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ABSTRACT 

 
Protective Effects of Metallothionein-III on Oxidative Stress-

Induced Neuronal Cell Death 
 
Hwang Yong Pil  

Advisor: Prof. Jeong Hye Gwang, Ph.D.  

Department of Pharmacy, 

Graduate School of Chosun University 
 

Neuroprotecion by metallothionein-III involves activation of nuclear factor-κB 

through phosphatidylinositol-3 kinase signaling pathway 

Metallothionein (MT) gene family consists of several members (MT-I, -II, -III, IV) 

that are tightly regulated during development. Human MT-I and MT-II are 

expressed in many tissues, including the brain, whereas human MT-III is expressed 

mainly in the central nervous system. Human MTs are thought to play roles both in 

the intracellular regulation of the essential trace elements (zinc or copper) and in the 

protection from a variety of stress conditions. The zinc-binding protein MT-III is 

associated with resistance to neuronal injury. However, the underlying mechanism 

for its effects is unclear. The present study investigated the mechanisms of how 

MT-III protects neuronal cells from hypoxia- or DNA damage-induced cell death. 

MT-III reduced the hydrogen peroxide- or DNA damage-induced effects on 

 １



neuronal cell including cell death, the activation of caspase-3 and -9, and the release 

of mitochondrial cytochrome c to the cytoplasm in a does-dependent manner. In the 

meantime, MT-III increased the activation of Akt, the phosphorylation and 

degradation of IκB, the nuclear translocation/accumulation and the transcriptional 

activity of NF-κB in neuronal cells in a dose-dependent manner. The MT-III-

induced anti-apoptotic effects and increase in NF-κB activity were blocked by 

specific inhibitors of PI3K, Akt, or NF-κB, indicating that MT-III provides 

neuronal protection by activating NF-κB through PI3K/Akt signaling pathway. 
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Metallothionein-III protects against 6-hydroxydopamine-induced oxidative 

stress by increasing expression of heme oxygenase-1 in a PI3K and ERK/Nrf2 

dependent manner 

Parkinson's disease (PD) is a neurodegenerative movement disorder characterized 

by cell loss in the substantia nigra resulting in striatal dopamine depletion. 

Enhanced oxidative stress is implicated in the pathogenesis of PD. One mechanism 

by which cells defend themselves against oxidative stress is through the 

transcriptional upregulation of cytoprotective genes. Under oxidative stress 

conditions, the transcription factor NF-E2-related factor (Nrf2) binds to the 

antioxidant response element (ARE) to induce antioxidant and phase II 

detoxification enzymes, such as heme oxygenase-1 (HO-1). The catecholaminergic 

neurotoxin 6-hydroxydopamine (6-OHDA) induces the production of reactive 

oxygen species (ROS), leading to neuronal cell death. Metallothioneins (MTs) are 

low molecular weight, metal-binding proteins with established antioxidant 

capabilities. The expression and induction of MTs have been associated with 

protection against DNA damage, oxidative stress and apoptosis. However, the 

underlying mechanism for their effects is unclear. The present study demonstrated 

that MT-III prevents the accumulation of ROS, caspase-3 activation, and 

subsequent cell death in dopaminergic SH-SY5Y cells challenged with the PD-

related neurotoxin 6-OHDA. The mechanism involves phosphatidylinositol 3-
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kinase (PI3K)/Akt and ERK1/2-dependent induction of the stress response protein 

HO-1. Pretreatment of SH-SY5Y cells with MT-III significantly reduced 6-OHDA-

induced generation of ROS, caspase-3 activation, and subsequent cell death. MT-III 

up-regulates HO-1 expression and this expression confers neuroprotection against 

oxidative injury induced by 6-OHDA. Moreover, MT-III induces Nrf2 nuclear 

translocation, which is upstream of MT-III-induced HO-1 expression, and 

PI3K/Akt and ERK1/2 activation, a pathway that is involved in induced Nrf2 

nuclear translocation, HO-1 expression and neuroprotection. Taken together, these 

results suggest that MT-III augments the cellular antioxidant defense capacity by 

inducing HO-1 via the PI3K and ERK/Nrf2 signaling pathway, thereby protecting 

cells from oxidative stress. Collectively, these data provide evidence that MT-III 

prevents the degeneration of dopaminergic neurons by 6-OHDA and may prove 

useful in the treatment of PD. 
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I. Introduction 

 

Neuroprotecion by metallothionein-III involves activation of nuclear factor-κB 

through phosphatidylinositol 3-kinase signaling pathway 

Metallothioneins (MT) are a group of low molecular weight (6-7 kDa), intracellular 

metal-binding proteins that are expressed in a wide range of eukaryotic species 

from yeast to mammals (Kagi and Schaffer, 1988; Kagi, 1991; Vallee, 1991; Vasak 

and Hasler, 2000). MT-I and MT-II are ubiquitously expressed, whereas MT-III 

and MT-IV are expressed mainly in the central nervous system and the squamous 

epithelia, respectively (Ebadi et al., 1995; Aschner, 1996; Hozumi et al., 1998; 

Ghoshal and Jacob, 2001). Like other members of the MT family, MT-III contains 

20 highly conserved cysteine residues and binds copper and zinc. However, unlike 

the predominant MT-I or -II isoforms, the expression of MT-III is not induced by 

typical MT inducers such as zinc, kainic acid, glucocorticoids, interferons, and 

lipopolysaccharides (Hidalgo and Carrasco, 1998; Samson and Gedamu, 1998; 

Jacob et al., 1999; Hernandez et al., 2000; Haq et al., 2003). Furthermore, MT-III is 

unique in regard to its biological activities. MT-III was originally isolated from the 

brain and named growth inhibitory factor (GIF) based on its ability to inhibit the 

tropic effects of Alzheimer's disease brain extract on rat embryonic cortical neurons 

in culture (Hidalgo et al., 2001, 2006; Carrasco et al., 2006) Structural and 
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functional studies have shown that a unique sequence (Cys6ProCysPro9) at the N-

terminal domain of MT-III is necessary and sufficient for its growth inhibitory 

activity (Irie and Keung, 2003). However, studies on the regulation of MT-III 

activity in several animal brain injury models suggested that this isoform is 

involved in reparative and/or protective processes in the brain (Hozumi et al., 2006). 

Moreover, it has been recently reported that MT-III deficient mice are more 

susceptible to kainic acid-induced seizures and suffer more severe neuronal injury 

than normal mice, and that MT-III transgenic mice are more resistant to neuronal 

injury (Erickson et al., 1995). Although accumulating evidences suggest that MT-

III could play neuroprotective roles, the underlying mechanism remains unclear.  

Nuclear factor κB (NF-κB) transcription factors play important roles in regulating 

cell survival and differentiation as well as inflammatory and immune responses 

(Karin and Lin, 2002). In most cell types, NF-κB is present as a heterodimer 

comprising p50 and p65 subunits and it is sequestered in the cytoplasm by tightly 

bound inhibitory proteins IκBs. NF-κB translocation to the nucleus occurs only 

after stimuli-induced degradation of IκB. This process requires the activation of a 

kinase cascade that converges on IκB kinase 1 (IKK1) and IKK2, which form a 

complex with NF-κB/IκB. IKKs subsequently phosphorylate IκB proteins and 

target IκBs for ubiquitination and proteosomal degradation (Zandi et al., 

1998Schmitz et al., 2001; Sun and Andersson, 2002; Delhase et al., 1999; Zandi et 
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al., 1998). Upon activation, NF-κB induces transcription of a number of anti-

apoptotic genes which interrupt the apoptotic cascade at multiple levels (Shishodia 

and Aggarwal, 2002; Monks et al., 2004).  

Akt has been also shown to enhance the degradation of IκBs and to cooperate with 

other factors to increase the transcriptional activity of NF-κB (Kane et al., 1999; 

Madrid et al., 2000, 2001). Akt is necessary and sufficient for platelet-derived 

growth factor- or tumor necrosis factor-induced increase of NF-κB transcriptional 

activity (Reddy et al., 2000; Habib et al., 2001). It has been proposed that Akt may 

regulate the activity of NF-κB through direct interaction with IKKs, as Akt can 

associate with the IKK complex and phosphorylate and activate IKKα at a critical 

regulatory site Thr-23 (Ozes et al., 1999). Although the molecular details of how 

Akt regulates the IKK complex remain to be characterized, these results implicate 

Akt as a part of the survival signaling pathway that induces NF-κB activation. 

Typically, Akt is activated by phosphatidylinositol 3-kinase (PI3K) signaling 

pathway that enhances cell survival, cell growth, and glucose metabolism. In 

neuronal cells, Akt has been shown to prevent apoptosis and promote cell survival 

through the phosphorylation of proapoptotic Bad (Datta et al., 1997), procaspase-9 

(Cardone et al., 1998), and eNOS (Luo et al., 2000) and through the activation of 

NF-κB (Ozes et al., 1999). 
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In the present study, the mechanism of how MT-III regulates neuronal cell survival 

was investigated. The results clearly indicated that MT-III protects Neuro2A cells 

from H2O2- and doxorubicin-induced neurotoxicity by activating Akt through the 

PI3K signaling pathway and subsequently up-regulating NF-κB transcriptional 

activity and cell survival.  

 ８



Metallothionein-III protects against 6-hydroxydopamine-induced oxidative 

stress by increasing expression of heme oxygenase-1 in the PI3K and 

ERK/Nrf2 dependent manner  

Metallothionein (MT)-III is a metal binding protein (Uchida et al., 1991; Uchida, 

1994), also known as a growth inhibitory factor, and is a brain specific isomer of 

MT (Uchida et al., 1991). MT-III resembles other members of the MT family as it 

is small (68 amino acids), contains 20 cysteine residues in conserved positions, and 

binds to zinc and copper (Uchida et al., 1991; Palmiter et al., 1992). In previous 

studies, MT-III exhibited free radical scavenging activity and regulatory control of 

zinc metabolism in the brain to protect neurons against toxic metals (Masters et al., 

1994; Hussain et al., 1996). Although MT-III was originally discovered as a growth 

inhibitory substance related to Alzheimer's disease (AD) (Uchida et al., 1991) and 

is abundantly present in the normal brain, the level of MT-III is markedly reduced 

in the brains of patients with AD (Uchida et al., 1991; Tsuji et al., 1992). Several 

reports suggest that MT-III is related to neuronal loss in neurodegenerative diseases 

(Uchida, 1994; Aoki et al., 1998; Hozumi et al., 1998). Based on these reports, 

there is a growing interest in its relationship to neurodegenerative diseases. 

However, the function and regulation of MT-III are poorly elucidated in Parkinson's 

disease.  

 ９



Parkinson’s disease (PD) is a progressive neurodegenerative disease characterized 

by progressive degeneration and subsequent selective loss of dopaminergic neurons 

in the substantia nigra. Although the etiology of PD remains obscure, previous 

studies have shown an increase of lipid peroxide and iron levels and a decrease of 

reduced glutathione in the substantia nigra of PD patients (Sian et al., 1994). In 

addition, it has been reported that the auto-oxidation and enzymatic oxidation of 

dopamine lead to the generation of reactive oxygen species (ROS) (Cohen and 

Heikkila, 1974; Graham, 1978; Hastings, 1995). 6-Hydroxydopamine (6-OHDA), a 

selective catecholaminergic neurotoxin, is widely used to produce animal models of 

PD. 6-OHDA is also used to study mechanisms of cell death in dopaminergic 

neurons. Nonenzymatic auto-oxidation of 6-OHDA generates several toxic 

oxidative species including quinines (Saner and Thoenen, 1971), superoxide 

radicals, hydrogen peroxide and the highly reactive hydroxyl radical (Cohen and 

Heikkila, 1974). These products cause lipid peroxidation (Kumar et al., 1995), 

DNA damage (Bruchelt et al., 1991), disorganization of the cytoskeleton (Davison 

et al., 1986), mitochondrial dysfunction (Glinka and Youdim, 1995) and eventually 

cell death. Several studies have shown that the catecholaminergic human 

neuroblastoma cell line SH-SY5Y is quite sensitive to 6-OHDA (Tiffany-

Castiglioni and Perez-Polo, 1981; Spina et al., 1992). In vivo and in vitro 

experiments have revealed that antioxidants prevent the loss of dopaminergic 
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neurons caused by 6-hydroxydopamine (6-OHDA), which has been used to 

establish the experimental PD model. Based on these facts, enhanced oxidative 

stress is thought to be responsible for the progression of dopaminergic 

neurodegeneration.  

ROS formation is a naturally occurring process. Mammalian cells have developed 

several protective mechanisms to prevent ROS formation or to detoxify ROS. 

These mechanisms employ molecules called antioxidants as well as protective 

enzymes (Chen and Kunsch, 2004a). Among the various cytoprotective enzymes, 

heme oxygenase-1 (HO-1) has recently been highlighted by virtue of its 

hepatoprotective roles (Guo et al., 2001; Selzner et al., 2003; Kapitulnik, 2004; 

Takahashi et al., 2004). HO-1 is a novel enzyme with potent anti-inflammatory, 

antioxidant, and anti-proliferative effects (Maines et al., 1998; Yamada et al., 2000; 

Tulis et al., 2001). HO-1 is the rate-limiting enzyme in the conversion of heme into 

biliverdin, releasing free iron and carbon monoxide. Biliverdin is rapidly 

metabolized to bilirubin, which is a potent antioxidant. There is a large body of 

evidence suggesting that HO-1 plays a key role in maintaining antioxidant 

homeostasis during cellular stress (Alam and Cook, 2003; Choi et al., 2003; 

Otterbein et al., 2003). The induction of the HO-1 gene is primarily regulated at the 

transcriptional level, and its inducibility by various inducers is linked to the 

transcription factor NF-E2-related factor 2 (Nrf2) (Alam and Cook, 2003). Under 

 １１



normal conditions, Nrf2 is sequestered in the cytoplasm by binding to Keap1, an 

actin-binding protein (Itoh et al., 2004). Several electrophilic antioxidants cause the 

disruption of this complex, freeing Nrf2 for translocation to the nucleus. Nrf2, in 

turn, binds to antioxidant response element (ARE) sequences in the HO-1 promoter 

(Kong et al., 2001; Owuor et al., 2002). The mechanism by which Nrf2 is liberated 

from the Keap1-Nrf2 complex remains to be established. However, recent studies 

have suggested that Nrf2 nuclear translocation requires the activation of several 

signal transduction pathways, including mitogen-activated protein kinases 

(MAPKs) (Kong et al., 2001), protein kinase C (PKC) (Huang et al., 2000; 

Numazawa et al., 2003), and phosphatidylinositol 3-kinase (PI3K) pathways 

(Nakaso et al., 2003). In view of the growing evidence that HO-1 provides 

hepatoprotection (Jaeschke, 2000; Selzner et al., 2003; Takahashi et al., 2004), HO-

1 expression by a pharmacological modulator may represent a novel target for 

therapeutic intervention. In particular, the identification of a non-cytotoxic inducer 

of HO-1 may maximize the intrinsic antioxidant potential of cells.  

This study investigated the neuroprotective effects of MT-III against the pro-

parkinsonian neurotoxin 6-OHDA-induced neurotoxicity in human dopaminergic 

neuroblastoma SH-SY5Y cells. The results indicated that MT-III protects SH-

SY5Y cells from 6-OHDA-induced neurotoxicity through the PI3K/Akt and 
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ERK1/2 signaling pathway, subsequently up-regulating Nrf2 transcriptional activity 

and cell survival. 
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Fig. 1. Stereo drawing of the metallothionein crystal structure and electrostatic 

potential map of the surface of metallothionein. Red; negative charged. blue; 

positively charged (Zangger and Armitage, 2002: Vasak and Hasler, 2000).  
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II. Materials & Methods 

 

1. Materials 

Reagents used in this study were purchased from the following sources: 

doxorubicin, H2O2, 6-hydroxydopamine (6-OHDA), and zinc protoporphyrin 

(ZnPP) from Sigma (St. Louis, MO); MTT-based colorimetric assay kit from Roche 

(Indianapolis, IN); LipofectAMINE Plus, RPMI 1640, fetal bovine serum, and 

penicillin-streptomycin solution from Gibco-BRL/Life Technologies (Grand Island, 

NY); pGL3-4κB-Luc, pCMV-β-gal, and the luciferase assay system from Promega 

(Madison, WI); antibodies for phospho-Akt (ser473), phospho-MAPK (ERKl/2) 

(Thr202/Tyr204), phospho-p38 MAPK (Thr180/Tyr182), phospho-SAPK/JNK 

(Thr183/Tyr185) and HRP-linked anti-rabbit IgG from Cell Signaling Technology 

(Beverly, MA); antibodies for β-actin and HO-1 was obtained from Calbiochem 

(La Jolla, CA); antibodies for α-tubulin, lamin-B1, IKKβ, IκBα, p65, p53, Nrf2, 

cytochrome c, and phospho-IκBα (Ser32) from Santa Cruz Biotechnology (Santa 

Cruz, CA); Western blotting detection reagents (ECL) from Amersham Pharmacia 

Biotech (Piscataway, NJ). HO-1-ARE-luciferase reporter gene was kindly provided 

by Dr. J. Alam (Tulane University School of Medicine, New Orleans. LA). All 

other chemicals were of the highest commercial grade available. 
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2. Expression and purification of human MT-III 

The method has been described previously (You et al., 2002b). Briefly, MT-III 

cDNA was constructed in pGEX-4T and was expressed in E. coli BL21. MT-III was 

purified by affinity chromatography on glutathione-Sepharose 4B. The Zn content 

in the MT-III was about 5% as determined by Inductively Coupled Plasma-Atomic 

Emission Spectrometry (ICP- AES, Perkin Elmer). Apo-MT-III was prepared from 

crude Zn-MT-III by cation-exchange and reverse-phase chromatographies. The 

crude Zn-MT-III fractions were then supplemented with 1 mM DTT, acidified to pH 

2.5 with HCl, and applied to a 6-ml Resource S column pre-equilibrated with 

20mM Na3PO4 (pH 2.5) and 20% acetonitrile (eluent A). Proteins were eluted with 

a gradient of 0–20% eluent B (2M NaCl in eluent A) over 30 column volumes (CV). 

The material in the peak fractions was collected, analyzed by ESI-TOF MS, and 

further purified. The final purification of apo-MT-III was carried out on a reverse-

phase HPLC column (Vydac C18, 22_250 mm; the Separation Group, Hesperia, 

CA). Eluent A was 0.1% TFA, eluent B was 0.1% TFA/95% acetonitrile, and the 

gradient was 22–32% B in 7 CV. MT-III eluted between 27.7 and 28.3% acetonitrile. 

The molecular mass and the purity of the product were determined by ESI-TOF MS. 

Apo-MT-III was lyophilized and reconstituted for experiments. 

 

3. Cell culture and cell viability assay 

The mouse neuroblastoma Neuro2A and human neuroblastoma SH-SY5Y cells 

were maintained in DMEM supplemented with 10% heat-inactivated fetal bovine 
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serum, 2 mM L-glutamine, 100 U/ml penicillin, and 100 mg/ml streptomycin at 

37°C in an atmosphere of 5% CO2. MT-III was dissolved in H2O. Primary 

hippocampal neurons were cultured as described before with some modifications 

(Chen and Bazan, 1999). Briefly, hippocampi were dissected from the brains of 

embryonic day 18 (E18 d) ICR mouse fetuses which were rapidly decapitated, and 

hippocampi were immediately dissected out from the brain. The tissue was 

incubated in oxygenated trypsin for 10 min at 37°C and then mechanically 

triturated. Cells were spun down and resuspended in Neurobasal-B27 medium 

(Invitrogen) supplemented with 0.5 mM L-glutamine, penicillin-streptomycin and 

25 µM glutamate. Cells (1 x 106) were loaded into poly D-lysine-coated 24-well 

culture plates (BD Biosciences). One-third to one-half of the culture medium 

without glutamate was changed every 2-3 days. One-week-old hippocampal 

neuronal cultures pretreated with varying concentrations of MT-III for 6 hr were 

exposed to 30 µM H2O2 in HBSS for 24 hr at 37°C. Cell viability was examined 

using MTT-based assays according to the manufacturer's instructions. 

 

4. ROS production 

ROS production in SH-SY5Y cells was measured using the redox-sensitive 

fluorescent dye H2DCFDA. After treatment with 75 µM 6-OHDA or vehicle for 7–

8 hr, cells were incubated with 25 µM H2DCFDA for 20 min. The cells were rinsed 
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twice with phenol-red-free DMEM containing 1% FBS, and fluorescence was 

detected on a FL600 fluorescence spectrophotometer (GeminiXS, Molecular 

Devices) by measuring the emission at 530 nm after excitation at 485 nm. 

 

5. Electrophoretic mobility shift assay 

Nuclear extracts were prepared as previously described (Xie et al., 1993). Briefly, 

treated and untreated Neuro2A cells or SH-SY5Y were lysed in a hypotonic buffer 

[10 mM Hepes (pH 7.5), 1.5 mM MgCl2] and the nuclei were pelleted by 

centrifugation at 3,000 × g for 5 min. Nuclear lysates were prepared using a 

hypertonic buffer [30 mM HEPES (pH 7.5), 1.5 mM MgCl2, 450 mM KCl, 0.3 mM 

EDTA, and 1 mM PMSF, and 1 µg/ml each of aprotinin and leupeptin]. The lysates 

were centrifuged at 14,500 × g for 15 min, and the supernatants were used for the 

DNA binding assay. A double-stranded DNA containing the NF-κB binding site (5′-

GGGGACTTTCC-3′) (Ghosh et al., 1998) or Nrf2 binding site (5′-

TTTTATGCTGTGTCATGGTT-3′) (Martin et al., 2004) were end-labeled with γ-

32[P]-dATP. Nuclear extracts (5 µg) were incubated with 2 µg of poly(dI–dC) and 

the 32[P]-labeled DNA probe in a binding buffer [30 mM Hepes (pH 7.5), 100 mM 

NaCl, 1.5 mM MgCl2, 0.3 mM EDTA, 10% glycerol, 1 mM DTT, 1 mM PMSF, 1 

µg/ml each of aprotinin and leupeptin] for 10 min on ice. DNA binding reactions 
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were subjected to a 4.8% polyacrylamide/0.5× TBE gel electrophoresis. Gels were 

dried and subjected to autoradiography. 

 

6. Luciferase and β-galactosidase assays 

Neuro2A or SH-SY5Y cells were plated to 24-well plates for 12 hr and then 

transiently co-transfected with the plasmids pGL3-4κB-Luc (0.5 µg) or HO-1-

ARE-Luc (0.5 µg) and pCMV-β-gal (0.2 µg) using LipofectAMINE Plus according 

to the manufacturer’s protocol. After 18 hr, the cells were treated with MT-III for 

24 hr and lysed. Luciferase and β-galactosidase activities were determined as 

described previously (Choi et al., 2001). Luciferase activities were normalized 

using β-galactosidase activities and expressed relative to the luciferase activity of 

control cells.  

 

7. Reverse transcriptase-polymerase chain reaction 

Total RNA was isolated from SH-SY5Y cells using Trizol. Reverse transcriptase-

polymerase chain reaction (RT-PCR) was performed following standard techniques. 

PCR conditions for HO-1 and HO-2 genes and for the housekeeping gene, 

glyceraldehyde-3-phosphate dehydrogenase (GAPDH), were as follows: 25 cycles 

of 94°C for 30 s; 56°C for 30 s; and 72°C for 45 s. Amplified products were 
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resolved by 1.5% agarose gel electrophoresis, stained with ethidium bromide, and 

photographed under ultraviolet light.  

 

8. HO-1 assay 

HO-1 activity was measured at the end of each treatment as described previously 

(Kutty and Maines, 1982). Cells were homogenized in 0.5 ml of ice-cold 0.25 M 

sucrose solution containing 50 mM potassium phosphate buffer (pH 7.4). 

Homogenates were centrifuged at 200 × g for 10 min. The supernatants were 

centrifuged at 9,000 × g for 20 min, and further centrifuged at 30,000 × g for 60 

min. The pellets were then resuspended in 50 mM potassium phosphate buffer (pH 

7.4) and the amount of protein was determined using the BCA protein assay kit. The 

reaction mixtures (200 µl), which contained 0.2 mM of the substrate hemin, 500 

µg/ml of cell lysate, 0.5 mg/ml rat liver cytosol as a source of biliveridin reductase, 

0.2 mM MgCl2, 2 mM glucose-6-phosphate, 1 U/ml glucose-6-phosphate 

dehydrogenase, 1 mM NADPH and 50 mM potassium phosphate buffer (pH 7.4), 

were incubated at 37oC for 2 hr. The reaction was terminated with 0.6 ml of 

chloroform. After extraction, the absorbance of the chloroform layer was measured 

spectrophotometrically. Bilirubin formation was calculated from the difference in 

absorption at 464 nm and 530 nm. 

 

9. Nuclear and cytosolic lysate preparation 

Nuclear extracts were prepared with a commercial kit according to the 
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manufacturer's instructions (Active Motif, Carlsbad, CA). All steps were carried out 

on ice or at 4°C unless stated otherwise. Protease inhibitors (10 µg/ml aprotonin, 10 

µg/ml leupeptin) and a reducing agent (1 mM dithiothreitol, 1 mM 

phenylmethylsulfonyl fluoride) were added to each buffer just prior to use. Briefly, 

cells were incubated in 5 vol of hypotonic buffer A [20 mM Hepes (pH 7.9), 1.5 

mM MgCl2, 10 mM KCl] on ice for 15 min and homogenized. Nuclei were 

recovered by centrifugation at 3,000 × g for 15 min, and the supernatant was kept as 

the cytoplasmic extract. The nuclei were washed once using nuclei wash buffer [10 

mM HEPES (pH 7.9), 0.2 mM MgCl2, 10 mM KCl] and extracted using buffer C 

[20 mM HEPES (pH 7.9), 25% glycerol, 420 mM NaCl, 0.2 mM EDTA, 1.5 mM 

MgCl2] for 30 min on ice. Insoluble material was removed by centrifugation at 

21,000 × g for 10 min. The supernatant was used as the nuclear extract. 

 

10. Western immunoblot analysis 

Nuclear extracts were prepared according to a commercial kit and following the 

manufacturer's instructions (Active Motif, Carlsbad, CA). All steps were carried 

out on ice or at 4°C unless otherwise stated. Protease inhibitors (10 µg/ml aprotonin, 

10 µg/ml leupeptin) and a reducing agent (1 mM dithiothreitol, 1 mM 

phenylmethylsulfonyl fluoride) were added to each buffer just prior to the use. 

Briefly, cells were incubated in 5 vol of hypotonic buffer A [20 mM Hepes (pH 7.9), 

1.5 mM MgCl2, 10 mM KCl] on ice for 15 min and homogenized. Nuclei were 
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recovered by centrifugation at 3,000 × g for 15 min, and the supernatant was kept 

as the cytoplasmic extract. The nuclei were washed once using nuclei wash buffer 

[10 mM HEPES(pH 7.9), 0.2 mM MgCl2, and 10 mM KCl] and extracted using 

buffer C [20 mM HEPES(pH 7.9), 25% glycerol, 420 mM NaCl, 0.2 mM EDTA, 

and 1.5 mM MgCl2] for 30 min on ice. Insoluble material was removed by 

centrifugation at 21,000 × g for 10 min. The supernatant was used as the nuclear 

extract. 

 

11. Immunocytochemistry 

Cells were fixed with methanol for 20 min at 20°C. After washing with ice-cold 

phosphate-buffered saline (PBS), cells were incubated with a blocking buffer 

containing 2% BSA and 10% normal goat serum for 1 hr at 37°C. Rabbit anti-

p65/NF-κB or Nrf2 antibody was applied to cells and incubated at 4°C overnight. 

For negative control, cells were incubated with the blocking buffer without the 

primary antibody. After washing the cells with PBS, biotin-conjugated anti-rabbit 

IgG were added to the cells followed by incubation with fluorescein avidin D. The 

cells were finally mounted with a mounting medium (Dako, Hamburg, Germany) 

and analyzed by fluorescence microscope (Axiovert 200M; Carl Zeiss, Germany). 
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12. Determination of caspase-3 activity 

A modification of the method described by Wang et al. (2003) was used to examine 

caspase-3 activation (Datta et al., 1997). Cells treated with the indicated 

combinations of MT-III and doxorubicin (Dox) were lysed in hypotonic buffer [20 

mM Tris-HCl (pH7.5), 1 mM EDTA, 100 µM PMSF, and 2 µg/ml each of aprotinin, 

pepstatin, and leupeptin]. The supernatants were collected and incubated with 100 

µM DEVD-pNA as a substrate at 37°C. The change in absorbance was measured at 

405 nm using a plate reader.  

 

13. TUNEL assay 

Apoptosis was detected by the terminal deoxynucleotidyltransferase-mediated 

dUTP-biotin nick-end labeling (TUNEL) analysis using the DeadEndTM 

Fluorometric TUNEL System (Promega) according to the manufacturer's 

instructions. SH-SY5Y cells were seeded on sterile glass coverslips in 12-well 

plates overnight and pretreated with MT-III for 1 hr before stimulation with H2O2 

for 24 hr. Cells were then washed twice with PBS, fixed with 4% methanol-free 

paraformaldehyde for 10 min, washed twice with PBS, and permeabilized with 

0.2% Triton X-100 for 5 min. After two more washes, each glass coverslip was 

covered with equilibration buffer for 10 min. The buffer was then aspirated, and the 

glass coverslips were incubated with TdT buffer at 37°C for 1 hr. Chromosomal 

DNA was stained with 4′,6-diamidino-2-phenylindole (DAPI), and stained cells 

were mounted on glass slides and analyzed by confocal laser scanning microscopy. 
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14. Statistical analysis 

All experiments were repeated at least three times. Means ± SD were calculated for 

each group and Dunnet’s t-test was used to assess statistical significance. 

Differences were considered statistically significant when p < 0.01. 
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III. Results 

 

Neuroprotecion by metallothionein-III involves activation of nuclear factor-κB 

through phosphatidylinositol-3 kinase signaling pathway 

 

1. Expression and purification of MT-III 

The human MT-III (MT-III) coding region was amplified from human cerebral 

cortical cDNA (Clontech, USA) by PCR. A sense primer including the EcoRI 

restriction site 5′-AGCAGAATTCATGGACCCTGAGACCTGCCCCTGC-3′ and a 

reverse primer with the NotI restriction site 5′-

GCCGCGGCCGCTCACTGGCAGCAGCTGCACTTCTC-3′ were designed to 

amplify 207 bp of MT-III cDNA (Palmiter et al., 1992). MT-III cDNA was 

constructed using vector pGEX-4T in EcoRI and NotI sites, and was expressed in E. 

coli BL21. First, the E. coli BL21 strains containing expression plasmid pGEX4T-

hMT-III (Fig. 2) and pGEX4T-1 were cultivated in small scale and induced with 

IPTG, then the supernatant of the cell lysate was examined on 15% SDS-PAGE 

(Fig. 3A). The BL21 containing the expression vector pGEX-4T-1 expressed a 26-

kDa GST protein while the plasmids with insertion of the human MT-III expressed 

a 33-kDa fusion protein, respectively. The yields of the fusion proteins are more 
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than 50% of the soluble protein. Then expression was performed in large scale in 

2YT peptone- rich culture. MT-III was purified by affinity chromatography on 

glutathione-Sepharose 4B as described previously (Zhou et al., 2000). To purify 

recombinant human MT-III protein, during the digestion of GST fusion protein on 

column, ZnCl2 and mercaptoethanol were added to the thrombin solution to assist 

the proper folding of the MT-III, instead of adding the cadmium to the culture 

medium which will be toxic to the host cells and might lead to the failure of 

expressing the MT-III (Fig. 3B and C)  
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Fig. 2. Construct of human MT-III expression vector, pGEX4T-hMT-III. 
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Fig. 3. Purification of recombinant human MT-III protein. (A) Identification the 

supernatant of the E. coli cell lysate on 15% SDS-PAGE. Lanes: 1, low range 

protein marker; 2, lysate with pGEX-4T-1 without inducing; 3, lysate with pGEX-

4T-1 with IPTG; 4, lysate with pGEX-4T-MT-III without inducing; 5, lysate with 

pGEX-4T-MT-III with IPTG. (B) Purification of recombinant human MT-III protein. 

The GST-fused human MT-III protein was purified from the transformed E. coli 

cells. (C) After the treatment of thrombin at 37  for 12 hr, recombinant℃  human 

MT-III protein could be obtained.  
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2. MT-III enhanced neuronal survival 

H2O2 and Dox can induce cell death in neuronal cells. First, it was studied to 

examine if MT-III prevents H2O2 or Dox-induced neuronal cell death in the present 

study. H2O2 induced cell death in Neuro2A cells and MT-III reduced H2O2-induced 

cell death in a dose-dependent manner (Fig. 4). MT-III had a similar effect to Dox-

induced Neuro2A cell death (Fig. 5). Metal binding is one of the properties of MT-

III protein. In order to determine if the MT-III-bound metal ions exert the anti-

apoptotic effects, effects of a metal ion-deprived form of MT-III, apo-MT-III on 

Dox-induced cell death were investigated in Neuro2A cells. Apo-MT-III reduced 

Dox-induced cell death in a dose dependent manner similar to the metal-bound 

form of MT-III (Fig. 6). Next, it was studied to examine whether MT-III protects 

against H2O2-induced apoptosis using TUNEL assay. Treatment of Neuro2A cells 

for 24 hr with H2O2 increased TUNEL staining, whereas MT-III significantly 

reduced H2O2-induced TUNEL staining (Fig. 7). These results indicate that MT-III 

protects neuronal cells from chemotherapy-induced and H2O2-induced apoptosis.  
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Fig. 4. MT-III prevented H2O2-induced cell death.  

Neuro2A cells were cultured with various concentrations of MT-III. After 24 hr, 

cells were challenged for 24 hr with 50 µM H2O2. MTT assays were performed and 

MTT reduction, compared to MT-III-untreated control cells, was expressed as 

percentage of cell survival. Experiments were done in triplicates and the means and 

standard deviations are shown. Asterisks (*) denote that the differences were 

significant compared to the MT-III-untreated control cells (P < 0.01, by t-test).  
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Fig. 5. MT-III prevented doxorubicin-induced cell death.  

Neuro2A cells were cultured with various concentrations of MT-III. After 24 hr, 

cells were challenged for 24 hr with 1 µM of Dox. MTT assays were performed and 

MTT reduction, compared to MT-III-untreated control cells, was expressed as 

percentage of cell survival. Experiments were done in triplicates and the means and 

standard deviations are shown. Asterisks (*) denote that the differences were 

significant compared to the MT-III-untreated control cells (P < 0.01, by t-test).  
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Fig. 6. Apo- and Zn-MT-III prevented Dox-induced cell death.  

Neuro2A cells were cultured with various concentrations of Apo-MT-III or Zn-MT-

III. After 24 hr, cells were challenged for 24 hr with 1 µM of Dox. MTT assays 

were performed and MTT reduction, compared to MT-III-untreated control cells, 

was expressed as percentage of cell survival. Experiments were done in triplicates 

and the means and standard deviations are shown. Asterisks (*) denote that the 

differences were significant compared to the MT-III-untreated control cells (P < 

0.01, by t-test). 
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Fig. 7. MT-III inhibited H2O2-induced apoptosis. 

Neuro2A cells were seeded on sterile slide cover slips in 12-well plates overnight 

and pretreated with indicated amounts of MT-III for 1 hr before stimulating with 

H2O2 for 24 hr. TUNEL assays were performed according to the manufacturer's 

instruction. All of the experiments were repeated at least three times and 

representative results are shown. 
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3. MT-III reduces the activation of caspase-3  

Caspases-3 or -9 plays a pivotal role in the terminal execution phase of apoptosis 

induced by diverse stimuli. The effects of MT-III on Dox-induced activation of 

caspase-3 were measured using caspase-3 specific colorimetric peptide substrate 

DEVD-pNA. Dox increased in caspase-3 activity and MT-III reduced Dox-induced 

caspase-3 activation in Neuro2A cells in a dose-dependent manner (Fig. 8). Similar 

results were obtained when the effects of MT-III on Dox-induced caspase-9 

activation were measured using a caspase-9-specific LEHD-pNA substrate (Fig. 9). 

Subsequently, the effects of MT-III on the protein levels of Bcl-2 were investigated. 

MT-III significantly increased the levels of Bcl-2 over 24 hr period (Fig. 10). When 

the effect of MT-III on cytochrome c release from the mitochondria to the 

cytoplasm was tested, Dox gradually increased the levels of cytoplasmic 

cytochrome c over 24 hr period and MT-III reduced Dox-induced release of 

cytochrome c to the cytoplasm (Fig. 11). These results suggest that MT-III prevents 

Dox-induced neuronal cell death by inhibiting caspase-3 activation. 
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Fig. 8. MT-III reduced on Dox-induced the activation of caspase-3. 

Neuro2A cells were treated as indicated. The catalytic activities of caspase-3 in cell 

lysates were assayed using a specific substrate DEVD-pNA. Experiments were 

done in triplicates and the means and standard deviations are shown. Asterisks (*) 

denote that the differences were significant compared to the MT-III-untreated/Dox-

treated cells (P < 0.01, by t-test). 
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Fig. 9. MT-III reduced on Dox-induced the activation of caspase-9. 

Neuro2A cells were treated as indicated. The catalytic activities of caspase-9 in cell 

lysates were assayed using a specific substrate LEHD-pNA. Experiments were done 

in triplicates and the means and standard deviations are shown. Asterisks (*) denote 

that the differences were significant compared to the MT-III-untreated/Dox-treated 

cells (P < 0.01, by t-test). 
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Fig. 10. MT-III up-regulated the expression of Bcl-2. 

Neuro2A cells were cultured with indicated combinations of Dox and 50 ng/ml of 

MT-III. Top panel: At the indicated times, cells were assayed for Bcl-2 levels. Actin 

was used as a loading control. Bottom panel: The intensities of bands were 

measured by densitometry. Experiments were done in triplicates and the means and 

standard deviations are shown. Asterisks (*) denote that the differences were 

significant compared to the MT-III-untreated cells (P < 0.01, by t-test). 
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Fig. 11. Exogenous MT-III regulates the release of cytochrome c from the 

mitochondria.  

Neuro2A cells were cultured with indicated combinations of Dox and 50 ng/ml of 

MT-III. Top panel: At the indicated times, cells were assayed for cytochrome c 

levels in the mitochondria (Mito) and the cytosol (Cyto). Actin was used as a 

loading control. Bottom panel: The intensities of bands were measured by 

densitometry. Experiments were done in triplicates and the means and standard 

deviations are shown. Asterisks (*) denote that the differences were significant 

compared to the Dox-untreated cells (P < 0.01, by t-test). 
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4. Activation of NF-κB contributed to the anti-apoptotic effect of MT-III 

The expression of MT and the activation of NF-κB activity can be triggered by 

stress. These processes are parts of a survival mechanism that mediates anti-

apoptotic processes to protect cells from ionizing radiation and to provide resistance 

to anticancer drugs (Wang and Cassidy, 2003; Chuang et al., 2002). However, the 

role of MT proteins on NF-κB activation remains controversial: MT proteins have 

been reported to both positively and negatively regulate NF-κB (Abdel-Mageed and 

Agrawal, 1998; Papouli et al., 2002; Butcher et al., 2004). To determine the effect 

of MT-III on NF-κB activation in our culture system, the transcriptional activity of 

NF-κB by MT-III was determined using luciferase assays. MT-III increased the 

transcriptional activity of NF-κB in a dose-dependent manner in Neuro2A and SH-

SY5Y cells (Fig. 12 and 13). In addition, when the DNA binding activity of NF-κB 

by MT-III was determined using electrophoretic mobility shift assays, MT-III 

increased the DNA binding of NF-κB in a dose-dependent manner and the 

increased DNA binding was sustained up to 30 min upon MT-III treatment (Fig. 14 

and 15). Consistently, the amount of the nuclear p65 subunit of NF-κB was 

significantly increased. Taken together, these results indicated that MT-III induces 

the nuclear translocation and activation of NF-κB in our culture system (Fig. 16 and 

17). 
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Next, how MT-III induces the activation of NF-κB in neuronal cells was 

investigated. Phosphorylation and the subsequent degradation of IκB are thought to 

be key steps in NF-κB activation. In fact, the results clearly showed that the levels 

of IκBα were decreased for the first 20 min upon MT-III treatment while the levels 

of IκBβ did not change up to 8 hr (Fig. 17). These results suggested that MT-III 

induces the activation of NF-κB through the phosphorylation and degradation of 

IκBα. 
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Fig. 12. MT-III increased the transcriptional activity of NF-κB in Neuro2A cells in 

a dose dependent manner. 

Neuro2A cells were transiently transfected with either a NF-κB-responsive 

luciferase reporter (NF-κB-Luc) or a control luciferase reporter (TK-Luc). Cells 

were then treated with indicated amounts (ng/ml) of MT-III for 24 hr and assayed 

for luciferase activities. Experiments were done in triplicates and the means and 

standard deviations are shown. Asterisks (*) denote that the differences were 

significant compared to the MT-III-untreated cells (P < 0.01, by t-test). 
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Fig. 13. MT-III increased the transcriptional activity of NF-κB in SH-SY5Y cells in 

a dose dependent manner.  

SH-SY5Y cells were transiently transfected with either a NF-κB-responsive 

luciferase reporter (NF-κB-Luc) or a control luciferase reporter (TK-Luc). Cells 

were then treated with indicated amounts (ng/ml) of MT-III for 24 hr and assayed 

for luciferase activities. Experiments were done in triplicates and the means and 

standard deviations are shown. Asterisks (*) denote that the differences were 

significant compared to the MT-III-untreated cells (P < 0.01, by t-test). 
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Fig. 14. MT-III increased the DNA binding activity of NF-κB: Dose response. 

Neuro2A cells were incubated with indicated amounts of MT-III, and nuclear 

extracts were subjected to EMSA using a radiolabeled NF-κB-specific 

oligonucleotide probe. All of the experiments were repeated at least three times and 

representative results are shown. 
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Fig. 15. MT-III increased the DNA binding activity of NF-κB: Time course. 

Neuro2A cells were incubated with 50 ng/ml of MT-III for 5 min to 1 hr and the 

nuclear extracts were subjected to EMSA. All of the experiments were repeated at 

least three times and representative results are shown. 
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Fig. 16. MT-III increased the nuclear translocation of NF-κB. 

Neuro2A cells were incubated for indicated times with 50 ng/ml of MT-III, and the 

levels of p65 NF-κB and IκB were examined by Western blot analysis. α-tubulin 

was used as a loading control. Neuro2A cells were treated with 50 ng/ml of MT-III 

for 30 min and immunostained with an anti-p65 antibody. All of the experiments 

were repeated at least three times and representative results are shown. 
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Fig. 17. MT-III induced IκB degradation. 

Neuro2A cells were incubated with 50 ng/ml of MT-III for indicated times. Post-

nuclear supernatants were examined by Western blot analysis using anti-IκB 

antibodies. All of the experiments were repeated at least three times and 

representative results are shown. 
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5. MT-III activated NF-κB through PI3K signaling pathway 

Multiple signaling pathways can induce phosphorylation of IκB and subsequent 

activation of NF-κB. To study the possible role of PI3K signaling pathway in MT-

III-induced activation of NF-κB, it was investigated whether MAPK and PI3K/Akt 

pathways are involved in neuronal cells. The transcriptional activity of NF-κB in 

MT-III-treated neuronal cells in the presence or absence of specific inhibitors of 

MAPK, PI3K, or Akt was measured by luciferase assays. Specific inhibitors of 

PI3K, such as wortmannin and LY294002, and a specific inhibitor of Akt decreased 

the MT-III-induced NF-κB transcriptional activity, while specific inhibitors of the 

MAPK pathway such as PD98059 and SB23058 had no effect (Fig. 18). A specific 

inhibitor of NF-κB, TPCK, was used as a positive control and TPCK also 

significantly reduced the MT-III-induced transcriptional activity of NF-κB. To 

determine whether MT-III activates PI3K/Akt signaling pathway, effects MT-III on 

Akt activation was investigated. MT-III dramatically increased Akt phosphorylation 

in a dose-dependent manner without altering the levels of total Akt in Neuro2A 

cells, and the MT-III-induced Akt phosphorylation was completely abolished by 

LY294002 (Fig. 19). These results supported the notion that MT-III activates NF-κB 

through the PI3K/Akt signaling pathway in neuronal cells.  

Effects of MT-III on the regulation of the phosphorylation of IκB and the nuclear 

translocation of p65 subunit of NF-κB through the PI3K/Akt signaling pathway 
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were also studied in the present study. MT-III increased the nuclear translocation of 

p65 subunit of NF-κB as previously shown, and this was abolished in the presence 

of wortmannin or LY294002 (Fig. 20 and 21). These results also suggested that MT-

III induces the phosphorylation of IκB and the subsequent nuclear translocation and 

activation of NF-κB through the PI3K/Akt signaling pathway.  
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Fig. 18. MT-III-mediated activation of NF-κB was inhibited by PI3K inhibitors, 

LY294002 and Wortmannin, or Akt inhibitor.  

Neuro2A cells were transfected with NF-κB-Luc and pCMV-β-gal plasmids. After 

24 hr, cells were treated with 50 ng/ml of MT-III in the presence or absence of 

specific inhibitors of NF-κB, TPCK (50 µM) or MAPK, SB23058 (SB, 30 µM) and 

PD98059 (PD, 30 µM), or PI3K, LY294002 (LY, 20 µM) and Wortmannin (Wor, 

100 nM), or Akt (25 µM) and cultured for additional 24 hr. Cells were then 

harvested and assayed for luciferase activities. Luciferase activities were 

normalized with β-galactosidase expression, determined by β-galactosidase assay. 

All of the experiments were done in triplicates and the means and standard 

deviations are shown. Asterisks (*) denote that the differences were significant 

compared to the MT-III-treated cells (P < 0.01, by t-test).  
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Fig. 19. MT-III increased the phosphorylation of Akt.  

Neuro2A cells were incubated with indicated amounts of MT-III in the presence or 

absence of 20 µM of an inhibitor of PI3K, LY294002 (LY). Cell lysates were 

assayed by Western blot analysis using antibodies against phospho-Akt (P-Akt) and 

total Akt (Akt). Relative levels of phosphorylated Akt were calculated by 

densitometry. All of the experiments were done in triplicates and the means and 

standard deviations are shown. Asterisks (*) denote that the differences were 

significant compared to the MT-III-untreated cells (P < 0.01, by t-test).  
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Fig. 20. PI3K inhibitors inhibited MT-III-induced nuclear translocation of NF-κB: 

Western immunoblot analysis. 

Neuro2A cells were treated with 50 ng/ml of MT-III in presence or absence of 

LY294003 (LY, 20 µM) or Wortmannin (Wor, 100 nM). Cytoplasmic extracts and 

post-nuclear supernatants were subjected to Western blot analysis using an anti-p65 

NF-κB antibody. Lamin-B1 and α-tubulin were used as nuclear and cytoplasmic 

markers. All of the experiments were repeated at least three times and 

representative results are shown. 
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Fig. 21. PI3K inhibitors inhibited MT-III-induced nuclear translocation of NF-κB: 

Immunocytochemistry. 

Cells were fixed and subjected to immunocytochemistry using an anti-p65 antibody 

(left column) and the images were superimposed with DAPI stained images (right 

column). All of the experiments were repeated at least three times and 

representative results are shown. 
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6. Inhibition of PI3K/Akt signaling pathway reduced the anti-apoptotic effect of 

MT-III 

It was demonstrated that PI3K/Akt signaling pathway plays a central role in the 

MT-III-induced activation of NF-κB in the present study. These findings also 

suggested that active PI3K/Akt and NF-κB signaling pathways may be important 

for the anti-apoptotic effect of MT-III in neuronal cells. To confirm the results the 

effects of inhibiting PI3K/Akt signaling pathway or NF-κB on the anti-apoptotic 

effect of MT-III was further examined. MT-III protected Neuro2A cells from H2O2- 

or Dox-induced apoptosis, and this protective effect was almost completely 

abolished in the presence of LY294002 or TPCK (Fig. 22A and B). The effects of 

dominant negative of Akt (AKT-DN) and dominant negative of p65 NF-κB (p65-

DN) were examined on the anti-apoptotic effect of MT-III using MTT and TUNEL 

assays. AKT-DN and p65-DN completely blocked the anti-apoptotic effect of MT-

III (Fig. 23 and 24). Taken together, the present results has provided evidences that 

MT-III protects mouse neuroblastoma Neuro2A cells from H2O2- or Dox-induced 

apoptosis by activating NF-κB through the PI3K/Akt signaling pathway. 

Subsequently, the protective effect of MT-III was also examined in primary 

neuronal cells. MT-III protected primary neuronal cells from H2O2-induced 

apoptosis, and these effects were blocked in the present of LY294002 (Fig. 25 and 

26). Furthermore, the nuclear translocation of p65 subunit of NF-κB through the 
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PI3K/Akt signaling pathway by MT-III was examined in primary neuron cells. MT-

III increased the nuclear translocation of p65 subunit of NF-κB in primary neuronal 

cells, and this was abolished in the presence of LY294002 (Fig. 27) Taken together, 

these results clearly suggested that the PI3K/Akt signaling pathway plays the major 

role for the neuroprotective effect of MT-III. 
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Fig. 22. PI3K and NF-κB inhibitors diminished the anti-apoptotic effect of MT-III. 

Neuro2A were cultured with 50 ng/ml of MT-III in the presence or absence of 

LY294002 (LY, 20 µM) or TPCK (20 µM). After 24 hr, cells were challenged for 

another 24 hr with 50 µM H2O2 (A) or 1 µM Dox (B). MTT assays were performed 

and MTT reduction, compared to the untreated control cells, was expressed as 

percentage of cell survival. Asterisks (*) denote that the differences were significant 

compared to the MT-III-untreated cells (P < 0.01, by t-test). Asterisks (**) denote 

that the differences were significant compared to the MT-III plus H2O2/Dox-treated 

cells (P < 0.05, by t-test). 
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Fig. 23 Akt and p65 inhibitors diminished the anti-apoptotic effect of MT-III: Cell 

viability. 

Neuro2A cells were transiently transfected with either a p65-DN expression vector 

or an AKT-DN expression vector. MTT assays were performed and MTT reduction, 

compared to the untreated control cells, was expressed as percentage of cell 

survival. All of the experiments were done in triplicates and the means and standard 

deviations are shown. Asterisks (*) denote that the differences were significant 

compared to the MT-III-untreated cells (P < 0.01, by t-test). Asterisks (**) denote 

that the differences were significant compared to the MT-III plus H2O2-treated cells 

(P < 0.05, by t-test). 
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Fig. 24. Akt and p65 inhibitors diminished the anti-apoptotic effect of MT-III: 

TUNEL assay. 

Neuro2A cells were seeded on sterile slide cover slips in 12-well plates overnight 

and transiently transfected with either a p65-DN expression vector or AKT-DN 

expression vector. Cells were then pretreated with indicated amounts of MT-III for 

1 hr before stimulating with H2O2 for 24 hr. TUNEL assays were performed 

according to the manufacturer's instruction. All of the experiments were repeated at 

least three times and representative results are shown. 
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Fig. 25. PI3K inhibitor reduced the anti-apoptotic effect of MT-III. 

Primary neuronal cells were cultured with various doses of MT-III in the presence 

or absence of LY294002 (LY, 20 µM). After 24 hr, cells were challenged for 24 hr 

with 1 µM of Dox (A) or 50 µM H2O2 (B). MTT assays were performed and MTT 

reduction, compared to untreated control cells, was expressed as percentage of cell 

survival. Asterisks (*) denote that the differences were significant compared to the 

MT-III-untreated cells (P < 0.01, by t-test). Asterisks (**) denote that the 

differences were significant compared to the MT-III plus Dox-treated cells (P < 

0.05, by t-test). 
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Fig. 26. MT-III inhibited H2O2-induced apoptosis in the primary neuronal cells. 

Cells were seeded on sterile slide cover slips in 12-well plates overnight. Primary 

neuronal cells were treated with 50 ng/ml of MT-III in presence or absence of 

LY294003 (LY, 20 µM). After 24 hr, cells were challenged for 24 hr with 30 µM 

H2O2. TUNEL assays were performed according to the manufacturer's instruction. 

All of the experiments were repeated at least three times and representative results 

are shown. 
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Fig. 27. MT-III increased the nuclear translocation of NF-κB in the primary 

neuronal cells.  

Cells were treated with 50 ng/ml of MT-III in presence or absence of LY294003 

(LY, 20 µM) for 30 min and immunostained with an anti-p65 antibody. All of the 

experiments were repeated at least three times and representative results are shown. 

 

 

 ６０



Metallothionein-III protects against 6-hydroxydopamine-induced oxidative 

stress by increasing expression of heme oxygenase-1 in the PI3K and 

ERK/Nrf2 dependent manner 

 

7. MT-III protected against 6-OHDA-induced cell death  

To determine the effect of MT-III on 6-OHDA-induced cell death, SH-SY5Y cells 

were treated with 50 ng/ml MT-III for 24 hr prior to exposure to 50 µM 6-OHDA 

for additional 24 hr (Fig. 28). Morphological analysis under light microscopy 

showed that 6-OHDA (50 µM) induced severe cell damage as evidenced by cell 

size and loss of the bright refringent halo around cell bodies. Pre-treatment with 

MT-III (50 ng/ml) for 24 hr blocked the morphological changes caused by 6-OHDA 

(Fig. 29). When effects of MT-III on 6-OHDA-induced apoptosis were determined 

using TUNEL assays, treatment of SH-SY5Y cells for 24 hr with 6-OHDA clearly 

increased TUNEL staining, whereas MT-III significantly reduced 6-OHDA-induced 

TUNEL staining (Fig. 30). Rupture of the plasma membrane during necrosis allows 

the release of cytosolic proteins such as LDH into the culture medium. LDH release 

due to 6-OHDA treatment was also significantly reduced in cells pre-treated with 

MT-III (Fig. 30). Taken together, these data showed that MT-III inhibits 6-OHDA-

induced apoptosis and necrosis in SH-SY5Y cells. 
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Fig. 28. MT-III prevented 6-OHDA-induced cell death in SH-SY5Y cells: Cell 

viability. 

 SH-SY5Y cells were treated with MT-III (5, 25 and 50 ng/ml) for 24 hr , and then 

incubated with 6-OHDA (50 or 100 µM) for additional 24 hr. After the treatment, 

cell viability was measured with an MTT assay. All of the experiments were done 

in triplicates and the means and standard deviations are shown. Asterisks (*, #) 

denote that the differences were significant compared to 6-OHDA-treated cells (P < 

0.01 and P < 0.05, by t-test). 

 

 

 ６２



 

 

 

A B CA B C

 
Fig. 29. MT-III prevented 6-OHDA-induced cell death in SH-SY5Y cells: 

Morphological analysis. 

SH-SY5Y cells were treated with MT-III (50 ng/ml) for 24 hr followed by 6-OHDA 

(100 µM) incubation for additional 24 hr. After the treatment, morphological 

changes were measured under light microscopy; (a-c) phase contrast. Control 

cultures (a) or cells challenged for 24 hr with 100 µM 6-OHDA after pre-treatment 

(c) or not (b) for 24 hr with 50 ng/ml MT-III. All of the experiments were repeated 

at least three times and representative results are shown. 
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Fig. 30. MT-III prevented 6-OHDA-induced cell death in SH-SY5Y cells: TUNEL 

assays. 

SH-SY5Y cells were treated with MT-III (50 ng/ml) for 24hr followed by 6-OHDA 

(50 µM) incubation for a further 24 hr. After the treatment, TUNEL assays were 

performed according to the manufacturer's instruction. All of the experiments were 

repeated at least three times and representative results are shown. 
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Fig. 31. MT-III prevented 6-OHDA-induced cell death in SH-SY5Y cells: LDH 

leakage assay. 

SH-SY5Y cells were treated with MT-III (5, 25 and 50 ng/ml) for 24hr followed by 

6-OHDA (50 or 100 µM) incubation for additional 24 hr. After the treatment, cell 

viability was measured with an LDH leakage assay. All of the experiments were 

done in triplicates and the means and standard deviations are shown Asterisks (*, #) 

denote that the differences were significant compared to 6-OHDA-treated cells (P < 

0.01 and P < 0.05, by t-test). 
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8. MT-III reduces the activation of caspase-3  

Caspase-3 plays a pivotal role in the terminal execution phase of apoptosis induced 

by diverse stimuli. To examine the effect of MT-III on caspase-3-like activity, cells 

were pretreated with MT-III for 24 hr followed by additional 24 hr 6-OHDA 

exposure, and then DEVDase activity was determined. The level of 6-OHDA-

induced DEVDase activity was significantly reduced with prior MT-III treatment 

(Fig. 32). Similar results were obtained when the effects of MT-III on 6-OHDA-

induced caspase-9 activation were measured using a caspase-9-specific substrate 

LEHD-pNA (Fig. 32). These results suggested that MT-III prevents 6-OHDA-

induced neuronal cell death by inhibiting caspase-3 activation. 
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Fig. 32. MT-III reduced on 6-OHDA-induced the activation of caspase-3 and -9. 

SH-SY5Y cells were treated as indicated. The catalytic activities of caspase-3 and -

9 in cell lysates were assayed using the specific substrates DEVD-pNA and LEHD-

pNA. All of the experiments were done in triplicates and the means and standard 

deviations are shown. Asterisks (*) denote that the differences were significant 

compared to MT-III-untreated cells (P < 0.01, by t-test). 
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9. MT-III reduces 6-OHDA-induced ROS generation 

6-OHDA auto-oxidation yields ROS, mainly H2O2, and quinones that might react 

with different proteins to produce quinoproteins (Tiffany-Castiglioni et al., 1982). 

To determine the effect of MT-III on 6-OHDA-induced ROS generation in SH-

SY5Y cells, cells were pretreated with MT-III (5-50 ng/ml) for 24 hr, and then 6-

OHDA and H2DCFHDA were added for the last 6 and 1 hr, respectively. As shown 

in Fig. 33, the 24-hr pretreatment with 50 ng/ml MT-III significantly reduced the 6-

OHDA-induced ROS generation, indicating that MT-III attenuates ROS production. 

Moreover, as shown in Fig. 34, this effect was dependent on the duration of MT-III 

pretreatment. Thus, attenuation of ROS release by MT-III would require the 

presence of MT-III at least 3 hr prior to the addition of 6-OHDA. These results 

suggested that MT-III induces the expression of gene(s) essential to ROS 

antagonism. 
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Fig. 33. MT-III reduced on 6-OHDA-induced cellular ROS production. 

Cells were pretreated with MT-III (5-50ng/ml) or vehicle for 24 h. After the 

medium was removed, SH-SY5Y cells were exposed to 6-OHDA (50 µM) for 6 hr 

and fluorescence was then measured using FL600 fluorescence spectrophotometer 

with excitation at 485 nm and emission at 530 nm. All of the experiments were 

done in triplicates and the means and standard deviations are shown. Asterisks (*) 

denote that the differences were significant compared to MT-III-untreated cells (P < 

0.01, by t-test). 
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Fig. 34. Prevention of 6-OHDA-induced ROS by MT-III depended on the length of 

the MT-III pretreatment.  

Prevention of 6-OHDA-induced ROS by MT-III depends on the duration of MT-III 

pretreatment. SH-SY5Y cells were incubated with MT-III (50 ng/ml) for the 

indicated time. They were then treated with 50 µM 6-OHDA for 9 hr and with 

H2DCFHDA for 1 hr. All of the experiments were done in triplicates and the means 

and standard deviations are shown. Asterisks (*) denote that the differences were 

significant compared to the 0. hr control cells (P < 0.01, by t-test).  
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10. MT-III up-regulates HO-1 expression  

HO-1 is an important component of the cellular defense against oxidative stress. To 

assess the effect of MT-III on HO-1 expression in relation to its antioxidant activity, 

neuronal cells were treated with MT-III for 12 hr. The results showed a MT-III 

concentration-dependent increase in HO-1 mRNA and protein expression (Fig. 35A 

and B). Treatment of cells with MT-III (50 ng/ml) also resulted in a time-dependent 

increase in HO-1 mRNA and protein expression (Fig. 36A and B). The enhanced 

HO-1 expression correlated with the increased HO-1 activity (Fig. 37). This 

increase was sensitive to pretreatment of cells with actinomycin D or 

cycloheximide, suggesting that MT-III would enhance the expression of the 

inducible heme oxygenase isoform, HO-1 (Fig. 38). Moreover, the increase in 

mRNA was also sensitive to cycloheximide, suggesting, in agreement with other 

studies (Chen et al., 2000; Hill-Kapturczak et al., 2000), that the induction of HO-1 

transcription involves de novo protein synthesis. MT-III failed to stimulate HO-2 

expression (Fig, 35A and 36B), further indicating that MT-III specifically up-

regulates the HO-1 isoform.  
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Fig. 35. MT-III induced HO-1 expression: Dose-dependent induction of HO-1.  

(A) Semi-quantitative reverse transcription-PCR shows a dose-dependent induction 

of HO-1 mRNA by MT-III. (B) Dose-dependent induction of HO-1 protein by MT-

III. For (A) and (B), SH-SY5Y cells were treated with the indicated MT-III 

concentrations for 12 hr and then analyzed for HO-1 mRNA and protein levels. All 

of the experiments were repeated at least three times and representative results are 

shown. 
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Fig. 36. MT-III induced HO-1 expression: Time-dependent induction of HO-1.   

(A) Time course of HO-1 mRNA expression by MT-III. (B) Time course of HO-1 

protein expression by MT-III. For (A) and (B), SH-SY5Y cells were treated with 50 

ng/ml MT-III and then analyzed for HO-1 mRNA expression and protein at the 

indicated times. All of the experiments were repeated at least three times and 

representative results are shown. 
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Fig. 37. MT-III increased HO-1 activity.  

HO-1 activity was measured 12 hr after exposure to various concentrations of MT-

III. All of the experiments were done in triplicates and the means and standard 

deviations are shown. Asterisks (*) denote that the differences were significant 

compared to MT-III-untreated cells (P < 0.01, by t-test). 
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Fig. 38. MT-III induced HO-1 expression.  

(A) Semiquantitative reverse transcriptase-PCR showing induction of HO-1 mRNA. 

(B) Immunoblot showing induction of HO-1 protein by MT-III. For (A) and (B),  

SH-SY5Ycells were untreated or pretreated with 50 µM cycloheximide (CHX) or 

10 µg/ml actinomycin D (Act D) for 2 hr prior to the addition of 50 ng/ml MT-III 

for an additional 6 hr. All of the experiments were repeated at least three times and 

representative results are shown.  
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11. MT-III induces Nrf2 nuclear translocation  

Most of the genes encoding phase II detoxifying and antioxidant enzymes have an 

ARE sequence in their promoter region. Nrf2 is an important transcription factor 

that regulates ARE-driven HO-1 gene expression. To examine whether MT-III 

could activate Nrf2 in association with HO-1 upregulation, SH-SY5Y cells were 

treated with 50 ng/ml MT-III for the indicated times, and nuclear fractions were 

extracted for Western blotting analysis. MT-III treatment increased Nrf2 

accumulation in the nucleus (Fig. 39A and B). Confocal image of FITC-conjugated 

secondary antibody staining indicated the location of Nrf2 (green) by anti-Nrf2 

antibody. The DAPI staining indicated the location of the nucleus (blue), and the 

merged image of MT-III-treated cells indicated the nuclear location of Nrf2 protein. 

Also, MT-III increased the transcriptional activity of HO-1 (Fig. 40A). To test 

whether MT-III activates Nrf2, electrophoretic mobility shift assays to determine 

Nrf2 DNA binding activity were performed using nuclear extracts prepared from 

SH-SY5Y cells treated with MT-III. MT-III time-dependently increased Nrf2 

binding compared with untreated controls (Fig. 40B). This results suggested that the 

induction of HO-1 by MT-III is related with Nrf2-mediated ARE activation. 
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Fig. 39. MT-III increased Nrf2 translocation.  

(A) SH-SY5Y cells were treated with MT-III (50 ng/ml) for the indicated time and 

then nuclear extracts were prepared for western blotting. (B) Effect of MT-III on 

nuclear localization of Nrf2. All of the experiments were repeated at least three 

times and representative results are shown. 
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Fig. 40. MT-III increased the ARE-driven luciferase activities and ARE-binding 

activity of Nrf2. 

(A) SH-SY5Y cells were transfected with the HO-1-ARE reporter plasmid and 

treated with MT-III (5-50 ng/ml). After 18 hr of treatment, the cells were harvested, 

and luciferase activities were determined. All of the experiments were done in 

triplicates and the means and standard deviations are shown. Asterisks (*) denote 

that the differences were significant compared to MT-III-untreated cells (P < 0.01, 

by t-test). (B) Effect of MT-III on ARE-binding activity of Nrf2 in SH-SY5Y cells. 

Nuclear extracts prepared from SH-SY5Y cells were treated with 50 ng/ml of MT-

III for the indicated times. All of the experiments were repeated at least three times 

and representative results are shown. 
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12. Involvement of PI3K and MAPK pathway in HO-1 expression by MT-III 

Many studies have demonstrated that several MAPKs, including JNK, p38, ERK 

and PI3K, are involved in regulating the phosphorylation of Nrf2 and ARE-

mediated phase II gene expression (Zipper and Mulcahy, 2000; Martin et al., 2004). 

Meanwhile, the link between Nrf2 phosphorylation and activation and kinases 

remains unresolved. To further elucidate the upstream signaling pathway involved 

in MT-III mediated Nrf2 activation and/or induction of HO-1, the activation of 

PI3K/Akt and MAPKs were examined in SH-SY5Y cells. Interestingly, PI3K and 

ERK, but not other kinases such as p38 and JNK, were phosphorylated by MT-III 

(Fig. 41). Specifically, the HO-1 expression was reduced by LY294002; a PI3K 

inhibitor, and PD98059; an ERK inhibitor (Fig. 42). Likewise, nuclear 

accumulation of Nrf2 (Fig. 44), ARE binding of Nrf2 (Fig. 45), and transcriptional 

activity of HO-1 (Fig. 43B) was effectively blocked by LY294002 and PD98059. 

The inhibitor for PI3K or MAPK alone had no significant toxicity under our 

experimental conditions (data not shown). These results reflect a partial role for 

PI3K and ERK signaling in MT-III-mediated HO-1 induction through nuclear 

translocation of Nrf2. 
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Fig. 41. MT-III activated the PI3K and ERK1/2 pathways.  

SH-SY5Y cells were stimulated with 50 ng/ml MT-III for the indicated times and 

then immunoblotted with activation-specific antibodies that recognize p-Akt, p-

ERK1/3, p-p38 and p-JNK1/2. Parallel immunoblots were analyzed for total kinase 

levels with anti-Akt, ERK1/3, p38 and JNK1/2 antibodies. All of the experiments 

were repeated at least three times and representative results are shown. 
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Fig. 42. PI3K and MAPK inhibitors attenuated the MT-III-induced HO-1 

expression. 

SH-SY5Y cells were preincubated with 30 µM LY294002 or 30 µM PD98059 for 

30 min and then incubated with 50 ng/ml MT-III for 6 h. Cells were lysed and 

lysates were used for immunoblot analysis. All of the experiments were repeated at 

least three times and representative results are shown. 
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Fig. 43. PI3K and MAPK inhibitors attenuated the MT-III-induced HO-1-ARE-

luciferase activity. 

(A) SH-SY5Y cells were incubated with MT-III (50 ng/ml) for 3 hr in the presence 

or absence of 30 µM LY294002 or 30 µM PD98059 and nuclear extracts were 

harvested for Western blotting analysis with anti-Nrf2 antibody. All of the 

experiments were repeated at least three times and representative results are shown. 

(B) SH-SY5Y cells were transfected with the HO-1-ARE-luciferase plasmid 

construct. After overnight incubation, cells were treated with MT-III (50 ng/ml) for 

18 hr in the presence or absence of 30 µM LY294002 or 30 µM PD98059, and cell 

lysates were mixed with luciferase substrate. The luciferase activity was measured 

by a luminometer. Asterisks (*) denote that the differences were significant 

compared to the MT-III-treated cells (P < 0.01, by t-test). 
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Fig. 44 PI3K and MAPK inhibitors attenuated the MT-III-induced nuclear 

translocation of Nrf2. 

SH-SY5Y cells were treated with MT-III (50 ng/ml) in the absence or presence of 

PD98059 or LY294002 for 3 hr, and then immunostained to detect the nuclear 

localization of Nrf2. All of the experiments were repeated at least three times and 

representative results are shown. 
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Fig. 45. PI3K and MAPK inhibitors attenuated the MT-III-induced the ARE-

binding activity of Nrf2. 

SH-SY5Y cells were treated with MT-III (50 ng/ml) for 3 hr in the absence or 

presence of PD98059 or LY294002 and then EMSA was performed. All of the 

experiments were repeated at least three times and representative results are shown. 
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13. HO-1 inhibitor suppresses the protective effect of MT-III against 6-OHDA-

induced cell death 

Zinc protoporphyrin (ZnPP) has been used as an HO inhibitor. In order to delineate 

if HO-1 induction participates in MT-III protection of SH-SY5Y cells against 6-

OHDA-induced cytotoxicity, cells were treated with MT-III (50 ng/ml) for 24 hr to 

induce HO-1 protein expression then incubated with 5 µM ZnPP for 30 min and 

finally incubated with 6-OHDA for additional 24 hr. The MTT assay revealed that 

the protective effect of MT-III against 6-OHDA-induced cytotoxicity was reversed 

by the addition of ZnPP (Fig. 46). Data of the morphological observations indicated 

that condensed cells reappear in ZnPP-treated cells in the presence of MT-III and 6-

OHDA (Fig. 47). These results suggested that the neuroprotective effect of MT-III 

is mediated through HO-1 induction. 
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Fig. 46. A chemical HO-1 enzyme inhibitor ZnPP reversed the protective effect of 

MT-III against 6-OHDA-induced cell death: Cell viability.  

SH-SY5Y cells were treated with MT-III (50 ng/ml) for 24 hr and then incubated 

with ZnPP (5 µM) for 30 min and addition of 6-OHDA (50 µM) into the cells for 

additional 24 hr. Cell viability was determined by the MTT assay. All of the 

experiments were done in triplicates and the means and standard deviations are 

shown. Asterisks (*) denote that the differences were significant compared to MT-

III plus 6-OHDA-treated cells (P < 0.01, by t-test). 
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Fig. 47. ZnPP reverses the protective effect of MT-III against 6-OHDA-induced cell 

death: Morphological analysis.  

SH-SY5Y cells were treated with MT-III (50 ng/ml) for 12 hr followed by 

incubating with ZnPP (5 µM) for 30 min and addition of 6-OHDA (50 µM) into the 

cells for additional 12 hr. Morphological changes in the condition with or without 

MT-III (50 ng/ml) or ZnPP (5 µM) followed by 6-OHDA stimulation for 12 hr were 

observed microscopically. All of the experiments were repeated at least three times 

and representative results are shown. 
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14. PI3K and ERK1/2 pathways are necessary and sufficient to attenuate 6-

OHDA-induced cell death 

To examine the effects of PI3K/Akt and three MAPK inhibitors on MT-III-induced 

neuroprotection against 6-OHDA, SH-SY5Y cells were pretreated for 30 min with 

LY294002, PD98059, SB203580 and SP600125 prior to addition of MT-III. 

Following 24-hr incubation with MT-III, cells were treated with 6-OHDA for 

additional 24 hr. As shown in Fig. 48-50, LY294002 and PD98059 reversed the 

protective effect of MT-III against 6-OHDA-induced cell death, further supporting 

the concept that the PI3K and ERK1/2 survival pathways control cell death, at least 

in part, by inducing HO-1 expression (Fig. 51). 
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Fig. 48. PI3K and ERK1/2 inhibitors attenuated the anti-apoptotic effect of MT-III: 

cell viability. 

SH-SY5Y cells were pretreated for 30 min with LY294002 and PD98059 prior to 

the addition of MT-III. Following a 24 hr incubation with MT-III, cells were treated 

with 6-OHDA for additional 24 hr. Cell viability was assessed by the MTT assay 

after 6-OHDA treatment. All of the experiments were done in triplicates and the 

means and standard deviations are shown. Asterisks (*) denote that the differences 

were significant compared to the MT-III plus 6-OHDA treated cells (P < 0.01, by t-

test). 
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Fig. 49. PI3K and ERK1/2 inhibitors attenuated the anti-apoptotic effect of MT-III: 

Caspase-3 activity.  

SH-SY5Y cells were pretreated for 30 min with LY294002 and PD98059 prior to 

the addition of MT-III. Following 24-hr incubation with MT-III, cells were treated 

with 6-OHDA for additional 24 hr. The catalytic activity of caspase-3 in cell lysates 

was assayed using the specific substrate DEVD-pNA. All of the experiments were 

done in triplicates and the means and standard deviations are shown. Asterisks (*) 

denote that the differences were significant compared to the MT-III plus 6-OHDA-

treated cells (P < 0.01, by t-test). 
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Fig. 50. PI3K and ERK1/2 inhibitor attenuated the anti-apoptotic effect of MT-III: 

TUNEL assay. 

SH-SY5Y cells were cultured with 50 ng/ml of MT-III in the presence or absence 

of PD98059 or LY294002. After 24 hr, cells were challenged for additional 24 hr 

with 6-OHDA of 50 µM. After the treatment, TUNEL assays were performed 

according to the manufacturer's instruction. All of the experiments were repeated at 

least three times and representative results are shown. 

 ９１



 

PI3K

MT-III

ERK

Keap1

Keap1

Nrf2

P

P

Nrf2

P

P

Nucleus

ARE-driven HO-1 gene expression

Neuroprotective effect

Cytosol
PI3K

MT-III

ERK

Keap1

Keap1

Nrf2

P

Nrf2

P

P

Nrf2

P

P

Nrf2

P

Nrf2

P

P

Nucleus

ARE-driven HO-1 gene expression

Neuroprotective effect

Cytosol

 

Fig. 51. A proposed pathway for MT-III-induced HO-1 expression via upregulation 

of PI3K, ERK1/2 and Nrf2, which explains neuroprotection of MT-III against 

oxidative stress in dopaminergic SH-SY5Y cells. 
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IV. Discussion 

 

Neuroprotecion by metallothionein-III involves activation of nuclear factor-κB 

through phosphatidylinositol-3 kinase signaling pathway 

In the previous reports, the overexpression of human MT-III reduces H2O2-induced 

oxidative stress and DNA damage in human fibroblasts (Jeong et al., 2004; You et 

al., 2002a). The present study reports the molecular mechanism underlying the 

neuroprotective effect of MT-III against apoptotic stimuli. The anti-apoptotic effect 

of MT-III was exerted by inducing the phosphorylation of IκB and the subsequent 

nuclear translocation and activation of NF-κB through the PI3K/Akt signaling 

pathway. The neuroprotective role of MT-III was proposed based on the following 

evidences. First, MT-III was discovered as an inhibitor of neuronal growth factors 

that appeared at lower levels in Alzheimer’s disease brains. The role of MT-III has 

been studied in a number of animal brain damage models and these studies 

suggested that this isoform is involved in reparative and protective processes in the 

brain (Aschner, 1996; Hidalgo et al., 2006; Carrasco et al., 2006; You et al., 2002b). 

Second, it has been recently reported that MT-III-deficient mice are more 

susceptible to kainic acid-induced seizures and neuronal injury than normal mice, 

and that MT-III transgenic mice are more resistant to neuronal injury (Erickson et 
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al., 1995, 1997; Kim et al., 2003). 

The major function of MT is to bind and regulate intracellular concentration of 

metal ions. MT proteins can donate or sequester metal ions from proteins including 

transcription factors, enzymes, and receptors, and then regulate the function of 

these proteins. Metal ion-deprived Apo-MT forms do occur in several tissues, 

including brain. MT-III resists proteolytic degradation in zinc-depleted cellular 

conditions where other MT proteins are degraded (Palmiter, 1995). In this regard, 

the present study was could provide evidence that apo-MT-III prevents Dox-

induced cell death as similar as the like metal ion-bound form of MT-III in neuronal 

cells (Fig. 6). These results suggested that binding and sequestering of metal ions 

may not be important for neuroprotective effect of MT-III. Both the expression of 

MT and the activation of NF-κB are induced by stress. These processes are 

mediated through anti-apoptotic processes to protect cell from ionizing radiation 

and provide resistance to anticancer drugs (Choi et al., 2001; Wang and Cassidy, 

2003). Several studies suggested a role for MT in modulating NF-κB activity, but 

the mode of action has remained controversial: some reports suggested positive 

effects of MT-III on NF-κB activity while others suggested negative effects (Abdel-

Mageed and Agrawal, 1998; Butcher et al., 2004; Papouli et al., 2002; Kanekiyo et 

al., 2002; Crowthers et al., 2000; Sakurai et al., 1999). Overexpression or induction 

of MT in MCF7 cells increased the DNA binding, reporter activation and target 
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gene expression of NF-κB (Chuang et al., 2002). Also, the amount of cellular NF-

κB p65 subunit in MT-knockout cells was less than 20% and the activation of a NF-

κB reporter was than 50% compared to those in MT-wild type cells, consistent with 

the increased sensitivity of MT-knockout cells to apoptosis (Abdel-Mageed and 

Agrawal, 1998). On the other hand, MT has been also reported to inhibit TGF-ß 

induced degradation of IκB and the expression of NF-κB-dependent genes 

(Kanekiyo et al., 2002). In addition, MT-II antisense partially restores the NF-κB 

activity in a mitomycin C-resistant hamster cell line in response to mitomycin C 

(Butcher et al., 2004). However, none of these studies quantitatively assessed the 

role of MT-III for modulating NF-κB activity in the context of the neuroprotective 

effect of MT-III. The present study was provided clean evidences that MT-III 

increases the nuclear translocation of p65 subunit of NF-κB and the transcriptional 

activity of NF-κB in a dose-dependent manner, and that the activation of NF-κB is 

an important step for the anti-apoptotic effect of MT-III in neuronal cells (Fig. 12-

18).  

The IκB-dependent modulation of NF-κB activity in response to various stimuli has 

been well characterized in numerous cell types (Sun and Andersson, 2002). In this 

pathway, NF-κB activation is achieved by the phosphorylation of IκB, the binding 

of a specified ubiquitin ligase complex to phosphorylated IκB, and the 

polyubiquitination and subsequent proteasome-mediated degradation of IκB. The 
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phosphorylation of IκB is the only regulated step in this cascade and the enzymes 

involved in IκB polyubiquitination and degradation is constitutively active (Delhase 

et al., 1999; Zandi et al., 1998). The results that MT-III induces the phosphorylation 

and degradation of IκB suggested that NF-κB activation by MT-III in neuronal cells 

involves IκB phosphorylation and degradation (Fig. 17). The present study also 

characterized the upstream signaling pathway that mediates the MT-III-induced 

anti-apoptotic effect. Several groups have reported that PI3K and Akt are involved 

in the activation of NF-κB in response to TNF, interleukin 1, phorbolmyristate 

acetate, and PDGF signaling. These results indicated that IKK activity is involved 

for enhancing NF-κB nuclear translocation (Kane et al., 1999; Reddy et al., 2000; 

Habib et al., 2001). Using specific inhibitors of PI3K/Akt signaling pathway and 

NF-κB, the present study demonstrated that the MT-III-induced activation of Akt, 

phosphorylation and degradation of IκB increase in nuclear accumulation and 

transcriptional activity of NF-κB, and that anti-apoptotic effect in neuronal cells 

were all dependent on the activity of PI3K/Akt signaling pathway and NF-κB (Fig. 

19-27). These observations suggested that MT-III activates PI3K/Akt signal 

pathway. Although the precise mechanisms by how MT-III prevents Dox- or H2O2-

induced cell death via activation of PI3K/Akt signal pathway need to be elucidated, 

these findings may provide clues to understand the new role of MT-III in brain. 

Taken together, the present results suggested that MT-III exerts neuroprotective 
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effect by activating NF-κB through the PI3K/Akt signaling pathway in neuronal 

cells.  
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Metallothionein-III protects against 6-hydroxydopamine-induced oxidative 

stress by increasing expression of heme oxygenase-1 in the PI3K and 

ERK/Nrf2 dependent manner  

The present study demonstratesd a new physiological role for the PI3K/Akt and 

ERK1/2 survival pathway activated by MT-III: control of intracellular levels of 

oxygen free radicals by regulating the expression of HO-1 through Nrf2 activation. 

Previous studies have indicated that overexpression of human MT-III reduces H2O2-

induced oxidative stress and DNA damage in human fibroblasts (Jeong et al., 2004; 

You et al., 2002a). In addition, a previous study demonstrated that MT-III can 

scavenge OH· radicals formed during radiolysis and O2
·− radicals in a riboflavine-

methionine-nitrobluetetrazolium (NBT) radical producing system (Shi et al., 2003). It 

suggested that MT-III could act as an efficient scavenger against free radicals in 

vivo (Fig. 33 and 34). It has also been shown that MT-III may modulate the 

canonical antioxidant machinery of ROS by increasing the expression of superoxide 

dismutase activities (Shi et al., 2003). However, the underlying mechanism for its 

effects is unclear. The present investigation further demonstrated that MT-III 

regulates the expression of the novel antioxidant mechanism including the stress 

protein HO-1. The results presented in this study are consistent with the hypothesis 

that MT-III affords neuroprotection through an antioxidant mechanism. The present 

study further demonstrated that MT-III regulates the expression of the antioxidant 
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mechanism involving the stress protein HO-1 (Fig. 35-38). Moreover, enhanced 

HO-1 expression is essential for MT-III’s function in neuroprotection. Although 

PI3K/Akt is a well-documented pathway involved in protecting against apoptotic 

insults, including oxidative stress, this is the first report linking the survival 

pathway with a specific enzyme involved in ROS detoxification by mammalian 

cells. The present results showed that the PI3K/Akt and ERK1/2 pathway are both 

necessary and sufficient for MT-III-dependent attenuation of cell death in SH-SY5Y 

cells exposed to 6-OHDA (Fig. 48-50). 

The cytoprotective properties of antioxidants have been partially attributed to their 

abilities to induce cytoprotective enzymes. Among the various cytoprotective 

enzymes, HO-1 expression has been considered an adaptive and beneficial response 

to oxidative stress in a wide variety of cells (Alam and Cook, 2003; Choi et al., 

2003; Otterbein et al., 2003). Recent reports have shown that transgenic mice 

overexpressing moderate levels of HO-1 display augmented resistance to neural 

damage in animal models of cerebral ischemia (Panahian et al., 1999) or after 

H2O2- and glutamate-induced oxidant stress in vitro (Chen et al., 2000). Here, we 

demonstrated that MT-III increases HO-1 mRNA and protein expressions as well as 

HO-1 activity in SH-SY5Y cells (Fig. 35-38). The increase in HO-1 expression by 

MT-III conferred cytoprotection against 6-OHDA-induced oxidative stress. These 

results suggested that MT-III-induced HO-1 expression might serve an important 
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mechanism for the cytoprotective effects of MT-III. Accordingly, this study showed 

that constitutive but moderate overexpression of HO-1 attenuated 6-OHDA-induced 

ROS generation. The diversity of stimuli that induce HO-1 suggests that the 

molecular mechanisms for the regulation of HO-1 are complex. Several studies 

have described the regulatory sites and transcription factors required for activation 

of the HO-1 promoter (Gong et al., 2002; Hill-Kapturczak et al., 2003). Recent 

evidence has implicated the role of Nrf2 in the inducer-dependent activation of the 

HO-1 gene (Alam and Cook, 2003; Alam et al., 1999). The transcription factor, 

Nrf2, positively regulates the ARE-mediated expression of antioxidant enzyme 

genes, including HO-1 (Zhang and Gordon, 2004). In this regard, the present study 

demonstrated that MT-III might increase the expression of HO-1 genes through 

Nrf2-mediated ARE activation (Fig. 39 and 40). 

PI3K/Akt and MAPK pathways have been reported to be involved in HO-1 

expression (Chen et al. 2004b; Balogun et al., 2003; Gong et al., 2004) and also in 

Nrf2-dependent transcription (Zipper and Mulcahy, 2003; Shen et al., 2004). The 

present studies were designed to determine a possible role for PI3K/Akt and MAPK 

pathways in MT-III-induced HO-1 expression. The results showed that MT-III 

activates PI3K/Akt and ERK1/2 pathways (Fig. 41). Additionally, the use of 

specific inhibitors for PI3K/Akt and MAPK pathways confirmed the involvement 

of PI3K/Akt and ERK1/2, but not of p38 and JNK1/2, in MT-III-induced HO-1 
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expression (Fig. 42), as well as MT-III-modulated transcriptional activity of HO-1 

(Fig. 43) and neuroprotection (Fig. 48-50). Moreover, PI3K/Akt inhibitor blocked 

MT-III-induced Nrf2 nuclear translocation (Fig. 44 and 45). These results suggest 

that PI3K/Akt and ERK1/2 pathways might be critical for MT-III-induced HO-1 

expression and Nrf2 nuclear translocation.  

In summary, MT-III induces HO-1 expression in dopaminergic SH-SY5Y neuronal 

cells, which confers neuroprotection against oxidative injury. MT-III also induces 

Nrf2 nuclear translocation, an upstream of MT-III-induced HO-1 expression, and 

activates PI3K/Akt and ERK1/2 phosphorylation. The PI3K/Akt and ERK1/2 

pathways are involved in MT-III-induced Nrf2 nuclear translocation, HO-1 

expression, and neuroprotection in neuronal cells (Fig. 51). 
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[국문 초록] 

 

산화적 손상으로 유도된 신경세포 사멸에 대한 

메탈로치오네인-III 의 신경세포 보호효과 

 

황용필  

약학과 

조선대학교 대학원  

(지도교수: 정혜광)  

 

본 연구에서는 신경세포에서만 특이적으로 발현되는 메탈로티오네인-III 

(Metallothionein-III: MT-III)의 신경세포 손상에 대한 보호효과와 그 

작용기전을 조사하였다. MT는 최초로 말의 신장에서 Cd와 Zn을 함유하는 

단백질로서 발견된 이 후, 현재 박테리아, 균류, 식물 및 사람을 포함한 

동물 등에서 존재하고 있음이 밝혀졌다. MT의 효소 기능은 아직 알려져 

있지 않기 때문에 그 구조에 따라서 MT는 흔히 유형 I, II, III, IV로 

분류된다. 체내 거의 모든 조직에서 발현되는 MT-I 및 MT-II와는 달리 

MT-III는 뇌조직 특이적으로 신경세포에서만 발현되며, MT-IV은 일부 
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상피세포에서만 발현되는 것으로 알려져 있다. 체내 가장 풍부한 MT-I과 

MT-II는 체내에서 다양한 금속 (Zn, Cu, Cd, Hg)과 결합하여 금속이온의 

항상성 유지에 매우 중요한 역할을 하고 있는 것으로 알려져 있고 그 외 

생리적 기능으로 금속 독성에 대한 방어 및 항산화제 역할 등이 있다. 

그 동안 MT에 관한 연구는 주로 MT-I 및 MT-II에 대하여 이루어진 

연구들로서 간이나 신장에서 중금속에 대한 보호효과 및 금속이온들의 

항상성 유지에 대한 MT의 역할에 초점이 맞추어져 연구가 진행되어 왔다. 

그러나 최근에 신경세포에서 과도한 신경돌기 (neurofibril tangle)의 

형성을 억제하는 성장 억제인자 (growth inhibitory factor; GIF)가 MT-

III임이 밝혀지면서 MT-III의 신경세포 내 역할에 대한 관심이 증가되고 

있다. 특히 흥미로운 것은 GIF가 부족한 경우 과도한 신경 돌기가 

정상적인 신경세포 주위에 생성되어 신경세포가 결국 사멸하게 되는데, 

이런 과도한 신경 돌기형성이 퇴행성 뇌 질환인 알쯔하이머 병의 

대표적인 병리학적인 소견이라는 사실이다. MT-III가 부족할 경우 

알쯔하이머 병에서 나타나는 병리학적인 소견인 과도한 신경돌기 형성이 

관찰되며, 또한 알쯔하이머 환자에서 MT-III 발현이 감소된다는 사실은 

MT-III가 알쯔하이머 질환의 발병을 억제하는 중요한 물질로 작용할 

가능성이 높음을 시사한다. 따라서 MT-III의 발현 정도가 신경돌기 

형성에 영향을 주어 신경돌기 형성에 의한 신경세포 손상에 관여할 

가능성이 매우 높기 때문에 MT-III의 발현 저하는 뇌 질환의 발병과 

 １１８



밀접한 관련이 있을 것이라는 추론이 강력하게 대두되고 있다. 또한 

신경 손상에 대한 MT-III 의 보호효과가 알려져 있지만 아직까지 MT-III 

의 신경보호 작용 기작은 잘 알려져 있지 않다. 본 연구는 아직 기능에 

대한 연구가 매우 부족한MT-III 의 신경 보호효과와 그 작용기전을 

연구하고자 하였다. MT-III 는 신경세포에서 H2O2 나 DNA 손상을 

유도하는 화학물질에 의해 증가한 caspase-3 활성 및 

미토콘드리아로부터 세포질로의 cytochrome c 의 방출 등으로 인한 

신경세포 사멸을 억제하였다. 이러한 MT-III 의 신경세포 보호 효과는 

MT-III 가 세포 성장과 생존에 관여하는 인자인 Akt 의 활성화를 유도 

함으로써 나타남을 알 수 있었다. 또한 IκB 의 인산화 및 분해가 

증가하였으며 NF-κB 의 활성화 및 핵 안으로의 축적이 증가하였다. MT-

III 에 의한 NF-κB 의 활성과 anti-apoptotic 효과는 PI3K, Akt, NF-

κB 등의 저해제에 의해서 감소하였다. 이는 MT-III 가 PI3K/Akt 

신호전달을 통해 NF-κB를 활성화 시켜 신경세포 보호효과가 있음을 알 

수 있었다. 

파킨슨 병 (Parkinson's disease)은 신경전달물질인 도파민의 감소로 

인해 뇌의 흑색질 (substantia nigra) 부위의 신경세포가 줄어드는 

중추신경계 질환이다. 세포 내 증가된 산화적 손상은 파킨슨 병의 

중요한 발병원인으로 알려져 있다. 세포는 이러한 산화적 손상에 대한 

방어기전으로 세포보호 유전자의 발현을 증가시킨다. 대표적인 예로 
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항산화 효소나 phase II 무독화 효소가 있다. 위의 유전자발현에는 Nrf2 

라는 전사 조절인자의 조절을 받는다. 6-OHDA 는 활성산소를 생성하는 

신경독소로 파킨슨 병의 유도에 사용하는 화학물질이다. 본 연구에서는 

6-OHDA 으로 인해 증가되는 신경손상에 대한 MT-III 의 보호효과 및 그 

작용기전에 대해 연구하였다. 신경세포에서 6-OHDA 처리에 의해 증가한 

caspase 활성, 활성산소 및 세포독성은 MT-III 처리에 의해서 

감소하였다. 또한 MT-III 는 항산화 효소인 heme oxygenase-1 (HO-1) 의 

발현 및 NF-E2-related factor 2 (Nrf2) 활성을 증가 시켰으며, 이는 

Akt 및 ERK1/2 의 인산화 증가를 통해 이루어짐을 알 수 있었다. 

PI3K 와 ERK1/2 저해제 실험 결과 MT-III 에 의한 신경세포 보호 기전은 

PI3K 와 ERK1/2 의 활성이 필요함을 알 수 있었다. 이러한 결과를 

종합하여 볼 때, MT-III 는 PI3K 와 ERK1/2/Nrf2 신호전달을 경유 하여 

산화적 손상에 대한 방어 역할을 하는 HO-1 의 발현을 증가 시킴으로써 

6-OHDA 와 같은 신경세포손상 유도 물질에 대한 세포 내 저항성을 증가 

시켰을 것으로 사료되었다. 이로써 MT-III 는 6-OHDA 에 의한 도파민 

유래 신경퇴화를 억제 할 수 있으며, 파킨슨 병의 치료에 유용하게 사용 

할 수 있을 것이다. 
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