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We have recently shown that dopamine (DA) can
trigger apoptosis, an active program of cellular self-
destruction, in various neuronal cultures and pro-
posed that inappropriate activation of apoptosis by DA
and or its oxidation products may initiate nigral cell
loss in Parkinson’s disease (PD). Since DA toxicity may
be mediated via generation of oxygen-free radical
species, we examined whether DA-induced cell death
in PC12 cells may be inhibited by antioxidants. We
have found that the thiol containing compounds, re-
duced glutathione (GSH),N-acetyl-cysteine (NAC), and
dithiothreitol (DTT) were markedly protective, while
vitamins C and E had lesser or no effect. The thiol
antioxidants and vitamin C but not vitamin E, pre-
vented dopamine autooxidation and production of
dopamine-melanin. Their protective effect has also
manifested by inhibiting DA-induced apoptosis; DNA
fragmentation was prevented as was shown histo-
chemically by the in situ end-labeled DNA technique
(TUNEL). Intracellular GSH and other thiols consti-
tute an important natural defense against oxidative
stress. We have found that depletion of cellular GSH by
the addition of phoron, a substrate of glutathione
transferase, and buthionine sulfoximine (BSO), an in-
hibitor of g-glutamyl transpeptidase, significantly en-
hancedDAtoxicity. CotreatmentwithNAC rescued the
cells from the toxic effect of BSO 1 DA, and phoron 1
DA,while addition ofGSHprovided only partial protec-
tion fromBSO 1 DAtoxicity. Our data indicate that the
thiol family of antioxidants, but not vitamins C and E,
are highly effective in rescuing cells from DA-induced
apoptosis. Further study of the mechanisms underly-
ing the unique protective capacity of thiol antioxi-
dantsmay lead to the development of newneuroprotec-
tive therapeutic strategies for PD. r 1996 Academic Press, Inc.

INTRODUCTION

Parkinson’s disease (PD) is characterized by a loss of
dopaminergic nigrostriatal neurons. It is believed that
enhanced oxidative stress is a major component in the
pathogenesis of nigral cell death in PD. This concept is
supported by postmortem studies showing that in the

substantia nigra (SN) of patients dying with PD there
are increased lipid peroxidation (6), increased levels of
iron (5, 29), decreased ferritin levels, reducedmitochon-
drial complex I activity (25), and decreased levels of
gluthatione (GSH) (26). One of the possible sources for
nigral accumulation of reactive oxygen species (ROS)
that cause the potentially harmful oxidative stress are the
compounds produced through the normal local breakdown
of dopamine. Dopamine is metabolized by various en-
zymes, includingmitochondrialmonoamineoxidase (MAO)
(16), andmay also readily undergo autooxidation due to its
quinone structure (3). Both pathways were shown to
generate ROS, e.g., superoxide and hydrogen peroxide. In
addition, in the human substantia nigra, the oxidation
products of dopamine may polymerize to form neuromela-
nin which may also be a highly cytotoxic substance (14).
The oxidation products of dopaminemay exert toxic effects
on various cellular components and induce lipid peroxida-
tion andprotein oxidation. Indeed, dopaminewas shown to
cause death of mesencephalic (17), melanoma and
neuroblastoma (33), and dorsal root ganglion neuronal
(30) cell cultures. We have recently shown that dopa-
mine was able to induce cell death in cultured postmi-
totic chick sympathetic neurons, mouse splenocytes,
and rat pheochromocytoma (PC12) cells by a typical
apoptotic mechanism (18, 19, 34).
Toxicity of free radicals produced during normal cell

metabolism is prevented by the naturally occuring
protective antioxidant systems. These include enzymes
such as glutathione peroxidase and superoxide dismu-
tase and small molecules such as vitamins C and E.
We now examined the role of oxidative stress in this

model of cell death by using various antioxidants as a
protective measure. We report that the thiol-containing
reagents, GSH,N-acetyl cysteine (NAC), and dithiothre-
itol (DTT) were the most effective in preventing dopa-
mine-induced apoptotic cell death in PC12 cells.

MATERIALS AND METHODS

Cell Culture

PC12 cells were maintained in Dulbeco’s Modified
Eagle’s Medium (DMEM), supplemented with 8% heat-
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inactivated fetal calf serum (FCS), 8% horse serum,
penicillin (25 µg/ml), streptomycin (25 µg/ml), 2 mM
L-glutamine, and 400 µg/ml G418 (Gibco/BRL). Conflu-
ent cultures were washed with phosphate-buffered
saline (PBS), pH 7.0, detached with 0.5 mM EDTA,
centrifuged, and subcultured in a poly-L-lysine-coated
96-well microtiterplates (Nunc), 100 µl of 5 3 105
cells/ml, in each well.

Cell Viability and Thymidine Incorporation

Trypan blue exclusion assay. Five microliters of
trypan blue (0.5% in PBS) were added to 40 µl of
resuspended cells. The numbers of trypan blue exclud-
ing (live) cells were counted in a hemocytometer in
three randomly selected fields and averaged.
[3H]Thymidine incorporation. Cells (5 3 105 cells/

ml) were placed in a 96-well microtiter plate (100 µl)
and incubated with 1 µCi/ml [3H]thymidine (Rotem,
Israel) at 37°C for 24 h. Cells were then harvested and
the incorporated radioactivity was determined by liq-
uid scintillation counter (Packard).
Terminal deoxynucleotidyl transferase-mediated

dUTP-biotin nick end-labeling (TUNEL). The TUNEL
method was performed as described by Gavrieli et al.
(10). PC12 cells were subcultured in chamber slides
(Nunc) for 24 h in the presence of 0.3 mM dopamine
with or without antioxidants. The slides were first
washed with PBS and fixed in 4% formaldehyde in
saline for 30min and then washed with double-distilled
water (DDW). Endogenous peroxidase was inactivated
by flooding the cells with 3% H2O2 for 5 min at room
temperature (RT). The slides were rinsed with PBS and
incubated with 2% BSA in PBS for 30 min at RT and
rinsed again with PBS. Slides were then incubated for 5
min with terminal deoxynucleotidyl transferase (TDT)
buffer (Promega), followed by addition of the enzyme
TDT (0.3 µm/µl) and biotinylated dUTP in TDT-buffer,
and further incubated for 1 h at 37°C in a humid
atmosphere. The reaction was stopped by incubation
with termination buffer (300 mM sodium chloride, 30
mM sodium citrate) for 15 min at RT. The slides were
rinsed with PBS and Extra-avidin Peroxidase (Bio
Makor, Rehovot, Israel; diluted 1:50 with PBS) was
added for 30 min incubation at 37°C. Slides were
washed in DDW and PBS and incubated with AEC kit
(Sigma) for 30 min at 37°C. The slides were rinsed in
DDW and mounted on glycerol-gelatin (Sigma).

Measurement of Production of Dopamine-Melanin
(DA-M) during Autooxidation

Dopamine (10 mM ) was incubated at 37°C for 6 h
with increasing concentrations of antioxidants, and the
absorption at 690 nm was measured by spectrophotom-
eter (UVIKON 860).

Statistical Analysis

All experiments were performed in triplicate, and the
P values were calculated in two-tail unpaired t test.

RESULTS

Dopamine caused a dose-dependent death of cultured
PC12 cells, as indicated by its effect on cell prolifera-
tion, assessed by [3H]thymidine uptake and trypan
blue exclusion assay. Figure 1 shows that at 0.1–1 mM
dopamine there was a slight increase in thymidine
uptake, indicating augmentation in cell proliferation.
At higher concentrations there was a decrease in cell
viability, which reached about 50% at 0.25 mM dopa-
mine when assessed by both trypan blue exclusion and
thymidine uptake.
In order to study the mode of action of dopamine, we

examined the ability of antioxidants to prevent its
toxicity to the cells and its correlation with inhibition of
production of DA-M, the end product of dopamine
autooxidation. PC12 cells were incubated for 24 h with
0.3 mM dopamine and increasing concentrations of
various antioxidants, and their viability was estimated
by [3H]thymidine uptake. Figure 2 shows that the three
thiol-containing reagents, NAC, GSH, and DTT pro-
vided the highest protection from dopamine toxicity.
The effect on cell proliferation was optimal at 10 mM
for all three reagents, while higher concentrations
enhanced the toxicity of dopamine. GSH and NAC
returned thymidine uptake to 110 and 113%, while
DTT to only 73%, respectively. Vitamin C had a mild
protective effect at 0.1 mM (53%) but vitamin E had
none, and both vitamins decreased cell proliferation at
higher concentrations. Other antioxidants including
butylated hydroxytoluene (BHT), mannitol, benzoic
acid, beta-caroten, and boldine had no protective effect.
Interestingly, in control cultures not exposed to dopa-
mine, GSH, NAC, and DTT, at concentrations of 10
mM, enhanced cell proliferation by 150, 140, and 125%,
respectively, while concentrations of 25 mM and higher
were toxic to the cells.
Assessment of autooxidation of dopamine by measur-

ing DA-M production showed that NAC, GSH, DTT,
and vitamin C had an inhibitory effect, which reached
its maximum at a concentration of 10 mM (Fig. 3).
Vitamin E had no effect on DA-M production (Fig. 3)
and neither did mannitol and BHT.
To examine whether the protective effect of antioxi-

dants against dopamine toxicity is external or may also
be achieved by increasing intracellular pools of these
agent(s), we preincubated the cells for 24 hwith various
antioxidants, followed by washing and then by expo-
sure to dopamine (0.3 mM ) for an additional 24 h.
Figure 4 demonstrates that such pretreatment with
GSH and NAC provided significant protection
(P , 0.05), while the other antioxidants had no effect.
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FIG. 1. Dopamine causes a dose-dependent death of cultured PC12 cells. PC12 cells were incubated for 24 h in the indicated dopamine
concentrations, and viability was determined by trypan blue exclusion and by [3H]thymidine uptake.

FIG. 2. Thiol reagents rescue PC12 cells from dopamine toxicity. PC12 cells were incubated for 24 h with dopamine (0.3 mM ) only or with
various concentrations of antioxidants: N-acetylcysteine (NAC), glutathione (GSH), dithiothriethol (DTT), vitamin E, and vitamin C. Cell
proliferation was determined by [3H]thymidine uptake. Treatments which significantly increased [3H]thymidine uptake, compared to
dopamine alone, are indicated (*P , 0.01, t test).
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Further support for the importance of the intracellular
thiol levels in the protection against dopamine toxicity
was provided by experiments designed to deplete cellu-
lar levels of GSH.
We used phoron which is conjugated to GSH by the

enzyme glutathione transferase and buthionine sulfoxi-

mine (BSO), an inhibitor of the enzyme g-glutamyl
transpeptidase, which functions in the biosynthesis of
GSH (9). Exposure of PC12 cells, for 24 h, to phoron (0.5
mM ) and BSO (0.5 mM ), in the absence of dopamine,
reduced cell proliferation to 45 and 26%, respectively,
while dopamine (0.3 mM ) reduced it to 40% (Fig. 5).

FIG. 3. Antioxidants inhibit the formation of dopamine-melanin (DA-M) from dopamine. PC12 cells were incubated with dopamine (10
mM ) and various concentrations of antioxidants. After 6 h of incubation, the generated DA-M was measured spectrophotometerically at
690 nm.

FIG. 4. Preincubation with thiol reagents NAC and GSH provide partial protection from dopamine toxicity. PC12 cells were incubated
with various antioxidants for 24 h. On the following day, cells were washed and incubated with dopamine (0.3 mM ) alone. Pretreatment with
NAC and GSH produced a significant protective effect (* for P , 0.05, t test).
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Cotreatment of dopamine with phoron or BSO, under
the same conditions, decreased thymidine uptake to 33
and 8%, respectively (Fig. 5). Addition of GSH rescued
the cells from dopamine toxicity, partially protected
them from the effect of dopamine 1 BSO, but did not
alter cell death by dopamine 1 phoron (Fig. 5). In
contrast, NAC was highly protective against the toxic-
ity of dopamine alone or combined with both phoron or
BSO.
We found that the thiol antioxidants exert their

protective effect by inhibiting dopamine-induced apop-
tosis, as shown by in situ staining of fragmented DNA
using the TUNELmethod. As demonstrated in Fig. 6A,
untreated cells had only background staining. In con-
trast, following treatment with 0.3 mM dopamine (for
24 h), some of the cells died and were detached from the
substrate (slide chamber). However, most of the remain-
ing cells show positively stained nuclei, indicating DNA
fragmentation which is typical of apoptotic cell death
(Fig. 6B). Figure 6C shows another control experiment
in which the enzyme TDT was not included in the
TUNEL reaction mixture used for staining dopamine-
treated cells. In this case the remaining cells show
negatively stained nuclei. Figures 6D and 6E show that
when GSH and NAC were added to the dopamine-
treated cells the cultures are full of cells but do not
exhibit the positive staining of their nuclei, indicating

that these antioxidants successfully prevented DNA
fragmentation. In contrast, addition of vitamin C did
not affect the dopamine-induced DNA fragmentation
(Fig. 6F).

DISCUSSION

Our study shows that dopamine-induced apoptotic
death in PC12 cells may be inhibited by thiol-contain-
ing compounds. The most protective reagents included
the GSH, NAC, and DTT.
Thiols function in biological systems to scavenge

hydroxyl radicals, hydrogen peroxide, and singlet oxy-
gen (2, 31). Thiols may also interact directly with
cysteine residues in proteins to insure their mainte-
nance in the reduced state which is required for preser-
vation of protein structure and activity. DTT, contain-
ing two SH groups, and NAC, with one SH group, act
directly as thiols, by raising the intracellular concentra-
tions of cysteine, consequently enhancing GSH biosyn-
thesis, and also by replenishing other soluble and
protein thiol-groups (2). Thus, thiol agents may protect
PC12 cell against dopamine-induced death by binding
to oxidative metabolites of DA or might be mediated
through direct binding to dopamine and neutralization
of its reactive metabolites. Alternatively, they can raise

FIG. 5. NAC and GSH protect PC12 cells from enhancement of dopamine toxicity induced by phoron and BSO. Addition of phoron, a
glutathione transferase substrate, and BSO, a g-glutamyl transpeptidase inhibitor alone markedly reduced PC12 cell viability. These toxic
effects were enhanced when each was combined with dopamine. Cotreatment with GSH (10 mM ) rescued the cells from DA1 BSO (P , 0.01),
but not from DA1 phoron. NAC protects significantly (P , 0.001) from both DA1 BSO and DA1 phoron toxicity.
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the intracellular concentrations of GSH, thus strength-
ening the natural cellular antioxidant systems.
Our data show that the protective effect of the thiol

agents had an optimum at 10 mM, above which they
had toxic effects. The cellular physiological concentra-
tions of GSH were reported to be in the range of 0.5–7
mM (15). It is well established that thiol homeostasis is

crucial for cell survival, and consequently, concentra-
tion as high as 25 mM are deleterious to the cells. Such
‘‘bell-shaped’’ concentration-dependent response curves
for GSH were also found in other systems (31) and for
other antioxidants (22). The optimal concentration of
GSH required for protection of DNA against singlet
oxygen was also found to be 10 mM (31). The deleteri-

FIG. 6. NAC and GSH inhibit dopamine-induced DNA fragmentation in PC12 cells, demonstrated by in situ DNA end-labeling staining.
Fragmented DNAends within nuclei of PC12 cells were labeled with peroxidase substrate (red color, seeMethods). Most of the control cells are
negatively stained (A). Following treatment with dopamine (0.3 mM for 24 h), most of the cells died and were detached from the substrate and
the remaining cells show positively stained nuclei (B). As a control experiment, dopamine-treated cells which were stained similarly but the
enzyme TDT was omitted, show only background staining (C). Addition of GSH (D) or NAC (E) totally inhibited dopamine-induced DNA
fragmentation, while vitamin C (F) did not show any inhibitory effect. Positively stained nuclei are indicated by arrows in B and F.
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ous effect of higher thiol concentrations is probably due
to their interference with the delicate redox balance of
cysteine residues. High thiol concentrations may also
reduce disulfide bridges which impair the functioning
of enzymes and structural proteins.
There are reports in the literature that dopamine

exerts its toxic effects by acting both externally and
internally (4, 18). We have previously shown (18) that
dopamine induces apoptotic death of thymocytes, cells
that do not have dopamine uptake machinery, indicat-
ing that it acts from the outside. In a different study (4)
it was shown that deprenyl, an inhibitor of monoamine
oxidase B, reduced dopamine-induced oxidative stress
in mouse striatum. Both of these mechanisms may be
operating in PC12 cells exposed to dopamine. On one
hand, dopamine is toxic due to its autooxidation and
formation of neuromelanin (DA-M), as implicated from
our findings of a correlation between inhibition of
DA-M production and the protective effect of the thiols.
However, since we have also found that the cells can be
preconditioned for protection by incubation with the
thiol reagents, dopamine may also be acting internally.
The fact that vitamin C inhibited DA-M production

but almost failed to protect the cells indicates that
DA-M is not the only toxic substance and that from
exposure to dopamine other metabolites may act as
well. DA-M may also be produced inside the cell, in
addition to oxidation of dopamine by monoamine oxi-
dase, with the concomitant production of reactive oxy-
gen species (3). The protective capacity of thiols against
internal toxicity was demonstrated in the experiment
where PC12 cells were preincubated with GSH and
NAC for 24 h, washed, and then exposed to dopamine
alone.
Protection against dopamine toxicity in our cell cul-

ture model was specific for the thiols, except for a minor
effect of vitamin C. It has therefore been suggested that
the major damage caused by dopamine is via interfer-
ence with SH homeostasis of the cells, which may or
may not be related to ROS production. However, it
seems that in PC12 cells reduced thiols are limiting
factor since the addition of thiols to untreated control
cells caused an increase of up to 150% in cell prolifera-
tion. Accordingly, reduction in cellular GSH levels,
either by inhibiting its synthesis with BSO or depletion
by glutathione transferase catalyzed conjugation to
phoron, enhanced dopamine toxicity, which was re-
versed by GSH and NAC (Fig. 5). Interestingly, it was
shown that BSO amplified the dopamine-depleting
action of 6-hydroxydopamine in rat striatum (19). NAC
was also shown to rescue PC12 cells from apoptotic cell
death induced by nerve growth factor (NGF) depriva-
tion (8), and under the same conditions suppressed
proliferation and DNA synthesis. It was concluded that
NAC affects apoptotic cell death by cell cycle regula-
tion. Our data suggests that BSO and phoron have

different mechanisms by which they affect cells. This is
indicated by the findings that the combined action of
BSO and dopamine may be additive, unlike that of
phoron plus dopamine. BSO inhibits glutathione biosyn-
thesis, and the manifestation of its effect should have a
lag, dependent on the turnover rate of gluthatione.
Phoron, on the other hand, removes GSH irreversibly,
due to covalent binding via the enzyme glutathione
transferase. Consequently, subsequent to its addition,
there is a continuous removal of GSH which lasts until
the phoron is exhausted and its replenishment depen-
dent on the rates of rereduction and biosynthesis.
It was suggested that imbalance in dopamine me-

tabolismmay lead to excess production of ROS and/or a
decrease in the capacity of the natural protective
mechanismswithin the nigra, contributing to the patho-
genesis of Parkinson’s disease (1, 12). The reports on
decreased nigral levels of glutathione in PD patients
seem to support this concept (20, 24, 28). However, this
GSH reduction might also be a result of lower activity
of glutathione peroxidase and gamma-glutamytranspep-
tidase, as shown in autopsied brains of PD patients
(27).
We have shown that vitamins C and E have no

protective effects against dopamine-induced toxicity. It
was recently reported that in PD patients, chronic
treatment with vitamins E and C did not arrest or slow
down disease progression (7, 23). If indeed nigral
degeneration in PD is caused by dopamine toxicity
within the nigra, treatment with thiol reagents, which
were highly effective in rescuing PC12 cells from dopa-
mine-induced apoptosis, may be more beneficial for
preventing PD deterioration. NAC, which was the most
protective reagent in our experiments, has been widely
used for many years in the treatment of respiratory
disorders and as an antidote to a variety of organic and
inorganic poisons (32). The principal properties of NAC
were related to its activity as a direct and potent
free-radicals scavenger. Moreover, it increases levels of
intracellular cysteine, the limiting amino acid in gluta-
thione biosynthesis, thus potentiating the natural cellu-
lar defense mechanisms against oxidant damage. NAC
has already been used in preliminary clinical studies in
a few degenerative neurological disorders, and showed
some benefit (13). It is therefore hoped that treatment
with thiol-containing antioxidants may offer a new
neuroprotective therapeutic strategy for PD.
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