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Metallothionein provides zinc-mediated protective effects against
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Abstract

Methamphetamine (METH) is a drug of abuse and neurotoxin that induces Parkinson’s-like pathology after chronic usage by targeting dopamin
ergic neurons. Elucidation of the intracellular mechanisms that underlie METH-induced dopaminergic neuron toxicity may help in understanding
the mechanism by which neurons die in Parkinson’s disease. In the present study, we examined the role of reactive oxygen species (ROS)
the METH-induced death of human dopaminergic SK-N-SH cells and further assessed the neuroprotective effects of zinc and metallothionei
(MT) against METH-induced toxicity in culture. METH significantly increased the production of reactive oxygen species, decreased intracellular
ATP levels and reduced the cell viability. Pre-treatment with zinc markedly prevented the loss of cell viability caused by METH treatment. Zinc
pre-treatment mainly increased the expression of metallothionein and prevented the generation of reactive oxygen species and ATP depletion caus
by METH. Chelation of zinc by CaEDTA caused a significant decrease in MT expression and loss of protective effects of MT against METH
toxicity. These results suggest that zinc-induced MT expression protects dopaminergic neurons via preventing the accumulation of toxic reactiv
oxygen species and halting the decrease in ATP levels. Furthermore, MT may prevent the loss of mitochondrial functions caused by neurotoxin:
In conclusion, our study suggests that MT, a potent scavenger of free radicals is heuroprotective against dopaminergic toxicity in conditions suc
as drug of abuse and in Parkinson’s disease.
© 2005 Published by Elsevier Inc.
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1. Introduction MPTP, a parkinsonism-inducing environmental toxin. METH-
induced massive release of dopamine (DA) from vesicles to
The central nervous system (CNS) is highly susceptible taytosol with resulting formation of toxic reactive oxygen species
damage by a variety of neurotoxins. Methamphetamine (METHJROS) are well documented both in viy25] and in vitro[14]
is a well-known drug of abuse and neurotoxin that may causstudies.
long-lasting changes in the dopaminergic pathways of central Two mechanisms have been proposed for METH toxicity:
nervous systerfl0]. METH treatment is known to cause nigro- (i) formation of extracellular free radicals from DA and/or (ii)
striatal damage in experimental animals and also in humanaxidative stress driven by increased levels of DA in the cytosol
[50,54,60] Therefore, METH toxicity is frequently cited as a [40]. However, the oxygen-based free radical theory suggests
potential model of drug-induced parkinsoni$28] similar to  thatformation of toxic radicals from DA might be the main deter-
minant of neurotoxicity induced by MET[9]. Furthermore, itis
suggested that METH can also cause mitochondrialy-mediated
* Corresponding author. Tel.: +1 701 777 2284; fax: +1 701 777 4158, OXidative stress that leads to mitochondrial dysfunction and
E-mail address: mebadi@medicine.nodak.edu (M. Ebadi). finally cell death via apoptos{§9].
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Many studies have reported that reactive oxygen species catllection (ATCC) (Manassas, VA). All other chemicals used in this study were
be neutralized by an enzyme defense mechanisms comprisimagalytical grade and obtained essentially either from Sigma or Fisher Scientific
of superoxide dismutase (SOD) and catalase (CAT), and’sA)-
non-enzymatic mechanisms including the scavenging action of

- - 2.2. SK-N-SH cell culture
metallothionein (MT)[19]. MTs are a group of low-molecular
ngght ,(abc?“t 60(_)0, Da)’ CySteine rich (30%) intracellular pro- SK-N-SH cells were grown in Dulbecco’s modified Eagle’s medium
teins with high affinity for both essential (zinc and copper) andpmem), supplemented with high levels of glucose, glutamine and 3.7 g/l
nonessential (cadmium and mercury) mefa4s35] The mam-  sodium bicarbonate, containing 10% fetal bovine serum. The cell culture flasks
malian MT family consists of four similar but distinct isoforms were placed in a humidified incubator with 5% gi@ air at 37°C.
of MTs designated as MT-I, MT-II, MT-1Il and MT-IV. MT-I
and MT-1l isoforms are expressed in many tissues, howeveg-3. Metallothionein induction with zinc
the MT-11l isoform which is also known as a growth inhibitory ) o ) .
MT protein expression in SK-N-SH cell line was studied after treatment

fac'[_or is known to _be e_XpreSSEd prlmar_lly but nOt solely in thewith various concentrations of Zng£{25, 50 and 7pM) for 12-48 h. MT was
brain. The MT-IV is widely expressed in stratified squamouSmeasured by a competitive ELISA1]. Total protein was measured with the
epithelia[36,46,48] Recently, a growing body of interest has Bradford assa§7]. MT concentrations in samples were calculated using a MT
been focused on MT as a potential free radical scavengestandard curve and normalized to sample protein values.

because of its high thiol content which is involved exclusively

in the formation of metal-thiolate clustes3]. Several studies 2-4. Enzyme linked immunosorbent assay (ELISA) for

indicated that MTs can scavenge reactive oxygen spi&iesg]  /metallothionein

and provide cellular protection against DNA-damage induced Metallothionein isoforms (MT-I and MT-Il) were measured by ELISA

by chemicals or radiatiof8]. In mammalian (?e”S’ MT'I ?‘nd method (J. Swinscoe, M.M. Meyer and E.C. Carlson, unpublished) using a mon-
MT-II genes (but not MT-IIl and MT-1V) are highly inducible ocional anti-metallothionein antibody (DAKO-MT, E9) which equally cross
by many heavy metals including Zn, Cd, Hg, Cu and bismutheacts with both MT-I and MT-Il isoforms. SK-N-SH cells were treated with

(Bi) [45]. Zinc and cadmium are the most potent inducers ofdifferent concentrations of methamphetamine and incubated for 24 h. Metham-

MT transcription and protein svnthesigol. In vitro studies phetamine was added either with or without pre-treatment withN@nCls.
P P Y S[ ] In other experiments, we used CaEDTA, a zinc chelator to study the specific

with cultured astrocytes suggested that induction of MTs byeffects of zinc and MT. After incubation period, the cells were washed twice

zinc treatment afforded neuroprotection against diethyldithiowith pBs, sonicated and centrifuged at 14,609for 10 min. The supernatants
carbamate (DDC) toxicity61]. Moreover, pre-treatment with were used to determine MT. Briefly, wells were coated with 50 ng of MT using
either cadmium or dexamethasone provided a significaaniS buffer (0.1 M, pH 10.4) in high-protein binding 96-well microtiter plates

rotection against the neurotoxic effects of MPTP in mice brairf®" 6 h at room temperature. After washing the wells for three times with wash-
P 9 r|Ing buffer, 100ul of sample or MT standards (MT-I) were added to the wells

[51]. . . . and incubated with 10l of MT antibody (1:1000) for 24 h at 4C. The wells

In the present study, we investigated the mechanisms Qfere then washed and incubated with secondary antibody conjugated to alkaline
METH-induced neurotoxicity by studying the changes in reac-phosphatase (1:2500) for 3 h at37 in assay buffer. After washing, the wells
tive oxygen species and ATP levels following METH treatmentwere incubated witlp-nitrophenyl phosphate substrate in 1% diethanolamine,
in dopaminergic SK-N-SH cells in culture. Our studies demoan 9.8 for 30 min at 37C. The color was read in a microtiter plate reader

. . .. . (Molecular Device, Sunnyvale, CA) at 405nm. MT concentration in samples
strated that METH causes dopaminergic cell death viaincreasi s calculated using a MT standard curve and normalized to their protein

the production of ROS and by depleting the cellular ATP level.yajyes.

The induction of free radicals by METH may be critical for

dopaminergic cell death. Furthermore, our study also suggestss. MTT assay

that metallothionein mediates zinc protective effects against

METH toxicity. SK-N-SH cells were seeded in 96-well plates at a density of
0.5x 10Pcells/well. The cultures were grown for 24 h followed by adding new
medium containing various concentrations of methamphetaming.NiL@o

2. Materials and methods 1.0 mM). Methamphetamine was added to the cells which were pre-treated either

with or without 50u.M ZnClI; for 12 h. Experiments were also conducted using

CaEDTA (150uM), a zinc chelator to study the specific effects of zinc on cell

viability. Cell viability was determined by MTT ass§42]. Briefly, after incuba-

tion for 24,48 or 72 h, 3.l of MTT reagent (0.5 mg/mI MTT in PBS containing

10u.M HEPES) was added to each well and incubated in a ®@ubator for

2h. The medium was aspirated from each well and the culture plate was dried

at 37°C for 1 h. The resulting formazan dye was extracted with1l0gf 0.04N

Cl in isopropanol and the absorbance was measured in a microplate reader
Molecular Device, Sunnyvale, CA) at 570/630 nm.

2.1. Reagents

Dulbecco’s modified eagle’s medium (DMEM), Hanks balanced salt solu-
tion (HBSS), F-12 medium, fetal bovine serum, penicillin and streptomycin
were all purchased from Gibco Invitrogen (Carlsbad, CA). High protein binding
polystyrene multiwell plates, MTT (Thiazolyl blue), bovine serum albumin,
CaEDTA, metallothionein, (+) methamphetamine were each obtained fro
Sigma (St. Louis, MO). 27'-Dichlorodihydrofluorescein diacetate {BICF-

DA) was purchased from Molecular Probes (Eugene, OR) and ATPLite kit was

secured from Packard (USA). Monoclonal antibody to metallothionein was pur2.6. Fluorescence microscopy

chased from DAKO (Carpinteria, CA) and ZnQOlvas obtained from Fisher

Scientific (Fair Lawn, NJ). Nuncld®' culture flasks were obtained from Nalge For morphological studies, SK-N-SH cells were grown in glass bottom cul-
Nunc International (Rochester, NY). Tissue culture plates (flat bottom cell+)ture dishes (MatTek, Ashland, MA, USA). Methamphetamine was added to
were obtained from Sarstedt Inc. (Newton, NC). The human dopaminergic netthe cells that were pre-treated either with or withoutu® ZnCl, for 12 h
roblastoma SK-N-SH cell line was purchased from American Type Cultureand continued incubation for additional 24 h. After treatment, the dishes were
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