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Abstract: Mammalian metallothionein-2A (MT2A) has received considerable attention in recent
years due to its crucial pathophysiological role in anti-oxidant, anti-apoptosis, detoxification and
anti-inflammation. For many years, most studies evaluating the effects of MT2A have focused on
reactive oxygen species (ROS), as second messengers that lead to oxidative stress injury of cells and
tissues. Recent studies have highlighted that oxidative stress could activate mitogen-activated protein
kinases (MAPKs), and MT2A, as a mediator of MAPKs, to regulate the pathogenesis of various
diseases. However, the molecule mechanism of MT2A remains elusive. A deeper understanding of
the functional, biochemical and molecular characteristics of MT2A would be identified, in order to
bring new opportunities for oxidative stress therapy.

Keywords: metallothionein-2A; oxidative stress; mitogen-activated protein kinases; reactive
oxygen species

1. Introduction

Mammalian metallothioneins (MTs) are low molecular mass (6–7 kDa) proteins, which become
a big family of metal-binding and metal-absorbing, cysteine-rich molecules [1,2]. Human MTs consist
of 11 functional isoforms: MT-1 (A, B, E, F, G, H, M, and X), MT-2 (known as MT2A), MT-3, and MT-4,
and furthermore both MT-1 and MT2A are expressed in various organs, tissues, and cultured cells,
while MT-3 is expressed mainly in the brain and MT-4 most abundant in certain epithelial tissues [3].
Frankly, although MT-1 and MT2A have been largely studied together, MT2A have specific functions
in regulating autophagy and apoptosis [4], and increasing risk of prostate cancer [5], as well as ductal
breast cancer [6]. MT2A is composed of 61 amino acids and characterized by low molecular weight
(7kDa), high cysteine content(30%) and lack of aromatic amino residues [7]. The binding metal of
apoMT2A could form α-domain and β-domain, promoting convergence to the dumbbell-shaped
conformation [8] (Figure 1). The function of MT2A is to regulate metal homeostasis, detoxification,
oxidative stress, immune defense, cell cycle progression, cell proliferation and differentiation, and
angiogenesis [9–13]. Importantly, MT2A could regulate MAPKs and play a crucial pathophysiological
role in anti-oxidation, anti-apoptosis, anti-inflammation [14–17]. Reactive oxygen species (ROS) are
a class of chemically reactive metabolites including superoxide anion (O2

•−), hydroxyl radical (•OH),
peroxynitrite (ONOO−) and hydrogen peroxide (H2O2), which could cause protein dysfunction and
DNA damage, leading to gene mutations and cell death [18,19]. In recent years, ROS have generally
been described as second messengers because of cellular signaling cascades and pathophysiological
processes, such as proliferation, gene expression, adhesion, differentiation, senescence, apoptosis and
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necrosis [20,21], which are mediated by activated MAPKs [22–25]. Massive studies have revealed that
oxidative stress played an important role in the pathogenesis of various diseases, such as coronary
heart diseases (CHDs) [26–28], neurodegenerative disorders [29,30], cancer [31–33], and aging [34,35].
Overall, more evidences have indicated that MT2A, as a free radical scavenger, might protect cells and
tissues from oxidative stress. Admittedly, present review mainly focuses on total MT rather than its
subtypes, but we can presume that MT2A possibly has similar function. Consequently, this review
summarizes the relationship between MT2A and oxidative stress.
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2. Metallothionein-2A (MT2A) Gene Expression Regulation 

MT2A could be influenced by Zn in human lymphocytes [36]. It is up-regulated during 
oxidative stress and hypoxia/reoxygenation (H/R) with the increasing levels of ROS [37], H2O2 [38], 
and various metal ions, such as Cd2+ and Cu+ [39]. MT2A promoter region contains metal responsive 
elements, glucocorticoid responsive elements, antioxidant responsive elements, cAMP responsive 
elements, tissue plasminogen activator-responsive elements and interferon responsive elements. The 
core promoter region of MT2A contains single nucleotide polymorphism, with 87% homozygote 
typical (AA) and 12.3% heterozygote (AG) [40]. MT2A is severely suppressed by knockdown of 
metal responsive element-binding transcription factor-1 [41]. 

3. MT2A Function 

3.1. Anti-Oxidative Stress Injury 

3.1.1. The Role of Zn 

MT2A is a powerful scavenger of free radicals through its cysteine residues [15]. It is a Zn 
chelator when the amount of Zn is excessive and as a scavenger of ROS when oxidative stress is 
elevated [37]. The binding Zn of apoMT would maintain the stability of MT [42], and oxidative stress 
could also trigger Zn to integrate with apoMT [43]. Unfortunately, no further studies focusing on 
MT2A have been performed. Low dose of Zn (50 μM ZnSO4) could up-regulate MT2A expression in 
reducing cytotoxicity through inhibiting oxidative stress and DNA damage [44], whereas the high 
dose (100 μM ZnSO4) is responsible for neurotoxicity through ERK1/2 [45]. MT2A is capable of 

Figure 1. Structure of human metallothionein-2 (MT-2). Amino acid sequence and 3D structure were
retrieved from UniProt (P02795). Class I MT2 contains 2 metal-binding domains: four divalent ions
are chelated within cluster A of the α-domain and are coordinated via cysteinyl thiolate bridges to
11 cysteine ligands. Cluster B, the corresponding region within the β-domain, can ligate three divalent
ions to 9 cysteines. The 3D structures show that cluster A could bind three metal ions (Cd2+), and
cluster B could bind four metal ions (Cd2+), respectively.

2. Metallothionein-2A (MT2A) Gene Expression Regulation

MT2A could be influenced by Zn in human lymphocytes [36]. It is up-regulated during oxidative
stress and hypoxia/reoxygenation (H/R) with the increasing levels of ROS [37], H2O2 [38], and various
metal ions, such as Cd2+ and Cu+ [39]. MT2A promoter region contains metal responsive elements,
glucocorticoid responsive elements, antioxidant responsive elements, cAMP responsive elements,
tissue plasminogen activator-responsive elements and interferon responsive elements. The core
promoter region of MT2A contains single nucleotide polymorphism, with 87% homozygote typical
(AA) and 12.3% heterozygote (AG) [40]. MT2A is severely suppressed by knockdown of metal
responsive element-binding transcription factor-1 [41].

3. MT2A Function

3.1. Anti-Oxidative Stress Injury

3.1.1. The Role of Zn

MT2A is a powerful scavenger of free radicals through its cysteine residues [15]. It is a Zn chelator
when the amount of Zn is excessive and as a scavenger of ROS when oxidative stress is elevated [37].
The binding Zn of apoMT would maintain the stability of MT [42], and oxidative stress could also
trigger Zn to integrate with apoMT [43]. Unfortunately, no further studies focusing on MT2A have
been performed. Low dose of Zn (50 µM ZnSO4) could up-regulate MT2A expression in reducing
cytotoxicity through inhibiting oxidative stress and DNA damage [44], whereas the high dose (100 µM
ZnSO4) is responsible for neurotoxicity through ERK1/2 [45]. MT2A is capable of binding Zn2+,
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known as Zn7MT2A, which affects ionic homeostasis and subsequent neurotoxicity of cultured cortical
neurons [10]. The characterization of the metal-binding abilities of MT2A shows a clear preference
towards Zn2+ coordination, compared to Cd2+ and Cu+ [39].

3.1.2. MT2A and Other Antioxidants

Intracellular antioxidants commonly include glutathione (GSH), heme oxygenase-1 (HO-1),
superoxide dismutase-1 and triphosphopyridine nucleotide (NAPDH) [46]. MT2A could create
a new pool of thiol in cell cytosol which could attenuate the damaging effect of GSH depletors [47].
The ability of MT2A to scavenge free •OH and peroxyl radicals is found to be 100-fold higher than
that of GSH [48]. Both MT2A and HO-1 are increased along with ROS during oxidative stress [49].
Moreover, MT-1/2 double knockout cells would adapt to the expression of HO-1 [50]. Additionally, MT
could mediate phosphorylate extracellular signal-regulated kinases (ERK), and control ROS through
regulating HO-1 [51].

3.2. Anti-Apoptosis

A wide range of adverse stimuli, such as oxidative stress could cause cell apoptosis [21].
MT2A reduces adriamycin-induced myocardial injury through inhibition of oxidative stress-mediated
mitochondrial cytochrome-c release and activated caspase-3 [47], protects human umbilical vein
endothelial cells from lipopolysaccharide (LPS)-associated apoptosis, and also influences cellular
behaviors such as proliferation and chemotaxis by binding to membrane receptors [52]. MT2A could
also protect endoplasmic reticulum (ER) stress-induced cardiac failure associated with attenuation
of myocardial apoptosis [53]. Knockdown of MT2A could down-regulate Zn level and affect cell
apoptosis [4]. Moreover, MT2A is a protective protein from apoptosis by down-regulating the
expression of Bax, caspase-3, caspase-9, and caspase-12 [4,54].

3.3. Anti-Inflammation

MT2A could regulate cell inflammatory response through inhibition of nuclear factor-κB
(NF-κB) [55], and endothelial-overexpressed LPS-associated factor-1 (EOLA1) [56]. Inflammatory
cytokines are released by oxidative stress [57], whereas MT2A could inhibit the activation of
pro-inflammatory cytokines, such as IL-6, IL-12 and TNF-α [15]. MT-1/2 knockout would significantly
aggravate renal oxidative damage and inflammation induced by intermittent hypoxiavia Nrf2 signaling
pathway [58].

4. MT2A and Oxidative Stress

4.1. Subcellular Changes

4.1.1. Mitochondrial Stress

Oxidative stress-mediated damage to mitochondrial DNA could be observed in patients with
diabetes mellitus and atherosclerosis [59]. MT2A exerts antioxidant effects against mitochondrial
superoxide [60]. Over expression of MT2A can decrease oxygen consumption, down-regulate
cellular ATP levels and decrease oxidative phosphorylation capacity, and interact with mitochondrial
complexes indirectly, which might be involved in the inhibition of certain respiratory enzymes via
metal binding [61]. MT2A could suppress ischemia/reperfusion (I/R)-induced myocardial apoptosis
mediated by mitochondrial stress [62] (Figure 2). As for downstream signaling, intrinsic apoptotic
signaling leads to mitochondrial membrane permeabilization and releases cytochrome-c into the
cytosol through JNK signal [63].
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4.1.2. ER Stress (ERS)

ERS stimulates autophagy in a JNK-dependent manner and promotes cell survival during
oxidative stress [64]. MT2A could suppress the expression of CCAAT/enhancer-binding protein
(C/EBP) homologous protein (CHOP) during Ang II-induced ERS [65] (Figure 2). ERS augments left
ventricular diameter, suppresses heart contractility, and induces liver injury, which are significantly
attenuated or ablated by MTs [66,67]. Additionally, ERS leads to accumulation of unfolded proteins in
ER, which could activate multiple signaling pathways including JNK, p38 and NF-κB [68,69].

4.1.3. Lysosomal Membrane Permeabilization (LMP) Stress (LMPS)

Oxidative stress could induce LMP through activation of lysosomal hydrolytic enzymes [70],
which causes apoptosis [71]. MT-1/2A up-regulation has been reported to protect against LMP
induced by various kinds of oxidative stress [72]. Lysosomal delivery of up-regulated MT2A is the key
mechanism by which autophagy protects cells against LMPS [73] (Figure 2). LMPS is associated with
activation of MAPKs, for instance, JNK has an important pro-apoptotic function, which mediates the
upstream of LMP and phosphorylation [63].

4.1.4. Biological Membrane Lipid Peroxidation Injury (LPI)

MT2A could inhibit LPI and improve recovery after transient brain I/R in rats [74] and other
researches have demonstrated that LPI increased by I/R-induced myocardial injury are dramatically
decreased in MT-overexpressing mice and the oxidative damage in the lipid membranes is related to
lipid peroxide (LPO)and MT levels [62] (Figure 2).
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4.2. The Role of MT2A in MAPKs Signals

MAPKs comprise a family of serine/threonine phosphorylating proteins, which contain three
main branches: ERK, JNK and p38 [75]. MTs play an important role in improving the LPS-induced
cardiac dysfunction with activated MAPK [76] (Figure 3). However, MT plays a key role in preventing
hypoxia-induced renal injury via Nrf2, owing to inactivation of AKT and ERK [58]. Arsenic trioxide
could induce H9c2 cell death in a dose- and time-dependent manner with a significant activation
of MAPKs, but not in MT-H9c2 cells [77]. Importantly, the protective effect of MT on arsenic
trioxide-induced apoptotic cell is completely recaptured in heart with a significant prevention of
MAPKs [77]. In Cd-induced apoptotic cells, MT is less expressed in Cd-sensitive cells but p-JNK
is increased, and a strong activator of JNK, R0318220, could reverse the Cd-sensitive phenotype
in Cd-resist cells, and this research also showed that p-JNK1/2 is markedly up-regulated in
MT−/−cells compared with MT+/+cells through Cd treatment, suggesting that MT might inhibit
JNK1/2 activation [16]. Another study has indicated that the suppression of JNK is mediated by
ROS [78]. Whether MT directly inhibits JNK phosphorylation or not remains elusive in present studies.
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5. MT2A and Disease

5.1. Cardiovascular Disease

MT2A is a potent antioxidant in heart [37,53,79] (Table 1). More importantly, antioxidant is shown
to exert beneficial effects in hypertension, atherosclerosis, ischemic heart disease, cardiomyopathy
and congestive heart failure [17,80]. Although the mechanism underlying myocardial protection from
I/R injury through MT has not been fully understood, a large pool of evidence has demonstrated
that oxidative stress is a critical mediator for myocardial damage during I/R [27,62]. MT2A might
play a role in cardiovascular protection through radical scavenging activities and suppression of lipid
peroxidation [81]. MT2A polymorphism is associated with atherosclerosis on coronary artery [26],
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and carotid artery [82]. The cardioprotective property of MT is involved in diabetes mellitus-, obesity-
and aging-induced cardiac damage [28,83]. ERS directly triggers cardiomyocyte dysfunction and MT
could ablate the process through up-regulating the level of JNK phosphorylation [84]. ERS inhibitor
tauroursodeoxycholic acid could reverse the process [85]. Moreover, MT is able to prevent myocardial
anomalies through restoration of autophagy in hypertensive heart diseases [79].

5.2. Nervous System Disease

Multiple nervous system diseases are closely related to MT2A. MT2A is the most significantly
up-regulated transcript in ischemic head [86], and it is a novel neuroprotective factor to prevent
ischemic injury [74] (Table 1). Simultaneously, MT2A is a critical component in the maintenance
of immune homeostasis, as it is demonstrated in autoimmune encephalomyelitis disease [87].
Parkinson’s disease is one of the most common progressive neurodegenerative disorders with increased
oxidative stress and MT2A released from astrocytes is a potent protector of dopaminergic neuron [88].
Alzheimer’s disease is triggered by the deposition of insoluble extracellular b-amyloid (Ab) plaque,
and MT2A is capable of protecting against Ab aggregation and toxicity for therapeutic approach to
Alzheimer’s disease [10]. Additionally, MT-1/2 knockout mice would result in embryonic lethality in
a model of Menkes disease (a copper efflux disease) [89].

5.3. Cancers

MT-1/2 deficiency predisposes mice more sensitive to early life Pb exposure with regard to testes
tumors, renal and urinary bladder preneoplastic lesions [33]. MT2A over-expression is associated with
cell proliferation in cancerous breast tissue [90], with significantly modified breast cancer risk, and cell
cycle is inhibited through silencing MT2A [91]. MT2A predicts high therapeutic value in hepatocellular
carcinoma [92], whereas predicts poor survival in glioblastoma multiforme [93]. MT2A might be
a chemosensitive indicator in gastric cancer (GC) [94], and another study found that MT2A might play
a role in suppressing tumor activity through inhibiting NF-κB and might be a prognostic biomarker and
potential target for individual therapy of GC [95] (Table 1). MT2A polymorphismis closely correlated
with neoplasm, implicated in laryngeal cancer [96]. In addition, MT2A contributes to chemotherapy
resistance in osteosarcoma [97]. Finally, it has to be mentioned that the MT2A has differential outcome
in various types of cancer that may be tissue or cell type dependent, just like E2 factor, including
cellular proliferation, apoptosis and tumor kinetics [98].

5.4. Aging

MT2A is crucial for the immune efficiency during aging and age-related diseases [99].
Up-regulated expression of MT2A in kidney with aging might play a protective role, which is
closely related to aging [34]. Additionally, MT2A gene polymorphisms are associated with aging in
Turkey [100] (Table 1).

5.5. Diabetes Mellitus

MT2A could prevent diabetes-induced cardiac ERS, which contributes to prevent dilated
cardiomyopathy (DCM) [65] (Table 1). MT2A plays an important role in antioxidant defense in
type2 diabetes mellitus through modulating glutathione, which promotes phosphorylation of insulin
receptors through enhancing transportation of glucose into cells [101]. Moreover, MT2Ais correlated
to diabetic atherosclerosis in patients [102].

5.6. Hepatal and Gastrointestinal Diseases

It was found that MT2A is slightly more expressed in both chronic hepatitis and Wilson’s
disease [103] (Table 1). Furthermore, MT2A could activate human hepatic stellate cells to up-regulate
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the expression of collagenase genes, which might exert the therapeutic effect upon liver fibrosis [104].
Additionally, MT2A could prevent colonic mucosal inflammation in murine experimental colitis [105].

Table 1. Summary of MT2A in relation to disease.

Reference Tissue Type/Sample Size Findings

Chung, et al. [10] Rat: cortical neuron cells;treated with/without
Aβ1–40; n = not disclosed

MT-2A was capable of therapeutic
approach to AD

Yang, et al. [26] Human: Peripheral blood; 287CHD; 226 control The gene polymorphism of
MT2A-838G/C was correlated to CHD

Xu, et al. [65]
Mice: myocytes; 6 wild-type; 6 cardiac-specific MT

transgenic mice; Rats: H9c2 and H9c2MT7 cells;
n = not disclosed

MT2A could prevent diabetes-induced
cardiac ERS, which contributed to

prevent DCM

Xue, et al. [37] Rats: H9c2 and H9c2MT7 cells; n = not disclosed
MT2A markedly increased oxidative

protection induced by H/R or Cd toxicity
in rat cardiac myocytes

Jakovac, et al. [87] Rats: Tissues: spinal cord, liver; BBH and DA MT2A had neuroprotective role of
autoimmune encephalomyelitis

Miyazaki, et al. [88]
Mice: Tissues: astrocytes, the striatum;

6-hydroxydopamine-Lesioned parkinsonian model
mice; control; n = not disclosed

MT2A provided a promising therapeutic
strategy in Parkinson’s disease

Pan, et al. [95] Human: Gastric tumor tissue; 684 GCs patients
cohort; 258 GC patients subset

MT2A might be a chemosensitivity
indicator in GC patients

Kayaalti, et al. [100] Human: Peripheral blood; 354 individuals aged
between 18 and 95

The IL-6-174C+ carriers and MT2A-5
G-carriers might be more advantageous

for longevity

Giacconi, et al. [102] Human: Peripheral blood; 91 Type 2 diabetes
patients; 188 control

The MT2A polymorphism was associated
with Type 2 diabetes and atherosclerosis

Nakazato, et al. [103]
Human: Peripheral blood; 18 chronic hepatitis C

patients and 19 Wilson’s disease patients;
200 control

A significantly elevated MT2A was found
in patients with chronic hepatitis and

Wilson’s disease

Xu, et al. [104]
Human: LX-2 cell from human hepatic stellate;

pEGFP-N1-hMT-IIA and pEGFP-N1 were
transfected into LX-2 cells; n = not disclosed

Liver fibrosis might be
treated by MT2A

MT7: human MT-IIA over-expressing cardiac cell line; BBH: bovine brain homogenate rats; DA: Dark Agouti
rats; IID: itai-itai disease; DCM: dilated cardiomyopathy.

6. Conclusions

MT2A is intimately associated with oxidative stress, mediated by subcellular pathways of
mitochondria, ER, lysosomal, and lipidosome, as well as MAPKs (ERK, JNK and p38) signals.
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40. Kayaaltı, Z.; Söylemezoğlu, T. The polymorphism of core promoter region on metallothionein 2A-metal
binding protein in Turkish population. Mol. Biol. Rep. 2009, 37, 185–190. [CrossRef] [PubMed]

41. Kukic, I.; Lee, J.K.; Coblentz, J.; Kelleher, S.L.; Kiselyov, K. Zinc-dependent lysosomal enlargement in
TRPML1-deficient cells involves MTF-1 transcription factor and ZnT4 (Slc30a4) transporter. Biochem. J. 2013,
451, 155–163. [CrossRef] [PubMed]

42. Summers, K.L.; Sutherland, D.E.; Stillman, M.J. Single-domain metallothioneins: Evidence of the onset of
clustered metal binding domains in Zn-rhMT 1a. Biochemistry 2013, 52, 2461–2471. [CrossRef] [PubMed]

43. Mocchegiani, E.; Giacconi, R.; Muti, E.; Cipriano, C.; Costarelli, L.; Tesei, S.; Gasparini, N.; Malavolta, M.
Zinc-bound metallothioneins and immune plasticity: Lessons from very old mice and humans.
Immun. Ageing 2007, 4. [CrossRef] [PubMed]

http://dx.doi.org/10.1007/s12013-013-9526-7
http://www.ncbi.nlm.nih.gov/pubmed/23417568
http://dx.doi.org/10.1042/BJ20111565
http://www.ncbi.nlm.nih.gov/pubmed/21967612
http://www.ncbi.nlm.nih.gov/pubmed/25555862
http://dx.doi.org/10.1152/physrev.00024.2007
http://www.ncbi.nlm.nih.gov/pubmed/18391174
http://dx.doi.org/10.2337/db06-1596
http://www.ncbi.nlm.nih.gov/pubmed/17575086
http://dx.doi.org/10.2174/1871527311211080012
http://www.ncbi.nlm.nih.gov/pubmed/23244425
http://dx.doi.org/10.1016/j.physbeh.2005.11.014
http://www.ncbi.nlm.nih.gov/pubmed/16430929
http://dx.doi.org/10.1007/s13277-015-3616-7
http://www.ncbi.nlm.nih.gov/pubmed/26036762
http://dx.doi.org/10.1002/ijc.25761
http://www.ncbi.nlm.nih.gov/pubmed/21792883
http://dx.doi.org/10.1016/j.tox.2010.06.006
http://www.ncbi.nlm.nih.gov/pubmed/20600549
http://dx.doi.org/10.1093/ndt/gfv451
http://www.ncbi.nlm.nih.gov/pubmed/26908771
http://dx.doi.org/10.1016/j.arr.2010.09.007
http://www.ncbi.nlm.nih.gov/pubmed/20933613
http://dx.doi.org/10.1080/00984100050194081
http://www.ncbi.nlm.nih.gov/pubmed/11127411
http://dx.doi.org/10.1016/j.toxlet.2009.03.007
http://www.ncbi.nlm.nih.gov/pubmed/19433272
http://dx.doi.org/10.1155/2015/267027
http://www.ncbi.nlm.nih.gov/pubmed/26101557
http://dx.doi.org/10.1039/c3mt00123g
http://www.ncbi.nlm.nih.gov/pubmed/23925449
http://dx.doi.org/10.1007/s11033-009-9586-3
http://www.ncbi.nlm.nih.gov/pubmed/19572214
http://dx.doi.org/10.1042/BJ20121506
http://www.ncbi.nlm.nih.gov/pubmed/23368743
http://dx.doi.org/10.1021/bi400021b
http://www.ncbi.nlm.nih.gov/pubmed/23506369
http://dx.doi.org/10.1186/1742-4933-4-7
http://www.ncbi.nlm.nih.gov/pubmed/17903270


Int. J. Mol. Sci. 2016, 17, 1483 10 of 13

44. Zheng, J.; Zhang, Y.; Xu, W.; Luo, Y.; Hao, J.; Shen, X.L.; Yang, X.; Li, X.; Huang, K. Zinc protects HepG2 cells
against the oxidative damage and DNA damage induced by ochratoxin A. Toxicol. Appl. Pharmacol. 2013,
268, 123–131. [CrossRef] [PubMed]

45. He, K.; Aizenman, E. ERK signaling leads to mitochondrial dysfunction in extracellular zinc-induced
neurotoxicity. J. Neurochem. 2010, 114, 452–461. [CrossRef] [PubMed]

46. Taguchi, K.; Motohashi, H.; Yamamoto, M. Molecular mechanisms of the Keap1-Nrf2 pathway in stress
response and cancer evolution. Genes Cells 2011, 16, 123–140. [CrossRef] [PubMed]

47. Roel, M.; Rubiolo, J.A.; Ternon, E.; Thomas, O.P.; Vieytes, M.R.; Botana, L.M. Crambescin C1 Exerts
a Cytoprotective Effect on HepG2 Cells through Metallothionein Induction. Mar. Drugs 2015, 13, 4633–4653.
[CrossRef] [PubMed]

48. Lian, Y.; Zhao, J.; Xu, P.; Wang, Y.; Zhao, J.; Jia, L.; Fu, Z.; Jing, L.; Liu, G.; Peng, S. Protective effects of
metallothionein on isoniazid and rifampicin-induced hepatotoxicity in mice. PLoS ONE 2013, 8, e72058.
[CrossRef] [PubMed]

49. Yang, M.; Chitambar, C.R. Role of oxidative stress in the induction of metallothionein-2A and heme
oxygenase-1 gene expression by the antineoplastic agent gallium nitrate in human lymphoma cells. Free Radic.
Biol. Med. 2008, 45, 763–772. [CrossRef] [PubMed]

50. Qu, W.; Pi, J.; Waalkes, M.P. Metallothionein blocks oxidative DNA damage in vitro. Arch. Toxicol. 2013, 87,
311–321. [CrossRef] [PubMed]

51. Hwang, Y.P.; Kim, H.G.; Han, E.H.; Jeong, H.G. Metallothionein-III protects against 6-hydroxydopamine-
induced oxidative stress by increasing expression of heme oxygenase-1 in a PI3K and ERK/Nrf2-dependent manner.
Toxicol. Appl. Pharmacol. 2008, 231, 318–327. [CrossRef] [PubMed]

52. Lynes, M.A.; Hidalgo, J.; Manso, Y.; Devisscher, L.; Laukens, D.; Lawrence, D.A. Metallothionein and stress
combine to affect multiple organ systems. Cell Stress Chaperones 2014, 19, 605–611. [CrossRef] [PubMed]

53. Yang, L.; Wang, J.; Yang, J.; Schamber, R.; Hu, N.; Nair, S.; Xiong, L.; Ren, J. Antioxidant metallothionein
alleviates endoplasmic reticulum stress-induced myocardial apoptosis and contractile dysfunction.
Free Radic. Res. 2015, 49, 1187–1198. [CrossRef] [PubMed]

54. Shimoda, R.; Achanzar, W.E.; Qu, W.; Nagamine, T.; Takagi, H.; Mori, M.; Waalkes, M.P. Metallothionein is
a potential negative regulator of apoptosis. Toxicol. Sci. 2003, 73, 294–300. [CrossRef] [PubMed]

55. Takano, H.; Inoue, K.; Yanagisawa, R.; Sato, M.; Shimada, A.; Morita, T.; Sawada, M.; Nakamura, K.; Sanbongi, C.;
Yoshikawa, T. Protective role of metallothionein in acute lung injury induced by bacterial endotoxin. Thorax
2004, 59, 1057–1062. [CrossRef] [PubMed]

56. Leng, W.; Lei, X.; Meng, H.; Ouyang, X.; Liang, Z. EOLA1 Inhibits Lipopolysaccharide-Induced Vascular
Cell Adhesion Molecule-1 Expression by Association with MT2A in ECV304 Cells. Int. J. Inflamm. 2015, 2015.
[CrossRef] [PubMed]

57. Oikonomou, N.; Harokopos, V.; Zalevsky, J.; Valavanis, C.; Kotanidou, A.; Szymkowski, D.E.; Kollias, G.;
Aidinis, V. Soluble TNF mediates the transition from pulmonary inflammation to fibrosis. PLoS ONE 2006, 1,
e108. [CrossRef] [PubMed]

58. Wu, H.; Zhou, S.; Kong, L.; Chen, J.; Feng, W.; Cai, J.; Miao, L.; Tan, Y. Metallothionein deletion exacerbates
intermittent hypoxia-induced renal injury in mice. Toxicol. Lett. 2015, 232, 340–348. [CrossRef] [PubMed]

59. Fetterman, J.L.; Holbrook, M.; Westbrook, D.G.; Brown, J.A.; Feeley, K.P.; Breton-Romero, R.; Linder, E.A.;
Berk, B.D.; Weisbrod, R.M.; Widlansky, M.E.; et al. Mitochondrial DNA damage and vascular function in
patients with diabetes mellitus and atherosclerotic cardiovascular disease. Cardiovasc. Diabetol. 2016, 15,
53–60. [CrossRef] [PubMed]

60. Duan, Q.; Wang, T.; Zhang, N.; Perera, V.; Liang, X.; Abeysekera, I.R.; Yao, X. Propylthiouracil, Perchlorate,
and Thyroid-Stimulating Hormone Modulate High Concentrations of Iodide Instigated Mitochondrial
Superoxide Production in the Thyroids of Metallothionein I/II Knockout Mice. Endocrinol. Metab. 2016, 31,
174–184. [CrossRef] [PubMed]

61. Bragina, O.; Gurjanova, K.; Krishtal, J.; Kulp, M.; Karro, N.; Tougu, V.; Palumaa, P. Metallothionein 2A affects
the cell respiration by suppressing the expression of mitochondrial protein cytochrome c oxidase subunit II.
J. Bioenerg. Biomembr. 2015, 47, 209–216. [CrossRef] [PubMed]

62. Kang, Y.J.; Li, Y.; Sun, X.; Sun, X. Antiapoptotic effect and inhibition of ischemia/reperfusion-induced
myocardial injury in metallothionein-overexpressing transgenic mice. Am. J. Pathol. 2003, 163, 1579–1586.
[CrossRef]

http://dx.doi.org/10.1016/j.taap.2013.01.021
http://www.ncbi.nlm.nih.gov/pubmed/23391613
http://dx.doi.org/10.1111/j.1471-4159.2010.06762.x
http://www.ncbi.nlm.nih.gov/pubmed/20412391
http://dx.doi.org/10.1111/j.1365-2443.2010.01473.x
http://www.ncbi.nlm.nih.gov/pubmed/21251164
http://dx.doi.org/10.3390/md13084633
http://www.ncbi.nlm.nih.gov/pubmed/26225985
http://dx.doi.org/10.1371/journal.pone.0072058
http://www.ncbi.nlm.nih.gov/pubmed/23967274
http://dx.doi.org/10.1016/j.freeradbiomed.2008.05.031
http://www.ncbi.nlm.nih.gov/pubmed/18586083
http://dx.doi.org/10.1007/s00204-012-0927-y
http://www.ncbi.nlm.nih.gov/pubmed/22914987
http://dx.doi.org/10.1016/j.taap.2008.04.019
http://www.ncbi.nlm.nih.gov/pubmed/18554677
http://dx.doi.org/10.1007/s12192-014-0501-z
http://www.ncbi.nlm.nih.gov/pubmed/24584987
http://dx.doi.org/10.3109/10715762.2015.1013952
http://www.ncbi.nlm.nih.gov/pubmed/25968954
http://dx.doi.org/10.1093/toxsci/kfg095
http://www.ncbi.nlm.nih.gov/pubmed/12700406
http://dx.doi.org/10.1136/thx.2004.024232
http://www.ncbi.nlm.nih.gov/pubmed/15563705
http://dx.doi.org/10.1155/2015/301562
http://www.ncbi.nlm.nih.gov/pubmed/26881174
http://dx.doi.org/10.1371/journal.pone.0000108
http://www.ncbi.nlm.nih.gov/pubmed/17205112
http://dx.doi.org/10.1016/j.toxlet.2014.11.015
http://www.ncbi.nlm.nih.gov/pubmed/25448280
http://dx.doi.org/10.1186/s12933-016-0372-y
http://www.ncbi.nlm.nih.gov/pubmed/27036979
http://dx.doi.org/10.3803/EnM.2016.31.1.174
http://www.ncbi.nlm.nih.gov/pubmed/26754589
http://dx.doi.org/10.1007/s10863-015-9609-9
http://www.ncbi.nlm.nih.gov/pubmed/25808318
http://dx.doi.org/10.1016/S0002-9440(10)63514-6


Int. J. Mol. Sci. 2016, 17, 1483 11 of 13

63. Bivik, C.; Ollinger, K. JNK mediates UVB-induced apoptosis upstream lysosomal membrane permeabilization
and Bcl-2 family proteins. Apoptosis 2008, 13, 1111–1120. [CrossRef] [PubMed]

64. Haberzettl, P.; Hill, B.G. Oxidized lipids activate autophagy in a JNK-dependent manner by stimulating the
endoplasmic reticulum stress response. Redox Biol. 2013, 1, 56–64. [CrossRef] [PubMed]

65. Xu, J.; Wang, G.; Wang, Y.; Liu, Q.; Xu, W.; Tan, Y.; Cai, L. Diabetes- and angiotensin II-induced cardiac
endoplasmic reticulum stress and cell death: Metallothionein protection. J. Cell. Mol. Med. 2009, 13,
1499–1512. [CrossRef] [PubMed]

66. Liang, T.; Zhang, Q.; Sun, W.; Xin, Y.; Zhang, Z.; Tan, Y.; Zhou, S.; Zhang, C.; Cai, L.; Lu, X.; et al.
Zinc treatment prevents type 1 diabetes-induced hepatic oxidative damage, endoplasmic reticulum stress,
and cell death, and even prevents possible steatohepatitis in the OVE26 mouse model: Important role
of metallothionein. Toxicol. Lett. 2015, 233, 114–124. [CrossRef] [PubMed]

67. Yang, L.; Hu, N.; Jiang, S.; Zou, Y.; Yang, J.; Xiong, L.; Ren, J. Heavy metal scavenger metallothionein
attenuates ER stress-induced myocardial contractile anomalies: Role of autophagy. Toxicol. Lett. 2014, 225,
333–341. [CrossRef] [PubMed]

68. Kim, I.; Xu, W.; Reed, J.C. Cell death and endoplasmic reticulum stress: Disease relevance and therapeutic
opportunities. Nat. Rev. Drug Discov. 2008, 7, 1013–1030. [CrossRef] [PubMed]

69. Gardner, O.S.; Shiau, C.W.; Chen, C.S.; Graves, L.M. Peroxisome proliferator-activated receptor
γ-independent activation of p38 MAPK by thiazolidinediones involves calcium/calmodulin-dependent
protein kinase II and protein kinase R: Correlation with endoplasmic reticulum stress. J. Biol. Chem. 2005,
280, 10109–10118. [CrossRef] [PubMed]

70. Boya, P.; Kroemer, G. Lysosomal membrane permeabilization in cell death. Oncogene 2008, 27, 6434–6451.
[CrossRef] [PubMed]

71. Eno, C.O.; Zhao, G.; Venkatanarayan, A.; Wang, B.; Flores, E.R.; Li, C. Noxa couples lysosomal membrane
permeabilization and apoptosis during oxidative stress. Free Radic. Biol. Med. 2013, 65, 26–37. [CrossRef]
[PubMed]

72. Baird, S.K.; Kurz, T.; Brunk, U.T. Metallothionein protects against oxidative stress-induced
lysosomal destabilization. Biochem. J. 2006, 394, 275–283. [CrossRef] [PubMed]

73. Ullio, C.; Brunk, U.T.; Urani, C.; Melchioretto, P.; Bonelli, G.; Baccino, F.M.; Autelli, R. Autophagy of
metallothioneins prevents TNF-induced oxidative stress and toxicity in hepatoma cells. Autophagy 2015, 11,
2184–2198. [CrossRef] [PubMed]

74. Diaz-Ruiz, A.; Vacio-Adame, P.; Monroy-Noyola, A.; Mendez-Armenta, M.; Ortiz-Plata, A.; Montes, S.;
Rios, C. Metallothionein-II inhibits lipid peroxidation and improves functional recovery after transient brain
ischemia and reperfusion in rats. Oxid. Med. Cell. Longev. 2014, 20. [CrossRef] [PubMed]

75. Qi, M.; Elion, E.A. MAP kinase pathways. J. Cell Sci. 2005, 118, 3569–3572. [CrossRef] [PubMed]
76. Ceylan-Isik, A.F.; Zhao, P.; Zhang, B.; Xiao, X.; Su, G.; Ren, J. Cardiac overexpression of metallothionein

rescues cardiac contractile dysfunction and endoplasmic reticulum stress but not autophagy in sepsis. J. Mol.
Cell. Cardiol. 2010, 48, 367–378. [CrossRef] [PubMed]

77. Miao, X.; Tang, Z.; Wang, Y.; Su, G.; Sun, W.; Wei, W.; Li, W.; Miao, L.; Cai, L.; Tan, Y.; et al. Metallothionein
prevention of arsenic trioxide-induced cardiac cell death is associated with its inhibition of mitogen-activated
protein kinases activation in vitro and in vivo. Toxicol. Lett. 2013, 220, 277–285. [CrossRef] [PubMed]

78. Peng, Z.; Peng, L.; Fan, Y.; Zandi, E.; Shertzer, H.G.; Xia, Y. A critical role for IκB kinase β in metallothionein-1
expression and protection against arsenic toxicity. J. Biol. Chem. 2007, 282, 21487–21496. [CrossRef] [PubMed]

79. Yang, L.; Gao, J.Y.; Ma, J.; Xu, X.; Wang, Q.; Xiong, L.; Yang, J.; Ren, J. Cardiac-specific overexpression
of metallothionein attenuates myocardial remodeling and contractile dysfunction in l-NAME-induced
experimental hypertension: Role of autophagy regulation. Toxicol. Lett. 2015, 237, 121–132. [CrossRef] [PubMed]

80. Dhalla, N.S.; Temsah, R.M.; Netticadan, T. Role of oxidative stress in cardiovascular diseases. J. Hypertens.
2000, 18, 655–673. [CrossRef] [PubMed]

81. Nath, R.; Kumar, D.; Li, T.; Singal, P.K. Metallothioneins, oxidative stress and the cardiovascular system.
Toxicology 2000, 155, 17–26. [CrossRef]

82. Giacconi, R.; Muti, E.; Malavolta, M.; Cipriano, C.; Costarelli, L.; Bernardini, G.; Gasparini, N.; Mariani, E.;
Saba, V.; Boccoli, G.; et al. The +838 C/G MT2A polymorphism, metals, and the inflammatory/immune
response in carotid artery stenosis in elderly people. Mol. Med. 2007, 13, 388–395. [CrossRef] [PubMed]

http://dx.doi.org/10.1007/s10495-008-0240-7
http://www.ncbi.nlm.nih.gov/pubmed/18651223
http://dx.doi.org/10.1016/j.redox.2012.10.003
http://www.ncbi.nlm.nih.gov/pubmed/24024137
http://dx.doi.org/10.1111/j.1582-4934.2009.00833.x
http://www.ncbi.nlm.nih.gov/pubmed/19583814
http://dx.doi.org/10.1016/j.toxlet.2015.01.010
http://www.ncbi.nlm.nih.gov/pubmed/25617602
http://dx.doi.org/10.1016/j.toxlet.2013.12.024
http://www.ncbi.nlm.nih.gov/pubmed/24440343
http://dx.doi.org/10.1038/nrd2755
http://www.ncbi.nlm.nih.gov/pubmed/19043451
http://dx.doi.org/10.1074/jbc.M410445200
http://www.ncbi.nlm.nih.gov/pubmed/15649892
http://dx.doi.org/10.1038/onc.2008.310
http://www.ncbi.nlm.nih.gov/pubmed/18955971
http://dx.doi.org/10.1016/j.freeradbiomed.2013.05.051
http://www.ncbi.nlm.nih.gov/pubmed/23770082
http://dx.doi.org/10.1042/BJ20051143
http://www.ncbi.nlm.nih.gov/pubmed/16236025
http://dx.doi.org/10.1080/15548627.2015.1106662
http://www.ncbi.nlm.nih.gov/pubmed/26566051
http://dx.doi.org/10.1155/2014/436429
http://www.ncbi.nlm.nih.gov/pubmed/24719677
http://dx.doi.org/10.1242/jcs.02470
http://www.ncbi.nlm.nih.gov/pubmed/16105880
http://dx.doi.org/10.1016/j.yjmcc.2009.11.003
http://www.ncbi.nlm.nih.gov/pubmed/19914257
http://dx.doi.org/10.1016/j.toxlet.2013.04.025
http://www.ncbi.nlm.nih.gov/pubmed/23664956
http://dx.doi.org/10.1074/jbc.M702510200
http://www.ncbi.nlm.nih.gov/pubmed/17526490
http://dx.doi.org/10.1016/j.toxlet.2015.06.005
http://www.ncbi.nlm.nih.gov/pubmed/26068063
http://dx.doi.org/10.1097/00004872-200018060-00002
http://www.ncbi.nlm.nih.gov/pubmed/10872549
http://dx.doi.org/10.1016/S0300-483X(00)00273-0
http://dx.doi.org/10.2119/2007-00045.Giacconi
http://www.ncbi.nlm.nih.gov/pubmed/17622311


Int. J. Mol. Sci. 2016, 17, 1483 12 of 13

83. Yang, X.; Doser, T.A.; Fang, C.X.; Nunn, J.M.; Janardhanan, R.; Zhu, M.; Sreejayan, N.; Quinn, M.T.;
Ren, J. Metallothionein prolongs survival and antagonizes senescence-associated cardiomyocyte diastolic
dysfunction: Role of oxidative stress. FASEB J. 2006, 20, 1024–1026. [CrossRef] [PubMed]

84. Ren, J. Endoplasmic reticulum stress impairs murine cardiomyocyte contractile function via
an Akt-dependent mechanism. Circulation 2007, 116, 74.

85. Guo, R.; Ma, H.; Gao, F.; Zhong, L.; Ren, J. Metallothionein alleviates oxidative stress-induced endoplasmic
reticulum stress and myocardial dysfunction. J. Mol. Cell. Cardiol. 2009, 47, 228–237. [CrossRef] [PubMed]

86. Trendelenburg, G.; Prass, K.; Priller, J.; Kapinya, K.; Polley, A.; Muselmann, C.; Ruscher, K.; Kannbley, U.;
Schmitt, A.O.; Castell, S.; et al. Serial analysis of gene expression identifies metallothionein-II as major
neuroprotective gene in mouse focal cerebral ischemia. J. Neurosci. 2002, 22, 5879–5888. [PubMed]

87. Jakovac, H.; Tota, M.; Grebic, D.; Grubic-Kezele, T.; Barac-Latas, V.; Mrakovcic-Sutic, I.; Milin, C.;
Radosevic-Stasic, B. Metallothionein I+II expression as an early sign of chronic relapsing experimental
autoimmune encephalomyelitis in rats. Curr. Aging Sci. 2013, 6, 37–44. [CrossRef] [PubMed]

88. Miyazaki, I.; Asanuma, M.; Murakami, S.; Takeshima, M.; Torigoe, N.; Kitamura, Y.; Miyoshi, K.
Targeting 5-HT(1A) receptors in astrocytes to protect dopaminergic neurons in Parkinsonian models.
Neurobiol. Dis. 2013, 59, 244–256. [CrossRef] [PubMed]

89. Kelly, E.J.; Quaife, C.J.; Froelick, G.J.; Palmiter, R.D. Metallothionein I and II protect against zinc deficiency
and zinc toxicity in mice. J. Nutr. 1996, 126, 1782–1790. [PubMed]

90. Jin, R.; Chow, V.T.; Tan, P.H.; Dheen, S.T.; Duan, W.; Bay, B.H. Metallothionein 2A expression is associated
with cell proliferation in breast cancer. Carcinogenesis 2002, 23, 81–86. [CrossRef] [PubMed]

91. Lim, D.; Jocelyn, K.M.; Yip, G.W.; Bay, B.H. Silencing the Metallothionein-2A gene inhibits cell cycle
progression from G1- to S-phase involving ATM and cdc25A signaling in breast cancer cells. Cancer Lett.
2009, 276, 109–117. [CrossRef] [PubMed]

92. Liu, T.P.; Hong, Y.H.; Tung, K.Y.; Yang, P.M. In silico and experimental analyses predict the therapeutic value
of an EZH2 inhibitor GSK343 against hepatocellular carcinoma through the induction of metallothionein genes.
Oncoscience 2016, 3, 9–20. [PubMed]

93. Mehrian-Shai, R.; Yalon, M.; Simon, A.J.; Eyal, E.; Pismenyuk, T.; Moshe, I.; Constantini, S.; Toren, A.
High metallothionein predicts poor survival in glioblastoma multiforme. BMC Med. Genom. 2015, 8. [CrossRef]
[PubMed]

94. Pan, Y.; Lin, S.; Xing, R.; Zhu, M.; Lin, B.; Cui, J.; Li, W.; Gao, J.; Shen, L.; Zhao, Y.; et al. Epigenetic Upregulation
of Metallothionein 2A by Diallyl Trisulfide Enhances Chemosensitivity of Human Gastric Cancer Cells to
Docetaxel Through Attenuating NF-κB Activation. Antioxid. Redox Signal. 2016, 24, 839–854. [CrossRef]
[PubMed]

95. Pan, Y.; Huang, J.; Xing, R.; Yin, X.; Cui, J.; Li, W.; Yu, J.; Lu, Y. Metallothionein 2A inhibits NF-κB pathway
activation and predicts clinical outcome segregated with TNM stage in gastric cancer patients following
radical resection. J. Transl. Med. 2013, 11. [CrossRef] [PubMed]
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