
ion concentrations are rather high, almost as high as those of major metabolites 
such as ATP. 

 A multi-authored text summarizes the knowledge accumulated since the fi eld was 
last reviewed two decades ago in terms of the biochemical basis of zinc physiology 
as it relates to the numerous functions of zinc in metalloenzymes and transcription 
factors [ 1 , 2 ]. What has changed in the time between these accounts is the increase of 
the number of zinc proteins by one order of magnitude, demonstrating a much more 
general role of zinc in protein structure and in protein-protein interactions, an under-
standing of the biological and chemical aspects of how cellular zinc is controlled 
(zinc homeostasis), and the discovery that zinc(II) ions function in cellular regulation 
and information transfer. All these advances demonstrate that the present knowledge 
has by far surpassed the already impressive zinc biochemistry, which in 1993 was 
deemed to be, based on functions of zinc, “too numerous to cite” [ 2 ]. 

 The implications of zinc biology for human health are enormous as about half of 
the world’s population is believed to be at risk for zinc defi ciency [ 3 ]. The World 
Health Organization (WHO) has identifi ed zinc defi ciency as the fi fth most impor-
tant risk factor for morbidity and mortality in developing countries (11th world-
wide) [ 4 ]. The fi gure translates into 3.2% of all lost disability-adjusted life years 
(DALYs). These estimates are derived primarily from the incidence of infectious 
and parasitic diseases due to compromised immune functions in zinc defi ciency. 
Clearly, this measured outcome is far from inclusive. It does not take into account 
the functions of zinc in human memory acquisition and storage, behavior, growth 
retardation and development, delayed wound healing, the effects of environmental 
exposures to substances interfering with zinc metabolism, or the role of zinc in 
aging and in chronic diseases, such as cancer, diabetes, and neurodegeneration. 

 Rather than trying to summarize all the functions of zinc in physiology, which 
would be an immense task well beyond the scope of this chapter, the subject matter 
is approached by discussing the general signifi cance of zinc in biochemistry for 
health and the specifi c involvement of zinc in pathophysiology and diseases at the 
molecular level. This approach will necessitate a certain degree of selectivity when 
referencing from the immense literature.  

2    Zinc Biochemistry 

 Almost all our knowledge about the molecular roles of zinc is based on the interac-
tion of zinc with proteins. Whether any interactions with other biomolecules are 
important is not known. Zinc has a role in enzymatic catalysis and in the structure 
and regulation of proteins. The coordination chemistry of zinc in proteins has 
been discussed in detail [ 5 ]. A major aspect of the cellular biology of zinc includes 
the storage of zinc(II) ions in cellular vesicles/organelles, in which relatively high 
concentrations can be reached and from which zinc(II) ions are released in a 
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controlled way. In this regard, zinc resembles calcium and is quite different from 
iron, which uses redox chemistry of the central atom and a protein (ferritin) for 
storage and release. 

2.1    Zinc in Enzymes and Proteins 

 Discoveries of zinc in numerous proteins demonstrated the key role of zinc for life. 
They occurred in the order of (i) zinc as a catalytic ion in enzymes, (ii) zinc in the 
structure of proteins, and (iii) zinc in the regulation of proteins [ 6 ]. By analyzing 
sequences of proteins from databases and detecting signatures for metal-binding 
sites with characteristically spaced amino acids providing the ligands, it became 
possible to estimate the number of zinc proteins in genomes, the so-called zinc pro-
teome [ 7 ]. The estimate is about 3000 human zinc proteins [ 8 ]. 

2.1.1    Catalytic Zinc 

 The fi eld of zinc metalloproteins began with the discovery of carbonic anhydrase as 
a zinc enzyme in 1939 [ 9 ]. Gradually, it became known that every enzyme class 
contains zinc enzymes. By far the largest number of zinc enzymes is in the class of 
hydrolases in the form of hundreds of zinc proteinases. Many proteinases are called 
metalloproteinases, e.g., matrix metalloproteinases (MMP), when in fact “metallo” 
stands for zinc only. For the most part, zinc enzymes seem to be absent in the major 
biochemical pathways of intermediary metabolism. This absence does not mean, 
however, that zinc has no roles in metabolism. It appears that rather than being a 
permanent constituent of metalloenzymes in these pathways, zinc has a role in con-
trolling some of them.  

2.1.2    Structural Zinc 

 Only a few structural zinc sites in enzymes were known before zinc fi nger proteins 
were discovered in 1986 [ 10 ]. The discovery revealed a new principle, namely the 
widespread use of zinc in proteins – which for the most part are not enzymes – to 
form domains for interacting with and recognizing DNA (transcription factors)/
RNA, other proteins, or lipids. Many additional “zinc fi nger motifs” were found, 
thus establishing zinc as an important metal ion in the tertiary structure of proteins 
and for the interaction of proteins, the interactome. Also, zinc participates in the 
interaction between peptide chains and determines the quaternary structure of some 
proteins. How many of these zinc-binding sites at the interface between subunits 
exist is presently unknown, leaving a fi nal count open with regard to the already 
remarkably high number of zinc-requiring proteins.  
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2.1.3    Regulatory Zinc 

 A regulatory role of zinc in protein structure – as opposed to a role of zinc as a 
permanent cofactor in regulatory proteins – is not as fi rmly defi ned as the literature 
indicates. In contrast to catalytic and structural zinc in proteins, where sites are 
thought to be always fully occupied with zinc, regulation requires zinc association 
and dissociation. With the exception of metallothionein, variable zinc contents of 
proteins as a function of physiological changes have not been established 
unequivocally. 

 Since there is now evidence for zinc(II) ions being signaling ions in the cell, this 
issue is receiving renewed scrutiny. Some zinc-binding sites satisfy criteria for serv-
ing in regulation, which occurs at remarkably low zinc(II) ion concentrations and 
with controlled release of zinc(II) ions. The proteins targeted and their coordination 
sites are the subject of recent investigations and include many proteins that were not 
known to be zinc proteins but bind zinc in their active sites very tightly and need to 
be activated by removal of the inhibitory zinc [ 11 , 12 ].   

2.2     Zinc in Vesicles: Intracellular and Intercellular Signaling 
with Zinc(II) Ions 

 Mainly by employing histological staining techniques, it was recognized that many 
cells contain zinc(II) ions that apparently are not protein-bound [ 13 ]. These zinc(II) 
ions are found predominantly in intracellular compartments. From vesicular/organ-
ellar stores, tightly controlled processes release zinc(II) ions into the cytosol or into 
the extracellular space. Examples of zinc secretion from cells are the exocytosis of 
vesicles loaded with zinc in specialized neurons in the hippocampus, in pancreatic 
β-cells of the islets of Langerhans, and in epithelial cells of mammary glands [ 14 ]. 
Other cells secreting zinc(II) ions include somatotrophic cells in the pituitary gland, 
pancreatic acinar cells, Paneth cells in the crypts of Lieberkühn, cells of the tubulo-
acinar glands of the prostate, epithelial cells of the epididymal ducts, and osteo-
blasts [ 13 ]. Zinc(II) ions are also released intracellularly from the endoplasmatic 
reticulum [ 15 ]. Together, these and additional fi ndings led to the concept that 
zinc(II) ions are messengers in cellular control and in intra- and intercellular com-
munication [ 16 , 17 ]. The targets of these regulatory zinc(II) ions seem to be primar-
ily proteins, again linking zinc to the functions of proteins. The types of functions 
of zinc(II) ions secreted from cells are the subject of present investigations. They 
include the modulation of postsynaptic receptors (neurons), supplying the milk with 
zinc (mammary gland epithelial cells), and, more speculative, keeping secreted 
enzymes inhibited (pancreatic acinar cells and prostate epithelial cells), preventing 
proteins from forming amyloids (pancreatic β-cells) or simply being bactericidal. 
Within cells, the released zinc(II) ions affect many signaling pathways [ 18 ]. Altered 
signal transduction activity associated with changed phosphorylations of proteins 
and the very tight inhibition of several protein tyrosine phosphatases indicate a role 
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of zinc in phosphorylation signaling and suggests even more abundant interactions 
of zinc with proteins than based on the estimate of 3000 human proteins [ 19 – 24 ]. 
The regulatory functions of zinc depend on how cellular zinc homeostasis is controlled 
and at which amplitudes and frequencies zinc(II) ion transients occur [ 25 ].  

2.3    Cellular Zinc Homeostasis 

 Proper control of cellular zinc is critical for the balance between health and disease. 
How this control is achieved at the molecular level has been the subject of the latest 
phase of biological zinc research. Very tight control of cellular zinc is necessary to 
make the right amount of zinc available for protein structure and function, folding, 
and aggregation and to prevent zinc from interfering with the metabolism of other 
metal ions. The number of proteins involved in controlling cellular zinc and the fact 
that proteins control zinc subcellularly is remarkable and attests to the importance 
of this transition metal in biology. In humans, ten proteins of the ZnT family 
(SLC30A) export zinc from the cytosol, either out of the cell or into vesicles/organ-
elles, fourteen proteins of the Zip family (SLC38A) import zinc into the cytsol from 
the extracellular space or from vesicles/organelles, and at least a dozen metallothio-
neins (MTs) buffer and translocate zinc [ 26 – 28 ]. Another major factor in the control 
of cellular zinc is the role of metal response element-binding transcription factor-1 
(MTF-1) [ 29 ], which is a sensor of elevated zinc(II) ion concentrations and regu-
lates zinc-dependent gene expression. In addition to this direct role of zinc in gene 
expression, there are multiple effects on signal transduction pathways. Accordingly, 
many investigations using transcriptomics demonstrated that variation of zinc con-
centrations affects a myriad of gene products.  

 The zinc homeostatic proteins have dynamic coordination environments with 
specifi c mechanisms for handling transition metal ions [ 30 , 31 ]. MTs, for instance, 
have different binding constants for the seven zinc(II) ions and carry, release, and 
accept zinc ions dependent on cellular conditions [ 32 , 33 ]. In addition, they are 
redox-active zinc proteins. Zinc itself, on the contrary, is redox-inert. In MTs, the 
oxidation of the sulfur donors in the cysteine ligands of zinc causes zinc dissocia-
tion while the reduction of the oxidized cysteines generates zinc-binding capacity 
[ 34 ]. This property establishes redox cycles that link redox changes and the avail-
ability of cellular zinc [ 35 , 36 ]. 

 The zinc homeostatic proteins are integrated into metabolism and exquisitely con-
trolled by major signal transduction pathways. Thus, they do not work in isolation 
and are not only involved in housekeeping of zinc but control zinc(II) ion fl uxes for 
specifi c cellular functions. Aside from compiling the “parts list” of proteins involved 
in cellular zinc homeostasis, signifi cant advances have been made in understanding 
the concentrations at which cellular zinc is controlled. In contrast to other metal ions 
such as magnesium and calcium, most of the zinc is protein-bound with high affi nity. 
The consequence is that only picomolar concentrations are in the form of non-pro-
tein-bound “free” zinc(II) ions [ 37 ]. But this pool of zinc is not negligible and under-
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goes controlled fl uctuations [ 38 ]. Minute increases of cytosolic free zinc(II) ion 
concentrations have potent biological effects, which led to the concept of free zinc(II) 
ions being cellular signaling ions at much lower concentrations than signaling 
calcium(II) ions. In fact, the two ions complement each other in signaling and their 
different coordination chemistries allow signaling with metal ions over a wide range 
of concentrations [ 39 ]. Zinc buffering determines the amplitudes of the zinc(II) ion 
transients, and ultimately cellular zinc defi ciencies and overloads [ 37 ]. 

 Owing to the fact that many proteins bind zinc, the overall cellular zinc buffering 
capacity is high but only the cellular zinc buffering capacity in the range of physiologi-
cal zinc(II) ion concentrations is important. This buffering capacity is rather limited. 
Compromising it, e.g., by decreasing the concentrations of critical sulfhydryls involved 
in binding zinc, results in higher free zinc(II) ion concentrations with functional conse-
quences. About a third of the cellular zinc buffering capacity relies on sulfhydryl donors 
(thiols) as zinc-binding ligands [ 21 ]. Some environmental agents and therapeutic drugs 
react with thiols and make fewer thiols available for zinc buffering. Such reactions 
change the zinc buffering capacity and increase the availability of free zinc(II) ions, 
which then bind to and change the functions of proteins that are not targeted under 
physiological conditions. This issue can hardly be over- emphasized because it demon-
strates that factors other than zinc itself affect zinc- dependent functions. The concept of 
metal buffering in biology includes dynamic changes in buffering capacity. A unique 
feature in the cellular control of zinc and calcium is muffl ing, which refers to the trans-
port of zinc(II) ions into vesicles/organelles and out of the cell. Muffl ing also contrib-
utes to buffering because the activity of transporters increases or decreases the cellular 
metal ion concentrations [ 28 ]. Thus, the capacities of the transport systems and the 
vesicular stores also contribute to zinc buffering. 

 A central regulatory hormone of zinc metabolism akin to hepcidin in iron metab-
olism is not known. Knowledge about systemic control of zinc is lacking except for 
the acute phase response where adrenocorticotropic hormone (corticotropin, ACTH) 
decreases zinc in the blood [ 40 ].  

2.4    Zinc and Oxidoreduction (Redox) 

 Zinc occurs as the redox-inert zinc(II) ion in biology. Because of this, the often 
quoted antioxidant properties of zinc can be indirect only, i.e., pro-antioxidant [ 41 ]. 
Zinc has this property only in a certain range of concentrations. Outside this range, 
it is a pro-oxidant, also by indirect mechanisms [ 41 ]. Cellular zinc defi ciency and 
zinc overload cause oxidative stress. These opposing effects demonstrate a major 
function of zinc in redox metabolism and how important it is to control cellular 
zinc(II) ion concentrations in the correct range. The pro-antioxidant effects of zinc 
are due to (i) binding to and protecting free sulfhydryls against oxidation, (ii) com-
peting with redox-active transition metal ions and suppressing the production of 
damaging free radicals, and (iii) inducing the synthesis of antioxidants, such as the 
expression of genes coding for antioxidant enzymes through MTF-1 and Nrf-2 
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(NF-E2-related factor) dependent gene transcription. Zinc defi ciency compromises 
these three functions and therefore constitutes a pro-oxidant condition that can trig-
ger a cascading effect: oxidative stress releases zinc from zinc/thiolate coordination 
environments in proteins, such as metallothioneins and increases the oxidative 
stress through the actions of the released zinc if the buffering capacity is too weak. 
Pro-oxidant effects of zinc(II) ions at higher than normal concentrations have been 
linked to zinc inhibition of antioxidant enzymes, the mitochondrial respiratory 
chain with concomitant increased formation of reactive species, and other proteins, 
for example the cellular iron exporter ferriportin [ 42 ]. 

 Biomarkers of oxidative stress or infl ammation decreased when normal healthy, 
middle aged or elderly humans were supplemented with zinc [ 43 , 44 ]. Suffi cient 
zinc may need to be present in cells before an oxidative insult occurs in order to 
support an antioxidant effect, e.g., liver protection against alcohol, cardiac protec-
tion (infarct size), vascular protection (postischemic injury), and protection of tis-
sues against the oxidative stress of diabetic complications. In isolated cells and in 
mice, zinc defi ciency exacerbates endothelial cell dysfunction through pro- 
infl ammatory pathways that involve NF-κB and peroxisome proliferator-activated 
receptor (PPAR) signaling, while prior zinc supplementation reduces fatty acid or 
tumor necrosis factor α-induced oxidative stress [ 45 , 46 ].  

2.5    Global Functions of Zinc 

 Globally, the pro-oxidant effects express themselves as cytotoxic, pro- infl ammatory, 
and pro-apoptotic functions while the pro-antioxidant effects translate into cytopro-
tective, anti-infl ammatory, and anti-apoptotic functions [ 41 ]. With molecular func-
tions in so many proteins in metabolism and signal transduction, it is understandable 
that zinc is involved in proliferation, differentiation, and apoptosis of all cells with 
profound implications for healthy growth, renewal, and repair of cells. Zinc defi -
ciency retards growth, compromises the immune and nervous systems, and affects 
virtually any other organ system. The most cited clinical manifestations in humans 
are skin lesions, depressed mental functions, impaired night vision, anorexia, hypo-
gonadism, depressed wound healing, and changed immune functions. In animals, 
reduced growth, decreased food intake, alopecia, skin lesions (parakeratosis and 
hyperkeratinization), impaired skeletal development and abnormal gait and stance 
are observed. Zinc is involved in normal development through many specifi c zinc 
fi nger transcription factors, in genetics and epigenetics through zinc enzymes that 
control methylation of DNA and methylation and acetylation of histones, and in 
maintaining the integrity of DNA through its role in DNA repair enzymes. 

 The involvement of zinc in the NF-κB pathway of infl ammation serves to illustrate 
the widespread role of zinc in many signaling pathways. In this pathway, no less 
than 24 zinc(II) ions are involved in various aspects of protein structure (Figure  1 ). 
Human IKKβ has a zinc-binding site in its kinase domain, thus increasing the number 

Maret



397

  Figure 1    Zinc proteins involved in turning off the NF-κB pathway of infl ammation. A balance 
sheet of the number of zinc-containing proteins is given. The fi gures were kindly provided by 
Barbara Amann, Department of Chemistry, Goucher College, Towson, MD, USA.       
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of zinc(II) ions in this pathway to 25 [ 47 ]. This complexity and the pleiotropic functions 
of zinc demonstrate the inherent diffi culties that investigators face in defi ning single 
modes of action for zinc or fi nding suitable biomarkers for either the cellular zinc 
status or specifi c zinc-dependent events.
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   One of the major issues in overcoming this diffi culty is the lack of knowledge 
about the hierarchy of cellular zinc distribution under zinc-limiting conditions. Do 
some proteins hold on to their zinc whereas others yield their zinc to support more 
crucial functions? Or are all zinc-dependent proteins affected to the same extent? 
Are vesicular pools of stored zinc(II) ions and signaling functions affected fi rst 
before the functions of zinc metalloproteins are compromised? Of course, such 
questions need to be asked for systemic zinc homeostasis as well: Which organs/
tissues yield their zinc fi rst and are therefore primarily affected by zinc defi ciency? 
Compartmental models have described re-distribution of zinc from the bone/skele-
ton to the liver, but answers lie in the affi nities of zinc for cellular proteins and the 
kinetics of cellular proteins that re-distribute zinc. 

 With this knowledge, it is clear that the subject of zinc in organ pathophysiology 
and disease remains largely phenomenological as it has rarely been possible to 
relate pathology to single or specifi c zinc-dependent molecular events. It would be, 
however, a severe mistake to conclude that the zinc status is not a major determinant 
in the etiology and the progression of diseases. Unfortunately, such a conclusion 
seems to be the prevailing assessment of a large part of the medical community due 
to the absence of any suitable clinical marker of cellular zinc status.   

3    Zinc in Organ Pathophysiology 

 The following short summaries are merely snapshots of examples where the fi eld 
has matured to indicate specifi c roles of zinc in organ pathophysiology and diseases. 
In most instances, pathways common to all cells are discussed in the literature of 
specifi c disciplines, but the knowledge applies across disciplines and will become 
the focus of zinc biology in the years to come. Challenges remain to tease apart the 
specifi c roles of zinc in zinc-dependent molecular pathways from the myriad of cel-
lular functions of zinc. The involvement of zinc in the NF-κB pathway serves to 
illustrate this point (see Figure  1 ). The following summaries remain limited in scope 
as they focus on recently emerging general principles involving zinc(II) ion fl uxes 
rather than focusing on zinc metalloproteins or the many interactions of zinc with 
membrane ion channels and other membrane proteins. Some topics will be treated 
only cursorily in order to keep a focus on molecular events and to avoid too much 
phenomenology. Comprehensive reviews on most of the topics will be cited. 

3.1    Liver and Gastrointestinal System 

 The liver is a central organ in zinc distribution. Therefore, liver disease can affect 
zinc-dependent functions of many other organs and can lead to zinc defi ciency [ 48 ]. 
In zinc defi ciency caused by factors other than liver disease, the liver is less pro-
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tected against various insults. Early observations indicated marked abnormalities of 
zinc metabolism in post-alcoholic (Laennec’s) cirrhosis with low serum and liver 
zinc and zincuria that correlated with the severity of the disease. A considerable 
improvement of liver function was noted when patients were supplemented with 
zinc and it was suggested that alcoholic liver disease is a  conditioned zinc defi ciency  
[ 49 , 50 ]. These observations have been confi rmed repeatedly and demonstrate the 
therapeutic potential of zinc [ 51 ]. Alcohol consumption is also a risk factor for the 
severity of hepatitis C. The hepatitis C virus increases hepatic mitochondrial oxida-
tive stress, thereby sensitizing hepatocytes to further oxidative insults from exces-
sive alcohol consumption [ 52 ]. Nutritional and conditioned zinc defi ciencies, which 
are pro-oxidative conditions, are therefore cumulative risk factors for liver disease. 
Zinc is effective in treating alcoholic and viral liver disease. In liver regeneration, 
the zinc transporter Zip14, which also transports non-transferrin bound iron, is 
upregulated. The additional cellular infl ux of zinc affects the phosphorylation of the 
hepatocyte growth factor receptor c-Met via inhibiting its dephosphorylation by 
protein tyrosine phosphatase-1B (PTP-1B) [ 53 ]. 

 The gastrointestinal tract is equally important in the systemic control of zinc because 
it is the main organ for zinc uptake, which increases under zinc defi ciency, as well as 
zinc excretion. Body zinc is a rather closed system where only a few milligrams 
(one thousandth of the total of 2–3 g) need to be replenished every day. Additional 
conservation of body zinc is afforded through re-uptake of the zinc secreted from the 
salivary glands, stomach, bile, and pancreas. Paneth cells located in the crypts of 
Lieberkühn in the small intestine secrete zinc(II) ions that are thought to be adjuvants 
to the microbicidal properties of secreted defensin peptides (cryptidins) [ 54 ].  

3.2    Cardiovascular and Pulmonary System 

 The cellular role of zinc in protecting the vasculature and the extracellular role of 
zinc in hemostasis have implications for atherosclerosis and thrombosis. Zinc defi -
ciency is associated with bleeding and clotting abnormalities through the involve-
ment of zinc in platelet aggregation, coagulation, anticoagulation and fi brinolysis 
[ 55 ]. Beyond these roles with signifi cance for cardiovascular disease, zinc has been 
implicated in congestive heart failure, myocardial infarction, arrhythmias, and in 
diabetic cardiomyopathy through its involvement in diabetes [ 56 ]. Numerous inves-
tigations support a role of zinc in the pathways leading to heart disease. Some 
human zinc supplementation trials have shown positive effects on clinical parame-
ters related to heart disease although the lack of suitable biomarkers of zinc status 
remains a serious issue in interpreting the fi ndings [ 57 ]. Experiments with rats dem-
onstrated that suboptimal dietary intake of zinc promotes vascular infl ammation and 
atherogenesis by affecting lipoprotein levels and by enhancing proliferation of vas-
cular smooth muscle cells [ 58 , 59 ]. A proteomics analysis of the rats has already 
provided signifi cant insights into the pathways involved [ 60 ]. 
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 The lung epithelium and endothelium have been the subject of extensive investigations 
with regard to zinc [ 61 , 62 ]. As is the case in many other tissues, zinc chelation and 
zinc defi ciency render the lung endothelium susceptible to injury, whereas zinc(II) 
ions released in the cell have a protective effect, though this effect is clearly a matter 
of the amount of zinc released because amounts that exceed the cellular zinc buffer-
ing capacity cause injury. The investigations have demonstrated that the zinc/thio-
late clusters of metallothionein are oxidized  in vivo  and serve as a source of zinc(II) 
ions by converting redox signals into zinc signals [ 63 , 64 ]. Hormones and agents 
that stimulate the cellular production of nitric oxide (NO), hydrogen peroxide, or 
other reactive species release cellular zinc(II) ions. The pathway with oxidative 
mobilization of zinc from metallothionein and subsequent zinc inhibition of enzymes 
operates in many tissues [ 11 ].

Hormone → NO (reactive species) → Zn/S (metallothionein) → Zn 2+  
→ inhibition of enzymes

  The central role of metallothionein in this pathway draws attention to the many 
factors involved when it serves as a source of zinc released in cells. The differential 
gene expression of the about twelve human metallothioneins in tissues, their 
amounts, metal loads, and genetics, and their different reactivites towards thiol- 
reactive agents all determine the balance between cytoprotective and cytotoxic 
functions of zinc [ 65 , 66 ]. The roles of metallothioneins in diseases cover most of 
the areas where zinc is involved and are not discussed here as they have been the 
subject of a recent monograph [ 67 ].  

3.3    Immune System 

 Zinc has extensive roles in both the adaptive (specifi c) and the innate (non-specifi c) 
immune response at multiple levels, including the development of immune cells and 
gene expression in these cells that either affects the cells themselves or other cells 
through secreted cytokines [ 68 ]. Investigations with rodents demonstrated that 
immune responses decline signifi cantly (>50%) in zinc defi ciency [ 69 ]. Human zinc 
defi ciency leads to atrophy of the thymus with apoptotic cell death of precursor 
lymphocytes as well as to defi cits in erythropoiesis resulting in anemia [ 70 ]. T- and 
B-cells are the basis of the adaptive immune system. Zinc defi ciency affects T-cell 
function more readily than B-cell function, but there are fewer B-cells formed 
because of the pro-apoptotic effect of zinc defi ciency in lymphopoiesis. In human 
zinc defi ciency, there is a shift in T-cell populations (Th1/Th2 balance) with the 
result of less interferon γ, interleukin-2, and TNFα being produced [ 71 ]. T-cell 
receptor-mediated T-cell activation also causes infl ux of extracellular zinc via the 
zinc transporter Zip6. The zinc inhibits subsynaptically the recruitment of the pro-
tein tyrosine phosphatase SHP-1 to the T-cell receptor [ 72 ]. Zinc is also needed to 
link the T-cell receptor CD4/CD8 and the tyrosine kinase Lck at protein interface 
sites between the two proteins and to induce the subsequent dimerization of this 
protein complex [ 73 , 74 ]. 
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 The innate immune response and infl ammation constitutes the fi rst line of 
defense of the host. It includes granulocytes, monocytes/macrophages, dendritic 
cells, and natural killer cells. Zinc is involved in the development, maturation, and 
function of all these cells. Zip6 is downregulated and cellular zinc decreases when 
toll-like receptor-4 of dendritic cells is stimulated [ 75 ]. Zip6 is needed to initiate 
zinc-dependent expression of major histocompatibility class II molecules. Zinc sig-
naling in the immune system recently gained additional attention when a role of a 
protein kinase C-induced zinc(II) ion signal in the formation of neutrophil extracel-
lular traps (NET) was discovered [ 76 ]. NETosis is a process, in which components 
such as DNA, chromatin, and proteins are released from cells to capture bacteria. 

 At the molecular level, a re-distribution of zinc is important for the immune 
response. The acute phase response to injury or infection decreases plasma zinc and 
increases cellular zinc [ 40 ]. In the liver, the pro-infl ammatory cytokine interleukin-
 6 induces the expression of Zip14 and metallothionein, resulting in zinc infl ux 
and binding of zinc [ 77 ]. Subsequent to restriction of zinc in the blood, induced 
cellular zinc(II) ion fl uxes are critical for functions of immune cells. FcεR1 receptor 
stimulation of mast cells increases cellular zinc(II) ions and so does stimulation of 
Jurkat T cells and monocytes [ 78 , 79 ]. The increase in mast cell zinc is important for 
allergic and autoimmune reactions (anaphylaxis, asthma, atopic dermatitis). Under 
conditions of zinc defi ciency, the cellular re-distribution of zinc cannot take place, 
compromising the function of immune cells and increasing morbidity and mortality, 
especially in the critically ill with sepsis. 

 Another important observation is that the zinc transporter Zip8 is a transcrip-
tional target of NF-κB [ 47 ]. Zinc transport through Zip8 suppresses pro- infl ammatory 
conditions by zinc-dependent down-regulation of IκB (IKK) kinase activity. Zinc 
defi ciency, in contrast, results in increased infl ammation. Zip8 transports iron in 
addition to zinc [ 80 ]. 

 Control of zinc homeostasis must be intact for proper immune functions. Zinc 
supplementation must be chosen carefully. Too much zinc causes copper defi ciency, 
leukopenia, inhibits immune functions, and counteracts the acute phase response, 
which removes zinc from the circulation so that an invading pathogen does not have 
access to the zinc it needs. Zinc defi ciency, on the other hand, increases bacterial 
invasion, in particular through an infl ammatory response and the damaging effects 
on mucosal functions in the gastrointestinal and respiratory tracts [ 81 ]. These effects 
of zinc on the immune system are important for autoimmune diseases and neoplas-
tic growth, and the effi cacy of vaccinations in zinc-defi cient individuals. Since zinc 
affects B-cells indirectly through its effect on T-cells, T-cell function should be opti-
mal prior to vaccination.  

3.4    Central and Peripheral Nervous System 

 In addition to the functions of zinc in every nerve cell, specialized neurons in the 
cerebral cortex store zinc in synaptic vesicles. Upon neuronal stimulation, zinc(II) 
ions are released from these vesicles and have multiple effects on the postsynaptic 
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neurons. Therefore, control of synaptic zinc homeostasis is critical [ 82 ]. ZnT3 and 
MT3 (growth inhibitory factor) participate in the loading of the synaptic vesicles 
with zinc. The role of zinc(II) ions in synaptic neurotransmission and in excitotoxic-
ity has been investigated extensively [ 83 , 84 ]. In a provocative article entitled “Do 
we need zinc to think?” the role of synaptic zinc was discussed [ 85 ]. It is becoming 
clear that synaptic zinc is involved in cortical plasticity affecting learning and mem-
ory and thus critical to the function of the hippocampus [ 86 – 88 ]. 

 Stroke leads to ischemic neuronal injury and neurodegeneration [ 89 ]. Release of 
vesicular zinc associated with a stroke either affects the receptors at the postsynap-
tic neuron, such as NMDA channels, acid-sensing channels or GABAA receptors, 
or enters the postsynaptic neuron through the AMPA receptor and other calcium 
channels and acts intracellularly. In the neuron, zinc is also released from proteins by 
oxidative/nitrosative stress and acidosis, both of which are consequences of ischemia. 
The zinc(II) ions then enter mitochondria and inhibit the respiratory chain and anti-
oxidant enzymes in the matrix with the result of mitochondria churning out more 
reactive oxygen species. Reperfusion following ischemia may augment the injury. 
The fi ne balance between zinc being released for protective functions and zinc 
being neurotoxic and the timing of the events make it very diffi cult to intervene 
therapeutically with either chelating agents or with zinc supplementation. The pro-
tective functions of zinc are evident in preconditioning that lowers the damage of an 
ensuing ischemic insult. 

 Zinc(II) ions released from vesicles through exocytosis and from cellular pro-
teins by oxidative and nitrosative stress also contribute to neurotoxicity in traumatic 
brain injury and seizures [ 90 – 92 ]. 

 For human brain health and for public health in general, it is important to realize 
that subclinical zinc defi ciency impairs brain function [ 93 ].  

3.5    Reproductive System 

 The observation of hypogonadism in zinc defi ciency underscores the role of zinc in 
the reproductive system. The prostate, seminal fl uid, and sperm are all very rich in 
zinc. Testicular zinc is required for spermatogenesis. The high amount of zinc in the 
prostate has been linked to the inhibition of mitochondrial aconitase for the produc-
tion of high concentrations of citrate, which together with secrected zinc(II) ions is 
important for the physiology of the seminal fl uid [ 94 ]. The high concentrations of 
zinc in prostate epithelial cells has been suggested to have antiproliferative and 
antitumor effects [ 94 ]. 

 Signifi cant advances have been made recently in elucidating the role of zinc in 
oocytes. At the end of maturation, mouse oocytes accumulate zinc and arrest at 
metaphase II after the fi rst meiotic division. The fertilized oocytes then secrete zinc(II) 
ions with characteristic “zinc sparks” into the environment in order to lower intracellular 
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zinc as a requirement for resuming the meiotic cell cycle [ 95 ]. Zinc is also involved in 
prophase I arrest through its effect on the MOS-MAPK pathway [ 96 ]. The authors 
comment on these remarkable fi ndings in the following way: “These results establish 
zinc as a crucial regulator of meiosis throughout the entirety of oocyte maturation, 
including the maintenance of and release from the fi rst and second meiotic arrest 
points.” Oocytes interact with cumulus cells and their cellular zinc content is intri-
cately linked to the control of zinc homeostasis in cumulus cells [ 97 ]. 

 These recent discoveries will impact signifi cantly our knowledge about fertility, 
reproductive health, and embryonic development.  

3.6    Sensory Systems 

 Among the sensory systems, most work has focused on the eye, where the retina and 
the retinal pigment epithelium/choroid complex are particularly rich in zinc [ 98 , 99 ]. 
Drusen, deposits in the retina, accumulate metal ions, suggesting a pathology 
similar to that of perturbation of metal homeostasis in the deposits of Alzheimer’s 
disease (see below). Dietary supplementation with zinc has become a method of 
treatment for age-related macular degeneration. 

 Loss of taste acuity is a clinical sign of zinc defi ciency; hearing and smelling 
may also be affected. The olfactory bulb has very high zinc concentrations. Zinc is 
stored in vesicles of olfactory sensory neurons and can be released by electrical 
stimulation [ 100 ].  

3.7    Other Systems 

 Other organ pathologies are also linked to zinc. There is a relative extensive litera-
ture on the role of zinc in skin diseases, wound healing, and bone health. 

 One additional general subject is the role of zinc in growth. Stunting is a conse-
quence of zinc defi ciency. Hypopituitarism was observed when human zinc defi -
ciency was fi rst described [ 101 ]. Therefore, research has addressed the role of zinc 
in the growth hormone (somatostatin) – insulin-like growth factor-1 (IGF-1) axis. 
Neuroendocrine cells store secreted proteins in dense cores of secretory granules. 
Zinc has a role in the secretory pathway of growth hormone [ 102 ]. It binds to growth 
hormone in a stoichiometry close to 1:1 in the secretory granules of the pituitary 
glands and induces the dimerization of the hormone [ 103 , 104 ]. And anterior pitu-
itary cells, which release growth hormone, secrete zinc(II) ions [ 13 ]. Growth 
 hormone then stimulates the synthesis of IGF-1 in the liver. The function of IGF-1 
in tissues (muscle, bone) is zinc-dependent in pathways that also involve Zip7, 
Zip13, and Zip14 [ 19 , 105 – 107 ].   
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4    Zinc in Disease 

4.1    Genetic Disease 

 In addition to the many changes in mRNA levels of zinc transporters observed in 
diseases, a number of mutations in zinc transporters are associated with human 
diseases (Table  1 ). A polymorphism of MT1A, an Asn27Thr substitution, changes the 
zinc-binding properties of the protein and is associated with type 2 diabetes and coro-
nary heart disease [ 108 ]. Therefore, not only the availability of zinc in the diet but also 
the proteins that control cellular zinc homeostasis are important for health. Very little is 
known, however, about genetically determined differences in requirements for zinc or 
sensitivities towards an excess of zinc, nor have the genetics of the about 3000 human 
zinc proteins been much explored with regard to disease-causing mutations. In addition 
to the metabolic effects of mutations in zinc homeostatic proteins, the effect of such 
mutations on mental health are quite remarkable (Table  1 ). There are individuals with 
hyperzincemia [ 109 ]. Their high zinc in the blood is associated with calprotectinemia. 
Calprotectin is a protein of the S100 family that binds zinc. It is released from leuko-
cytes in the acute phase response, and is involved in the innate immune response by 
binding manganese to deprive invading bacteria of this metal ion [ 110 ]. Hyperzincemic 
individuals present with the same symptoms as those with zinc defi ciency.

4.2       Metabolic and Chronic Disease 

4.2.1    Diabetes 

 A role of zinc in diabetes was considered for a long time but did not receive much 
attention because insights into molecular mechanisms were lacking, the many key 
functions of zinc in proteins and in the control of metabolism were not yet known, 

    Table 1    Polymorphisms/mutations in human zinc transporters causing, or being associated with, 
human diseases.   

 ZnT2  Transient neonatal zinc defi ciency [ 111 ] 
 ZnT8  Risk for diabetes type 2 [ 112 ] 
 ZnT10  Broad phenotype with neurologic, hepatic, and hematologic disturbances, 

hypermanganesemia, obesity [ 113 , 114 ] 
 Zip2  Carotid artery disease [ 115 ] 
 Zip3  Bipolar disorder [ 116 ] 
 Zip4  Acrodermatitis enteropathica [ 117 , 118 ] 
 Zip8  Schizophrenia, obesity (dyslipidemia), coronary artery disease [ 119 , 120 ] 
 Zip11  Major depressive disorder [ 121 ] 
 Zip12  Schizophrenia [ 122 ] 
 Zip13  Spondylocheiro dysplastic form of Ehlers–Danlos syndrome (SCD-EDS) [ 123 , 124 ] 
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and cause  versus  effect could not be addressed [ 125 – 127 ]. Already in the 1930s, it 
was reported that the pancreas of cadavers from diabetics has only about half the 
amount of zinc compared to a healthy pancreas. Also, diabetics have signifi cant 
hyperzincuria. However, a zinc defi ciency is not readily established as reliable clini-
cal markers of cellular zinc status are not available. Molecular studies in three areas 
have now signifi cantly strengthened the link between zinc and diabetes. Zinc 
enhances the insulin action in peripheral tissues; it has a role in insulin storage and 
secretion in pancreatic β-cells; and it has pro-antioxidant functions in protecting the 
endocrine pancreas and peripheral tissues. The following summaries are based on 
recent reviews that cite the original work [ 112 , 128 , 129 ]. 

4.2.1.1    Zinc in Pancreatic β-Cell Physiology 

 In the granules of human pancreatic β-cells, human insulin is stored as a crystalline 
hexamer with two bound zinc ions. The zinc(II) ions that are co-secreted with 
insulin may affect glucagon secretion from α-cells, channel proteins, and/or prevent 
amyloidogenesis of co-secreted proteins. For instance, zinc inhibits the fi brillation 
of monomeric insulin and the formation of the dimer of the human islet amyloid 
polypeptide (IAPP, amylin). 

 The zinc transporter, ZnT8 provides zinc to the insulin-storing granules. A strong 
association between a polymorphism in the  SLC30A8  gene (coding for ZnT8) and 
type 2 diabetes exists in different populations. ZnT8 with an Arg instead of a Trp 
at position 325 in its cytoplasmic domain increases the risk for diabetes by 53%. 
The risk allele is the most prevalent in populations, 55% in Asians, 75% in 
Europeans, and 95% in Africans. There is another variant with Gln at position 325. 
ZnT8 is also a signifi cant autoantigen in type 1 diabetes and the single nucleotide 
polymorphism modulates the ZnT8 autoantibody specifi cities, indicating that the 
amino acid substitution has probably a critical role. Mice with a β-cell specifi c 
knock-out of ZnT8 have decreased zinc in the granules, altered insulin secretion, 
and mild glucose intolerance. Other zinc transporters participate in zinc metabolism 
of β-cells and some of them are associated with diabetes type 2.  

4.2.1.2    Zinc in the Physiology of Cells Targeted by Insulin 

 Already in the 1960s it was shown that zinc has an insulin-sparing effect and that zinc-
defi cient rats are less sensitive to insulin. Zinc stimulates lipogenesis in isolated adi-
pose tissue and affects glucose uptake in target tissues. Remarkably, for the culture of 
some mammalian cells, zinc can replace insulin in serum-free media. These insulin-
mimetic effects of zinc are intracellular. Zinc increases the phosphorylation of the 
insulin/IGF-1 receptor and hence protein phosphorylations downstream in insulin sig-
nal transduction. One molecular target of zinc is the protein tyrosine phosphatase 
PTP-1B, a major regulator of the phosphorylation state of the insulin receptor. Zinc 
inhibits this enzyme with an apparent zinc binding constant of 15 nM [ 19 , 130 ].  
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4.2.1.3    Zinc and Oxidative and Carbonyl Stress 

 Diabetic hyperglycemia causes the glycation of proteins. The resulting advanced 
glycation end products (AGEs) increase reactive carbonyls, resulting in so-called 
carbonyl stress, which modifi es, among other targets, sulfhydryl groups, lowers the 
zinc buffering/binding capacity, and mobilizes zinc from proteins [ 131 ]. Oxidative 
stress is a cause of insulin resistance [ 132 ]. The role of zinc in mediating oxidative 
stress thus establishes a causal link between zinc and insulin resistance.   

4.2.2    Cancer 

 The roles of zinc in the immune system and thus immune surveillance and in main-
taining genome stability are all relevant to cancer [ 133 ]. In addition, metastasis and 
angiogenesis require zinc. Matrix metalloproteinases are involved in metastasis. 
Cancer is often associated with low serum zinc, and with increased or decreased 
zinc in the malignant tissue. Zinc defi ciency is a major risk factor for esophageal 
and oral small cell carcinoma and is involved in the development of chemically 
induced esophageal cancer [ 134 , 135 ]. It causes a pro-infl ammatory environment 
through the expression of onco-micro RNAs [ 136 ]. The diminished cytoprotection 
in zinc defi ciency constitutes a risk factor for reactions of biomolecules with envi-
ronmental carcinogens and therefore has general implications for carcinogenesis. 

 Zinc chelation arrests cell growth. Zinc is required for cells to pass through the 
G1 and G2 restriction points of the cell cycle and for differentiation. In addition, 
mRNAs of specifi c cyclins decrease under zinc defi ciency [ 137 ]. Fluctuations of 
free cellular zinc(II) ions have been observed at the two restriction points [ 38 ]. 

 Changes in zinc and in zinc homeostatic proteins (zinc transporters and metallothio-
neins) have also been observed in many cancers. Zinc transporters have a role in cancer 
signaling through the apparent activation of protein tyrosine kinases [ 138 ]. Very tight 
zinc inhibition of protein tyrosine phosphatases supports such activation [ 22 ]. 

 Zip6 (LIV-1) is an estrogen-induced protein in breast cancer cells [ 139 ]. Zip6 is 
regulated by the transcription factor STAT3 and has a role in the EMT (epithelial to 
mesenchymal transition) in metastasis [ 140 ]. The increase of cellular zinc(II) ions 
caused by Zip6 induction inhibits downstream events, in particular the expression of 
E-cadherin, which is involved directly in cell detachment and hence metastasis [ 141 ].  

4.2.3    Neurodegeneration 

 Among the neurodegenerative diseases, Alzheimer’s disease (AD) received the 
most attention with regard to zinc’s involvement in both the Aβ and tau protein 
pathologies. The reason is that zinc and other metals (Fe, Cu) were found in 
the amyloid plaques of AD at relatively high concentrations [ 142 ]. This fi nding led 
to the hypothesis that Aβ disrupts the control of neuronal zinc homeostasis by 
sequestering metals and that inappropriately localized zinc leads to a loss of zinc’s 
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function in neurotransmission. Zinc induces the aggregation of Aβ into an insoluble 
form, the processing of amyloid precursor protein (APP), the metabolism of iron 
and copper, and interferes with microtubule-associated tau, the protein forming 
neurofi brillary tangles, the second hallmark of AD pathology [ 143 ]. Elevated levels 
of zinc inhibit the iron exporter ferroportin, possibly leading to iron overload and 
associated oxidative stress in neurons [ 42 ]. 

 A quite remarkable observation is the shared phylogenetic origin of some Zip 
proteins and the prion proteins [ 144 ]. A role of the prion protein in uptake of zinc 
into neuronal cells indicates functional signifi cance for neurodegeneration [ 145 ].   

4.3    Infectious Disease 

 With compromised immunity of the host in zinc defi ciency, infection with parasites 
is a major health concern, in particular for those at risk: children, pregnant women, 
and the elderly. Treating and preventing diarrhea in children under the age of 
five with zinc is robust and saves a high number of lives in the developing world. 
There is correlative evidence between zinc defi ciency and malaria, measles, HIV, 
tuberculosis, and respiratory tract infections such as pneumonia. However, evidence 
for effi cacy of the treatment and prevention of these diseases with zinc is less 
clear [ 146 ].   

5    General Conclusions 

 The importance of proper control of cellular zinc is being recognized in several 
specialized disciplines of academic medicine. Zinc is involved in pathways com-
mon to all cells and in virtually all aspects of molecular and cellular biology. While 
changed levels of zinc in diseases were mostly considered consequences of the dis-
eases, causation is now indicated strongly in many cases. Zinc biology, therefore, 
will have a major impact on the practice of medicine in many disciplines, including 
those where the roles of zinc are not considered at present. 

 Translation of the knowledge into practice has been, and continues to be, ham-
pered by the lack of suitable clinical markers, especially markers for milder forms 
of zinc defi ciency [ 147 ]. Biomarker discovery can be better pursued now because 
many additional and wider functions of zinc are known. In particular the knowledge 
about proteins involved in zinc homeostasis raise expectations that biomarkers 
refl ecting the zinc status akin to transferrin and ferritin in iron metabolism will be 
discovered. The majority of clinical cases of zinc defi ciency present themselves 
with overt signs. Mild zinc defi ciency, though known to affect the nervous and 
immune system, is generally not addressed in the clinical setting. 

 Blood zinc represents only about 0.1% of total body zinc and corresponds to 
about the amount of zinc replenished every day, but the requirements are different 
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for children, pregnant and lactating women, the elderly, healthy and sick humans, 
and populations that are at risk for zinc defi ciency. As a systemic marker, blood 
zinc it is not a sensitive marker for the cellular zinc status, in particular since acute 
infections can lower serum zinc and increase cellular zinc, cells differ in their zinc 
requirements and kinetics, and major functions of zinc are within cells. Zinc 
 therapy is already proven to be effective in diseases, such as intestinal diseases, 
acrodermatitis enteropathica, transient neonatal zinc defi ciency, and Wilson’s 
disease. 

 Although many defi cits have been linked unequivocally to zinc defi ciency and 
zinc appears to be a panaceum for a large number of ailments, zinc supplementation 
is often ineffective in reversing defi cits [ 148 ]. This failure has perplexed some and 
is sometimes used to refute the hypothesis that zinc defi ciency is the cause of a 
condition. However, there are multiple reasons for the occasional failure of revers-
ing symptoms with zinc supplementation. The control of zinc metabolism is remark-
ably complex and encompasses competition with and interactions among other 
metal ions; zinc supplementation depends on the dose as too much zinc may have the 
opposite effects; and last but not least, restoration of function may require additional 
factors because other micronutrient defi ciencies often accompany zinc defi ciency. 

 Supplementing only zinc may not restore the control of cellular zinc homeostasis. 
Additional zinc may be a pro-oxidant and harmful under conditions of sustained 
oxidative stress when free zinc(II) ion concentrations are already higher than normal 
and the zinc buffering capacity is reduced. Under conditions such as oxidative 
stress, the binding capacity of cellular thiols is reduced and supplemental zinc may 
not be retained in the cells or bind to non-physiological targets with adverse side 
effects. Restoring control of cellular, not necessarily systemic, zinc homeostasis, 
restoring the cellular redox state, and addressing the factors that condition zinc defi -
ciency (Table  2 ) seem to be a prerequisites to successful zinc therapy in the many 
conditions that may require zinc.

   With the discovery of the many proteins controlling cellular zinc homeostasis 
and the genetics of these proteins, the focus of attention shifted from the presence 
or absence of zinc to the functions of the proteins that determine the cellular alloca-
tion of zinc to zinc proteins, re- distribute zinc under changing conditions, and, 
importantly, regulate the functions of zinc in intra- and intercellular communication. 
Specifi c roles of zinc in cellular signaling pathways are being identifi ed and 

   Table 2    Causes for zinc defi ciency [ 149 ].   

  Nutritional  
 General malnutrition but also wrong diets, including diets high in phytate; total parenteral nutrition 

  Conditioned  
 Diseases: Liver disease (cirrhosis, chronic active hepatitis, fatty liver disease) and intestinal disease 

(Crohn’s disease, colitis ulcerosa, celiac disease), pancreas disease (chronic pancreatitis), terminal 
kidney insuffi ciency, acute myocardial infarct, infections, tumors, diabetes mellitus, collagenoses 

 Iatrogen: Treatment with penicillamine, contraceptives, corticoids, and certain antibiotics 

  Genetic  
 Sickle cell disease and inherited diseases of zinc metabolism 
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examined. Changed functions of zinc homeostatic proteins affect the redox state, 
infl ammation, genetic stability, and cellular signaling and metabolism through 
altered cellular zinc metabolism. 

 Abbreviations 

  ACTH    adrenocorticotrophic hormone, corticotropin   
  AD    Alzheimer’s disease   
  AGE    advanced glycation end product   
  AMPA    α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid   
  APP    amyloid precursor protein   
  DALY    disability-adjusted life years   
  EMT    epithelial-to-mesenchymal transition   
  GABAA    γ-aminobutyric acid A   
  HIV    human immunodefi ciency virus   
  IAPP    islet amyloid polypeptide, amylin   
  IGF-1    insulin-like growth factor 1   
  IKKβ    IκB kinase β   
  MMP    matrix metalloproteinase   
  MOS-MAPK    mos (a protein serine/threonine kinase)-mitogen-activated protein kinase   
  MRE    metal response element   
  MT    metallothionein   
  MTF-1    metal response element (MRE)-binding transcription factor-1   
  NET    neutrophil extracellular trap   
  NF-κB    nuclear factor κ light-chain-enhancer of activated B cells   
  NMDA    N-methyl D-aspartate   
  PPAR    peroxisome proliferator-activated acceptor   
  PTB-1B    protein tyrosine phosphatase-1B   
  TNFα    tumor necrosis factor α   
  WHO    World Health Organization   
  Zip    Zrt-, Irt-like proteins   
  ZnT    zinc transporter   
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