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Parkinson disease is one of the most common neurodegenerative disorders and is characterized by the selective loss
of dopaminergic neurons in the substantia nigra. Although endogenous dopamine itself could serve as a vulnerability
factor for dopaminergic neurons, the mechanism by which dopamine contributes to dopaminergic neuronal death
remains unknown. In addition, although a decrease in proteasome activity was found in patients with sporadic Parkin-
son disease, the relationship between the ubiquitin-proteasome system and dopaminergic neuronal death remains to be
elucidated. Here we provide an overview of the roles of endogenous dopamine and proteasome activity in dopaminergic
cell death. Treatment of catecholaminergic PC12 cells with the herbicide paraquat, a potential risk factor for the de-
velopment of Parkinson disease, induced an increase in dopamine content, and depletion of intracellular dopamine sup-
pressed paraquat-induced cytotoxicity. Although glutathione, which scavenged dopamine oxidation intermediate,
provided almost complete protection against dopamine-mediated toxicity, catalase provided only partial protection
against cell death caused by dopamine. These data suggest that the generation of dopamine oxidation intermediate,
rather than that of reactive oxygen species, plays a pivotal role in dopamine-induced toxicity. Moreover, treatment with
paraquat induced a decrease in proteasome activity, and proteasome inhibition suppressed dopamine-mediated cytotox-
icity. Suppression of proteasome activity stimulated the NF-E2-related factor 2 (Nrf2) -antioxidant response element
(ARE) pathway, and elevated y-glutamylcysteine synthetase mRNA and glutathione content. Furthermore, suppression
of the paraquat-induced increase in gluthathione content exacerbated paraquat toxicity. These results suggest that the
reduction of proteasome activity may be involved in cellular defense mechanisms against dopamine-mediated paraquat
toxicity.

Key words——endogenous dopamine; Parkinson disease; proteasome activity; NF-E2-related factor 2 (Nrf2)-antiox-
idant response element (ARE) pathway
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Fig. 1. Auto-oxidation Reaction of Dopamine

Dopamine is easily oxidized by molecular oxygen and superoxide anion
at physiological pH. During auto-oxidation, superoxide anion and hydrogen
peroxide are produced and the corresponding oxidation intermediates, o-qui-
none and aminochrome, are formed. Finally, dopamine oxidation intermedi-
ates are polymerized into melanin.



No. 1

A 1204
*kk
1004 % P v
P *kk .
£
£ 80 wx
2
(o]
é 60 7 *
£ gt
:.‘-E 40- I%
>
20|
0
Sham 031 303 1 303 1 3
GSH(mM) NAC(mM) Cys(mM)
Dopamine (300 uM)
B 120 C 120~
100 1004 =
g E *kk
g 801 2 80- *kk
2] » 7
s 5 o
2 60 E\?/ 60 é
= = i %
3 404 = /
g 40 S 404 %
> S %
20 20-| Z
/

0 0 L
Sham 10 30 100 (U/ml) Sham 10 30 100 (U/ml)
Catalase SOD

Dopamine (300 uM) Dopamine (300 pM)

Fig. 2. Effects of Antioxidants on Dopamine-induced Cell
Death in SH-SYSY Cells

A: Effects of thiol antioxidants on dopamine-induced toxicity. B: Effect
of catalase on dopamine-induced toxicity. C: Effect of SOD on dopamine-in-
duced toxicity. SH-SY5Y cells were exposed to dopamine for 24 h in the
presence or absence of various concentrations of GSH, NAC, Cys, catalase
and SOD. Cell viability was determined by 3-(4,5-dimethylthiazol-2-yl) -2,5-
diphenyltetrazolium bromide (MTT) assay. The viability of SH-SY5Y cells
is presented as a percentage relative to sham treatment (100%) . ###p< 0.001
vs. sham treatment. *p<{0.05, ***p<0.001 vs. dopamine alone.
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Fig. 3. Effects of Antioxidants on Dopamine Oxidation Inter-
mediates

(A, B) Generation of dopamine oxidation intermediates in the presence
of antioxidants. Dopamine (300 um) was oxidized for 1 h in the presence or
absence of antioxidants. (C, D) Interaction of antioxidants on dopamine ox-
idation intermediates. Antioxidants were incorporated into reaction solution
after dopamine (300 um) was oxidized for 1 h. *p<0.05, **p<C0.01, ***p<
0.001 vs. dopamine alone. ND, not detected.

RUTFT, W 75—YOEHEFTIREE T,
SOD @ 17 fE K Tld o-quinone & @ &8 > L /=
[Figs. 3(A) and (B)]. XIT K/X2 > bRk
XU TFF—ILhigyE & SOD NEEEHAT %
RETT 572012, RN 22 1 FHEE®B LI
ARk U7z RN VbR RIS HIB bR 2 A 7= &
ZA, FA=IHREILYWE DS o-quinone &3
/DU 7278, aminochrome & IZ K E72 LT >
7z. SOD OHFHNT NI b EEN/R > /- [Figs.
3(C) and (D)]. INHDHERKD, FA—ILHik
{E¥'E X o-quinone Z EHRET 2 T E KT R —
IN—FF 2 RiZ o-quinone DA BREZEHT S Z
EWRBEINz, DbkEELEDDE, NTO—h%
WS 2 SRR RN D EOEA, RN g1k
12 & DR L 7= o-quinone X1 aminochrome 7% %
PRBFIZHG L TWSZENBLENS. 1D
INETOWZET, BRORINI > Za—D0O23%
WCNFEME RN OV BB 2 R-9 2 ENH S
MIZINTER, ZORNICHEOEE L AT 1
I—5—Tdhs NI VR K ZRET 2 5%



24

Vol. 131 (2011)

{EWE, R NEFF 22N THENSES 2
EDN—F 2 IR BT D MR RERRICAER T
HBHEEZBNS.

3. 7077 —LEMICEB NI Za—0O
> SED

IN—=F 2 IRICBNWTEREFET D RN Za—
O > NIZ Lewy /IMA & T 3 % Al RSB B AR VEIER
INTHD, TOREBLITY >IN HEEHEREE
DEENHEINTWS, ZEFF > -TJO0F77
V=L AT L (UPS) 134 —7 v bEE R
fANS > N7 R TH O, EERTP 7 I
BEY NI ROI AT A=)V KLY 2 INT Doy
fRICEE R ZHSTWS, Bl S—F>v >
SRR EEL T TH D PARK2 )SLEFF U/ —
¥ E3 T® % parkin, PARKS 13 li L E & F > L%
FTHAHUCH-LI THDHZ EITMAT, Mk
N—F 2V VHREZEOHBKICBVW TS TOTY
V—LAEEMETL TW 2 E07077Y —4D
BT Iy R LTNWS Z EDRHE SN, F
FE, N—F 2V IKITBIT D UPS D& ENTE NI
TRERELZEED TE/. UPS OHEEER2ITE
W NI DERES/NARZ ML A ERFEHKTH L
DHSNTHBO, EEOTOT7Y —LEEOKT
SRt ERT 5. —F4, EHESDOTIL—TIF,
BEICTOT 7Y —LAEEEHETSEY NI D
BEKIIIERT 20, KRNI >Za—DO EIZDL
Aiflc s EERNWHLE Y Zokdic, 7
OF7Y—AEEOEKFOERE, T/4bb, o7
TV —LAEEOER TN RN > Za—0 2 ITEX
HEBIOWTRELEERORMN DD LA E
EzoNns.

3-1. NZaA—IFR/O0T7/)—LEFEETOD
BEE NIO-MERX27O77Y—LAEE
DEBEZRFNT D0, 777 —AKZMER
Y4 > N7 ZsProSensor-1 %z PC12 iz sl F 17
S ¥ 7-. ZsProSensor-1 3@ L&HETIE T T Y
V—LIZKDHERNTHREEINT NS ZDHEN T FE
Lswgy, 7077 —LEWMET T 2 &N
HHIEIND Z & T, MENICERE LR GEEmEN
WKTSH, Jo—HA1 MA MY ZHWT ZsProSen-
sor-1 DHHHREERFELZETH, )NTT— ML
EIC X ORI ENZ T OF 7 — AEEDOK T A
BRIN~E ZoNTI—hEBTaTF7Y —A

EHETOERZKS =D, NFO— k&K
07 7Y —LHEEMG132 2 LEL7=E 5,
NG IA—hHEEZEBICAHI L. 51, RN
CHBRT RN MR 7E Td % 6-hydroxydopa-
mine (6-OHDA) IZX 2Mifl@sticL T, YoF
7 — AEHKTH 5 lactacystin & 24 BRI FiALE
95 ETREKAFNICREERNZ/RL - [Fig. 4
(A)]. L7»->T, XFa—hMZXOEKFLEY
O 7Y —A3EMHIE, RN 2207 5z
H9 2 HENHERT S Z EARB I N,

32. 7077 —LEHETICL D MRERE
A#F R/ > E[HERIC 6-OHDA I3 5 I1CH
Bt L ROS ZEATHIENHENTND, 7
077 Y — AIEENIC K 2 MR AT =
B9 % 72012, MfEAN ROS PEA 2 #EHE R #K 27,7 -
dichlorofluorescin diacetate, acetyl ester (DCF-DA)
ERHWTHELEEZA, TO77YY —LHEEE
ATALE L 7= PC12 #ifid Tld 6-OHDA 2 & % ROS #
AEDME R LT [Fig. 4(B)]. MRl EE 2 h]
BALRTFCTHEITNIFA > E2ERBLIEEDA, T
07 7Y — ABRERICK D IREKEFENSMEN S )L
T EOMRMNER I N [Fig. 4(0O)]. &5
2, TNV F A EROBEREEE TH 5 p-glutamyl-
cysteine synthetase (y-GCS) @ mRNA &H F /-7
077 —LARFEEICED ERLTWEZENS,
y-GCS B FOEGHENRB I N/, y-GCS &
BEFOT7OE—% —HIZH % antioxidant re-
sponse element (ARE) IZ#5 5 KT NF-E2-related
factor 2 (Nrf2) 2WEET 5 Z & TEHRENHIGI N
5. Nrf2 137077V =LK ORI nNs 2 &
M5, W 75y — ATEEOT & Nrf2-ARE #%
BOBGIZDOW T ZIT>2EZ 5, 7077
Y — AFAEIKICE D Nif2 O BB R OEABIT, &
51213 ARE (K ZER RG5O L H [Fig. 4
(D)] MR EINz. FHEFF—EHEFEZHWZ
ARSI L D, p38 mitogen-activated protein
kinase (MAPK) D% SB203580 17T 7Y —
LFHFHRITE D Nrf2 OB T, »-GCS mRNA
EOWMMOMEZ VY F4 &0 LR Z2NGIL 7~
[Figs. 5(A) and (B)]. £/, 7OoF77V—LAHE
EDYLEIZ L > T p38 MAPK O —i@&tk DU > (L
NERINEZENS, TO77 YV —LEEDOKT
I3 Nrf2 OFFEZHEE L, p38 MAPK O »fg{L%



No. 1 25
A Lactacystin
A — B .
120 -OHBA “W+ Lactacystin Sham SB203580 £ 4001
: 1608 [ —— 3 350
100 o 2 0]
g . HH 3
v 80+ *kk o . - E 250
5 3 = § 15 £ 2001
g 604 = ES £ 150
By £ i
= 85 22 ! :
i 8o 59 5 1001
- / 82 g L08 E 50,
20 / g&\, 3
2 o 0-
i Sham SB203580 10 30
g Sham 1 1 & 0 ] (30 uM) SB203580 (uM)
_— h Lactacysti — —
Lactacystin (uM) Sham a(c"a:’aj in Lactacystin (1 uM) Lactacystin (1 uM)
6-OHDA (150 M) R C 120,
*kk
C D 100 (= = .
k) 5 % =
g 3001 7} LAY - 2 ol Tt e
g 5 : < = Tt =
E 250- g 600 % z , s
E ge T 40 | | ## =
€ 200 g & 5001 7 g =
£ 200 = s =
- cn o
g " g4 201
§ 1% 83 :
° g % Sham 3 10 30 30
2 100 30
5 7 g 2007 SB203580 (iM)
g 50 % E 1004 Lactacystin (1 uM)
5 7 4 6-OHDA (150 uM
O 9 < (150 uM)

9 12
1 uM Lactacystin (h)

Sham 0.1 03 1
Lactacystin (uM)

Fig. 4. Protective Effect on 6-OHDA Toxicity by Proteasome
Inhibition in PC12 Cells

A Effect of lactacystin on 6-OHDA-induced cytotoxicity in PC12 cells.
PC12 cells were pre-treated with lactacystin for 24 h and exposed to 6-OH-
DA for 24 h. B: Effect of lactacystin on 6-OHDA-induced ROS production.
The level of intracellular ROS was measured with DCF-DA. PCI12 cells were
pre-treated with lactacystin for 24 h, incubated with phosphate-buffered sa-
line containing DCF-DA for 20 min, and exposed to 6-OHDA for 30 min.
Formation of ROS in the cells was evaluated by the fluorescence intensity of
80120 randomly selected cells. C: Effect of lactacystin on glutathione con-
tent. Glutathione concentrations were determined by 5,5 -dithiobis- (2-
nitrobenzoic acid) (DTNB) method. PC12 cells were treated with lactacystin
for 24 h. D: Effect of lactacystin on ARE-dependent transcriptional activity.
ARE-dependent transcriptional activity was determined by luciferase report-
er assay. PC12 cells were treated with lactacystin for indicated periods. Scale
bar=100 um. ##p<0.01, ¥*¥p<0.001 vs. sham treatment. ***p<0.001 vs.
6-OHDA alone.
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Fig. 5. Involvement of p38 MAPK Pathway in Cytoprotec-
tion by Proteasome Inhibition

A: Effect of SB203580 on the elevation of y-GCS mRNA level by lac-
tacystin. After the 12-h exposure of PC12 cells to lactacystin with or without
SB203580, the expression of y-GCS and glyceraldehyde-3-phosphate de-
hydrogenase (GAPDH) mRNA was analyzed by RT-PCR. B: Effect of
SB203580 on the elevation of glutathione content by lactacystin. PC12 cells
were treated with lactacystin for 24 h in the presence or absence of SB203580.
C: Effect of SB203580 on cytoprotection by lactacystin. PC12 cells were pre-
treated with lactacystin and SB203580 for 24 h, and exposed to 6-OHDA for
24 h. ##p<0.01, #**#p<0.001 vs. sham treatment. *p<C0.05, **p<C0.01,
**4p<0.001 vs. 6-OHDA alone. ''p<0.001 vs. 6-OHDA +lactacystin.
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