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Abstract: Free radicals are chemical particles containing one or more unpaired electrons,
which may be part of the molecule. They cause the molecule to become highly reactive.
The free radicals are also known to play a dual role in biological systems, as they can be
either beneficial or harmful for living systems. It is clear that there are numerous
mechanisms participating on the protection of a cell against free radicals. In this review,
our attention is paid to 'metallothioneins (MTs) as 'small, cysteine-rich and heavy
metal-binding proteins, which participate in an array of protective stress responses. The
mechanism of the reaction of metallothioneins with oxidants and electrophilic compounds
is discussed. Numerous reports indicate that MT protects cells from exposure to oxidants
and electrophiles, which react readily with sulthydryl groups. Moreover, MT plays a key
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role in regulation of zinc levels and distribution in the intracellular space. The connections
between zinc, MT and cancer are highlighted.

Keywords: metallothionein; free radicals; cellular oxidative stress; zinc; transcription

factor; cancer

1. Introduction

Free radicals are chemical particles containing one or more unpaired electrons, which may be part
of the molecule. They cause the molecule to become highly reactive [1]. Free radicals (a) can be
generated during UV irradiation, X-ray or gamma radiation, (b) are the products of reactions catalyzed
by metals, (c) are present in the air as pollutants, (d) are produced by neutrophils and macrophages
during inflammation and (e) are by-products of the mitochondrial respiratory chain [2]. Free radicals
are known to play a dual role in biological systems, because they can be considered as beneficial or
deleterious [3]. The beneficial effects of free radicals are in the immune response to infection and that
they are a part of many cellular signaling systems. In contrast, at high concentrations of free radicals,
they may be important mediators of damage to cell structures, including lipids and membranes,
proteins and nucleic acids, when oxidative stress occurs [4].

The harmful effects of free radicals are balanced by the antioxidant action of antioxidant enzymes
and non-enzymatic antioxidants [5]. Despite the presence of the antioxidant defense system, which
protects cells from oxidative damage originating from free radicals, oxidative damage accumulates
during the lifecycle and, with radicals related damage of DNA, proteins and lipids, plays a key role in
the development of diseases, such as cancer, atherosclerosis, arthritis and neurodegenerative diseases [6—8].
The most important free radicals in aerobic organisms are oxygen reactive species (ROS) [3] and
nitrogen reactive species (RNS) [9]. An overview of the most important reactive oxygen and nitrogen
reactive species is summarized in (Table 1). In this review, our attention is aimed at the mutual
relations of metallothionein and zinc(II) ions.

Table 1. Summary of reactive oxygen and nitrogen species [10,11].

Reactive Oxygen Species Reactive Nitrogen Species
Free Radicals Other Substances Free Radicals Other Substances

Superoxide . L . : o _
- - Oye— Hydrogen peroxide = H,0,  Nitric oxide radical NOe¢  Peroxynitrite ~ONOO
anion radical

Hydroxyl radical HO- Hypochlorous acid HOCI Nitric dioxide radical NO,* Nitrites NO,
Alkoxyl radical RO- Ozone (O} Nitrates NO;~
Peroxyl radical ROO- Singlet oxygen '0, Nitrosyl NO*

2. Metallothioneins

Metallothioneins (MTs) belong to the group of intracellular cysteine-rich, metal-binding proteins
that have been found in bacteria, plants, invertebrates and vertebrates [12—14]. These proteins were
discovered in 1957 as cadmium-binding proteins isolated from horse kidney [15]. Since their
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discovery, these low molecular weight cysteine-rich proteins have been continuously studied in all
aspects, including physical, chemical and biochemical properties. Mammalian MTs may contain
61-68 amino acids, and among them 20 are cysteines [16,17]. These unique proteins are involved in

diverse, inracellular functions (1], but (HSE FOIENHNHE GElGKIRGARORIOR HeAvy e BHARIEED
‘mostly investigated [19.20]. For mammals, MTs bind zinc [21]. but with excess copper or cadmium,
_ [22]. Cells that contain excessive amounts of MTs are

resistant to cadmium toxicity [23], while cell lines that cannot synthesize MTs are sensitive to

cadmium [24]. Genetic studies using transgenic or knockout mouse models are further evidence of the
role of MTs in protection against cadmium toxicity [25,26]. Based on structural models, it can be

assumed that the MT molecule i composed of two binding domains, a and f, which are composed of
eysteine clusers, Covalent binding of metal atoms involves sulfhydryl cystene residues (Figure 1)
The N-terminal part of the peptide is designated as -domain and has three binding sites for divalent
ions, and the C-terminal part (the a-domain) has the ability to bind four divalent metal ions.

Figure 1.— Model of two binding sites of metallothionein.

Red big beads are metal atoms (e.g., Zn), and small yellow beads are sulfur atoms.
Adopted and modified according to [27].

physical-chemical similarity of the forms, their roles and occurrence in tissues vary significantly [29].
MT-1 and MT-2 are present almost in all types of soft tissues [30-32], MT-3 is expressed mostly in
brain tissue, but also in heart, kidneys and reproductive organs [33,34] and the MT-4 gene was
detected in stratified squamous epithelial cells associated with oral epithelia, esophagus, upper
stomach, tail, footpads and neonatal skin. [35]. In humans, the MT genes are located on chromosome

16 in a cluster and involve 16 identified genes, from which five are pseudogenes [36]. Although the
MT-II, MT-III and MT-IV proteins are encoded by a single gene, the MT-I protein comprises many
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subtypes encoded by a set of 13 MT-I genes. The known active MT-I genes are MT-IA,-IB, -IE, -1F,
-1G, -IH,-IM and -IX. The rest of the MT-I genes (MT-1C,-1D,-11,-1J and 1L) are pseudogenes that
are not expressed in humans [36].

3. Zinc as Signaling Compound and Antioxidant

Given that a number of MT functions are due to its close interaction with zinc ions, it is appropriate
to mention zinc and metallothionein roles for easier comprehension separately. However, it should be
noted that a separate description is too “textbook-styled”, while in vivo systems operate both systems
simultaneously. The role of zinc has been extensively studied in recent years, and thus, the insight into
this issue distinctly has changed during the last decade. Originally, the mere perception of zinc(II) as a
structural component and an integral component of cytoskeletal structures significantly expanded, and
these ions are considered as an important signaling component necessary for the physiological function
of all cells [37-40]. These include influence on redox state, enzyme activity, gene transcription,
energetic metabolism, cell cycle, cell migration and invasivity, apoptosis and proliferation [41-45].
Not surprisingly, disbalance in the levels of zinc, and thereby causing interference in these systems,
has important consequences, including the development of cancers and other diseases [46].
The importance of zinc(I) might be illustrated by the consequences of the
near-complete chelation of cellular zinc content. A potent =zinc(I) chelator, TPEN
(N,N,N',N'-tetrakis[2-pyridylmethyl]ethylenediamine), for instance, induces cell death [47,48]. In
contrast, cell death may be prevented by zinc(Il) treatment and, thus, restore these unphysiological
levels [46].

Due to the fact that zinc can’t freely pass through the membranes, the crucial role in the
maintenance of intracellular zinc level is provided by zinc-transporting proteins, ZIPs (Zrt-Irt-like
protein or Zinc Iron permease) and ZnTs (Zinc transporters) [49,50]. A concept of overall zinc
signaling, either on the regulation of transcription or antioxidant acting, can be generalized to a
scheme, where various stimuli (cell stress) lead to the increase in ROS/RNS and other oxidants, which
subsequently release zinc(Il) from a pool (usually MT), and this free zinc(Il) fraction influences the
target structures. In addition, a direct interaction between MT and apo-zinc binding peptides during the
process of zinc transfer has been demonstrated in a cell-free system [51].

With regard to energetic metabolism, zinc(II) has inhibitory effects on the mitochondrial enzyme,
aconitase, which catalyzes the conversion of citrate to isocitrate and, thus, enables the utilization of
citrate in the Krebs cycle. This cascade is prostate-specific, and due to inhibition of this enzyme,
prostate cells act as zinc-accumulating [52]. Also, the proapoptic effects of zinc are well-described.
Zinc(II) facilitates the formation of BAX pores on the mitochondrial membrane and, thus, increases
the BAX/Bcl-2 ratio. As a result, cytochrome ¢ moves to the cytoplasm and triggers a caspase cascade,
resulting in apoptosis [53,54]. Nevertheless, these aspects of zinc(Il) are the subject of many
comprehensive reviews [55—-57], but the aim of this review lies in zinc’s relation to oxidative stress.

Although zinc(Il) itself has no redox capacity, it is considered a potent and important antioxidant
agent [45]. Cellular zinc decrease was associated with an increase in oxidants and oxidation parameters in
several studies [58-61]. Its antioxidant properties are due to both the direct and indirect interference
with target structures. These include induction of metallothionein expression and glutathione synthesis,
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regulation of oxidant production, association with cysteines (with concomitant release by other
oxidants) and regulation of redox signaling.

Zinc(II) itself causes an increase in the major zinc-binding protein metallothionein. The induction of
MT expression is induced through metal regulatory transcription factor 1 (MTF-1), a 753 amino acid
transcription factor, which directly responds to increased levels of free zinc(Il) [62]. Thus, MTF-1
binds the metal-responsive element of the MT gene and initiates MT transcription [63]. This autoregulatory
loop maintains narrow optimal limits of intracellular zinc(Il) and helps to reduce generated oxidative
stress, as mentioned below.

In addition to zinc-metallothionein interactions widely discussed in this review, zinc(Il) is an
important regulator of glutathione (GSH) synthesis. The importance of zinc in the metabolism of
glutathione underscores the finding that, as'zinc deficiency is accompanied by oxidant increase, many
studies reveal a deficiency of glutathione under such conditions [59,60]. Glutamate-cysteine ligase
(GCL) was identified as a link in these conditions. GCL is a key regulatory enzyme in the synthesis of
glutathione. It catalyzes a reaction of glutamate and cysteine to gamma-L-glutamyl-L-cysteine in
glutathione and glutamate metabolism [64]. As shown on primary rat endothelial cells exposed to
H,0,, zinc supplementation protects from peroxide-induced cell death via increasing the transcription
of the GCLC and the concentrations of glutathione (GSH). Conversely, zinc depletion significantly
decreased the expression of GCLC and the cellular GSH levels [65].

In addition, zinc deficiency was associated with indirect regulation of oxidant production. Although
little is known, it was demonstrated that zinc(II) deficiency increased the level of NO and superoxide anion
by the inhibition of the N-methyl-D-aspartate receptor (NMDAR) [45] As described on PC12 cells,
NMDAR activation leads to an increase in cytoplasmic calcium levels and, thus, to increased ROS [66].

It is worth mentioning that zinc(Il) is an integral part of up to 10% of all human proteins [67].
These proteins include zinc fingers, domains consisting mostly of cysteine and histidine able to interact
with DNA specific bases [68]. The function of zinc fingers consists not only in DNA recognition and
transcriptional activation, but also in RNA packaging, protein folding and apoptosis, whose regulation
is important not only in development of tissues, but also in neoplastic transformation and
proliferation [69,70]. For instance, zinc exchange between MT and zinc finger transcription
factors [17,71,72] serves as a mechanism for the regulation of gene expression through activation or
inhibition of DNA binding by estrogen receptors [73], SP1[71,74], TFIIA [72,75], Gal4 [76] or
tramtrack [77]. The above mentioned MTF-1-mediated MT expression is another de facto example of
zinc finger transcriptional activity.

In addition to those “traditional” effects, Kroncke et al. attributed another function to zinc fingers;
these structures act as redox-sensitive molecular switches. Similarly, as ROS or RNS cause the release
of zinc(IT) form metallothionein, it leads to a release of zinc(II) from these structures, causing not only
a loss of zinc-finger function, but also an increase in cytoplasmic or nuclear free zinc(Il) that may, in
turn, stimulate and interfere with cellular signaling cascades [78].

4. Zinc and MT

The binding of zinc to MTs has proven to be a physiologically relevant. Several studies have
produced strong evidence to support the idea that MTs function as zinc chaperones for the regulation
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of gene expression and activity of proteins, such as metalloproteins and metal-dependent transcription
factors, as shown in Figure 2 and discussed in the following papers [79,80]. The binding of zinc to
MTs is thermodynamically stable, which makes MTs an ideal zinc reservoir in vivo. The question is
how MTs make zinc available for other molecules, including transcription factors and metalloproteins.

Figure 2. Overview of metallothionein (MT) gene regulation and function. The MT
promoter has many response elements that upregulate transcription. These include the
following: (1) metal response elements (MRE), which are activated by the
metal-responsive transcription factor (MTF-1) after zinc occupancy, which is a function of
the dietary zinc supply; (2) glucocorticoid response elements (GRE); (3) elements activated
by STAT (signal transducers and activators of transcription) proteins through cytokine
signaling; and 4) the antioxidant (or electrophile) response element (ARE), activated in
response to redox status. Methylation may downregulate expression in some tumor cells.
Cellular zinc pools are influenced by dietary zinc intake and zinc transporter activity and
serve as the source of zinc bound to MT. Zinc bound to MT exhibits high thermodynamic
stability. Apo-MT (thionein) and Zn;-MT (all coordination sites occupied) may serve to
abstract or donate zinc, respectively, from/to zinc metalloproteins. Apo-MT is more rapidly
degraded than Zn;-MT. The numerous zinc coordination sites of proteins (including
transcription factors, signaling molecules and adapter molecules that use zinc fingers for
protein-protein interaction) provide the opportunity for the cellular MT level to influence
key processes, including gene regulation, cell proliferation and differentiation, signal
transduction and apoptosis, as well as influence oxidative damage caused by oxidative
stress and electrophiles. Adopted and modified according to [18].

Glucocorticoid Cytokines H, 0, Electrophiles Methylation

N éw el f/' -

GRE MRE ARE[ _ MT-Gene

1' Gene Expression
l Apoptosis

t l Proliferation
Differentiation

Maret et al. [76] showed that there is fast zinc exchange between MT isoforms 1 and 2 and also
between MT2 and the zinc cluster in the Gal4 transcription factor [76]. Moreover, Jacob et al. found
zinc transfer between MT and the apo-forms of zinc proteins E. coli alkaline phosphatase and bovine
carboxypeptidase A [80]. Reduced glutathione (GSH) and glutathione disulfide (GSSG) are critical
modulators of both the rate of zinc transfer and the ultimate number of zinc atoms transferred [79,81,82].
GSH inhibits zinc release in the absence of GSSG, indicating that MT is stabilized at relatively high
cellular GSH concentrations. The presence of GSSG results in zinc release [81].


albertcochet
Texte surligné 

albertcochet
Texte surligné 


Int. J. Mol. Sci. 2013, 14 6050

Under stress conditions, zinc release from MT occurs when the levels of nitric oxide or reactive
oxygen species increase [83—86]. Treatment of lung fibroblasts with the NO donor, S-nitrosocysteine,
resulted in an increase in intracellular labile zinc, as detected by a zinc-specific fluorophore, Zinquin,
in wild-type, but not MT-null, fibroblasts [84]. Additional data obtained in sheep pulmonary artery
endothelial cells suggested a role for the apo form of MT, thionein (T), as a Zn>"-binding protein in
intact cells [84]. Collectively, these data showed that MT mediates NO-induced changes in intracellular
Zn(Il). Furthermore, in another study, Pearce et al. have shown that, in cultured pulmonary artery
endothelial cells, a MT-green fluorescent fusion protein (FRET-MT) undergoes conformational
changes in the presence of NO [87]. These conformational changes are consistent with the release of
metals from the thiolate clusters of MT [88-90].

5. The Role of MT in Cancer and Apoptosis

MT can be activated by a variety of stimuli, including metal ions, cytokines and growth
factors [91-93], as shown in Figure 3. In a number of experiments, the synthesis of MT was shown to
be increased by several-fold during oxidative stress [94,95] to protect the cells against
cytotoxicity [96,97], radiation and DNA damage [98-100]. The stimuli that induce MT and the
downstream effects of MT overexpression are summarized in Figure 3. A lot of studies have shown an
increased expression of MT in various human tumors of the breast, colon, kidney, liver, lung,
nasopharynx, ovary, prostate, salivary gland, testes, thyroid and urinary bladder [91]. MT expression in
tumor tissues is mainly correlated with the proliferative capacity of tumor cells [101]. However, there
are few exceptional cases, like downregulation of MT-I and -II in hepatocellular carcinoma [102] and
also a reduced level of intracellular zinc, resulting in the increase of granulocytes, but a decreased
number of lymphocytes [103]. Hence, the expression of MT is not universal to all human tumors, but
may depend on the differentiation status and proliferative index of tumors, along with other tissue
factors and gene mutations. Downregulation of MT synthesis in hepatic tumors may be related to
hypermethylation of the MT-promoter or mutation of other genes, such as the p53 tumor suppressor
gene. Mao et al. [104] identified a member of the MT family, termed MTIM, which is expressed in
various normal tissues, with the highest level in the liver. However, MTIM expression markedly
decreased in human hepatocellular carcinoma specimens. A methylation profiling analysis indicated
that the MT1M promoter is methylated in the majority of hepatocellular carcinoma tumors examined.
Moreover, restored expression of MTIM in the hepatocellular carcinoma cell line, Hep3B, which lacks
endogenous MTIM expression, suppressed cell growth in vitro and in vivo and augmented apoptosis
induced by tumor necrosis factor [104]. Similarly, Yan et al. [105] observed downregulation of MTIF
by loss of heterozygosity in colon cancer tissue. Furthermore, exogenous MT1F expression increased
colon cancer cell line (RKO) apoptosis and inhibited RKO cell migration, invasion and adhesion, as
well as in vivo tumorigenicity. From this study, it could be concluded that MT/F is a putative tumor
suppressor gene in colon carcinogenesis [105]. In another study, Faller et al. [106] observed DNA
methylation in MTIE in malignant melanoma, which suggests that MTIE is also a potential tumor
suppressor gene.
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Figure 3. Schematic presentation of the stimuli that induce MT and the downstream effects
of MT overexpression. MT can be activated by a variety of stimuli, including metal ions,
cytokines, growth factors, oxidative stress and radiation. Downstream effects of MT
overexpression are modulation of transcription of both tumor suppressor protein p53 and
nuclear transcription factor NF-kB. Another downstream effect of MT overexpression is
free radical scavenging activity. All these downstream MT effects influence cell survival,
cell growth, drug resistance and differentiation. Adopted and modified according to [107].
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MTs can also help cancer cells to survive by inhibition of apoptosis [108,109]. Apoptosis, or
programmed cell death, is a mechanism for the elimination of unnecessary or damaged cells [110].
This process involves the activation of cysteine proteases caspases and, subsequently, of nuclear
endonucleases. These events later lead to nuclear DNA damage and to ceasing of all biosynthetic
processes in the cell [111]. During apoptosis, in contrast to necrosis, the rupture and spillage of cell
content, which would cause inflammation, does not occur, but cells undergo condensation, DNA
fragmentation and disintegration of the cell into small parts that can be easily phagocytosed [112,113].
Deregulation of apoptosis is essential for pathogenic mechanisms in many diseases, such as
neurodegenerative disorders, autoimmune disease and cancers [113—115].

MT plays two important roles in the regulation of apoptosis. The first role of MT is regulation of
intracellular zinc concentration, and the second role is interaction of MT with some proteins involved
in apoptosis. MT protects against apoptosis by distributing cellular Zn. Zinc is an intracellular
mediator of apoptosis, which can interfere with the action of Ca’". Zinc addition prevents DNA
fragmentation and inhibits many proteins connected to apoptosis, such as caspases and
calcium-magnesium—dependent proteases [116]. Increased apoptosis in vivo may occur as a direct or
indirect consequence of a decrease in intracellular Zn concentration [117,118]. Therefore, cellular Zn
is described as an inhibitor of apoptosis, while its depletion induces death in many cell lines [119].
This Zn depletion activates caspases-3, -8 and -9, responsible for the proteolysis of several target
proteins, like poly (ADP-ribose) polymerase or transcription factors [120]. Moreover, zinc is involved
in structural stabilization and activation of the p53 that appears to be an important component of the
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apoptotic process by inducing a transcription of the p53 gene, with increased expression of p53 mRNA
and protein [121].

The tumor suppressor p53 protein is a metal-binding transcription factor, which binds DNA through
a structurally complex domain stabilized by a zinc atom [122,123]. The nuclear accumulation of MT
may be important for supplying zinc or other metals to target molecules, including enzymes,
zinc-finger transcription factors and tumor suppressor gene products, such as p53 [31,73,122—125].
Meplan et al. [123] demonstrated that zinc incorporation is required for the stabilization of wild-type
recombinant p53 in a form capable of binding specifically to DNA. They also showed that human
recombinant thionein, the metal-free form of MT, reported to remove zinc from zinc finger
transcription factors Spl, thereby abrogating their transcriptional activity [74,75], inhibited binding of
p53 to a specific consensus sequence in vitro. Supplementation of thionein with equimolar amounts of
zinc prior to incubation with p53 abrogated this effect. Further, recombinant MT, a metal-chelator
protein, was found to modulate p53 conformation in vitro. In cultured cells, overexpression of MT by
transfection could modulate p53 transcriptional activity [123]. Analysis of human cancer patients
also showed interesting correlations between p53 and MT gene expressions. In pancreatic serous
cystadenomas, the increased expressions of MTs and p53 were observed in the less-differentiated
tumors [126]. Similarly, in oral squamous cell carcinoma, frequent localization of MTs in nuclei was
associated with the increased expression of the p53 gene [127].

One of the most important MT interactions with proteins involved in apoptosis is the regulation
of NF-xB activity. Nuclear factor-kB (NF-kB) is a transcription factor that is involved in the
regulation of cell death. Overexpression of NF-kB renders cancer cells resistant to chemotherapeutic
agents [128,129], and it has been suggested that the antiapoptotic proteins IAP, IEX-1L and the Bcl-2
family are regulated by NF-xB transcription [130—132]. MT-1 and MT-2 regulate the level, activity
and cellular location of the transcription factor, NF-kB [133—136]. In fact, MT interacts with the p50
subunit of NF-kB to increase the transactivation of NF-kB [135]. In another study, MT overexpression
was found to upregulate NF-kB DNA binding [137]. Those interactions are important for the growth of
some tumors, e.g., activation of NF-kB may mediate the antiapoptotic effect of MT.

6. Antioxidant Function of MT

The most critical advance in MTs research is the demonstration of the redox regulation of Zn-S
interaction and the coupling of zinc and redox metabolism [88]. The cluster structure of
Zn-MT provides a chemical basis by which the cysteine ligand can induce oxidoreductive
properties [89]—what constitutes a MT redox cycle (Figure 4). The hypothesis that MT functions as an
antioxidant against reactive oxygen and nitrogen species has received extensive experimental support
from many in vitro studies. Studies using a cell-free system have demonstrated the ability of MT as a
free radical scavenger [138—140]. Metallothionein has been shown to scavenge hydroxyl radicals
in vitro, because of its cysteinyl thiolate groups [94] Thornalley and Vasak [138] showed that the
rabbit liver metallothionein-1, which contains zinc and/or cadmium ions, appeared to scavenge free
hydroxyl (*OH) and superoxide (O°"*) radicals produced by the xanthine/xanthine oxidase reaction.
All 20 cysteine sulfur atoms are involved in the radical quenching process, and the rate constant for the
reaction of hydroxyl radical with MT is about 340-fold higher than that with GSH [138].
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Figure 4. Metallothionein scavenging of reactive oxygen species. Presence of redox
metals, such as Cu and Fe, in a cell can produce reactive oxygen species (ROS), leading to
damaging of DNA and cell structures. The cell protects itself using various molecules as
scavengers of the radicals. One of the most crucial cell pathways to scavenge the radicals is
the glutathione redox complex. However, free —SH moieties of MT can be also involved in
the scavenging of ROS in the MT redox cycle. Under physiologic conditions, zinc bound to
MT is released through oxidation of the thiolate cluster when the environment becomes
oxidized. Formation of MT-disulfide would be subjected to degradation; however, when
the oxidized environment became reduced—through, for example, an increase in the
glutathione (GSH)/glutathione disulfide (GSSG) ratio—MT disulfide is reduced to
MT-thiol. This reduction process is greatly enhanced in the presence of selenium catalyst.
In the presence of zinc, MT is quickly reconstituted. This process constitutes the MT redox
cycle, which plays a crucial role in the biologic function of MT. Adopted and modified
according to [141] and [93].

KGSSG - NADPH
GSH )Q NADP r) Protein

> DNA/RNA

~
N

\

IVIT Thiols MT - Disulfide

\ Protems
‘\ Synthesis v

"~
- _-'

Degradatlon s

Cytoplasm

Studies using cultured cells and intact animal models have provided further evidence supporting
the antioxidant function of MT [95,100,142—147]. Quesada et al. [148] examined the reaction of the
sulfhydryl groups in metallothionein with hydrogen peroxide in human promyelocytic leukemia cells
(HL-60). Zinc-metallothionein (Zn-MT) was induced by 24-h treatment of HL-60 cells with ZnCl,.The
ratio of H,O, concentrations needed to reduce HL-60 cell survival by 50% in Zn-MT-induced cells
compared to normal cells was 1.65 to 1. So, the Zn-MT-induced cells were more resistant to oxidative
stress caused by hydrogen peroxide than normal cells. In the other paper Chubatsu et al. [149]
investigated the role of MT in protection against oxidative damage to DNA on V79 Chinese hamster
cells. An increase in MT content of V79 Chinese hamster cells was induced by zinc without
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concomitant increase in the GSH level. These induced cells were more resistant to the production of
DNA-strand scission by H,O, than the parental cells. Conversely, cells rendered partially deprived of
MT, by transfection with a plasmid vector in which the MT-I cDNA is antisense oriented in relation to
a simian virus 40 promoter, became more susceptible to the DNA-damaging action of H,O, [149]. In
another study, Schwarz et al. [142] examined the sensitivity of NIH 3T3 cells transfected with a
plasmid containing mouse metallothionein-1 gene (NIH3T3/MT) to the membrane permeant oxidant,
tert-butyl hydroperoxide. NIH3T3/MT cells had a four-fold increase in intracellular metallothionein, as
compared to cells transfected with a plasmid containing an inverted gene (NIH3T3/TM). NIH3T3/MT
cells were six-times more resistant than NIH3T3/TM cells to the cytotoxic effects of tert-butyl
hydroperoxide. Furthermore, homogenates of NIH3T3/MT cells were more capable of scavenging
in vitro-generated phenoxyl radicals, as quantified by electron spin resonance detection.

MT is primarily localized in the cytoplasm [150]. The highest cytoplasmic concentration of MT was
found in the late G1 and G1/S cell cycle phase [151]. Depending on the cell cycle phase, cell
differentiation or in the case of toxicity, MT-1 and MT-2 are rapidly translocated to the nucleus, as
seen in oxidative stress and during the early S-phase [151-153]. It has been reported that hydrogen
peroxide induces the nuclear localization of MT in culturing BALB 3T3 cells, depending on the cell
cycle [154,155]. Karyophilic MT induced by H,O, treatment was suggested to play the role of nuclear
antioxidant [156]. Moreover, Ogra et al. [157] reported that nitric oxide enhances the nuclear
localization of MT in digitonin-permeabilized semi-intact HeLa cells. The results suggest that MT can
scavenge NO using the sulthydryl groups of cysteines in its molecule to form nitrosothiol, thereby
reducing nuclear and cytoplasmic damage by NO. In the next study, Du et al. [143] examined the role
of reactive oxygen metabolites and the protective effect of zinc-induced MT synthesis on gentamicin
nephrotoxicity in rats, both in vivo and in vitro. In the in vivo study, MT content of the renal cortex of
the zinc preinjected rats was significantly increased, and proximal tubular necrosis and acute renal
failure caused by injection of gentamicin were ameliorated. In suspended proximal tubules (PT),
Na'-K'-ATPase activity and DNA synthesis were suppressed by the addition of gentamicin, but in
zinc-pretreated rats’ PT, these were not suppressed by the addition of gentamicin. In addition,
malondialdehyde and hydroxyl radical production in Zn-preinjected rats’ PT were significantly lower
than those in the normal and saline-preinjected rats’ PT. In another study, Sato et al. [158] determined
dose-dependent changes in the concentration of metallothionein-I (MT-I) in rat tissues following
subcutaneous administration of paraquat (PQ), a superoxide radical-generating agent. Twenty four
hours after injection, MT-I concentrations in the lung increased linearly with PQ dose. Concentrations
in the liver increased with dose, until a plateau was reached at a dose of 30 mg/kg body wt. In the
kidneys, MT-I concentrations did not increase, even at high doses of PQ. Zn was the principal metal
bound to MT in the liver. The same authors [159] studied the roles of cytokines tumor necrosis factor
(TNF) and interleukin 6 (IL-6) in MT synthesis induced by the superoxide generator, paraquat (PQ).
They came to the conclusion that MT synthesis induced by oxidative stress may be, at least partly,
mediated through cytokines, because pretreatment of rat with dexamethasone, an inhibitor of cytokine
production, prevented MT synthesis induced by paraquat.

In addition, MT was reported to be induced by radiation. Shiraishi et al. [160] measured hepatic and
renal MT contents in rats following whole-body X-irradiation. When compared with control rats, the
hepatic MT-Zn content increased five-fold, and MT protein content increased 15-fold by 18 h
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following irradiation. Similar results were reported from Koropatnick et al. [161]. They observed that
whole-body X irradiation of mice induces MT-1 mRNA transcription and protein expression and
accumulation in liver, but not in kidney or spleen. Similarly, Shibuya et al. [162] examined the
accumulation of MT in the Meth-A tumor (mouse fibrosarcoma cells) transplanted into mice exposed
to whole-body X irradiation. The MT content in the tumor cells was increased by X irradiation in a
dose-dependent manner. Matsubara et al. [163,164] found a striking radioresistance in mice, which
were subjected to various pretreatments to induce MT synthesis in the liver prior to irradiation. The
normal level of MT in mouse liver is 20 pg/g tissue. This level increased up to 70 pg/g tissue following
irradiation at 6.3 Gy. Among irradiated mice, MT levels in the liver increased approximately
200%—-800% after cadmium, manganese or zinc injection, compared to levels of irradiated mice
without pretreatment. The observed results suggest that the body’s protective mechanism against
radiation strongly correlates with the biosynthesis of MT or MT itself acting as a scavenger of
radiation-induced peroxides. On the other hand, MT-transgenic mice, which carried 56 copies of the
MT-I transgene and had higher tissue MT concentrations, were not protected against the toxic effects
produced by gamma-radiation [165].

The most convincing evidence for the antioxidant action of MT was generated from genetically
manipulated mouse model studies. Using MT-overexpressing transgenic or MT-null mice, many studies
have shown MT protection against oxidative injuries induced by a diversity of oxidative conditions,
including doxorubicin cardiotoxicity, ischemia/reperfusion, diabetes and alcohol administration [166—170].

Sun et al. [166] investigated the effect of overexpression of MT on doxorubicin chronic cardiotoxicity
in mice, since MT is a potent antioxidant and oxidative stress is critically involved in doxorubicin-induced
heart injury. As compared with nontransgenic controls, doxorubicin-induced cardiac hypertrophy
was significantly inhibited in the transgenic mice. Light microscopic examination revealed that
doxorubicin-induced myocardial morphological changes were markedly suppressed or almost eliminated
in the transgenic mice. In the next study using also a cardiac-specific MT-overexpressing transgenic
mouse model, Kang et al. [167] demonstrated that MT suppresses ischemia/reperfusion-induced
myocardial apoptosis through, at least in part, the inhibition of the cytochrome c-mediated caspase-3
activation pathway. The antiapoptotic effect of MT likely results from the suppression of oxidative
stress and correlates with the inhibition of myocardial infarction. Another study with the same
transgenic mice model was performed to test whether inhibition of nitrosative damage is
involved in MT prevention of diabetic cardiomyopathy [168]. Cardiac-specific MT-overexpressing
transgenic mice and wild-type controls were treated with streptozotocin by a single intraperitoneal
injection, and both developed diabetes. However, the development of diabetic cardiomyopathy,
revealed by histopathological and ultrastructural examination, serum creatine phosphokinase and
cardiac hemodynamic analysis, was significantly observed only in the wild-type, but not in
MT-overexpressing transgenic, diabetic mice. Formations of superoxide and 3-nitrotyrosine, a marker
for peroxynitrite-induced protein damage, were detected only in the heart of wild-type diabetic mice [168].
These results thus suggest that MT prevention of diabetic cardiomyopathy is mediated, at least in part,
by suppression of superoxide generation and associated nitrosative damage. In addition, Wang et al. [169]
showed that MT-null mice are more prone to develop cardiac hypertrophy and fibrosis after feeding an
alcohol-containing liquid diet for two months than the wild-type control mice.
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In another study, Zhou et al. [171] evaluated MT-mediated cardioprotection from angiotensin
II-induced pathologic remodeling in both the nondiabetic and diabetic heart. The acute and chronic
cardiac effects of angiotensin II were examined in MT-overexpressing transgenic and wild-type mice,
and the signaling pathways of angiotensin II-induced cardiac cell death were examined in neonatal
mouse cardiomyocytes. Acute angiotensin Il administration to wild-type mice or neonatal cardiomyocytes
increased cardiac apoptosis, nitrosative damage and membrane translocation of the nicotinamide
adenine dinucleotide phosphate oxidase (NOX) isoform p47 (phox). These effects were abrogated in
MT-overexpressing transgenic mice and MT-overexpressing transgenic cardiomyocytes. In addition,
prolonged administration of angiotensin II also induced apoptosis and nitrosative damage in both
diabetic and nondiabetic wild-type hearts, but not in diabetic and nondiabetic MT-overexpressing
transgenic hearts.

An interesting result came from a study with a MT gene family knockout in Drosophila
melanogaster. Egli et al. [172] reported the generation of viable flies with targeted disruption of all
four MT genes (MtnA, MtnB, MtnC and MtnD). These flies were highly sensitive to copper, cadmium
and, to a lesser extent, zinc load during development. MT expression was particularly important for
male viability. While copper load during development affected males and females equally, adult males
lacking MTs displayed a severely reduced life span, possibly due to copper-mediated oxidative stress.
Another finding of the study was that MTs are expressed in a tissue-specific manner, notably at
sites of metal accumulation. Binding of copper to MTs leads to an orange luminescence of copper
accumulated in copper cells of the midgut. Once heavy metal is bound in such a manner, it no longer
triggers the activation of MT genes, thus generating a negative feedback on MT gene expression [172].

7. Conclusions

Oxidative or nitrosative stress can cause a release of zinc from proteins containing zinc-fingers and
cluster motifs and its re-distribution, thereby altering the functions of those proteins from which it is
released and/or to which it binds. Based on the above mentioned facts,(MTs belong to the important
maintainers of the zinc pool and, also, can be associated with scavenging of free radicals. It is clear
that the potential of MT as a scavenger of reactive species is not fully understood, but the published
data show that this protein could be selected as a target for some treatment strategies, mainly in the
case of tumor diseases. In addition to this, MT overexpression could be used as a predictive marker of
worse prognosis and a sign of a higher grade in selected tumors [173].

Acknowledgments

Financial support from GA CR P301/10/0356, DOC CEITEC.02/2012, CEITEC
CZ.1.05/1.1.00/02.0068 and the project for conceptual development of research organization 00064203
is highly acknowledged.

Conflict of Interest

The authors declare no conflict of interest.


albertcochet
Texte surligné 

albertcochet
Texte surligné 

albertcochet
Texte surligné 

albertcochet
Texte surligné 


Int. J. Mol. Sci. 2013, 14 6057

References

1. Halliwell, B.; Gutteridge, J.M.C. Oxygen free-radicals and iron in relation to biology and
medicine—Some problems and concepts. Arch. Biochem. Biophys. 1986, 246, 501-514.

2. Cadenas, E. Biochemistry of oxygen-toxicity. Annu. Rev. Biochem. 1989, 58, 79-110.

3. Valko, M.; Izakovic, M.; Mazur, M.; Rhodes, C.J.; Telser, J. Role of oxygen radicals in DNA
damage and cancer incidence. Mol. Cell. Biochem. 2004, 266, 37-56.

4. Poli, G.; Leonarduzzi, G.; Biasi, F.; Chiarpotto, E. Oxidative stress and cell signalling.
Curr. Med. Chem. 2004, 11, 1163—-1182.

5.  Halliwell, B. Antioxidants in human health and disease. Annu. Rev. Nutr. 1996, 16, 33—50.

6 Gutteridge, J.M.C.; Halliwell, B. Comments on review of free-radicals in biology and medicine
Free Radic. Biol. Med. 1992, 12, 93-95.

7.  Niki, E. Free radicals in biology and medicine: Good, unexpected, and uninvited friends.
Free Radic. Biol. Med. 2010, 49, S2.

8. Halliwell, B.; Gutteridge, J.M.C. Free-Radicals in Biology and Medicine; Clarendon Press:
Gloucestershire, UK, 1985.

9.  Pacher, P.; Beckman, J.S.; Liaudet, L. Nitric oxide and peroxynitrite in health and disease.
Physiol. Rev. 2007, 87, 315-424.

10. Ramalingam, M.; Kim, S.J. Reactive oxygen/nitrogen species and their functional correlations in
neurodegenerative diseases. J. Neural Transm. 2012, 119, 891-910.

11. Pourova, J.; Kottova, M.; Voprsalova, M.; Pour, M. Reactive oxygen and nitrogen species in
normal physiological processes. Acta Physiol. 2010, 198, 15-35.

12. Vasak, M. Advances in metallothionein structure and functions. J. Trace Elements Med Biol.
2005, 79, 13-17.

13. Henkel, G.; Krebs, B. Metallothioneins: Zinc, cadmium, mercury, and copper thiolates and
selenolates mimicking protein active site features—Structural aspects and biological
implications. Chem. Rev. 2004, 104, 801-824.

14. Coyle, P.; Philcox, J.C.; Carey, L.C.; Rofe, A.M. Metallothionein: The multipurpose protein.
Cell. Mol. Life Sci. 2002, 59, 627-647.

15. Margoshes, M.; Vallee, B.L. A cadmium protein from equine kidney cortex J. Am. Chem. Soc.
1957, 79, 4813-4814.

16. Kagi, J.H.R.; Schaffer, A. Biochemistry of metallothionein. Biochemistry 1988, 27, 8509—8515.

17. Romero-Isart, N.; Vasak, M. Advances in the structure and chemistry of metallothioneins.
J. Inorg. Biochem. 2002, 88, 388-396.

18. Davis, S.R.; Cousins, R.J. Metallothionein expression in animals: A physiological perspective on
function. J. Nutr. 2000, /30, 1085-1088.

19. Klaassen, C.D.; Liu, J.; Diwan, B.A. Metallothionein protection of cadmium toxicity. Toxicol.
Appl. Pharmacol. 2009, 238, 215-220.

20. Templeton, D.M.; Cherian, M.G. Toxicological significance of metallothionein. Methods
Enzymol. 1991, 205, 11-24.

21. Kagi, J.H.R. Overview of metallothionein. Methods Enzymol. 1991, 205, 613-626.



Int. J. Mol. Sci. 2013, 14 6058

22.

23.

24.

25.

26.

27.

28.
29.
30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Shaw, C.F.; Savas, M.M.; Petering, D.H. Ligand substitution and sulfhydryl reactivity of
metallothionein. Methods Enzymol. 1991, 205, 401-414.

Karin, M.; Cathala, G.; Nguyenhuu, M.C. Expression and regulation of a human metallothionein
gene carried on an autonomously replicating shuttle vector. Proc. Natl. Acad. Sci. USA 1983, 80,
4040—-4044.

Enger, M.D.; Tesmer, J.G.; Travis, G.L.; Barham, S.S. Clonal variation of cadmium response in
human-tumor cell-lines. Am. J. Phys. 1986, 250, C256—C263.

Liu, Y.P.; Liu, J.; Iszard, M.B.; Andrews, G.K.; Palmiter, R.D.; Klaassen, C.D. Transgenic mice
that overexpress metallothionein-1 are protected from cadmium lethality and hepatotoxicity.
Toxicol. Appl. Pharmacol. 1995, 135, 222-228.

Masters, B.A.; Kelly, E.J.; Quaife, C.J.; Brinster, R.L.; Palmiter, R.D. Targeted disruption of
metallothionein-I and metallothionein-II genes increases sensitivity to cadmium. Proc. Natl.
Acad. Sci. USA 1994, 91, 584—-588.

Petrlova, J.; Potesil, D.; Mikelova, R.; Blastik, O.; Adam, V.; Trnkova, L.; Jelen, F.; Prusa, R.;
Kukacka, J.; Kizek, R. Attomole voltammetric determination of metallothionein. Electrochim.
Acta 2006, 51, 5112-5119.

Simpkins, C.O. Metallothionein in human disease. Cell. Mol. Biol. 2000, 46, 465—488.

Hamer, D.H. Metallothionein—An Overview. Mar. Environ. Res. 1988, 24, 171-171.

Masters, B.A.; Quaife, C.J.; Erickson, J.C.; Kelly, E.J.; Froelick, G.J.; Zambrowicz, B.P.;
Brinster, R.L.; Palmiter, R.D. Metallothionein-III is expressed in neurons that sequester zinc in
synaptic vesicles. J. Neurosci. 1994, 14, 5844-5857.

Moffatt, P.; Denizeau, F. Metallothionein in physiological and physiopathological processes.
Drug Metab. Rev. 1997, 29, 261-307.

Searle, P.F.; Davison, B.L.; Stuart, G.W.; Wilkie, T.M.; Norstedt, G.; Palmiter, R.D. Regulation,
linkage, and sequence of mouse metallothionein-I and metallothionein-1I genes. Mol. Cell. Biol.
1984, 4, 1221-1230.

Moffatt, P.; Seguin, C. Expression of the gene encoding metallothionein-3 in organs of the
reproductive system. DNA Cell. Biol. 1998, 17, 501-510.

Uchida, Y.; Takio, K.; Titani, K.; Thara, Y.; Tomonaga, M. The growth inhibitory factor that is
deficient in the Alzheimers-disease brain is a 68-amino acid metallothionein-like protein. Neuron
1991, 7, 337-347.

Quaife, C.J.; Findley, S.D.; Erickson, J.C.; Froelick, G.J.; Kelly, E.J.; Zambrowicz, B.P.;
Palmiter, R.D. Induction of a new metallothionein isoform (Mt-Iv) occurs during differentiation
of stratified squamous epithelia. Biochemistry 1994, 33, 7250-7259.

Moleirinho, A.; Carneiro, J.; Matthiesen, R.; Silva, R.M.; Amorim, A.; Azevedo, L. Gains, losses
and changes of function after gene duplication: Study of the metallothionein family. PLoS One
2011, 6, c18487.

Vallee, B.L. The function of metallothionein. Neurochem. Int. 1995, 27, 23-33.

Wong, C.P.; Ho, E. Zinc and its role in age-related inflammation and immune dysfunction.
Mol. Nutr. Food Res. 2012, 56, 77-87.

Chasapis, C.T.; Loutsidou, A.C.; Spiliopoulou, C.A.; Stefanidou, M.E. Zinc and human health:
An update. Arch. Toxicol. 2012, 86, 521-534.



Int. J. Mol. Sci. 2013, 14 6059

40.

41.

42.

43.

44,
45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Plum, L.M.; Rink, L.; Haase, H. The essential toxin: Impact of zinc on human health. Int. J.
Environ. Res. Public Health 2010, 7, 1342—-1365.

Biswas, S.K.; Rahman, I. Environmental toxicity, redox signaling and lung inflammation: The
role of glutathione. Mol. Aspects Med. 2009, 30, 60-76.

Franklin, R.B.; Costello, L.C. The important role of the apoptotic effects of zinc in the
development of cancers. J. Cell. Biochem. 2009, 106, 750-757.

MacDonald, R.S. The role of zinc in growth and cell proliferation. J. Nutr. 2000, 130,
1500S-1508S.

Prasad, A.S. Zinc—An overview. Nutrition 1995, 11, 93-99.

Oteiza, P.I. Zinc and the modulation of redox homeostasis. Free Radic. Biol. Med. 2012, 53,
1748-1759.

Costello, L.C.; Franklin, R.B. Cytotoxic/tumor suppressor role of zinc for the treatment of
cancer: An enigma and an opportunity. Expert Rev. Anticancer Ther. 2012, 12, 121-128.
Carraway, R.E.; Dobner, P.R. Zinc pyrithione induces ERK- and PKC-dependent necrosis
distinct from TPEN-induced apoptosis in prostate cancer cells. Biochim. Biophys. Acta 2012,
1823, 544-557.

Guo, B.L.; Yang, M.W_; Liang, D.; Yang, L.; Cao, J.J.; Zhang, L. Cell apoptosis induced by zinc
deficiency in osteoblastic MC3T3-E1 cells via a mitochondrial-mediated pathway. Mol. Cell.
Biochem. 2012, 361, 209-216.

Kambe, T.; Yamaguchi-Iwai, Y.; Sasaki, R.; Nagao, M. Overview of mammalian zinc
transporters. Cell. Mol. Life Sci. 2004, 61, 49—68.

Hogstrand, C.; Kille, P.; Nicholson, R.I.; Taylor, K.M. Zinc transporters and cancer: A potential
role for ZIP7 as a hub for tyrosine kinase activation. Trends Mol. Med. 2009, 15, 101-111.
Hathout, Y.; Fabris, D.; Fenselau, C. Stoichiometry in zinc ion transfer from metallothionein to
zinc finger peptides. Int. J. Mass Spectrom. 2001, 204, 1-6.

Costello, L.C.; Liu, Y.Y.; Franklin, R.B.; Kennedy, M.C. Zinc inhibition of mitochondrial
aconitase and its importance in citrate metabolism of prostate epithelial cells. J. Biol. Chem.
1997, 272, 28875-28881.

Coffey, R.N.T.; Watson, R.W.G.; Hegarty, N.J.; O'Neill, A.; Gibbons, N.; Brady, H.R.;
Fitzpatrick, J.M. Thiol-Mediated apoptosis in prostate carcinoma cells. Cancer 2000, 88,
2092-2104.

Feng, P.; Liang, J.Y.; Li, T.L.; Guan, Z.X.; Zou, J.; Franklin, R.B.; Costello, L.C. Zinc induces
mitochondria apoptogenesis in prostate cells. Mol. Urol. 2000, 4, 31-36.

Costello, L.C.; Fenselau, C.C.; Franklin, R.B. Evidence for operation of the direct zinc ligand
exchange mechanism for trafficking, transport, and reactivity of zinc in mammalian cells.
J. Inorg. Biochem. 2011, 105, 589-599.

Vallee, B.L.; Falchuk, K.H. The biochemical basis of zinc physiology. Physiol. Rev. 1993, 73,
79-118.

Gumulec, J.; Masarik, M.; Krizkova, S.; Adam, V.; Hubalek, J.; Hrabeta, J.; Eckschlager, T.;
Stiborova, M.; Kizek, R. Insight to Physiology and pathology of zinc(Il) ions and their actions in
breast and prostate carcinoma. Curr. Med. Chem. 2011, 18, 5041-5051.



Int. J. Mol. Sci. 2013, 14 6060

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.
68.

69.

70.

71.

72.

73.

74.

75.

Aimo, L.; Cherr, G.N.; Oteiza, P.I. Low extracellular zinc increases neuronal oxidant production
through nadph oxidase and nitric oxide synthase activation. Free Radic. Biol. Med. 2010, 48,
1577-1587.

Kojima-Yuasa, A.; Umeda, K.; Olikita, T.; Kennedy, D.O.; Nishiguchi, S.; Matsui-Yuasa, I. Role
of reactive oxygen species in zinc deficiency-induced hepatic stellate cell activation. Free Radic.
Biol. Med. 2005, 39, 631-640.

Kraus, A.; Roth, H.P.; Kirchgessner, M. Supplementation with vitamin C, vitamin E or
beta-carotene influences osmotic fragility and oxidative damage of erythrocytes of zinc-deficient
rats. J. Nutr. 1997, 127, 1290-1296.

Oteiza, P.I.; Olin, K.L.; Fraga, C.G.; Keen, C.L. Zinc-Deficiency causes oxidative damage to
proteins, lipids and DNA in rat testes. J. Nutr. 1995, 125, 823—-829.

Wang, M.H.; Yang, F.; Zhang, X.Z.; Zhao, H.B.; Wang, Q.S.; Pan, Y.C. Comparative analysis of
MTF-1 binding sites between human and mouse. Mamm. Genome 2010, 21, 287-298.

Andrews, G.K. Regulation of metallothionein gene expression by oxidative stress and metal ions.
Biochem. Pharmacol. 2000, 59, 95—-104.

Soltaninassab, S.R.; Sekhar, K.R.; Meredith, M.J.; Freeman, M.L. Multi-faceted regulation of
gamma-glutamylcysteine synthetase. J. Cell. Physiol. 2000, /82, 163—170.

Cortese, M.M.; Suschek, C.V.; Wetzel, W.; Kroncke, K.D.; Kolb-Bachofen, V. Zinc protects
endothelial cells from hydrogen peroxide via Nrf2-dependent stimulation of glutathione
biosynthesis. Free Radic. Biol. Med. 2008, 44, 2002-2012.

Westbrook, G.L.; Mayer, M.L. Micromolar concentrations of Zn*" antagonize NMDA and
GABA responses of hippocampal-neurons. Nature 1987, 328, 640—643.

Maret, W.; Li, Y. Coordination dynamics of zinc in proteins. Chem. Rev. 2009, 109, 4682—4707.
Zitka, O.; Kukacka, J.; Krizkova, S.; Huska, D.; Adam, V.; Masarik, M.; Prusa, R.; Kizek, R.
Matrix metalloproteinases. Curr. Med. Chem. 2010, 17, 3751-3768.

Yan, W.; Imanishi, M.; Futaki, S.; Sugiura, Y. Alpha-Helical linker of an artificial 6-zinc finger
peptide contributes to selective DNA binding to a discontinuous recognition sequence.
Biochemistry 2007, 46, 8517-8524.

Krishna, S.S.; Majumdar, I.; Grishin, N.V. Structural classification of zinc fingers.
Nucleic Acids Res. 2003, 31, 532-550.

Posewitz, M.C.; Wilcox, D.E. Properties of the SP1 zinc-finger-3 peptide-coordination chemistry,
redox reactions, and metal-binding competition with metallothionein Chem. Res. Toxicol. 1995, 8,
1020-1028.

Huang, M.; Shaw, C.F.; Petering, D.H. Interprotein metal exchange between transcription factor
[ITa and apo-metallothionein. J. Inorg. Biochem. 2004, 98, 639—648.

CanoGauci, D.F.; Sarkar, B. Reversible zinc exchange between metallothionein and the estrogen
receptor zinc finger. FEBS Lett. 1996, 386, 1-4.

Zeng, J.; Heuchel, R.; Schaffner, W.; Kagi, J.H.R. Thionein (apometallothionein) can modulate
DNA-binding and transcriptional activation by zinc finger containing factor-SP1. FEBS Lett.
1991, 279, 310-312.

Zeng, J.; Vallee, B.L.; Kagi, J.H.R. Zinc transfer from transcription factor-IIIA fingers to
thionein clusters. Proc. Natl. Acad. Sci. USA 1991, 88, 9984-9988.



Int. J. Mol. Sci. 2013, 14 6061

76.

T7.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

Maret, W.; Larsen, K.S.; Vallee, B.L. Coordination dynamics of biological zinc “clusters” in
metallothioneins and in the DNA-binding domain of the transcription factor Gal4. Proc. Natl.
Acad. Sci. USA 1997, 94, 2233-2237.

Roesijadi, G.; Bogumil, R.; Vasak, M.; Kagi, J.H.R. Modulation of DNA binding of a tramtrack
zinc finger peptide by the metallothionein-thionein conjugate pair. J. Biol. Chem. 1998, 273,
17425-17432.

Kroncke, K.D.; Klotz, L.O. Zinc fingers as biologic redox switches? Antioxid. Redox Signal.
2009, 71, 1015-1027.

Maret, W. Metallothionein disulfide interactions, oxidative stress, and the mobilization of
cellular zinc. Neurochem. Int. 1995, 27, 111-117.

Jacob, C.; Maret, W.; Vallee, B.L. Control of zinc transfer between thionein, metallothionein,
and zinc proteins. Proc. Natl. Acad. Sci. USA 1998, 95, 3489-3494.

Jiang, L.J.; Maret, W.; Vallee, B.L. The glutathione redox couple modulates zinc transfer from
metallothionein to zinc-depleted sorbitol dehydrogenase. Proc. Natl. Acad. Sci. USA 1998, 95,
3483-3488.

Maret, W. Oxidative metal release from metallothionein via zinc thiol-disulfide interchange.
Proc. Natl. Acad. Sci. USA 1994, 91, 237-241.

Kroncke, K.D.; Fehsel, K.; Schmidt, T.; Zenke, F.T.; Dasting, I.; Wesener, J.R.; Bettermann, H.;
Breunig, K.D.; Kolbbachofen, V. Nitric-oxide destroys zinc-sulfur clusters inducing zinc release
from metallothionein and inhibition of the zinc finger-type yeast transcription activator LACO.
Biochem. Biophys. Res. Commun. 1994, 200, 1105-1110.

St Croix, C.M.; Wasserloos, K.J.; Dineley, K.E.; Reynolds, 1.J.; Levitan, E.S.; Pitt, B.R. Nitric
oxide-induced changes in intracellular zinc homeostasis are mediated by metallothionein/thionein.
Am. J. Physiol. 2002, 282, L185-L192.

Spahl, D.U.; Berendji-Grun, D.; Suschek, C.V.; Kolb-Bachofen, V.; Kroncke, K.D. Regulation
of zinc homeostasis by inducible NO synthase-derived NO: Nuclear translocation and
intranuclear metallothionein Zn*" release. Proc. Natl. Acad. Sci. USA 2003, /00, 13952—-13957.
Malaiyandi, L.M.; Dineley, K.E.; Reynolds, I.J. Divergent consequences arise from
metallothionein overexpression in astrocytes: Zinc buffering and oxidant-induced zinc release.
Glia 2004, 45, 346-353.

Pearce, L.L.; Gandley, R.E.; Han, W.P.; Wasserloos, K.; Stitt, M.; Kanai, A.J.; McLaughlin, M.K.;
Pitt, B.R.; Levitan, E.S. Role of metallothionein in nitric oxide signaling as revealed by a green
fluorescent fusion protein. Proc. Natl. Acad. Sci. USA 2000, 97, 477-482.

Maret, W. Zinc and sulfur: A critical biological partnership. Biochemistry 2004, 43, 3301-3309.
Maret, W.; Vallee, B.L. Thiolate ligands in metallothionein confer redox activity on zinc clusters.
Proc. Natl. Acad. Sci. USA 1998, 95, 3478-3482.

Maret, W. Redox biochemistry of mammalian metallothioneins. J. Biol. Inorg. Chem. 2011, 16,
1079-1086.

Cherian, M.G.; Jayasurya, A.; Bay, B.H. Metallothioneins in human tumors and potential roles in
carcinogenesis. Mutat. Res. 2003, 533, 201-2009.

Ebadi, M.; Leuschen, M.P.; ElRefaey, H.; Hamada, F.M.; Rojas, P. The antioxidant properties of
zinc and metallothionein. Neurochem. Int. 1996, 29, 159—166.



Int. J. Mol. Sci. 2013, 14 6062

93.
94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

Kang, Y.J. Metallothionein redox cycle and function. Exp. Biol. Med. 2006, 231, 1459—1467.
Sato, M.; Bremner, I. Oxygen free-radicals and metallothionein. Free Radic. Biol. Med. 1993, 14,
325-337.

Iszard, M.B.; Liu, J.; Klassen, C.D. Effect of several metallothionein inducers on oxidative stress
defense mechanisms in rats. Toxicology 1995, 104, 25-33.

Aschner, M.; Conklin, D.R.; Yao, C.P.; Allen, J.W.; Tan, K.H. Induction of astrocyte
metallothioneins (MTs) by zinc confers resistance against the acute cytotoxic effects of
methylmercury on cell swelling, Na" uptake, and K release. Brain Res. 1998, 813, 254-261.
Namdarghanbari, M.; Wobig, W.; Krezoski, S.; Tabatabai, N.M.; Petering, D.H. Mammalian
metallothionein in toxicology, cancer, and cancer chemotherapy. J. Biol. Inorg. Chem. 2011, 16,
1087-1101.

Cai, L.; Koropatnick, J.; Cherian, M.G. Metallothionein protects DNA from copper-induced but
not iron-induced cleavage in vitro. Chem. Biol. Interact. 1995, 96, 143—155.

Shibuya, K.; Nishimura, N.; Suzuki, J.S.; Tohyama, C.; Naganuma, A.; Satoh, M. Role of
metallothionein as a protective factor against radiation carcinogenesis. J. Toxicol. Sci. 2008, 33,
651-655.

Schwarz, M.A.; Lazo, J.S.; Yalowich, J.C.; Allen, W.P.; Whitmore, M.; Bergonia, H.A.; Tzeng, E.;
Billiar, T.R.; Robbins, P.D.; Lancaster, J.R. et al. Metallothionein protects against the cytotoxic
and DNA-damaging effects of nitric-oxide. Proc. Natl. Acad. Sci. USA 1995, 92, 4452—4456.
Kondo, Y.; Rusnak, J.M.; Hoyt, D.G.; Settineri, C.E.; Pitt, B.R.; Lazo, J.S. Enhanced apoptosis
in metallothionein null cells. Mol. Pharmacol. 1997, 52, 195-201.

Tao, X.; Zheng, JM.; Xu, A.M.; Chen, X.F.; Zhang, S.H. Downregulated expression of
metallothionein and its clinicopathological significance in hepatocellular carcinoma. Hepatol. Res.
2007, 37, 820-827.

Fraker, P.J.; King, L.E. A distinct role for apoptosis in the changes in lymphopoiesis and
myelopoiesis created by deficiencies in zinc. FASEB J. 2001, 15, 2572-2578.

Mao, J.; Yu, HX.; Wang, C.J.; Sun, L.H.; Jiang, W.; Zhang, P.Z.; Xiao, Q.Y.; Han, D.B.;
Saiyin, H.; Zhu, J.D. et al. Metallothionein MTIM is a tumor suppressor of human hepatocellular
carcinomas. Carcinogenesis 2012, 33, 2568-2577.

Yan, D.W.; Fan, J.W.; Yu, Z.H.; Li, M.X.; Wen, Y.G.; Li, D.W.; Zhou, C.Z.; Wang, X.L.;
Wang, Q.; Tang, H.M. et al. Downregulation of Metallothionein 1F, a putative oncosuppressor,
by loss of heterozygosity in colon cancer tissue. Biochim. Biophys. Acta 2012, 1822, 918-926.
Faller, W.J.; Rafferty, M.; Hegarty, S.; Gremel, G.; Ryan, D.; Fraga, M.F.; Esteller, M.;
Dervan, P.A.; Gallagher, W.M. Metallothionein 1E is methylated in malignant melanoma and
increases sensitivity to cisplatin-induced apoptosis. Melanoma Res. 2010, 20, 392—400.
Takahashi, S. Molecular functions of metallothionein and its role in hematological malignancies.
J. Hematol. Oncol. 2012, 5, 1-8.

Dutsch-Wicherek, M.; Sikora, J.; Tomaszewska, R. The possible biological role of
metallothionein in apoptosis. Front. Biosci. 2008, 13, 4029-4038.

McGee, H.M.; Woods, G.M.; Bennett, B.; Chung, R.S. The two faces of metallothionein in
carcinogenesis: Photoprotection against UVR-induced cancer and promotion of tumour survival.
Photochem. Photobiol. Sci. 2010, 9, 586-596.



Int. J. Mol. Sci. 2013, 14 6063

110.

I11.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

Chaabane, W.; User, S.D.; El-Gazzah, M.; Jaksik, R.; Sajjadi, E.; Rzeszowska-Wolny, J.;
Los, M.J. Autophagy, apoptosis, mitoptosis and necrosis: Interdependence between those
pathways and effects on cancer. Arch. Immunol. Ther. Exp. 2013, 61, 43-58.

Ouyang, L.; Shi, Z.; Zhao, S.; Wang, F.T.; Zhou, T.T.; Liu, B.; Bao, J.K. Programmed cell death
pathways in cancer: A review of apoptosis, autophagy and programmed necrosis. Cell. Prolif.
2012, 45, 487-498.

Nath, R.; Kumar, D.; Li, T.M.; Singal, P.K. Metallothioneins, oxidative stress and the
cardiovascular system. Toxicology 2000, 155, 17-26.

Wyllie, A.H. Apoptosis: An overview. Br. Med. Bull. 1997, 53, 451-465.

Thornberry, N.A.; Lazebnik, Y. Caspases: Enemies within. Science 1998, 281, 1312—-1316.
Wyllie, A.H.; Bellamy, C.O.C.; Bubb, V.J.; Clarke, A.R.; Corbet, S.; Curtis, L.; Harrison, D.J.;
Hooper, M.L.; Toft, N.; Webb, S. et al. Apoptosis and carcinogenesis. Br. J. Cancer 1999, 80,
34-37.

Dhawan, D.K.; Chadha, V.D. Zinc: A promising agent in dietary chemoprevention of cancer.
Indian J. Med. Res. 2010, 132, 676—-682.

Telford, W.G.; Fraker, P.J. Preferential induction of apoptosis in mouse CD4(+)CD8(+)alpha-
beta-tcr(lo)CD3-epsilon(lo) thymocytes by zinc. J. Cell. Physiol. 1995, 164, 259-270.

Perry, D.K.; Smyth, M.J.; Stennicke, H.R.; Salvesen, G.S.; Duriez, P.; Poirier, G.G.;
Hannun, Y.A. Zinc is a potent inhibitor of the apoptotic protease, caspase-3—A novel target for
zinc in the inhibition of apoptosis. J. Biol. Chem. 1997, 272, 18530—-18533.

Stefanidou, M.; Maravelias, C.; Dona, A.; Spiliopoulou, C. Zinc: A multipurpose trace element.
Arch. Toxicol. 2006, 80, 1-9.

Seve, M.; Chimienti, F.; Favier, A. Role of intracellular zinc in programmed cell death.
Pathol. Biol. 2002, 50, 212-221.

Fan, L.Z.; Cherian, M.G. Potential role of p53 on metallothionein induction in human epithelial
breast cancer cells. Br. J. Cancer 2002, 87, 1019-1026.

Meplan, C.; Verhaegh, G.; Richard, M.J.; Hainaut, P. Metal ions as regulators of the
conformation and function of the tumour suppressor protein p53: Implications for carcinogenesis.
Proc. Nutr. Soc. 1999, 58, 565-571.

Meplan, C.; Richard, M.J.; Hainaut, P. Metalloregulation of the tumor suppressor protein p53:
zinc mediates the renaturation of p53 after exposure to metal chelators in vitro and in intact cells.
Oncogene 2000, 19, 5227-5236.

Maret, W.; Jacob, C.; Vallee, B.L.; Fischer, E.H. Inhibitory sites in enzymes: Zinc removal and
reactivation by thionein. Proc. Natl. Acad. Sci. USA 1999, 96, 1936—-1940.

Woo, E.S.; Kondo, Y.; Watkins, S.C.; Hoyt, D.G.; Lazo, J.S. Nucleophilic distribution of
metallothionein in human tumor cells. Exp. Cell. Res. 1996, 224, 365-371.

Sliwinska-Mosson, M.; Milnerowicz, H.; Rabczynski, J.; Milnerowicz, S. Immunohistochemical
localization of metallothionein and p53 protein in pancreatic serous cystadenomas.
Arch. Immunol. Ther. Exp. 2009, 57, 295-301.

Cardoso, S.V.; Silveira, J.B.; Machado, V.D.; De-Paula, A.M.B.; Loyola, A.M;
de Aguiar, M.C.F. Expression of metallothionein and p53 antigens are correlated in oral
squamous cell carcinoma. Anticancer Res. 2009, 29, 1189—1193.



Int. J. Mol. Sci. 2013, 14 6064

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

Baldwin, A.S. Control of oncogenesis and cancer therapy resistance by the transcription factor
NF-kappa B. J. Clin. Invest. 2001, 107, 241-246.

Karin, M.; Cao, Y.X.; Greten, F.R.; Li, Z.W. NF-Kappa B in cancer: From innocent bystander to
major culprit. Nat. Rev. Cancer 2002, 2, 301-310.

Wang, C.Y.; Mayo, M.W.; Korneluk, R.G.; Goeddel, D.V.; Baldwin, A.S. NF-kappa B
antiapoptosis: Induction of TRAF1 and TRAF2 and c-IAP1 and c-IAP2 to suppress caspase-8
activation. Science 1998, 281, 1680—1683.

Wang, C.Y.; Guttridge, D.C.; Mayo, M.W.; Baldwin, A.S. NF-kappa B induces expression of the
Bcl-2 homologue Al1/Bfl-1 to preferentially suppress chemotherapy-induced apoptosis.
Mol. Cell. Biol. 1999, 19, 5923-5929.

Wu, M.X.; Ao, Z.H.; Prasad, K.V.S.; Wu, R.L.; Schlossman, S.F. IEX-1L, an apoptosis inhibitor
involved in NF-kappa B-mediated cell survival. Science 1998, 281, 998—1001.

Butcher, H.L.; Kennette, W.A.; Collins, O.; Zalups, R.K.; Koropatnick, J. Metallothionein
mediates the level and activity of nuclear factor kappa B in murine fibroblasts. J. Pharmacol.
Exp. Therapeutics 2004, 310, 589-598.

Kim, C.H.; Kim, J.H.; Lee, J.; Ahn, Y.S. Zinc-Induced NF-kappa B inhibition can be modulated
by changes in the intracellular metallothionein level. Toxicol. Appl. Pharmacol. 2003, 190, 189-196.
Abdel-Mageed, A.B.; Agrawal, K.C. Activation of nuclear factor kappa B: Potential role in
metallothionein-mediated mitogenic response. Cancer Res. 1998, 58, 2335-2338.

Wang, C.Y.; Cusack, J.C.; Liu, R.; Baldwin, A.S. Control of inducible chemoresistance:
Enhanced anti-tumor therapy through increased apoptosis by inhibition of NF-kappa B.
Nat. Med. 1999, 5, 412-417.

Kanekiyo, M.; Itoh, N.; Kawasaki, A.; Tanaka, J.; Nakanishi, T.; Tanaka, K. Zinc-induced
activation of the human cytomegalovirus major immediate-early promoter is mediated by
metallothionein and nuclear factor-kappa B. Toxicol. Appl. Pharmacol. 2001, 173, 146—153.
Thornalley, P.J.; Vasak, M. Possible role for metallothionein in protection against radiation-induced
oxidative stress—Kinetics and mechanism of its reaction with superoxide and hydroxyl radicals.
Biochim. Biophys. Acta 1985, 827, 36—44.

Abel, J.; Deruiter, N. Inhibition of hydroxyl-radical-generated DNA-degradation by metallothionein
Toxicol. Lett. 1989, 47, 191-196.

Cai, L.; Klein, J.B.; Kang, Y.J. Metallothionein inhibits peroxynitrite-induced DNA and
lipoprotein damage. J. Biol. Chem. 2000, 275, 38957-38960.

Schwarz, M.A.; Lazo, J.S.; Yalowich, J.C.; Reynolds, I.; Kagan, V.E.; Tyurin, V.; Kim, Y.M.;
Watkins, S.C.; Pitt, B.R. Cytoplasmic metallothionein overexpression protects NIH 3T3 cells
from tert-butyl hydroperoxide toxicity. J. Biol. Chem. 1994, 269, 15238—-15243.

Du, X.H.; Yang, C.L. Mechanism of gentamicin-nephrotoxicity in rats and the protective effect
of zinc-induced metallothionein synthesis. Nephrol. Dial. Transplant. 1994, 9, 135-140.

Yang, C.L.; Du, X.H.; Zhao, J.H.; Chen, W.; Han, Y.X. Zinc-Induced metallothionein synthesis
could protect from gentamicin-nephrotoxicity in suspended proximal tubules of rats. Renal Fail.
1994, 16, 61-69.



Int. J. Mol. Sci. 2013, 14 6065

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

Hart, B.A.; Eneman, J.D.; Gong, Q.; DurieuxLu, C.C. Increased oxidant resistance of alveolar
epithelial type II cells. Isolated from rats following repeated exposure to cadmium aerosols.
Toxicol. Lett. 1995, 81, 131-139.

Satoh, M.; Kondo, Y.; Mita, M.; Nakagawa, I.; Naganuma, A.; Imura, N. Prevention of
carcinogenicity of anticancer drugs by metallothionein induction. Cancer Res. 1993, 53, 4767-4768.
Satoh, M.; Naganuma, A.; Imura, N. Effect of preinduction of metallothionein on paraquat
toxicity in mice. Arch. Toxicol. 1992, 66, 145—148.

Quesada, A.R.; Byrnes, R.W.; Krezoski, S.O.; Petering, D.H. Direct reaction of H,O, with
sulthydryl groups in HL-60 cells: Zinc-metallothionein and other sites. Arch. Biochem. Biophys.
1996, 334, 241-250.

Chubatsu, L.S.; Meneghini, R. Metallothionein protects DNA from oxidative damage.
Biochem. J. 1993, 291, 193—198.

Banerjee, D.; Onosaka, S.; Cherian, M.G. Immunohistochemical localization of metallothionein
in cell-nucleus and cytoplasm of rat-liver and kidney. Toxicology 1982, 24, 95-105.

Nagel, W.W.; Vallee, B.L. Cell-Cycle regulation of metallothionein in human colonic-cancer
cells. Proc. Natl. Acad. Sci. USA 1995, 92, 579-583.

Ghoshal, K.; Jacob, S.T. Regulation of metallothionein gene expression. Prog. Nucl. Res.
Mol. Biol. 2001, 66, 357-384.

Tsujikawa, K.; Imai, T.; Kakutani, M.; Kayamori, Y.; Mimura, T.; Otaki, N.; Kimura, M.;
Fukuyama, R.; Shimizu, N. Localization of metallothionein in nuclei of growing primary
cultured adult-rat hepatocytes. FEBS Lett. 1991, 283, 239-242.

Takahashi, Y.; Ogra, Y.; Ibata, K.; Suzuki, K.T. Role of metallothionein in the cell cycle:
Protection against the retardation of cell proliferation by endogenous reactive oxygen species.
J. Health Sci. 2004, 50, 154—158.

Takahashi, Y.; Ogra, Y.; Suzuki, K.T. Synchronized generation of reactive oxygen species with
the cell cycle. Life Sci. 2004, 75, 301-311.

Takahashi, Y.; Ogra, Y.; Suzuki, K.T. Nuclear trafficking of metallothionein requires oxidation
of a cytosolic partner. J. Cell. Physiol. 2005, 202, 563—-569.

Ogra, Y.; Onishi, S.; Kajiwara, A.; Hara, A.; Suzuki, K.T. Enhancement of nuclear localization
of metallothionein by nitric oxide. J. Health Sci. 2008, 54, 339-342.

Eckschlager, T.; Adam, V.; Hrabeta, J.; Figova, K.; Kizek, R. Metallothioneins and cancer.
Curr. Protein Peptide Sci. 2009, 10, 360-375.

Sato, M. Dose-Dependent increases in metallothionein synthesis in the lung and liver of
paraquat-treated rats. Toxicol. Appl. Pharmacol. 1991, 107, 98-105.

Sato, M.; Sasaki, M.; Hojo, H. Antioxidative roles of metallothionein and manganese
superoxide-dismutase induced by tumor-necrosis-factor-alpha and interleukin-6. Arch. Biochem.
Biophys. 1995, 316, 738-744.

Shiraishi, N.; Yamamoto, H.; Takeda, Y.; Kondoh, S.; Hayashi, H.; Hashimoto, K.; Aono, K.
Increased metallothionein content in rat-liver and kidney following X-irradiation. Toxicol. Appl.
Pharmacol. 1986, 85, 128—134.

Koropatnick, J.; Leibbrandt, M.; Cherian, M.G. Organ-specific metallothionein induction in mice
by X-irradiation. Radiat. Res. 1989, 119, 356-365.



Int. J. Mol. Sci. 2013, 14 6066

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

Shibuya, K.; Satoh, M.; Muraoka, M.; Watanabe, Y.; Oida, M.; Shimizu, H. Induction of
metallothionein synthesis in transplanted murine tumors by X-irradiation. Radiat. Res. 1995, 143,
54-57.

Matsubara, J.; Tajima, Y.; Karasawa, M. Promotion of radioresistance by metallothionein
induction prior to irradiation. Environ. Res. 1987, 43, 66—74.

Matsubara, J. Metallothionein induction—A measure of radioprotective action. Health Phys.
1988, 55, 433-436.

Liu, J.; Kimler, B.F.; Liu, Y.P.; Klaassen, C.D. Metallothionein-I transgenic mice are not
protected from gamma-radiation. Toxicol. Lett. 1999, 104, 183—-187.

Sun, X.H.; Zhou, Z.X.; Kang, Y.J. Attenuation of doxorubicin chronic toxicity in
metallothionein-overexpressing transgenic mouse heart. Cancer Res. 2001, 61, 3382-3387.

Kang, Y.J.; Li, Y.; Sun, X.C.; Sun, X.H. Antiapoptotic effect and inhibition of
ischemia/reperfusion-induced myocardial injury in metallothionein-overexpressing transigenic
mice. Am. J. Pathol. 2003, 163, 1579-1586.

Cai, L.; Wang, J.X.; Li, Y.; Sun, X.H.; Wang, L.P.; Zhou, Z.X.; Kang, Y.J. Inhibition of
superoxide generation and associated nitrosative damage is involved in metallothionein
prevention of diabetic cardiomyopathy. Diabetes 2005, 54, 1829—1837.

Wang, L.P.; Zhou, Z.X.; Saari, J.T.; Kang, Y.J. Alcohol-Induced myocardial fibrosis in
metallothionein-null mice—Prevention by zinc supplementation. Am. J. Pathol. 2005, 167,
337-344.

Merten, K.E.; Feng, W.K.; Zhang, L.; Pierce, W.; Cai, J.; Klein, J.B.; Kang, Y.J. Modulation of
cytochrome c oxidase-Va is possibly involved in metallothionein protection from doxorubicin
cardiotoxicity. J. Pharmacol. Exp. Ther. 2005, 315, 1314-1319.

Zhou, G.H.; Li, X.K.; Hein, D.W.; Xiang, X.L.; Marshall, J.P.; Prabhu, S.D.; Cai, L.
Metallothionein suppresses angiotensin II-Induced nicotinamide adenine dinucleotide phosphate
oxidase activation, nitrosative stress, apoptosis, and pathological remodeling in the diabetic heart.
J. Am. Coll. Cardiol. 2008, 52, 655-666.

Egli, D.; Yepiskoposyan, H.; Selvaraj, A.; Balamurugan, K.; Rajaram, R.; Simons, A.; Multhaup, G.;
Mettler, S.; Vardanyan, A.; Georgiev, O.; et al. A family knockout of all four
Drosophila metallothioneins reveals a central role in copper homeostasis and detoxification.
Mol. Cell. Biol. 2006, 26, 2286—2296.

Krizkova, S.; Ryvolova, M.; Hrabeta, J.; Adam, V.; Stiborova, M.; Eckschlager, T.; Kizek, R.
Metallothioneins and zinc in cancer diagnosis and therapy. Drug Metab. Rev. 2012, 44, 287-301.

© 2013 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article

distributed under the terms and conditions of the Creative Commons Attribution license

(http://creativecommons.org/licenses/by/3.0/).





