Neuroprotection by propargylamines in Parkinson’s disease

Discussion

The clinical trials to prove the neuroprotective function of
rasagiline and (—)deprenyl were reported, but the results
are still contradicting, and biomarkers to estimate the pro-
gression of neuronal loss should be invented (Michell et al.,
2004). The markers for the disease progression and treat-
ment efficiency are based on clinical evaluation of symp-
toms, PET and SPECT imaging, transcranial ultrasound
and some biochemical tests. However, blood tests for PD
progression are limited to monitor the pathogenic factors,
such as increased oxidative stress (malondialdehyde, su-
peroxide radicals, 8-hydrox-2'-deoxyguanosine), or the re-
duced complex I (Schapira et al., 1990) and increased
MAO-B activity in platelets (Zhou et al., 2001). (—)Depre-
nyl may reverse the increase in MAO-B and the subsequent
reduction of B-phenylethylamine in plasma, but these mark-
ers represent MAO inhibitory function of (—)deprenyl, but
not the neuroprotective activity. «-Synuclein and its phos-
phorylated proteins were proposed as the markers, but the
recent results did not support this view. In CSF, increased
levels of 8-hydroxy-2'-deoxyguanosine, 8-hydroxy-guano-
sine and malondialdehyde were detected (Abe et al., 2003).
However, these markers do not present information for
progression of selective neuronal loss in PD.

At present, mechanistic makers for factors intervening
the disease progress may be the only available markers to
assess the neuroprotective potency. As described above,
rasagiline induces GDNF in cultured cells, suggesting that
the levels of neurotrophic factors specific for dopamine
neurons may be used as markers. Indeed, we examined
the change in neurotrophic factors in monkey CSF after
systemic treatment of rasagiline (Maruyama et al., in prep-
aration). The results proved the validity of our view, which
was supported further by the analyses of the CSF from
Parkinsonian patients before and after treatment
of (—)deprenyl, even the limited number of the samples
(Maruyama et al., in preparation). We are now examining
the candidates of the biomarkers for the neuroprotective
function in serum and CSF from Parkinsonian patients
and primate models. v

Recently, an increasing number of evidences indicate
that rasagiline and related compounds can ameliorate path-
ogenic processes in AD and other neurodegenerative dis-
orders. Rasagiline analogues with inhibitor potency to
cholinesterase, TV 3326, and its S enantiomer TV 3279
were reported to regulate the processing of amyloid pre-
cursor protein (APP) and increase the soluble APP secre-
tion through activation of a-secretase activity and the
reduction of holo-APP protein (Youdim et al., 2003b;
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Yogev-Falach et al., 2006). Their results suggest that pro-
pargylamines intervene the pathogenic processes in neu-
rodegenerative disorders in general and ameliorate the
disease process.

The stereo-chemical and enantiomeric specificity of the
propargylamine for their neuroprotective activity suggests
the occurrence of the target protein in mitochondria and
other cell components. The identification of the binding site
of neuroprotective propargylamines may give us a clue to
find the most adequate chemical structure for the function,
and develop new drugs that intervene the transcription of the
cell death-regulating genes in the central nervous system.
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INTRODUCTION

Long chain polyunsaturated fatty acids (PUFA), are enriched in the nervous system.
Docosahexaenoic acid (22:6n-3, DHA) is one of the mbst abundant PUFA in the brain and ret%na, and is
component of phosphatidylethanolamine and phosphatidylserine in the celluler membrane. |
Administration of DHA to the rodents improves their brain functions (1) and it is suggested DHA in the
membrane plays a role in the synaptic plasticity and signal transduction systems in the neufonal cells

(2-4). In the human, lipids orally administrated are reconstructed through a-oxidation and elongation

reaction mainly in the liver after digestion and absorption. However, human can not synthesize enough
amount of DHA, so, the intake .of DHA from food. mainly fish oil, is essentially required (ess(izntial fatty
acid). Brain DHA is derived from the circulating plasma pool across the Blood-Brain-Barriér. In the
human brain, the amount of n-6 PUFA, such as DHA is estimated to be 17.1%‘of the total fatty acids, and
on the other hand, the amount of n-3 PUFA, such as arachidonic acid (AA) is estimated to be 9.7%. The
concentration of n-3 PUFA is higher than that of plasma, so that, the existence of specific transporter for

DHA is suggested in the neural cells and astrocytes (5). DHA is known to be a potent antioxidant, but



simultaneously, it is easily oxidized and produces toxic lipid peroxide. These toxic lipid peroxide and
their products, such as aldehyde may form adduct with the proteins to induce degenerated proteins with
abnormal. conformation. The proteins, which associated with cell membrane, such as cell-surface
receptor, membrane anchoring protein, or functionally transmembrane protein are the candidates. The
oxidized products are degradated by ubiquitin-proteasome system or autophagy, but according to ageing, .
the accumulation of these abnormal proteins might perturb homeostasis to induce neuronal
* death.Parkinson disease (PD) is the second common neurodegenerative disorder and affects 1-2% of aged
population over 60 years old. The pathogenesis of PD has not been clarified, but aggregation of protein
with abnormal conformational is commonly observed features in the neurodegenerative disorders. In
PD, degeneration of dopamine neuron in the substantia nigra and the existence of Lewy boies (LB), are
diagnostic pathological features. «-Synuclein (a-Syn) is the main component of LB and is known to
exist as membrane-bound form by association with PUFA. The mutation of A53T, A30P, and E46K, or
triplication of a-Syn gene have been identified in early-onset familial PD (6-8). It is suggested that
accumulation of a-Syn is the cause, not the result of PD. In sporadic PD without -Syn mutation, some
post-translational modification of -Syn may induce pathological process similar to familial PD. a-Syn
is a 140-amino acid protein expressed ubiquitously in the neuron and accounts for 0.1-1% of brain
cytosolic proteins. a-Syn is suggested to play many roles in nervous system, including regulation of
synaptic vesicle mobilization, chaperone activity, modulation of dopamine transporter and dopamine
biosynthesis (9-11). In this paper, the oxidative modification of a-Syn by lipid peroxide and aldehyde
derived from PUFA was examined. The possibility that lipid peroxidation in the membrane-composing
PUFA and adduct formation with a-Syn was investigated. The results are discussed in relation to the

role of oxidative stress in ageing in the pathogenesis of PD.

MATERIALS AND METHODS
PUFA is oxidized and produce lipid peroxides, then, form adducts with lysine residue in the proteins.
DHA is oxidized and split to produces succinyl-lysine adduct (SUL) with carbonyl terminal and
propanoyl-lysine adduct (PRL) with amino terminal, respectively. AA is also oxidized, to produce
glutaroyl-lysine (GLL) with carbonyl terminal and hexanoyl-lysine (HEL) adduct with amino terminal.
The antibodies of these 4 oxidized PUFA products, SUL, PRL, GLL and HEL are prepared as feported
previously (12). Recombinant o-Syn is purachased from BIOMOL International. 1.P. (Plymouth
Meeting, PA.). DHA, AA and oleic acid donated from CAYMAN CHEMICAL (Ann Arbor, MI) and
stearic acid are Nu-chek prep, Inc. (Elysian, MN).  Other chemicals are from WAKO
finechemical.(Osaka, Japan).

Recombinant a-Syn (2 uM) was co-incubated with long chain fatty acids namaly DHA, AA,
oleic acid or stearic acid (1-10 mM) for 3 to 7 days. The reaction products were separated by

SDS-PAGE and were analyzed by western blotting using anti-a-Syn antibody. The sample incubated



with DHA or AA, the production of oxidized PUFA was examined also, using antibodies described above.
The effects of antioxidants, butylated hydroxyanisole (BHA) and butylated hydroxytoluene (BHT), on
oligomerization of a-Syn was examined also. '

We examined whether DHA is neuroprotective or neurotoxic using human clonal
neuralblastoma SH-SY5Y cells. Free DHA (0-100 uM) or DHA (0-100 puM) pre-incubated with 4 folds
concentration of Bovine serum albumin (BSA), which acts as lipid carrier protein was added to the
culture medium in the presence or absence of tocopherol (100 uM) for 2 days in 5% C0:-95%
atmosphere at 37 °C.  Culture medium was COS-Medium 001 (COSMOBIO, Japan) without serum..
Cell death was estimated. using LDH assay according to manufacture’s procedure. The cells were
mechanically harvested and gathered, then homogenized in RIPA Buffer. then centrifuged at 10,000 xg
for 15 min. The supernatant and pellet were used as soluble and insoluble fraction, respectively. The
amount of lipid peroxides in the soluble and insoluble fraction of the cells was estimated by

fluorospectmeter with excitation at 365 nm and emission at 440 nm.

RESULTS

a-Syn oligomerization was found to be enhanced by the existence of DHA and AA in a dose-
and time dependent way, but not that of oleic acid and stearic acid. This result indicate that the
existence of .double-bounds in long chain fatty acids is essential for enhancement of a-Syn
oligomerization. a-Syn oligomers were found to be positive for SUL and PRL in the sample incubated
with DHA, and GLL and HEL in that with AA. BHA and BHT were found to reduce a-Syn
ologomerization enhanced by DHA and AA. It was indicated lipid peroxide produced by PUFA formed
adduct with a-Syn, then oligomerization and aggregation of the protein.

Free DHA at the concentration higher than 20 uM was found to be cytotoxic to SH-SY5Y cells.
Antioxidant tocopherol could not prevent the toxicity of freee DHA. DHA re-incubated with BSA
(DHA-BSA) was less toxic than free BSA and tocopherol inhibited the toxicity by DHA-BSA
completely.

The amount of PRL, which reflects the level of the proteins conjugéted with lipid peroxide
derived from DHA, was found to increase in the soluble and insoluble fractions in the cells treated with
DHA-BSA. On the othe hand, tocopherol reduced the level of PRL significantly.

These results indicated that the cytotoxic effect of DHA-BSA was induced by the conjugation
of oxidation product of DHA with cellular proteins. The cytotoxicity of free DHA should be ascribed to

its detergent activity.

DISCUSSION.,
In this paper we demonstrated that DHA enhanced oligomerization of a-Syn through adduct

formation with lipid peroxide derived from DHA (SUL and PRL) with a-SYN in vitro. Using cell



culture system, DHA -BSA, showed weak cytotoxic effect on neural cells and adduct formation of the
cellular proteins with PRL was also identified. Antioxidant inhibited cytotoxic effect and adduct
formation by DHA-BSA simulataneoously. These results suggest that DHA, which has been believed to
be neuroprotective, may become neurotoxic in the condition with increased oxidative stress, such as
neurodegenerative disorders.

The increased lipid peroxidation of the membrane is suggested to play a important role in the
vicious process in ageing. Lipid peroxides in the membrane initiates sequential reaction of PUFA
oxidation to increase the amount of oxidized fatty acids to decrease the membrane fluidity and perturb the
function of the proteins associated with cellular membrane. In PD, where dopamine neuron degenerated
and membrane-associated protein, a-Syn is aggregated, increased oxidative stress, mitochondrial
dysfunction and impaired ubiquitin-proteasome system were observed. Oxidation of PUFA, especially
DHA may decrease the binding capacity of a-Syn to the membrane. «-Syn released from the membrane
to the cytosol can not stabilize its a-helix structure no more.. In addition, lipid peroxide may directly
make adduct with a-Syn and induce protein oligomerization as shown in this paper.

Epidemiological study suggests that the intake of fish oil and vegetable decrease the risk of
neurodegenerative disorders, such as Alzheimer disease (AD) and PD (13). However, fntervention of
neurodegenérati\./e disorders by DHA has not been successful. The results of this paper that in the brain
of neurodegenerative disorders, where oxidative stress increased, DHA may neurotoxic. DHA may be
effective when it is administrated not after but before the onset of the disease. In addition, intake of the

. food-derived antioxidant such as polyphenol which can prevent the oxidation of DHA may increase its
usefulness (Fig.1). The further investigation 1o clarify the effect of food-derived DHA and polyphenol

using clinically available biomarker is now under the way.

REFERENCES
[1] Carrié, L., Guesnet, P., Bourre, J.M., and Francés, H.: Diets containing long-chain n-3

polyunsaturated fatty acids affect behaviour differently during development than ageing in mice. Br
J Nutr., 83.439-47, 2000 '

[2] Bazan, N.G.: Synaptic lipid signaling: significance of polyunsaturated fatty acids and
platelet-activating factor., J Lipid Res., 44, 2221-2233, 2003

[3] Akbar, M., Calderon, F., Wen, Z., and Kim,I H.Y.: Docosahexaenoic acid: a positive modulator of
Akt signaling in neuronal survival., Proc Natl Acad Sci U S 4., 102, 10858-10863, 2005

{4] Bazan, N.G.: Neuroprotectin DI (NPD1): a DHA-derived mediator that pl'otecfs brain and retina
against cell injury-induced oxidative\:;tress, Brain Pathol., 15, 159-166, 2005

[5] Katz, R., Hamilton, J.A,, Pownall, H.J., Deckelbaum, R.J., Hillard, C.J.. Leboeuf, R.C., Watkins,
P.A.: Brain uptake and utilization of fatty acids, lipids & lipoproteins: recommendations for future

research., J Mol Neurosci., 33, 146-50, 2007



(6]

(71

(8]

[

Polymeropoulos, M.H., Lavedan, C., Leroy, E., Ide, S.E., Dehejia, A., Dutra, A., Pike, B., Root, H.,
Rubenstein, J., Boyer, R., Stenroos, E.S., Chandrasekharappa, S., Athanassiadou, A.,
Papapetropoulos, T., Johnson, W.G., Lazzarini, A.M., Duvoisin, R.C., Di lorio, G., Golbe, L.I., and
Nussbaum, R.L.: Mutation in the alpha-synuclein gene identified in families with Parkinson's
Disease. Science, 276, 2045-2047, 1997

Kriiger, R., Kuhn, W., Miiller, T., Woitalla, D., Graeber, M., K&sel, S., Przuntek, H., Epplen, J.T,
Schdls, L., and Riess, O.: Ala30Pro mutation in the gene encoding alpha-synuclein in Parkinson's
discase. Nat Genet., 18, 106-108, 1998

Zarranz, J.J., Alegre, J., Gémez-Esteban, J.C., Lezcano, E., Ros, R., Ampuero, 1, Vidal, L.,
Hoenicka, J., Rodriguez, O., Atarés, B., Llorens, V., Gomez Tortosa, E., del Ser, T., Mufioz, D.G.,
and de Yebenes, J.G.: The new mutétion, E46K, of alpha-synuclein causes Parkinson and Lewy
body dementia., Ann Neurol., 55, 164-173, 2004

Murphy, D.D., Rueter, S.M., Trojanowski, J.Q., and Lee, V.M.: Synucleins are developmentally
expressed, and alpha-synuclein regulates the size of the presynaptic vesicular pool in primary
hippocampal neurons., J Neurosci, 20, 3214-3120, 2000

[10] Ostrerova, N., Petrucetli, L., Farrer, M., Mehta, N., Choi, P., Hardy, J., and Wolozin, B.:

alpha-Synuclein shares physical and functional homology with 14-3-3 proteins. J. Newrosci., 19,
5782-5791, 1999

[11] Sidhu, A., Wersinger, C., and Vernier, P.: alpha-Synuclein regulation of the dopaminergic

transporter: a possible role in the pathogenesis of Parkinson's disease., FEBS Lett., 565, 1-5, 2004

{12} Kato, Y., Mori, Y., Makino, Y., Morimitsu, Y., Hiroi, S., Ishikawa, T., and Osawa, T.; Formation of

Nepsilon-(hexanonyl)lysine in protein exposed to lipid hydroperoxide. A plausible marker for fipid -
hydroperoxide-derived protein modification, J Biol Chem., 274, 20406-20414, 1999

{13] Schaefer, E.J., Bongard, V., Beiser, A.S., Lamon-Fava, S., Robins, S.J., Au, R., Tucker, K.L., Kyle,

D.J., Wilson, P.W., amd Wolf, P.A.: Plasma Phosphatidylcholine Docosahexaenoic Acid Content
and Risk of Dementia and Alzheimer Disease. The Framingham Heart Study., Arch Neurol.
63:1545-1550, 2006



LEGENDS FOR FIGURE

Fig 1. DHA is generally neuroprotective, but potentially neurotoxic when the oxidative stress is
increased.

Under the oxidative stress, DHA may produce toxic lipid peroxide and produce toxic protein adducts.
Polyphenol and other food-derived antioxidant might prevent the toxicity of DHA by reducing the

oxidative stress.
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Abstract

Parkinson’s aisease is characterized by selective depletion of nigrall dopamine neurons
containing neuromelanin, suggesting the involvement of neuromelanin (NM) in tﬁe
pathogenesis. This paper reports induction of apoptosis by NM in SH-SY5Y cells,
whereas protease K-treated NM, synthesized dopamine- and cysteinyl-dopamine-melanin
showed much less cytotoxicity. Cell death was mediated by mitochondria-mediated
apoptotic pathway, namely collapse of mitochondrial membrane potential, release of
cytochrome ¢ and activation of caspase 3, but Bel-2 overexpression did not suppress
apoptosis. NM increased sulfhydryl content in mitochondria, and a major part of it was
identified as GSH, whereas dopamine-melanin significantly reduced sulfhydryl levels.
Western blot analysis for protein-bound GSH demonstrated that only NM reduced
S-glutathionylated proteins in mitochondria and dissociated macromolecular structure of
complex L Reactive oxygen and nitrogen speciesr were required for the
deglutathionylation by NM, which antioxidants reduced sigm'ficanﬁy with prevention of
apoptosis. These results suggest that NM may be related to cell death of dopMe

neurons in Parkinson’s disease and aging through regulation of mitochondrial redox state
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and S-glutathionylation, for which NM-associated protein is absolutely required. The

novel function of NM is discussed in relation to the pathogenesis of Parkinson’s disease.

Keywords: neuromelanin, mitochondria, Redox status, Parkinson’s disease, apoptosis,

S-glutathionylation.

Running title: Neuromelanin causes apoptosis by modifying SH state
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Neuromelanin (NM) is a pigment localized in the catecholaminergic neurons in the
substantia nigra, locus coeruleus and other brainstem nuclei. In Parkinson’s disease
(PD), dopaminergic and noradrenergic neurons are preferentially affected (Hirsch ez al.‘
1988), and the presence of NM in most of these neurons suggests that NM may be
involved in the cell vulnerability (Kastner et al. 1992). NM is known to appear after 2-3
years of li.fev and increase with age to a level of 2.3-3.7 mg/g wet weight of the substantia
nigra pars compacta at 50-90 years of age (Zecca er al. 2001). A major NM
composition is melanin, which is synthesized from quinones and semiquinones, products
of autoxidation of dopamine, noradrenalin and L-DOPA, and accounts for about 11-13%
of NM (Wakamatsu ez al. 2003). The melanin composition is a mixture of two melanin
classes, eumelanin and pheomelanin in the ratio of 1-3 to 1 (Odh et al. 1994),
FEumelanin is black, irisoluble, and composed of indole monomers derived from oxidized
catechol derivatives. Pheomelanin contains about 10% sulfur, and is brownish red,
alkaline soluble and produced from 5-S-cysteinyl-dopamine and -DOPA derived.by
conjugation of dopamine quinone with GSH or cysteine (Odh et al. 1994). Recently,

studies on the surface oxidation potential of NM suggest a spherical architecture of the
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pheomelanin core with eumelanin surface (Bush er al. 2006). In addition, protein, lipids
and trace metals are detected in NM, but it has never been clarified whether these
components are integrated in a complex structure of NM, or only associated to melanin in
NM granules. NM contains protein components of about 15% of NM mass (Gerlach ez
al. 1995; Zecca et al. 2000). Proteomics of NM granules identified about 70 proteins

occurring commonly in human brain tissues, mainly lysosomal proteins, suggesting

non-selective protein binding to dopamine quinone (Tribl ez al. 2005). In parkinsonian . .

brains, a-synuclein, a component of Lewy body was reported to bind to NM or NM
granules, but not in control brain (Fasano et al. 2003; Halliday er al. 2005). Solid-state
NMR studies indicate the presence of glycidic and aliphatic components attributed to
lipid materials, which cotresponds to 20% of NM weight and identified as Cy4-Cys fatty
acids and dolichol, (Zecca et al. 2000; Fedorow et al. 2005). NM contains also
inorganic components, iron, obpper and zinc, as being about 1.5% of NM weight (Zecca
et al. 1994). The high iron content in NM increases vulnerability of NM-containing
dopamine neurons through the production of reactive oxygen and nitrogen species (ROS,

RNS) (Ben-Shachar ez al. 1991) and of cytokines and nitric oxide in microglia (Wilms ez
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al. 2003). Recently NM was found to inhibit the ubiquitin-proteasome system through
increased ROS-RNS émduction, suggesting the involvement of NM in the accumﬁlation
of modified protein in the dopamine neurons (Shamoto-Nagai et al. 2004, 2006).
However, NM may be also protective within dopaminergic cells by scavenging free
radical species and binding toxic compounds. Human NM, but not synthesized melanin,
scavenges hydroxyl radicals produced by the Fenton reaction (Li et al. 2005). NM
binds and sequesters redox-active trace metals, dopaminergic neurotoxins, such as MPP*
(D’ Amato et al., 1986) and 1,2(N)-dimethyl-6,7-dihydroxy-isoquinolinium ion (Naoi et al.
1994), and cytotoxic dopamine quinine (Youdim et.al. 1994).

Human NM and synthetic melanin from dopamine (dopamine melanin, DAM) or
L-DOPA, induced cell death in rat pheochromocytome PC12 cells (Offen et al. 1997) and
primary mesencephalic culture cells (Nguyen et al 2002). NM and DAM are
phagocytosed into neuronal SK-N-SH, but not to glial U373 cells, and melanin is
localized in the cytoplasm (Li er al. 2005). DAM-induced cell death in PC12 and
SK-N-SH cells was reported to be apoptosis-like, but the detailed mechanism behind the

cytotoxicity remains to be elucidated. In addition, the involvement of the NM protein
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and melanin species in the cytotoxicity has been scarcely studied.

In PD, the reduction of GSH with corresponding increase of GSSG was confirmed
in the substantia nigra (Riederer ef al. 1989). GSH plays a major role in the cellular
defense against oxidative stress by direct scavenging ROS-RNS, and GSH depletion
initiates -cell death by reduced compensation of oxidative stress. On the contrary,
depletion of GSH protected cells against Fag-mediated cell death (Musallam er al. 2002),
and N-acetyl-L-cysteine and GSH monoester enhanced hypoxia-induced apoptosis
(Qanungo et al. 2004). The cytotoxic effects of GSH may be due to requirement of
reducing conditions to activate caspase 3, an apoptosis executor, by caspase 8 (Hentze ez
al. 2002), and to suppress nuclear factor (NF)-xB transactivation (Qanungo et al. 2004).
Recently, modification of protein thiols by ROS-RNS is gathering attention for its role in
cellular dysfunction via reversible formation of mixed disulfides between the protein thiol
and sulhydryl (SH) residue of GSH (PrS-SG) (Maher 2006). This posttranslational
modification of protein, referred as S-glutathionylation, regulates the essential ceuulm
functions, such as energy synthesis, signal transduction pathway and transcriptional

activation. (Schafer and Buettner 2001), Considering that NM contains SH groups, it
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should be clarified whether NM can affect S-glutathionylation in mitochondria and
regulate the redox status, which might be involved‘in the selective death cascade of
NM-containing dopamine neurons.

In this paper, the cytotoxicity of NM was examined in human dopaminergic
neuroblastoma SH-SY5Y cells using NM prepared from human substantia nigra. To
examine the roles of the protein and melanin composition in the cytotoxicity, NM was
treated with proteinase K (P-K NM), and eumelanin and pheomelanin were synthesized
by oxidatiqn of dopamine in the absence (dopamine melanin, DAM) or presence of
L-cysteine (cysteinyl-dopamine melanin, Cys-DAM). Wild -and transfection-enforced
Bcl-2 overexpressed SH-SY5Y cells (B¢l-2 cells) (Akao et al. 2602) and mitochondria
prepared}frqm'them were used to clarify the apoptotic process. The effects of NM on
intracellular redox and SH states were studied to clarify the relation of
§-glutathionylation. to cell death process. The involvement of NM in the pathogenesis
of PD is discussed, where mcteased oxidative stress, mitochondrial dysfunction and
induction of apoptosis are proposed to induce selective degeneration of dopamine

neurons containing NM.
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Materials and methods

Materials

3,3’-Dihexyloxcarbocyanide iodide [DiOC4(3)], LIVE/DEAD viability/cytotoxicity assay
kit for mammalian cells and Measure-iT™ thiol assay kit were purchased fro}m Molecular
Probes (Eugene, OR, USA); superoxide dismutase (SOD), deferoxamine mesylate (DFX),
(-)-epigallocatechin gallate (EGCG) were from Sigma (St. Louis, MO, USA). A
substrate for caspase 3, acetyl-L-aspartyl-L-glutamyl-L-valyl-L-aspartic  acid
a-(4-methyl-coumaryl-7-amide) (Ac-DEVD-MCA), was obtained from Peptide Institute
(Osaka, Japan). Catalase from bovine liver, Dulbecco minimum essential medium
(DMEM) and other reagents were from Wako (Kyoto, Japan). SH-SY5Y cells were
cultured in Cosmedium-001 tissue culture medium - (CosmoBio, Tokyo, Japan),
supé]emented by 5% fetal calf serum in 95% air and 5% CO,. Bcl-2 was overexpressed

in SH-SY5Y cells (Bcl-2 cells) by transfection as reported previously (Akao ef al. 2002).

Preparation of NM and DAM
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