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Abstract

Tetrahydropapaveroline (THP) is formed in Parkinsonian patients receiving L-DOPA therapy and is detected in the plasma and urine of
these patients. In this study, we have investigated the effects of THP on L-DOPA-induced neurotoxicity in cultured rat adrenal
pheochromocytoma, PC12 cells. Exposure of PC12 cells up to 10 pM THP or 20 uM L-DOPA after 24 or 48 hr, neither affected the
cell viability determined by MTT assay, nor induced apoptosis by flow cytometry and TUNEL staining. However, at concentrations higher
than 15 pM, THP showed cytotoxicity through an apoptotic process. In addition, THP at 5-15 pM for both incubation time points
significantly enhanced L-DOPA-induced neurotoxicity (L-DOPA concentration, 50 pM). Exposure of PC12 cells to THP, L.-DOPA and THP
plus L-DOPA for 48 hr resulted in a marked increase in the cell loss and percentage of apoptotic cells compared with exposure for 24 hr. The
enhancing effects of THP on L-DOPA-induced neurotoxicity were concentration- and treated-time-dependent. THP, L.-DOPA and THP plus
L-DOPA produced a significant increase in intracellular reactive oxygen species generation and decrease in ATP levels, supporting the
involvement of oxidative stress in THP- and L-DOPA-induced apoptosis. The antioxidant N-acetyl-L-cysteine strongly inhibited changes in
apoptosis, decreases in cell viability and ROS generation induced by THP associated with L.-DOPA. These results suggest that THP
aggravates L-DOPA-induced oxidative neurotoxic and apoptotic effects in PC12 cells. Therefore, Parkinsonian patients treated with
L-DOPA for long-term need to be monitored for the relationship between plasma concentration of THP and the symptoms of neurotoxicity.

© 2003 Elsevier Inc. All rights reserved.
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1. Introduction

Parkinson’s disease is a common, slowly progressing
movement disorder accompanied by tremor, muscle rigid-
ity and akinesia. It is mainly due to a deficiency of
dopamine as the result of degeneration and cell death of
the nigrostriatal dopaminergic neurons [1]. The etiology of
this disease remains unknown, but one hypothesis is that
endogenous or exogenous neurotoxins may be responsible
for the destruction of nigrostriatal neurons.
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Tetrahydropapaveroline [6,7-dihydroxy-(3',4'-dihydrox-
ybenzyl)-1,2,3,4- tetrahydroisoquinoline, THP] is the con-
densation product of dopamine and its aldehyde-metabolite
(3,4-dihydroxyphenylacetaldehyde) formed by catalysis of
monoamine oxidase. THP has been identified in the urine,
brain and plasma of Parkinsonian patients receiving oral
L-DOPA therapy [2], and in the brain of animals treated
with L-DOPA [3] or ethanol [4]. THP and its alkaloids have
been proposed to be candidates of dopaminergic neurotox-
ins related to the pathogenesis of Parkinsonism [5,6].
Oxidative stress [7] and mitochondrial energy depletion
[8,9] have been thought as the underlying mechanisms of
THP-induced apoptosis. However, despite endogenous for-
mation and potential human exposure to THP, little is
known about the biochemical mechanism underlying the
adverse effects of the neurotoxic compound.

The pheochromocytoma, PC12, cell lines are originally
characterized from a catecholamine-secreting adrenal
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chromaffin tumor in rats [10,11], and have been widely
used to investigate neuronal differentiation, signal trans-
duction and neuronal cell death [12].

L-DOPA is the most frequently prescribed drug for
controlling the symptoms of Parkinson’s disease [13].
The treatment of choice is the administration of L-DOPA,
which results in the decarboxylase-catalyzed conversion of
L-DOPA to dopamine in the brain catecholaminergic neu-
rons and, hence, in a replenishment of dopamine in the
surviving neurons and an alleviation of the symptoms of
the disease [13—15]. On the other hand, there are limita-
tions to chronic treatment of L-DOPA, including debilitat-
ing side effects and a progressive decrease in efficacy with
time [13,16—18]. Furthermore, some reports have sug-
gested that L.-DOPA may accelerate the deterioration of
Parkinsonian patients [19], and that L-DOPA toxicity
occurs in damaged dopaminergic neurons in vivo [19—
21]. Thus, numerous toxicological studies have utilized
PC12 cells as in vitro models to examine dopaminergic
toxicity such as L-DOPA cytotoxicity, L-DOPA autoxida-
tion, oxidative stress, and mitochondrial impairment
[12,22,23].

Therefore, in this study, to see whether THP could in
turn worsen L-DOPA neurotoxicity, the enhancing effects
of exposure of PC12 cells to increasing concentrations of
L-DOPA alone or in combination with non-cytotoxic or
cytotoxic concentrations of THP were investigated. In
addition, to evaluate the role of oxidative stress in THP-
induced apoptosis, we also examined the effects of N-
acetyl-L-cysteine (NAC) on the cell viability loss and
apoptosis in the THP-treated PC12 cells.

2. Materials and methods
2.1. Chemicals

(£)-THP hydrobromide, L.-DOPA, RNase A, propidium
iodide (PI), poly-L-lysine, NAC and 3-(4,5-dimetylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide (MTT) were pur-
chased from the Sigma. 2',7’-Dichlorofluorescin diacetate
(DCFH,-DA) was obtained from Molecular Probes Inc.
Luciferase assay system was purchased from Promega.
The in situ cell death detection kit (TUNEL) was supplied
from the Boehringer Mannheim. All sera, antibiotics and
RPMI 1640 for cell culture were obtained from the Gibco.
All other chemicals were of reagent grade.

2.2. Cell culture

PC12 cells were maintained routinely [11]. PC12 cells
(ca. 1 x 105 cells/cm?) in culture were incubated in the
absence or presence of L-DOPA (20-100 uM) associated
with increasing concentrations of THP (5-20 pM) for 24 or
48 hr. NAC concentration was chosen according to Sand-
strom et al. [24].

2.3. Assessment of cell viability

Cell viability was determined by the conventional MTT
assay with slight modification [25], which is based on the
conversion of tetrazolium salt into an insoluble formazan
product by various dehydrogenases in mitochondria. PC12
cells were diluted to 1 x 10° cells/mL and plated at 100 pL
per well in a 96-well microplate. The cells were treated
with various concentrations of THP (5-20 uM) and L-
DOPA (20-100 puM), alone or in combination, for 24 or
48 hr. After incubation, cells were treated with the MTT
solution (final concentration, 1 mg/mL) for 4 hr at 37° in a
incubator. The reaction was stopped by adding 100 pL of
0.8 M HCI in isopropanol, and the absorbance was mea-
sured at 570 nm by using a Bauty Diagnostic Microplate
Reader (Molecular Devices).

2.4. Flow cytometric analysis of apoptotic cells

Cell death was determined by flow cytometry. PC12 cells
were harvested by centrifugation and washed in PBS. The
cells were fixed in 70% ethanol for 30 min at 4°. Before
staining with PI (50 pg/mL), the fixed cells were again
centrifuged and washed in PBS. The cellular DNA content
was measured using a FACS vantage fluorescence-activated
flow cytometer (Bekton Dickinson). Calculation of the
percentage of apoptotic cells was based on the cumulative
frequency curves of the appropriate DNA histograms.

2.5. TUNEL assay for apoptotic DNA fragmentation

The commercially available in situ cell death detection
kit (Boehringer Mannheim) was utilized to detect DNA
fragmentation. For nicked DNA end-labeling experiments,
PC12 cells were plated at a density 1 x 10° cells/cm? on
cover slips coated with poly-L-lysine, and fixed in 4%
paraformaldehyde in PBS for 30 min at room temperature.
The cells were then permeabilized with 0.1% triton X-100
in 0.1% sodium acetate for 5 min at 4°, and incubated with
50 pL/well TUNEL reaction mixture for 60 min at 37° in a
CO, incubator. The cells were rinsed with PBS and coun-
terstained with 1 mL of DNA staining solution (0.1 mM
EDTA, pH 7.4, 50 pg/mL RNase A and 50 pg/mL PI) for
60 min at room temperature. The cells were washed twice
with PBS and mounted with 50% glycerol. Stained cells
were examined with an Olympus fluorescence upright
microscope (Bio-Rad). Apoptotic cells were distinguished
easily by typical condensed, fragmented nuclear region
from normal cells.

2.6. Measurement of intracellular reactive oxygen
species (ROS) formation

An assay based on the conversion of non-fluorescent
DCFH,-DA to a fluorescent species by intracellular ROS
was used in this study. PC12 cells (per 100 pL in 96-well



J.J. Lee et al./Biochemical Pharmacology 66 (2003) 1787-1795 1789

plates) were rinsed with Krebs Ringer buffer and loaded
with 50 uM DCFH,-DA for 45 min at 37° as per the
method of Gunasekar et al. [26], and then the cells were
washed twice with same buffer and treated with varying
concentrations of THP and/or L-DOPA in the presence or
absence of antioxidant NAC. After exposure to the com-
pounds, the cells were washed with the Krebs Ringer
solution and fluorescence intensity was measured at
475 nm excitation and 525 nm emission.

2.7. ATP assay

After incubation period, the medium was removed and
PC12 cells were extracted with lysis buffer. The attached
cells scraped from the wells and centrifuged at 12,000 g for
15 s. The supernatants were assayed for ATP. The amount
of ATP was measured by the luciferase assay system
(Promega) using a Microlamat LB 96 P luminometer
(EG & G Berthold).

2.8. Statistical analysis

All data were expressed as means = SEM of at least four
or five experiments. Statistical analysis was performed
using ANOVA followed by Tukey’s test.

3. Results

3.1. Inhibition of cell viability by THP and protection by
NAC against THP-induced cytotoxicity

When PC12 cells were treated with 5, 10, 15, and 20 pM
of THP, there was a concentration- and time-dependent
reduction in the cell viability, which was examined by the
MTT assay (Fig. 1). THP at concentrations up to 10 uM did
not significantly reduce the cell viability in PC12 cells.
However, at concentrations higher than 15puM, THP
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caused cytotoxicity. Exposure for 48 hr to THP in PC12
cells was more cytotoxic than exposure for 24 hr.

L-DOPA at concentrations of 20, 50 and 100 pM did not
significantly decrease cell viability after 24 hr compared
with the untreated control (Fig. 2, upper). However, a
significant decrease in cell viability was observed when
PC12 cells were exposed to L-DOPA at concentrations
higher than 50 uM for 48 hr (Fig. 2, bottom).

In assessing whether THP could stimulate the cytotoxi-
city of L-DOPA, we added non-cytotoxic or cytotoxic con-
centrations of THP with L-DOPA to the media. When
non-cytotoxic concentrations of THP (5 and 10 uM) were
associated with L-DOPA (20, 50 and 100 uM) for 24 or
48 hr, a significant concentration-dependent decrease in cell
viability was observed at both incubation time points
(Fig. 2). PC12 cells exposure to a cytotoxic concentration
of THP (15 pM) in association with L.-DOPA (20, 50 and
100 uM) at both incubation time points also resulted in a
marked decrease in cell viability compared with L.-DOPA
alone. Under these conditions, it was noted that THP
enhanced the loss of cell viability compared with the untrea-
ted control, and that exposure to THP plus L-DOPA for 24 or
48 hr resulted in a marked reduction in the cell viability:
exposure for 48 hr was more cytotoxic than that of 24 hr.

The protective effects of NAC were also examined
(Fig. 3). A 24- or 48-hr exposure to 0.1 mM NAC alone
did not affect cell viability in PC12 cells. THP (15 uM)-, L-
DOPA (50 pM)-, and THP (15 uM) plus L.-DOPA (50 uM)-
induced neurotoxicities were significantly inhibited by the
addition of NAC (0.1 mM) to THP- and L-DOPA-contain-
ing medium.

3.2. Interaction of THP with L-DOPA-induced apoptosis
To examine whether the cellular damage induced by
THP plus L.-DOPA might be characteristic of changes

leading to apoptosis, we used flow cytometry and the
TUNEL technique. In the control PC12 cell cultures for
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Fig. 1. Effects of THP on PC12 cell viability. PC12 cells were exposed for 24 hr (A) or 48 hr (B) to different concentrations of THP (5, 10, 15 and 20 pM).
Cell viability was assessed using MTT methods, in which viable cells convert the soluble dye MTT to insoluble blue formazan crystals. The results represent
the means & SEM of five experiments performed in triplicate. (*) P < 0.05, (") P < 0.001 compared with the control (ANOVA followed by Tukey’s test).
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Fig. 2. Enhancing effects of THP on L-DOPA-induced decrease in PC12 cell viability. PC12 cells in culture were incubated in the absence or presence of L-
DOPA (20, 50 and 100 uM) associated with THP (5, 10 and 15 uM) for 24 hr (upper) or 48 hr (bottom). Cell viability was assessed using MTT methods, in
which viable cells convert the soluble dye, MTT to insoluble blue formazan crystals. The results represent the means = SEM of five experiments performed in
triplicate. (*) P < 0.05 compared with the control, (#) P < 0.05 compared with the corresponding L-DOPA concentrations (ANOVA followed by Tukey’s test).

24 or 48 hr, apoptotic cells were detected neither by flow
cytometry (Fig. 4) nor by the TUNEL technique (Fig. 5).
Neither THP (5 and 10 puM) nor L-DOPA (20 uM) induced
nuclear changes characteristic of apoptosis at both incuba-
tion points (data not shown). However, at concentrations
higher than 15 pM THP and 50 pM L-DOPA after 48 hr
induced apoptotic nuclear changes (Figs. 4 and 5).
When a non-cytotoxic concentration of THP (10 uM)
was associated with L-DOPA (20 and 50 pM) for 24 or
48 hr, the percentage of apoptotic cells was markedly
increased compared with the cells treated with L-DOPA
alone (data not shown). Furthermore, PC12 cells exposure
to a cytotoxic concentration of THP (15 pM) in combination
with a non-cytotoxic concentration of L-DOPA (20 uM) was
more cytotoxic than those with L-DOPA or THP alone. As
shown in Fig. 4, a 24-hr (data not shown) or 48-hr exposure

to 15 uM THP plus 20 uM L-DOPA revealed 8-11 or 21—
24% apoptotic cells percentage, respectively. Exposure to
THP (15 uM) added with a cytotoxic concentration of L-
DOPA (50 uM) further increased the percentage of apop-
totic cells: the percentage of apoptotic cells after a 24-hr
(data not shown) or 48-hr exposure was 17-23 or 30-35%,
respectively. Exposure of PC12 cells to THP plus L.-DOPA
for 48 hr markedly increased in the percentage of apoptotic
cells compared with exposure for 24 hr. However, NAC
(0.1 mM) when added to the cell culture, significantly
inhibited both THP- and L-DOPA-induced apoptosis, as
revealed by flow cytometry (Fig. 4).

TUNEL technique revealed that treatment with THP
(15 M) plus L-DOPA (20 and 50 uM) for 24 hr (data
not shown) and 48 hr (Fig. 5) stimulated cell death via a
mechanism, which possessed characteristic morphological
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Fig. 3. Effects of NAC on THP plus L-DOPA-induced decrease in PC12 cell viability after 24 hr (upper) or 48 hr (bottom). PC12 cells were cultured in RPMI
1640 medium with 15 uM THP plus 50 uM L-DOPA only or in combination with 0.1 mM NAC. The results represent the means + SEM of five experiments
performed in triplicate. (), P < 0.05 compared with control; (*), P < 0.05 compared with corresponding THP + L-DOPA concentrations (ANOVA followed

by Tukey’s test).

features of apoptotic cell death, including highly condensed
chromatin and extensive membrane blebbing. The results
have shown that both methods such as flow cytometry and
the TUNEL technique produce the similar results for the
assessment of apoptotic cells. The enhancing effects of THP
on L-DOPA-induced neurotoxicity were also concentration-
and time-dependent.

3.3. ROS formation and depletion of intracellular ATP
levels by THP

To investigate whether the induction of apoptosis by
THP, L.-DOPA and their combination was mediated by

generation of ROS, the ability of antioxidant to THP
and/or L-DOPA-induced apoptosis was examined (Fig. 6).
The contribution of THP (5 and 15 uM) and L-DOPA
(20 and 50 pM) exposure to the generation of ROS was
assayed by loading the cells with DCFH,-DA. A 24-hr
(data not shown) or 48-hr exposure of PC12 cells to 15 uM
THP markedly increased the generation of ROS. Concur-
rent exposure of cells to THP (5 and 15 uM) and L.-DOPA
(20 and 50 uM) produced a significant increase in the
intracellular generation of ROS (Fig. 6). THP, L.-DOPA
and their combination produced a significant increase
in intracellular ROS, supporting the involvement of oxi-
dative stress in THP- and r-DOPA-induced apoptosis.
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Fig. 4. Flow cytometry histograms of control PC12 cells and PC12 cells after 48 hr exposure to THP (15 uM) alone or associated with L-DOPA (20 and 50 uM).
The right histogram refers to PC12 cells after 48 hr exposure tol5 pM THP plus 20 or 50 pM L-DOPA associated with 0.1 mM NAC. After incubation, the cells
were harvested and stained with PI. DNA relative content was analyzed by flow cytometry. X-axis, DNA content; Y-axis, number of cells.

However, the antioxidant NAC (0.1 mM) significantly
inhibited increase in ROS generation induced by THP
(5-15 pM) association with L-DOPA (20-50 uM) (Fig. 6).

The intracellular ATP levels were determined to
investigate whether the mitochondrial function is sig-
nificantly impaired by THP and/or L.-DOPA. The endo-
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. . .
o . .

genous ATP levels of PC12 cells incubated 24 or 48 hr
with cytotoxic concentrations of THP (15 pM), L.-DOPA
(50 uM) and their combination were decreased in a
rapid and time-dependent manner, while L.-DOPA had
a slower onset with significant reduction of ATP levels
(Fig. 7).

©)

m

Fig. 5. Enhancing effects of THP on L-DOPA-induced apoptosis in PC12 cells as determined by in situ TUNEL. Fluorescence micrographs of untreated PC12
cells (A) and apoptotic PC12 cells (green or yellow green cells) after 48 hr exposure to THP 15 puM (B), L.-DOPA 20 uM (C), THP 15 pM + L-DOPA 20 pM
(D), L.-DOPA 50 puM (E) and THP 15 uM + L-DOPA 50 uM (F). PI was used to counterstain the cells. Apoptotic nuclei are those with green or yellow-green

fluorescence.
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Fig. 6. Effects of NAC on THP- and L.-DOPA-induced generation of ROS in PC12 cells loaded with DCFH,-DA. PC12 cells were cultured for 48 hr in RPMI
1640 medium with 5 or 15 pM THP plus 20 or 50 uM L-DOPA only or in combination with 0.1 mM NAC. The formation of peroxides, detected using 2,7'-
dichloroluorescin oxidation and fluorescence, was monitored on a Multi-Well Plate Reader. The results were expressed as a relative percentage of
dichlorofluorescin (DCF) fluorescence. Values are the means = SEM of triplicate determinations in 5-8 distinct experiments. (a) P < 0.05 compared with
control, (b) P < 0.05 compared with 5 uM THP, (c) P < 0.05 compared with 20 uM L-DOPA, (d) P < 0.05 compared with corresponding L-DOPA
concentrations, and (e) P < 0.05 compared with corresponding THP + L-DOPA concentrations (ANOVA followed by Tukey’s test).
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Fig. 7. Effects of THP and L-DOPA on intracellular ATP content in PC12 cells after 24 hr (A) or 48 hr (B). After incubation with toxic concentration of THP
(15 pM) and/or L-DOPA (50 uM), PC12 cells were extracted in lysis buffer. The ATP levels were determined by a Microlamat LB 96 P luminometer. The
results represent the means + SEM of five experiments. (") P < 0.05 compared with control (ANOVA followed by Tukey’s test).

4. Discussion

Many isoquinoline derivatives are structurally similar
to 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP),
which causes a Parkinson-like syndrome by forming
1-methyl-4-phenylpyridium (MPP") in human and non-
human primates [9,27], and there have been reported on
the neurotoxicity of isoquinoline compounds [6,28,29].
THP, one of the benzylisoquinoline compounds, has been
also linked to Parkinson’s disease and brain damage from
chronic alcoholism [2,4]. According to our investigation,
THP plasma concentrations of Parkinsonian patients receiv-
ing L-DOPA therapy (150-200 mg, twice a day) were found
with ranges of 0.11-0.34 nM (outpatients from Chungbuk

National University Hospital; N = 21), whereas those of
healthy volunteers were not detected (data not shown). In
addition, THP at concentration ranges of 5—15 pM decreased
dopamine content by reducing tyrosine hydroxylase activity
in a concentration-dependent manner. L.-DOPA at 20—
100 uM increased dopamine content in PC12 cells, but
the increase in dopamine levels by L-DOPA was in part
inhibited when L-DOPA was associated with 5-15 uM THP
(data not shown). However, despite THP and its related
alkaloids cause dopaminergic neuronal cell death in the
experimental models of Parkinsonism [5,30,31], the bio-
chemical neurotoxic effects of THP have not been evaluated.

L-DOPA at concentrations higher than 50 uM led to
cell damages, and that the degree of cell damages was
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proportioned by the incubation time (Fig. 2). The cytotoxic
concentration of L-DOPA (50 uM) used in the present
study was about 5 times higher than the therapeutic con-
centrations in Parkinsonian patients [32]. The neurotoxic
action of L-DOPA is its autoxidation into ROS such as
hydrogen peroxide, associated with oxygen free radicals
and various quinone derivatives [22,23,33-35]. Therefore,
in this study, to investigate whether the induction of
apoptosis by L-DOPA was mediated by generation of
ROS, the ability of antioxidant to inhibit L-DOPA-induced
cytotoxicity was examined. In agreement with previous
studies, L.-DOPA toxicity was inhibited by the antioxidant
NAC, suggesting that activation of apoptosis is mediated
by oxygen radicals (Fig. 3). Furthermore, the intracellular
ROS was increased by L-DOPA (Fig. 6). Taken together,
these results thus suggested that L-DOPA may cause
neuronal cell death by an oxidative pathway.

Media containing both THP and L-DOPA turned to an
orange-brownish color with time in culture, and this color
is an indicative of the presence of quinones [22]. The same
color change was also observed in the media containing
THP and .-DOPA in the present study. In addition, as the
color intensity was greatly attenuated by NAC, it is sug-
gested that NAC inhibits both THP and L-DOPA autoxida-
tion. Thus, NAC may act as a direct inhibitor of THP and L-
DOPA autoxidation.

Apoptotic cells shrink in size, undergo membrane bleb-
bing in PC12 cells, and exhibit highly condensed chroma-
tin [36]. Both THP (15 uM) and L-DOPA (50 uM) at
cytotoxic concentrations exhibited morphological charac-
teristics of apoptosis such as cell shrinkage and membrane
blebbing. In addition, concurrent incubation of the cells
with THP and 1L-DOPA produced a greater effect on
neurotoxicity over THP or L-DOPA alone in a concentra-
tion- and time-dependent (Figs. 4 and 5). These findings
also showed that THP aggravated L-DOPA-induced neu-
rotoxicity in PC12 cells.

A possible mechanism of THP-induced apoptosis has
been suggested. Seaton et al. [37] have shown that iso-
quinoline and 1,2,3,4-tetrahydroisoquinolines induce the
apoptotic cell death in PC12 cells by a mechanism invol-
ving generation of free radicals, perhaps secondary to
inhibition of the mitochondrial respiratory chain, and
apoptosis in these cells was prevented by the antioxidants
such as NAC, pyrrolidine dithiocarbamate and dihydroli-
poic acid. As similar to this finding, in this study, NAC
significantly prevented the decreases in cell viability and
apoptosis induced by the THP alone as well as THP
associated with L-DOPA (Figs. 3 and 4). Isoquinoline
derivatives may impair antioxidant defense mechanism
[37]. Free radical production and impaired antioxidant
defense may contribute to the mechanism of action of
isoquinoline derivatives in causing neurodegeneration.
Therefore, the most important site of action with respect
to potential neurotoxicity of isoquinoline compounds is the
mitochondrial respiratory chain [8,38-41]. McNaught et

al. [9] have also found that isoquinoline derivatives such as
1,2,3,4-tetrahydroisoquinoline, THP, tetrahydropapaver-
ine, and salsolinol selectively inhibit mitochondrial com-
plex I (NADH-Q reductase) and II (succinate-Q reductase)
activities as well as a-ketoglutarate dehydrogenase activity
in rat brain mitochondria fragments and dopamine-con-
taining cells. According to Surh [7], THP undergoes redox
cycling through its catechol moiety, thereby generating
reactive oxygen intermediates, particularly radicals that
can mediate DNA damage and cytotoxicity, suggesting that
THP exerts cytotoxicity in PC12 cells, possibly by causing
oxidative stress. In this study, NAC attenuated THP-
induced apoptosis (Fig. 4), indicating the involvement of
oxidative species. In addition, THP produced a significant
increase in intracellular ROS generation (Fig. 6), support-
ing the involvement of oxidative stress in THP-induced
apoptosis. THP also reduced ATP levels rapidly and mark-
edly in this study (Fig. 7), which is relevant with the
previous reports that THP is a most potent inhibitor of
mitochondrial respiration chains [8]. Therefore, the
hypothesis that oxidative stress may be the underlying
mechanism of THP-induced apoptosis is conformed.

This study demonstrates that PC12 cells exhibited apop-
tosis following L-DOPA exposure, which was enhanced by
THP. The mechanisms by which THP enhances L-DOPA
toxicity are largely unknown. THP produces an increase in
intracellular ROS, which may contribute to the THP-
mediated increase in L-DOPA-induced apoptosis. THP
has been shown to disrupt mitochodrial respiration chains
[8] by inhibiting the activities of mitochondrial complex I
and o-ketoglutarate dehydrogenase [9], which may result
in an increased generation of ROS [5,7] or depleted ATP
levels. Therefore, all these data indicate that the inhibition
of mitochondrial function by THP may be taken into
account as an additional mechanism in stimulating L-
DOPA-induced neurotoxicity.

In conclusion, THP enhanced both apoptotic process and
decrease in cell viability induced by L-DOPA. Oxidative
stress should be recognized as one of the mechanisms of
both THP- and L-DOPA-induced apoptosis. It is, therefore,
suggested that Parkinsonian patients on long-term L.-DOPA
therapy are potentially at risk from the toxic intermediates
such as THP, and their plasma or urine level of THP needs
to be monitored as therapeutic and diagnostic indices.
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