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ABSTRACT

This review brings together and analyzes the problem of zinc effects on the body through
apoptosis, also affecting the latest data in the study of process itself apoptosis. Also, the
possibility of using zinc and its derivatives and its complexes in cancer treatment are
discussed. The review also focuses on the biochemical problems that lead to various
diseases occurring in conditions of excess or deficiency of intracellular zinc. Review
includes more than 300 references and contains research over the past ~ 15 years,
focusing on the latest data.
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ABBREVIATION

ALS — amiotrophic lateral sclerosis; FALS — family ALS; AD — Alzheimer's disease; Aif —
apoptosis-induce factor; ACE — angiotensin-converting enzyme; AMPK — AMP-activated
proteinkinases; AMPA-Ca-A/K — 2-amino - 3 (3 — hydroxy - 5methyl isoksazol — 4 - yl) methyl
isopropionic acid / kainate channels; A2M — a-macro globulin; AcSDKP — N-acetyl —Ser-Asp-
Lys-Pro; AT1, AT2 — angiotensin receptor 1 and 2; AE — airways epithelium; AP-1, C-mys,
C-fos, Nurr, GATA4, NF-AT, NF-jB, NF-nB, NF-kB — transcripton factors; AML — acute
myeloid leukemia; BCA2 — breast cancer associated gene 2, BPDS — batofenantrolin
sulfonic acid; CytC — cytochrome C; CSS — coper chaperon for SOD1; CEES — 2-chloroethyl!
ethyl sulfide; CAT — catalase; GCL — glutamate cysteine ligase; CSF — cerebro-spinal fluid

COLD - chronic obstructive lung disease; DFT — density functional theory; DMT — divalent
metal ions transporter; DNA-Pol — DNA-polymerases; DDC — diethyldithiocarbamate; ESI-
MS — electrospray ionisation mass spectrometry; FasR, Fas-L, TNFR, TRAILR — region cell
death receptors; GPl-ase — GPl-anchor protein released; G6PD — glucose-6-phosphate
dehydrogenase; Gpx — glutathion peroxidase; Gsr — glutathion reductase; GSSG/GSH —
oxidized/reduced glutathione; Glu/GO — glucose/glucose oxidase; Grx — glutathion reduxin
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Hsp90, Hsc70 — shaperons; Hes-1 — transcription factor of helix-loop-helix family; HIF —
hipoxia-inducible factor responsible for the reaction to the lack of oxygen,; ICE — interleukin-
1B-converting enzyme; IL-1, IL-6, IL-12, IFN-y — cytokins; ICDH — isocitrate dehydrogenase

JAK-STAT - signalling pathway, JNK-AP-1 — signalling pathway; Keap-1 — Kelh-like ECH-
associated protein 1 — cytoplasmatic repressor of transcription factor Nrf2. It inhibits Nrf-2-
translocation to the nucleus; MT — metallothioneins; MTF-1 — transcription factor 1; MAPK —
mitogen-activated protein kinases; MPTP — 1-methyl — 4 — phenyl — 1,2,3,6 — tetrahydro
pyridine; NAC — N-acetyl-L-cysteine; NOS — NO-synthases;, NAD+/NADH -
oxidized/reduced nicotinamid adenine dinucleotide (P - phosphate); NOX — NADH-oxidase;
NGF — nerve growth factor; NMDA — N-methyl-D-aspartate; NSC — neuronal stem cells; Nrf-
2 —Keap-1 — signalling system; PBMC — peripheral blood mononuclear cells; PDTC —
pyrrolidine dithiocarbamate; PD — Parkinson's disease; PTD — transduction protein domains;
PGC-1a - transcriptional coactivator steroid and nuclear receptors, s.c. mitochondrial coach

pVHL — von Hippel-Lindau tumor suppressor; PCK — protein kinase C; PCA — protein kinase
A; PARP — poly(ADP-ribose)polymerase; PARG — poly(ADP-ribose)glycohydrolase; ROS —
reactive oxidative speciaes; RNS — reactive nitrosospeciaes; RNI - reactive
nitrosointermediates; R-Smad — receptor-requlated transcription factors; RAS — renin-
angiotensin system; PRE cells — retinal pigment epithelian cells; Smac/Diablo — second
mitochondrial derived activator of caspase/direct IAP-binding protein with a low pl; SL1 —
ribosome gene transcription activator; SNP — sodium nitroferricyanide; SNAP — S-nitroso-N-
acetyl penicillamine; Sirt-1 — sirtuin -1, SMP30 — human marker protein of ageing 30; TPEN
—  N,N,N°,N’-tetrakis(2-pyridyl-methyl)ethylenediamine; TNF — tumor necrosis factor;
TDAGS51 — Fas-regulatory gene; TCR — T-cell receptor; TGF-8 — transforming growth factor
B (signalling pathway); UBF — upstream binding factor; USM — ubiquitin-binding motif; Wnt —
signalling pathway; XIAP — X-chromosome inhibitor of apoptosis; ZEN — Zn-riched neurons.

1. INSIGHT INTO ZINC FUNCTIONS IN AN ORGANISM

Zinc is a microelement and presents in all organs, tissues, fluids in the organism and ~95%
of zinc is intracellular one. Alimost 70% of total amount zinc in the organism is in erythrocytes
being a part of an enzyme carboanhydrase. Zinc also is a constituent of transcription factors,
which regulate activity of genome in hemopoietic cells. The highest zinc concentrations are
in the brain and pancreatic cells (Kozlowski et al., 2009). From 3 to 10 % of total mammalian
proteins bind zinc as an important cofactor necessary for folding, conformational changes
and activity. More than 300 enzymes include zinc in their structure (Parkin, 2004) (according
to recent data, this value is much more (Maret, 2010). Zinc is essential for functioning of
DNA- and RNA-polymerases, that control the process genetic information transduction and,
as a consequence, biosynthesis of proteins. Zinc is also a constituent of active center of
angiotensin-converting enzyme (ACE) that has a wide range of activities in the organism,
including neurotransmitting, regulation of the blood pressure and reproduction (Defenini et
al., 1983; Corvol et al., 2004; Ehlers et al., 1989). Zinc is a cofactor of key enzymes of
biosynthesis of heme that is a prosthetic group of hemoglobin; it is also a cofactor of
endonucleases and participates in controlling of the cell cycle etc. It is crucial, that zinc is a
cofactor of antioxidant enzyme, namely, Cu,Zn—superoxide dismutase (SOD), that controls
oxidative stress and thereby apoptosis, i.e. programmed cell death. Due to this ability, zinc is
an antioxidant of reparative action.
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In general, it may be told that the main function of zinc is a total control of proper
conformational state of many constituents of the organism and components of biochemical
processes.

It is possible to suggest (Oteiza et al., 2005) several functions of zinc in biological systems:

1. Structural component of a large amount of proteins and participation in catalysis;

2. Participation in protection of an organism;

3. Structural, regulatory and antioxidant functions of membrane-bound Zn; the latter
also serves as a pool of readily available Zn;

4. Znis an essential component to maintain proper structure of cytoskeleton;

5. Zn plays an important role in cell signaling. Zn-binding proteins constitute almost half
regulatory transcription factors in the human genome (Tapler et al., 2001).

However, free or labile zinc may be very toxic for mammalian cells (Frederickson et al.,
2005). Recent studies show that concentration of zinc ions in a cytosole has constant value
and is maintained with participation of zinc-binding proteins and Zn-transporters that prevent
increasing of cytosolic zinc concentration. This is a buffering property of zinc. In non-
stationary conditions all zinc-binding molecules act in co-ordination with each other to
maintain initial (non-toxic) concentration. This process is named as zinc quenching. It is
considered (Colvin et al., 2010) that this quenching represents the Zn-signaling pathway that
is tightly linked to mechanisms of binding and releasing of zinc by metallothioneins.

It is necessary to distinguish functions of fixed and labile pool of zinc in the organism
(Dumay et al., 2006). The fixed state implies the zinc content in metalloenzymes and “zinc
fingers” proteins, which possess the same motif, containing histidine and cysteine residues
to which zinc is bound. The major zinc-binding proteins are DNA-binding transcription factors
which are responsible for identification of DNA sites by proteins. In these proteins Zn forms
the structure helix-turn-helix (see Chapter 3). Turnover of zinc responsible for cell
metabolism and gene expression proceeds slowly (Palmiter et al., 1996). 10-15% of total
zinc is labile one and it differs from the fixed zinc due to its presence in certain tissues and
tissue regions. In cells zinc is localized in membranous organelles (vesicles, Golgi
apparatus). Its excessive release from such reserves threatens cytoplasmic enzymes its
toxicity (Ward et al., 2000). Ligands-chelators (Frederickson, 2003), ionophores (Ho et al.,
2004; Ding et al., 2008, 2009) are used to bind the excessive labile zinc.

Influence of zinc on functions of an organism is so great and diverse, so that its deficiency
even may increase susceptibility to alcoholism (Nelson et al., 2002) and underlie the
pathology of the skin due by zinc deficiency, causing apoptosis (Wilson et al., 2006).

It is necessary to note that deficiency as well as excess of zinc suppresses expression of
such proteins as S-glutathiol carboanhydrase, myosine light chain 3, heat shock protein 20
and a protein, that binds fatty acids in the heart (Grider et al., 2007), what negatively
influences functions of sceletal muscles. On this basis an opinion is proposed that
consumption of even pharmacological doses of zinc may be harmful. In general, the toxicity
of zinc for animals and human is low, because it is not accumulated is excessive influx and
is removed from the body.

Since zinc may not be accumulated in the organism, its permanent consumptions with food,

in particular, with meat (Solomons, 1988.), sea products, dairy products, groats and nuts
(Dreosti, 1993) are necessary. Zinc may not be provided with vegetables because most of
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them contain a large amount of phytate, the zinc chelator, which inhibits zinc assimilation
(Arcenault et al., 2003).

As usual the main problem dealing with zinc and leading to pathologies is its insufficient
intake by an organism due to its deficiency in the food (often because of simultaneous
presence of complex forming compounds), water and soil in a region. Deregulation in zinc
homeostasis leads to zinc deficiency or its specific accumulation in toxic concentrations.
There is a concept of Zn-deficient territories, and living at these territories threatens with zinc
deficiency in nutrition with corresponding pathological consequences, which were described
in details in medical literature. In particular, this concerns impairment in eye vision
deterioration and immunodeficiency. The former is a result of lack of activation by zinc of
retinol dehydrogenase that participates in light quantum perception and also linked with zinc
participation in vitamin A conversion (in the liver) to the form proper for light perception and
the vitamin A transfer from the liver to eye retina.

The zinc deficiency is particularly characteristic for elderly and old ages, that is dependent
on changes (often with direct decreasing) of type of nutrition, that leads to decreasing of zinc
concentration in the body and also with usage of drugs (in particular, diuretic), leading to fast
excretion of zinc from the body. Thus, some problems characteristic for old age may be
resulted from zinc deficiency in the organism. Also, incorrect zinc turnover may lead to
increasing of its cytotoxic labile fraction, what strengthen zinc disbalance.

Especially it is necessary to note that during malignant (not benign) tumor growth zinc
concentration in the blood is decreased and this may be used in early diagnostics of cancer.

Zn may influence processes in the organism indirectly through numerous factors, which by
one way or another are linked with cell apoptosis, so, the zinc homeostasis is one of the
signaling systems of apoptosis (and associated with it oncogenesis). So, complex
interrelationships of apoptotic events with functional peculiarities of zinc behavior in the body
are of particular interest of this review. Also an attempt to consider several signaling ways,
where zinc ions may take part, was made.

2. MODERN UNDERSTANDING OF APOPTOSIS PROCESS

Apoptosis is one of types of cell death, participating in a set of biological cycles during
development of biological tissue, its degeneration or reparation. It may be caused by
numerous extracellular and intracellular factors and here several metals such as Zn, Ca and
Fe (though a list of important microelements was expanded in the last time (Rana, 2008)
play a most important role. Intracellular zinc is described as the apoptosis inhibitor, but, on
the contrary, its exhaustion in the organism (or its deficiency in a food) induces death of
many cell lines (Sunderman, 1995; Truong-Tran et al., 2000). Cells possess perfect control
mechanism to maintain metals concentrations at proper levels by way of coordinating and
regulating process of their consumption, transformation and storage (Maret et al., 2010;
Maret, 2011; Maret and Li, 2009). Such a control of ions consumption and storage is strongly
regulated by feed-back system with participation of regulatory proteins and metal
shaperones.

2.1 Main Ways for Apoptosis Realization
It is known, that apoptosis, in difference from necrosis, is a programmed function of the

organism, which is necessary for its existence. A biological role of apoptosis is to maintain a
balance between cell proliferation and death. In the genome of each cell there are genes
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which react to action of inductors and inhibitors of apoptosis and, the latters are,
respectively, activators and blockers of this process. Disruption of apoptosis process is a
basis for development of a number of diseases, including tumors.

Initially there should be a signal to a cell to induce apoptosis, for example, through activation
of p53 gene as a result of DNA damage, impact of radiation, cytotoxic agents,
glucocorticoids, disruption of regulation by cytokines, shortening up to critical level of
telomers etc. This way is controlled by mitochondria (Brunelle et al., 2009) and it causes
activation of caspase-9 at a final stage (Vladimirskaya, 2007). Another known signaling
pathway proceeds through activation of cell death receptors, which include, in particular:
Fas-R (also named as CD95 or APO1), TRAIL-R1/R2, TNF-R1/R2 (Filchenkov, 2009; Fulda
et al., 2010) and TNF-R1/R2 (Fulda et al., 2010; Wyllie, 2010; Portt et al., 2010), and the
pathway is finished by activation of inductor caspase-8 (-2 or -10). Specific protein Fas-L -
the ligand of Fas-receptor — belongs to the family of TNF-like cytokines (Suda et al., 1994).
FasR is expressed on the surface of all cell types of the organism, especially upon their
activation. Fas-L is predominantly expressed on activated lymphocytes (CD8" T-
lymphocytes, in less extent CD4" T-lymphocytes, NK-cells) and cells of some organs
(Sertolli cells, cornea epithelium, retina, keratinocytes). FasR appears on the membrane of
T-lymphocytes during their transition from the rest phase to presynthetic phase of cell cycle,
and this is accompanied by activation of protein kinase C and transcription factors NF-AT,
AP-1 (Patricia et al., 2000) Nur77 and induction of transcription of Fas-regulatory gene
(TDAG51).

Inductor caspases (caspases 2,8,9,10) are able to activate effector (or killer) procaspases
(caspases 3,6,7), which being activated start cell destruction. Caspases are cysteine
proteases and split in proteins peptide bonds formed with participation of asparagine
residues. After that changes visible with electron microscopy take place: consolidation of
chromatine, its condensation, changes of cytoplasm. Further decomposition of the nucleus
to discrete fragments, which are surrounded by cytoplasm with not damaged cell membrane
— apoptotic bodies - is observed (Lushnikov et al., 1987, 2001). Then these apoptotic bodies
are degraded by macrophages, dendrite or endothelial cells. Receptors which recognize
phosphatidylserine, appearing on external layer of membrane of apoptosis bodies, take part
in phagocytosis. At this stage cytochrome C (CytC) participates in the process of apoptosis
controlling, because an oxidized form of CytC after releasing from mitochondria may treat by
peroxide the phosphatidylserine at the internal membrane (Jiang et al., 2003; Kagan et al.,
2004). This oxidized form of phosphatidylserine, seemingly, is exported predominantly into
external part of the cell membrane, where it provides a signal "eat me" to phagocytes.
Phagocytes produce an inhibitory cytokine — transforming growth factor B (TGFpR)
(Vladimirskaya, 2002, Grigoriev et al., 2003).

Such apparently simple and clear ways of apoptosis are performed, however, through
numerous channels and mediated by many stages, which have not been elucidated yet.

The way from activation of p53 to caspase 9 runs through activation of proapoptotic genes
belonging to Bcl-2 family (Bax, Bid, Bak) (Rinkenberger et al., 1997; Brunelle et al., 2009).
16 genes from this family were cloned (mapped at chromosome 18 in human). They are
united by the presence of, at least, one of 4 conservative amino acid sequences
characteristic for Bcl-2 (domains BH1-BH4). It was found that 10 members of the family
induce apoptosis (for example, Bax, Bcl-xs, Bid, etc.), and 6 make antiapoptotic actions (for
example, Bcl-2, Bcel-xl, Mcl-1 etc.), that in case of their increased expression leads to tumor
development. Proteins, coded by these proapoptotic genes, cause releasing of CytC, dATP,
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apoptosis-inducing factor (Aif) and DNAase into cytosole. CytC together with dATP activate
cytoplasmic protein Apaf-1, and apoptosome is formed, in which activation of procaspase 9
into active caspase-9 proceeds. The latter, in turn, activates a killer caspase 3. Aif and
DNAases, released from mitochondria, perform additional non-caspase pathway of
apoptosis (Brenner et al., 2000). The core of apoptosome is composed of the next proteins:
pro-caspase-9, CytC, ADP/ATP, Apaf-1 (Riedl et al., 2007; Fadeel et al., 2008), although
some additional proteins such as XIAP, Hsp70 and Aven (Chao et al., 2000), may be
involved in the process. Possibly, Bcl-2 is also a constituent of the apoptosome (Brunell et
al., 2009; Saelens et al., 2004). Probably, the apoptosome composition may be altered in
dependence of the cell type.

It is considered, that activation of Bax by stress-activated protein BH3 of Bcl-2 family is the
most often scenario of apoptosis (Portt et al., 2010; Chipuk et al., 2008). Mitochondria also
include other proapoptotic factors: Smac/Diablo, serine protease Omi/HtrA2, endonuclease
G. This makes mitochondria to be a central unit of the apoptosis regulation.

Changes of redox state of CytC potentially may regulate own way of apoptosis at relatively
late stage of the process (Green, 2005). Although the CytC release from mitochondria is
irreversible the recent data evidence that execution of the last stage of apoptosis is
subjected to strict control, even after its releasing (Martin et al., 2005). There are several
possible levels for such regulation and redox state of cytosolic CytC may be one of them
(Hancock et al., 2001).

After releasing from mitochondria, CytC participates actively in the apoptosome assembling.
Cytosolic Apaf-1 exists as inactive monomeric closed conformation till receiving of the
apoptotic signal - CytC appearance in the cytosole, which binds with WD40 domains of Apaf-
1, stabilizing its open conformation. In such a conformation the latter hydrolyses dATP or
ATP, associated with nucleotide-binding domain. This is accompanied by nucleotide
exchanges, which cause oligomerization of 7 molecules of Apaf-1 into heptamer, and this
provides a possibility to activate procaspase-9 through CARD domains of Apaf-1 and
procaspase-9 (Kim et al., 2005).

At least, there are three possible mechanisms due to which the redox state of CytC may
influence on apoptosome activation (Qi et al., 1996; Yu et al., 2001; Olteanu et al., 2003). All
of them are linked with different Apaf-1 activating ability in conditions of oxidized and
reduced forms of CytC (Brown et al., 2008). In particular, different forms of CytC may
possess different affinity to ATP, binding to which inhibits activation of Apaf-1 (Chandra et
al., 2006). Thus, if the reduced form of CytC has more ability to bind ATP, this may explain
its activation inability. The same effect is also may be a result of excessive production of
ATP in the organism. There are data that CytC suppresses activation of caspase-9 that
favors tumor development, in some tumor cells (Ferguson et al., 2003).

Recent studies demonstrated a multiply function of p53, which may act as tumor suppressor
as well as regulator of ageing, autophagy and metabolism (Farnebo et al., 2010; Szeltukhin
et al., 2010). Oncogene activation or disregulation of cell cycle leads to activation of p53 as a
response to oncogenic stress. Level of p53 is strictly regulated through post-translational
modifications such as phosphorylation and acetylation. However, mutations of p53, which is
observed in 50% of human tumors, allow tumor cells to escape from p53 response and this
leads to tumor progression. Recent studies demonstrate possibilities to regulate p53 at p53
mRNA level (Zhang et al., 2008; Le et al., 2009; Vilborg et al., 2009), that grants a hope to
successfully use p53 against cancer.
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Thus, the mechanisms of p53 activation after DNA damage remain obscure. In particular,
this concerns a role of poly(ADP-ribose)-polymerase (PARP), that is significant in recognition
of DNA damages and reparation. A process of poly(ADP-ribosylation) is a conversion of 3-
NAD" into ADP-ribose, which than binds to acceptor proteins and is used for formation of
polymers of different length and structure. Correct turnover of PAR is provided by
coordinated actions of enzymes PARP and PARG, which are responsible for polymerization
and degradation, correspondingly. Hyperactivation of PARP leads to depletion of intracellular
NAD+ and inflammatory states. Moreover, biosynthesis of PARP needs large energy
expences, that in some cases, due to its hyperexpression (for example, in multiple breaks in
DNA), leads to ATP depletion and cell death. In some cases it is suggested to use this
property for coordinated attack at tumor cells (Loor et al., 2010), using combination of
antitumor preparations and inhibitors of PARP (Giansanti et al., 2010).

PARP also may directly induce apoptosis through PAR production that stimulates
mitochondria to release Aif (by caspase-independent mechanism) (Loor et al., 2010).
However, it is necessary to take into account that loss of PARP in case of some cell lines is
followed by repression of p53 induction, but these differences are not expressed clearly at
the other cell models (Yu et al., 2006).

If in the cytoplasm p53 activates mitochondrial apoptotic pathway, then its main role in the
nucleus is up-regulation of transcription of RNA-polymerase Il, what is linked with such
genes as p21, Bax, Puma, Noxa. p53 also may play a role of an inhibitor of transcription of
RNA-polymerase | in nucleolus (Fumagalli et al., 2009; Lee et al., 2010), disrupting SL1-UBF
interactions (Tuan et al., 1999), that influences on biogenesis of ribosome subunit.

Apoptotic actions of p53 are tightly linked with functions of DNA-polymerases (Pol), part of
which are a zinc-dependent ones and may contain 2-4 g of zinc atom per mole of the
enzyme (Slater et al., 1971). Moreover, zinc acts through Zn-finger transcription factors,
providing identification of DNA sites by proteins and own active influence on oxidative stress
products. However, the Zn-fingers may affect apoptosis, not only through p53. In the rare
cases of acute promyelocytic leukemia the promyelocytic leukemia zinc finger (PLZF) gene
encodes a Kriuppel-type zinc finger transcription factor (Parrado et al., 2004), possibly with
modified structure of binding sites. Its influence on the differentiation, cancer cell growth and
apoptosis is not yet clear, but it is known that proapoptotic Bid is a target of PLZF
repression, that leads to dangerous effects of cell resistance to apoptosis.

To control expression in cell division, zinc is essential for phase G2 and induction of DNA-
polymerase a (family B). However, part of DNA-Pol-s is not represented by metalenzymes
and zinc ions inhibit their polymerase and endonuclease activity (Slaby et al., 1984). DNA-
Pol-s signaling needs further thorough studies, because it is linked with oncogenesis very
tightly. In the last time, a particular interest is directed at DNA-Pol-s of translension synthesis
(Y-family), which is an important strategy for cell's survival. After UV-damage DNA, DNA-Pol
h (performing perfect synthesis of DNA at damaged template) is accumulated in sites of
replication of damaged region through interaction with monoubiquitinated PCNA, and
molecular shaperone Hsp90 provides nuclear focusing of DNA-Pol h, in particular, through
control of stability, facilitating its folding into active form (Sekimoto et al., 2010). In DNA-Pol |
and Rev1 a structure of ubiquitin-binding motifs was determined (Bomar et al., 2010).
Another important aspect is to consider replication regarding switching of DNA-Pol & (family
B) to DNA-Pol n (family Y of translesion synthesis) (Masuda et al., 2010). It was shown that
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polymerase reaction of switching is stimulated by mono-ubiquitination of PCNA in
dependence on UBD Zn-finger Pol n.

In the second way of apoptosis binding of cell death receptors with ligands activates
caspase 8 (or caspase 2), which activates caspase 3 independently. In this case, signal
transduction may proceed through proteins FADD/MORT1: N-terminal regions (DED) of
these proteins and caspase 8 bind each other with consequent activation of the latter. In
case of activation of TNF-R1 an adaptor protein TRADD is used.

After interaction between FasR and FasL the complex of membrane part of the receptor and
special proteins (death-inducing signal complex, DISC) is formed. This complex initiates
cascade activation of caspases, i.e. activation of caspase-dependent endonucleases takes
place. All these processes lead finally to degradation of DNA, to oligonucleosome fragments
formation of apoptotic bodies (Filchenkov, 2009).

This apoptotic way interlaces with the previous one, because, for example, it is known, that
releasing of CytC from mitochondria may proceed through activation of protein Bid by
caspase 8 and its conversion into active form (Brunelle et al., 2009), that may increase
receptor-induced apoptosis.

Among proteins-inhibitors of the process of receptor-mediated apoptosis it is necessary to
pay attention at FLIP- the inhibitor of caspase 8 (Mates et al., 2001). Proteins IAP-1 and 2,
which block activation of caspase 9, inhibit non-receptor apoptosis (Brenner et al., 2000).

Mutations in different apoptosis-controlling genes were determined as causes and/or
promoting factors, which may lead to different human diseases (Mullauer et al., 2001). For
example, defects in the receptor of transmembrane tumor necrosis factor (TNF-R1) lead to
development of fever syndromes. Mutation in Fas is observed in case of malignant
lymphomas. Mutation in Fas-L was described in patients with lymphatic nodes damage.
Defects of caspase 10 are associated with autoimmune lymph proliferative syndrome type II.
Intracellular pro-apoptotic molecule Bcl-10 mutates often in the mucous membrane of
lymphoid tissue (MALT) of lymphoma. p53, associated with DNA damages, and proapoptotic
molecule Bax, which is able to disrupt an integrity of mitochondrial membranes, also mutate
in malignant tumors. Anti-apoptotic proteins — Bcl-2, c-IAP-2 and neuronal apoptosis
inhibitor — protein 1 (NAIP 1) are altered in follicular lymphoma, MALT-lymphoma and spinal
muscular atrophy, respectively.

Ubiquitin-proteasome way, which is responsible for maintaining of a balance between
synthesis of proteins and their degradation, is of great importance for apoptosis as well as
many cellular processes, (Burger and Seth, 2005; Orlowski et al., 2003; Landis-Piwowar et
al.,, 2006). Family of ubiquitin-E3-ligases catalyzes the last stage till degradation by
proteasomes (Hershko et al., 1998), and dis-regulation of their activity leads to proliferative
diseases and cancer (Nalepa et al., 2006). Proteasome is included into pathogenesis of
several human diseases (Ciechanover, 1998). 20S proteasome, a proteolytic core of 26S
proteasome complex, possesses multiple peptidase activity (including, chymotrypsin-like,
trypsin-like etc.). Inhibition of chymotrypsin-like (but not trypsin-like) activity of the
proteasome is a strong stimuli inducing apoptosis (An et al., 1998; Lopes et al., 1997). Ability
of inhibitors depends on structure and functioning of proteasome and ubiquitin-proteasome
complexes, and the last achievements, regarding mechanisms of their action, are described
in the work of (Jung et al., 2009).
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Due to this, inhibitors of proteasomes, as well as inhibitors of enzymes and regulatory
proteins, controlling the cell cycle, are among preparations of “permissive” effect. The latters
include cyclin-dependent kinases (for example, flavopyridol), tyrosine kinases (for example,
STI-571, Gleevec). Inhibitors of farnesyl transferase also promote apoptosis.

Yeast represents a useful model to study the programmed cell death. They possess not only
characteristic markers of apoptotic cell death in expression of inductors of apoptosis or
introduction of apoptosis-inducing preparations (for example, hydrogen peroxide), but
contain homologs of several components of apoptotic mechanism, identified in mammals,
such as caspases, Aif and IAPs. Using the yeast model, apoptosis factors, such as BIR-
proteins (IAP-repeats), have been studied in detail (Owsianowski et al., 2008). BIR-
containing proteins are characterized by presence of multiple domains, such as BIR, RING,
CARD, and UBC. RING domains provide the protein with ubiquitin-ligase activity (Brahemi et
al.,, 2010); UBC addresses to ubiquitin-conjugate domain. Presence of both domains in
components of apoptotic mechanism maintains the link between apoptosis and protein
degradation.

In the recent time a great attention in apoptosis consideration is given to autophagy (He et
al., 2009), especially, to shaperone-dependent process, which proceeds with participation of
cytoplasmic proteins - shaperones of Hsp-70 family, complementary proteins and LAMP-2.
The latter serves as membrane receptor of a complex of shaperone with a protein subjected
to be transported into lysosome. It is considered, that autophagy may be a part of caspase-
independent apoptosis (Huang et al., 2007).

A possibility to regulate the apoptosis by pharmacological preparations attracts a great
attention today (Zivny et al., 2010). Inductors of apoptosis are practically all preparations,
independently on their nature, which damage nucleic acids structure, disrupt the cell cycle,
initiate receptor-mediated mechanisms destabilize the mitochondrial membrane.
Biotechnological recombinant ligands of apoptogenic receptors (FasL, TNF, TRAIL) and
apoptogenic proteins (apoptin, VP3) are used. There are anti-sensor oligodesoxynucleotides
against Bcl-2, which are used separately as well as in combination with vectors of
proapoptogenes Bax and Bcl-xs, “wild type” vector of proapoptogene p53. There are also
synthetic imitators of proapoptotic proteins of Bcl-2 family.

Almost all presented above pathways are zinc-dependent ones, where zinc ions are included
as intermediate factor, acting, in dependence on their concentration and presence of
additional factors, like inhibitor of apoptosis or strong cytotoxic agent influencing on
conformational state of the process participants. Zinc action almost always is mediated
process and it proceeds through relatively complicated and different ways. We do not know
about them in detail and it is necessary to understand their role. Correct functioning of the
zinc ion in the organism means a very fine balance of uptake, storage and transport from cell
to extracellular space, participation in cell signalling pathways. Any disruption of the balance
leads to some disorder in organs and development of diseases.

Internal and external signals of apoptosis participate in regulation of fate of each cell, and
signals of cell growth and death are interlaced greatly and, possibly, they represent different
expressions of common mechanism, forming united cycle. Nerve growth factor (NGF) and T-
cell receptor (TCR) are examples of this. The first induces either growth or death of neurons;
the second induces either differentiation or death of thymocytes. Consequently, the same
signal or the receptor can produce multi-directional instructions.
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2.2 Concentration-Dependent Influence of Zinc lons on Apoptosis

Zinc ions like calcium ions participate in cell signalling as secondary messenger (Zalewski et
al., 2005; Maret, 2011). They dynamically regulate three important signalling pathways,
stimulating tyrosine kinase and phosphatidylinositol-3-kinase/Akt and suppressing protein
kinase C (Hajnal, 2002; Korichneva et al., 2002; Wu et al., 2003).

However, a special attention should be given to the fact, that zinc influence is a
concentration-dependent process. Although a concentration less than 50 uM is considered
as protective and non-toxic (i.e apoptosis inhibiting), during studying of mononuclear cells of
peripheric blood (PBMCs) a portion of apoptotic cells were increased slightly in the presence
of zinc in concentration of 30 uM (Chang et al., 2006). Large amount of zinc (concentrations
up to 100 uM are considered as pharmacological ones) increases effects of different
inducers of apoptosis (Schrantz et al., 2001; Wood et al., 2001), and in concentrations more
than 100 uM zinc become cytotoxic agent. In some cell lines, in particular, neurons and
lymphocytes, necrotic and apoptotic effects are observed in zinc concentrations more than
200 uM (Hamatake et al., 2000). Usage of zinc for anti-apoptotic purposes is suggested to
be non-effective to provide long-term survival of cells. Zinc may only block apoptosis without
providing of normal cell cycle restoration (Fraker et al., 1997).

Zinc concentrations of 33.7-75 uM are able to induce apoptosis in cancer cells of
TS/adenocarcinoma of mouse mammary (Provinciali et al., 2002) through increasing of ROS
and p53 level and Fas/FasL mRNA expression. Induction of metallothionein (MT) in these
cells after addition of zinc was weak. Treatment of tumor cells by NAC prevented a Zn-
induced apoptosis.

In PBMC cells at zinc concentrations of 30-100 uM no significant differences in expression of
Bcl-2, Bcel-xl and NF-kB were observed. A noticeable decreasing was observed at
concentration ~300 uM, while c-fos expression was increased at concentration ~100 uM. At
the same time, zinc stimulated expression of cytokines IL-1(3, IL-6, IL-12, and also IFN-y
mRNA and TNF-a at maximum pharmacological concentration 100 uM and even at toxic
concentration of 1000 uM (Chang et al., 2006). Beginning from concentration of ~100 uM
zinc induces apoptosis linked with increased expression of caspase-3 and proapoptotic
genes, including Fas and FasL. Caspase-dependent, i.e. mitochondria-mediated internal
way, as well as external (receptor) way and caspase-independent apoptosis play a role in
the process of PBMC-cells apoptosis. Cases of direct effects of zinc at mitochondria were
also observed (Feng et al.,, 2002; Undergasser et al., 2000). Recent studies of genome
stability in the presence of two Zn-containing compounds: sulfate and carnosine (ZnC)
demonstrated in vitro (Sharif et al., 2011) that their optimum concentration, providing lack of
damages in DNA and cytotoxicity for lymphoblast cell line, is 4-16 puM.

It is known (Seve et al., 2002), that decreasing of intracellular concentration of zinc may
induce characteristic apoptosis with formation of apoptotic bodies and condensation and
fragmentation of nuclear DNA. Zinc deficiency activates caspases -3, -8, -9, which are
responsible for proteolysis of several protein targets, such as PARP, and transcription
factors. In this case (in Zn-deficiency) increase of a number of apoptotic cells in different
animal tissues was observed, including in cells of intestinal epithelium, skin, thymus gland,
testis, retina and pancreas (Truang-Tran et al., 2001). Comparison of hystopathological
alterations in thymus, testis, skin, gullet, liver and kidney and their relationships with
apoptosis in absence of zinc in ration and standard Zn-diet were performed on rats (Nodera
et al., 2001). Significant morphological changes were observed in tissues of rats lacking of
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zinc in the food. However, atrophy in different extent and in different time of Zn-deficiency
was observed in all studied samples. Thymus and testis were more sensitive to zinc
absence. Observed pathologies and apoptosis depend on zinc concentration in tissues (i.e.,
labile zinc), and in thymocytes both zinc effects (inhibiting and inducing) on apoptosis
influence GO/G1 phases (Provinciali et al., 1995).

Addition of 30 uM of zinc in vitro is able to inhibit readily spontaneous as well as induced by
ethanol apoptosis of PBMC (among of them CD4+T-helper cells) cells, isolated from the
blood of healthy donors and patients with liver cirrosis, in which initially addition of ethanol
caused apoptotic events (Szuster-Ciesielska et al., 2005). It is considered that in this case
zinc prevented the mitochondrial way of cell death. Addition of zinc inhibits apoptosis of liver
cells induced by alcohol (Kang et al., 2005), in this its action in the liver and out of the organ
is distinguished. Decreasing the zinc depletion in the liver induced by ethanol and
suppressing increased activity of cytochrome P-450, zinc simultaneously increases activity
of alcohol dehydrogenase (probably, through suppression of oxidative stress). In the same
time, zinc increases antioxidant activity in the liver linked with glutathione and suppresses
Fas/FasL-mediated way of apoptosis and prevents endotoxemy, which causes inhibition of
TNF-a production in the liver. Influence of zinc in and outside the liver is independent of MT.

During the apoptosis, zinc in concentration of 1-6 MM inhibits enzymatic activity of Ca**- and
Mg”—dependent endonucleases, including acidic endonucleases, such as DNAase Il. Zinc
deficiency alters lipid composition, enzyme activity and protein composition of the cell
membrane and linked cytoskeleton, thereby increasing permeability of membranes (Henning
etal., 1999).

Additional dietary, containing zinc, may prevent effects of other inducers of apoptosis, which
in some cases lead to Zn-deficiency. Thus, hystopathological action of fluoran is in
increasing of apoptosis through fluor-induced depletion of zinc in testicles of rodent embryos.
Introduction of additional Zn-containing ration allows to protect seminiferous tubules
(Krasowska et al., 2004) by decrease of fluorine toxicity.

In a work (Kozlowski et al., 2009) the influence of zinc on apoptosis of neurons is
represented as cyclic mechanism. Accounting a significant role of zinc in oxidative stress
and mitochondrial disfunction, firstly ROS induce zinc releasing from MT-proteins, then zinc
uptake leads to mitochondrial disfunction and increased mitochondrial generation of ROS.
This, in turn, promotes futher mobilization of zinc out of MT and its elevation in a cytosole, in
the result zinc activates mitochondrial consumption of zinc and apoptosis. In chronic
diseases this cycle is strenghened and fixed by increasing of DNA-mutations (which also are
linked with oxidative stress induced by zinc) and expresion of defect proteins, that makes
mitochindria less active in their fighting with ROS.

Tumor suppressor p53 is a transcription factor, which contains a single zinc ion near DNA-
binding site. Zinc is necessary for specific DNA binding as well as for activation of
transcription. This is explained by dominating role of zinc in correct folding of p53. Zinc
deficiency as well as zinc excess leads to misfolfing and loss of protein functions. Zinc-
binding status of p53 in a cell is directly associated with presence of oncogenic mutations
and, in case of metal binding disruption or its loss, this leads to uncontrolled cell growth and
cancer. This effect may be annuled by metal-containing shaperones (Loh, 2010).

Most tumors occur in case of p53 mutations (mainly, missence mutations), because p53,
being in normal structure state, activates transcription of genes involved in cell cycle
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suppression, DNA-reparation, apoptosis and ageing in responce to DNA damages,
degradation of telomeres or other oncogenic stress signals. Moreover, p53 may promote
apoptosis through transcription-independent mechanism mediated by mitochondria (Green
et al., 2009). Structural pecuiliarities and mechanism of p53 folding are considered in detail
in (Loh, 2010).

All this makes zinc as a possible agent for cancer treatment. For example, zinc ions
influence susceptibility to induction of malignant lymphoid cells (Filchenkov et al., 2001). At
concentration of 150 mM or higher zinc induced necrosis and apoptosis in thyroid cancer cell
lines. Necrosis was dose-dependent (on the concentration of zinc) process, while apoptosis
did not grow up with increasing of zinc concentration. The expression of anti-apoptotic Bad
was markedly increased, whereas expression of proapoptotic proteins Bax and Bad
decreased. Zinc induced the rapid degradation of IkB, and an increase in nuclear
transcription factor NF-kB. These observations indicate that the antiapoptotic pathways were
activated in thyroid cancer cells by zinc, and this may be a mechanism for self-protection
against apoptosis, that may be the basis of resistance of cancer cells to apoptosis (litaka et
al., 2001).

Dose-dependent anti-proliferative action of zinc was studied on cell lines of pancreatic
adenocarcinoma and normal primary fibroblasts by increasing a dose of zinc ions (Donadelli
et al.,, 2009). Increasing inhibition was observed in all cell lines, but is less noticeable in
fibroblasts. Addition of ionophore - PDTC increases zinc absorption in all cells almost by
factor 12 and combined action of Zn and PDTC inhibits proliferation of cancer cells more
effectively than even hemecytabine, the gold standard of chemotherapeutic agents for
pancreas cancer. At this neither caspase 3 nor caspase 8 were not activated after
administration of Zn/PDTC (and common inhibitor of caspases Z-VAD-FMK was ineffective
to stop Zn/PDTC-induced cell death). It is suggested that there is a splash of ROS that is
responsible for translocation of Aif with subsequent fragmentation of DNA that also is not
linked with CytC releasing. Thus, in this case, namely, ROS-generation is the factor, that
induces strong apoptosis of cancer cells. However, normal primary fibroblasts were more
resistant to action of Zn/PDTC, that is explained by inhibition of p53 expression after
treatment of cells by Zn/PDTC. This decreases contribution of direct action of p53 on
apoptosis and partly protects cells from cytotoxic action of the preparation as seen in Figure
1.

Inhibitors of proteasomes are therapeutic agents in cancer treatment. In breast cancer BCA-
2 plays significant role and this protein is a member of ubiquitin-E3-ligase family represents
RING-Zn-finger protein and contains a double zinc-binding motif. Enzymatic activity of the
protein is lost completely after point mutation of key zinc-binding cysteine residue (Burger,
Gao et al., 2005; Amemiya et al., 2008). So, for treatment it is recommended to perform
screening of compounds with ability to extract zinc ion from BCA-2 (Brahemi et al., 2010),
and due to this to possess anti-tumor activity. In particular, zinc-extracting aldehyde
dehydrogenase is such a compound.

Disruption of zinc homeostasis in old age is of particular risc that provokes some diseases.
Detailed consideration of apoptosis in ageing is in the next review (Zhang et al., 2002).

251



British Journal of Medicine & Medical Research, 1(4): 239-305, 2011

fibroblasts ancreatic cancer cells
7o/PDTC) P

1[ Zn**), — TPEN

| -
A

proteasome —— p53 —)¢— mitochondrial
damage

AIF release

l

APOPTOSIS

Fig. 1. Model of action of Zn/PDTC
(Source: Donadelli et al., 2009)

Zinc is able to influence expression of PKC-family through Fas-receptor. For example,
nPKC® and 6 may be subjected to limited proteolysis in apoptosis nPKCe is specifically
cleaved and generates C-terminal fragments of 43 kDa and 36-kDa during apoptosis,
induced by chemotherapeutic preparations (Koriyama et al., 1999). However, the cleavage is
completely inhibited by pre-treatment with caspase-3 inhibitor. Moreover, nPKCe was
cleaved by purififed recombinant caspase-3 in lysates of untreated U937 cells with
generation of 43 kDa fragment, which was indentical by size to the fragment observed in
vivo. Thus, participation of PKC in apoptosis is regulated differently in dependence of
various inductors of apoptosis.

Recent studies particularly concern signaling pathways which make effects on proliferation
and apoptosis of cells through mitogen-activated protein kinases (MAPKSs) (Kim et al., 2010),
including: extracellular kinase ERK, p38 and C-Jun-N-kinase (JNK). MAPK-signaling
pathways are activated by extra- and intracellular inductors, including peptide growth factors,
cytokines, hormones and cellular stresses: oxidative and ER, and deviations from strict
controlling of these ways (in particular, by zinc as antioxidant component of the system) lead
to different diseases. It is known, that permanent activation of JNK or p38 signaling
pathways mediates apoptosis of neurons in AD, PD, and ALS, while ERK plays key role in
some stages of tumors genesis. Activation of MAP-kinase cascade takes place in response
to specific stresses (Silva et al., 2005).
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Studies of vesicants effects using CEES in concentration of 100-1000 uM as an example, on
expression of antioxidants and eicosanoids (Black et al., 2010) showed significant increasing
of oxidative stress markers level in combination with increasing of expression of SOD, CAT
and glutathione-S-transferase. Simultaneously, activation of JNK and p38 MAP-kinase took
place, signaling pathways of which regulate expression of antioxidants, and also of
prostaglandins and leucotriene synthase. Thus, modulation of expression of antioxidants and
enzymes producing inflammatory mediators is observed, i.e. adaptive process is switched on
to limit damages of tissues by vesicants, which induce the oxidative stress. So, zinc is
included in adaptive processes control.

In Fig. 2 and 3 interrelationships of zinc and main participants of apoptosis are represented.
This is, of course, not a full picture. It is suggested that zinc is included in numerous cycles
of ways (and, seemingly, closed) leading to apoptosis. The smallest and most studied is the
antioxidant cycle. However, due to more complete studying, the cycles become more wide
and diverse, are interlaced with each other and include more wide inter-relationships.
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3. UPTAKE, STORAGE AND TRANSPORT OF ZINC IN THE ORGANISM
3.1 Metallothioneins
The most important active absorbers, keepers and manipulators of zinc in the body are
metallothioneins (MT), which represent cystein-containing low molecular weight intracellular

proteins. They are induced in cells and tissues by transcription factor-1 (MTF-1) in the
presence of metal ions (as a response to their appearance), which they bind (Gromova et
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al., 2005; Minami et al., 2009). Moreover, MT are induced in response to stress (in some
cases a responsive hyperexpression is possible) (Lim et al., 2010) by way of endogenic or
exogenic inductors including glucocorticoids, proinflammatory cytokines, oxidants,
electrophylic compounds and xenobiotics (Palmiter, 1998). Expression of MT demonstrates
direct relationship with IL-6 level and reverse with IL-2 (Gromova et al., 2005). MT-proteins
demonstrate high affinity to zinc (Kz, = 3.2 10" M™ at pH 7.4) and bind seven zinc ions due
to peculiarities of metal coordination with cysteine ligands (Mocchegiani et al., 2005; Jacob
et al.,, 1998). Recently, development of ESI-MS method gives possibilities to obtain more
complete information regarding mechanism of zinc binding to MT and its releasing
(Lesycszyn and Blindauer, 2010). So, a structural chemistry of these proteins is under active
development to determine the mechanism of cluster formation of different isoforms of MT
with metals and prediction of their structure and, correspondingly, properties for metal-
traffick (Blindauer et al., 2010). There are two main types of clusters in MT, and both form
tetraedric coordination sphere. One unit (B-type) — M3Cysy — contains three atoms of the
metal and three sulfide bridges which form six member ring. Each of the other 6 thiolates
coordinates one atom of the metal and each atom of the metal binds two these terminal Cys-
residues. Such rings were discovered in mammalian MTs. A cluster M,Cysq; (a-type) with
two six member rings was found in another domain of MT. However, also other possibilities
for binding are under discussion as well as a question why, namely, by such a way the metal
binding and trafficking proceed and what determine specificity of MTs to the metals. Possibly
(Waldron et al., 2009) that transcription, availability and allosteric properties of a protein
which is expressed in response to appearance of metal ions (that, in turn, depends on the
type of binding and/or determines it) mutually combine metal trafficking and
metallospecificty. There are evidences (in vitro) regarding isoform-specific partnership of
zinc and cadmium in two isoforms of MT from C. Elegans (Leszczyszyn et al., 2011).
Considering clusters of MT with Zn and Cd, using DFT, thermodynamic stability of
heteroclusters has been demonstrated (Jensen et al., 2010). It is known (Kothinti et al.,
2009) that Cd can compete with Zn for metal-binding sites leading to structural changes,
misfolging and loss of enzyme activity. The increase in Cd-toxicity is particularly noticeable
in condition of Zn-deficiency (Weihong et al., 2009) that is expressed in damages of
signaling pathways (Thevenod, 2009) and of gene regulation (Tabatabai et al., 2005).

However, the question how cells direct regular metals to regular proteins (isoforms), is still
opened, especially, that concerns the very similar and by affinity and by close joint co-
existence of zinc and cadmium. It is supposed that there is discrimination between zinc,
necessary for an organism, and toxic cadmium, based on the difference in affinity to some
sites in MT. In particular, in plants such a difference is observed in existence of isolated only
zinc-binding sites (Leszczyszyn, White et al., 2010).

Because a key property of metalloproteins and metal-enzymes is an affinity of a metal M ion
to protein ligand P which is determined by dissociation constant Kp = [M][P)/[MP], then its
precise determination is of significance for quantitative understanding of a metal selection by
proteins and its specialization (Xiao et al., 2010). Kinetic lability of a metal depends on
thiolate surrounding of the metal, so MT may readily exchange by metal ions with other
proteins. Besides Zn;T (direct MT) ZngT, ZnsT and also Zn,T exist, and their formation
depends on protein concentration and availability (presence) of zinc ion (Maret et al., 2010).
In this it is necessary to account that MT exist in oxidized, polymerized, thiol-modified and
other altered forms (Krezel and Maret, 2007), and this influences binding and releasing of
zinc.
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At the present time, there are known 4 classes of MT in humans, including 17 isoforms (Lim
et al., 2010). More distributed MT-1, MT-2 were well described, and MT-3 and MT-4 are less
studied (Coyle et al., 2002), which are presented in uriniferous tubules, neurons, prostate
tissues and in epithelium of skin and tongue, correspondingly (Garrett et al.,. 1999; Garrett,
Sens, Somiji et al., 1999). MT have a molecular weight up to 6-7 kDa and they are able to
bind a wide range of metals (Zn, Cd, Cu, Ag, Au, Bi, Hg, Pb) (Gromova et al., 2005). Metals
induce expression of these proteins in different tissues (brain, liver, myocardium, etc.). Zinc
deficiency may induce synthesis of metallothionein, which is able not only to bind redox-
active metals, but also to capture hydroxyl radicals due to its cysteine residues (Patricia et
al., 2000).

Besides metals, MT are induced by steroids in rats, carcinogenes in mice, chemical
compounds causing oxidative stress in rodents, ionizing and UV radiation. Induction of MT-1
does not proceed in the presence of EDTA, in absence of zinc ions in culture medium and
also in case of disruption of zinc transport into a cell.

Besides the function to prevent distribution of ROS, and also active forms of nitrogen (RNS),
MT-1 and MT-2 perform transport of zinc ions and maintain concentration of intracellular free
zinc (Feng et al., 2002; Krezel and Maret, 2007).

For homeostasis of neuronal zinc MT-3 is more significant in critical regions of the brain such
as hippocampus, where it is presented abundantly in glutamateergic endings, significantly
enriched by vesicular zinc (Kozlowski et al., 2009). It is considered that phenol-contaning
antioxidants activate transcription of MT-1 due to Zn-dependent mechanism, in which
binding of transcription factor MTF-1, activated by metals, with structures of promotor of
gene MT-1, which are regulated by the metal (Gromova et al., 2005). From one side,
induction of MT protects tissues and the brain from heavy metals effects and in the MT
absence their sensitivity to action of oxidative stress factors is increased. In the same time,
the oxidative stress, interfering binding of zinc with MT, acts as key regulator of Zn-
homeostasis (Kozlowski et al., 2009).

In the present time a great attention is given to MT-proteins expression and,
correspondingly, to zinc homeostasis in old organisms (Maret, 2008). Some studies indicate
growth of MT-1 and MT-2 genes expression in astrocytes of old rats (Mocchegiani et al.,
2001) and MT-3 expression of genes in old hippocampus (Giacconi et al., 2003). The role of
MT is described in detail in a review (Swindell, 2011).

Kainate-induced excitotoxicity leads to MT-1 hyperexpression that causes delay of neuronal
degeneration and death of cells (Penkowa et al., 2005). This is, seemingly, linked with anti-
inflammatory and antioxidant activity of MT-1 and, in part, with direct MT-1- mediated
stimulation of IL-10, growth factor and neurotrophines. Because MT-proteins represent
protection factor against stress conditions, than their abnormal expression in the old brain
may reflect endogenic response to permanent oxidative stress. On the other side, if all the
isoforms are increased due to permanent high level of inflammatory cytokines (IL-1 and IL-
6), then protective effect of MT may be lost due to de-regulation of zinc homeostasis
(Mocchegiani et al., 2001). In the old brain, permanent and maintained high levels of IL-1
and IL-6, provoke continiuos expression of MT gene, maintaining presence of limited zinc
releasing in responce to intracellular signal (Croix et al., 2002). In connection with increasing
of pro-inflammatory cytokines IL-1, IL-6 and TNF-a levels in the blood serum in old age a
situation is arisen when permanent age inflammatory states in ageing may be defined as
“inflammatory ageing” (Franceschi et al., 2000) with high expression of MT- proteins in
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astrocytes and neurons of hippocampus as defence measures against long influence of
inflammatory agents.

ROS may be generated by extra-mitochondrial ways, which include increasing of activity of
NADPH-oxidase and induction of neuronal nNOS, which produces peroxynitrite (ONOO-)
jointly with superoxide. MT interacts with NO, amount of which as amount of ROS are
increased during oxidative stress. In biological systems this promotes zinc release through
S-nitrosylation (Spahl et al., 2003; Maret, 2011). Then a cyclic mechanism becomes
possible, when zinc initiates ROS generation, cellular oxidation promotes further releasing of
zinc. Ability to release zinc in connection with changes in cell redox-state provides MT-
proteins with reservoir of freely available zinc in oxidative stress conditions (Frederickson et
al., 2002). Thus, MT is a key factor which determines the zinc homeostasis.

MT increasing in connection with zinc excess or deficiency was revealed in many diseases.
It is considered that MT-proteins have a possibility to protect cells and tissues in case of
diabetes mellitus due to their anti-apoptotic and antioxidant effects in vitro and in vivo
(Danielson et al., 1982). Human MT gene was cloned and fused with transduction proteins
domains (PTDs) to receive PTD-MT fusion proteins with the aim to overcome shortages of
ineffective cellular uptake of MT-protein and its effective intracellular tranportation (Lim et
al., 2010). Zinc ions were added to optimize expression, which maintained stability and
functional state of fusion proteins like intracellular stable conformation of MT as Zn-MT
cluster, which has greater stability than MT in vitro. Fusion proteins PTD-MT protected Ins-1
beta-cells from oxidative stress and apoptosis, induced by gluco-lipotoxicity in conditions of
hypoxia or without it and also protected cardiomyocytes from ROS and apoptosis induced in
hyperglycemia due to anti-apoptotic activity caused, in particular, by caspase-3 activity
decreasing.

Increasing of sensitivity of the liver to damages, caused by alcohol, is linked with zinc and
MT decreasing in the liver due to alcohol induced liver disease (Kang et al., 2005).

One of the main properties of MT is binding and dosage of zinc to regulate its availability for
zinc-binding enzymes pool (Palmiter, 1998), in particular, zinc fingers, and other factors in
order to modulate their DNA-binding efficiency, and expression of several genes, which
participate in intracellular antioxidant response (Mocchegiani et al., 2001). Zinc may be also
delivered to pro-apoptotic enzymes such as NOS and endonucleases (Mocchegiani et al.,
2005), to inhibit their activity and also to PARP-1. Moreover, MT may be involved in direct
zinc transfer to transporters, which are linked with inner mitochondrial membrane.

3.2 Zinc Fingers

Significant potential of fixed zinc is contained in proteins named as «zinc fingers”. This is a
group of transcription factors, including proteins KROX-24 (Zif/268), KROX-20, EGR-3,
NGFI-B, NGFI-C, NURR etc. Out of 2000 human genes responsible for transcription factors
900 genes code proteins with Zn-fingers. “Zinc-fingers” domains were revealed in many
transcription factors, which provide RNA functioning (Laity et al., 2001). Because point
mutation in Kruppel-protein gene, resulting in substitution of only one Cys residue to Ser,
that make it impossible to bind zinc ions, is phenotypically developed as deletion of whole
gene of the factor, then a conclusion has been made that ability to bind zinc ions is a critical
point developing of DNA-binding activity of such factors.
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Initiated by zinc deficiency oxidative stress may influence on cell signaling through:
transcription factors, containing “Zn fingers” motifs and other sensitive to oxidants
transcription factors (for example, NF-jB and AP-1).

DNA-binding domain (motif) of «Zn-fingers» transcription factors coordinate through cysteine
folding of structural domains, which participate in intermolecular interactions. Oxidative
stress disrupts DNA-binding activity of «Zn-fingers», by mode of oxidation of cysteine
residues and, subsequently, due to protein secondary structure alteration (Oteiza et al.,
2005). NO may also reversibly inhibit DNA-binding activity of transcription factors, which
contain, at least, one cysteine residue (Kroncke et al., 2001).

Activation of AP-1 is mediated by MAPKs: JNK, p38 and ERK. In nervous cells zinc
deficiency causes activation of MAPKs: JNK and p38, that leads to high nuclear AP-1-DNA-
binding activity and increasing of AP-1-dependent gene expression (Mackenzie et al., 2002).
Mainly, H,O, serves as a signal. On the contrary, zinc deficiency leaded to decreasing of
MAPK activation: ERK1/2, that did not depend on elevation of H,O,, but was linked with
decreasing of cell proliferation. It is known that in case of zinc deficiency NF-jB- DNA-
binding activity in nuclear extracts from rat testicles, in fibroblasts, glioma cells, T-
lymphoblastoid cell line (Oteiza et al., 2005), and human nerublastoma cells (Mackenzie et
al., 2004) was decreased.

Similar “Zn-fingers”-domains were revealed in polypeptide chains of receptors of thyroid or
steroid hormons, which, after their translocation into the nucleus, specifically interact with
certain DNA sequences, altering levels of transcription of corresponding target genes.

Some of «Zn-fingers» proteins take part in bone and cartilage development (Gans et al.,
2004). Some members of this family act as transcription repressors (Tanaka et al., 2002). Sp
family of Zn-transcription factors is involved in the development of skeleton, and adequate
zinc concentrations may prevent a bone growth delay, which is observed in Zn-deficiency.
Thus, zinc deficiency is additionally defined as a risk factor for osteoporosis (Nakashima et
al., 2002). Zinc (in the zinc fingers composition) may have decisive significance for normal
heart development because its deficiency damages a transcription factor GATA-4 of Zn-
fingers and expression of critical genes, which participate in an early stage of heart
development (Duffy et al., 2004).

Recently is was established (Zalzman et al., 2010), that gene Zscan4 plays a key role in the
ability of murine embryonic stem cells to self-renewal and its protein product — zinc finger
protein 494 — is related to a group of «Zn-fingers» proteins. This self-renewal or rejuvenation
is concluded in restoration of telomeres length with help of a mechanism of recombination,
when more short telomeres interacts with more long ones that promotes increasing of their
length. Then gene Zscan4 is inactivated. This gene is not activated in each cell division and
only about 5% of embryonic cells express it in a definite time.

Zinc fingers gene products, which interact with retinoblastoma and possess oncogenic
properties, were studied (Rossi et al., 2004) in a MCF-7-derivative cell line, expressing
protein, which contains zinc finger domain - (MCF-7/znf). Zn-finger domain contained three
of eight supposed motifs of Zn-fingers. MCF-7/znf cells demostrated more high growth rates
that their parents or control cell lines in the absence of hormones as well as under action of
estrogen stimulation. Moreover, they were less sensitive to growth of inhibition by anti-
estrogens and showed more high level of expression of cyclins D1 and A. Thus, Zn-fingers
domain may be provided with oncogenic activity of RIZ2 gene product.

258



British Journal of Medicine & Medical Research, 1(4): 239-305, 2011

In the last studies (Decaria et al., 2010) derivatives of Zn-finger-containig proteins and Zn-
hydrolases were used to compare their alterations in organisms of different complexity
during evolution and establishment of correlation with changes in the environment. It was
found that level of Zn-fingers proteins is increased in the course with evolutionary
complication.

3.3 Zinc Transporters

Zinc uptaked by a body is distributed between fixed and labile phases. High cellular
concentrations of zinc are toxic and accumulation of free zinc ions must be avoided and this
is reached through their pumping out of the cell into reserve vesicles, depot-zincosomes) or
by binding with MT. In case of high level of intracellular zinc and when it is necessary to
transfer it, the outflow of zinc through plasmatic membranes may proceed with help of
specific Zn-transporter (Formigari et al., 2007) or by binding to intermediate specific proteins
(Maret, 2009). In the recent time, there is trend to consider the zinc transport, which
proceeds with specific binding of zinc ions with transporters, from thermodynamic and also
kinetic positions, because many moments of occurrence of toxic zinc concentrations and, on
the contrary, its deficiency in cells are mysterious (Blindauer, Schmid et al., 2010). It is
considered, that phenomenon of zinc transport is rather under kinetic than thermodynamic
control (Outten et al., 2001). However, sufficient complications and disagreement in defining
of thermodynamic as well kinetic parameters are still existed. In the last decade there is a
great knowledge expansion in the field of metal ions transport in different biological systems,
but mechanisms of intracellular zinc trafficking have not been in full understood yet.
Obviously, because affinity of a metal ion to a protein can not be a single factor of transport,
then the thermodynamic gradient would be a main criterion. However, a cell manipulates the
zinc ions availability by their isolation and limitation of their presence, determining the place
and the time of meeting of the metal and a protein (Maret, 2011). The metal ions are
transfered from protein to another that requires an intermediate binding in a definite
coordination environment. At this stage the conformational states and changes in proteins
should determine kinetics of association and dissociation of a metal.

Zinc transport in the organism is performed by groups of so-called carriers or transporters of
zinc. One of these groups is hZIP family. In human genome there are 14 ZIP-genes which
are grouped into several subsets. They have 8 transmembrane domains and also histidine-
rich Zn-binding cytoplasmic region, and amphiphylic part, which is able to form a channel
wall for zinc ion (Kabe et al., 2004). It is known (Franklin et al., 2003) that function of hZIP1
and hZIP2 — import of zinc through plasmatic membrane. hZIP4 is in the apical membrane
of enterocytes and its expression is activated in Zn-deficiency, and its mutations are
responsible for entheropathy acrodermit (Wang et al., 2002), which is characterized by
disruption of intestinal absorption of zinc and severe zinc deficiency. Expression of hZIP6
(LIV1) is regulated by estrogen and is increased in breast cancer (Taylor et al., 2003). It is
important that Zip2 mRNA level is influenced by intra- and extra-cellular Zn-concentrations,
and overexpression of Zip2 resulted in increased Nrf2 activity, higher GCL expression, and
increased glutathione synthesis (Rezaei et al., 2008 ).

Specificity of transporters to bind only with zinc is under discussion today. For example, a
zinc transporter ZIP14 is able to transport ferric ions and ZIP8 binds also Mn and Cd (Maret
et al.,, 2010). In this, presence of chelating or redox agents alters kinetics as well as
thermodynamics of metal binding. But, possibly, effects of these factors are expanded on the
binding specificity through changes in energy landscape of protein molecules (Krupyansky et
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al., 2002), and, subsequently, and in their conformational state, if it is considered as a set of
permitted conformational states (Orlova et al., 2009).

A family of mediators of cation diffusion is in another group of zinc transporters: ZnT
(SLC30A), which includes 10 members in mammals. Most of them have 6 transmembrane
domains, N and C-termini of which are at cytoplasm side of the membrane. They have
conserved histidine-rich domain between transmembrane segments IV and V, which binds
zinc, and also amphiphylic transmembrane segments, which may form a channel for zinc ion
(Kabe et al., 2004). ZnT1 predominantly performs regulation of zinc export, in particular, to
plasma at base-lateral surface of enterocytes in the duodenum and jejunum. ZnT2 and ZnT4
sequesters zinc in cytoplasmic vesicles, ZnT3 performs specific function, mainly, in a brain
and sequesters zinc in pre-synaptic glutamate-containing secretion granules under influence
of potential-dependent chloride channel CIC-3 (Lushnikov et al., 2001; Zalewski et al., 2005).
ZnT5 is localized in membranes of secretion granule of insulin, pancreas cell enriched in
zinc. ZnT6 and ZnT7 are concentrated in Golgi apparatus (Huang et al., 2002), ZnT8 — in
endocrine pancreas, and ZnT10 — in the liver and brain (Zalewski et al., 2005).

Mutation in ZnT4 gene is a basis of a syndrome of “death murine milk”, which is caused by
nonsense-mutation, leading to defect secretion of zinc to milk (Huang et al., 1997).

At Hep-2 cells it was demonstrated that they contain abundant labile depots of zinc (Rudolf
et al., 2005), which may be exhausted by a zinc chelator - TPEN or increased by attraction
of external zinc. Changes of intracellular zinc level are sufficient to modify cells sensitivity to
apoptosis and provoke pathophysiological changes in the human body due to zinc
participation in cell cycle control (Hakue et al., 2003). A special attention is given to studies
on zinc transport in the brain (see Chapter 5).

Besides specific zinc transporters, it seems that some Zn-containing proteins may
periodically perform the transport function. In particular, the level Zn-protein A2M, which is
an inhibitor of proteinases, is linked with blood stream alteration. It is considered (lvanova,
2008) that the protein may be a zinc-transporting protein in children, and absence of a link
between zinc level and A2M in adults is one of the causes of hypertension and ishemic heart
disease. In the blood plasma, where about 1% of total zinc in the body is localized, 80% is
bound to albumin, which is also served as zinc transporter in the body (Blindauer et al.,
2009). It is not excluded, that ACE in some cases may also fulfill Zn-transport functions.

Mitochondria possess high ability to zinc absorption and blockage of this process determines
a significant increasing of zinc concentration in a cytosole. Moreover, mitochondria
themselves may provide an intracellular reserve, necessary for active mobilization of zinc in
case of necessity.

3.4 Angiotensin-Converting Enzyme

It is known that ACE is a dipeptidylcarboxypeptidase and have two active centers. The
protein consists of two domains (N- and C-) and contains two atoms of zinc necessary for
enzymatic activity development (~10'6M). It cleaves angiotensin | and bradykinin, altering
their biological activity, that leads to blood pressure elevation (Corvol et al., 2004). ACE is a
key enzyme of the blood pressure regulation and some its inhibitors (captopril, lysinopril
etc.) for a long time and firmly were introduced into the practice of hypertension treatment,
which sometimes is considered as derivative of excess of permissible limits of inflammation
processes. Two isoforms of the enzyme were sufficiently well-studied: full size (150-180
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kDa) somatic form (in endothelial, epithelial and neuroepithelial cells) and testicular (~90
kDa) enzyme, representing C-domain and playing a significant role in fertilization and
differentiation of cells. However, functions of the enzyme are not limited by this. One of ACE
substrate is N-acetyl-Ser-Asp-Lys-Pro (AcSDKP), to which both domains of the enzyme
demonstrate activity, but activity of N-domain in 50 times higher than those of C-domain
(Rousseau et al., 1995). AcSDKP itself is known as a natural inhibitor of proliferation of
hemopoethic stem cells, but it was able, in dependence on concentration, to stimulate
proliferation of endothelium cells (Wang et al., 2004), inhibit differentiation of stem cells of
bone marrow, activation and migration of macrophages and releasing of pro-inflammatory
cytokine TNF-a. Moreover, AcSDKP hampers TGF-B-signalling through suppression of
activation of R-Smad with help of nuclear export of Smad-7 (Kanasaki et al., 2003). This
makes it as anti-inflammatory and antifibrosis agent in the mechanism of hypertension
development (Sharma et al.,, 2008) and an important participant of apoptosis regulation,
because renin-angiotensin system (RAS) in the bone marrow is linked with distribution and
differentiation of cells (Haznedaroglu et al., 2003). Renin, ACE, angiotensin Il, receptors of
angiotensin of 1 and 2 types (AT1 and AT2) (Rodgers et al., 2000; Strawn et al., 2004), and
AcSDKP (acting as down-regulating hemopoethic agent (Abai et al., 2002) are the
components of RAS. Angiotensin Il interacts with AT1-receptor to stimulate differentiation
and increase proliferation of predecessors of hemopoetic cells; and this stimulating activity
may be blocked, for example, by losartan (Rodgers et al., 2000). Stimulation of AT1/AT2
receptors expresses stimulating/inhibiting action on JAK-STAT signaling pathways, relating
to physiological mechanisms of cytokines (Haznedaroglu et al., 2000), which modulate
expression of transcription factor c-myc (Xie et al., 2002). C-myc is a nuclear protein of a
family of helix-loop-helix/leucine zipper, and acts as transcription factor, included in the
regulation of cell proliferation, differentiation and apoptosis (Sheiness et al., 1979).

ACE positively influences hemoblastosis of bone marrow (Aksu et al., 2006), which in acute
myeloid leukemia is linked to renin hyperexpression (De la Iglesia et al., 2006).

Effects of ACE inhibitors (captopril, trandolpril) and losartan in concentrations of >1mM,
>0.05 MM un 0.2 mM were studied (De la Iglesia et al., 2009), correspondingly, at K562 and
K562-transfected with c-myc, Bcl-x and Bcl-2 cell lines. Inhibitors of ACE restrained cell
growth, decreased c-myc expression, increasing apoptosis. It is supposed that these effects
are linked with angiotensin ll-induced activation of Smad-s proteins.

GPl-ase (GPl-anchor protein releasing) activity of ACE (Kondoh et al., 2005, 2008) was
revealed, which has particular significance for the testicular form. All this make ACE the
enzyme, actively influencing on processes of proliferation and apoptosis, although definite
pro- and/or anti-apoptotic functions of ACE require further investigation.

4. ANTIOXIDANT PROPERTIES OF ZINC

Stress, inducing throw of ROS, is the main pro-apoptotic factor, which influences many
stages of apoptosis (Figure 2). It is suggested that ROS appearance may serve as a direct
activator of Bax through activation of BH3 Bcl-2 Bnip3 protein (Kubli et al., 2008). However,
in the same time, stress, as a whole, and specific stresses, in particular, may be a strongest
adaptive factor leading to hyper-expression of anti-apoptotic genes (acceptors of ROS, heat
shock proteins etc.) and prevention the cell death in response to global stresses (Portt et al.,
2011). Inflammatory cells, signaling about stress, as usual, cause either “arrest” (blockage))
of cell cycle or apoptosis, in dependence on severity of the impact and ability of a cell to
reparation. Often stress also leads to re-organization of nucleus architecture, reflecting by
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this simultaneously, inhibition of important nuclear pathways (for example, replication and
transcription) and activation of specific response reactions to stress (for example, reparation
of DNA). In some cells nucleolus is the central node of coordination of reaction to stress
(Boulon et al., 2010).

Last studies show (Nakabeppu et al., 2010) that in conditions of oxidative stress
accumulation of oxidized nucleoside three phosphates such as 8-oxo-dGTP in the nucleotide
pool, is the main process causing cellular disfunctions, including apoptosis and ageing.
MutT-homolog-1 (MTH1) and liked with it enzymes are existed to counteract this process in
mammalian cells. Expression of MTH1 plays a significant role in apoptosis and participates
in the opposing to neurodegeneration. Apoptosis and aging are closely linked with Nrf2-
Keap1 signaling system (Surch, 2004) and the second phase of detoxification enzymes (Gao
et al., 2004), whose expression is correlated with MAPkinases and proteinkinase C. This
makes it possible to trace a more complicated pathway of antioxidant and regulatory zinc
effects (Figure 3).

Intracellular ROS are generated as side products of metabolism in aerobic conditions,
through mitochondrial respiratory chain, which includes 4 complexes (I-IV), coenzyme Q and
CytC. Extracellular ROS are the products of biotransformation of xenobiotics and drugs,
inflammatory processes, UV- and ionizing radiation etc. (Al-Guborya et al., 2010). Low level
of ROS may function as a messenger of redox-active signaling, while, high level of ROS
causes damage of cells (Yu et al., 2006).

Main components of ROS are superoxide-anion, hydrogen peroxide, hydroxyl radical and
peroxynitrite, forming from NO in oxidation. Free radicals able to cause changes in DNA
sequence and may activate proto-oncogenes and/or inactivate genes- supressors of tumors.
Thus, ROS are involved in the process of apoptosis and in pathogenesis of cancer (Radyuk
et al., 2004), and in adaptative process of the organism.

Antioxidant system, which protects the organism from action of ROS, includes a set of
compounds such as ICDH and G6PD, NADP/NADPH, Gsr, Gpx, GSSG/GSH, catalase,
SOD et.. Significant part of their ways of action is linked with zinc ions (mainly, due to
inhibition or increasing of corresponding genes expression). For example, RPE cells can
actively uptake zinc through the transporter Zip2, and the increased intracellular zinc
upregulates the Nrf2-dependent antioxidant function (Rezaei et al., 2008).

At present time, numerous studies are devoted to process of ageing. In this functioning of
antioxidant system are considered, for example, at rodent models (Hindle et al., 2010),
where it was shown, that there is increasing of CAT and Gpx levels with age. Also a growth
of SOD level (at 25-50% in dependence on the animal species) and marker of lipids
peroxidation is observed.

4.1 Cu, Zn-Superoxide Dismutase

Cu, Zn-superoxide dismutase (SOD) is a one of the key enzymes, participating in the
apoptosis and having the zinc ion as a cofactor, which is able to cleave superoxide - anion
and thereby decreasing by such a mode of action the oxidative stress, arising in the
organism (Frohlich et al., 2001). As a result of dismutation reaction hydrogen peroxide and
oxygen in triplet state (Toz) are produced. So, development of the oxidative stress is linked
often with zinc deficiency (or leads to it) in the organism or in the food that was
demonstrated at different types of cells and organisms (Hidalgo et al., 2002).
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At the present time, when a significant use of nanomaterials is observed, in particular, of
ZnO nanoparticles, then it is necessary to take into account that the oxidative stress is
considered to be a one of the main harmful consequences of their action on humans
(Shvedova et al., 2010; Sharma et al., 2009). Last investigations were devoted to their geno,
cytotoxicity in combination with other factors that may be very dangerous (Yin et al., 2010).
Besides, due to their extremely small size there is an anxiety by the fact that they may
interact directly with macromolecules, such as DNA, increasing apoptosis of normal cells.
Nanoparticles of ZnO caused the oxidative stress in cells with depletion of glutathione,
catalase and SOD. Even at low concentrations such particles possess genotoxic potential,
moreover, a dependence of toxic effect on the dose and form of the particles have been
observed. However, it was possible to use these properties of ZnO nanoparticles for
induction of preferable apoptosis of cancer cells (Premanathan et al., 2011).

An oxidant defence system, including zinc ions, works through different mechanisms
(Powell, 2000), such as sulfhydryl protection from oxidation, induction of MT-proteins, and
also through intracellular and extracellular SOD. Moreover, zinc is capable to replace redox-
active metals (Cu and Fe) at membrane-binding sites. In this connection, zinc inhibits lipid
oxidation in liposomes to prevent copper and iron binding with negatively charged
phospholipids (Zago et al., 2001). Combined action of zinc with other Ii?id—soluble (a-
tocopherol) and water-soluble (epicatechol) antioxidants in prevention of Fe**-induced lipid
peroxidation is known.

For WT SOD a nucleolytic activity was revealed (Jiang et al., 2006), which was linked with
inclusion of exogenic bivalent metals, such as magnesium and manganese, in the enzyme-
DNA complex. Such a complex may provide a site of low and high affinity to a metal ion,
i.e.WT SOD uses a mechanism, in which both ions directly take part in the process of
catalytic cleavage of DNA (Jiang et al., 2007).

Together with catalase, SOD may be considered as a first line of cell protection from the
oxidative stress products. SOD behavior is actively studied at different types of organisms to
reveal reasons of its expression and determination of gene domains, which regulate this
enzyme (Cioni et al., 2003; Estevez et al., 1999). In humans appearance of additional
amount of zinc or, on the contrary, its deficiency may influence on SOD1 in a cytoplasm
(dimer) and extracellular SOD3 (tetramer). In study of WT SOD and two mutant forms
(Met40GIu and Lys24Asn), carrying a negative charge at amino acid clusters at the border
of dimer formation, from Photobacterium leiognathi (PSOD), deficiency of Cu and Zn
leaded to dimer dissociation with formation of monomers. However, it was to possible to
restore the dimer in addition of zinc (Cioni et al., 2003).

A key issue is understanding of molecular basis of communication between metal-containing
centers and association of subunits, because loss of zinc in WT- and mutant enzymes is
associated with ALS and FALS, diseases, linked with apoptosis of motor neurons (D" Orazio
et al., 2000). FALS may cause missence mutations in a gene, coding SOD1 (chromosome
21q). Taking into account that WT SOD1 is able to take part in enzymatic reactions, which
may be harmful for cells, for example, in lipid peroxidation and nitration, than it is probable,
that many SOD1-mutations, linked with FALS, increase a possibility of the enzyme
participation in these potentially dangerous functions (increasing of a number of hydroxyl
radicals of additional nitrogroups in tyrosine residues) in cell proteins. These peroxidase
reactions and reactions of nitration depend on the degree of copper and zinc binding to the
enzyme (Estevez et al., 1999).
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It is important that substitution of Trp73 residue, localizing at the border between subunits,
by Tyr or Phe leads to metal-dependent association of SOD subunits (Cioni et al., 2003).
Oxidation of Trp32 is a decisive factor also for H,O,/HCOj; - dependent covalent
aggregation of human SOD1 (hSOD1) (Zhang et al., 2004). Thus, one of the zinc effects on
apoptosis is mediated through conformational state of Cu,Zn-SOD (dimer-monomer).

Rates of metals releasing in unfolding of human WT SOD1 (Figure 4) and conformational
changes in the core of B-cylinder of the enzyme, which are controlled using intensity of Trp
fluorescence, were determined (Mulligan et al., 2008). They were comparable with rates of
zinc and copper releasing. The model of unfolding includes firstly dimer dissociation and zinc
release, which proceed simultaneously, then slow changes of conformation in the protein
core followed by prompt release of copper.

It was shown (Komura et al., 2000), that SOD, added to extracellular medium, may protect
cells from damage as a result of UV-exposition. Apoptotic death in murine fibroblast cell line,
preliminary exposed to UV (A=312 nm, 480 MJ/sz), correlated with amount of lactate
dehydrogenase (LDH), released into the medium (that characterized cell damage), and
treatment of culture medium with 0.1-0.3 uM of SOD leaded to inhibition of the process.

SOD1 is offered as a drug in liver fibrosis, which is a peculiarity of chronic infection caused
by hepatitis C virus (Emerit et al., 2005). TGF-B1 occupies a distinguished position among
different cellular ways of the fibrosis development. Studies on radiation-induced fibrosis
showed that SOD1 effectively promotes its reversibility, decreasing TGF-B1 expression
(Elchuri et al., 2005).

An epithelium of a respiratory system, in particular, is vulnerable to action of oxidants, either
external or if produced in the body, which are arisen in inflammatory cells in acute or chronic
inflammation of respiratory ways (Wright et al.,1994). Zinc deficiency leads to the oxidative
stress increasing in lungs and decreasing of immunity (Taylor et al., 1997). If zinc is added to
ration of nutrition, then the damage from hyperoxia is annulled. Some of antioxidant abilities
of zinc are linked with stabilization of sulfhydryl structures and membrane lipids (Carter et al.,
2002) and suppression of NO-production (Cui et al., 1999).

Hyperexpression of SOD provides protective function in case of external influences, for
example, against dopamine cytotoxicity of neurons (Dumay et al., 2006) and may
temporarily inhibit or disrupt autooxidation caused by dopamines, increase the glutathione
level, that afterwards prevents activation of apoptotic way and subsequent death of cells.
However, such a hyperexpression is not able to protect cells from hydrogen peroxide.
Hyperexpression of SOD1 in monocytes blocks inhibition of cell growth and apoptosis,
induced by ROS and makes cells to be resistant to toxic action of TNF-a, which decreases
SOD1 mRNA, protein and promoter activity (in U937 cells), acting through JNK/AP-1
signaling pathway (Afonso et al., 2006).

Action of inhibitors of SOD may be of particular interest and indefinite. So, TNF-a and
etoposid (which produce ROS promptly and in large amounts) and inhibitor of SOD -
diethylthiocarbamate (DDC) were used to study ROS in HelLa cells. It was shown (Dumay et
al.,, 2006), that DDC significantly inhibited activation of caspases, loss of mitochondrial
membrane potential (AW,,) and death of cells, induced by TNF-a and etoposide. But DDC
does not inhibit Bax and CytC — translocation and, on the contrary, it is able to cause their
changes without alteration of AW,,. Thus, DDC has, at least, two antagonizing functions of
apoptosis regulation, inducing ROS-dependent translocations of Bax and CytC (potentially
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pro-apoptotic), and, at the same time, inhibiting activation and activity of SOD, loss of AWm,
and cell death, in ROS-independent cases.

Expression of SOD1 and its enzymatic activity (as well as of Mn-SOD) is decreased in
normal as well as in psoriatic fibroblasts in addition of retinoic acid (RA), that makes it
possible to use RA as down-regulating agent of these enzymes in treatment of psoriasis
(Gerbaud et al., 2005).

It is interesting, that recent studies showed absence correlation between specific diseases of
newborns and activity of antioxidant enzymes (Loui et al., 2010).

4.2 Hydrogen Peroxide

The role of hydrogen peroxide in the organism is various and in full depends on its
concentration. H,O, is a substrate for a set of antioxidant enzymes and CAT is the main
enzyme among them. Hydrogen peroxide is noticeable in process of apoptosis, being a side
product of NOX-dependent transport of electrons across membrane of phagosome. In some
approximation it is a signaling system, inactivating tyrosine phosphatase that leads to
stimulation of cells by growth factors and cytokines and by this way influencung on
apoptosis.

Cells, which received apoptosis signal through action of hydrogen peroxide, demonstrate
significant decrease of superoxide radical concentration, that is linked with reduction of
intracellular medium and is determined by increase of GSH/GSSG ratio and decrease of
intracellular pH value (Cleement et al., 1998). It may be said that reductive, but not oxidative
stress, is a signal for H,O,-mediated apoptosis.

H,0, is able to decrease expression of anti-apoptotic Bcl-2 without changes in expression of
pro-apoptotic Bax, and, as a result, the relation of Bcl-2/Bax is decreased (Kilari et al., 2010).
Epithelial cells, treated by 200 uM of hydrogen peroxide (H,O,) demonstrate during 24 h
(Wu et al., 2010) decreasing of viability and become apoptotic with corresponding increase
of Bax, decrease of Bcl-2, activation of caspase-3 and release of mitochondrial CytC.

Accompanying presence of zinc and BPDS inhibits H,O,-induced of caspase-3 and restores
relation Bcl-2/Bax. However, effects of zinc or BPDS made one by one do not influence on
these apoptotic markers (Kilari et al., 2010).

Cancer cells are not able to develop and perish in oxygen-riched medium. Toxicity of
hydrogen peroxide to cancer cells suggests that H,O, damages their metabolism. So, there
are suggestions regarding usage of H,O,, as secondary messenger, which may be
determined with help of genetically coded fluorescence indicator, for example, HyPer, in real
time mode (Belousov et al., 2006). It is known that tumor resistance to action of drugs (in
particular, to action of H,0,) is often linked to DN-mutations of p53 however it was possible
to overcome this using SNP to increase toxicity independently from p53 status (Gomez-
Sarosi et al., 2010).
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Fig. 4. Structure of human WT SOD1
(a) SOD1 is a homodimer of two 153-amino acid containing subunits, shown in blue and lilac color. Fore Cys residues of WT-protein
(yellow color) are close to the surface of dimer joining.
The only exposed outside Trp residue (orange color) is situated on B-cylinder.

(b) Each SOD1 monomer binds one atom of copper and one atom of zinc, which are coordinated by six His residues and Asp
residue. Although most of copper-binding residues are situated on SOD1 f-cylinder, zinc-binding residues are in zinc loop
(residues 49-82). Electrostatic loop (residues 121-143) forms a part of the active site slit.

Source: Mulligan et al. (2008)
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A role of thiol-containing redox-proteins-thioredoxine, peroxiredoxine and Grx is tightly linked
with hydrogen peroxide function and, as whole, with ROS, which take part in maintenance of
cellular redox-homeostasis and redox-dependent regulation of some intracellular processes,
including proliferation, differentiation and apoptosis (Kalinina et al., 2008). These proteins
combine antioxidant properties and ability to activate transcription of genes, including genes,
coding antioxidant enzymes as well as to inhibit redox-dependent ways of apoptosis
activation (including those with zinc ions involvement). Thus, the struggle with consequences
of ROS is made by complicated and interlaced ways.

Action of Grx is conjugated with function of glutathione reductase and GSH/GSSG ratio,
which is an indicator of cellular redox-status, correlating with biological status of a cell. It is
known that in apoptosis redox-potential reaches 170 mV (in proliferation — 240 mV) (Schafer
et al., 2001). Grx catalyzes formation and reduction mixed disulfides (Yoshitake et al., 1994).
There are three isoforms of Grx in humans: cytosole Grx1 (12 kDa) with active center CPYC
and two mitochondrial Grx2 (14 kDa) with active center CSYC and Grx5 with active center
CGPS (Schafer et al., 2001), in this Grx2 has two splicing forms a and B, localized,
correspondingly, in mitochondria and nucleus. Grx1 is able to restore (by way of
deglutathionilation) functional activity of some proteins, including creatine kinase, c-Jun,
protein tyrosine phosphatase 1B and caspase-3 (Davis et al., 1997), which participation in
the apoptosis and, sometimes, activity indirectly depend on zinc ions concentration, that in
some cases must cause “conflict of interests” and possibility to change a decision regarding
apoptosis after receiving of a signal about its beginning.

It is important that expression of GLRX1 gene is sufficiently increased in tumor cells and
Grx2 suppresses apoptosis preventing releasing of CytC out of mitochondria (Lilling et al.,
2004). In general, the function of Grx2 is not clear. Evaluation of its anti-apoptotic function
(Wu et al., 2010) by studying its ability to protect complex | in mitochondrial electron-
transport system of epithelial cells, showed, that hyperexpression of Grx2 may protect cells
from H,O,-induced damage (leading to apoptosis), while Grx2-knockdown (KD)
demonstrates an opposite effect.

Acute H,O,-mediated oxidative stress in endothelial cells of pulmonary artery is linked with
elevation of intracellular zinc that is one of key events linked with disruption of functions of
mitochondria and induction of apoptosis (Wiseman et al., 2007).

In burns not balanced antioxidant response is possible (Agay et al., 2005) that in part is also
linked with hydrogen peroxide. In this the level of zinc is decreased in the blood serum after
6 hours, and in two stages is increased in the liver simultaneously with elevation of SOD
(from 6 hours to 4 days), and re-distribution of zinc and copper is observed there (in the
absence of changes in muscles and brain). In this, activities of Gpx and SOD were only
significant in the blood plasma.

H,0,-generating system Glu/GO, which induces DNA fragmentation, may be inhibited by
zinc (50 pM) in combination with BPDS (2.5 mM) (Kilari et al., 2010). Moreover, combination
of zinc and BPDS, is able to restore the GSH/GSSG ratio, increasing expression of DMT1, a
transporter of bivalent ions of metals.

Mechanisms, participating in elevation of ROS and RNS during decreasing of cellular zinc,
are not studied in full. Induction of oxidative stress by zinc deficiency includes short-term as
well as long-term mechanisms, where ways of zinc and hydrogen peroxide are interlaced.
The reason for such a short growth of cellular ROS may be linked with NADPH-oxidase
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involvement in the process (Oteiza et al., 2005; Beckman et al., 2001). In the long-term
perspective a requirement in zinc as physiological antioxidant plays a role; during changes of
functions of mitochondria, leading to increasing of production of ROS or hypoxia; disruption
of expression of components of the respiratory chain; and alteration of activity/expression of
enzymes, which participate RNS/ROS metabolism.

Hypoxia and extracellular inflammatory signals may induce intracellular accumulation of
ROS. It is necessary to notice in this connection a role of PGC-1a, which may induce
mitochondrial biogenesis that leads to increasing of oxygen consumption and decreasing of
its intracellular availability for HIF-hydrolases. This, in turn, stabilizes HIF-1a in hypoxia,
which in normal conditions (in normoxia) is degraded through ubiquitin-proteasome way after
binding with pVHL protein (O'Hagan et al., 2009). Intracellular ROS-stimulation is able to
provide releasing of IkB of proteasome degradation that allows NF-kB to enter the nucleus,
bind with elements of DNA control in order to induce gene expression. So, it is possible to
consider ROS as a secondary messenger of signaling pathways regulation, which control
gene expression and post-translational modifications of proteins (Allen et al., 2000; Valko et
al., 2007). It is in prospect to reveal the precise role of zinc at these stages, but, no doubt,
that the role of ®’Zn magnetic nucleus (see Chapter 9) will be of particular significance.

4.3 Zinc and Caspase Cascade

Caspases are proteolytic enzymes with cysteine residue in the active center (ICE-like
cysteine proteases), and this makes them susceptible targets for transition metals (Xu et al.,
2001), including zinc. Studies in vitro demonstrated that caspases-3, -6, -7 and -8 are
suppressed by zinc in concentrations lower that micromolar, they are not inhibited by
calcium in concentrations lower than 100 mM (Stennicke et al., 1997; Maret et al., 1999).
Increasing of concentration of intracellular zinc due to usage of pirithione, the zinc ionophore
inhibits activation of caspase-3 that indicates a possibility of direct involvement of zinc in
apoptosis in neuroblastoma cells (Ho et al., 2000). Use of pyrithione and ZnSQO, inhibits
H,O.-induced activation of caspase-3 however addition of TPEN (and, correspondingly,
exhaustion of labile zinc) causes increase of caspase-3-dependent apoptosis by way of
activation of caspase-3 through ROS (Truong-Tran et al., 2000, 2001; Carter et al., 2002).
Results of apoptosis in HL-60 cells is suggested the possibility of inhibition by zinc ions of
processing of a precursor to caspase-3 (Aiuchi et al., 1998).

On the contrary, zinc does not inhibit activation of caspases -8 and —9, caused by treatment
of cells with TNFa or etoposide (Chimienti et al., 2001) or CytC release from mitochondria.

It is considered that activation of caspase-3 is one of early markers of apoptosis. Zinc
completely inhibits activation of caspase-3-, -6- 1 -9, in ricin-treated cells U937, when these
cells were treated by solution of ZnCl, (Tamura et al., 2002), however, zinc blocks process of
activation of these caspases, but do not perform direct inhibition of the enzymes. Zinc
deficiency increases activation of caspases in rat embryos (Jankowski-Henning et al., 2000).
Because metalloproteases use zinc ion to catalyze hydrolysis of peptide bonds, than most
metalloprotease inhibitors contain zinc-binding ligand of thiol, of hydroxamate type etc.
Structures of caspase inhibitors are considered in a review (Madala et al., 2010). An
interesting method to monitor the apoptosis by way of watching proteolytic activity of
caspase-3 is offered on the basis of usage of semi-conductor quantum dots, which nanosize
and unique optical properties made them very attractive subjects to be used as a layer for
photoluminescent biosensor (Prasuhn et al., 2010).
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4.4 Zinc and NO

Nitrogen oxide is a physiological factor, which is able to initiate the apoptotic program in
cells, is one of the key signalling molecules, regulating functions of cardiovascular, nervous
and immune systems of the organism. A unique chemical nature and a large amount of
intracellular targets for NO and its physiologically active redox forms, keep the question
opened how the damaging action of the nitrogen oxide on cells is mediated. However, it is
obvious that is a consequence of multitude interactions with other molecules, such as ROS,
metal ions and proteins.

Mitochondrion is a main generator of free radicals (Curtin et al., 2002). In physiological
conditions electrons transfered through electron-transportation (respiratory) chain may in
some cases together with oxygen generate O,™. Another source of O, are enzymes such
as cytochrome P-450 in ER, lipooxygenase, cyclooxygenase, xanthine oxidase and NADPH
oxidase. Action of SOD leads to H,O, formation, which may than react with Fe?" with
formation of hydroxyl radical in Fenton reaction. However, the hydroxyl radical may be
formed in catalyzed by metals Haber-Weiss reaction. Formation of superoxide radical and
hydroxyl radical may furher lead to formation of different peroxides, including peroxynitrite,
the strongest cytotoxic agent. The rate of NO interaction with superoxide radical is very high
(6.7 10° M's™) (Sawa et al., 2010). In the same time, NO make brake oxidative processes,
provoked by formation of oxyferryl radicals. Reactive nitrogen-containing intermediates (RNI)
are active and important products for apoptosis. NO is formed as endogenic product in
oxidation of L-arginine into L-citrullin in the presence of NADPH-dependent NOS and exists
in various chemical forms (NO", NO" n NO'), having wide degree of chemical activity and
functions. To activate eNOS it is necessary to use calcium and calmodulin.

Some of antioxidant properties of zinc are linked with suppression of nitrogen oxide
production (Cui et al., 1999).

Influence of NO on apoptosis proceeds with help of caspase-3, which, while being in
nitrosylated (at Cys in the active center) state is less active and limited proteolysis plus
denitrosylation are needed to be done to activate the enzyme. So, the
nitrosylation/denitrosylation reaction is one more mechanism of intracellular signaling, which
is involved in initiation of the caspase cascade. However, direction of these processes
depends on the NO and zinc concentrations in a cell (Sawa et al.,, 2010). Classic NO
signaling pathway includes formation of a secondary messenger cGMP and runs through
redox-sensitive thiols which are targets for NO and form conjugates with it. However, they
also serve as targets for zinc.

Obviously, influence of NO on apoptosis is in most cases a mediated process (in particular,
by zinc) and depends on concentration and a cell type. In some types of cells NO may
promote apoptosis, but in other cells, on the contrary, it is an inhibitor of apoptosis. In
hepatocytes NO inhibits caspases, the main mediators of the cell death. Low physiological
concentrations of NO may inhibit apoptosis, but more high concentrations become toxic for
cells, inducing their death as a result of apoptosis or necrosis. Long exposition to NO, for
example, in chronic inflammatory states, may predispose cells to tumor development
through DNA damages.

It was shown (Wei et al., 2000) that exposition of nervous cells to donors of NO (for

example, with SNAP) induces apoptosis through activation of ROS and accumulation of
extracellular H,O, and products of lipid peroxidation, while their preliminary treatment by
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acceptors of free radicals or by SOD inhibits apoptosis. Zinc as an antioxidant may also
decrease toxic effects of NO. Studies of the regulation of damage of immobilized human
keratinocytes and their apoptosis induced by NOS, intracellular free zinc ions and UV -
radiation, showed, that UV causes elevation of intracellular zinc concentration, that depends
on increasing of activity of cNOS and superoxide production (Wang et al., 2010). Removal of
zinc with help of a small concentration of TPEN did neither cause cells death nor prevent
their UV-induced apoptosis. Nevertheless, increasing of TPEN concentration up to 50 uM
induced cytotoxicity. Treatment of cells with membrane-penetrating superoxide dismutase
(PEG-SOD) reduced apoptosis of cells during exposition to UV. Thus, the relationship
between activation of NOS and increase of zinc concentration exists, and the role of cNOS
in regulation of oxidative stress and apoptosis during UV-radiation is not completely
understood.

Nitrosative stress may critically change zinc mobilization. Nitrogen oxide and peroxynitrite
promote zinc release from metallotioneins by in vitro, as well as in vivo interaction
predominantly with MT-3 (Frederickson et al., 2002).

DNA damage, protein modifications, p53 activation and inhibition of mitochondrial respiration
promote NO-mediated apoptosis through mitochondrial and Fas- receptor pathways. Multiple
cellular protective systems including GSH, antioxidant enzymes and Nrf2-Keap1 signaling
pathways participate in cell response to decrease the damage from toxic levels of NO (Sawa
et al., 2010).

5. ZINC EFFECTS ON BRAIN CELLS APOPTOSIS

There is the highest zinc concentration in the brain tissue in comparison to other tissues. It
was calculated that average total concentration of zinc in brain tissue is about 150 uM that is
ten-fold higher than in the blood serum (Takeda, 2000). However, the concentration of free
zinc ions in a cytosole is supposed to be subnanomolar, i.e. ~ 500 nM in extracellular fluid of
brain (Weiss et al., 2000), and in neuronal cells concentration of free zinc ions should be
maintained in fM levels, that is due to extrusion, buffering and isolation (Frazzini et al.,
2006).

On the contrary, content of zinc in synaptic vesicles of some neuronal cells of anterior of the
brain more than 1 mM (Frederickson et al., 2000). Neurons of the anterior brain represent a
group excitatory glutamate- or glucose-ergic neurons. Neuronal cells, which contain free zinc
ions in vesicles, so-called zinc-enriched neurons (ZEN), present also in other brain regions.
In bone marrow the majority of ZEN termini are inhibitors of y-aminobutyric acid
(Mocchegiani et al., 2005). Because ZEN neurons are unevenly distributed, than distribution
of zinc in the brain tissue is irregular. The highest concentrations are presented in such
regions of the anterior brain as hippocampus, cerebellar tonsil and neocortex (Frederickson
et al., 2000).

There are three main functions of zinc in the brain: vesicular, localized in synaptic vesicles of
nerve endings; membrane-bound and as free ions in the cytoplasm. Neuron dendrites
concentration of Zn by factor of 2,5-3 is higher due to its presence in the vesicular fraction,
from which it goes to synaptic slit in electrostimulation and may change activity of various
neuromediators, which regulate activity of stimulatory and inhibitory receptors (Osipova et
al., 2005). Zinc may act as neuromediator in stimulating synapses and plays significant role
in response to stress and in functions of zinc-dependent enzymes, which provide
compensatory abilities of brain.
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Mechanisms that modulate the pool of free zinc, is crucial for brain health preservation and
its productivity.

Transport of zinc to brain parenchyma proceeds through system of brain barriers: blood-
brain (BBB) and blood-cerebrospinal fluid (Takeda, 2001). Vascular plexus of a brain stem is
a main place where heavy metals penetrate through blood-brain barrier and where
neuroprotective action of zinc is realized. Transfer of zinc to positions, which regulate its
penetration-absorbtion through systems of BBB, proceeds through binding with His residues
of zinc transporters in the blood plasma and in spinocerebellar fluid (Takeda et al., 2002). In
order to maintain zinc homeostasis, brain capillary endothelial cells react on changes in the
zinc status, increasing zinc uptake in the presence of low zinc concentrations in the blood
and decreasing the uptake in the presence of high concentrations (Lehmann et al., 2002).

It is suggested, that two main mechanisms may explain zinc ions gradient formation on
plasmatic membrane (Sekler et al., 2007; Sensi et al., 1997) — this is a primary ATPase
pump; and a secondary active mechanism of sodium gradients usage. However, in case of
mammals there are no proofs of such a gradient existence yet, although the gradient was
observed in bacteria (Banci et al., 2002), and in Arabidopsis. Moreover, it is necessary to
account significantly expressing in the brain zinc transporters: ZnT-1 and ZnT-3, able to
decrease Zn-toxicity, in particular, by way of its loading to synaptic vesicles (Chao et al.,
2004). Specific channels such as calcium potential-dependent channels of L-type (Colvin et
al., 2000), Na+/Zn** ion-exchangers, NMDA-receptor-dependent channels and Ca®'-
permeable AMPA/kainate channels (Ca-A/K channels) (Palmiter, 1998) may be mediators of
neuronal absorption of zinc. On the contrary, zinc transport proteins belonging to ZnT family
regulate flow of zinc from neurons, and also vesicular absorption of zinc (Seve et al., 2004).
In central nervous system, zinc involved in regulation of many channels and receptors, may
act as a trigger for neurons loss (Mantyh et al., 1993). Effects of high concentrations of zinc
in vitro, as well as in vivo promote death neurons, and in the same time elevated neuronal
concentrations of zinc linked to loss of neurons, are observed in exciting and toxic conditions
such as epilepsy, ischemia and craniocerebral injury. Interleukin-1p3-converting enzyme
(ICE), free radicals and cell cycle kinases are among mediators of neurons apoptosis (Rubin
et al., 1994).

Physiological role of synaptic zinc is relatively little studied, but synaptic vesicles of some
glutamateergic endings contain a high concentration of zinc and it is considered that it
participates in modulation and release of glutamate, y-aminobutyric acid (Takeda et al.,
2003) and, probably, in modulation of glyceroergic synaptic transmission (Laube, 2002).
Glutamate is a main stimulatory transmitter, acting in CNS, which makes prompt effect by
interaction with ionotropic (ligand-dependent ion channels) and glutamate receptors
(mGIuRs). Zinc-binding sites with high and low affinity were revealed in NMDA-receptors and
may directly to modulate of receptor-mediated excitatory postsynaptic currents (Mocchegiani
et al., 2005). With use of gene chips, hundreds of genes were revealed which differentially
are expressed in response to NMDA-stimulation or synaptic activity in the culture of
hippocampus neurons (Zhang et al., 2007), and functional analysis of some of these genes
leaded to revealing of Bcl6 and Btg2, as new neuronal survival genes (Portt et al., 2011).

Zinc performs modulation activity not only by direct binding with post-synaptic receptors, but
also, in the difference from usual neurotransmitters, entering post-synaptic neurons (Burdett
et al., 2003). It is suggested (Frazzini et al., 2006) that loss of neurons linked with zinc
cytotoxicity may be provided by harmful trans-synaptic movement of the cation from zinc
depot to postsynaptic neurons, so-called "Zn(ll)-translocation".
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A hypothesis exists concerning zinc release by free diffusion into intercellular space in the
process of exocytosis. However, it was shown (Nydegger et al., 2010), there is no such a
free zinc flow, but it appears in the intercellular space and is detained by various binding
ligands. Such a process was named as "externalization” and it needs further studying.

Sympatic neurons in culture die from apoptosis, when they are deprived of NGF. If to
introduce SOD, or express vector, containing, SOD cDNA, then apoptosis will be delayed.
This delay is like those observed in introduction Bcl2 expressing vector. If to introduce SOD
in 8 hours after deprivation of NGF, no protection from apoptosis is observed (Chao et al.,
2004).

Human senescence marker protein 30 (SMP30), which functions as like lactonase and
hydrolyses different carbohydrate lactones, is able to hydrolyse material of nerves. lIts
expression decreases independence of androgen in ageing cells and it influences on
calcium homeostasis. Only one atom of a metal, most probable of calcium or zinc, is situated
in the active center of SMP30. Calculated k.,; demonstrates preference for bivalent cations
in the order Zn?*> Mn®*> Ca*"> Mg?* (Chakraborti et al., 2010).

Zinc has many-directed influence on cell physiology and may activate several death ways in
neurons, because it modulates necrosis as well as apoptosis (Kozlowski et al., 2009). This
may also be linked with non-mitochondrial way of ROS generation, in which neuronal nNOS
is involved (Spahl et al., 2003).

Extra-mitochondrial and mitochondrial ways of neurons death may meet. Mobilization of
intracellular zinc in conditions of oxidative stress may provide the link between necrotic and
apoptotic pathways. Mobilization of zinc by cell oxidants in intact neurons effects on
mitochondrial membrane potential while in isolated mitochondria, similar zinc growth initiates
opening of mPTP (Kim et al.,, 2000). Induced by Zn mitochondrial generation of ROS
promotes further releasing of zinc. It is supposed that both pathways may work jointly to
damage neurons.

Action of powerful source of ROS — natural antibitiotics streptozotocide which is capable to
cause diabetes mellitus in experimental animals — at the brain level influences hippocampus
and cerebellum. In these conditions introduction of zinc leaded to decreasing hyperglycemic
status occurrence, linked with elevation of expression/production of MT (Beltramini et al.,
2006).

It is considered that zinc-induced neurotoxicity is in the basis of deterioration of nigrostrital
dopamineergic system in patients with PD (Lin et al., 2003), studying of which in vivo
showed zinc translocation in nigral cells after intranigral injection of zinc ions. Zinc-induced
growth of lipid peroxidation and cytosole CytC, and also reduction of content of striatal
dopamine in infused substance nigra may be prevented by application of vitamin D3.
Moreover, vitamin D3 hampered zinc-induced oxidative damage in the rat brain.

MT-proteins play an important role in the brain, actively participating in the intracellular zinc
turnover (Mocchegiani et al., 2005). In the last time more data support the suggestion that
damage of mitochondria, and, correspondingly, mitochondrial ways of neurons death,
become the main factor of neurodegenerative diseases development (Dua et al., 2010).
Mitochondrial dysfunction includes DNA-mutations, disruption of mitochondrial redox-
potential and, that is sufficient, decrease of mitochondrial ATP production (Swerdlow, 2002;
Banerjee et al.,, 2009). Mt-DNA-mutations are responsible for dis-regulation of Ca-
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homeostasis in mitochondria in AD (Damiano et al., 2006), PD (Faust et al., 2009), ALS
(Martin et al., 2009) diseases. But, certainly, increasing of ROS generation (or decreasing of
antioxidant response, correspondingly) is a one of main damaging factors and,
consequently, any disruption in the structure and/or expression of SOD1 may be crucial for
such diseases.

In cases of the neuronal differentiation and proliferation processes, energetic factors attract

particular interest at present time (Rafalski et al., 2011).
Thus, in such energy-sensitive enzymes as AMPK and Sirt-1, both low [AMP)/[ATP] and
[NAD+]/[NADH] ratios were found increasing which, in turn,

promotes an activation of AMPK leading to the [NAD+] synthesis rate elevation along with a
consequent activation of Sirt-1. Sirt-1, deacylating substrates, includes histon and
transcription factors. However, function of Sirt-1 in differentiation of neuron stem cells
(NSCs) is modulated by oxidation state, that determines the way of differentiation either to
neurons (in case of inhibition of Hes-1 expression) or to astrocytes (in oxidation conditions).
Since zinc is able indirectly influence on ATP synthesis and oxidative stress, then it is quite
probable that it influences processes of cell differentiation and apoptosis in the brain through
the above mentioned mechanisms.

Expression of SOD1 is registered in NSCs postnatal subventricular zone and some other
compartments (Faiz et al., 2006), as it is considered to maintain ROS balance (Madhavan et
al., 2008). There are evidences for role of ROS as a regulator of balance between self-
reproduction/proliferation and differentiation of stem cells into progenitor cells of
oligodendrocytes, hematopoietic cells and NSCs (Lekli et al., 2009).

5.1 Zinc and Alzheimer’s disease

It is considered that Alzheimer’'s disease (AD) is a proteinopathy, i.e., disease linked with
accumulation of incorrectly folded proteins in brain tissues: either pB-amyloid (amyloid
hypothesis) or tau-protein (tau hypothesis) (Hashimoto et al., 2003). Senile plaques (Ohnishi
et al., 2004) or neurofibrill coils of tau-protein are formed inside neurons with subsequent
collapse of transport system in the neuron, disruption of signal transduction between cells
and cell death (Igbal et al., 2005), i.e., a neuronal degradation is observed. Inflammatory
processes and cytokines may play a role in its pathophysiology and, consequently, the role
of zinc must be significant. It is known that amount of zinc in the blood plasma decreases
from birth to old age however, in comparison with the norm the greater deficiency of zinc is
observed in plasma and spinocerebellar fluid in patients with AD (Baum et al., 2010), which
may influence on providing of the brain tissues with this ion. However, in the same time an
excessive capture of zinc ions by senile plaques is observed (Duce et al, 2010). Such
hystochemically reactive deposits of zinc were found to be specifically localized in amyloid
angiopatic accumulations and neurofibrillar coils (Friedlich et al., 2004). In the last time
coordination chemistry of zinc complexes with B-amyloid peptide is studied in detail (Faller et
al., 2009) and apparent dissociation constants were determined in the range (in dependence
on conditions) from 1 to 20 mM.

Amyloid B-peptide and A2M, participating in the development of neurodegenerative
processes, are able, besides MT, to absorb zinc in ageing brain. Deposits arise also in
normal ageing, but their formation is facilitated in case of neurodegeneration and proceeds,
namely, in the brain regions enriched by zinc. So, disruption of zinc binding in the brain is
considered as one of AD promoters. However, studies, performed in Alzheimer’s region of
hippocampus demonstrated (Mocchegiani et al., 2005), that MTF-1, expression of which is

273



British Journal of Medicine & Medical Research, 1(4): 239-305, 2011

directly linked with availability of intracellular zinc, is decreased simultaneously with
decreasing of MT-3 expression. Levels of ZnT1, ZnT4 and ZnT6 (Lyubartseva et al., 2009),
and also ZnT3 (Adlard et al., 2010) undergo changes in tissues of brain from patients with
AD.

In case of neurological disorders, when neurons die from apoptosis, chelated zinc is
accumulated in perikarya of neurons before or during degeneration. Thus, there is some
paradox between decreasing of zinc in brain of patients with AD and supposed link with
abnormally high level of zinc, promoting formation of plaques (Cuajungco et al., 1997). This
is explained by suggestion that neuropathological changes in zinc metabolism are mediated
by numerous endogenic and exogenic stressors.

5.2 Zinc and lateral amyotrophic sclerosis (ALS, FALS)

ALS (inherited variation FALS) is one of the diseases, associated with motor neurons. It is
considered that the next reasons are of importance for its development: disruption of
cytoskeleton, which leads to changes of axon transport; toxicity of intracellular protein
aggregates, leading to disruption of secondary assembling of cytoplasmic proteins; myoglial
activation and alteration of free radicals and glutamate metabolism (Skvortsova et al.,
2001a). Multiple studies, devoted to biochemistry of the disease, concern consideration of
SOD1 mutations effects. It is considered that one of them, namely, D90A substitution
(Asp90Ala) evidently leads to FALS (Skvortsova et al., 2001b). Also under interest the
substitution G93A in SOD1, which leads to increasing of peroxidase activity in comparison
with WT SOD1 and associates with DNA in the nucleus, initiating mechanism of apoptosis
through p53, and participating in this way in pathogenesis of ALS (Barbosa et al., 2010).

At present time more than 100 mutations of SOD1 gene are known, which may participate in
pathogenesis of the disease and most of them represent missence-mutations, but nonsence-
mutations are also among them. Mutations are situated, mainly, in 4 and 5 exons. It is
necessary to note that there is a small amount of mutations (it is not clear) in 3-rd exon,
coding site of zinc binding. Clinic consequences of mutations are described in detail in
(Formigari et al., 2007; Al-Chalabi et al., 2003; Hand et al., 2003). Many mutations suggest
increasing of conformational mobility of SOD1 that leads to formation of population of the
enzyme with incorrect folding and new cytotoxic properties (Mulligan et al., 2008). Zinc ion
plays an important role in this process, especially its deficiency as a result of more readily
release of the metal from the enzyme. Moreover, disruptions are probable in the region of
electrostatic loop that may lead to increasing of a number of substrates for such an enzyme
(Estevez et al., 1999). Damages of WT SOD1 in the result of oxidative stress also lead to
incorrect folding and the enzyme aggregation and, as a consequence, initiation of ALS
(Kabashi et al., 2007; Rakhit et al., 2004).

A crystal structure of human Zn-deficient SOD1, that contains two zinc-binding ligands
substituted for hydrogen-bonding serine residues, was studied with the aim to evaluate
significance of zinc position in SOD1 structure and pathogenesis. This structure revealed 9°-
rotation of subunits, and this discloses a SOD dimer surface interface and represents the
largest intersubunit rotational shift, observed among human SOD variants. Besides
electrostatic loops and zinc-binding subloops were in part disarranged, catalytically important
Arg143 was turned out of active center and usually rigid intermolecular disulfide bond
Cys57-Cys146 acquired two different conformations. All these changes allow small
molecules to have more access to catalytic atom of copper, and this is in accordance with
observed increase of redox activity of zinc-deficient SOD. Moreover, dimerization interface is
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becomes weak and Cys57-Cys146 disulfide becomes more labile, and this is evidenced by
increasing of aggregation of zinc-deficient SOD molecules in the presence of thiol-reducing
agents. The most unpleasant event is fast heterodimerization of Cu,Zn-equimolar SOD with
Zn-deficient SOD (T4,=15 min) that prevents aggregation. Stabilization of zinc-deficient
SOD, as heterodimeric partner of Cu,Zn-SOD may provide dominant inheritance of ALS
mutations (Roberts et al., 2007). Using computer-based screening a new class of
characteristic for ALS mutant SOD aggregation blockers is predicted and experimentally
tested (Nowak et al., 2010).

The data were obtained that FALS is developed as a result of copper deficiency or
impairment in its inclusion in enzyme structure, and this is strongly correlated with zinc
concentration and its regulation of the pH function and conformational state of the enzyme.
However, absence of correlation between disruption of antioxidant function of mutant SOD1,
cause by zinc ion deficiency and FALS development (Yoshitake et al., 1994) was shown.
Studies of blood samples of group of patients autosomic-dominant FALS in comparison with
control group did not reveal statistically reliable differences in concentrations and specific
activities SOD1 (Bowling et al., 1995). Also, it was shown (Subramanian et al., 2002), that
blocking of gene, coding a shaperone- transporter of copper ions for SOD-1 (CSS), and, as
consequence, changes of antioxidant properties of the enzyme, regulated by copper ion,
does not influence on the course of the disease. It is considered that mutant protein SOD1
may not participate in normal intracellular transport due to defects in its tertiary and
quaternary structures that predisposes aggregate formation. By introducing in neuronal
organelles, the aggregates are able to disrupt their functions as well as ways of degradation
of important regulatory cellular factors, in particular, ubiquitin and shaperones (Cleveland,
1999). Degenerative changes in Golgi apparatus in ALS were immunochemically shown
(Mourelatos et al., 1993). However, the specificity of changes for this disease as well as the
order of involvement in the process of the disease development of Golgi image (primary or
secondary) was not revealed.

A strong zinc chelator is structural protein, neurofilament L., which is accumulated in the
beginning of degeneration of motor neurons and, possibly, competes with SOD1 for zinc.
Experiments on transgenic mice, expressing ALS, linked with SOD1 mutant (so-called
ALSSOD-transgenic mice) demonstrate that vulnerability of motor neurons decreases and
paralysis is delayed in case of neurofilament L.gene removal. However, hyperexpression of
heavy subunits of the neurofilament L. protected ALS-SOD of transgenic mice (Mocchegiani
et al., 2005), that evidences about indirect participation of the protein in ALS pathogenesis.

Cellular model of FALS is developed by way of permanently transfecting motor neuron of
cells of NSC-34 cell line type with human of wild type (WT) or mutant (G93A) SOD1
(Rizzardini et al., 2005) Presence of G93ASOD1 does not change proliferation of cells, but
its toxicity was obvious, when cells were in the phase of growth plateau. Cytometric analysis
has shown that at this stage viability of G93ASOD1 is significantly decreased and that the
ROS level was significantly higher in the living G93ASOD1 cells in comparison with WT
SOD1 cells. Even a small amount of mutant SOD1 moves the motor neurons into the state
with oxidative stress and damages of mitochondria, which cause their vulnerability and
death.
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6. ANTI-INFLAMMATORY PROPERTIES OF ZINC - Zn EFFECTS ON IMMUNE
RESPONSE OF THE ORGANISM.

A recommended dose by WHO norm of zinc for adults is a daily dose of 15 mg. However,
there are zinc-deficient territories, distinguishing by low zinc content in the environment and
in water and food ration, for example, if of labile zinc in soils less than 0.1 mg/kg, and in
water and food ration of the population - 9.1£0.9 mg/day (Ukhterova, 2008). For residents of
such a region (lvanov et al., 2008; Karsakova et al., 2008; Ukhterova, 2009) relationship
between zinc deficiency and chronic obstructive pulmonary disease was studied.
Development of the disease depends on the immune response. Zinc deficiency leaded to
presence of preferential hypofunction in the system of T-cell immune response that
additionally aggravates effects of other risk factors on the immune system. Peoples having
alleles DRB1*11(05) and DQB1*0301, marking low level of indicators of cellular mechanism
of immunoreactivity, in their genotype are more sensitive to geochemically caused zinc
deficiency and have an increased risk to ill in conditions of its natural deficiency. In this case
decreasing of expression at lymphocytes of positive activation markers — receptors for IL-2,
transferrin, HLA-DR-antigens at lymphocytes and acceleration of activation process was
observed. To control efficiency of treatment, Cu/Zn index is used. It is considered that
decreasing of this ratio to value of 1.26 may be considered as positive prognosis feature
(Ukhterova, 2009).

Thus, the normal entering of zinc into organism is an important immunoregulatory factor,
linked not only with antioxidant, but also with anti-inflammatory role (both factors may
intersect), especially in maintaining of homeostasis of epithelial tissues, which are at the
front edge to combat infections. Changes in metabolism caused by zinc are observed
besides chronic obstructive pulmonary disease, asthma and other chronic inflammatory
processes in the respiratory ways (Valle et al., 1993; Fleisher, 1997), when epithelial barrier
is the most vulnerable.

It is interesting that studies on microelements in the blood serum of patients with bronchial
asthma showed elevated zinc concentration in female patients, while there was no elevation
in male patients. Moreover, there is positive correlation between serum concentration of zinc
and serum opsonic activity in both sexes (Urushidate et al., 2010). This suggests intensified
work of SOD-way of elimination of ROS, which are produced by neutrophils.

In epithelial cells of respiratory ways zinc ions are concentrated in cytoplasmic vesicles and
ciliar basal bodies (Carter et al., 2002). Moreover, zinc is strategically localized in apical
cytoplasm of respiratory ways epithelium (AEC), to manage apoptosis linked with activation
of caspase-3. At murine model of allergic asthma it was shown (Truong-Tran et al., 2003),
that loss of zinc (for example, in the presence of TPEN) AEC is followed by changes in
levels of procaspase-3 as well as active caspase-3. There were a more little increasing in
levels of only caspases-2 and -6. Activation of caspase-3 in AEC, being treated by TPEN, is
readily inhibited by NAC and partly by vitamins C and E. Thus, deficient of zinc in food leads
in prospective to increasing of AEC apoptosis.

Probably, a significant flow of zinc inside and through respiratory ways (AE) exists (Zalewski
et al., 2005). Most likely, hZIP family of zinc transporters participate in its transfer through
plasmatic membranes and immediately after zinc absorption it is packed in cytoplasmic
vesicles, which migrate to perinuclear region and apical cytoplasm. Potential source of zinc
in AE is its releasing from zinc-rich (due to MT) inflammatory cells. Zinc potentially
possesses cytoprotector, secretory, growth-stimulating and signal functions not only for AE,
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but also for cells, which interact with this tissue. Increased expression of p53 mRNA takes
place in cultures of human epithelial bronchial cells in the medium with decreased zinc
concentration (Fanzo et al., 2001).

It is known that zinc in low concentrations forms a bridge between two transmembrane
domains of B-2-adrenoreceptor, positively influencing on agonist of binding (Swaminath et
al., 2003), which is used as bronchodilator in asthma treatment. Decreasing of zinc
concentration in the respiratory ways may increase bronchus spasm, in particular, through
influence on muscarinic receptors (Taylor et al., 2000), and preventing activation of
activation of acetylcholine receptors, blocking influx of calcium ions. Mast cells, which are
key components in allergic as well as in inflammatory processes, are very rich of zinc (Ho et
al., 2004). These cells have a well-developed mechanism of zinc absorption and storage in
granules due to ZnT4 transporter, which is highly expressed in these cells in humans and
animals. Process of degranulation is very sensitive to extracellular zinc (Zalewski et al.,
2005).

It is known that T-lymphocytes are more susceptible to zinc deficiency in comparison with B-
cells, so T-immune system is more dependent on zinc homeostasis. In particular, it is linked
with demand in zinc for secretion of different T-dependent interleukins and cytokines (IL-1,
IL-2, IL-4, IFN-y). The last function of zinc is linked with production of pro-inflammatory
cytokines in asthma. In this, T-lymphocytes of C[4+ phenotype are more sensitive to
apoptosis than C[18+ (Prasad, 1998). Addition of zinc is able to regulate expression of hZIP1
mRNA in lymphocytes and leucocytes (Andree et al., 2004).

Respiratory ways possess specialized secretory cells (goblet cells), which contain greatly
carboxylated glucoseaminoglycans (mucins). It is considered that they may be linked with
labile zinc appearance in secretory granules. Aquaporine, potential-dependent proton,
chloride channels of ions in respiratory ways and purineergic receptors are subjected to
action of zinc (Zsembery et al., 2004).

One of the targets for zinc in mast cells (Aggarwal et al., 2004) is cytoplasmic transcription
factor NF-nh, which is of importance for expression of pro-inflammatory cytokines. Addition
of TPEN stimulates translocation of NF-nh, and inclusion of ionophore, for example,
pyrithione, which, on the contrary, increases zinc concentration — blocks the translocation
(Zsembery et al., 2004). Reduction of neutrophyls infiltration is an example of anti-
inflammatory action of zinc. It is suggested that zinc blocks interaction of leucocyte-
associated antigen 1 at neutrophyls and intercellular adhesion molecule-1 (ICAM-1) on
endothelial cells of capillaries.

7. RELATIONSHIP OF BIOLOGICAL EFFECTS OF ZINC AND OTHER METALS

Calcium is the first metal for which a role in apoptosis was described. Actually, intracellular
concentration of calcium must be maintained at the level enough to activate endonucleases
of type |, which are dependent on calcium and magnesium. Increasing of calcium is not
essential for early stages of apoptosis, but is necessary to degrade DNA (Torriglia et al.,
1997). It is possible to artificially increase intracellular concentration of calcium ions with
usage of ionophore (Seve et al., 2002). Among the intracellular mediators of apoptosis, it is
zinc that may prevent calcium effects (Lohmann et al., 1993), especially if take into account
that zinc gradient on plasmatic membrane is higher than that of calcium (Vogt et al., 2000).
Zinc prevents DNA fragmentation in many cell lines during the apoptosis, in particular, by
inhibition of activities of Ca- and Mg- dependent endonucleases (Cohen et al., 1984). It is
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supposed that this takes place by competitive processes leading to conformational changes
in their active centers. However, acting in non-stationary conditions in different directions, Ca
and Zn may cause the same effects. For example, calcium activates kinases, but zinc
inhibits phosphatases and their final effect is the same — protein phosphorylation (Maret,
2011).

Combined action of Cd-Ca-Zn causes significant inhibition of Zn-stimulated mechanisms of
transport (Bergeron et al., 2006). Dose-dependent influence of zinc on uptake Ca and in
some cases zinc-induced stimulation of Cd uptake is observed. Cadmium — is one of the
most toxic metals, intensively studied during last years, because a number of proteins have
the same binding for cadmium as for zinc. Study on consumption of cadmium and zinc at
different concentrations of calcium by Eisenia fetida (Li et al., 2010) showed, that uptake of
zinc does not influence Ca-channel, whereas uptakes of Cd and Zn are pharmacologically
different ones. Preliminary treatment with zinc (1.0 yuM) does not influence toxic action of
cadmium. However, pre-treatment with cadmium changed intracellular distribution of zinc
with decrease of membrane-bound zinc and with increase of its content in a cytosole. In the
same time, there are data (Brzoska et al., 2001), indicating that zinc at some concentrations
has essential influence on uptake, distribution and toxicity of cadmium in the organism. As a
whole, increasing of nutritional zinc decreases unfavor effects of cadmium, while its
deficiency, on the contrary, increases Cd-toxicity, that may be expressed as Cd-induced
testicular pathology with decreased testicular concentrations of Zn and Se, and also their
blood serum concentrations the result is decrease in testosterone concentration in the blood
plasma and in enzymatic activities of SOD, CAT, Gpx with simultaneous increasing of MDA
level. In this case it is perspective to use a combination of Zn and Se in nutrition of Cd-
exposed animals that protects the organism from testicular damages and restores
antioxidant protective system (Said et al., 2010). In addition selenium and zinc antagonize
oxidative stress, apoptosis, and cell cycle changes induced by excess fluoride (Yu et al.,
2006).

In C6 rat glioma cells, cadmium caused externalization of phosphatidylserine, breakdown of
the mitochondrial membrane potential, activation of caspase-9, internucleosomal DNA
fragmentation, chromatin condensation, and nuclear fragmentation (Watjen et al., 2000). In
these conditions Cd-induced DNA fragmentation was independent of inhibition of protein
kinase A (PKA), PKC, MAPK, phosphatidylinositol 3-kinase, Ca-calmodulin-dependent
protein kinase and protein kinase G. Zinc at concentrations of 10-50 microM protected
against apoptosis induced by cadmium, whereas in the presence of TPEN apoptosis
increased. With an increasing in extracellular levels of zinc up 150-200 uM in C6 cells only
apoptosis observed, which do not depend on the inhibition of PKA, PKC, guanylate cyclase
and MAPK, but it was suppressed by the presence of 100 uM lanthanum chloride.

Because zinc and cadmium have a similar chemical coordination, they are simultaneously
partners and competitors in binding with MT-s and other proteins. Cadmium is able to
replace zinc at zinc-binding sites, causing structural changes there and this leads to
incorrect folding and loss of protein activity (Kothinti et al. 2010). Substitution of zinc to
cadmium may lead to disruption in signaling pathways (Thehevenod, 2009), impairments in
DNA-reparation and gene regulation (Tabatabai et al., 2005).

Copper, zinc and iron — some of the most required metals for different metalloproteins,

although their excess may lead to biological damages. Zn, mainly, may by different ways
through competitive mechanisms to slow down oxidative mechanisms, induced by Cu and
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Fe, including modulation of ROS, maintaining of adequate level of MT-proteins and direct
reduction of Cu and Fe amount (Formigary et al., 2007; Santon et al., 2006).

Nanoparticles of copper and zinc express similar toxicity in the organism with its increasing
at low pH values (Van Sprang et al., 2001). Addition of EDTA into cultural medium in vitro
decreases toxic effects of both metals.

In many systems Zn may counteract to catalytic properties of redox-active Fe and Cu from
the position of their ability to promote formation UOH by peroxide and superoxide (Powell,
2000). In cells of LEC rats, zinc acetate increased tissue concentration of Zn and MT and
decreased concentration of Cu and Fe due to decreasing of their transport from mucosa to
serous intestine walls on the basis of competitive mechanisms (Medici et al., 2002).
Competitive inhibition of iron absorption by transporter of bivalent metal in the presence of
Zn is observed also in fibroblasts (Santon et al., 2006). It is supposed (Streedhar et al.,
2004), that Zn decreases Fe-induced production of hydroxyl radicals, causing increase of
GSH and MT levels and supporting stability of sulfhydryl groups. Zn in combination with Fe,
in comparison with Fe effects only, decrease significantly apoptotic as well as necrotic index
in cell line of fibroblasts (Formigari et al., 2007). In the intestine cells in conditions of ROS-
induced signaling system and cell death zinc performed inhibition of apoptosis through
decrease of Glu/GO — induced iron uptake and inhibition of Fe-regulating protein 1. This
leaded to decrease of intracellular labile iron, reduction of ferritine and expression of MT.
Then zinc increased Bcl-2/Bax ratio and decreased activity of caspase-3 (Kilari et al., 2010).

During determination of the degree of toxicity on epithelial cells in rat lungs (by activity of
mitochondrial succinate dehydrogenase) the next line V>Zn>Cu>Ni>Fe is obtained (Riley
et al., 2003), in that zinc appearance leaded to decrease of negative effect of V and Cu;
gave additive effect with Ni, and did not influenced on toxicity of Fe.

Chromium (VI)-induced cytotoxicity and apoptosis are increased in their size in impoverished
of zinc cells in chromium (VI) concentrations from 50 to 150 mM (Rudolf et al., 2005). On the
contrary, elevated labile zinc was able to protect from apoptosis, induced by 10 mM of
chromium (VI). At more high concentration of chromium (50 and 150 mM) a synergic effect is
observed, that significantly increases oxidative stress and, correspondingly, apoptosis. It is
suggested that it takes place in case of mitochondrial damages. Competitive usage of zinc
and chromium (VI) may lead to decrease as well as to increase of ROS levels. Zinc in
concentration of 100 mM decreases production of hydrogen peroxide and superoxide-anion
during its simultaneous administration with 10 mM of chromium (VI). On the other side, the
same concentration of zinc increases level of oxidative stress in cells, if it is administered
with 50 and 150 mM of chromium (VI). Thus, effects of zinc deficiency or its increase on
Cr(VI)-induced cytotoxicity, oxidative stress, DNA-damages and cell death showed (Rudolf
et al., 2005), that 50, 10 and 1uM of Cr(VI) induce cytotoxicity dependent on time and dose
in the result of oxidative stress, suppression of antioxidant system and activation of p53-
dependent apoptosis. Elevation of intracellular zinc partly decreases Cr(VI)-cytotoxicity,
oxidative stress and inhibits Cr(VI)-dependent apoptosis, preventing activation of caspase-3.
Decrease of intracellular zinc expands the chromium cytotoxic effect at all tested Cr(VI)
concentrations, leading to fast decomposition of cell membranes and nuclear-dispersion
features of necrosis.

Compound Cr(lll)(phen)s: [(tris (1,10-phenantrolin) chromium(lll) chloride)] in action at
lymphocytes (Sankaramanivel et al.,, 2010) is able to provoke apoptogenic changes:
decrease level of ATP, increase activity of caspase-3, alter mitochondrial membrane
potential, but they are leveled to normal values in case of preliminary treatment of cells by
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zinc. In dependence on concentration, Cr(lll)(phen); induces synthesis of MT-3 isoform, in
that function of metal-regulating transcription factor MTF-1 is not inhibited by this compound
as it takes place in case of addition of Cr(VI) (Majumder et al., 2003).

N,N*,N" -tris-(2-pyridylmethyl)-cis,cis-1,3,5-triaminocyclohexane; so-named touchpyridin, is a
powerful hexadentate chelator of iron and potential agent in combating cancer. It initiates
mitochondrial way of cell death, which is p53-independent one. Iron and zinc were (Zhao et
al., 2004) main targets for touchpyridine in cells and 9% of total cellular iron and 13% of total
cellular zinc were bound by it. Preliminary treatment with any of these metals protected
completely cells from cytotoxic action of the preparation.

Effects of other metals on apoptosis in combination with zinc action have not been studied
yet (Rana, 2008).

8. ZINC COMPLEX IN CONDITIONS OF IONIZING AND UV IRRADIATION

Study of effects of ionizing as wells as UV-radiation on apoptosis at first is linked with their
use in radiotherapy and phototherapy, correspondingly. Understanding of that how to
achieve maximum effect in death of cancer cells (it is desirable to protect normal cells) is a
critical moment in cancer treatment, and zinc, being active participant of the apoptosis, plays
an important role in these processes.

Anticancer effect of Zn-binding compounds may be caused by three different mechanisms
(Zheng et al., 2010; Ding et al., 2009). More often complex formation (chelation) is used,
when cells are deprived of zinc and dead, mainly, under action of ROS excess. The most
known zinc chelator is TPEN (Ding et al., 2008). Another mechanism includes zinc
transportation into cells causing apoptosis. lonophores and shuttles may be acted as
transporters (Magda et al., 2008). lonophores may transport several ions of a metal, so
during increase of metal concentration, their cytotoxic effects are increased (for example,
ionophore for zinc is, cliochinol (Yu et al., 2009). Shuttles facilitate metal penetration into
cell, but their action does not depend on the metal concentration (Lecane et al., 2005).

lonizing radiation is able to induce in human CNS MT protein as well as expression of MT-2
mRNA. Zinc, inducing synthesis of MT, protects brain tissues from damaging effects of
radiation (Zhang et al., 2002). The role of MT, which protects cells form formed free radicals,
was considered (Deng et al., 1999) in y-irradiation (6°Co) by doses of 0.5 and 10 Gy. In
culture of human cells, CNS and astrocytes, release of lactate dehydrogenase and damage
of neuronal dendrites are observed, and preliminary treatment by zinc, inducing induction of
MT, served as protection measure. It was shown (Cai et al., 2004), that y-irradiation in a
dose from 15 to 30 Gy causes predominantly apoptosis of astrocytes, but at a dose of 60 Gy
(P,=0.1 Gy/s) necrotic death of cells prevails. Dose of 30 Gy caused apoptosis increasing in
a day, and this effect was significantly decreased by pre-treatment of cells with zinc. Any
increasing of MT expression serves as protection from radiation-induced consequences.
Role of MT and apoptosis was also studied at thymocytes, in which ionizing radiation causes
apoptosis due to formation of peroxides, generated during irradiation or after it. After 2 min.
of y-irradiation (5 Gy, ®°Co) of selected by age mice males of MT-1 hyperexpressed (MT-1*)
and MT-null transgenic mice, their thymus was removed after 24 hours and basal levels of
MT and zinc concentrations were determined. Minimum amount of MT was revealed in MT-
null thymus and there was a largest amount of apoptotic cells. Level of peroxides after
irradiation was increased by factor of 10-11 (Ramakrishanan et al., 1996) and continued to
increase during time. Similar situation was observed in case of lipid peroxidation. Generation
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of peroxides and lipid peroxidation of membrane lipids preceded internucleosome
fragmentation of DNA as well as morphological changes, characteristic for apoptosis.
Treatment of cells by ebselen, which mimics of glutathion peroxidase, sufficiently decreased
peroxide levels, providing cells by protection from apoptosis.

Lyposomal Cu/Zn-SOD and Mn-SOD equally decrease radiation-induced fibrosis and
provide a possibility to repair normal tissues in the region of stabilized post-radiation fibrosis
(Lefaix et al., 1996).

To study relationships between induction of the radiation-induced apoptosis and kinetics of
microelements, human leukemic cells were irradiated in vitro ®Co, after that character of the
cells apoptosis and a pattern of microelements (Fe, Ca, Zn) distribution were evaluated
(Harada et al., 2002). It was found that in early stage of apoptosis the maximum level of
accumulation was observed for Fe in stromal cell. In the middle-end of the phase
accumulation of Fe was decreased, and instead, accumulation of Ca was increased (in
decreasing of Zn content) in the nucleus. Authors suggest two stages of apoptosis
development: (1) signal from the stromal cell to nuclei of Fe or Fe-containing enzymes and
(2) degeneration of nuclei by Ca-dependent enzymes, with releasing of Zn from digested
nucleus. These zinc releases may be an additional marker for apoptosis.

8.1 Photodynamic Therapy

Photodynamic therapy (PDT) that is perspective for cancer treatment, includes usage of
photosensibilizators in combination with certain wavelength of light irradiation, and this gives
an effect of significant increase in production of cytotoxic singlet oxygen as well as other
ROS, which cause tumor cells death ROS (Woster, 2006; Casero et al., 2007). Different
complexes of zinc are used as photosensibilizators that increases possibility of apoptosis,
making:

1. Photosensibilizing effect due to formation of singlet oxygen, which possess
strongest cytotoxic effect and

2. Chelators of zinc decrease its available for cells concentration, creating a zinc-
deficiency and promoting apoptosis.

Known photosensibilizators are water-soluble conjugates of Zn-protoporphyrin (ZnPP) (Soda
et al., 2009; Minguet et al., 2008), and also Zn(ll)-phtalocyanine (ZnPc) (Zhou et al., 1996).
Their deliverance may be performed by liposomes (Magaraggia et al., 2006), in the presence
of cholesterol for stabilization of the system and improvement of photodynamic action
(deQliveira et al., 2010). In this localization in Golgi apparatus, photoinactivation gave more
than 95% of cell death (5 min. of irradiation in 1 micromole ZnPc), which proceeded by way
of parallel development of occasional necrotic and apoptotic processes. Nanoparticles on
the basis of chitosan were used for deliverance (Li et al., 2010).

Derivatives of ZnPc, such as octapentyl (ZnOPPc) and octadecyl (ZnODPc) (Jori et al.,
1998) were tested. Irradiation of tumor region (A=620-700 nm, 180 mV/cm2, 300 J/cm?) after
24 h after introduction of photosensibilizator induces significant delay of tumor growth,
which was the most long (11 days) for ZnPc and the smallest for (3,5 days) for ZnODPc.
Electron microscope study of irradiated tumor samples showed that ZnPc causes early direct
damage of malignant cells, mainly through processes, leading to occasional necrotic way,
although the restricted contribution of apoptosis was revealed. Importance of apoptosis was
increased during usage of ZnOPPc and, especially, ZnODPc.
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Effects of cationic phtalocyanins were studied in relation to the blood derivatives. The largest
photohemolytic damages were made Zn(ll) 2,9,16,23-tetracis [4-(N-methylpyridyloxi)]
phtalocyanin (ZnPPc4+) (Spesia et al., 2010).

UV-irradiation was used with simultaneous treatment by cytotoxic preparations (etoposide,
camptotecine, melfalan and chlorambucyl), causing fast increasing of intracellular level of
hydrogen peroxide, to influence on human promielocytar cells of line HL-60 (Gorman et al.,
1997). Pre-treatment of by SOD gave modest protection from UV and did not influence on
apoptosis, induced by cytostatics, and catalase could protect cells from them only in their
small concentration.

Using TPEN and UV and only UV of keratinocytes (Parat et al., 1997), significant disruptions
in stability of DNA and cytoplasmic fragments (mononucleosomes and oligonucleosomes),
which characterize cell death by way of apoptosis, were observed. Addition of zinc ions
(0.1mM) into cultural medium in both cases prevents processes of disruption of DNA
integrity.

Results obtained (Wang et al., 2010) showed complicated and dynamic regulation of UV-
induced cell damage, linked with NO-synthase (see Chapter 4).

Treatment of the breast cancer cells by various concentrations of permeable through cell
membranes TPEN and membrane non-permeable zinc chelator DTPA resulted to sufficient
increasing of cell death due to modulation of intra- and extracellular zinc (Hashemi et al.
2007). Significant increasing of caspases -9 and -3 activity (where expression of caspase-3
is possible), and insufficient increase of caspase-8 activity was observed. Addition of zinc
ions prevented DTPA and TPEN mediated cytotoxicity, while addition of calcium or
magnesium ions had no effect. Antioxidant NAC inhibited effects of DTPA and TPEN that
directs at mediator role of the oxidative stress, which is linked with zinc deficiency. It is
interesting that combination of NAC and ions of redox-active copper leads to strong cytotoxic
effect at cancer cells, which is not observed in the presence of redox-inactive zinc. Zinc-
containing SOD1 and extracellular SOD3 may intensify the process (Zheng et al., 2010),
while catalase serves as its inhibitor. This process was named as ROS-generator.

Phtalocyanine derivative, zinc 2,3,9,10,16,17,23,24-octakis[(N,N"-
dimethylamino)ethylsulfanyl] phtalocyanine (Rumie-Vittar et al., 2002), demonstrated fine
efficiency in phototherapy, leading to apoptosis of human breast cancer cells and
adenocarcinoma cells, and 2,9(10), 16(17), 23(24)-tetrakis [(2-trimethylammonium)
ethylsulfanyl] phtalocyanine zinc (lIl) tetraiodide in relation of KB-cells (Marino et al., 2010).
The effect depended on concentration of the chelator as well as the light dose and showed
apoptosis response with increasing of activity of caspase-3 and splitting of PARP.

Na-Y fluoride nanoparticles were tested as carriers of Zn-phtalocyanine on cancer cells of
murine urine bladder. Intracellular accumulation of nanoparticles was not time- and dose-
depended. Photosensibilization efficacy of their in activation of Zn-phtalocyanine loaded in
their nucleus and membrane with the aim to generate singlet oxygen nanorticles in
irradiation with IR-light with A=980 nm (Guo et al., 2010).

Effects of complexes of zinc with product of condensation of 2-formylpyridine and selen-
semicarbazide on matrix metalloproteinases (MMP) MMP-9 and MMP-2 (Bejelogrlic et al.,
2010) and cytotoxic activity at eight tumor cells lines in concentration of the agents 1-100 uM
and incubation time equal to 48 and 72 hours have been demonstrated. Structure of Zn-
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complex had bidentant coordination of the ligand through selen and azomethyn atom of
nitrogen. The complex increased MMP-2 activity in supernatants of tested cells. Ni(ll)-
complex with the same ligand demonstrated opposite effect.

Complexes of zinc with izatin-(H2L1) N-methylizatin-3-picolinoil hydrazone (HL2) (Rodriguez-
Arguelles et al., 2004) inhibit DNA synthesis in human leucosis cells and reduction of cells
number by ~ 40% in phase S is observed.

Evaluation of cytotoxicity of zinc complex, containing 2,2'-pyridine ligand and Zn
(bpy)2(NCS); in relation to neuroblastoma cells and ovarian cancer cells (Shi et al., 2010)
showed that the complex either influences a little or does not influence on cell division in the
period of their restoration and does not promote DNA cleavage in the presence of ascorbic
acid.

A series of Zn-complexes (Raman et al., 2010), which were obtained with use of new type of
Schiff bases and demonstrated high antitumor activity and cytotoxicity, were probed.

It is known that zinc chloride is able to inhibit chymotrypsin-like activity of 20S proteasome,
however, a complex of zinc with pyrrolidine dithiocarbamate, which suppresses cellular
proteasomal activity and proliferation and induces apoptosis in different human cancer
(breast and prostate cancer) cell lines is a more powerful factor (PyDT),Zn (Milicic et al.,
2008). Mechanism of action of the complex does not concern activation of caspases-3, -7
and proceeds through calpaine-dependent mechanism by the way of cleavage of small
subunit of calpaine with accumulation of p65 PARP fragment and p36/Bax protein.
Moreover, inhibition of proteasome and induction of apoptosis, caused by (PyDT).Zn, do not
blocked by DTT and NAC that implies absence of the way through ROS.

A particular class of supramolecular photosensibilizators is composed of dendrite
porphyrines (DP), containing zinc atom inside them. 32(+)DPZn (contains 32 ammonia
groups) the largest '0,-induced cytotoxicity was shown (Nishiyama et al., 2003).

Complexes of zinc with anti-diabetes activity were considered in detail in (Sakurai et al.,
2008).

Thus, mechanisms of photosensibilization, mainly, effect by increase of ROS action and
accompanying changes in expression of MT-s, however, in the last time, new classes are
arisen, which influence on signaling systems by more complicated way.

9. ZINC MAGNETIC ISOTOPE EFFECT IN BIOCHEMISTRY

The magnetic isotope effect was firstly observed in the case of isotope 25Mg in creatine
kinase way of ATP synthesis (Buchachenko et al., 2004, 2008), and now it is possible to say
about appearance of new direction — spin biochemistr;;. As for natural isotopes mixture of
zinc, there is little more than 4% of magnetic isotope Zn (s -5/2). It is known, that rate of
enzymatic synthesis of ATP depends on zinc. ATP-producing activity of creatine kinase (CK)
and pyruvate kinase (PK), in the presence of ZnCl,, where the zinc atom has a magnetic
nucleus ®Zn, was from 2 to 6-fold higher than in the case of non-magnetic zinc
(Buchachenko et al.,, 2010; Orlov et al., 2011). Mitochondria from rat heart muscle
demonstrated the similar effect in consideration of ATP yield, produced by CK, as a function
of ZnCl,, where the nucleus of zinc was 64 or 67 (in vitro). In the first case, (CK) a peak was
observed at zinc concentration 5-10 MM with futher decrease of ATP yield. In the case of PK
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and ®’Zn at 10 MM there was plateau, while in the case of #Zn the shape of the curve was
similar to the CK case. These studies allowed suggesting a possibility for particular effects of
magnetic isotope of zinc (in comparison with natural pool of isotopes and also with non-
magnetic nuclei) on apoptosis of cancer cells that have been registered in our experiments,
and the results are under publication.

Mechanism of magnetic isotope effect was suggested by academician Buchachenko A.L.
(Buchachenko et al., 2008, 2011) for reaction of phosphorylation and is based on the
possibility of singlet-triplet conversion of forming ion-radical pairs and formation of additional
triplet channel of ATP synthesis. It is not clear, are other reactions, besides the
phosphorylation reaction, subjected to influence of magnetic nuclei of elements. By method
of radiation inactivation we have shown earlier (Orlova et al., 2009) that creatine kinase
(from Vipera xanthia) in vitro behaves differently in the presence of magnetic (*’*Mg) or non-
magnetic (**Mg, *®Mg) nuclei of magnesium that indicates presence of conformational
component in the “spin” process. However, introduction of Zn isotope into ACE, which
replaced natural pool of zinc in the active center, does not reveal differences in the enzyme
activity in vitro regarding peptide substrates in comparison with enzyme containing common
zinc (our unpublished results). Seemingly, it is in prospect to see more and more interesting
things in this research field.

10. CONCLUSION

Intensive studies of role of zinc in the body demonstrate that its effects encompass the
growing number of internal and external pathways, inducing or inhibiting the apoptosis.
Possibly, these ways forms a closed cycle, when shift of equilibrium, pH, concentration etc.,
impairing zinc homeostasis and redistributing it, lead simultaneously to disruption of
expression, structure, mutations and disorder a cell rhythm, that is fraught with different
diseases and is especially linked with tumor formation. But it is possible to implement
blocking of cell proliferation in the same Zn-cycle with the adoption of many stages of
mediated solutions to its apoptosis or rehabilitation. The relationship of zinc to transcription
factors and signaling pathways looks impressive and makes it possible (though certainly not
completely) to understand the involvement of zinc in the proliferation.

However, such an active involvement of zinc grants a hope, that understanding of these “Zn-
cycles” may help to make right corrections of native as well as acquired during the life
“errors” of the organism.
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