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Abstract Long-term treatment of L-dopa for Parkinson’s
disease (PD) patients induces adverse effects, including
dyskinesia, on—off and wearing-off symptoms. However,
the cause of these side effects has not been established to
date. In the present study, therefore, 3-O-methyldopa
(3-OMD), which is a major metabolite of L-dopa, was
tested to determine whether it plays a role in the afore-
mentioned adverse effects. The effects of 3-OMD on the
dopaminergic nervous system in the brain were investi-
gated, by examining behavioral, biochemical, and cellular
changes in male Sprague—Dawley rats and catecholamine-
producing PC12 neuronal cells. The results revealed that
the intracerebroventricular (icv) injection of 1 pmol of
3-OMD impaired locomotor activities by decreasing
movement time (MT), total distance (TD), and the number
of movement (NM) by 70, 74 and 61%, respectively. The
biochemical analysis results showed that a single admin-
istration of 1 pmole of 3-OMD decreased the dopamine
turnover rate (DOPAC/DA) by 40.0% in the rat striatum.
3-OMD inhibited dopamine transporter and uptake in rat
brain striatal membranes and PC12 cells. The subacute
administration of 3-OMD (5 days, icv) also significantly
impaired the locomotor activities and catecholamine levels.
3-OMD induced cytotoxic effects via oxidative stress and
decreased mitochondrial membrane potential in PC12 cells,
indicating that 3-OMD can damage neuronal cells. Fur-
thermore, 3-OMD potentiated L-dopa toxicity and these
toxic effects induced by both 3-OMD and rL-dopa were
blocked by vitamin E (a-tocopherol) in PC12 cells, indi-
cating that 3-OMD may increase the toxic effects of L-dopa
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to some extent by oxidative stress. Therefore, the present
study reveals that 3-OMD accumulation from long-term
L-dopa treatment may be involved in the adverse effects of
L-dopa therapy. Moreover, L-dopa treatment might accel-
erate the progression of PD, at least in part, by 3-OMD.

Keywords 1-dopa - 3-O-methyldopa -
Parkinson’s disease - Locomotor activity - Oxidative stress

Introduction

3-0-Methyldopa (3-OMD) is a major metabolite of L-dopa,
which is used to increase dopamine in the therapy of PD. It
is detected in high levels in the plasma as well as the
cerebral spinal fluid of PD patients treated with L-dopa
[1-4]. 3-OMD is formed by catecholamine-O-methyl-
transferase (COMT, EC 2.1.1.6, Fig. 1A and B) from
L-dopa in many organs including blood, peripheral tissues,
and nigrostriatal neurons [5]. L-dopa is commonly admin-
istered with dopa decarboxylase inhibitors (DDI), such as
carbidopa or benserazide, to increase the availability of
L-dopa in the brain, resulting in the accumulation of 3-OMD
in the brain. Moreover, while the half-life of L-dopa is about
1 h, that of 3-OMD is 15 h, which leads to its accumulation
in the plasma and brain of the patients in chronic L-dopa
treatment [6]. As a result, the ratio of mean plasma 3-OMD
to L-dopa concentration can be as high as 14:1 [7].

There is growing evidence that 3-OMD might be
involved in the side effects of chronic treatment of L-dopa.
The plasma levels of 3-OMD from patients with dyskine-
sias which is one of the side effects of L-dopa treatment [8]
were significantly higher than those from patients without
dyskinesias. This high 3-OMD level is possibly caused by a
progressive accumulation due to its long half-life [9, 10]. In
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Fig. 1 (A) Synthesis of 3-OMD and homocysteine in L-dopa
treatment. (B) Metabolic pathway of L-dopa. Enzymes: 1: methionine
adenosyltransferase; 2: catechol-O-methyltransferase; 3: SAH hydro-
lase; and 4: methionine synthase. Abbreviation: AADC, aromatic
amino acid decarboxylase; DA, dopamine; 3-MT, 3-methoxytyr-
amine; SAM, S-adenosylmethionine; SAH, S-adenosylhomocysteine

addition to the absolute higher levels of 3-OMD, high
ratios of 3-OMD to L-dopa were also found to be related to
dyskinesia [11] and poor response to L-dopa [12]. PD
patients with the wearing-off phenomenon had higher
concentrations of 3-OMD than patients without the wear-
ing-off complication, implicating that 3-OMD might be
associated with L-dopa-related motor dysfunction [13]. The
proportion of 3-OMD to dopamine was much greater in
patients exhibiting the wearing-off effects after rL-dopa
treatment.

3-OMD may interfere with L-dopa response by several
different mechanisms [14, 15]. 3-OMD inhibits striatal
uptake of tyrosine and the utilization of L-dopa, resulting in
the inhibition of L-dopa metabolism to DA [16].
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Furthermore, 3-OMD competes with L-dopa for the
blood-brain barrier transporter system [17]. L-dopa
treatment also decreases SAM levels and increases SAH
levels due to higher methylation activity of COMT [5].
Consequently, L-methionine S-adenosyltransferase (MAT)
activity was elevated in PD patients and animals with
L-dopa treatment, providing evidence that COMT-medi-
ated methylation activity was increased to metabolize
excess amount of L-dopa in PD patients [18, 19]. A
significant reduction in dopamine efflux from striatal
tissue slices after L-dopa superfusion in the presence of
3-OMD indicates that 3-OMD might inhibit dopamine
release [20].

While it remains as a primary choice for PD treatment,
L-dopa may induce toxic effects by itself as well as indi-
rectly via its metabolites, 3-OMD and/or homocysteine.
Several in vitro studies have reported that L-dopa is toxic
to neuronal cells, suggesting that long-term treatment of
L-dopa to PD patients may exacerbate the progression of
the disease [21]. However, there is controversy over
whether L-dopa treatment in PD patients is toxic since
some studies have reported that L-dopa is nontoxic or
neuroprotective [22-24]. There is no clear demonstration
of L-dopa-induced dopaminergic cell death in human
Parkinsonians and L-dopa may even slow the progression
of PD [25]. Nonetheless, L-dopa itself induces oxidative
stress and apoptosis, leading to cell death in vitro [26].
Moreover, a chronic treatment of L-dopa to the PD patients
significantly increases the levels of 3-OMD as well as
homocysteine [27]. Since it is well known that homocy-
steine induces cardiovascular disease as well as neuronal
damages [28, 29], it is of particular significance to note that
PD patients with chronic L-dopa treatment retain
abnormally high levels of L-dopa, homocysteine and
3-OMD [27].

Molecular and cellular mechanisms of 3-OMD action,
alone or with L-dopa, have not completely been estab-
lished. It has been reported that both L-dopa and 3-OMD
induce oxidative DNA damage, which might lead to cell
death [30]. PD patients treated with L-dopa demonstrated
positive correlations between reactive oxygen species and
3-OMD levels, compared to the controls or untreated PD
patients [31, 32]. This result indicates that L-dopa may
promote free radical formation in PD patients and 3-OMD
may also play a role in this process.

In the present study, therefore, we examined the
involvement of 3-OMD in the adverse effects of chronic
L-dopa treatment, focusing on the locomotor activities and
the dopaminergic neurotransmission system in rats. To
further investigate the cellular mechanism of 3-OMD-
mediated toxic effects in L-dopa treatment, we also used
PC12 cells, derived from rat pheochromocytoma, which
possessed catecholaminergic neuronal characteristics.
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Materials and methods
Chemicals

Homocysteine, 3-O-methyldopa, adenosine, dopamine,
3,4-dihydroxyphenylacetic acid (DOPAC), homovanillic
acid (HVA), tri-n-butylphosphine, trichloroacetic acid,
sodium borate, EDTA, methanol, acetonitrile, resazurin,
and rhodamine 123 were obtained from Sigma Chemical
Co. (St. Louis, MO, USA). 2/,7-dichlorofluorescin diace-
tate (H,DCF-DA) was purchased from Molecular Probes
(Eugene, OR, USA). Phosphoric acid, perchloric acid,
citric acid, and other materials were obtained from Fisher
Scientific (Pittsburgh, PA, USA).

Animals

Male Sprague-Dawley rats weighing 180-200 g were
purchased from Harlan (Indianapolis, IN). Animals were
kept in the animal care facility until the beginning of
experiments and had access to food and water ad libitum,
under a 12 h light/dark cycle. Temperature was maintained
at 21 + 1°C.

Cell culture

PC12 cells were purchased from American Type Culture
Collection (ATCC, Rockville, MD, USA). PC12 cells are
catecholamine-secreting neuronal cell lines and widely
used to study neuronal toxicity mechanisms [33]. PC12
cells during their exponential phase of growth were
maintained in a tissue culture flask in an atmosphere of 5%
CO,/95% air in RPMI 1640 medium containing 10% horse
serum, 5% fetal bovine serum, 100 U/ml penicillin,
100 pg/ml streptomycin, and 250 ng/ml amphotericin B.
For the experiments, PC12 cells (5 x 10° cells/ml) were
treated with 100 pg/L nerve growth factor (NGF) in col-
lagen-coated plates for 5 days and medium was changed
every 3 days until the experiments were conducted.

Cannulation of rats

Rats weighing 250-300 g were anesthesized with chloral
hydrate (400 mg/kg, i.p.). A 22-guage stainless steel can-
nula was stereotaxically implanted for injections into the
lateral ventricle of the rat brain. The position for cannula
was at 1.5 mm lateral and 0.6 mm caudal with reference to
the bregma from which it extended to the lateral ventricles.
After the cannulations, rats were allowed to recover for
3 days before the experiments. Drugs were injected into the
lateral ventricle 5 mm from the surface of the cranium
through polyethylene tube (PE 20) which was attached to a
10 pl Hamilton syringe.

Measurement of locomotor activities

Phosphate buffered saline (PBS) was used as a control and
homocysteine, 3-O-methyldopa, or adenosine was dis-
solved in PBS. After the rats were injected (icv) with PBS,
homocysteine, 3-O-methyldopa, or adenosine in 5 pl of
volume, rats were placed in the locomotor activity monitor.
The measurement was started 5 min after the placement of
animals into the monitor in a quiet isolated place with a
dim light. The changes in motor activity of the animals
were measured using Activity Monitor (Degiscan Instru-
ments, Inc., Columbus, OH, USA). Movement time (MT),
total distance (TD), and the number of movements (NM)
were determined. The locomotor activities were deter-
mined for 40 min post-injection.

HPLC analysis

For the measurements of DA and its metabolites, DOPAC,
after the last injections, animals were sacrificed and the
striatal and midbrain regions were dissected. The dissected
tissues were homogenized using Polytron in 0.4 M per-
chloric acid, centrifuged, and filtered for HPLC analysis as
described previously [34]. The HPLC system (LC-10 AT,
Shimadzu) was connected with an electrochemical detector
(Coulochem II, ESA), using a C-18 reverse-phase column
(5 pm, 250 x 4.6 mm, Whatman EQC). The mobile phase
consisted of 0.1 M sodium acetate, 60 mM citric acid,
0.6 mM octanesulfonic acid sodium salt, 0.5 mM disodium
EDTA, in 15% methanol in water, pH 3.5 and pumped at a
rate of 1.0 ml/min.

Dopamine D1 receptor binding assay

Male Sprague—Dawley rat brains were obtained by cervical
dislocation and the striatal regions were dissected out. Rat
striatal tissue was manually homogenized with a Wheaton
Teflon-on glass tissue homogenizer (20 up and down
strockes) in 50 mM Tris—HCl buffer containing 1 mM
EDTA, 5 mM KCIl, 1.5 mM CaCl,, 4 mM MgCl,, and
120 mM NaCl, pH 7.4 at 4°C. Tissue homogenates in 50
volume of Tris—HCI buffer were centrifuged at 20,000 x g
for 20 min at 4°C and the pellet was washed with the same
buffer twice, followed by resuspension in fresh Tris—HCI
buffer, pH 7.4 to a final concentration of about 50 mg/ml
using previously described method with some modifications
[35]. Briefly, 0.7 nM of dopamine D1 ligand [3H]SCH
23390 (85 Ci/mmol) was incubated with the rat brain striatal
tissue membrane preparation (300-500 pg of protein) in
50 mM Tris—HCI buffer at pH 7.5 with various concentra-
tions of 3-OMD in a final volume of 500 pl. SCH 23390
(1 pM) was used for non-specific binding. The reaction was
carried out in a shaking water bath at 37°C for 30 min and
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terminated by rapid filtration on Whatman GF/B filters that
were pretreated with 0.5% polyethylenimine in Tris—HCl
buffer solution in Cell Harvester (Brandel, M-48TI). The
filters containing the bound radioactivity were washed twice
with 4 ml ice-cold 50 mM Tris—HCI buffer, pH 7.4. The
membrane filters were then transferred to 5 ml liquid scin-
tillation cocktail (Scinte Verse-E). Radioactivity was mea-
sured in a liquid scintillation counter (Beckman, LS 6500).

Dopamine transporter assay

The rat brain striatal regions were homogenized in 50
volume of buffer (50 mM Tris—-HCI, 120 mM NaCl, 5 mM
KCl), pH 7.9 at 4°C and tissue membrane was prepared as
described previously in dopamine receptor binding section.
Aliquots of striatal tissue membrane preparation were
incubated with 80 nM of [3H]mazindol, 300 nM of desi-
pramine to block norepinephrine transporters in the pres-
ence of various concentrations of 3-OMD in a final volume
of 500 pl at 4°C for 1 h. The reactions were terminated by
rapid filtration and the filters containing the bound radio-
activity were counted in a scintillation counter as described
in the dopamine binding section.

Dopamine uptake assay

Dopamine uptake assay was performed according to the
method of Woodgate et al. [36] with a slight modification.
PCI12 cells (1 x 10° cells/ml) were plated in 6-well plates
and incubated with various concentrations of 3-OMD in a
total volume of 1 ml in Krebs—Ringer-HEPES (KRH) buf-
fer, which consisted of 120 mM NaCl, 5.4 mM KClI, 1.0 mM
CaCl,, 0.8 mM MgCl,, 11.1 mM glucose, 20 mM Hepes,
(pH 7.4), containing [3H]dopamine (0.5 pCi/ml) for 30 min
atroom temperature and washed with fresh KRH buffer three
times. The pellets were solubilized with 0.5 ml of 2% SDS
solution and transferred to tubes. Five milliliters of scintil-
lation fluid was added to each tube and radioactivity was
counted in a scintillation counter (LS 6500, Beckman).

Cell viability assay

Cell viability was assessed by alamar blue assay using
resazurin as a dye indicator. In brief, after PC12 cells
(5 % 10° cells/ml) were treated with various compounds in
DMEM/F12 media which contains 17.5 mM glucose in
96-well plates, resazurin dye was added to the culture media
to test the cell viability. In this assay, the dye solution was
added to the culture medium in a final concentration of
50 pg/ml and incubated for 4-8 h at 37°C. After incubation,
the fluorescence produced by the esterase from the live cells
was measured in a fluorometer (Model 7620, Cambridge
Tech) with settings at 550/580 nm (excitation/emission).
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Detection of intracellular ROS formation

The dye H,DCF-DA, which is oxidized to fluorescent DCF
by hydroperoxides, was used to measure relative levels of
cellular peroxides [37]. After PC12 cells (5 x 10° cells/ml)
were incubated with compounds in 6-well plates for 24 h in
low serum (2%) DMEM/F12 experimental media, cells
were treated with H,DCF-DA dye in a final concentration
of 25 uM for 30 min at 37°C. PC12 cells were washed
twice with PBS by centrifugation at 400 X g for 10 min
and cell pellets were dissolved in 1% Triton X-100.
Fluorescence was measured at wavelengths of 480/530 nm
(excitation/emission) in a fluorometer (Model 7620,
Cambridge Tech, Watertown, MA, USA).

Measurement of mitochondrial membrane potential

The mitochondrial membrane potential in PC12 cells was
measured using rhodamine 123 dye [37]. The uptake of
rhodamine 123 into mitochondria is a function of the
mitochondrial membrane potential [38]. After treated with
compounds for the indicated period in DMEM/F12 media,
PC12 cells (5 x 10° cells/ml) were incubated in 6-well
plates with rthodamine 123 dye in a final concentration of
10 uM for 30 min at 37°C. Cells were washed twice with
PBS by centrifugation at 400 x g for 10 min. Following
aspiration of medium, cells were dissolved with 1% Triton
X-100 and fluorescence was measured at sets of 480/
530 nm (excitation/emission) in a fluorometer (Model
7620, Cambridge Tech, Watertown, MA, USA).

Statistical analysis

The mean and standard error of the mean (SEM) were
determined for each set of data and one-way analysis of
variance (ANOVA) followed by Newman—Keuls post-hoc
test was used for statistical analysis to compare control and
treated groups. A probability of 0.05 or less was considered
significant.

Results

Effects of metabolites of L-dopa on the locomotor
activities and dopamine turnover in rats

The administration of L-dopa may increase the levels of
3-OMD, adenosine and homocysteine (Fig. 1A and B). The
elevation of 3-OMD and homocysteine levels in PD patients
who have been taking L-dopa has been previously reported
[27]. One micromole of each metabolite was injected to the
lateral ventricles of rat brain (icv) and locomotor activities
were measured for 40 min after 5 min post-injection.
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The results showed that 3-OMD among the three com-
pounds significantly decreased the locomotor activities in
rats. 3-OMD decreased movement time (MT) by 70%,
number of movement (NM) by 74% and total distance (TD)
by 61%, respectively (Fig. 2). Correspondingly, 3-OMD
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Fig. 2 Effects of 3-O-methyldopa (3-OMD), homocysteine, and
adenosine on movement time (MT), total distance (TD), and number
of movements (NM) in rats. Each compound was dissolved in PBS
and 5 pl containing 1 pmol of each compound was injected into the
rat brains by icv route as described in “Materials and methods”
section. Locomotor activities were recorded for 40 min, 5 min post-
injection. Values are expressed as means + SEM (N = 8). One-way
ANOVA followed by Newman—Keuls test was used for statistical
analysis to compare control and treated groups. *Significant decreases
compared to the control (**P < 0.01).

decreased dopamine turnover rate by 39.7% in rat striatum
(Table 1). These results indicate that the increase of
3-OMD affects movement functions, corresponding to the
alteration of dopamine turnover rate.

Effect of 3-OMD on dopamine receptor/transporter
binding activities and dopamine uptake

As shown in Fig. 3, 3-OMD did not alter dopamine
receptor binding activity (Fig. 3A), but it inhibited dopa-
mine transporter activity in rat brain striatal tissue prepa-
ration. Concentrations of 3-OMD at 125, 250, 500, and
1,000 uM decreased the binding activity of mazindol,
which is a specific ligand for dopamine transporter, by
21.5, 27.7, 33.5, and 45.1%, respectively (Fig. 3B).
3-OMD also significantly decreased DA uptake in PC12
cells. The same range of 3-OMD concentrations decreased
DA uptake by 12.65, 17.1, 32.6, and 42%, respectively
(Fig. 30).

Repeated injections of 3-OMD on locomotor activities
and catecholamine levels in rat brain

The repeated injection of 3-OMD into the rat brain
decreased all the measures of locomotor activities in a
dose-dependent manner (Fig. 4). The degree of decrease
was less than the changes that occurred following a single
administration of 3-OMD, indicating that compensating
mechanism might play a role in these effects. Dopamine
and its metabolite, DOPAC, were also significantly
decreased by five consecutive icv injections of 3-OMD into
the rat brain (Fig. 5). The 1 or 2 pmol doses of 3-OMD
decreased DA in the midbrain by 8 or 65% and by 30 or
32% in the striatum. DOPAC was also dose-dependently
decreased (Fig. 5).

Effect of 3-OMD on PC12 catecholaminergic neuronal
cells

3-OMD decreased the locomotor activities and catechol-
amine levels in a single as well as repeated treatment in

Table 1 Effects of 3-OMD on the dopamine turnover in rat brain
striatum after 1 h treatment

1 pmol DA
(nmol/g tissue)

DOPAC
(nmol/g tissue)

DOPAC/DA

PBS 56.60 7.44
3-OMD 86.02 6.82

0.13 (100%)
0.079 (60.3%)*

One hour after 1 pmol of 3-OMD injection, rats were sacrificed and
DA and DOPAC levels were measured

*Significant decreases compared to the control (*P < 0.05)
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Fig. 3 (A) Effect of 3-OMD on [PH]SCH 23390 specific binding
activities to dopamine D1 receptors in rat brain striatal membrane
preparation. (B) Effect of 3-OMD on [*H]mazindol binding activities
to dopamine transporter in rat brain striatal membrane preparation. For
(A) and (B), various concentrations of 3-OMD were incubated with
striatal tissue membrane preparation to study the effects of 3-OMD on
dopamine transporter or D1 receptor activities using mazindol or SCH
23390 which is a specific ligand for dopamine transporter oe D1
receptor as described in the “Materials and methods” section. Values
are means of quadruplicate determination in a representative of three
experiments with standard errors. (C) Effect of 3-OMD on dopamine
uptake in PC12 cells. PC12 cells (1 x 10° cells/ml) were incubated
with various concentrations of 3-OMD in a total volume of 1 ml in
Krebs—Ringer-HEPES (KRH) buffer, which consisted of 120 mM
NaCl, 54 mM KCl, 1.0 mM CaCl,, 0.8 mM MgCl,, 11.1 mM
glucose, 20 mM Hepes, (pH 7.4), containing [*H]dopamine (0.5 pCi/
ml) for 30 min at room temperature as described in “Materials and
methods” section. The values are means + SEM of ten replicate
determinations. *Significantly different form the control (*P < 0.05,
one-way ANOVA test followed by Newman—Keuls post analysis)

vivo, indicative of changes occurring at the level of the
dopaminergic cells. Accordingly, the effects of 3-OMD on
PC12 cells were tested to determine whether 3-OMD may
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Fig. 4 Effect of 3-OMD on the locomotor activities after 5 days of
consecutive treatments (icv) in rats. One or two micromoles of 3-
OMD was injected into the rat brains by icv route daily for 5 days and
24 h after the last injection rats were placed in the locomotor activity
monitor for the measurement of locomotor activities. Movement time,
total distances, and the number of movements were recorded for
40 min 5 min-post injection. Values are expressed as means + SEM
(N = 6). One-way ANOVA followed by Newman—Keuls test was
used for statistical analysis to compare control and treated groups.
*Significantly decreased compared to the control (*P < 0.05,
**P < 0.01)

affect dopaminergic neurons where its concentration would
accumulate high due to L-dopa metabolism in dopaminer-
gic neurons. PC12 cells produce catecholamines, including
dopamine, and are widely used to test dopaminergic
functions in vitro [39]. The results showed that 3-OMD
decreased cell viability in a dose-dependent manner at
concentrations from about 1 mM in the present experi-
mental conditions (Fig. 6). 3-OMD induced the formation
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(5 % 10° cells/ml) were incubated with various concentrations of 3-
OMD for the indicated time periods in 96-well plates at 37°C and cell
viability was assessed by alamar blue assay using resazurin dye
indicator as described in “Materials and methods” section. *Signif-
icantly decreased compared to the control (*P < 0.05, **P < 0.01,
***P < 0.001)

of reactive oxygen species (ROS) significantly starting at
1 mM while decreasing mitochondrial membrane potential
at concentrations from 0.5 mM, indicating that 3-OMD
induces mitochondrial impairments as well as oxidative
stress (Fig. 7).

DOPAC (nmol/gtissue) I

.
n

o0
o

»
n

e
B

PBS 1 pmol 2 pmol

3-OMD

preparations for HPLC, the levels of dopamine and DOPAC were
measured in HPLC with an electrochemical detector. Values are
expressed as means + SEM (N = 6). One-way ANOVA followed by
Newman—-Keuls test was used for statistical analysis to compare
different groups. *Significantly decreased compared to the control
(*P < 0.05, **P < 0.01)

Potentiative effects of 3-OMD in L-dopa-induced
toxicity in PC12 cells

This experiment was designed to determine whether
3-OMD has synergistic or additive effects with L-dopa
because L-dopa is taken in large amounts by the PD patients
to achieve its efficacy and both would be in high amounts in
dopaminergic neurons. There is a dramatic increase of
3-OMD in plasma and CSF of PD patients following L-dopa
therapy due to its 15 h long half-life and, therefore, these
two compounds are coexisting in high concentrations in the
body and might cause additive toxic effects [6]. As shown in
Fig. 8A, 0.5 mM of 3-OMD did not show any toxic effect,
but it did potentiate the toxic effect of L-dopa significantly at
concentrations of 63 pM and higher. This potentiative
effect of 3-OMD on L-dopa toxicity might be due to the
ROS formation because the concurrent treatments of PC12
cells with 0.5 mM 3-OMD and L-dopa significantly
increased ROS formation (Fig. 8B).

Protective effects of a-tocopherol (vitamin E) on
3-OMD and L-dopa-induced cytoxicity in PC12 cells

This experiment was designed to determine whether
antioxidants can prevent the toxic effects of 3-OMD and/or
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concentration of 25 pM for 30 min at 37°C. Cells were washed with
PBS twice and solubilized with 1% triton X-100. Fluorescence was
measured at 480-530 nm (excitation/emission). (B) Effect of 3-OMD
on mitochondrial membrane potential in PC12 cells. After cells
(1x 10° cells/ml) were incubated with compounds for 24 h at 37°C
in 6-well plates, rhodamine 123 was added into the cell culture media
in a final concentration of 10 uM and incubated for 30 min at 37°C.
Cells were washed with PBS twice followed by being dissolved in 1%
triton X-100, and fluorescence was measured at 480-530 nm
(excitation/emission). *Significantly decreased compared to the
control (*P < 0.05, **P < 0.01, ***P < 0.001)

L-dopa in PC12 cells. The data showed that a-tocopherol
prevented the cytotoxic effects of 3-OMD/L-dopa at
concentrations from 25 uM. The results indicate that
a-tocopherol is a potent antioxidant and oxidative stress
might play a role in 3-OMD/L-dopa-induced toxicity
mechanism (Fig. 9).

Discussion

The results of the present study show that 3-OMD signif-
icantly decreased the locomotor activities and dopamine
turnover in rats. 3-OMD also appeared to inhibit dopamine
transporters and dopamine uptake functions. These results
indicate that 3-OMD, the major metabolite of L-dopa,
might play a role in L-dopa-induced side effects in PD
patients. Moreover, the cytotoxic effects of 3-OMD by
oxidative stress, along with mitochondrial impairment and
its potentiative effects on L-dopa toxicity, suggest that the
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Fig. 8 Potentiative effects of 3-OMD in rL-dopa-induced toxicity in
PCI12 cells. (A) Potentiative effects of 3-OMD in r-dopa-induced
cytotoxicity in PC12 cells. Cells (5 x 10° cells/ml) were incubated
with 0.5 mM 3-OMD and various concentrations of L-dopa for 24 h at
37°C. Cell viability was assessed by alamar blue assay as described in
“Materials and methods” section. *Significantly decreased compared
to the each corresponding concentration of L-dopa alone (*P < 0.05,
*#%P < 0.001). (B) Potentiative effects of 3-OMD in L-dopa-induced
ROS formation in PC12 cells. After PC12 cells (1 x 10° cells/ml)
were incubated with 3-OMD or/and L-dopa for 24 h at 37°C, cells
were treated with H,DCF-DA in a final concentration of 25°uM for
30 min at 37°C. Cells were washed with PBS twice and solubilized
with 1% triton X-100. Fluorescence was measured at 480-530 nm
(excitation/emission). *Significantly decreased compared to the
control (**P < 0.01, ***P < 0.001)

accumulation of 3-OMD in L-dopa therapy may accelerate
the progression of the disease.

Several clinical data have shown that 3-OMD might
play a role in L-dopa-induced side effects [40]. Patients
with higher COMT activity, which leads to an increase of
3-OMD formation in the erythrocytes of PD patients,
showed less favorable clinical responses to L-dopa, impli-
cating that high levels of 3-OMD might be associated with
L-dopa-induced adverse effects [40]. The ratio of 3-OMD
to L-dopa (3-OMD/L-dopa) in the brain and plasma might
also be an important parameter because the patients who
had higher 3-OMD concentration ratios to L-dopa (3-OMD/
L-dopa) did not respond to L-dopa [41].
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Fig. 9 Protective effects of a-tocopherol (vitamin E) on 3-OMD and
L-dopa-induced cytoxicity in PC12 cells. Cells (5 x 10%/ml) were
treated with 3-OMD or/and L-dopa in the presence of various
concentrations of a-tocopherol for 24 h at 37°C. Cell viability was
determined by resazurin dye indicator. M: mixture of L-dopa 125 uM
and 3-OMD 1 mM. *Significantly different form the control
(*P < 0.05, One-way ANOVA test followed by Newman—Keuls post
analysis)

The pharmacological actions of 3-OMD in PD patients
taking L-dopa may involve multiple mechanisms. 3-OMD
has been suggested to compete with L-dopa for the uptake
into the brain via the blood—brain barrier (BBB) [17, 42].
This idea has been challenged, however, because there was
no difference in the L-dopa and DA concentrations in the
brains between patients with wearing-off and patients
without wearing-off. This means that if 3-OMD blocked
the L-dopa transportation through BBB, resulting in the
induction of L-dopa side effects, PD patients with wearing-
off phenomenon would have had comparatively lower
levels of L-dopa and dopamine in their brains. The levels of
3-OMD in the CSF may be a crucial factor since the
3-OMD levels of the patients with the wearing-off were
twice those in PD patients without the wearing-off after
medication of rL-dopa/carbidopa [13]. It has also been
reported that 3-OMD inhibited the uptake of tyrosine into
striatum, leading to the less utilization of L-dopa [16], and
caused the impediment of dopamine release [20]. Thus,
3-OMD may act at the level of the dopaminergic synthesis
and function. We have tested the effects of 3-OMD on
dopamine uptake and receptor binding activities in rat brain
tissue membranes and PC12 cells. The results indicate that
3-OMD had no significant effect on dopamine receptor
binding activity, but it inhibited dopamine transporter
activity and uptake in rat brain tissue and PC12 cells.

The present study shows that 3-OMD impairs locomotor
activities when it is administered directly into the brain,
indicating that locally increased 3-OMD in the brain may
alter locomotor activities. It has been reported that 3-OMD
altered L-dopa-induced behavioral activities and dimin-
ished L-dopa efficacy [43], which supports the decrease in

locomotor activities by 3-OMD treatment in the present
study. This result shows the evidence of the possible role of
3-OMD in L-dopa-induced behavioral adverse effects in
long-term treatment.

3-OMD may induce the neurotoxic effects. Although
PC12 cells may not be the best model, they are widely used
for neurotoxicology studies. PC12 cell is a catecholamine-
containing cell line, derived from rat pheochromocytoma,
and possesses dopamine synthesizing, storage, and releas-
ing properties similar to neurons [44—46]. PC12 cells can
be induced to differentiate into sympathetic-like neuronal
cells by the addition of nerve growth factor [47],which is
used in the present studies. Differentiated PC12 cells have
been used in many studies of L-dopa side effects associated
with PD [26, 48]. The relative high concentration of
3-OMD was required to induce toxic effects in our cell
culture experiment. This might be due to the characteristics
of PC12 cells which are relatively resistant to dopaminer-
gic toxins compared to the primary culture system. More-
over, the sensitivity of PC12 cells to cytotoxins could be
altered by tissue culture medium condition [49]. All these
factors may explain the relative resistance of PC12 cells to
3-OMD exposure in the present cell culture system. It has
been reported that 3-OMD caused toxicity, inducing oxi-
dative DNA damage [30] highly correlated with ROS
formation [31, 32], indicating that the toxicity mechanism
of 3-OMD may be related to oxidative stress, which may
correlate with our data revealing that 3-OMD induces
neurotoxicity by increasing ROS formation and inhibiting
mitochondrial membrane potentials. Moreover, the poten-
tiative effects of 3-OMD in L-dopa-induced toxic effects,
by decreasing cell viability and increasing oxidative stress,
suggest the possible potentiative role of 3-OMD in L-dopa-
induced toxicity. The fact that PD patients take large
amounts of L-dopa (up to 8 g/day) and that the 3-OMD
levels are accumulating due to its long half-life (15 h)
should be underscored for the consideration of its toxic
effects during the long-term L-dopa therapy. The protective
effects of antioxidants, such as vitamin E on r-dopa/3-
OMD-induced cytotoxic effects, suggest that concurrent
treatment of L-dopa with antioxidants might be beneficial
for PD patients taking L-dopa.

In conclusion, our present study showed that 3-OMD
induced behavioral changes and alteration of dopaminergic
neurotransmission by decreasing dopamine turnover and
uptake in rat brains, implying that 3-OMD may play a role
in L-dopa-induced side effects during L-dopa therapy.
Moreover, the toxic effects of 3-OMD in PCI12 cells by
increasing ROS generation and decreasing mitochondrial
membrane potential, as well as its potentiaive effects in
L-dopa-induced cytotoxic effects, indicate the possible
accelerating effects of 3-OMD in the progression of the
disease.
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