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Abstract

More than a century ago, the very first adverse human health effects of metalloproteins were reported after the usage
of cadmium-containing silver polishing agents. It was first observed in the Horse population. The discovery of the
low-molecular-weight protein Metallothionein (MT) in 1957 was an important milestone as this protein was shown
to bind cadmium and to cause cellular cadmium toxicity. The mentioned authors contributed evidence in the 1970s
concerning cadmium binding to MT and synthesis of the protein in tissues. We showed in our previous studies that
binding of cadmium to MT in tissues can prevent some toxic effects; yet, further, identification of these macro and
micro-molecules is required at the biochemistry and genetics levels. As with the recent studies, novel biochemical
functions of MTs are introduced, for example, a new application of Mts, which are being used in protein purification by
affinity chromatography. The trend is used to cure neuron disorders and even cancer. This review summarizes that this
evidence in a genetic experiment is still needed for find out the function of MTs; it is an open area of research even in

the 21 century.
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Metallothioneins (MTs) were first discovered from horse kid-
ney by Morgoshes and Vallee in the 20" century (1957) and
was subsequently purified and characterized by Kégi and
Vallee [1]. This discovery marked a field of research focused
on the study of a low-molecular-weight polypeptide super-
family, the MTs. MTs are cysteine rich, low-molecular-weight
(6-7 kDa), non-enzymatic, intracellular proteins ubiquitous
in all eukaryotes (often discovered in encoded multiple copy
genes), as well as some prokaryotes [2, 3]. In the mouse, there
are four MT genes (MT-1, 2, 3, and 4) that reside in a 50 kb re-
gion on chromosome 8, whereas in the humans in addition to
the four genes, numerous isoforms of MT-1 are clustered on
chromosome 16q13 [4, 5]. Human MT proteins are encoded by
ten genes: MT-1A, MT-1B, MT-1E, MT-1F, MT-1G, MT-1H, MT-1X,
MT-2A, MT-3, and MT-4. In addition to these ten functional iso-
forms, there are seven non-functional isoforms encoded by,
in mice MT-1C, MT-1D, MT-11, MT-1J, MT-1K, MT-1L, and MT-2B
[6]. The MT-1 and MT-2 in addition to these isoforms, which
differ by only a single negative charge, are the most widely

expressed isoforms in different tissues. In the human, MT2A
gene is clusterd on chromosome 1612 (Fig. 1).

Synthesis and Regulation of Synthesis

MT harbors high metal content. Mammalian MTs contain 20
cysteine residues, which are central to the binding of metals.
The stoichiometry is such that there are seven bivalent ions
for every 20 cysteines, which form metal thiolate complexes,
therefore enabling the MT to bind between 7-10 atoms of
metal/mol MT in a two domain structures [6]. The protein
has the shape of a dumbbell and envelops the metals that it
contains in two separate domains. It is most remarkable that
the metals are arranged in a cluster structure unique to biol-
ogy. Total length of the MT2A is 60 amino acid long protein.
Its molecular weight is about 6 kD. In one cluster (N-termi-
nal a-domain), four metal atoms are bound to 11 cysteines,
five of which bridge the metals in a two domain structures;
the other (C-terminal B-domain) has three metal atoms and
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Figure 1. (a) The CCDS10763 (MT2A) locus on human chromosome 16q12. (b) Physical map of the CCDS10763 (MT2A) locus on chromosome
16 showing the relative position of MT2A gene in humans, MT2A gene is clustered. Image generated from http://www.ensembl.org/Homo_

sapiens/index.html.

nine cysteines with three bridges (Fig. 2) [7]. Zinc is bound
extremely tightly to a-domain and cupper is mostly bound
to B-domain of MT2A.

Intramolecular metal linkages can stabilize the MT protein
secondary structure; therefore, loss of metal can cause struc-
tural changes, rendering the polypeptide chain vulnerable to
proteolysis [8]. Stability is also influenced by the nature of the
metals bound to MT. Predominantly, Zn** but sometimes also
Cu** are bound in vivo under physiological conditions. How-
ever, several less abundant transition metals, such as Cd**,
Bi***, Pt**, Ag*, and Hg** also bind eagerly to MT in vitro. The
binding affinity of different metals for MT2A varies consider-
ably and has the following order: Zn**<Pb**<Cd**<Cu*<Ag* =
Hg** is bound Bi**, therefore making zinc readily displaceable
by other metal ions [9].

Function

Despite the accumulation of detailed information on both
the biochemical and molecular aspects of MT structure and
expression, its biological role is still not clearly understood
more that 40 years after its discovery. The fact that there are
multiple copies of MT genes expressed in distinct patterns,
and the relatively rapid turnover of the protein suggests that
they should have important functions. Its biological role has
not been clearly understood for more than 40 years since
its discovery. Zn** provides essential structural and catalytic
functions to a variety of proteins. Zn** is also crucial in the
regulation of gene expression because numerous transcrip-
tion factors have “zinc finger motifs” that are maintained by
Zn**. Apo-MT (MT with no metals bound) role in maintaining
the essential metal homeostasis is a Zn** acceptor due to the
abundance of free sulfhydryl groups and their high affinity
for Zn**. However, the sulfhydryl groups are highly reactive,
and Zn**, although bound with high affinity, can undergo ex-
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Figure 3. Schematic drawing of mts functions.
MT: Metallothionein.

change reactions, which allows Zn** to be transferred from
MT to other proteins [10-13]. The affinity of sulfhydryl groups
for Zn** can also make MT an efficient metal ion scavenger.
This implies a possible regulatory role of MT in the activation
or inactivation of various molecular effectors is a Zn** accep-
tor due to the abundance of free sulfhydryl groups and its
high affinity for Zn**. Such a possibility was demonstrated by
showing that apo-MT can chelate Zn** out of the transcrip-
tion factor IlIA (TFIIIA), a process that inactivates TFIIIA [14].
Therefore, it is tempting to speculate that MT might be es-
sential for Zn** homeostasis by regulating Zn** absorption or
as a donor of Zn** to various enzymes and transcription fac-
tors during development or protein synthesis. The affinity of
sulfhydryl groups for Zn** can also turn MT into an efficient
metal ion scavenger.

There is strong evidence that MTs play an important role in
protection against metal toxicity. In unicellular eukaryotes,



Marikar and Zi-Chun, Metal-binding protein: Metallothionein / doi: 10.14744/ijmb.2022.94834 59

MTs bind copper predominantly [2, 3]. Mutations that pre-
vent MT synthesis confer copper sensitivity, whereas excess
expression of MTs confers resistance to copper toxicity [7,
15]. There is strong evidence that MTs can play an important
role in the protection against Cd** toxicity and lethality, but
it provides much less protection against the lethality of the
other metals such as, Zn**, Cu*, Fe, Pb**, Hg**, and As [15]. Cad-
mium is a ubiquitous and insidious pollutant. A by-product
of zinc production by humans and a component of volcanic
eruption by nature, the element is chiefly used in the indus-
trial plating process and can be found in products as diverse
as solder, artists’ pigments, and rechargeable batteries ubig-
uitous and an insidious pollutant. It is even used to absorb
neutrons in the control rods and shielding of nuclear reactors.
Depending on the dose, route, and duration of exposure, Cd**
can cause damage to various organs including the lung, liver,
kidney, bones, testis, and placenta [16-20]. It is even used for
absorbing to Cd** produces hepatic, pulmonary, and testicu-
lar injury, whereas chronic exposure results in renal and bone
injury and cancer [21]. The Agency for Toxic Substances and
Disease Registry currently ranks Cd** 7*" on its priority list of
hazardous substances. Moreover, various mammalian cell
lines that cannot synthesize any MT are sensitive to cadmium
toxicity, whereas mice and the cells that overexpress MT are
resistant to Cd** [22, 23]. In fact, selection for cadmium resis-
tance with mammalian cells results in up to 80-fold amplifica-
tion of the entire MT-locus. MT that is sensitive to cadmium
toxicity disposition has been examined in MT-transgenic mice.
In this model, MT does not inhibit intestinal Cd** absorption,
nor does it affect initial Cd** distribution to various tissues [24,
25]. However, MT decreases Cd** elimination through the bile
and is a major factor for tissue retention of Cd** [25-27]. The
results of a number of studies with humans environmentally
exposed to Cd** demonstrated that proteinuria is the main re-
nal injury in these subjects [28]. The results of several studies
Cd**injures proximal tubules of kidney, an increased excretion
of protein into urine is observed. A novel fusion expression
vector for Escherichia coli was developed based on the pTQRG
plasmid, a derivative of the pET32a. This vector, named pT7MT
(GenBank access No: DQ504436), carries a T7 promoter and it
drives the downstream gene encoding MT 2A (MT2A) [29].

MTs are cysteine-rich molecules. Therefore, it is reasonable to
expect that sulfhydryl-rich MTs may function in a manner sim-
ilar to GSH, wherein MT provides an intracellular nucleophilic
sink to “trap” electrophiles, alkalyting agents, and free radicals
[30, 31]. The multiple cysteine residues of MT can be oxidized
during oxidative stress, and the subsequent release of alky-
lating Zn** has been proposed to be important in protecting
against oxidative damage [32, 33]. However, it has been diffi-
cult to demonstrate oxidation of MT in vivo. Therefore, there
have been controversial reports on the role of MT during ox-
idative stress. While it has been difficult to demonstrate the
oxidation of MT in vivo, reports on the role of MT during oxida-
tive stress show controversial results.

Role in the Pathogenesis of Diseases
Including Apoptosis/Angiogenesis/Oxidative
Stress

A variety of stimuli such as metals, hormones, cytokines,
and a range of other chemicals, inflammation, and stress
can induce MTs. Some of these stimuli include metals,
hormones, cytokines, a range of other chemicals, inflam-
mation, and stress [34]. The most extensively studied of
these inducers are metals and glucocorticoids, both being
efficient inducers of MT. However, both of these entities
display species differences in isoform induction. In mice,
both metals and glucocorticoids equally induce MT-1 and
MT-2; in man, metals induce all the MT isoforms, whereas
glucocorticoids only induce MT-2A and MT-1E [35, 36]. In
human, MT isoforms are regulated independently of each
other, whereas, in mouse, the MT-1 and MT-2 isoforms are
co-ordinately regulated [34, 37, 38]. With the exception of
glucocorticoids, only metals have been shown thus far iso-
forms, whereas mice MT-1 and MT-2 isoforms are to be ca-
pable of inducing the human MT-1. This demonstrates the
apparent simplicity of the human MT-1 promoter region
compared with that of MT-2A, which contains several en-
hancer regions [36]. Considerable progress has been made
in the mechanism by which metals induce MT and the
way, in which expression of this protein is regulated, even
though the regulation of protein expression not yet fully
understood [39]. Exposure to heavy metals leads to a sig-
nificant MT synthesis and this synthesis is the regulation of
protein expression which is not yet thought to be mediated
through cis-acting DNA sequences or metal responsive el-
ements (MREs) which are present as multiple copies in the
promoter region of all the MT genes [40, 41]. These cis-act-
ing regions are conserved among many diverse organisms
but are not all functionally equivalent [42]. Moreover, vari-
ations in the ability of different MREs to mediate metal-ac-
tivated transcription of MT genes have been reported [43].

Proteins which are thought to be positively acting transcrip-
tion factors bind with MREs in a metal-dependent manner
during metal induction of MT [44]. Following metal exposure,
different proteins from nuclear extracts of cells of both rodent
and human origins have been identified as possible regula-
tors of metal mediated gene transcription [45]. These include
metal response element binding factor-l, zinc-activated pro-
tein, and zinc-regulated factor. These proteins have different
binding affinities for the various MREs and it is not clear if the
binding of these proteins is metal specific [46]. These proteins
are metal specific which is identified from nuclear extracts of
Hela cells do affect metal-mediated MT gene transcription.
These are MREBP (MRE binding protein) that specifically binds
MREs of the human MT-2A gene and MTF-1 (MRE binding
transcription factor), constitutively active zinc sensitive factor.
MREBP is thought to inhibit transcription, whereas MTF-1 is
thought to have an important role in the control of MT gene
expression [41, 47-49] (Fig. 3).
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Figure 2. Schematic drawing of zinc thiolate clusters in MT based on
both X-ray diffraction and NMR spectroscopy data. (Adopted from
Edmont H. Fischer and Earl W. Davie, Recent excitement regarding
metallothionein, Proc. Natl. Acad. Sci. USA, Vol. 95, pp 3334, 1998).

MT: Metallothionein; NMR: Nuclear magnetic resonance.

Cancer, Diabetes mellitus, Atherosclerosis,
and Other Related Diseases

In resting cells, most MTF-1 localizes in cytoplasm from
which it is translocated to the nucleus under several differ-
ent stress situations [50, 51]. The finding that MTF-1 requires
elevated concentrations of zinc for strong binding to DNA
suggests that MTF-1 is activated by allosteric regulation of
DNA binding through binding of metals to the transcription
factor itself [48, 52, 53]. Although heavy metals readily in-
duce MT gene transcription in cultured cells, none of them
can substitute zinc in cell-free DNA binding reaction of MTF-
1 [52]. The most likely scenario is the replacement of zinc
by other heavy metals in cellular and/or extracellular zinc
storage proteins, which leads to concomitant activation of
MTF-1 by the released zinc. In addition, MTF-1 can be phos-
phorylated on metal induction, as a result of the activation
of a complex kinase signaling transduction pathway which
includes protein kinase C, phosphorinositol-3 kinase, c-Jun
N-terminal kinase, and a tyrosine-specific kinase [54].

The accumulation of the MT 1/2 protein as detected
through immunohistochemistry has different prognostic
significance in various human tumors [55]. In tumors such
as colonic and bladder cancers, MT 1/2 overexpression is
frequently associated with well differentiated and lower
histological grade tumors [56, 57]. Whereas in tumors such
as ductal breast cancer, cervical carcinoma, endometrial
carcinoma, and pancreatic carcinoma, MT over expression
appears to be predominantly associated with more aggres-
sive and higher-grade tumors [58, 59]. The expression of MT
was also analyzed in normal breast tissue and in variety of
benign, preinvasive, and malignant breast lesions. Normal
breast tissue did not stain for MT [60]. The available informa-
tion on the character and consequences of MT overexpres-
sion associated with human cancer is presently too limited
to offer a complete understanding.

Moreover, MT may potentially activate certain transcrip-
tional factors by donating zinc. A number of studies have
shown an increased expression of MT in various human
tumors of the breast [61, 62], colon, kidney, liver, lung, na-
sopharynx, ovary, prostate [63, 64], salivary gland, testes,
thyroid, and urinary bladder [64]. However, MT is down-reg-
ulated in certain tumors such as hepatocellular carcinoma
and liver adenocarcinoma. The first and second MT protein
has been shown to be a useful prognostic and diagnostic
marker in a variety of human cancers. Subset of MT protein
has been documented to be overexpressed in a sub-set of
human breast cancers and that overexpression correlates
to poor prognosis. There is strong evidence that overex-
pression of MT isoform 3 (MT-3) protein correlates to poor
disease outcomes in subset of human breast cancers [64].
They reveal that certain isoforms are expressed in specific
cell types. The factors which can influence MT induction in
human tumors are not yet understood.

Projection for Future Studies

The four isoforms of MT are identified in mammals, three of
which, MT-|, Il and Il are found in the central nervous system
and MT-IV is found in the skin and upper gastrointestinal
tract. tract. In the past decades, mostly isoforms such as MT-
I, MT-IIl, MT-1ll, and MT-IV. MTI and |l were demonstrated and
the studies have mainly focused on oncogenesis, tumor pro-
gression, therapy response, and patient prognosis. Studies
have reported increased expression of MT-l and Il mRNA and
protein in various human tumors; such as breast, kidney,
lung, nasopharynx, ovary, prostate, salivary gland, testes,
urinary bladder, cervical, endometrial, skin, and pancreatic
cancers, as well as in melanoma and all, where, in some
cases, MT-I and Il expression correlates with tumor grade/
stage, chemotherapy/radiation resistance, and poor prog-
nosis. It is especially important in case of heart cells. Analysis
of MT expression in tumor cells may be useful in choosing
a method of treatment. It is difficult to determine whether
increased expression of MT is only an inducing factor of the
development of the carcinogenesis, its malignances, and
multidrug resistance, or it is a factor inhibiting the induction
and development of cancer.

Acknowledgments: We thank Dr. Zhang Jing, Dr. Ma Ding Yuan,
Dr. Jean Guang Hui, and Dr. Zhang Wei, for helpful discussions
and advice on the manuscript.

Conflict of Interest: None declared.

Financial Disclosure: The project was financially supported
by the following funds: The Ministry of Education of China
(TRAPOYT 1999028418, SRFDP 20030284040), and the Chinese
National Nature Science Foundation (30330530, 20373026 and
304250009).

Peer-review: Externally peer-reviewed.



Marikar and Zi-Chun, Metal-binding protein: Metallothionein / doi: 10.14744/ijmb.2022.94834 61

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

Margoshes M, Vallee BL. A cadmium protein from equine kid-
ney cortex. J Am Chem Soc 1957;79:1813-14. [CrossRef]

Kagi JHR. Evolution, structure and chemical activity of class |
Metallothioneins: An overview. In: metallotionein llI: Biologi-
cal roles and medical Implications. Suzuki KT, Imura N, Kimura
M, editors. Berlin: Birkhduser; 1993. p. 29-56.

Sampaio FA, Martins LM, Dourado CSME, Revoredo CMS,
Costa-Silva DR, Oliveira VA, et al. A case-control study of
Metallothionein-1 expression in breast cancer and breast fi-
broadenoma. Sci Rep 2019;9(1):7407. [CrossRef]

West AK, Stallings R, Hildebrand CE, Chiu R, Karin M, Richards
RI. Human metallothionein genes: structure of the functional
locus at 16q13. Genomics 1990;8(3):513-8. [CrossRef]

Merlos Rodrigo MA, Jimenez Jimemez AM, Haddad Y, Bodoor
K, Adam P, Krizkova S, et al. Metallothionein isoforms as double
agents - Their roles in carcinogenesis, cancer progression and
chemoresistance. Drug Resist Updat 2020;52:100691. [CrossRef]
Miles AT, Hawksworth GM, Beattie JH, Rodilla V. Induction, reg-
ulation, degradation, and biological significance of mammalian
metallothioneins. Crit Rev Biochem Mol Biol 2000;35(1):35-70.
Krezel A, Maret W. The bioinorganic chemistry of mammalian
metallothioneins. Chem Rev 2021;121(23):14594-648. [CrossRef]
Melenbacher A, Korkola NC, Stillman MJ. The pathways and
domain specificity of Cu (I) binding to human metallothionein
1A. Metallomics 2020;12(12):1951-64. [CrossRef]

Ribas, B. Isolation of metallothionein isoforms in rat liver. In: Pro-
ceedings of the Second International Workshop Neuherberg,
Federal Republic of Germany, April 1982. Bratter P, Schramel P,
editors. Boston: de Gruyter; 1983. p. 181-98. [CrossRef]

Marikar FM, Sun QM, Hua ZC. Production of the polyclonal
anti-human metallothionein 2A antibody with recombinant
protein technology. Acta Biochim Biophys Sin (Shanghai)
2006;38(5):305-9. [CrossRef]

Mikhaylina A, Scott L, Scanlan DJ, Blindauer CA. A metalloth-
ionein from an open ocean cyanobacterium removes zinc
from the sensor protein controlling its transcription. J Inorg
Biochem 2022;230:111755. [CrossRef]

Jacob C, Maret W, Vallee BL. Control of zinc transfer between
thionein, metallothionein, and zinc proteins. Proc Natl Acad
SciUS A 1998;95(7):3489-94. [CrossRef]

Malekzadeh R, Shahpiri A, Siapoush S. Metalation of a rice
type 1 metallothionein isoform (OsMTI-1b). Protein Expr Purif
2020;175:105719. [CrossRef]

Zeng J, Vallee BL, Kdgi JH. Zinc transfer from transcription fac-
tor IllA fingers to thionein clusters. Proc Natl Acad Sci U S A
1991;88(22):9984-8. [CrossRef]

Park JD, Liu Y, Klaassen CD. Protective effect of metalloth-
ionein against the toxicity of cadmium and other metals(1).
Toxicology 2001;163(2-3):93-100. [CrossRef]

Uddin MM, Zakeel MCM, Zavahir JS, Marikar FMMT, Jahan I.
Heavy metal accumulation in rice and aquatic plants used as
human food: A general review. Toxics 2021;9(12):360.

Satarug S. Dietary cadmium intake and its effects on kidneys.
Toxics 2018;6(1):15. [CrossRef]

18.

19.

20.

21

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Zhu Q, Li X, Ge RS. Toxicological effects of cadmium on mam-
malian testis. Front Genet 2020;11:527. [CrossRef]

Georing PL, Walkees MP, Klaassen CG. Toxicology of cadmium.
In: Goyer RA, Cherian MG, editors. Toxicology of metals, bio-
chemical aspects, handbook exp. pharmacol. Vol 115. New
York: Springer Verlag; 1995. p. 189-214. [CrossRef]

Kjellstrom T, Nordberg GF. Kinetic model of cadmium metab-
olism. In: Cadmium and health: A toxicological and epidemio-
logical appraisal. Florida: CRC Press; 2019. p. 179-98. [CrossRef]

.Jin GH, Ma DY, Wu N, Marikar FM, Jin SZ, Jiang WW, et al. Com-

bination of human plasminogen kringle 5 with ionizing radia-
tion significantly enhances the efficacy of antitumor effect. Int
J Cancer 2007;121(11):2539. [CrossRef]

Liu Y, Liu J, Habeebu SM, Waalkes MP, Klaassen CD. Metalloth-
ionein-1/1l null mice are sensitive to chronic oral cadmium-in-
duced nephrotoxicity. Toxicol Sci 2000;57(1):167-76. [CrossRef]
Klaassen CD, Liu J, Choudhuri S. Metallothionein: an intracel-
lular protein to protect against cadmium toxicity. Annu Rev
Pharmacol Toxicol 1999;39:267-94 [CrossRef]

Trevifo S, Pulido G, Fuentes E, Handal Silva A, Moreno Ro-
driguez A, Venegas B, et al. Effect of cadmium administration
on the antioxidant system and neuronal death in the hip-
pocampus of rats. Synapse 2022;76(9-10):e22242. [CrossRef]
Nordberg M, Nordberg GF. Metallothionein and cadmium
toxicology-historical review and commentary. Biomolecules
2022;12(3):360. [CrossRef]

Klaassen CD. Effect of metallothionein on hepatic disposition
of metals. Am J Physiol 1978;234(1):E47-53. [CrossRef]

Liu J, Liu Y, Michalska AE, Choo KH, Klaassen CD. Distribution
and retention of cadmium in metallothionein | and Il null
mice. Toxicol Appl Pharmacol 1996;136(2):260-8. [CrossRef]

Brys M, Nawrocka AD, Miekos$ E, Zydek C, Foksirski M, Barecki
A, et al. Zinc and cadmium analysis in human prostate neo-
plasms. Biol Trace Elem Res 1997;59(1-3):145-52. [CrossRef]
Marikar FM, Fang L, Jiang SH, Hua ZC. pT7MT, a metalloth-
ionein 2A-tagged novel prokaryotic fusion expression vector.
J Microbiol Biotechnol 2007;17(5):728-32.

Calvo JS, Villones RLE, York NJ, Stefaniak E, Hamilton GE,
Stelling AL, et al. Evidence for a long-lived, cu-coupled and
oxygen-inert disulfide radical anion in the assembly of
metallothionein-3 Cu (I) 4-thiolate cluster. J Am Chem Soc
2022;144(2):709-22. [CrossRef]

Si M, Lang J. The roles of metallothioneins in carcinogenesis. J
Hematol Oncol 2018;11(1):107. [CrossRef]

Rodriguez-Menéndez S, Garcia M, Fernandez B, Alvarez L,
Ferndndez-Vega-Cueto A, Coca-Prados M, et al. The zinc-met-
allothionein redox system reduces oxidative stress in retinal
pigment epithelial cells. Nutrients 2018;10(12):1874. [CrossRef]
Maret W, Vallee BL. Thiolate ligands in metallothionein con-
fer redox activity on zinc clusters. Proc Natl Acad Sci U S A
1998;95(7):3478-82. [CrossRef]

McDonald S, Hassell K, Cresswell T. Effect of short-term dietary
exposure on metal assimilation and metallothionein induc-
tion in the estuarine fish Pseudogobius sp. Sci Total Environ
2021;772:145042. [CrossRef]


https://doi.org/10.1021/ja01574a064
https://doi.org/10.1038/s41598-019-43565-0
https://doi.org/10.1016/0888-7543(90)90038-V
https://doi.org/10.1016/j.drup.2020.100691
https://doi.org/10.1021/acs.chemrev.1c00371
https://doi.org/10.1080/10409230091169168
https://doi.org/10.1039/d0mt00215a
https://doi.org/10.1515/97831124172
https://doi.org/10.1111/j.1745-7270.2006.00167.x
https://doi.org/10.1016/j.jinorgbio.2022.111755
https://doi.org/10.1073/pnas.95.7.3489
https://doi.org/10.1016/j.pep.2020.105719
https://doi.org/10.1073/pnas.88.22.9984
https://doi.org/10.1016/S0300-483X(01)00375-4
https://doi.org/10.3390/toxics9120360
https://doi.org/10.3390/toxics6010015
https://doi.org/10.3389/fgene.2020.00527
https://doi.org/10.1007/978-3-642-79162-8_9
https://doi.org/10.1201/9780429260605-7
https://doi.org/10.1002/ijc.22708
https://doi.org/10.1093/toxsci/57.1.167
https://doi.org/10.1146/annurev.pharmtox.39.1.267
https://doi.org/10.1002/syn.22242
https://doi.org/10.3390/biom12030360
https://doi.org/10.1152/ajpendo.1978.234.1.E47
https://doi.org/10.1006/taap.1996.0033
https://doi.org/10.1006/taap.1996.0033
https://doi.org/10.1021/jacs.1c03984
https://doi.org/10.1186/s13045-018-0645-x
https://doi.org/10.3390/nu10121874
https://doi.org/10.1073/pnas.95.7.3478
https://doi.org/10.1016/j.scitotenv.2021.145042

62

Int J Med Biochem

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

Comes G, Fernandez-Gayol O, Molinero A, Giralt M, Capdevila M,
Atrian S, et al. Mouse metallothionein-1 and metallothionein-2
are not biologically interchangeable in an animal model of mul-
tiple sclerosis, EAE. Metallomics 2019;11(2):327-37. [CrossRef]
Jabeen G, Ishaq S, Arshad M, Fatima S, Kanwal Z, Ali F. Investiga-
tion on immune-related protein (heat shock proteins and met-
allothionein) gene expression changes and liver histopathology
in cadmium-stressed fish. Biomed Res Int 2022;2022:2075791.
Liu J, Tan S, Wang Y, Luo J, Long Y, Mei X, et al. Role of met-
allothionein-1 and metallothionein-2 in the neuroprotective
mechanism of sevoflurane preconditioning in mice. J Mol
Neurosci 2020;70(5):713-23. [CrossRef]

Sadhu C, Gedamu L. Regulation of human metallothionein
(MT) genes. Differential expression of MTI-F, MTI-G, and MTII-A
genes in the hepatoblastoma cell line (HepG2). J Biol Chem
1988;263(6):2679-84. [CrossRef]

Giedroc DP, Chen X, Apuy JL. Metal response element (MRE)-
binding transcription factor-1 (MTF-1): structure, function, and
regulation. Antioxid Redox Signal 2001;3(4):577-96. [CrossRef]
Liu J, Zhang J, Kim SH, Lee HS, Marinoia E, Song WY. Charac-
terization of Brassica rapa metallothionein and phytochelatin
synthase genes potentially involved in heavy metal detoxifi-
cation. PLoS One 2021;16(6):e0252899. [CrossRef]

Chin JL, Banerjee D, Kadhim SA, Kontozoglou TE, Chauvin PJ, Che-
rian MG. Metallothionein in testicular germ cell tumors and drug
resistance. Clinical correlation. Cancer 1993;72(10):3029-35.
Palmiter RD. Molecular biology of metallothionein gene ex-
pression. Experientia Suppl 1987;52:63-80. [CrossRef]

Koizumi S, Suzuki K, Ogra Y, Yamada H, Otsuka F. Transcrip-
tional activity and regulatory protein binding of metal-re-
sponsive elements of the human metallothionein-IIA gene.
Eur J Biochem 1999;259(3):635-42. [CrossRef]

Riccardi L, Genna V, De Vivo M. Metal-ligand interactions in
drug design. Nat Rev Chem 2018;2(7):100-12. [CrossRef]
Samson SL, Gedamu L. Molecular analyses of metallothionein
gene regulation. Prog Nucleic Acid Res Mol Biol 1998;59:257-88.
Lee MC, Yu WC, Shih YH, Chen CY, Guo ZH, Huang SJ, et
al. Zinc ion rapidly induces toxic, off-pathway amyloid-§
oligomers distinct from amyloid-$ derived diffusible ligands
in Alzheimer's disease. Sci Rep 2018;8(1):4772. [CrossRef]
Gutiérrez JC, de Francisco P, Amaro F, Diaz S, Martin-Gonzalez
A. Structural and functional diversity of microbial metalloth-
ionein genes. Microbial Diversity in the Genomic Era. Mas-
sachusetts: Academic Press; 2019. p. 387-407. [CrossRef]

Yadav S, Singh M, Singh SN, Kumar B. Tanshinone IIA pretreat-
ment promotes cell survival in human lung epithelial cells
under hypoxia via AP-1-Nrf2 transcription factor. Cell Stress
Chaperones 2020;25(3):427-40. [CrossRef]

Shay NF, Cousins RJ. Dietary regulation of metallothionein
expression. In: Nutrition and Gene Expression. Florida: CRC
Press, 2018. p. 507-23. [CrossRef]

Smirnova IV, Bittel DC, Ravindra R, Jiang H, Andrews GK. Zinc
and cadmium can promote rapid nuclear translocation of
metal response element-binding transcription factor-1. J Biol
Chem 2000;275(13):9377-84. [CrossRef]

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Saydam N, Georgiev O, Nakano MY, Greber UF, Schaffner W.
Nucleo-cytoplasmic trafficking of metal-regulatory transcrip-
tion factor 1 is regulated by diverse stress signals. J Biol Chem
2001;276(27):25487-95. [CrossRef]

Valsecchi V, Laudati G, Cuomo O, Sirabella R, Annunziato L,
Pignataro G. The hypoxia sensitive metal transcription factor
MTF-1 activates NCX1 brain promoter and participates in re-
mote postconditioning neuroprotection in stroke. Cell Death
Dis 2021;12(5):423. [CrossRef]

Yu L, Zhang MM, Hou JG. Molecular and cellular pathways in col-
orectal cancer: apoptosis, autophagy and inflammation as key
players. Scand J Gastroenterol 2022;57(11):1279-90. [CrossRef]
LaRochelle O, Gagné V, Charron J, Soh JW, Séguin C. Phos-
phorylation is involved in the activation of metal-regulatory
transcription factor 1 in response to metal ions. J Biol Chem
2001;276(45):41879-88. [CrossRef]

Marikar FM, Jin G, Sheng W, Ma D, Hua Z. Metallothionein 2A
an interactive protein linking phosphorylated FADD to NF-«kB
pathway leads to colorectal cancer formation. Chin Clin Oncol
201 6;5(6):76. [CrossRef]

CuiY,Wang J, Zhang X, Lang R, Bi M, Guo L, et al. ECRG2, a novel
candidate of tumor suppressor gene in the esophageal carci-
noma, interacts directly with metallothionein 2A and links to
apoptosis. Biochem Biophys Res Commun 2003;302(4):904-15.
Rao PS, Jaggi M, Smith DJ, Hemstreet GP, Balaji KC. Metalloth-
ionein 2A interacts with the kinase domain of PKCmu in prostate
cancer. Biochem Biophys Res Commun 2003;310(3):1032-8.
Malekmarzban F, Seyedabadi M, Ghahremani MH, Aliebrahimi
S, Habibollahi P, Tavajohi S, et al. Role of nitric oxide and met-
allothionein in cytotoxic activity of cadmium in CACO-2 cells.
Acta Medica Iranica 2018;56(5)287-94.

Manoel VC, De Carvalho PLT, Govoni VM, Da Silva TC, Queiroga
FL, Cogliati B. Immunoexpression and Prognostic Significance
of Multidrug Resistance Markers in Feline Mammary Carcino-
mas. J Comp Pathol 2021;183:13-25. [CrossRef]

Bier B, Douglas-Jones A, Totsch M, Dockhorn-Dworniczak
B, Bocker W, Jasani B, Schmid KW. Immunohistochemical
demonstration of metallothionein in normal human breast
tissue and benign and malignant breast lesions. Breast Cancer
Res Treat 1994;30(3):213-21. [CrossRef]

Mairinger FD, Schmeller J, Borchert S, Wessolly M, Mairinger E,
Kollmeier J, et al. Immunohistochemically detectable metal-
lothionein expression in malignant pleural mesotheliomas is
strongly associated with early failure to platin-based chemo-
therapy. Oncotarget 2018;9(32):22254-68. [CrossRef]

Zaman MS, Barman SK, Corley SM, Wilkins MR, Malladi CS, Wu
MJ. Transcriptomic insights into the zinc homeostasis of MCF-
7 breast cancer cells via next-generation RNA sequencing.
Metallomics 2021;13(6):mfab026. [CrossRef]

Garrett SH, Sens MA, Shukla D, Flores L, Somji S, Todd JH, et al.
Metallothionein isoform 1 and 2 gene expression in the hu-
man prostate: downregulation of MT-1X in advanced prostate
cancer. Prostate 2000;43(2):125-35. [CrossRef]

Tekur S, Ho SM. Ribozyme-mediated downregulation of human
metallothionein ll(a) induces apoptosis in human prostate and
ovarian cancer cell lines. Mol Carcinog 2002;33(1):44-55.


https://doi.org/10.1039/C8MT00285A
https://doi.org/10.1155/2022/2075791
https://doi.org/10.1007/s12031-020-01481-3
https://doi.org/10.1016/S0021-9258(18)69121-5
https://doi.org/10.1089/15230860152542943
https://doi.org/10.1371/journal.pone.0252899
https://doi.org/10.1002/1097-0142(19931115)72:10%3C3029::AID-CNCR2820721027%3E3.0.CO;2-6
https://doi.org/10.1007/978-3-0348-6784-9_4
https://doi.org/10.1046/j.1432-1327.1999.00069.x
https://doi.org/10.1038/s41570-018-0018-6
https://doi.org/10.1038/s41598-018-23122-x
https://doi.org/10.1016/S0079-6603(08)61034-X
https://doi.org/10.1016/B978-0-12-814849-5.00022-8
https://doi.org/10.1007/s12192-020-01083-3
https://doi.org/10.1201/9781351075114-22
https://doi.org/10.1074/jbc.275.13.9377
https://doi.org/10.1074/jbc.M009154200
https://doi.org/10.1038/s41419-021-03705-9
https://doi.org/10.1080/00365521.2022.2088247
https://doi.org/10.1074/jbc.M108313200
https://doi.org/10.21037/cco.2016.11.03
https://doi.org/10.1016/S0006-291X(03)00122-0
https://doi.org/10.1016/j.bbrc.2003.09.118
https://doi.org/10.1016/j.jcpa.2020.12.008
https://doi.org/10.1007/BF00665963
https://doi.org/10.18632/oncotarget.24962
https://doi.org/10.1093/mtomcs/mfab026
https://doi.org/10.1002/(SICI)1097-0045(20000501)43:2%3C125::AID-PROS7%3E3.0.CO;2-S
https://doi.org/10.1002/mc.10017

