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Abstract To accomplish its multifunctional biological roles, zinc requires precise homeostatic
mechanisms. There are efficient mechanisms that regulate zinc absorption from the alimentary
tract and its excretion by the kidney depending on the organism demands. The regulatory
mechanisms of cellular zinc inflow, distribution, and zinc outflow are so efficient that
symptoms of zinc deficiency are rare, and symptoms connected with its massive accumulation
are even more rare. The efficiency of homeostatic mechanisms that prevent zinc deficiency or
excessive zinc accumulation in the organism is genetically conditioned. It seems that an
essential element of zinc homeostasis is the efficiency of zinc transmembrane exchange
mechanisms. Intracellular free zinc concentration is higher than in extracellular space.
Physiologically, the active outflow of zinc ions from the cell depends on the increase of its
concentration in extracellular space. The ion pumps activity depends on the efficiency bywhich
the cell manages energy. Considering the fact that zinc deficiency accelerates apoptosis and that
excessive zinc accumulation inside cells results in a toxic effect that forces its death brings about
several questions: Is intensification and acceleration of changes in zinc metabolism with age
meaningful? Is there a real zinc deficiency occurring with age or in connection with the
aforementioned pathological processes, or is it just a case of tissue and cell redistribution?
When discussing factors that influence zinc homeostasis, can we consider zinc supplementation
or regulation of zinc balance in the area of its redistribution? To clarify these aspects, an
essential element will also be the clear understanding of the nomenclature used to describe
changes in zinc balance. Zinc homeostasis can be different in different age groups and depends
on sex, thus zinc dyshomeostasisrefers to changes in its metabolism that deviate from the
normal rates for a particular age group and sex. This concept is very ample and implies that
zinc deficiency may result from a low-zinc diet, poor absorption, excessive loss of zinc, zinc
redistribution in intra- and extracellular compartments, or a combination of these factors that is
inadequate for the given age and sex group. Such factor or factors need to be considered for
preventing particular homeostasis disorders (or dyshomeostasis). Regulation of zinc metabo-
lism by influencing reversal of redistribution processes ought to be the main point of
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pharmacologic and nonpharmacologic actions to reestablish zinc homeostasis. Supplementa-
tion and chelation are of marginal importance and can be used to correct long-term dietary zinc
deficiency or zinc poisoning or in some cases in therapeutic interventions. In view of its
biological importance, the problem posed by the influence of zinc metabolism requires further
investigation. To date, one cannot consider, for example, routine zinc supplementation in old
age, because changes of metabolism with age are not necessarily a cause of zinc deficiency.
Supplementation is warranted only in cases in which deficiency has been established
unambiguously. An essential element is to prevent sudden changes in zinc metabolism, which
lead to dyshomeostasis in the terms defined here. The primary prophylaxes, regular physical
activity, efficient treatment of chronic diseases, are all elements of such prevention.

Keywords Zinc . Zinc deficiency . Zinc excess . Zinc supplementation . Zinc chelation .
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Zinc is currently considered one of the most important inorganic micronutrients. In spite of
occupying the 27th place in abundance in the earth’s crust, it is without a doubt the most
biologically important element in Group IIB of the periodic table [1].

It is found in nature mostly in the form of sulfides or oxides, and in foods the highest
zinc content is found in oysters, saltwater fish, sunflower and pumpkin seeds, bran, wheat,
some edible fungi, liver, egg yolks, onion, garlic, and tea [1, 2].

The human body contains 0.021–0.034 mol of zinc (1.4–2.3 g). It is concentrated mainly
in the skin and its adnexa, bones, teeth, skeletal muscles, liver, prostate, testicles, and eye.
There are areas of high concentration of zinc in the human brain, e.g., near hippocampus. In
cells, zinc is mostly seated close to the cell membrane and in the nucleus [3].

Zinc is characterized by its multidirectional bioactivity. It is a component in more than
300 enzymes, fulfilling a variety of catalytic, co-catalytic and/or structural functions [1, 3,
4]. Among other things, zinc determines the activity of angiotensin-I converting enzyme
(ACE), carbonic anhydrase, and the endothelin-converting enzyme (ECE). Its presence is
essential for forming the quaternary structure of many regulatory proteins and hormonal
receptors such as zinc fingers, zinc twists, and zinc clusters, which determine binding to
DNA. Zinc is part of the nucleic acids structure and takes part in its metabolism. It
stabilizes cell membranes and is a regulatory factor for their functions [1–7].

Cell growth and cytokinesis depend on the intracellular zinc content and its transport [1,
3, 4, 8, 15]. Also, zinc translocates calcium from one site to another, modifying calcium-
dependent processes [7, 16].

For accomplishing its multifunctional roles, zinc requires precise homeostatic mecha-
nisms. There are efficient mechanisms that regulate zinc absorption from alimentary tract as
well as its excretion by the kidney depending on the organism demands. The regulatory
mechanisms of cellular zinc inflow, distribution, and zinc outflow are so efficient that
symptoms of zinc deficiency are rare, and symptoms connected with its massive
accumulation are even rarer [1, 17, 18].

Zinc Homeostasis

It is known that the basic mechanism of zinc homeostasis maintenance involves changes in
zinc absorption and secretion to and from the alimentary tract. It also involves regulation of
zinc urinary excretion and its tissue and cell redistribution [19].
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The intracellular content of zinc is genetically conditioned. It shows relatively small
intra-individual variations in comparison to inter-individual variations, and shows different
values in different organs [20–25]. There are two pools of intracellular zinc: slow-acting,
associated to protein synthesis or to cell membrane (structural zinc), and fast-acting (also
called free zinc), as in catalytic centers and signal transmitters [1, 17].

Practically all of the zinc, approximately 98%, is located in intracellular space. The small
amount of extracellular zinc changes in response to different factors, regardless of its
consumption and total content in the human body [1, 6].

The serum zinc concentration is tied to circadian rhythm, undergoing a gradual reduction
from early morning to late afternoon [26], but remains relatively constant, except during
long-lasting periods of dietary zinc deficiency, severe stress response, such as in cases of
cardiac infarction, infection, or inflammation, which cause the serum zinc concentration to
decrease [1, 6].

Emotional stress or short-term physical exertion does not bring changes in zinc
concentration in blood serum, but chronic emotional stress or frequent, nonphysiological
effort causes its decrease [1, 6, 18].

The concentration of free zinc inside the cell is lower than in extracellular space, e.g., in
blood serum [27, 28], an electrochemical gradient is created causing zinc to flow across the
membrane. In bipolar cells such as enterocytes, hepatocytes, or endothelial cells zinc inflow
(influx) is driven by the concentration gradient through the top surface without energy
expenditure. Under conditions of high extracellular zinc, transport also occurs by passive
diffusion. Transmembrane zinc transport through the basic part of the cell takes place by
both passive diffusion and active transport mechanisms. It is likely that there exists a
potassium–zinc anti-transport (2K+/Zn++). Zinc inflow is also connected with anionic
chloride–bicarbonate exchange (Cl−/HCO3

−). In unipolar cells, zinc ions inflow takes place
in similar fashion [28–31].

Zinc outflow (efflux) takes place against the electrochemical gradient on an active
transport basis, a calcium–zinc anti-transport (Ca++/Zn++), and by the ionic transport
mechanisms previously described.

The efficiency of homeostatic mechanisms that prevent zinc deficiency or excessive zinc
accumulation in the organism is genetically conditioned [21–25, 32–36]. The genetic
diversity of the population and zinc content in the diet may be determinants in the evolution
of arterial hypertension or arteriosclerosis. Accelerated arteriosclerosis evolution, ischemic
disease, and diabetes with zinc excess in the diet [37–42], deficiency [43–46], or no
association [47] were determined in different population samples.

With age, there is a decrease of gastrointestinal (GI) absorption of zinc concomitant with
increases in red blood cell concentration and urinary excretion [48, 49]. It suggests that the
change in zinc metabolism is an element of the aging process. The efficiency of ionic pumps
decreases with age, affecting the regulatory mechanisms of intra- and extracellular zinc
balance. This results in increases of zinc content in frontal lobe and hippocampus neurocytes
and a decrease of its content in lymphocytes. These changes suggest a growing redistribution
of zinc ions in organism following deficiency of the total pool of zinc with age [50–54].

Similar changes are observed during chronic pathological processes such as arterial
hypertension, type 2 diabetes, or obesity [55–58]. Age-matched subjects suffering from such
conditions show lower serum zinc concentration and increased urinary excretion when
compared to healthy individuals. These processes are statistically tied to a shorter lifetime span.

Considering the fact that zinc deficiency accelerates apoptosis [59] and that excessive
zinc accumulation inside cells results in a toxic effect that forces its death [60, 61] brings
about several questions: Is intensification and acceleration of changes in zinc metabolism
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with age meaningful? Is there a real zinc deficiency occurring with age or in connection
with the aforementioned pathological processes, or is it just a case of tissue and cell
redistribution? When discussing factors that influence zinc homeostasis, can we consider
zinc supplementation or regulation of zinc balance in the area of its redistribution?

To clarify these aspects, an essential element will also be the clear understanding of the
nomenclature used to describe changes in zinc balance. Zinc homeostasis can be different in
different age groups and depends on sex, thus, zinc dyshomeostasis refers to changes in its
metabolism that deviate from the normal rates for a particular age group and sex. This
concept is very ample and implies that zinc dyshomeostasis includes zinc deficiency
(resulting from a low-zinc diet, poor absorption, or excessive loss of zinc), zinc
redistribution in intra- and extracellular compartments with local deficiency or excess and
zinc excess (resulting from a high-zinc diet) or a combination of these factors that is
inadequate for the given age and sex group. Such factor or factors need to be considered for
preventing particular homeostasis disorders (or dyshomeostasis).

Aging and progressive organ changes, for example in arterial hypertension, have a definite
influence on the function of the organism. Both processes greatly decrease zinc, thus, it would
be of value to include zinc supplementation in these subjects to improve immune function,
among other things. In spontaneously hypertensive rats, a frequent cause of death (in addition
to vascular changes) is pneumonia resulting from weakened immunity [42, 62–64].

Similar changes in zinc metabolism occur in diabetes and obesity [55–58]. These can
explain faster dynamics of organ changes with coexisting arterial hypertension, diabetes,
and overweight. Normalization of zinc balance parameters after normalization of body
weight as well as improvement of the glucose tolerance after zinc substitution has been
demonstrated [65–67].

Likewise, chronic inflammatory diseases of the GI tract, respiratory system, circulatory
failure, neoplastic diseases, chronic psychical stress or excessive, chronic physical effort
load are proven causes of zinc dyshomeostasis [1, 6, 18].

The redistribution connected with intracellular zinc accumulation and disrupted balance of
free zinc ions in neurons and extracellular space of the central nervous system can be related
to neurodegenerative processes [61]. Free intracellular zinc is a potentially toxic cation that
takes part in impairing of neurons in the course of ischemia, trauma, or epilepsy [60].

It seems that an essential element of zinc homeostasis is the efficiency of zinc
transmembrane exchange mechanisms. Physiologically, the activity of zinc ions’ outflow
from the cell depends on the increase of its concentration in extracellular space. The ion
pumps activity is dependent on the efficiency of cell energetic status. The exchange of zinc
across the membrane is affected, among other things, by aldosterone, other steroid
hormones, including sex hormones and endogenous ouabain [55, 68, 69].

To answer the raised questions, the parameters describing zinc homeostasis and the level
of its dyshomeostasis, deficiency, excess, and degree of its redistribution need to be taken into
account. It is also essential to determine rates for specific age and sex groups, probably also
with reference to particular populations with regard to race or geographical distribution.

Measuring the necessary parameters should be reliable, relatively simple, and accessible.
To date, the methods employed to determine zinc metabolism include direct measurement
of zinc levels and indirect techniques such as quantifying transporting proteins, determining
the activity of zinc-dependent enzymes. The direct methods include determining serum zinc
concentrations, measuring the zinc concentration in serum-basal and after intravenous or
oral zinc supply, known as zinc tolerance tests [70–72], the degree of absorption and
redistribution with use of zinc isotopes [17, 19, 55], excretion with urine [17–19, 71], zinc
content in erythrocytes and leukocytes [12, 20–22, 48, 55], inflow and outflow rates [27,
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30, 31, 55, 73], free zinc content in cells and serum [28, 59, 60, 73]. The other methods of
zinc metabolism estimation include zinc content in cell membranes of erythrocytes and
thrombocytes, in hair, biopsy material, or by determining albumin, ceruloplasmin, and
copper concentrations in blood plasma, calcium serum concentration (in zinc excess), or by
measuring, i.e., the alkaline phosphatase and 5prime-nucleotidase activities [2, 3, 5, 8–12,
15, 18, 19, 73–76].

Based on literature and own observations in the field of screening tests to determine zinc
metabolism by means that permit to “pre-evaluate” zinc excess or deficiency and redistribution
occurrence, the zinc concentration in blood serum and lymphocytes are adequate parameters,
provided that the differences caused by age, sex, and population are taken into account.

Serum zinc values range from 12.2 μM/l to 21.4 μM/l (80–140 μg%) [2]. Deficiency is
manifest if serum zinc levels are ≤9.9 μM/l [75]. The decrease of lymphocyte zinc levels is
a measure of the redistribution process, which, jointly with serum zinc, are good indicators
of zinc deficiency in the organism.

In a previous study on healthy individuals of both sexes, aged 33.22±9.15 years, the
zinc content in lymphocytes was 0.59±0.56 μg/mg protein. When classified by sex, the
value for women was 0.69±0.70 and 0.45±0.27 for men [77].

The following tests seem to be essential to better estimate zinc homeostasis: zinc
tolerance tests, zinc content in erythrocytes, rate of zinc outflow from lymphocytes, and
zinc distribution using 65Zn or 70Zn isotopic tracing.

Changes in the parameters of zinc balance provide evidence for its tissue- and cell
distribution, which is not an unambiguous sign of deficiency or excess. Supplementation
will help in cases of deficiency. In cases of zinc excess, treatment will involve suitable
chelating agents, whereas dyshomeostasis without zinc excess or deficiency will require
metabolism regulation to attenuate the condition. There are reports of a possible therapeutic
modulation of zinc metabolism [78, 79].

Zinc Deficiency

Decreased concentrations of zinc in serum, lymphocytes, and erythrocytes together with
clinical symptoms would be considered valid proofs of zinc deficiency [1]. Confirmation of
deficiency comes from zinc tolerance tests (increased absorption from the alimentary tract
or accelerated decrease of serum concentration after intravenous administration) and, in
questionable situations, isotopic research. Once deficiency has been proven, a supplemen-
tation program may be established. The efficiency of supplementation will be evidenced by
improvement of the aforementioned indicators and remission of symptoms.

There are no univocal studies to favor routine zinc supplementation in diseases such as
arterial hypertension, diabetes, or obesity accompanied by zinc deficiency [33–40, 44, 47,
51, 52–54, 56, 61). This is also the case for supplementing older adults. Because the serum
zinc level decreases with age, the apparent deficiency may be part of a physiological
phenomenon [48, 49].

Zinc Excess

High serum zinc accompanied by deficiencies of calcium, copper, iron and by anemia and
diminished osmotic resistance of red blood cells are evidence of excess zinc in the
organism.
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The confirmed examinations may be zinc tolerance tests (decreased absorption from the
alimentary tract or delay decrease of serum concentration after i.v. administration) and, in
questionable situations, isotopic research. Treatment may require use of suitable chelators to
avoid the possibility of intracellular toxicity of zinc [60, 61].

There are reports of a possible therapeutic modulation of zinc metabolism (diminish influx
to cell). Zinc chelation therapy is used to lower cardiotoxicity of cytostatics [78]. Also, for
example, intraventricular injections of calcium ethylenediaminetetraacetic acid (EDTA)
have been shown to reduce neuronal death after an episode of cerebral ischemia [79].

Estimating the Degree of Zinc Redistribution

The evidence of redistribution will be mutual relationships between the zinc concentration
in blood serum and its content in lymphocytes and erythrocytes. Zinc tolerance tests and
isotopic tracing with 65Zn or 70Zn can be used to verify and determine the course of
redistribution leading to either deficiency or accumulation.

Summary

Regulation of zinc metabolism to diminish the degree of dyshomeostasis will be possible
depending on the primary cause. It can be accomplished by administering drugs that
indirectly or directly affect zinc metabolism. Considering the toxic activity of intracellular
zinc excess, an essential element of the treatment will be the improvement of cell
membrane function and, as a consequence, the increase of zinc flow out to extracellular
space. Because excessive intracellular zinc disrupts the mechanisms of oxygen metabolism,
it consequently diminishes the activity of zinc outflow from the cell. This constitutes a
“vicious circle” mechanism that needs to be broken. Means of affecting intracellular oxygen
metabolism, such as pyruvates, help to bring down the accumulation of zinc and improves
the cell survival rate [80].

Drugs that produce a favorable effect on zinc metabolism are, among others, those
inhibiting angiotensin-converting enzyme activity, spironolactone, substances that rise
sensibility of tissues to insulin and insulin itself. Non-pharmacological actions such as
weight reduction also profitably influence zinc metabolism [65].

Regulation of zinc metabolism by influencing reversal of redistribution processes ought
to be the main point of pharmacologic and nonpharmacologic actions to reestablish zinc
homeostasis. Supplementation and chelation are of marginal importance and can be used to
correct long-term dietary zinc deficiency or zinc poisoning, or in some cases in therapeutic
interventions.

In view of its biological importance, the problem posed by the influence of zinc
metabolism requires further investigation. To date, one cannot consider, for example,
routine zinc supplementation in old age, because changes of metabolism with age are not
necessarily a cause of zinc deficiency. Supplementation is warranted only in cases in which
deficiency has been established unambiguously. An essential element is to prevent changes
in zinc metabolism, which leads to dyshomeostasis in the terms defined here. The primary
prophylaxes, regular physical activity, efficient treatment of chronic diseases, are all
elements of such prevention.
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