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Abstract
This study demonstrated that DA and its oxidative metabolites: H2O2 and aminochrome (AM), cyclized DA quinones,
could all directly inhibit proteasome activity. DA and AM, especially AM, could induce intensive and irreversible
proteasome inhibition, whereas proteasome inhibition induced by H2O2 was weaker and GSH reversible. It was concluded
that DA induced irreversible proteasome inhibition via DA-derived quinones, rather than through small molecular weight
ROS. The AM was also more toxic than H2O2 to dopaminergic MN9D cells. Furthermore the cytotoxicity and proteasome
inhibition induced by DA, AM and H2O2 could be abrogated by GSH, ascorbic acid (AA), Vitamin E, SOD (superoxidase
dismutase) or CAT (catalase) with different profiles. Only GSH was potent to abrogate DA, AM or H2O2-induced cell
toxicity and proteasome inhibition, as well as to reverse H2O2-induced proteosome inhibition. Therefore, therapeutic
strategies to increase GSH level or to use GSH substitutes should function to control PD onset and development.
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Introduction

It has been hypothesized that dopamine (DA)-related

oxidative stress might be a key factor related to

dopaminergic neurodegeneration of Parkinson’s dis-

ease (PD) [1]. However, DA is known to undergo a

complex series of metabolic events. Besides very

small reactive oxygen species (ROS) such as H2O2,

oxidation of DA could simultaneously generate highly

reactive DA o-quinone, which could cyclize automa-

tically to form cyclized DA quinone, known as

aminochrome (AM) at physiological pH. The AM

could rearrange to form 5,6-dihydroindole and finally

polymerize to form melanin [2,3]. DA quinones are

highly reactive and could covalently react with the

cysteine residues of comprehensive functional pro-

teins and irreversibly inhibit their activity [4,5].

Recent studies suggested the highly reactive DA-

derived DA quinones rather than ROS play an

important role in DA-induced toxicity [6�8]. On the

other hand, malfunction of the ubiquitin-proteasome

system (UPS), a complicated protein complex re-

sponsible for clearing unwanted and misfolded pro-

teins, has been implicated to be closely related to

dopaminergic neurodegeneration and protein aggre-

gates found in PD [9]. Inhibition or failure of UPS

could lead to accumulation and aggregation of

proteins and dopaminergic cell demise [10]. It has

been proposed that defects in UPS are a universal

point underlying both the familial and sporadic forms

of PD [11]. Different mutants in the gene encoding

parkin, an ubiqutin ligase, have been detected in

autosomal recessive juvenile PD patients [12]. In

addition, a mutation in the gene encoding ubiquitin

C-terminal hydrolase L1 (UCH-L1) has been re-

ported in rare cases of familial PD [13]. Defects in

protein handling were also reported in sporadic PD

where the levels of oxidized proteins were increased

and Lewy body could be found in degenerating

neurons [14].
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To date, complicated interactions between DA and

UPS related to dopaminergic neurodegeneration of

PD has been demonstrated [15�19]. Recently, DA

quinones derived from DA were found to be im-

plicated to proteasome activity inhibition [15]. DA

was also found to aggravate cytotoxicity caused by

proteasome inhibitor [16]. Furthermore, DA was

found to enhance the formation of aggregates under

proteasome inhibition in PC12 cells [17]. Inhibition

of proteasome activity was found to sensitize DA

neurons to protein alterations and oxidative stress

[20]. Researchers also demonstrated that application

of the proteasome inhibitor could increase the toxicity

of DA and the levels of protein oxidation following

administration of DA [18]. Our recent findings

demonstrated that endogenous DA could render

dopaminergic cells vulnerable to challenge by protea-

some inhibitor MG132 [19]. These studies impli-

cated the synergistic effects on UPS malfunction and

dopaminergic neurodegeneration induced by DA and

UPS inhibitors.

However, the detailed mechanism for DA-induced

proteasome inhibition is still illusive. In this study, we

demonstrated for the first time that DA could induce

intensive and irreversible but preventable proteasome

inhibition via its oxidative metabolites cyclized DA

quinones, rather than through its oxidative metabo-

lite H2O2. Based on these findings, DA and its

oxidative metabolites could be considered as endo-

genous UPS inhibitors, which could contribute to

dopaminergic cells vulnerability and even selective

dopaminergic neurodegeneration of PD. We also

established in this study that GSH was an important

factor to protect dopaminergic cells against DA and

its oxidative metabolites induced toxicity via abroga-

tion of DA oxidation; scavenge of ROS as well as

detoxification of highly reactive DA derived quinones.

Materials and methods

Chemicals

Ascorbic acid (AA), bovine serum albumin (BSA),

dopamine (DA), Dulbecco’s modified Eagle’s Med-

ium (DMEM) powder, proteasome inhibitor MG132

(dissolved in dimethyl sulphoxide), EDTA, glu-

tathione (GSH), HEPES, sodium dodecyl sulphate

(SDS), tyrosinase (from mushroom), catalase (CAT),

superoxidase dismutase (SOD) and Vitamin E were

all purchased from Sigma (USA).

AM preparation

AM was prepared through rapid catalysis of DA by

tyrosinase. Usually, 1 mM AM was produced by

reaction of 1 mM DA (dissolved in distilled water)

with 100 units of tyrosinase (1 units/ml, 2000 units/

mg, Mw �125 000, freshly prepared in distilled

water) in 1 ml distilled water for �10 min at room

temperature with constant shaking. Different con-

centrations of AM were then diluted and used for

experiments immediately.

Cell lines and toxicity studies

Dopaminergic neuronal MN9D [21] cells were

cultured and maintained in DMEM with 10% (v/v)

foetal bovine serum (FBS) (Clonetech, USA) and 1%

(v/v) penicillin-streptomycin (Sigma, USA). For toxi-

city study of DA, H2O2 and MG132, cells cultured in

DMEM were exposed to different concentration of

DA, H2O2 or MG132 in the presence or absence of

different concentration of GSH, AA or Vitamin E for

different time. Cells were then subjected to MTT

analysis after 24 h or harvested for cell extracts after

indicated time. For toxicity study of AM and toxicity

comparison with that of H2O2, cells were first

cultured in DMEM medium. The DMEM medium

was changed to phosphate buffered saline (PBS) just

before administering AM or H2O2. Then different

concentrations of H2O2 or freshly prepared AM were

added together with or without different concentra-

tions of GSH, AA, Vitamin E, SOD, AA or BSA. The

H2O2 or AM was replenished every hour. Cells were

cultured under challenge in PBS for 3 h. After that,

cells were harvested for trypan blue staining or cell

extracts preparation.

MTT assay

MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenylte-

trazolium bromide, Duchefa, Netherlands) was pre-

pared as 2 mg/ml stock solution in PBS and stored at

48C. The MTT/DMEM solution (15% (v/v) of

2 mg/ml MTT stock solution mixed with 85% (v/v)

DMEM) was prepared freshly. Cells in 24-well dishes

were washed with PBS and incubated in 500 ml of

MTT/DMEM solution in the dark at 378C for 3 h.

The solution was then aspirated without disrupting

the cells and 500 ml of solubilizing solution (0.04 M

hydrochloric acid/isopropanol plus 3% (w/v) SDS)

was added and mixed well. The plates were incubated

at room temperature for 1 h in the dark. The solution

optical density (OD) was measured at 595 nm using a

spectrophotometer (SpectraMAX 250 with software

SOFTmax PRO 4.3 LS, USA) in a 96-well plate

(Iwaki, Japan).

Trypan blue exclusion analysis

Cells were harvested by trypsinization. The cell

suspension was mixed with same volume of 2%

(w/v) trypan blue solution and cells were counted

under a light microscope (Axiovert 25 Zeiss, Ger-

many). The numbers of total cells and dead cells were

counted and the percentage of dead cells was

determined. At least 200 cells were counted for

each cell suspension sample.
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Preparation of cell extract for proteasome activity detection

Proteasome chymotrypsin peptidase activity was

determined by procedures as previously reported

[22,23]. Cells were washed three times with PBS

and suspended in 100 ml Hepes buffer (5 mM Hepes,

1 mM EDTA, pH 7.5) and then disrupted by

sonication (Sonics VCX 130, USA) and centrifuged

at 18 000 g for 15 min. The supernatant was used for

proteasome activity detection.

Proteasome activity detection [19,24]

Briefly, cell extracts were prepared and protein

content was quantified. For each sample, 5 ml cellular

extract (containing 15 mg protein) was added to one

well of a 96-well plate (black colour, NUNCLONTM

D Surface, Nalge Nunc International, Denmark)

containing 250 ml of buffer A (20 mM Hepes,

0.5 mM EDTA, 0.035% (w/v) SDS, pH 8.0).

Subsequently, 5 ml of solution containing DA, AM,

H2O2 and/or MG-132 as well as GSH, AA or

Vitamin E were added to the cellular extract and

incubated at 378C for different times. After that 5 ml

of fluorogenic substrate (750 ml acetonitrile, 249 ml

sterile distilled water, 1 ml trifluoroacetic acid,

1 mg fluorogenic substrate (succinyl-leu-leu-val-

try-7-amido-4-methylcoumarin, Sigma, USA, for

chymotrypsin-like activity; Benzyloxycarbonyl-leu-

leu-glu-7-amido-4-methylcoumarin, Biomol, USA,

for caspase-like activity; Benzoyl-val-gly-arg-7-ami-

do-4-methylcoumarin, Biomol, USA, for trypsin-like

activity)) was added and further incubated at 378C
for 30 min. Substrate hydrolysis was determined by

measuring fluorescence of liberated 7-amido-4-meth-

yl coumarin by a fluorometer at 380 nm excitation

wavelength and 440 nm emission wavelengths. We

mainly focused on the inhibition of chymotrypsin-like

activity of proteasome by DA, AM and H2O2, there-

fore all indicated proteasome activities without spe-

cific illumination should be the chymotrypsin-like

activity of proteasomes, unless specifically clarified.

Dialysis experiments

MN9D cell extracts were incubated with or without

DA, AM or H2O2 in buffer A at 378C for 3 h and then

dialysed against buffer A overnight at 48C in a dialysis

tube (Float-A-Lyzer, MWCO 100 KD, Spectrum

Laboratories Inc, USA) with at least two changes of

dialysis buffer A. Then the dialysed samples were

subjected to further spectral analysis or proteasome

activity detection.

Incubation of DA or AM in solutions

DA or AM freshly prepared was incubated in distilled

water or buffer A in the presence or absence of

different concentration of SOD, CAT or BSA for

different times. Samples were then analysed by

HPLC or spectrometric scanning.

Detection of DA oxidation by HPLC

The oxidation of DA after incubation in solutions in

the presence or absence of SOD, CAT or BSA in

buffer A was detected by a HPLC procedure devel-

oped by ourselves [25]. We used two elution buffer

systems (elution buffer A and elution buffer B). The

elution buffer A was 8% methanol (v/v), 0.1 M

sodium phosphate, 20 mM sodium 1-heptane-sul-

phonate, 0.1 mM EDTA, adjusted to pH 4.75 with

NaOH. The elution buffer B was 80% (v/v) acetoni-

tril in distilled water. The HPLC procedure was set

up and performed as follows: the flow rate was 1 ml/

min; the column was first equilibrated with 1 CV

elution buffer A. After that samples were loaded

(100 ml) and empty loop with 200 ml elution buffer A,

followed by 0.5 CV elution buffer A. Then gradient

wash down with gradually increased mixing percen-

tage of elution buffer B (volume of elution buffer

B/volume of column wash (%)) began. The start

concentration of elution buffer B (80% (v/v) acetoni-

tril in distilled water) was 0% (v/v) and the target

concentration of elution buffer B was 30% (v/v) with

the length of gradient of 3 CV and the gradient delay

of 5 CV.

Spectral analysis

Samples containing DA or AM in PBS or buffer A

with or without 25 mg/ml BSA underwent spectral

analysis by measuring the separate absorbance (scan-

ning from 340�800 nm wavelength, step: 5 nm

wavelength) using spectrophotometer SpectraMAX

250 with software SOFTmax PRO 4.3 LS.

Data analysis

An HPLC chromatogram was analysed and exported

from Software UNICON 4.11. Statistical analyses

were conducted using one- or two-way ANOVA

followed by post hoc Student’s t-test using software

Minitab 14. Graphs were constructed with SigmaPlot

2001 software.

Results

DA, AM and H2O2 could directly inhibit proteasome

activity of dopaminergic MN9D cells to different extent

Incubation of cell extracts of dopaminergic MN9D

cells in buffer A with 100�800 mM DA, 12.5�100 mM

AM or 50�2000 mM H2O2, respectively, for 1�3 h at

378C could lead to different extents of proteasome

inhibition in an incubation time and/or toxins dosage

dependent manner (Figure 1). The chymotrypsin-like

activity, trypsin-like activity and caspase-like activity

of proteasome were tested under challenges by DA,
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AM and H2O2. We found that these different kinds of

proteasome activities could all be inhibited by DA,

AM and H2O2 to different extents (Figure 1).

However the caspase activity of proteasome was a

little resistant to toxins challenges compared with the

inhibition effect of the other two proteasome activities

induced by DA, AM and H2O2 (Figure 1). Of the

three toxic factors, the proteasome inhibition induced

by AM was the most distinct. Significant chymotryp-

sin-like activity of proteasome activity decrease could

be achieved when cell extracts had been challenged

with 12.5 mM AM for 1 h while no significant

proteasome activity decrease could be detected

when challenged with 200 mM H2O2 or 200 mM

DA for the same duration (Figure 1A, C and E). The

proteasome inhibition induced by H2O2 was weaker

than those by DA and AM. About 50% decrease of

chymotrypsin-like control proteasome activity could

be achieved by challenge of cell extracts for 1 h with

800 mM DA or 100 mM AM while challenge with

800 mM H2O2 for the same duration could only

induce �20% decrease of control proteasome activ-

ity (Figure 1A, C and E). It was noted that the

inhibition of chymotrypsin-like proteasome activity

by DA could significantly exacerbate with time

(Figure 1A). While inhibitions of chymotrypsin-like

proteasome activity by AM and H2O2 did not

significantly exacerbate from 1 h to 3 h, especially

Figure 1. Proteasome inhibition induced by DA, AM and H2O2. Cell extracts of dopaminergic MN9D cells were challenged, respectively,

with DA (A and B), AM (C and D) or H2O2 (E and F) for 1�3 h at 378C. Then different proteasome substrates was added subsequently and

further incubated for 30 min before determination of chymotrypsin-like activity, trypsin-like activity and caspase-like proteasome activities

by fluorescence measurement. Proteasome activity of cell extracts was shown as ‘% control’. Proteasome activities without any challenge

were as ‘controls’ (* at least pB0.05, compared with controls).
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by AM (Figure 1C and E). On the other hand, the

dosage effect of proteasome inhibition by H2O2 was

not as distinct as those by DA and AM (Figures 1 and

2E and F). Challenge of cell extracts with 1 and

2 mM H2O2 could not achieve a more dramatic

decrease of chymotrypsin-like proteasome activity

compared with those challenged by 800 mM H2O2

(Figure 1E and 2E and F).

The inhibition of chymotrypsin-like proteasome activity

induced by DA, AM and H2O2 could be abrogated by

GSH, Vitamin E, AA, SOD and CAT with different

profiles

Our following extensive studies then focused on the

inhibition effect of chymotrypsin-like proteasome

activity. Co-incubation of cell extracts with 200 mM

Figure 2. Alleviation of inhibition of chymotrypsin-like proteasome activity induced by DA, AM and H2O2 with GSH, AA, Vitamin E,

SOD and CAT. Cell extracts of dopaminergic MN9D cells were challenged with DA (A and B), AM (C and D) or H2O2 (E and F) in the

presence or absence of GSH, SOD, CAT Vitamin E and/or AA for 1 or 3 h at 378C. Then proteasome substrate was added subsequently and

further incubated for 30 min before determination of proteasome activity by fluorescence measurement. Proteasome activity of cell extracts

was shown as ‘% control’. Proteasome activities without any challenge were as ‘controls’ (* at least pB0.05, compared with controls; # at

least pB0.05, compared with proteasome activities challenged with same concentration of DA, AM or H2O2 but without GSH, SOD, CAT,

Vitamin E or AA).
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GSH, 400 mM AA or 1 mM Vitamin E plus 400 mM

AA, respectively, together with 200�600 mM DA

could completely abrogate the DA-induced protea-

some inhibition, whereas 1 mM Vitamin E alone

could only partially prevent the DA-induced protea-

some inhibition (Figure 2A). However, SOD and

CAT could partially prevent DA-induced proteasome

inhibition (Figure 2B). The preventive effect against

AM-induced proteasome inhibition by reductants

was poorer, compared with the effect of reductants

to abrogate DA-induced proteasome inhibition (Fig-

ure 2A and C). GSH and AA could protect against

AM-induced proteasome inhibition in a GSH and AA

concentration dependent manner while Vitamin E

did not have any protective effect against AM-

induced proteasome inhibition (Figure 2C). GSH at

200 mM could completely abrogate the proteasome

inhibition induced by 50 mM AM challenge for 3 h

(Figure 2C). However, 200 mM GSH could only

partially prevent the proteasome inhibition induced

by 100 mM AM challenge for 3 h (Figure 2C). The

protective effect of AA against AM-induced protea-

some inhibition was inferior to that of GSH. AA at

400 mM could only partially abrogate the proteasome

inhibition induced by 100 mM AM challenge for 3 h,

while 200 mM AA could not significantly abrogate

100 mM AM-induced proteasome inhibition for 3 h

(Figure 2C). On the other hand, SOD and CAT did

not have a significant effect in protection against AM-

induced proteasome inhibition (Figure 2D). We also

demonstrated that reductants were quite competent

to protect against H2O2-induced proteasome inhibi-

tion, even when a very high concentration of H2O2

was applied (Figure 2E). GSH at 200 mM or 1 mM

Vitamin E plus 400 mM AA could completely

abrogate proteasome inhibition induced by challenge

with 1 or 2 mM H2O2 for 1 h (Figure 2E). However,

500 unit/ml CAT could completely abrogate 1 or 2

mM H2O2-induced proteasome inhibition while

SOD had no effect on H2O2-induced proteasome

inhibition (Figure 2F).

DA, AM and H2O2 could cooperate with proteasome

inhibitor MG132 leading to aggravated inhibition of

chymotrypsin-like proteasome activity

Challenge of cell extracts with 0�20 nM MG132

could induce MG132 dosage dependent proteasome

activity decrease (Figure 3). However, DA, AM and

Figure 3. Cooperation of DA, AM and H2O2 with proteasome inhibitor MG132 leading to aggravated inhibition of chymotrypsin-like

proteasome activity. Cell extracts of MN9D cells were challenged with DA (A), AM (B) or H2O2 (C) in the presence of 0�20 nM MG132 at

378C for 1 h. Then proteasome substrate was added and further incubated for 30 min before determination of proteasome activity by

fluorescence measurement. Proteasome activities of cell extracts without any challenge were as ‘controls’. Proteasome activity was shown as

‘% control’ (* at least pB0.05, compared with proteasome activity of cell extracts challenged with same concentration of DA, AM or H2O2

but without MG132; # at least pB0.05, compared with proteasome activity of cell extracts challenged with same concentration of MG132

but without DA, AM or H2O2).
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H2O2 were found to be able to cooperate with

MG132 and lead to aggravated proteasome inhibition

(Figure 3). Compared with the proteasome activity of

cell extracts challenged with MG132 only, challenge

of cell extracts with 200�600 mM DA, 25�100 mM

AM or 2�4 mM H2O2, respectively, plus 1�20 nM

MG132 for 1 h would lead to aggravated proteasome

inhibition, especially when challenged with low con-

centration (1�2.5 nM) of MG132 (Figure 3). The

synergistic effect of proteasome inhibition dependent

on the concentrations of DA, AM, or H2O2 as well as

MG132 applied (Figure 3).

The synergistic inhibition of chymotrypsin-like proteasome

activity induced by MG132 plus DA, AM or H2O2 could

be abrogated by GSH, Vitamin E, AA, SOD and CAT

We demonstrated that the cooperation between 0�5
nM MG132 and 400 mM DA leading to aggravated

proteasome inhibition could be completely abrogated

by 200 mM GSH or 400 mM AA and incompletely

abrogated by 1 mM Vitamin E (Figure 4A). Further-

more, the inhibition induced by MG132 plus 400 mM

DA could be partially alleviated by 500 unit/ml SOD

and CAT (Figure 4B); 200 mM GSH could also

Figure 4. The aggravated inhibition of chymotrypsin-like proteasome activity induced by cooperation of proteasome inhibitor MG132

with DA, AM or H2O2 could be abrogated by GSH, SOD, CAT, Vitamin E and AA. Cell extracts of MN9D cells were challenged with

600 mM DA (A and B), 50 mM AM (C and D) or 2 mM H2O2 (E and F) together with 0�5 nM MG132 in the presence or absence of GSH,

SOD, CAT, Vitamin E and/or AA for at 378C for 1 h. Then proteasome substrate was added and further incubated for 30 min before

determination of proteasome activity by fluorescence measurement. Proteasome activities of cell extracts without any challenge were as

‘controls’. Proteasome activity was shown as ‘% control’ (* at least pB0.05, compared with proteasome activity of cell extracts challenged

with same concentration of MG132 but without DA, AM or H2O2; # at least pB0.05, compared with proteasome activity of cell extracts

challenged with same concentration of MG132 with 600 mM DA or 50 mM AM but without GSH, SOD, CAT, Vitamin E and AA).
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completely abrogate the inhibition induced by 50 mM

AM plus 0�5 nM MG132 (Figure 4C). However, the

protective effect of 400 mM AA against synergistic

proteasome inhibition induced by 50 mM AM plus

0�5 nM MG132 was partial, while 1 mM Vitamin E

had no effect on the inhibition induced by 50 mM AM

plus 0�5 nM MG132 (Figure 4C). We also demon-

strated that SOD and CAT had no significant effects

on the inhibition induced by AM plus MG132 (Figure

4D). On the other hand, the synergistic inhibition

induced by 2 mM H2O2 plus MG132 could be

completely abrogated by 200 mM GSH or 1 mM

Vitamin E plus 400 mM AA (Figure 4E). The inhibi-

tion induced by H2O2 plus MG132 could also be

completely abrogated by 500 unit/ml CAT but could

not be influenced by 500 unit/ml SOD (Figure 4F).

The inhibition of chymotrypsin-like proteasome activity

induced by DA and AM was irreversible while the

proteasome inhibition by H2O2 was GSH reversible

We performed another set of experiments that

involved a dialysis step. The dialysis was to allow

the remaining DA, AM or H2O2 to leave the treated

cell extracts, so that the proteasomes that had reacted

with the DA and its metabolites could be subse-

quently tested for reversal of function without inter-

ference by the remaining DA and its metabolites. We

first established that incubation of MN9D cell

extracts with 200�600 mM DA, 25�50 mM AM or

400�800 mM H2O2 in buffer A for 3 h at 378C (we

called this treatment step Procedure A) could de-

crease proteasome activity (Figure 5). Next, cell

extracts treated with Procedure A were dialysed in

dialysis tubes overnight at 48C (we called this dialysis

step as Procedure B). We found that proteasome

activities of cell extracts challenged with 100 or

200 mM DA would further decrease after going

through Procedure B (Figure 5A and B). The

aggravated proteasome inhibition after Procedure B

could be explained by the extended time for any

available DA to interact with the proteasome con-

tained within the dialysis tube, since it would take

time to completely separate the unbound DA through

dialysis overnight. To finally test whether the protea-

some inhibition could be reversed or not, we sub-

jected the challenged cell extracts after procedure B

to a further incubation with or without reductants,

SOD or CAT for 3 h at 378C (we called this

incubation step Procedure C). We found that 200

mM GSH, 1 mM Vitamin E plus 400 mM AA, 500

unit/ml SOD or CAT could not reverse DA or AM-

induced proteasome inhibition (Figure 5A�D). Inter-

estingly, treatment of 400�800 mM H2O2 -challenged

cell extracts with Procedure C in the absence of

reductants, SOD or CAT would lead to further

decrease of proteasome activity, compared with the

proteasome activity with procedure B (Figure 5E and

F). However the H2O2-induced proteasome inhibi-

tion could be completely reversed after incubation of

H2O2-challenged cell extracts with 200 mM GSH in

Procedure C while incubation of H2O2-challenged

cell extracts with 1 mM Vitamin E plus 400 mM AA

in Procedure C could only partially prevent the

further decrease of proteasome activity (Figure 5E).

The H2O2-induced proteasome inhibition could not

be reversed after incubation of H2O2-challenged cell

extracts with 500 unit/ml SOD and CAT (Figure 5F).

Therefore, DA and AM induced intensive, preven-

table but irreversible proteasome inhibition; whereas

H2O2-induced proteasome inhibition was weaker,

preventable as well as GSH reversible.

DA, AM and H2O2 could be toxic to MN9D cells and

could be alleviated by GSH, Vitamin E, AA, SOD, CAT

as well as by 25 mg/ml BSA

We demonstrated that challenging MN9D cells with

100�200 mM DA overnight, 20�50 mM H2O2 over-

night or 50�200 mM AM for 3 h could lead to

significant MN9D cell death in a DA, AM or H2O2

dosage dependent manner (Figure 6). AM was found

to be the most toxic to cells (Figure 6). About 80% of

cells would die after they had been challenged with

200 mM AM only for 3 h (Figure 6C and D). Whereas

challenge of MN9D cells for 3 h with 200 mM H2O2

could not induce significant cell death, suggesting that

the toxicity of AM was much stronger than that of

H2O2 (supplementary Figure). Remarkably, we also

observed that the dead cells caused by AM challenge

appeared as if they had been fixed onto the culture

plates and were difficult to be detached by trypsina-

tion. Furthermore, we demonstrated that reductants,

SOD, CAT and BSA could protect MN9D cells

against DA, AM or H2O2-induced toxicity with

different profiles. GSH at 200 mM could completely

abrogate the cell viability decrease induced by 100 or

200 mM DA overnight challenges (Figure 6A). How-

ever, 400 mM AA or 1 mM Vitamin E could only

partially abrogate cell viability decrease induced by

200 mM DA (Figure 6A). The DA-induced cell

viability decrease could also be partially alleviated by

500 unit/ml SOD, CATand by 25 mg/ml BSA (Figure

6B). However, lower concentration of BSA (0.125 mg/

ml, corresponding to the protein amounts of 500 unit/

ml CATor SOD) could not significantly alleviate AM

induced cell death (data not shown). On the other

hand, 200 or 400 mM GSH could significantly prevent

50�200 mM AM-induced cell death in a dosage

dependent manner, while 400 and 800 mM AA could

have poor protective effect against 50�200 mM AM-

induced cell death (Figure 6C). No significant pro-

tective effect by Vitamin E against AM-induced cell

death could be observed (Figure 6C). The AM-

induced cell death could not be alleviated by

500 unit/ml SOD or CAT but could be significantly
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alleviated by 25 mg/ml BSA (Figure 6D). We demon-

strated that 1 mM Vitamin E or 200 mM GSH could

alleviate cell death caused by 20 or 50 mM H2O2

challenge overnight in a H2O2 dosage dependent

manner (Figure 6E). AA had no effect on the cell

viability decrease caused by H2O2 (Figure 6E). We also

demonstrated that 20 or 50 mM H2O2-induced cell

death could be completely alleviated by 500 unit/ml

CAT but could not be influenced by 500 unit/ml SOD

or 25 mg/ml BSA (Figure 6F).

SOD and CAT could alleviate DA auto-oxidation in

buffer A

We further demonstrated that SOD and CAT could

significantly abrogate DA auto-oxidation in buffer A

by HPLC analysis (Figure 7). After 3 h incubation in

buffer A at 378C, the peak areas of 200 and 400 mM

DA decrease significantly (Figure 7). However, in the

presence of 500 and 1000 unit/ml SOD or CAT, the

decreased DA peak areas could be significantly

reserved (Figure 7). However, 25 mg/ml BSA had

Figure 5. Reversion of DA, AM or H2O2 induced inhibition of chymotrypsin-like proteasome activity by GSH, SOD, CAT, Vitamin E and

AA. Cell extracts of MN9D cells in buffer A were incubated with DA (A and B), AM (C and D) or H2O2 (E and F) at 378C for 3 h (we

called this procedure A), then the cell extracts were dialysed against buffer A overnight at 48C in dialysis tube (MWCO 100KD) with at least

two changes of buffer A after procedure A (we called this procedure B). The dialysed cell extracts were further incubated at 378C for 3 h

with or without GSH, SOD, CAT, Vitamin E and AA after procedure B (we called this procedure C). Finally proteasome substrate was

added and cell extracts were further incubated for 30 min at 378C before proteasome activity detection. Proteasome activity was shown as ‘%

control’. Proteasome activities of cell extracts without challenge were as ‘controls’ (* at least pB0.05, compared with controls; # at least

pB0.05, compared with those challenged with same concentration of DA, AM or H2O2 only in procedure C).
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no effect on DA auto-oxidation process in buffer A

(Figure 7).

BSA could absorb AM and abrogate melanin formation

in solutions

We further demonstrated that, in the presence of

25 mg/ml BSA, the aggregation of AM and formation

of melanin was abrogated (Figure 8). In the absence of

25 mg/ml BSA, incubation of 50 and 100 mM AM in

buffer A for 3 h could lead to AM aggregation and

formation of melanin, which showed a monotonous

increase of light absorbance within all ranges of

wavelength (Figure 8A and B). In the presence of

25 mg/ml BSA, the AM specific light absorbance peak

at 465 nm wavelength as well as monotonous increase

of light absorbance disappeared after incubation,

indicating absorbance of AM and disruption of

Figure 6. Alleviation of MN9D cell death induced by DA, AM or H2O2 by GSH, SOD, CAT, Vitamin E, AA and 25 mg/ml BSA. MN9D

cells were challenged with DA (A and B), AM (C and D) or H2O2 (E and F) in the presence or absence of GSH, SOD, CAT, Vitamin E, AA

and 25 mg/ml BSA overnight or for 3 h. Viability of MN9D cells were detected by MTT assay and shown as ‘% control’ or by trypan blue

staining and expressed as ‘rate of cell death (%)’. For AM challenge (C and D), DMEM medium was changed to PBS just before

administering AM to cells. Then freshly prepared AM was added. AM was replenished every hour. Cells without challenge were as ‘controls’

(* at least pB0.05, compared with respective controls; # at least pB0.05, compared with cells challenged with same concentration of DA,

AM or H2O2 only but without by GSH, SOD, CAT, Vitamin E, AA and 25 mg/ml BSA).
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melanin formation by BSA after incubation (Figure

8A and B). Similar phenomenon could also be

detected when 200 or 800 mM DA had been incubated

in buffer A for 3 h in the presence of 25 mg/ml BSA

(Figure 8C and,D). The monotonous increase of light

absorbance within whole range of wavelength disap-

peared (for 200 mM DA) or significantly alleviated (for

800 mM DA) after DA had been incubated in buffer A

in the presence of 25 mg/ml BSA, suggesting absor-

bance of AM derived from DA auto-oxidation and

disruption of melanin formation by high concentration

of BSA (Figure 8C and D). However, low concentra-

tion BSA (0.125 mg/ml) did not have these effects

above-mentioned (data not shown).

Discussion

DA oxidation could produce reactive DA quinones as

well as small molecular weight ROS [3]. In this study

we revealed for the first time that DA as well as its

oxidative metabolites AM (cyclized DA quinone) and

H2O2 could all directly inhibit proteasome activity or

cooperate with proteasome inhibitor MG132 to

induce aggravated proteasome inhibition in a dosage

and/or incubation time-dependent manner. The pro-

teasome inhibition induced by DA was intensive and

could be alleviated by GSH, AA, Vitamin E, SOD

and CAT, especially by GSH, but was irreversible.

The proteasome inhibition induced by AM was

also intensive, irreversible and could be efficiently

Figure 7. Abrogation of DA auto-oxidation in solution by SOD,

CATand 25 mg/ml BSA; 200 and 400 mM freshly prepared DA was

incubated in buffer A in the presence or absence of SOD, CATand

25 mg/BSA at 378C for 3 h and then analysed by HPLC procedure

at 280 nm absorbance. Peak areas of DA before and after

incubation was monitored (* at least pB0.05, compared with peak

areas of freshly prepared DA, # at least pB0.05, compared with

peak areas of DA in the absence of SOD, CAT or BSA).

Figure 8. BSA could absorb AM and abrogate melanin formation in solutions. (A) 50 mM AM; (B) 100 mM AM, (C), 200 mM DA and (D)

800 mM DA freshly prepared or incubated in PBS or buffer A with or without 25 mg/ml BSA at 378C for 3 h were scanned and analysed by

spectrometer. Change of light absorbance of continuous wavelength were recorded and demonstrated.
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preventable by GSH but could not be alleviated by

Vitamin E, SOD and CAT. On the other hand, the

proteasome inhibition by H2O2 was weaker than

those by DA or AM and was preventable by GSH,

AA plus Vitamin E and CAT but was reversible by

GSH. Taken all together, we concluded that DA-

derived DA quinones, such as AM, rather than small

molecular weight ROS, such as H2O2, could account

for the intensive and irreversible proteasome inhibi-

tion induced by DA. The malfunction of UPS

induced by exopathic or idiopathic factors has been

supposed to be a universal point underlying both the

familial and sporadic forms of PD [11,26]. There-

fore, DA and its oxidative metabolites, especially DA-

derived quinones, could be considered as endogenous

UPS inhibitors, which could impair UPS function

and cell viability of dopaminergic neurons and finally

contribute to selective dopaminergic neurodegenera-

tion of PD.

We demonstrated in this study that SOD and CAT

could abrogate DA-induced proteasome inhibition

and cell toxicity but could not alleviate AM-induced

proteasome inhibition and cell toxicity. SOD and

CAT could both alleviate DA auto-oxidation in

solutions. It has been reported that the process of

DA auto-oxidation involved initiation, propagation

and termination steps, whereas the ROS produced in

the process of DA initiation step was important for

further propagation steps of DA auto-oxidation [27].

Hereby we proposed that SOD and CAT could

scavenge ROS produced in the process of DA auto-

oxidation and therefore interrupt DA auto-oxidation

and thus could alleviate DA-induced proteasome

inhibition and cell toxicity. Our recent study demon-

strated that DA could auto-oxidize to produce AM

while GSH, AA and Vitamin E, especially GSH,

could significantly inhibit DA auto-oxidation and

thus abrogate AM production [25]. Therefore re-

ductants, SOD and CAT could function to abrogate

DA auto-oxidation and the subsequent production of

DA metabolites. They thus could alleviate DA-

induced irreversible proteasome inhibition and even

dopaminergic cell degeneration.

Our conclusion that the toxicity of AM to cells was

stronger than that of H2O2 conformed to recent

findings that highly reactive DA-derived quinones

rather than ROS play an important role in DA-

induced toxicity [6�8]. DA quinones could react with

sulphydryl groups containing chemicals including the

cysteine residuals of functional proteins in dopami-

nergic cells [5]. However, the cross-linking and

irreversible inactivation of functional proteins in

dopaminergic cells by DA quinones could be pre-

vented by a GSH-related detoxification mechanism.

GSH could provide its sulphydryl groups to compete

with those of functional proteins to covalently con-

jugate with DA quinones and thus detoxify toxic DA

quinones. In the current study, we demonstrated that

GSH was the only potent agent among all protective

agents to protect against AM-induced proteasome

inhibition and cell toxicity. This was consistent with

our previous findings that GSH could provide its

sulhhydryl groups and react with AM to form various

GSH-AM conjugations and thus could function as

DA quinones quenchers [25].

In this study, we also demonstrated that high

concentration of BSA (25 mg/ml) could significantly

protect MN9D cells against AM-induced cell

death, whereas low concentration of BSA could not

(25 mg/ml BSA could provide �10 mM cysteine

residues for AM conjugation). Therefore high con-

centration of BSA should be able to provide sufficient

cysteine residues to conjugate with AM and function

to protect MN9D cells against AM-induced toxicity.

The protective mechanism of high concentration of

BSA against AM-induced toxicity could be further

supported by our findings demonstrating that high

concentration of BSA could absorb AM and abrogate

AM aggregation and melanin formation. Our findings

implicated the toxic mechanism of AM in relation to

dopaminergic neuron degeneration as well as protec-

tive mechanisms of GSH to detoxify AM-induced

toxicity. Post-mortem studies demonstrated that

there was an obvious decrease (�50%) of GSH in

SN of PD patients compared with aged controls,

which was not accompanied by a corresponding

increase in glutathione disulphide (GSSG) [28,29].

The decrease of GSH level of SN in PD patients was

found to be also not due to decreased activities of

enzymes for biosynthesis or metabolism of GSH [28].

Furthermore, there was a significant increase of

conjugates of cysteine or GSH with DA quinones in

SN of PD patients [30]. These data implicated the

irreversible consumption of GSH and decrease of

GSH level in SN of PD patients due to conjugation

and detoxification of DA quinones by GSH, which

may actually play an important role in PD pathogen-

esis.

However, GSH could not be transported through

the blood�brain barrier to reach the dopaminergic

neurons, therefore suitable approaches should be

applied to increase cellular GSH syntheses in vivo

or introduce sulphydryl containing GSH substitutes

into SN to complement the protective function of

GSH in dopaminergic neurons [31]. N-acetylcysteine

(NAC) has been proposed to treat age-associated

neurodegenerative diseases, such as PD [32]. NAC

was found to prevent 6-hydroxydopamine-induced

programmed cell death in cultured neuronal cells

[33]. NAC was also found to improve mitochondrial

activities of aged mice [34]. These effects could be

ascribed to the chemical properties of NAC. First,

NAC could act as a precursor for GSH synthesis and

a stimulator of enzymes involved in GSH regenera-

tion [32]. Secondly, NAC was also a reductant and

could scavenge ROS. Furthermore, NAC contains
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sulphydryl group and could covalently react with DA

quinones with its thiol group to detoxify reactive DA

quinones [32]. Our recent study had demonstrated

that NAC could rescue dopaminergic PC12 cell

death induced by over-expression of mutant human

A53T alpha-synuclein via increasing the total and

reduced GSH levels of PC12 cells [35]. In view of the

above and because of the ease of its administration as

well as non-toxicity in humans, we propose the use of

NAC in therapy to control PD onset and develop-

ment, for sporadic as well as for the familial form of

PD patients.

Based on findings in this study, we further propose

that dopaminergic neurons in the substantia nigra (SN)

may have at least two protective mechanisms against

DA-induced toxicity. The first is to inhibit DA oxida-

tion by reductants and ROS-related enzymes; and the

second is to eliminate DA oxidative metabolites in

time, especially DA-derived quinones. The elimina-

tion of DA oxidative metabolites include scavenging of

ROS by reductants and by ROS-related enzymes as

well as detoxification of DA-derived quinones by

quinone conjugating reagents, such as GSH or qui-

nines-related enzymes. Vice versa, factors to trigger or

accelerate DA oxidation in dopaminergic neurons

would be vital to PD pathogenesis. To date, iron

species have been implicated to be highly related to PD

pathogenesis [36]. It was demonstrated that there was

a decrease in GSH level associated with an increase of

iron level in the degenerating SN of PD patients [37].

Our unpublished data demonstrated that iron species

could significantly mediate DA oxidation, increase DA

quinones production and subsequently lead to protea-

some inhibition and dopaminergic cell demise. How-

ever these toxicities of iron species could be alleviated

by GSH and iron chelators via different mechanisms.

These data implicated that iron species might con-

tribute to PD pathogenesis via triggering and accel-

eration of DA oxidation as well as increase production

of reactive DA metabolites. Our recent findings

demonstrated that auto-oxidation of endogenous DA

could aggravate over-expression of mutant human

A53T alpha-synuclein induced PC12 cell death [34].

Taken together, it is logical to infer that accelerated DA

oxidation and increased DA metabolites production

might be the converging events linking various dele-

terious factors related to PD pathogenesis. Conse-

quently, agents such as NAC which are effective in

controlling DA oxidation and elimination of DA

metabolites should be able to control PD onset and

development.
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Supplementary materials

Supplementary Figure. Exposure to H2O2 for 3 h did not induce

more cell death in MN9D cells (Supplementary data to Figure 6).

Challenging MN9D cells with 50�200 mM H2O2 for 3 h duration

could not induce significant cell death. Challenge of cells with

H2O2 and cell death detection was exactly similar to AM

experiments in Figure 6(C and D). This set of data serves to

compare with the effect of AM exposure for 3 h shown in Figure 6,

to verify that indeed AM is more toxic than H2O2.
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