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Abstract: The mechanisms that underlie dopaminergic
neurodegeneration in Parkinson’s disease (PD) are not
known but have been proposed to involve oxidation of
dopamine and related catechols. In other organ systems,
cytotoxicity from catechol oxidation is profoundly influ-
enced by mercapturate metabolism. Here we have tested
the hypothesis that catechol thioethers produced in the
mercapturic acid pathway may act as dopaminergic neu-
rotoxins. A rat mesencephalic/neuroblastoma hybrid
(MES) cell line was exposed to dopamine, 3,4-dihydroxy-
phenylacetic acid (DOPAC), or eight different catechol
thioethers for up to 24 h, and the extent of apoptosis was
quantified by a microculture kinetic assay. Apoptosis also
was confirmed morphologically with Giemsa-stained cul-
tures and by demonstration of internucleosomal DNA
fragmentation. The results showed that dopamine at
5–50 mM produced concentration-dependent increases
in the percentage of apoptotic MES cells. At 25 and 50
mM dopamine, the maximal proportions of apoptotic cells
were detected at ;19 (20.7 6 2.0%) and 14 h (30.3
6 3.5%), respectively. None of the catechol thioethers
(up to 5 mM ) alone induced significant apoptosis in MES
cells. However, when MES cells were incubated with
dopamine (25 mM ) and catechol thioethers (5 mM ) to
mimic pathological conditions, 5-S-N-acetylcysteinyldo-
pamine, 5-S-homocysteinyldopamine, and 5-S-homo-
cysteinyl-DOPAC significantly increased the percentage
of apoptotic cells compared with dopamine alone. These
results suggest that mercapturate metabolism of endog-
enous catechols may yield products that facilitate dopa-
minergic neurodegeneration. Key Words: Catechols—
Thioethers—Mercapturates—Neurodegeneration—Apo-
ptosis—Aging and Parkinson’s disease.
J. Neurochem. 74, 970–978 (2000).

Idiopathic Parkinson’s disease (PD) is a major public
health problem for older individuals (Duvoisin and Sage,
1996). The pathological hallmarks of PD are dopaminer-
gic neurodegeneration in the substantia nigra and accu-
mulation of intraneuronal inclusions called Lewy bodies
(Lowe et al., 1997). The causes of dopaminergic neuro-
degeneration in PD remain unclear, but several lines of
evidence suggest involvement of oxidative stress in PD

pathogenesis. These include decreased levels of nigral
reduced glutathione (GSH) (Perry et al., 1982), increased
levels of nigral iron (Dexter et al., 1989), and the accu-
mulation of oxidized products from lipid (Yoritaka et al.,
1996), protein (Alam et al., 1997a), and nucleic acids
(Alam et al., 1997b; Zhang et al., 1999) in the midbrain
of PD patients. It is hypothesized that dopamine metab-
olism may contribute to oxidative damage in these brain
regions. Dopamine is metabolized enzymatically with
the generation of hydrogen peroxide (Cohen, 1983). In
addition, paramagnetic metal ions catalyze the oxidation
(autoxidation) of dopamine and related catechols under
physiological conditions, a process that generates super-
oxide anion ando-quinones (Graham, 1978; Graham
et al., 1978). Thus, both enzymatic oxidation and autox-
idation of catechols have the potential to subject cat-
echolaminergic neurons to especially high levels of ox-
idative stress (Graham et al., 1978; Cohen, 1983; Hast-
ings and Zigmond, 1994; Ben-Shachar et al., 1995).

Catechol autoxidation is particularly interesting be-
cause the resultingo-quinones are chemically reactive
toward several cellular nucleophiles, with thiolates being
greatly favored kinetically. Indeed, adduction by thio-
lates occurs more rapidly thano-quinone reduction by
ascorbate (Tse et al., 1976). The products of thiolate
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addition to o-quinones are called catechol thioethers
(Fig. 1). In biological systems, catechol thioethers form
mostly with free cysteine, GSH, or protein-bound cys-
teine (Graham, 1978; Graham et al., 1978; Montine et al.,
1997). Catechol thioethers also may form from norepi-
nephrine by similar chemical reactions (Shen and Dry-
hurst, 1996); however, most research effort has been
directed at catechol thioethers derived from dopamine
and its metabolites. Glutathionyl and cysteinyl catechol
thioethers derived from dopamine and 3,4-dihydroxy-
phenylacetic acid (DOPAC) have been identified as the
major non–protein-bound catechol thioethers in the stri-
atum and midbrain of humans and other mammals. In
fact, the cysteinyl catechol thioethers have been studied
as biomarkers of catechol oxidation (Fornstedt et al.,
1990a,b). Increased levels of 5-S-cysteinyldopamine
(Cys-dopamine) and 5-S-cysteinyl-DOPAC (Cys-DOPAC)
in midbrain and striatum have been associated with ni-
gral degeneration, advancing age, and oxidant stress

(Fornstedt et al., 1986, 1989, 1990a,b; Fornstedt and
Carlsson, 1991; Hastings et al., 1996a,b). Hence, it has
been proposed that catechol thioether formation contrib-
utes to dopaminergic neurodegeneration by depleting
GSH (Hastings et al., 1996a,b; Shen and Dryhurst, 1996;
Spencer et al., 1998). Alternatively, catechol thioethers
also may act directly or indirectly as endogenous neuro-
toxins (Li and Dryhurst, 1997; Montine et al., 1997;
Picklo et al., 1999).

A few studies have investigated the potential biolog-
ical activity of catechol thioethers and their products.
Dihydrobenzothiazine species produced from cyclization
of Cys-dopamine irreversibly inhibit mitochondrial com-
plex I in vitro and induce behavioral responses when
administered directly into mouse brain (Shen et al., 1996;
Li and Dryhurst, 1997); however, these experiments used
dihydrobenzothiazine species at near millimolar concen-
trations, and neurodegeneration from dihydrobenzothia-
zine species has not been reported. We have shown that

FIG. 1. Formation of catechol thio-
ethers. Autoxidation of dopamine (1)
forms dopamine o-quinone (2), which
leads to formation of GSH-dopamine
(3) after intracellular addition of GSH.
GSH conjugate is transported out of
cells and hydrolyzed by gGT and
dipeptidases to the corresponding
Cys-dopamine (4). The cysteine conju-
gate reenters cells and is metabolized
by microsomal CNAT to AcCys-dopa-
mine (5). Cytosolic deacetylases cata-
lyze the reverse reaction, and a bal-
ance between CNAT and deacetylase
activities determines the concentration
of AcCys-dopamine. Dopamine o-qui-
none also reacts with cysteine directly
producing cysteinyl (4) catechol thio-
ether. In addition, dopamine may be
metabolized by monoamine oxidase
(MAO) and aldehyde dehydrogenase
(AD) to form DOPAC (6), which under-
goes autoxidation to DOPAC o-qui-
none (7) and then a process similar to
that for dopamine, forming glutathionyl
(8), cysteinyl (9), and mercapturate
(10) DOPAC, respectively, i.e., GSH-
DOPAC, Cys-DOPAC, and AcCys-
DOPAC, respectively.
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incubation of organotypic cultures of neonatal rat hip-
pocampus with Cys-DOPAC leads to secondary excito-
toxic neurodegeneration; however, this effect also is
observed at concentrations orders of magnitude greater
than what is expected in vivo (Montine et al., 1997). In
a recent in vitro structure–function study we identified
the mercapturates of dopamine and DOPAC as the most
potent of all the endogenous catechol thioethers at pro-
ducing oxidative damage (Picklo et al., 1999).

Mercapturate metabolism begins with intracellular ad-
dition of GSH to an electrophile such as theo-quinones
derived from dopamine and DOPAC (Fig. 1) (Wang and
Ballatori, 1998). GSH conjugates are transported out of
cells and hydrolyzed byg-glutamyltranspeptidase (gGT)
and dipeptidases to the corresponding cysteine conju-
gates. Cysteine conjugates reenter cells and are metabo-
lized by microsomal cysteine-S-conjugateN-acetyltrans-
ferase (CNAT) to mercapturate conjugates. Cytosolic
deacetylases catalyze the reverse reaction, and a balance
between CNAT and deacetylase activities determines
mercapturate conjugate concentrations. Although mer-
capturate formation usually is a means of detoxifying
reactive electrophiles, in some instances mercapturate
metabolism enhances cytotoxicity (Parkinson, 1996).
Perhaps the best example of mercapturate bioactivation
is the pronephrotoxin 2-bromohydroquinone, a dihy-
droxybenzene closely related to dopamine (Monks and
Lau, 1992). Initially, 2-bromohydroquinone forms GSH
conjugates that are then hydrolyzed to the corresponding
cysteine conjugates. Bioactivation of 2-bromohydroqui-
none occurs with cysteinyl adduct formation that signif-
icantly lowers the oxidation potential, thereby transform-
ing the parent molecule into a potent oxidant (Parkinson,
1996). Subsequent steps in mercapturate metabolism of
2-bromohydroquinone either maintain or diminish activ-
ity of this oxidant (Monks and Lau, 1992).

The entire mercapturic acid pathway, includinggGT,
CNAT, and deacetylase activities, exists in rat brain
(Miller et al., 1995; Shen et al., 1996). Indeed, the ratio
of CNAT to deacetylase activities in rat brain is highest
in midbrain (Miller et al., 1995), andgGT activity is
elevated in the substantia nigra of PD patients compared
with controls (Sian et al., 1994). However, no investiga-
tion yet has been done concerning the effects of mercap-
turates on dopaminergic neurons. Here we have tested
the hypothesis that endogenous dopamine- and DOPAC-
derived mercapturates may be dopaminergic neurotoxins
at concentrations that may be achieved in vivo and have
compared the activities of the mercapturates with the
corresponding glutathionyl and cysteinyl catechol thio-
ethers. In addition, the dopaminergic neurotoxicity of
homocysteinyl catechol thioethers was examined be-
cause of their inability to form benzothiazine species.

MATERIALS AND METHODS

Synthesis of catechol thioethers
Most catechol thioethers used in this study were synthesized

as reported (Montine et al., 1997; Picklo et al., 1999). These

include 5-S-glutathionyldopamine (GSH-dopamine), Cys-do-
pamine, 5-S-N-acetylcysteinyldopamine (AcCys-dopamine),
5-S-glutathionyl-DOPAC (GSH-DOPAC), Cys-DOPAC, and
5-S-N-acetylcysteinyl-DOPAC (AcCys-DOPAC). Catechol thio-
ethers were aliquoted and stored in 0.1M HCl under argon at
280°C. The homocysteinyl catechol thioethers of dopamine
and DOPAC were synthesized by a slight modification of the
above methods.DL-Homocysteine thiolactone hydrochloride
(0.77 g, 5 mmol) was added to a mixture of 10M NaOH (1.5
ml) and methanol (8.5 ml) and heated at 65°C with stirring
under argon. After 90 min the reaction mixture was cooled,
acidified with 6M HCl (1.67 ml), and diluted with methanol
(40 ml). A solution ofN-(tert-butoxycarbonyl)dopamine (0.39
g, 1.5 mmol) in methanol (15 ml) containing formic acid (225
ml) was stirred in ice with Ag2O (0.75 g) and Na2SO4 (1 g) for
3 min and filtered through a bed of Celite into homocysteine
prepared as above. The red-orange solution slowly turned green
with stirring, and the excess homocysteine was removed by
filtration. The crude product was first purified by flash chro-
matography (1:2 methanol/ethyl acetate with 0.1% formic
acid). It was further purified by HPLC [column, PRP-1 300
3 7.5 mm; solvent systems, 5 mM HCl (A) and methanol (B);
50% B to 95% B in 10 min; yield, 0.3 mmol (20%); mass
spectrometrym/z 386 (M 1 1)1]. The protected adduct was
dissolved in 6M HCl to give a 50 mM solution that was kept
at room temperature for 3 h and evaporated. The final product,
5-S-homocysteinyldopamine (hCys-dopamine), confirmed by
mass spectrometry [m/z 287 (M 1 1)1], was aliquoted and
stored in 0.1M HCl under argon at280°C. The ethyl ester of
5-S-homocysteinyl-DOPAC (hCys-DOPAC) was similarly pre-
pared starting with the ethyl ester of DOPAC. It was purified by
flash chromatography (20% methanol in ethyl acetate) followed
by HPLC [same conditions as above except acetonitrile as
solvent B; yield, 30%; mass spectrometrym/z 330 (M 1 1)1].
The ester was removed in 6M HCl at room temperature for
16 h, and the final product, hCys-DOPAC, was aliquoted and
stored in 0.1M HCl under argon at280°C after confirmation
with mass spectrometry [m/z 302 (M 1 1)1].

Cell culture
The hybrid rat mesencephalic/neuroblastoma MES cells,

obtained from Dr. Stanley Appel at Baylor University (Le et al.,
1995), were maintained at 37°C in logarithmic growth in Dul-
becco’s modified Eagle’s medium without phenol red (GIBCO)
containing 50mM glutamate, 0.8 mM magnesium, 1 mM cal-
cium, and 2% heat-inactivated newborn calf serum (growth
medium). After reaching 50% confluence, cells were plated at
a density of 13 105 cells/ml in 96-well microtiter plates for
quantification of apoptosis by the microculture kinetic (MiCK)
assay (see below). Only passage 4–14 MES 23.5 cells were
used in the experiments.

Analysis of apoptosis
MiCK assay.The MiCK assay was performed as described

previously (Kravtsov and Fabian, 1996; Kravtsov et al., 1998)
with minor modifications. In brief, cells were plated in 120-ml
aliquots in 96-well microtiter plates at a density of 13 105

cells/ml. The plate with cells was incubated at 37°C in a fully
humidified atmosphere of 5% CO2 in air for 18 h to allow
attachment of the cells. Dopamine and other chemicals, diluted
with the growth medium from stock solutions, were added to
the cell microcultures in 5-ml aliquots. The microtiter plate was
incubated at 37°C for 30 min in a fully humidified atmosphere
of 5% CO2 in air, after which time 30ml of sterile mineral oil
(Sigma, St. Louis, MO, U.S.A.) was layered on the top of each
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microculture. The microtiter plate was placed in the incubated
chamber of a spectrophotometer (PowerWave 340; BioTek
Instruments, U.S.A.) at 37°C, and the optical density (OD) at
600 nm was read every 5 min for a period of 24 h. The reader
was calibrated to zero absorbance using wells containing only
complete medium without cells.

Calculation of the extent of apoptosis.In the MiCK assay,
extent of apoptosis is measured in kinetic units (KU), which
were shown to correlate with the percentage of cells with
apoptotic morphology (Kravtsov et al., 1998, 1999). In this
study, we compared results of the MiCK assay expressed in KU
with results of the measurement of apoptosis in percentage of
morphologically apoptotic MES cells in cytospin preparations
stained with Giemsa using the same cultures. Apoptotic cells
were identified by the condensed and fragmented state of their
nuclei and focal protrusions of the cell membrane (see Fig. 3B).
The relationship between KU and the percentage of apoptosis
for MES cells exposed to various concentrations of dopamine is
described by an empirical curve that was used as a nomogram
to convert KU into the percentage of apoptotic cells throughout
the study (see Fig. 4, inset).

Electrophoretic analysis of DNA fragmentation.Apoptosis
in MES cells also was analyzed by agarose gel electrophoresis
of DNA as described elsewhere (Kravtsov et al., 1999). Ad-
hered cells were exposed to dopamine for 24 h, harvested,
washed twice in cold Tris-buffered saline, and incubated at
37°C for 1 h in lysis buffer [10 mM Tris-HCl (pH 8), 100 mM
EDTA (pH 8), 20 mg/ml RNase A, and 0.5% sodium dodecyl
sulfate]. Cell lysates were incubated at 50°C overnight in the
presence of 50 mg/ml proteinase K. DNA was extracted with an
equal volume of Tris buffer-saturated phenol/chloroform (1:1
vol/vol). The extraction was repeated three times, and after the
third extraction the aqueous phase was mixed with 0.2 volume
of 10 M ammonium acetate followed by addition of 2 volumes
of absolute ethanol. After 15 min at270°C, precipitated DNA
was dried and resuspended in Tris-EDTA buffer (10 mM Tris-
HCl and 1 mM EDTA), and DNA concentrations were deter-
mined from the absorbance at 260 nm. Two micrograms of
DNA from each sample was separated on 1.5% agarose gels in
Tris-phosphate electrophoresis buffer (pH 8.0) containing 0.5
mg/ml ethidium bromide.

Statistical analysis.Statistical analysis was performed with a
commercially available software, GraphPad Prism (GraphPad,
San Diego, CA, U.S.A.).

RESULTS

Apoptosis in MES cells induced by catechols
The MiCK assay quantifies apoptosis from the slope

of the steep OD increase in cultures. This steep OD
increase has been shown to be due to augmented side
light scattering from the accumulation of morphologi-
cally apoptotic cells in the cultures (Kravtsov and Fa-
bian, 1996; Kravtsov et al., 1998, 1999). The maximal
rate of increase in the slope of OD (Vmax) is used to
calculate KU of apoptosis after subtracting theVmax of
control cultures using the following formula: KU
5 [Vmax(treated) 2 Vmax(control)] 3 60 3 0.03/(ODcell
2 ODblank) (Kravtsov et al., 1998). As a real-time kinetic
test, the MiCK assay provides continuous monitoring of
apoptosis in nondisturbed cell cultures over extended
intervals. Therefore, as opposed to end-point assays of
apoptosis, the MiCK assay enables both quantification
and accurate timing of apoptosis. In particular, the MiCK
assay allows for determination of the time at which a
maximal proportion of morphologically apoptotic cells
can be expected in the culture (time to the maximal
response, orTm) (Kravtsov et al., 1998). Representative
results of the MiCK assay of apoptosis in MES cells
exposed to 5, 25, or 50mM dopamine are shown in Fig.
2. The gradual OD increase in control cultures is ex-
plained by cell proliferation resulting in an increased
cellularity. Exposure of MES cells to 25 and 50mM
dopamine produced a steep increase in OD followed by
an OD plateau (Fig. 2). At 25 and 50mM dopamine, the
Tm was found to be;19 and 14 h, respectively. The
calculated apoptotic responses of MES cells to 25 and 50
mM dopamine exposure were 1.2 and 1.9 KU, respec-
tively. No change inVmax or KU was observed in MES
cell cultures exposed to 5mM dopamine; however, a
deleterious effect from this concentration of dopamine
was suggested by a decreased growth rate of the cells as
compared with the control cultures (Fig. 2). No change in
Vmax or KU was observed in MES cell cultures exposed
to up to 50mM DOPAC (data not shown).

FIG. 2. MiCK assay of dopamine-induced apoptosis in MES cells. Cells were plated in a 96-well plate at 1 3 105 cells/ml (120 ml per
well) and maintained at 37°C in a CO2 incubator for 18 h. Then, dopamine was added in wells in 5-ml aliquots to achieve final
concentrations of 5, 25, or 50 mM. Control wells received vehicle only.
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To confirm observations made with the MiCK assay,
cells were exposed to 0, 5, 25, and 50mM dopamine and
studied for both morphological evidence of apoptosis in
Giemsa-stained preparations (Fig. 3A and B) and for
DNA fragmentation (Fig. 3C). Under the conditions
tested,,2% of cells had features of necrosis as deter-
mined by morphological analysis. The percentage of
morphologically apoptotic MES cells was significantly
different among the cultures exposed to 0, 5, 25, and 50
mM dopamine (p , 0.01 by ANOVA). No significant
difference was detected in Giemsa-stained MES cultures
exposed to 5mM dopamine (5.206 0.51% apoptotic
cells) compared with controls (7.316 0.67% apoptotic
cells). However, exposure of MES cells to 25 and 50mM
dopamine resulted in 20.726 2.01 and 30.316 3.54%
apoptotic cells, respectively. Repeated-pairs analyses
with Bonferroni’s correction showed significant differ-
ences between controls and cells exposed to 25 or 50mM
dopamine (p , 0.05).

Results from the MiCK assay expressed in KU were
compared in the same culture with results from the
measurement of apoptosis by morphological analysis of
cytospin preparations stained with Giemsa. The relation-
ship between KU and the percentage of apoptosis for
MES cells exposed to various concentrations of dopa-
mine defined the nomogram in Fig. 4, inset (R2 5 0.970).
It is noteworthy thatTm does not factor into the calcu-
lation of apoptotic cells. Based on this relationship, do-
pamine-induced apoptosis as determined by the MiCK
assay was quantified on additional six MES cultures (Fig.
4). One-way ANOVA of the MiCK assay data for all
exposure groups hadp , 0.01; post test repeated-paired
analyses with Bonferroni’s correction hadp , 0.05 for
25 and 50mM dopamine versus control. These results are
in agreement with other measures of the concentration–
response relationship for dopamine-induced apoptosis in
dopaminergic neurons, including our earlier study using
flow cytometry (Simantov et al., 1996; Zhang et al.,
1998).

DNA fragmentation is a relatively late event of apo-
ptosis (Collins et al., 1997; Messam and Pittman, 1998),
with maximal DNA fragmentation typically occurring
4–8 h after the maximal percentage of apoptotic cells is
determined in the MiCK assay (Kravtsov et al., 1999). In
this study, DNA was extracted after a 24-h exposure of
the cells to 5, 25, and 50mM dopamine. The character-
istic ladderlike pattern of DNA fragmentation was
evident in cells exposed to 25 and 50mM dopamine
(Fig. 3C).

Apoptosis in MES cells induced by catechol
thioethers

The above experiments used the well-established
model of dopamine-induced neurotoxicity and therefore
served to validate the MiCK assay as a means of quan-
tifying neurotoxicity in MES cells. Moreover, data dem-
onstrating the usefulness of the MiCK assay in detecting
apoptosis in other cell lines (Kravtsov et al., 1998), the
concurrence of our previous flow cytometric studies of

dopamine-induced apoptosis in MES cells (Zhang et al.,
1998) with the MiCK assay results reported above, and
the confirmatory morphological and DNA laddering
analyses in MES cells all indicate that under these con-
ditions the MiCK assay was detecting primarily apopto-
tic MES cells. Therefore, we used the MiCK assay to
quantify apoptosis induced by the six catechol thioethers
in the mercapturic acid pathway, viz., glutathionyl, cys-
teinyl, and mercapturyl thioethers of dopamine and
DOPAC, as well as the homocysteinyl catechol thio-
ethers of dopamine and DOPAC. The homocysteinyl
conjugates of dopamine and DOPAC were synthesized
because they lack anN-acetyl group yet do not cyclize to
form benzothiazine species. The chemical structure of
each was verified by mass spectrometry as previously
described. MES cells were incubated with each catechol
thioether at 5mM for 24 h and monitored by MiCK
assay. One-way ANOVA indicated that there was no
significant increase in the percentage of apoptotic cells
when MES cultures were incubated with any of these
catechol thioethers alone. The extent of apoptosis in-
duced by dopamine and its derivatives at 5mM was
as follows: control, 6.216 0.23%; dopamine, 5.20
6 0.51%; GSH-dopamine, 7.706 1.37%; Cys-dopa-
mine, 7.276 0.57%; AcCys-dopamine, 5.416 0.88%;
and hCys-dopamine, 8.356 1.73%. The extent of apo-
ptosis induced by DOPAC and its derivatives at 5mM
was as follows: control, 6.886 0.33%; DOPAC, 8.67
6 1.37%; GSH-DOPAC, 8.646 0.78%; Cys-DOPAC,
8.81 6 1.17%; AcCys-DOPAC, 7.936 0.90%; and
hCys-DOPAC, 7.396 1.23%.

We next tested the hypothesis that catechol thioethers
may contribute to dopaminergic neurodegeneration un-
der pathological conditions. To model a pathological
state, MES cells were coincubated with concentrations of
dopamine that induce low-level apoptosis (25mM) plus
a catechol thioether (5mM) for 24 h (Fig. 5). Under these
conditions, apoptosis in MES cultures was enhanced
significantly by some, but not all, of the catechol
thioethers. One-way ANOVA for the eight catechol
thioethers plus dopamine was statistically significant (p
, 0.001). Post test paired analyses with Bonferroni’s
correction showed that, of the eight catechol thioethers,
only AcCys-dopamine, hCys-dopamine, and hCys-
DOPAC when added with 25mM dopamine produced a
significant increase compared with dopamine alone (p
, 0.01 for each paired comparison). No significant
changes in theTm were noted when cells were exposed to
combinations of dopamine and any of catechol thioethers
as compared with dopamine alone (data not shown).
Additional experiments demonstrated that AcCys-dopa-
mine, hCys-dopamine, or hCys-DOPAC at 5mM and
subcytotoxic concentrations of dopamine (5mM) did not
yield significant apoptosis in MES cells, suggesting that
existing significant stress to MES cells was necessary for
AcCys-dopamine to display toxic activity.

Although the mechanisms by which AcCys-dopamine,
hCys-dopamine, and hCys-DOPAC enhanced the apo-
ptosis induced by dopamine are not known, it is possible

J. Neurochem., Vol. 74, No. 3, 2000

974 J. ZHANG ET AL.



that these compounds autoxidize in culture medium more
rapidly than other catechol thioethers and thereby gen-
erate more oxidative stress. Therefore, the half-lives of 5
mM AcCys-dopamine, AcCys-DOPAC, hCys-dopamine,
and hCys-DOPAC in culture medium were determined
with and without 25mM dopamine. The results showed
that the half-lives for these catechol thioethers were
between 2 and 4 h, not significantly different from those
of other catechol thioethers (Montine et al., 1997). More-
over, the half-lives of these compounds were not altered
by the presence of dopamine.

DISCUSSION

Pathological and biochemical studies have consis-
tently associated endogenous catechol oxidation with
dopaminergic neurodegeneration in PD, but the mecha-
nisms are not known. Recent studies have suggested that
products of endogenous catechol oxidation, the catechol
thioethers, may contribute to the neurodegeneration as-
sociated with catechol oxidation; however, there are lim-
ited data on the neurotoxicity of endogenous catechol
thioethers, and no data exist on the dopaminergic neuro-
toxicity of this class of molecules. Here we have tested
the major endogenous catechol thioethers for their ability
to induce apoptosis in a dopaminergic neuronal cell line.

FIG. 3. Characterization of apoptosis of MES cells. A: MES cells
treated with vehicle. B: MES cells treated with dopamine at 25
mM for 19 h, i.e., at Tm as determined by MiCK assay. Cells
undergoing apoptosis demonstrated blebbing and condensation
of the chromatin. Cells in both A and B were stained with
Giemsa. C: DNA fragmentation in MES cells. Cells were exposed
to increasing doses of dopamine for 24 h, and DNA was isolated
and loaded onto a 1.8% agarose gel containing 0.1 mg/ml

FIG. 4. Quantitative assessment of apoptosis. Inset: Relation-
ship between KU of apoptosis and percentage of apoptotic
cells. In brief, cells were exposed to increasing doses of dopa-
mine and studied in both the MiCK assay and Giemsa-stained
cytospin preparations at the appropriate time when Tm was
detected by MiCK assay. Data are mean 6 SE (bars) percent-
ages of apoptotic cells calculated from the results of the MiCK
assay (n 5 6 for each data point). *p , 0.05 for control versus
dopamine at 25 or 50 mM.

ethidium bromide after treatment with RNase A. Electrophoresis
was carried out in 1 mM EDTA in 45 mM Tris-borate buffer (pH
7.8). Lanes 1–5 represent DNA markers and DNA isolated from
cells treated with 0, 5, 25, and 50 mM dopamine, respectively.
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In addition to testing already identified endogenous glu-
tathionyl and cysteinyl catechol thioethers, we included
the mercapturates of dopamine and DOPAC because the
entire mercapturate acid pathway is present in brain. We
also included hCys-dopamine and hCys-DOPAC be-
cause they, like AcCys-dopamine, do not cyclize to gen-
erate benzothiazine species, a class of putative endoge-
nous neurotoxins in PD. Our results showed that, in
contrast to dopamine, none of the endogenous catechol
thioethers alone is a dopaminergic neurotoxin at concen-
trations that may be expected to occur in vivo. However,
the mercapturate of dopamine was unique in this series
because it significantly enhanced dopamine-induced ap-
optosis. Moreover, it appeared that the activity of Ac-
Cys-dopamine may be related to its inability to cyclize
because both hCys-dopamine and hCys-DOPAC were as
effective as AcCys-dopamine in enhancing dopamine-
induced apoptosis.

These experiments used MES cells, a hybrid cell line
derived from rat mesencephalic neurons and a neuroblas-
toma cell line (Crawford et al., 1992). MES cells display
several characteristics of dopaminergic neurons, includ-
ing (a) tyrosine hydroxylase activity, (b) synthesis and
vesicular storage of dopamine but not other cat-
echolamines, and (c) the presence of NMDA receptors.
Moreover, we have shown recently that MES cells are
sensitive to dopamine-induced apoptosis as determined
by flow cytometry, an effect blocked by antagonists of
the dopamine transporter (Zhang et al., 1998). Indeed,
the results from these earlier flow cytometric studies
showing dopamine-induced apoptosis in MES cells are
in excellent agreement with the results from the MiCK
assay reported here. A limitation of this model system is
that MES cells are a homogeneous population, and so

hypotheses concerning specificity for dopaminergic neu-
rons versus other neuron types cannot be tested. Another
inherent limitation of studying catechol thioethers is their
ease of oxidation in biological systems. In fact, our
results indicate that, given the half-lives of the catechol
thioethers in culture medium, virtually all of the starting
material has been oxidized during the incubation period.
Although this oxidation may be related to the toxicity of
these molecules, it is entirely likely that new metabolites
are formed during incubation and that these may be the
ultimate toxins. Therefore, the structure–function study
reported here can only address which parent molecules
set in motion a series of poorly clarified events that
culminate in neurotoxic activity.

The extracellular concentrations of dopamine neces-
sary to achieve significant neurodegeneration in these
assays are higher than what is thought to exist in vivo
under basal conditions, but it is in the range of extracel-
lular dopamine concentrations that exist under at least
some pathological conditions (Globus et al., 1987;
Gerlach and Riederer, 1996). The concentrations of cat-
echol thioethers generated under these conditions have
not been completely characterized but are only a fraction
of dopamine. The concentrations of glutathionyl and
cysteinyl catechol thioethers are up to 3% of total dopa-
mine (Fornstedt et al., 1986; Spencer et al., 1998); how-
ever, conditions that increase extravesicular dopamine
also increase the amount of dopamine converted to Cys-
dopamine (Hastings et al., 1996a,b). Moreover, none of
these estimates takes into account the possible contribu-
tion of catechol mercapturates. Thus, the relative amount
of AcCys-dopamine used in these experiments (20% of
extracellular dopamine) may be a reasonable reflection
of what might be expected in vivo, especially under
conditions that increase extravesicular dopamine. Fi-
nally, although the concentrations of catechol thioethers
used in these experiments are at the upper limit of what
might be expected to occur under some pathological
conditions, they are 100-fold lower than the concentra-
tions of catechol thioethers used in previously published
tests of their neurotoxicity (Shen et al., 1996; Li and
Dryhurst, 1997; Li et al., 1998).

Thioethers of endogenous brain catechols have signif-
icantly lower oxidation potentials than their parent cat-
echols (Shen and Dryhurst, 1996; Picklo et al., 1999).
Nonetheless, our previous studies have shown that oxi-
dation potential does not accurately predict the ability of
this class of catechol thioethers to produce oxidative
damage in vitro under physiological conditions (Picklo
et al., 1999). These studies demonstrated that of the
endogenous brain catechol thioethers, the mercapturate
conjugates were the most potent at producing paramag-
netic metal-ion catalyzed oxidative damage to DNA and
that AcCys-dopamine and AcCys-DOPAC produced
similar amounts of metal-catalyzed oxidative damage in
vitro (Picklo et al., 1999). Here we have shown that
AcCys-dopamine was much more potent than AcCys-
DOPAC at augmenting dopamine-induced apoptosis.
These results suggest that enhanced oxidative stress from

FIG. 5. Catechol thioethers and dopamine toxicity. MES cells
were coincubated with dopamine at 25 mM alone or dopamine at
25 mM plus a catechol thioether at 5 mM for 24 h. Data are mean
6 SE (bars) percentages of apoptosis induced by dopamine plus
a catechol thioether over dopamine alone (n 5 4 for each data
point). Data not included in the graph are percentages of apo-
ptosis induced by dopamine at 25 mM alone (17.63 6 0.71%). *p
, 0.05 for control versus dopamine at 25 mM plus AcCys-
dopamine, hCys-dopamine, or hCys-DOPAC at 5 mM. None of
the other catechol thioethers produced changes that were sig-
nificantly different from controls.
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exposure to AcCys-dopamine alone cannot account for
the proapoptotic activity of this molecule. The basis for
the divergence of results in vitro and in MES cells for
AcCys-dopamine and AcCys-DOPAC is not understood.
It is possible that these molecules have different mem-
brane transport properties or are compartmentalized dif-
ferently in cells. Alternatively, these molecules may be
metabolized differently in cells, and this may modify
neurotoxic activity. Finally, AcCys-dopamine and Ac-
Cys-DOPAC may have different effects on dopamine
metabolism and thereby alter dopamine-induced neuro-
toxicity.

A central finding of this study is that, based on the
results with hCys-dopamine and hCys-DOPAC, the ac-
tivity of AcCys-dopamine may be attributable to its
inability to cyclize to form benzothiazines. The role of
cyclized products from catechol thioethers, the benzo-
thiazines, is a complex issue in the cytotoxicity of this
class of molecules (Shen et al., 1997). The well-studied
example of 2-bromohydroquinone nephrotoxicity sug-
gests that benzothiazine formation is a detoxifying step
in the kidney (Monks and Lau, 1992). Similarly, our data
showing that homocysteinyl analogues retained proapo-
ptotic effects suggest that cyclization of the cysteinyl
conjugates, which occurs rapidly under physiological
conditions (Shen et al., 1997), also is detoxifying in
dopaminergic neuronal cultures. Of note is that these
data from a cell culture system that applied the catechol
thioethers extracellularly cannot exclude the possibility
that intracellular cyclization of cysteinyl catechols gen-
erates neurotoxins. Nevertheless, despite the limitations
of this model system, out data with AcCys-dopamine and
the homocysteinyl analogues indicate that the noncyc-
lized catechol thioethers also may contribute to dopami-
nergic neurotoxicity at relatively low concentrations.

In summary, we confirmed that dopamine induced
dose-dependent apoptosis in dopaminergic neurons at
concentrations that may be achieved under pathological
conditions. Acting alone, none of the eight catechol
thioethers examined was neurotoxic. However, when
combined with dopamine to simulate pathological states
of excess extravesicular dopamine, only the mercapturate
of dopamine and homocysteinyl analogues significantly
increased dopaminergic neurodegeneration. These re-
sults are the first to demonstrate neurotoxic activity of
catechol thioethers in dopaminergic cells and suggest
that the combination of dopamine thioether formation
with mercapturate metabolism may produce endogenous
molecules that facilitate dopaminergic neurodegenera-
tion.
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