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Graphical abstract 

 
 
Highlights  
 

 We summarized microarray for metallothionein detection. 
 The fields of applications are mentioned. 
 The clinical biomarkers possibilities are discussed. 

 

 

Abstract 

Metallothioneins (MTs), low molecular mass cysteine-rich proteins, which are able to bind up 

to 20 monovalent and up to 7 divalent heavy metal ions are widely studied due to their 

functions in detoxification of metals, scavenging free radicals and cells protection against the 

oxidative stress. It was found that the loss of the protective effects of MT leads to an 

escalation of pathogenic processes and carcinogenesis. 
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The most extensive area is MTs expression for oncological applications, where the 

information about gene patterns is helpful for the identification biological function, resistance 

to drugs and creating the correct chemotherapy. In other medical applications the effect of 

oxidative stress to cell lines exposed to heavy metals and hydrogen peroxide is studied as well 

as influence of drugs and cytokines on MTs expression and MTs expression in the adipose 

tissue. The precise detection of low metallothionein concentrations and its isoforms is 

necessary to understand the connection between quantity and isoforms of MTs to size, 

localization and type of cancer. This information is necessary for well-timed therapy and 

increase the chance to survival. Microarray chips appear as good possibility for finding all 

information about expression of MTs genes and isoforms not only in cancer, but also in other 

diseases, especially diabetes, obesity, cardiovascular diseases, ageing, osteoporosis, 

psychiatric disorders and as the effects of toxic  drugs and pollutants, which is discussed in 

this review.  

 

 

List of abbreviations: HCC – hepatocellular carcinoma, HFD – high fat diet, MMP - matrix 

metalloproteinase, MT – metallothionein, MTF – metal transcription factor, MRE – metal 

responsive element, ROS – reactive oxygen species. 

 

Keywords: drug; gene expression; metallothionein; microarray; resistance; tumour diseases 



 

4 
 

1. Introduction 

1.1. Metallothioneins 

Metallothioneins (MTs) are a group of low molecular mass cysteine-rich proteins, which were 

isolated from horse kidney by Margoshes and Vallee in 1957 [1]. These proteins are able to 

bind up to 20 monovalent and up to 7 divalent heavy metal ions [2] and their main functions 

include metal ions detoxification of the organism [3] and scavenging free radicals to protect 

cells against oxidative stress [4]. It was found that the loss of the protective effects of MT 

leads to an escalation of pathogenic process (Fig. 1). Moreover, there is increasing number of 

papers aimed at describing the role of these proteins in anticancer therapy [5-10]. 

 

1.2. Isoforms of metallothioneins 

Generally, mammalian metallothioneins isoforms could be divided into four groups as MT-1, 

MT-2, MT-3 and MT-4 [11]. The expression and localization of individual MT isoforms vary 

at intracellular level (cytosol, nucleus, lysosomes, and mitochondria) and in individual tissues. 

In human, eight members of MT-1 (MT-1A, 1B, 1E, 1F, 1G, 1H, 1M, 1X) one member of 

MT-2A [12,13], MT-3 and MT-4 [14] have been discovered. These isoforms have differing 

rates of degradation and could be distributed in various ratios in individual tissues. The 

general physicochemical properties of MT isoforms are similar, however there is some 

specialisation of biological function [15]. The most widely expressed isoforms in the body are 

MT-1 and -2. These occur in tissues of kidney, liver, intestine and pancreas. MT-1A, E, X and 

MT-2A isoforms were found in normal prostate tissue [3]. MT-2A isoform is also connected 
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with the proliferative activity of human prostate cancer cells [16] and breast cancer [17]. 

Besides, metallothionein 2A’s polymorphs were studied for their association with the risk for 

a variety of diseases such as prostate cancer, atherosclerosis, stroke and diabetes [3,18]. MT-3 

is found mainly in the brain, but it is expressed also in heart, kidney, and stomach in trace 

amounts [19]. MT-4 can be detected in epithelia and the maternal deciduae [20]. 

 

1.3. Metallothionein expression 

Metallothionein expression is induced by numerous factors such as stress hormones, 

cytokines, reactive oxygen species (ROS), radioactive and UV irradiation and exposition to 

metal ions [21]. The metallothionein expression follows after the binding of transcription 

factor MTF-1 (metal regulatory-transcription factor-1) to the regulatory part MRE (metal 

responsive element), which is localized at promotor of MT-1 gene. MTF-1 contains six Zn-

fingers and in the cell it is stored in inactive form coupled with its inhibitor MTI [22]. Metal 

ions come into the intracellular space, where they are bound to MTI and by this way MTF-1 is 

activated and is able to induct expression of MTs by the attaching to MRE [23]. After the 

transcription and translation the posttranslational modifications such as phosphorylation, 

glycosylation, deamination and oxidation become crucial [24]. Other heavy metals are also 

able to induce MTs transcription via MRE, however only Zn and Cd are able to activate MTF-

1 [25]. 

Higher level of MT was discovered in proliferating cells. This fact should be caused by the 

increased need for Zn and DNA protection against ROS species [26]. The study of 
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metallothionein expression at mRNA level shows the role of this protein in the cell protection 

to high zinc concentration [27]. MT can also control the activity of zinc fingers by 

competition about Zn. It was shown that regulating the availability of zinc the thionein/Zn-

MT conjugate pair modulates the DNA-binding activity of zinc finger transcription factors 

[28]. The feasibility of exchanging of Cd2+ bound to transcription factors to Zn2+ by MT 

thereby restoring the DNA-binding activity of transcription factors is an important event of 

metal detoxification [28]. Under physiological conditions, the role of metallothionein is zinc 

reservoir for zinc-dependent proteins. 

At the protein level, MT has been examined as a marker of cancer [29] and also of metals’ 

and toxic compounds’ intoxication [30,31]. For these purposes, numerous analytical and 

biochemical methods are used [32,33], whereas the electrochemical ones seem to be the most 

sensitive [33-35]. Nevertheless, the tissue distribution can be well detected by 

immunohistochemistry, which was based for performing meta-analysis of metallothionein as 

an immunohistochemical marker of cancer [36]. Based on the published data it can be 

concluded that MT could be considered as a marker of tumour diseases, however, 

combination of mRNA and protein levels is needed [37,38]. Therefore, we aimed our 

attention at summarization of MT mRNA determination. 

 

2. PCR and RT-PCR 

Genotyping of various MT forms can be performed by polymerase chain reaction (PCR)-

restriction fragment length polymorphism (RFLP) technique. Using this method Krześlak et 



 

7 
 

al. investigated three known single nucleotide polymorphisms (SNP) of MT2A gene in 

patients with breast cancer [39]. They found that the rs28366003 SNP of MT2A is positively 

associated with breast cancer. In an in vitro study it could be shown that MT-2A induces 

MMP-9 up-regulation through the activation of NFκB and Ap-1 signalling pathways, which 

can facilitate the migration and invasion of breast cancer cells [17]. Earlier, the same SNP had 

been shown to be linked with higher MT2A mRNA expression in prostate cancer tissue [3]. 

Gene expression is obviously analysed by quantitative (real-time) reverse transcription 

polymerase chain reaction (qRT-PCR). Comparative analysis of transcriptomes of non-

malignant bone and osteosarcoma revealed that members from metallothionein groups such as 

MT-1E, MT-1H, MT-1X, MT-2A, MT-1B, MT-1G and MT-1L were up-regulated in 

osteosarcoma samples [40]. Three isoforms, MT-1E, MT-1H and MT-1X were among the ten 

most highly up-regulated genes between malignant tissue and non-malignant bone. RT-PCR 

was used to validate the differential expression of MT-1E [40]. Szelachowska et al. studied 

the mRNA levels of MT-1F, MT-1X and MT-2A like an evaluation of the radiotherapy 

effects on expression of metallothionein isoforms in human rectal adenocarcinoma [41]. They 

found high expression of MT-1F followed by MT-1X and MT-2A in carcinoma cells. All 

studied isoforms had even higher expressions after radiotherapy, but the change was not 

statistically significant [41]. MT protein expression (MT1/2) was also evaluated. There was 

no correlation between mRNA and protein levels [41]. Fu et al. studied MT-1G expression in 

primary thyroid cancers by qRT-PCR [42]. Comparing malignant and non-malignant thyroid 

tissues the down-regulation of MT-1G could be detected in cancer cells. Cell cycle arrest and 
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apoptotic cell death were induced and the migration and invasion were inhibited in thyroid 

cancer cell lines transfected with MT1G supporting the tumour suppressor function of this 

gene [42].  Based on these studies, it clearly follows that the expression of MT isoforms is 

interesting; however, a clear picture of more than one isoform is crucial. For studying more 

isoforms simultaneously, microarray technology can be useful. Therefore, the summary of 

this method for MT isoforms detection follows. 

 

3. Microarray 

3.1. Introduction to microarray technology 

Microarray is a relatively new technology for detection and characterization of DNA. This 

high-throughput genome analysis can be applied for studying DNA-protein interaction, 

transcription analysis, detection and characterization of genetic variants [43] and 

environmental toxicology [44]. The summary of microarray analysis is shown in Fig. 2. The 

basic description of DNA microarray is a collection of microscopic DNA spots attached to a 

solid surface [43]. One spot contains picomole amount of a specific DNA probe. Probes can 

be a short section of a gene or other DNA element used for hybridization of cDNA or cRNA 

in the sample (target) under high-stringent conditions. The probes are synthesized and then 

attached via surface engineering to a solid surface by a covalent bond to a chemical matrix in 

common microarrays. The solid surface can be glass or a silicon chip, in which case they are 

colloquially known as an Affy chip when an Affymetrix chip is used. Other microarray 

platforms use microscopic beads, instead of the large solid support (such as Illumina). 
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Alternatively, microarrays can be constructed by the direct synthesis of oligonucleotide 

probes on solid surfaces. DNA arrays are different from other types of microarrays only in 

that they either measure DNA or use DNA as part of its detection system (http://www.gene-

chips.com/). Probe-target hybridization is usually detected and quantified by detection of 

fluorophore-, silver-, or chemiluminescence-labelled targets to determine relative abundance 

of nucleic acid sequences in the sample. Relatively new is the electrochemical detection of 

probe-target hybridization based on enzymatic labelling of the target sequence. Numerous 

commercial microarray platforms covering human or model animal genomes are 

commercially available. 

Tissue microarrays are based on multiple immunohistochemical detection of proteins in up to 

1000 tissue cores in diameter of 0.6 mm (Fig. 3). These tissue cores are inserted into a 

paraffin block in an array pattern. Sections from this block are cut using a microtome, placed 

on a microscopic slide and analysed by any method of histological analysis. Other variation is 

frozen tissue microarray, where the frozen tissue cores in diameter of 2 mm are embedded in 

an optimal cutting temperature block [45].   

The use of microarrays has several advantages over traditional methods of proteins and 

nucleic acids detection. Large number of the samples can be simultaneously analysed with 

commercially available genomic slides.  

Microarrays allow us to monitor global changes in gene and protein expression. The signal is 

detected, quantified, integrated and normalized with software and reflect the gene expression 

profile or molecular portrait of given biological sample. However, this molecular portrait is 
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determined by the number and type of probes spotted on a slide, thus in traditional 

microarrays, only molecules that are searched, can be found [46].  

Microarray studies are still limited by access and cost, especially for non-mainstream 

samples. Tissue samples usually represent a mixture of different cell types, thus the observed 

global changes in expression profiles reflect the entire cell types present in sample. In some 

types of sample, especially early stages of tumours there is often problem with low amount of 

tissue available. Nucleic acids and protein microarrays are destructive methods – the cells are 

disrupted and further processed. In DNA and RNA microarrays the quality of nucleic acids 

and amplification steps may lead to distortion of expression profiles. In protein microarrays 

there are no amplification methods available, thus a high requirement on detection step is 

taken and  low-abundant proteins may be misrepresented [47]. 

The described techniques have been widely used in many fields allowing quick analysis of 

multiple samples studying the expression of thousands genes in a small sample volume. 

Thereby, we are describing highly throughput type of analysis. For this reason microarrays are 

abundantly used for comparative genomes hybridization and expression profiling in different 

types of samples. This results in finding of candidate genes, whose expression needs to be 

confirmed by other methods, such as qPCR, Western blot or RNA silencing (Fig. 4). 

 

3.2. Microarray-based analysis for detection of metallothioneins 

The aim of this review is to summarize articles on using microarray for studying MT 

expression within the period from 2010 to 2014. According to our best knowledge, there have 
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been published 46 papers covering the topic of this review (Table 1). These were separated 

into oncological application, and other medical application. 

 

3.2.1. Oncological application 

The detection of metallothionein by microarray is spread in oncological studies. The 

information about gene patterns is helpful for the identification biological function, resistance 

to drugs and creating the correct chemotherapy protocol. The most studied are tumours of 

head and neck, prostate carcinoma, ovarian carcinoma, hepatic tumours and colorectal 

carcinoma. Except human samples and cell lines the animal cancer models and also the action 

of carcinogens and side effects of cytostatics have been explored. 

 

3.2.1.1 Head and neck tumours 

In head and neck tumours metallothioneins were studied in connection with resistance to 

chemotherapeutics. In tongue squamous cell carcinoma the mechanisms of drug resistance 

were studied using sensitive (Tca8113) and pingyangmycin-induced multidrug-resistant 

(Tca8113/PYM) cell lines [48]. The resistance to cisplatin, pirarubicin, paclitaxel, adriamycin 

and mitomycin was investigated. By cDNA microarray it was found that MT-2A, MT-1B and 

MT-1K are up-regulated in Tca8113/PYM and it seems that the resistance of the cell line 

could be related with MT-2A. In further microarray analysis using the same cell lines MT-1X 

has been shown as a mediator of a novel gene TCRP1 (tongue cancer resistance-associated 

protein) associated resistance to cisplatin [49].  
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3.2.1.2 Prostate and ovarian cancer 

Copper homeostasis disturbances are involved in development of prostate disorders. Bigagli 

et al. investigating the 24 h influence of Cu within the very low concentration range from  

10-17 to 10-6 M to a non-neoplastic adult human epithelial prostatic cell line RWPE-1 showed 

that transcriptional regulation of MT has an important role in the tight control of intracellular 

free Cu (II) levels [50]. Microarray data demonstrated concentration dependent changes in the 

expression of various MT isoforms. MT-1B, MT-1E, MT-1G and MT-1H were down-

regulated in the lowest concentrations of Cu and up-regulated between 10-14 and 10-6 M. 

MT1-M and MTF1 also was down-regulated at lower concentrations and up-regulated within 

the concentration range from 10-9 to 10-6 M. MT-1A and MT-2A were up-regulated at all 

concentration in Cu-treated cells compared to cells without treatment (control). 

Using a dog animal model transcriptome analysis of sequential biopsies representing the onset 

of benign prostatic hyperplasia has been performed to characterize the gene expression pattern 

associated with prostatic hyperplasia [51]. A number of genes involved in detoxification, cell 

movement, calcification, matrix remodelling, mucosa protection, transdifferentiation, 

senescence and apoptosis programs have been identified as altered, including MT-2A. Han et 

al. (2013) analysed MT-1H expression in 30 sets of microarray data of human malignancies 

[52]. A consistent down-regulation of MT-1H seems to be present in various types of 

malignant tumours compared with normal tissues. For further validation MT-1H in situ 

hybridization was performed on tissue microarray containing normal prostate tissues and 
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prostate cancer samples [52]. Significantly decreased MT-1H expression has been found in 

cancer tissues compared with normal prostate, and low level of expression in tumours was 

associated with poor clinical outcome. In vitro MT-1H has been shown to exert tumour 

suppressor effect on prostate cells via interacting with euchromatin histone methyltransferase 

1. 

In tissue microarray analysis of primary ovarian cancer samples the negative nuclear 

expression of metallothionein protein has been demonstrated to predict a better therapeutic 

response to adjuvant platinum-based chemotherapy and improved progression-free survival of 

patients [53]. 

 

3.2.1.3 Hepatic tumours 

Genes that could be used as markers of liver fluke-associated intrahepatic 

cholangiocarcinoma, were analysed by Subrungruang et al. [54]. More than 3 000 genes were 

found to be up- or down-regulated in cholangiocarcinoma tissues compared to normal liver 

tissue samples. Genes from metallothionein family (namely MT-1A, MT-1E, MT-1F, MT-1G, 

MT-1H, MT-1X and pseudogene MT1-IP) were down-regulated and showed significant 

changes in expression.  

Total RNA and genomic DNA were extracted from hepatocellular carcinoma (HCC) and non-

malignant liver tissue for gene expression profiling and SNP chip array analysis by Kanda et 

al. [55]. Double array analysis method with complementary qRT-PCR and methylation-

specific PCR (MSP) was suitable for identification of metallothionein 1G as tumour 
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suppressor gene and to show that it is silenced in HCC by promoter hypermethylation [55]. 

Later on, the expression of MT1/2 was evaluated immunohistochemically in tissue 

microarrays containing samples from HCCs, adjacent noncancerous livers, and normal livers 

[56]. This study demonstrated the loss of nuclear and cytoplasmic expression of MT1/2 in 

HCC compared with adjacent noncancerous liver tissues and that the loss of nuclear MT1/2 

expression is an independent prognostic indicator of poor recurrence-free survival and overall 

survival in patients with HCC [56]. 

Furthermore, the toxicity of cadmium was studied on human hepatoblastoma cells (HepG2) 

by the Agilent Whole Human Genome Oligo Microarray [57]. The cells were exposed to 2 

and 10 µM concentration of CdCl2 for 24 h. At the higher concentration a number of genes 

related to cancer development were up-regulated and many genes connected to liver function 

were down-regulated, whereas at the lower concentration the up-regulation of various 

metallothionein isoforms (MT-1A, MT-1B, MT-1E, MT-1F, MT-1G, MT-1H, MT-1J 

(pseudogene), MT-1M, MT-1L (gene/pseudogene), MT-1X, and MT-2A) was demonstrated 

as a protection mechanism against cadmium toxicity [57]. 

 

3.2.1.4 Colon cancer 

Microarray analysis of colon cancer samples and adjacent normal mucosa tissues from 40 

cancer patients, who had undergone tumour resection without receiving preoperative therapy, 

was performed [58]. Compared to normal tissues, the gene expression of MT-1F, MT-1G, 

MT-1X and MT-2A was down-regulated in colon cancer, which could be confirmed by qRT-
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PCR [58]. The tissue microarray analysis of samples demonstrated that MT1/2 protein 

expression was decreased in tissues with down-regulated MT mRNA expression. The results 

on protein expression were further confirmed by Western blot analysis [58]. Additional 

analysis of the loss of heterozygosity (LOH) and MSP showed that MT-1F is down-regulated 

mainly by LOH in colon cancer [58]. 

The influence of 50 µM rosiglitazone (PPARγ ligand) and 0.1 µM AS601245 (a selective 

JNK inhibitor) to human colon cancer cells (CaCo-2, HT29 and SW480) after 24 h treatment 

was studied [59]. It was found that rosiglitazone and AS601245 decrease cell adhesion and 

migration through modulation of gene expression. Because of similar effect of the treatment 

on all cell lines the microarray analysis was performed on CaCo-2 cell line only. After 

treatment with rosiglitazone the increased expression of genes coding for metallothioneins 

(MT-1X, MT-1E, MT-1G, MT-1H, MT-2A, MT-1M) was observed compared to untreated 

cell line. After combination with AS601245 metallothionein genes were still induced 

compared to untreated cells, but to a lesser extent than after treatment with rosiglitazone only 

[59].   

 

3.2.1.5 Other solid tumours 

Statistical analysis of the osteosarcoma transcriptomes from biopsy samples found differential 

expression of several metallothionein family members [40]. MT-1E, MT-1H, MT-1X, MT-

2A, MT-1B, MT-1G, and MT-1L, were up-regulated in osteosarcoma, and three (MT-1E, 

MT-1H and MT1-X) were among the 10 most highly up-regulated genes. Noteworthy, there 
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was no correlation between MT expression and chemoresistance in osteosarcoma [40]. In 

another study the gene expression of 73 high-grade soft tissue sarcoma samples was analysed 

by cDNA Microarray and clustered by complete-linkage hierarchical clustering [60]. The ratio 

of the gene expression in the sample relative to the average signal of expression of all genes 

examined was determined. Importantly, the samples of patients with the highest rate of 

metastases were characterized by MT-2A, MT-1X, MT-1F and MT-1H over-expression [60]. 

Scaruffi et al. investigated the transcriptome of resident bone marrow cells from localized and 

metastatic neuroblastoma patients compared to healthy subjects [61]. They found an altered 

gene expression in bone marrow cells including over-expression of metallothioneins. 

The biology behind ependymoma recurrence was also studied by expression microarray [62]. 

The expression of metallothioneins (MT-1L, MT-1G, MT-1E, MT-1X, MT-1B, MT-2A, and 

MT-3) was down-regulated in 65 to 85 % of relapses depending on the MT compared with 

initial tumours thereby representing a group of the most homogenously differentially 

expressed genes in recurrences. The neural growth inhibitory factor MT-3 was the most 

frequently down-regulated gene among metallothioneins, which was confirmed by qRT-PCR 

and immunohistochemistry [62]. In addition, tissue microarray analysis in an independent 

cohort of paediatric ependymomas demonstrated lower MT-3 protein expression at relapse 

compared to diagnosis in 70.8% of patients [62]. 

Using tissue microarray it was found that over-expression of MT1/2 is significantly more 

frequent in primary cutaneous malignant melanoma with haematogenous metastases [63].  
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3.2.1.6 Haematological malignancies 

Gene expression profile of human myeloid leukaemia cells K562, namely PU.1-knockdown 

K562 cells versus control and PU.1-overexpressing K562 cells versus control, was 

investigated by microarray analysis [64]. The interest was focused on PU.1-transcription 

factor for haematopoiesis, since down-regulation of PU.1 seems to be related to development 

of various haematological malignancies. It was found that MT-1G and MT-1A were distinctly 

induced in PU.1-knockdown K562 cells [64]. Furthermore, negative correlations of PU.1 

expression with the MT-1G and MT-1A expressions, respectively, could be confirmed by 

analysing leukemic bone marrow cells derived from AML patients [64].  

 

3.2.1.7 Carcinogens and anticancer drugs 

Changes in the human genome-wide transcriptome of H9 human embryonic stem cell (hESC) 

line due to the exposure to 1 Gy of gamma-radiation were detected at 2 and 16 h post-

irradiation [65]. This study showed the over-expression of many genes including 

metallothioneins (MT-1M, MT-1L, MT-1H and MT-1G) in irradiated hESC at 16 h post-

irradiation.  

The induction of MT isoforms in response to anticancer drugs e.g., doxorubicin has been 

reported [66]. Microarray analysis can also be used to identify the target genes of MT. The 

influence of MT against cardiotoxicity of doxorubicin was studied on wild type (MT+/+) mice 

in comparison with MT-1/2 null (MT-/-) mice [66]. Global gene expression profiles of cardiac 

cells from two genotype mice have been analysed on the 4th day after doxorubicin (15 mg/kg, 
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i.p.) or equal volume of saline administration. 381 characteristically MT-responsive genes 

such as map3k6, fos, ucp3, car3, and atf3 were identified in response to doxorubicin [66].  

 

3.2.2. Other medical application 

Expression of metallothioneins is generally associated with oxidative stress in obesity, 

cardiovascular diseases, diabetes, osteoporosis, vision, but also with hepatotoxic and 

nephrotoxic effects of heavy metals and drugs. The role of metallothioneins in ageing, and 

psychiatric disorders is studied, too. 

 

3.2.2.1 Obesity 

Metallothioneins are expressed and upregulated e.g., by glucocorticoids in human adipose 

tissue [67]. MT-1 and MT-2 were also identified as hepatic glucocorticoid-regulated target 

genes using whole genome gene expression microarray [68]. Interestingly, MT-1 and -2 

knockout mice are moderately obese suggesting the role of these proteins in the regulation of 

energy balance [67]. Cui et al. investigating spleen oxidative stress induced by high-fat diet 

(HFD) showed the down-regulation of MT-1 gene in the HFD (21.2% fat, w/w) mice 

compared with the controls (4.9% fat) [69]. In another study, male C57BL/6 mice were 

exposed to dietary restriction (75% of normal diet for 6 months) followed by 6 months of ad 

libitum refeeding. This group was compared with continuously ad libitum fed control group 

[70]. Dietary restriction resulted in lower body weight. Transcriptome analysis in mouse liver 

was done and 239 and 184 genes were at least two times up- or down-regulated in dietary 
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restriction compared to ad libitum fed control group [70]. MT-1 was increased in the group 

with dietary restriction.  

 

3.2.2.2 Cardiovascular diseases 

In the adult the protective and antioxidative effect of high density lipoprotein (HDL) on the 

vascular endothelium is assumed [71]. However, in a microarray study, investigating the 

effect of foetal HDL, which represents the main lipoprotein class in cord blood and is 

characterized by high proportion of apolipoprotein E, on human placental endothelial cells 

(HPEC) showed that foetal HDL reduced the MT1-X and MT-2A expression [71]. Foetal 

HDL is thought to exert key functions for development and metabolism of foetal tissues, and 

seems to be particularly important for the development of the central nervous system [71]. 

The effects of the apolipoprotein A1-rich adult HDL on MT synthesis might be different and 

still has to be determined. 

Cadmium is known to induce vascular diseases such as atherosclerosis. Toxicity of non-lethal 

dose of cadmium on human coronary artery endothelial cells (HCAEC) was studied by 

microarray utilizing of OpArrayTM Human V4.0 slide [72]. There were only 3 genes for 

which the levels of expression increased more than 2-fold, the MT-1E, MT-1H, and MT-1B, 

which underlines the importance of these MT isoforms in the vascular protection against 

heavy metal toxicity. 

Hyperbaric oxygen treatment (HBOT) seems to have beneficial effects on wound healing and 

reparative angiogenesis [73]. Global gene expression analysis on human microvascular 
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endothelial cells exposed to hyperbaric oxygen under conditions similar to a clinical treatment 

showed  that some metallothioneins especially MT-1E, MT-1F, MT-1G, MT-1H, MT-1M and 

MT-1X were up-regulated immediately after HBOT, some metallothioneins as MT-1E, MT-

1F, MT-1H and MT-1X after 24 h [73].  

 

3.2.2.3 Diabetes 

Pancreatic beta-cell dysfunction has a central role in the development and progression of type 

2 diabetes. Microarray analysis on beta-cells obtained from patients with diabetes of type 2 

revealed the significant up-regulation of MT-1E, MT-1M, MT-1X, MT-2A, and the 

pseudogene MT-1P2 [74]. This finding was assumed to reflect alterations in oxidative stress 

[74]. Nutrigenomics means the utilization of microarray technique to study the effects of 

nutrients and food compounds on gene expression thereby better understanding how the 

nutrients regulate biological processes [75]. Taurine (2-aminoethanesulfonic acid) seems to 

have a protecting effect against insulin resistance and diabetes mellitus [75]. Microarray 

analysis on human colon carcinoma derived Caco-2 cells showed the up-regulation of 

thioredoxin interacting protein (TXNIP) and MT-1H. Therefore, it was concluded that anti-

inflammatory and anti-oxidative effects of taurine may partly due to the increased MT-1H 

expression [75]. 

In the Nagaya-Shibata-Yasuda (NSY) mouse, which is an animal model of type 2 diabetes, 

high-sucrose diet increases the glucose intolerance, body weight gain, and induces liver 

steatosis [76]. Microarray analysis to detect hepatic gene expression levels revealed 
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significantly lower MT-1 and MT-2 expression in NSY mice compared with control C3H 

mice, irrespective of diet [76]. Considering the biological modulating activity of MT on liver 

mitochondria, down-regulation of MT was thought to contribute to the development of 

steatohepatitis and obesity [76]. Transcriptome analysis on liver has also been determined in 

C57BL/6J mice fed with a high-glucose diet for 4 weeks [77]. Elevated fatty acid 

accumulation in liver, insulin resistance at higher body weight have been observed with 

upregulation of 197 genes and down-regulation of 189 genes in liver [77]. The expression 

levels of MT-2 decreased compared to control. 

 

3.2.2.4 Hepatotoxicity 

Antioxidant and hypolipidaemic activities of a low concentration (300 μg/ml) of Tamarindus 

indica L. fruit pulp methanol extract was tested on human hepatoma HepG2 cell line [78]. 

Several genes that are related to reactive oxygen species and lipid metabolism showed 

changes in their expression. MT-1M, MT-1F and MT-1X were up-regulated, but not other 

MT isoforms [78]. 

Toxic effects of polychlorobiphenyls (PBC), namely coplanar PCB-77 and non-coplanar 

PCB-153 on HepG2 cells were studied by microarray analysis [79]. It was shown that both 

agents induce oxidative stress, but through involvement of different gene sets. PCB-77 

triggers the receptor mediated nuclear apoptotic pathway, whereas PCB-153 triggers the 

mitochondrial apoptotic pathway [79]. Interestingly, MT-1K, MT-1X and MT-1F were 

involved in the response to PCB-153, but not to PCB-77. 
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MT-1 and MT-2 are important protective factors against Cd toxicity, however, MT-3 null 

mice are resistant to Cd hepatotoxicity [80]. Microarray analysis on liver of MT-3 null and 

wild type mice at 4 hs after 20 μmol/kg Cd injection showed that only 37 genes were 

differentially expressed [80]. Cd induced up-regulation of the inflammation-associated 

cytokines serum amyloid A1 and A2 was inhibited in the liver of MT-3 null mice. There has 

not been altered expression of other MT isoforms [80]. 

 

3.2.2.5 Nephrotoxicity 

Using cDNA microarray to analyse global gene expressions of cortical renal tissue of mice 

immunized with cationic-bovine serum albumin to induce membranous 

glomerulonephropathy (MN) Wu et al. (2011) revealed 175 genes with significantly different 

expressions compared with normal kidneys [81]. They proposed that some of the 

differentially expressed genes might be used as biomarkers for human MN and should be 

tested on human samples. Significant up-regulation of MT-1 in association with MN was 

confirmed by qRT-PCR [81].  

 

3.2.2.6 Psychiatric disorders     

Shelton et al. investigated post-mortem brain tissue samples from 14 depressed persons who 

were psychotropic drug free at the time of death and age- and sex-matched normal controls 

[82]. Microarray analysis of Brodmann Area 10 tissue samples using the Affymetrix Exon 1.0 

ST arrays showed differential expression of genes that are related to inflammation, apoptosis 
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and oxidative stress. MT-1M expression was reduced in samples derived from patients with 

major depression as confirmed by qRT-PCR, which suggests an important role of this isoform 

in protection against local inflammation and development of depression [82].  

Gene expression changes associated with suicide in brains of mood disorder patients were 

studied by microarrays (Affymetrix HG-U133 Plus2.0) in the dorsolateral prefrontal cortex, in 

the anterior cingulate cortex and in nucleus accumbens [83]. Several MT-1 and MT-2 

isoforms (MT-1E, MT-1F, MT-1G, MT-1H, MT-1X, and MT-2A) were down-regulated in 

the anterior cingulate cortex of suicide subjects compared with non-suicides, and three of 

them (MT-1F, MT-1G, and MT-1H) were also down-regulated in the nucleus accumbens. 

MT-1M and MT-3 showed no differential expression between suicides and non-suicides [83]. 

It was concluded that failed neuroprotection against stress due to decreased expression levels 

of MT-1 and MT-2 might be molecular risk factor for suicide [83]. 

A mouse model consisting of two inbred mouse lines showing high (HAB) and low (LAB) 

anxiety-related behaviour can be used to analyze the traits of anxiety and depression [84]. In 

this model Czibere et al. investigated the gene expression in emotion-regulating parts of the 

limbic system and the brain regions closely connected to them using microarray [84]. More 

than 300 genes were differentially expressed between HAB and LAB mice in all analysed 

brain regions. Significantly lower MT-1 expression in HAB mice was confirmed by qRT-PCR 

[84]. 
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3.2.2.7 Ageing 

The protein levels of MT1/2 were studied in ageing skin by tissue microarray [85]. The 

expression of MT1/2 decreased significantly with increasing age, just like the expression of 

the proliferation markers Ki-67 and PCNA. The decline was more pronounced in sun-exposed 

skin [85]. 

 

3.2.2.8 Osteoporosis 

Genome-wide gene expression was analysed in primary cultures of osteoblasts derived from 

osteoporotic and non-osteoporotic human bone tissue samples [86]. The microarray data 

revealed that oxidative stress might be involved in the pathogenesis of osteoporosis. In further 

in vitro experiments the expression of MT-1G was confirmed to be important in response to 

oxidative stress in bone cells [86].  

 

3.2.2.9 Vision 

Whole-genome expression profiling of cornea, retinal pigment epithelium, trabecular 

meshwork, iris, lens, ciliary body, retina and sclera obtained from human cadaver eyes was 

examined focusing on MT expression [87]. MT-1A, MT-2A and MT-1X were highly 

expressed in all the tissues, but in particular in cornea, lens and iris. It might reflect that 

cornea and lens are natural barriers to external environmental insults e.g., UV radiation. MT-

1G was also highly expressed in lens. The expression levels of MT-1E, MT-1F, MT-1M and 

MT-1G were lower compared to MT-1A, MT-2A and MT-1X [87]. MT-1H and MT-3 
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isoforms were expressed at very low levels, whereas MT-1B and MT-4 expression was 

undetectable. Microarray analysis was also used to investigate MT gene expression in a 

human corneal epithelial cell line exposed to ZnSO4 [87]. MT-1 group, in particular MT-1B, -

1E, -1F, -1G, -1H, and -1X, were highly induced in corneal epithelial cells in the presence of 

zinc. 

Regional (superior-inferior) variations in gene expression in the retina of C57BL/6J mice 

exposed to hyperoxia for 14 days were examined using microarray technique [88]. Relatively 

few genes were differentially expressed between the inferior and superior retina in normoxic 

conditions, but many immune-, cell defence-, and inflammation-related genes were identified 

as differentially expressed in hyperoxic conditions, and higher number of genes showed 

altered expression in response to hyperoxia in the inferior retina, which is known to be more 

vulnerable to hyperoxia. The expression of MT-1 and MT-2 were also more elevated in the 

inferior retina reflecting more tissue damage [88]. 

It is known that susceptibility of various inbred strains of mice to age-related retinal 

degeneration (ageRD) is different due to genes present in quantitative trait loci (QTL) on 

chromosomes (Chr) 6, 10, 16, 14, 18, 12, 13, and 8 [89]. Genes that are differentially 

expressed between ageRD resistant and sensitive strains were examined by microarray, and 

then genes that are localized to the Chr 6 and Chr 10 QTL were further analysed. It was noted 

that, interestingly, the expression levels of MT-1 and MT-2 genes are higher in posterior 

eyecups of ageRD resistant mice comparing with sensitive ones suggesting a difference 

between the two strains in the capacity to respond to oxidative stress [89]. 
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3.2.2.10 Others 

To gain an insight into the pathogenesis of non-steroidal anti-inflammatory drug-induced 

small intestine injury, gene expression profiles in the intestinal mucosa of Wistar rats were 

investigated 24 hs after indomethacin administration [90]. It was found that MT-1A was 

down-regulated in the intestinal mucosa after application of indomethacin, but the treatment 

with rebamipide, which inhibited the small intestinal injury, could reverse the altered gene 

expression. 

Endotoxin tolerance means a reduced capacity of a mononuclear cell to respond to endotoxin 

(LPS) activation after an initial exposure to this stimulus, probably to protect tissues from 

hyperinflammation [91]. Gene responses in mononuclear cells during endotoxin tolerance 

were examined by microarray. It was shown that metallothioneins (MT-1H, MT-1F, MT-1A, 

MT-1X, MT-1E, and MT-2A) were strongly up-regulated in endotoxin tolerance [91]. 

 

4. Conclusions  

 

Metallothioneins could be considered as promising prognostic/predictive biomarkers of 

oncology diseases, but the changes in their expression were also found in diabetes, 

cardiovascular diseases, psychiatric disorders, vision impairments and others (Table 1). The 

precise detection of low metallothioneins concentrations and their isoforms is necessary for 

understanding the connection between the metallothioneins quantity and isoforms and size, 

localization and type of cancer. This information could be useful for well-timed therapy and 
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could thus increase the chance to survival. Microarray chip appears as good possibility for 

studying isoforms’ expression. In addition, microarrays allow investigating the gene 

expression differences and alterations in their network context thereby providing new data 

about functions and initiating biologically significant experimental studies. 

 

 

Acknowledgments 

The financial support from the project AZV CR 15-28334A is highly acknowledged.  

 

 

Conflict of Interest 

The authors declare no conflict of interest. 

 

References  

 

[1] M. Margoshes, B.L. Vallee, A cadmium protein from equine kidney cortex, J. Am. 
Chem. Soc. 79 (1957) 4813-4814. 

[2] S. Krizkova, I. Fabrik, V. Adam, P. Hrabeta, T. Eckschlager, R. Kizek, 
Metallothionein - a promising tool for cancer diagnostics, Bratisl. Med. J. 110 (2009) 
93-97. 

[3] A. Krzeslak, E. Forma, G. Chwatko, P. Jozwiak, A. Szymczyk, J. Wilkosz, W. 
Rozanski, M. Brys, Effect of metallothionein 2A gene polymorphism on allele-
specific gene expression and metal content in prostate cancer, Toxicol. Appl. 
Pharmacol. 268 (2013) 278-285. 

[4] P. Coyle, J.C. Philcox, L.C. Carey, A.M. Rofe, Metallothionein: The multipurpose 
protein, Cell. Mol. Life Sci. 59 (2002) 627-647. 



 

28 
 

[5] R.H. Wong, C.H. Huang, C.B. Yeh, H.S. Lee, M.H. Chien, S.F. Yang, Effects of 
Metallothionein-1 Genetic Polymorphism and Cigarette Smoking on the Development 
of Hepatocellular Carcinoma, Ann. Surg. Oncol. 20 (2013) 2088-2095. 

[6] F. Grabellus, S.Y. Sheu, M. Totsch, N. Lehmann, G.M. Kaiser, B. Jasani, G. Taeger, 
K.W. Schmid, Overexpression of the Drug Resistance-Associated Protein 
Metallothionein Does Not Correlate With Response of Sarcomas to Isolated Limb 
Perfusion Treatment, J. Surg. Oncol. 101 (2010) 465-470. 

[7] N. Sogawa, K. Hirai, C. Sogawa, K. Ohyama, I. Miyazaki, G. Tsukamoto, M. 
Asanuma, A. Sasaki, S. Kitayama, Protective effect of cepharanthin on cisplatin-
induced renal toxicity through metallothionein expression, Life Sci. 92 (2013) 727-
732. 

[8] S. Sharma, A. Rais, R. Sandhu, W. Nel, M. Ebadi, Clinical significance of 
metallothioneins in cell therapy and nanomedicine, International Journal of 
Nanomedicine 8 (2013) 1477-1488. 

[9] T. Eckschlager, V. Adam, J. Hrabeta, K. Figova, R. Kizek, Metallothioneins and 
cancer, Curr. Protein Pept. Sci. 10 (2009) 360-375. 

[10] B. Ruttkay-Nedecky, L. Nejdl, J. Gumulec, O. Zitka, M. Masarik, T. Eckschlager, M. 
Stiborova, V. Adam, R. Kizek, The role of metallothionein in oxidative stress, Int. J. 
Mol. Sci. 14 (2013) 6044-6066. 

[11] C.O. Simpkins, Metallothionein in human disease, Cell. Mol. Biol. 46 (2000) 465-488. 
[12] N. Thirumoorthy, K.T.M. Kumar, A.S. Sundar, L. Panayappan, M. Chatterjee, 

Metallothionein: An overview, World J. Gastroenterol. 13 (2007) 993-996. 
[13] M. Zalewska, J. Trefon, H. Milnerowicz, The role of metallothionein interactions with 

other proteins, Proteomics 14 (2014) 1343-1356. 
[14] R. Nath, R. Kambadur, S. Gulati, V.K. Paliwal, M. Sharma, Molecular Aspects, 

Physiological-Function, and Clinical-Significance of Metallothioneins, Crit. Rev. 
Food Sci. Nutr. 27 (1988) 41-85. 

[15] D.H. Hamer, Metallothionein, Annu. Rev. Biochem. 55 (1986) 913-951. 
[16] M. Yamasaki, T. Nomura, F. Sato, H. Mimata, Metallothionein is up-regulated under 

hypoxia and promotes the survival of human prostate cancer cells, Oncol. Rep. 18 
(2007) 1145-1153. 

[17] H.G. Kim, J.Y. Kim, E.H. Han, Y.P. Hwang, J.H. Choi, B.H. Park, H.G. Jeong, 
Metallothionein-2A overexpression increases the expression of matrix 
metalloproteinase-9 and invasion of breast cancer cells, FEBS Lett. 585 (2011) 421-
428. 

[18] R. Giacconi, E. Muti, M. Malavolta, C. Cipriano, L. Costarelli, G. Bernardini, N. 
Gasparini, E. Mariani, V. Saba, G. Boccoli, E. Mocchegiani, The +838 C/G MT2A 
polymorphism, metals, and the inflammatory/immune response in carotid artery 
stenosis in elderly people, Mol. Med. 13 (2007) 388-395. 

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



 

29 
 

[20] C.J. Quaife, S.D. Findley, J.C. Erickson, G.J. Froelick, E.J. Kelly, B.P. Zambrowicz, 
R.D. Palmiter, Induction of a New Metallothionein Isoform (Mt-Iv) Occurs During 
Differentiation of Stratified Squamous Epithelia, Biochemistry 33 (1994) 7250-7259. 

[21] I. Bremner, Nutriational and physiological significance of metallothionein Method 
Enzymol. 205 (1991) 25-35. 

[22] R.B. Klassen, K. Crenshaw, R. Kozyraki, P.J. Verroust, L. Tio, S. Atrian, P.L. Allen, 
T.G. Hammond, Megalin mediates renal uptake of heavy metal metallothionein 
complexes, Am. J. Physiol.-Renal Physiol. 287 (2004) F393-F403. 

[23] R.D. Palmiter, S.D. Findley, Cloning and functional-characterization of a mammalian 
zinc transporter that confers resistance to zinc, Embo J. 14 (1995) 639-649. 

[24] P.A.C. Cloos, S. Christgau, Post-translational modifications of proteins: implications 
for aging, antigen recognition, and autoimmunity, Biogerontology 5 (2004) 139-158. 

[25] G.K. Andrews, Regulation of metallothionein gene expression by oxidative stress and 
metal ions, Biochem. Pharmacol. 59 (2000) 95-104. 

[26] R. Studer, C.P. Vogt, M. Cavigelli, P.E. Hunziker, J.H.R. Kagi, Metallothionein 
accretion in human hepatic cells is linked to cellular proliferation, Biochem. J. 328 
(1997) 63-67. 

[27] S.R. Davis, R.J. Cousins, Metallothionein expression in animals: A physiological 
perspective on function (Reprinted from vol 130, pg 1085, 2000), J. Nutr. 132 (2002) 
1085-1088. 

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

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

[30] M. Capdevila, R. Bofill, O. Palacios, S. Atrian, State-of-the-art of metallothioneins at 
the beginning of the 21st century, Coord. Chem. Rev. 256 (2012) 46-62. 

[31] C.D. Klaassen, J. Liu, B.A. Diwan, Metallothionein protection of cadmium toxicity, 
Toxicol. Appl. Pharmacol. 238 (2009) 215-220. 

[32] M. Ryvolova, S. Krizkova, V. Adam, M. Beklova, L. Trnkova, J. Hubalek, R. Kizek, 
Analytical methods for metallothionein detection, Curr. Anal. Chem. 7 (2011) 243-
261. 

[33] V. Adam, J. Petrlova, J. Wang, T. Eckschlager, L. Trnkova, R. Kizek, Zeptomole 
electrochemical detection of metallothioneins, PLoS ONE 5 (2010) e11441, 11441-
11448. 

[34] P. Sobrova, L. Vyslouzilova, O. Stepankova, M. Ryvolova, J. Anyz, L. Trnkova, V. 
Adam, J. Hubalek, R. Kizek, Tissue specific electrochemical fingerprinting, PLoS 
ONE 7 (2012) 1-12, e49654. 

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



 

30 
 

[36] J. Gumulec, M. Raudenska, V. Adam, R. Kizek, M. Masarik, Metallothionein - 
Immunohistochemical Cancer Biomarker: A Meta-Analysis, PLoS ONE 9 (2014) 1-
14. 

[37] V. Pekarik, J. Gumulec, M. Masarik, R. Kizek, V. Adam, Prostate cancer, miRNAs, 
metallothioneins and resistance to cytostatic drugs, Curr. Med. Chem. 20 (2013) 534-
544. 

[38] M. Raudenska, J. Gumulec, O. Podlaha, M. Sztalmachova, P. Babula, T. Eckschlager, 
V. Adam, R. Kizek, M. Masarik, Metallothionein polymorphisms in pathological 
processes, Metallomics 6 (2014) 55-68. 

[39] A. Krzeslak, E. Forma, P. Jozwiak, A. Szymczyk, B. Smolarz, H. Romanowicz-
Makowska, W. Rozanski, M. Brys, Metallothionein 2A genetic polymorphisms and 
risk of ductal breast cancer, Clin. Exper. Med. 14 (2014) 107-113. 

[40] L. Endo-Munoz, A. Cumming, S. Sommerville, I. Dickinson, N.A. Saunders, 
Osteosarcoma is characterised by reduced expression of markers of osteoclastogenesis 
and antigen presentation compared with normal bone, Br. J. Cancer 103 (2010) 73-81. 

[41] J. Szelachowska, P. Dziegiel, R. Tarkowski, A. Gomulkiewicz, M. Bebenek, A. 
Halon, K. Fortuna, A. Wojnar, J. Kornafel, R. Matkowski, Therapeutic Radiation 
Induces Different Changes in Expression Profiles of Metallothionein (MT) mRNA, 
MT Protein, Ki 67 and Minichromosome Maintenance Protein 3 in Human Rectal 
Adenocarcinoma, Anticancer Res. 32 (2012) 5291-5297. 

[42] J. Fu, H.J. Lv, H.X. Guan, X.Y. Ma, M.J. Ji, N.Y. He, B.Y. Shi, P. Hou, 
Metallothionein 1G functions as a tumor suppressor in thyroid cancer through 
modulating the PI3K/Akt signaling pathway, BMC Cancer 13 (2013) 1-13. 

[43] A.A. Gheyas, D.W. Burt, Microarray resources for genetic and genomic studies in 
chicken: A review, Genesis 51 (2013) 337-356. 

[44] T.D. Williams, K. Gensberg, S.D. Minchin, J.K. Chipman, A DNA expression array to 
detect toxic stress response in European flounder (Platichthys flesus), Aquat. Toxicol. 
65 (2003) 141-157. 

[45] S. Hassan, C. Ferrario, A. Mamo, M. Basik, Tissue microarrays: emerging standard 
for biomarker validation, Curr. Opin. Biotechnol. 19 (2008) 19-25. 

[46] G. Russo, C. Zegar, A. Giordano, Advantages and limitations of microarray 
technology in human cancer, Oncogene 22 (2003) 6497-6507. 

[47] S. Krizkova, Z. Heger, M. Zalewska, A. Moulick, V. Adam, R. Kizek, 
Nanotechnologies in protein microarrays, Nanomedicine 10 (2015) 2743-2755. 

[48] G.P. Zheng, M. Zhou, X.R. Ou, B. Peng, Y.H. Yu, F.R. Kong, Y.M. Ouyang, Z.M. 
He, Identification of carbonic anhydrase 9 as a contributor to pingyangmycin-induced 
drug resistance in human tongue cancer cells, FEBS J. 277 (2010) 4506-4518. 

[49] B. Peng, Y.X. Gu, Y. Xiong, G.P. Zheng, Z.M. He, Microarray-Assisted Pathway 
Analysis Identifies MT1X & NF kappa B as Mediators of TCRP1-Associated 
Resistance to Cisplatin in Oral Squamous Cell Carcinoma, PLoS ONE 7 (2012) 1-13. 

[50] E. Bigagli, C. Luceri, S. Bernardini, A. Dei, P. Dolara, Extremely low copper 
concentrations affect gene expression profiles of human prostate epithelial cell lines, 
Chem.-Biol. Interact. 188 (2010) 214-219. 



 

31 
 

[51] F. Gallardo-Arrieta, A. Doll, M. Rigau, T. Mogas, N. Juanpere, F. Garcia, J. Morote, 
F. Nunez, M. Abal, J. Lloreta, J. Reventos, A Transcriptional Signature Associated 
With the Onset of Benign Prostate Hyperplasia in a Canine Model, Prostate 70 (2010) 
1402-1412. 

[52] Y.C. Han, Z.L. Zheng, Z.H. Zuo, Y.P. Yu, R. Chen, G.C. Tseng, J.B. Nelson, J.H. 
Luo, Metallothionein 1h tumour suppressor activity in prostate cancer is mediated by 
euchromatin methyltransferase 1, J. Pathol. 230 (2013) 184-193. 

[53] C.M. Woolston, S. Deen, A. Al-Attar, M. Shehata, S.Y. Chan, S.G. Martin, Redox 
protein expression predicts progression-free and overall survival in ovarian cancer 
patients treated with platinum-based chemotherapy, Free Radic. Biol. Med. 49 (2010) 
1263-1272. 

[54] I. Subrungruang, C. Thawornkuno, P. Chawalitchewinkoon-Petmitr, C. Pairojkul, S. 
Wongkham, S. Petmitr, Gene Expression Profiling of Intrahepatic 
Cholangiocarcinoma, Asian Pac. J. Cancer Prev. 14 (2013) 557-563. 

[55] M. Kanda, S. Nomoto, Y. Okamura, Y. Nishikawa, H. Sugimoto, N. Kanazumi, S. 
Takeda, A. Nakao, Detection of metallothionein 1G as a methylated tumor suppressor 
gene in human hepatocellular carcinoma using a novel method of double combination 
array analysis, Int. J. Oncol. 35 (2009) 477-483. 

[56] Y. Park, E. Yu, Expression of metallothionein-1 and metallothionein-2 as a prognostic 
marker in hepatocellular carcinoma, J. Gastroenterol. Hepatol. 28 (2013) 1565-1572. 

[57] M. Fabbri, C. Urani, M.G. Sacco, C. Procaccianti, L. Gribaldo, Whole genome 
analysis and microRNAs regulation in HepG2 cells exposed to cadmium, ALTEX-
Altern. Anim. Exp. 29 (2012) 173-182. 

[58] D.W. Yan, J.W. Fan, Z.H. Yu, M.X. Li, Y.G. Wen, D.W. Li, C.Z. Zhou, X.L. Wang, 
Q. Wang, H.M. Tang, Z.H. Peng, Downregulation of Metallothionein 1F, a putative 
oncosuppressor, by loss of heterozygosity in colon cancer tissue, Biochim. Biophys. 
Acta-Mol. Basis Dis. 1822 (2012) 918-926. 

[59] A. Cerbone, C. Toaldo, R. Minelli, E. Ciamporcero, S. Pizzimenti, P. Pettazzoni, G. 
Roma, M.U. Dianzani, C. Ullio, C. Ferretti, C. Dianzani, G. Barrera, Rosiglitazone 
and AS601245 Decrease Cell Adhesion and Migration through Modulation of Specific 
Gene Expression in Human Colon Cancer Cells, PLoS ONE 7 (2012) 1-14. 

[60] K.M. Skubitz, P. Francis, A.P.N. Skubitz, X.H. Luo, M. Nilbert, Gene expression 
identifies heterogeneity of metastatic propensity in high-grade soft tissue sarcomas, 
Cancer 118 (2012) 4235-4243. 

[61] P. Scaruffi, F. Morandi, F. Gallo, S. Stigliani, S. Parodi, S. Moretti, S. Bonassi, P. 
Fardin, A. Garaventa, G. Zanazzo, V. Pistoia, G.P. Tonini, M.V. Corrias, Bone 
marrow of neuroblastoma patients shows downregulation of CXCL12 expression and 
presence of IFN signature, Pediatr. Blood Cancer 59 (2012) 44-51. 

[62] M. Peyre, F. Commo, C. Dantas-Barbosa, F. Andreiuolo, S. Puget, L. Lacroix, F. 
Drusch, V. Scott, P. Varlet, A. Mauguen, P. Dessen, V. Lazar, G. Vassal, J. Grill, 
Portrait of Ependymoma Recurrence in Children: Biomarkers of Tumor Progression 
Identified by Dual-Color Microarray-Based Gene Expression Analysis, PLoS ONE 5 
(2010) 1-15. 



 

32 
 

[63] E. Emri, K. Egervari, T. Varvolgyi, D. Rozsa, E. Miko, B. Dezso, I. Veres, G. Mehes, 
G. Emri, E. Remenyik, Correlation among metallothionein expression, intratumoural 
macrophage infiltration and the risk of metastasis in human cutaneous malignant 
melanoma, J. Eur. Acad. Dermatol. Venereol. 27 (2013) e320-e327. 

[64] A. Imoto, M. Okada, T. Okazaki, H. Kitasato, H. Harigae, S. Takahashi, 
Metallothionein-1 Isoforms and Vimentin Are Direct PU.1 Downstream Target Genes 
in Leukemia Cells, J. Biol. Chem. 285 (2010) 10300-10309. 

[65] M.V. Sokolov, I.V. Panyutin, I.G. Panyutin, R.D. Neumann, Dynamics of the 
transcriptome response of cultured human embryonic stem cells to ionizing radiation 
exposure, Mutat. Res.-Fundam. Mol. Mech. Mutagen. 709-10 (2011) 40-48. 

[66] Y. Shuai, J. Guo, Y.S. Dong, W.J. Zhong, P. Xiao, T. Zhou, L.S. Zhang, S.Q. Peng, 
Global gene expression profiles of MT knockout and wild-type mice in the condition 
of doxorubicin-induced cardiomyopathy, Toxicol. Lett. 200 (2011) 77-87. 

[67] M.J. Lee, D.W. Gong, B.F. Burkey, S.K. Fried, Pathways regulated by glucocorticoids 
in omental and subcutaneous human adipose tissues: a microarray study, Am. J. 
Physiol.-Endocrinol. Metab. 300 (2011) E571-E580. 

[68] S. Wong, K. Tan, K.T. Carey, A. Fukushima, T. Tiganis, T.J. Cole, Glucocorticoids 
Stimulate Hepatic and Renal Catecholamine Inactivation by Direct Rapid Induction of 
the Dopamine Sulfotransferase Sult1d1, Endocrinology 151 (2010) 185-194. 

[69] J. Cui, Y. Xiao, Y.H. Shi, B. Wang, G.W. Le, Lipoic acid attenuates high-fat-diet-
induced oxidative stress and B-cell-related immune depression, Nutrition 28 (2012) 
275-280. 

[70] K. Giller, P. Huebbe, S. Hennig, J. Dose, K. Pallauf, F. Doering, G. Rimbach, 
Beneficial effects of a 6-month dietary restriction are time-dependently abolished 
within 2 weeks or 6 months of refeeding-genome-wide transcriptome analysis in 
mouse liver, Free Radic. Biol. Med. 61 (2013) 170-178. 

[71] M. Augsten, H. Hackl, B. Ebner, A. Chemelli, O. Glatter, G. Marsche, U. Lang, G. 
Desoye, C. Wadsack, Fetal HDL/apoE: a novel regulator of gene expression in human 
placental endothelial cells, Physiol. Genomics 43 (2011) 1255-1262. 

[72] Y. Fujiwara, A. Honda, C. Yamamoto, T. Kaji, M. Satoh, DNA microarray analysis of 
human coronary artery endothelial cells exposed to cadmium, J. Toxicol. Sci. 36 
(2011) 141-143. 

[73] C.A. Godman, K.P. Chheda, L.E. Hightower, G. Perdrizet, D.G. Shin, C. Giardina, 
Hyperbaric oxygen induces a cytoprotective and angiogenic response in human 
microvascular endothelial cells, Cell Stress Chaperones 15 (2010) 431-442. 

[74] L. Marselli, J. Thorne, S. Dahiya, D.C. Sgroi, A. Sharma, S. Bonner-Weir, P. 
Marchetti, G.C. Weir, Gene Expression Profiles of Beta-Cell Enriched Tissue 
Obtained by Laser Capture Microdissection from Subjects with Type 2 Diabetes, 
PLoS ONE 5 (2010) 1-13. 

[75] Y. Gondo, H. Satsu, Y. Ishimoto, T. Iwamoto, M. Shimizu, Effect of taurine on 
mRNA expression of thioredoxin interacting protein in Caco-2 cells, Biochem. 
Biophys. Res. Commun. 426 (2012) 433-437. 



 

33 
 

[76] K. Nojima, K. Sugimoto, H. Ueda, N. Babaya, H. Ikegami, H. Rakugi, Analysis of 
hepatic gene expression profile in a spontaneous mouse model of type 2 diabetes 
under a high sucrose diet, Endocr. J. 60 (2013) 261-274. 

[77] D. Du, Y.H. Shi, G.W. Le, Oxidative stress induced by high-glucose diet in liver of 
C57BL/6J mice and its underlying mechanism, Mol. Biol. Rep. 37 (2010) 3833-3839. 

[78] N. Razali, A.A. Aziz, S.M. Junit, Gene expression profiles in human HepG2 cells 
treated with extracts of the Tamarindus indica fruit pulp, Genes Nutr. 5 (2010) 331-
341. 

[79] S. De, S. Ghosh, R. Chatterjee, Y.Q. Chen, L. Moses, A. Kesari, E.P. Hoffman, S.K. 
Dutta, PCB congener specific: oxidative stress response by microarray analysis using 
human liver cell line, Environ. Int. 36 (2010) 907-917. 

[80] A. Honda, H. Komuro, H. Nagase, I. Hozumi, T. Inuzuka, H. Hara, Y. Fujiwara, M. 
Satoh, Microarray analysis of the liver in metallothionein-III null mice treated with 
cadmium, J. Toxicol. Sci. 35 (2010) 271-273. 

[81] C.C. Wu, J.S. Chen, C.F. Huang, C.C. Chen, K.C. Lu, P.L. Chu, H.K. Sytwu, Y.F. 
Lin, Approaching Biomarkers of Membranous Nephropathy from a Murine Model to 
Human Disease, J. Biomed. Biotechnol. 2011 (2011) 1-11. 

[82] R.C. Shelton, J. Claiborne, M. Sidoryk-Wegrzynowicz, R. Reddy, M. Aschner, D.A. 
Lewis, K. Mirnics, Altered expression of genes involved in inflammation and 
apoptosis in frontal cortex in major depression, Mol. Psychiatr. 16 (2011) 751-762. 

[83] A. Sequeira, L. Morgan, D.M. Walsh, P.M. Cartagena, P. Choudary, J. Li, A.F. 
Schatzberg, S.J. Watson, H. Akil, R.M. Myers, E.G. Jones, W.E. Bunney, M.P. 
Vawter, Gene Expression Changes in the Prefrontal Cortex, Anterior Cingulate Cortex 
and Nucleus Accumbens of Mood Disorders Subjects That Committed Suicide, PLoS 
ONE 7 (2012) 1-10. 

[84] L. Czibere, L.A. Baur, A. Wittmann, K. Gemmeke, A. Steiner, P. Weber, B. Putz, N. 
Ahmad, M. Bunck, C. Graf, R. Widner, C. Kuhne, M. Panhuysen, B. Hambsch, G. 
Rieder, T. Reinheckel, C. Peters, F. Holsboer, R. Landgraf, J.M. Deussing, Profiling 
Trait Anxiety: Transcriptome Analysis Reveals Cathepsin B (Ctsb) as a Novel 
Candidate Gene for Emotionality in Mice, PLoS ONE 6 (2011) 1-12. 

[85] C. Ma, L.F. Li, X. Chen, Expression of metallothionein-I and II in skin ageing and its 
association with skin proliferation, Br. J. Dermatol. 164 (2011) 479-482. 

[86] Z. Trost, R. Trebse, J. Prezelj, R. Komadina, D.B. Logar, J. Marc, A microarray based 
identification of osteoporosis-related genes in primary culture of human osteoblasts, 
Bone 46 (2010) 72-80. 

[87] L. Alvarez, H. Gonzalez-Iglesias, M. Garcia, S. Ghosh, A. Sanz-Medel, M. Coca-
Prados, The Stoichiometric Transition from Zn6Cu1-Metallothionein to Zn-7-
Metallothionein Underlies the Up-regulation of Metallothionein (MT) Expression 
Quantitative Analysis of MT-Metal Load in Eye Cells, J. Biol. Chem. 287 (2012) 
28456-28469. 

[88] Y.A. Zhu, R. Natoli, K. Valter, J. Stone, Differential gene expression in mouse retina 
related to regional differences in vulnerability to hyperoxia, Mol. Vis. 16 (2010) 740-
755. 



 

34 
 

[89] D.G. Ogando, K.D. Dahlquist, M. Alizadeh, K. Kunchithapautham, J. Li, N. Yu, M.M. 
LaVail, B. Rohrer, D. Vollrath, M. Danciger, Candidate genes for chromosomes 6 and 
10 quantitative trait loci for age-related retinal degeneration in mice, Mol. Vis. 16 
(2010) 1004-1018. 

[90] S. Yamada, Y. Naito, T. Takagi, K. Mizushima, R. Horie, K. Fukumoto, K. Inoue, A. 
Harusato, K. Uchiyama, O. Handa, N. Yagi, H. Ichikawa, T. Yoshikawa, Rebamipide 
ameliorates indomethacin-induced small intestinal injury in rats via the inhibition of 
matrix metalloproteinases activity, J. Gastroenterol. Hepatol. 27 (2012) 1816-1824. 

[91] O.M. Pena, J. Pistolic, D. Raj, C.D. Fjell, R.E.W. Hancock, Endotoxin Tolerance 
Represents a Distinctive State of Alternative Polarization (M2) in Human 
Mononuclear Cells, J. Immunol. 186 (2011) 7243-7254. 

[92] H.S. Lee, H.L. Park, T.W. Kim, The effects of the ZnTe capping layer thickness on 
the optical and electronic properties in CdTe/ZnTe quantum dots, Appl. Phys. Lett. 92 
(2008) 1-6. 

 
 
 
 

Captions for Figures 

 

Figure 1 

Summary of MT functions in human diseases. 

 

Figure 2 

Comparison of different requested steps for various microarray detections. (A) Describes two 

cell populations (diseased and control sample), RNA extraction, cDNA preparation and 

labelling by Cy5 (red) or Cy3 (green) fluorochrome, purification, targeting and fluorescence 

detection. (B + C) Describe steps needed for microarray detected by electrochemistry, (B) 

diseased and (C) control sample. Microarray probes are hybridized to biotin-labelled targets. 

The HRP-streptavidin conjugate binds to biotin, and enzymatic oxidation of the electron 
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donor substrate then occurs. The approach is based on the detection of redox active 

chemistries (horseradish peroxidase (HRP) and the associated substrate 3,3’,5,5’–

tetramethylbenzidine (TMB)) proximal to specific microarray electrodes. The detection 

current is generated due to electro-reduction of the HRP reaction product. 

 

Figure 3 

Schematic illustration of tissue microarrays fabrication and processing. 

 

Figure 4 

Scheme of a microarray-based experiment. After cells treatment or tissues sampling, RNA is 

extracted and/or converted to cDNA and hybridized with immobilized probes. In case of 

tissue microarray, the tissue cores are embedded into a paraffin block, sliced using a 

microtome and subjected to multiple (immuno)histochemical staining. The up/down-regulated 

expression of candidate proteins is validated by independent techniques. 
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Table 1. Summary of MT isoforms detected by microarray in different samples. 
Abbreviations: a – ageing, cd – cardiovascular diseases, d – diabetes, dt – drug toxicity, h – 
hepatotoxicity, n – nephrotoxicity, o – obesity, os – osteoporosis , p – psychiatric disorders, t 
– tumour, vi – vision. 

 

Sample Analysed 
molecules Regulation of MT References Disease 

Cell 

cDNA 
MT-1B, MT-1K, MT-2A [48] t 
MT-1X [49] t 

RNA 

MT-1A, MT-1B,  MT-1E, MT-1G, MT-1H,  MT-1M,  MT-2A [50] t 
MT-1A,  MT-1B,  MT-1E,  MT-1F,  MT-1G, MT-1H,  MT-1J (pseudogene),  
MT-1M,  MT-1L (gene/pseudogene),  MT-1X,  MT-2A  [57] t 
MT-1E, MT-1G,  MT-1H,  MT-1M,  MT-1X,  MT-2A  [59] t 

MT-1B, MT-1E, MT-1G, MT-1H,  MT-1L,  MT-1X,  MT-2A [40] t 
MT-1G,  MT-2A  [64] t 
MT-1G,  MT-1H,  MT-1L, MT-1M [65] t 
MT-1E,  MT-1H,  MT-1X  [72] cd 
MT-1E, MT-1F, MT-1G, MT-1H,  MT-1M, MT-1X  [73] cd 
MT-1H  [75] d 
MT-1F, MT-1M, MT-1X  [78] h 
MT-1F,  MT-1G, MT-1X [79] h 
MT-1A,  MT-1E,   MT-1F, MT-1G,  MT-1X,  MT-2A [91] dt 

Tissue 

cDNA MT-1F,  MT-1H,  MT-1X, MT-2A   [60] t 

RNA 

MT-2A [51] t 

MT-1A, MT-1E,  MT-1F, MT-1G,  MT-1H, MT-1X,  pseudogene MT1-IP [54] t 
MT-1G [55] t 
MT-1F,  MT-1G, MT-1X,  MT-2A [58] t 

MT-1B, MT-1E, MT-1G,  MT-1H, MT-1L,  MT-1X,  MT-2A [40] t 
MT [61] t 

MT-1B,  MT-1E,  MT-1G,  MT-1L,  MT-1X,  MT-2A,  MT-3 [62] t 
381 characteristically MT-responsive genes [66] t 

MT-1, MT-2 
[68,69,76,88,8

9] o, o, d, vi, vi 
MT [92] o 
MT-1 [70,81,84] o, n, p 
MT-1X,  MT-2A  [71] cd 
MT-1E,  MT-1G,  MT-1M, MT-1X,  MT-2A [74] d 
MT-2  [77] d 
MT-3 [80] h 
MT-1M [82] p 
MT-1E,  MT-1F,  MT-1G,  MT-1H,  MT-1X, MT-2A [83] p 
MT-1G  [86] os 
MT-1A,  MT-1B,  MT-1E,  MT-1F,  MT-1G,  MT-1H, MT-1M,  MT-1X,  MT-
2A,  MT-3, MT-4 [87] vi 
MT-1A  [90] dt 

Tissue 
MT-1H [52] t 
MT-1 [53] t 
MT-1, MT-2 [56,63,85] t, t, a 
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