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Taurine is an abundant amino acid found in mamma-
lian tissues and it has been suggested to have cyto-
protective functions. The aim of the present study was
to determine if taurine had the potential to reduce
oxidative stress associated with metal-stimulated
catecholamine oxidation. Taurine and structural ana-
logs of taurine were tested for their ability to inhibit
metal-stimulated quinone formation from dopamine
or L-dopa. Oxidative damage to proteins and lipids
were also assessed in vitro and the effects of taurine
were determined. Taurine (20mM) was found to
decrease significantly ferric iron (50-500uM)- and
manganese (10 pM)-stimulated L-dopa or dopamine
oxidation. Taurine had no effect on zinc-induced
dopamine oxidation and slightly potentiated copper-
and NalO4-stimulated quinone formation. Ferric
iron-stimulated lipid peroxidation was not affected
by taurine (1-20mM). Protein carbonyl formation
induced by ferric iron (500 pM) and L-dopa (500 pM)
was significantly reduced by 10mM taurine. The
cytotoxicity of L-dopa (250 pM) and ferric chloride
(75uM) to LLC-PK, cells was attenuated by 10 mM
taurine or hypotaurine. Homotaurine alone stimu-
lated L-dopa oxidation and potentiated the cytotoxic
effects of ferric iron. Homotaurine was found to be
cytotoxic when combined with L-dopa or L-dopa/iron.
In contrast, hypotaurine inhibited quinone formation
and protected LLC-PK; cells. These studies suggest
that taurine may exhibit cytoprotective effects against
the oxidation products of catecholamines by acting as
a scavenger for free radicals and cytotoxic quinones.
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INTRODUCTION

Taurine (2-aminoethane sulfonic acid) is a sulfur-
containing amino acid that is present in milli-
molar concentrations in most mammalian tissues
(Jacobsen and Smith, 1968). Taurine has been
shown to be involved in a number of biological
functions which include: osmoregulation, mem-
brane stabilization, neuromodulation, cytopro-
tection, bile salt conjugation, and calcium
modulation (Huxtable, 1992; Wright et al., 1986).
A role for taurine in cellular antioxidant defense
mechanisms has been observed in a number of
tissues (Timbrell et al., 1995). Although taurine
appears to have little intrinsic reactivity with
oxidizing species (Aruoma ef al., 1988; Shi et al.,
1997), its high intracellular concentration may still
allow it to directly scavenge free radicals. Taurine
has clearly been shown to scavenge hypochlorous
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acid and form taurochloramines (Marquez and
Dunford, 1994; Weiss et al., 1982). Furthermore,
taurine may bind reactive quinones involved in
redox cycling and indirectly inhibit free radical
formation (Tse et al., 1976). The biosynthesis of
taurine generates intermediates (hypotaurine
and cysteamine) that also have free radical
scavenging properties (Aruoma et al, 1988;
Huxtable, 1992). Glutathione synthesis is also
indirectly linked to taurine synthesis since
cysteine serves as a common precursor for both
biosynthetic pathways (Beetsch and Olson, 1998).
Thus, taurine directly and indirectly appears to
be involved in cellular regulation of oxidative
stress. The cytoprotective actions of taurine have
been well documented (Redmond et al., 1998;
Timbrell ef al., 1995), but the mechanisms for these
actions have not been clearly elucidated in all
cases. The high taurine concentrations in tissues
may confer some level of protection from oxida-
tive stress.

Taurine is present in many tissues that contain
high concentrations of catecholamines (Dawson
and Wallace, 1992; Jacobsen and Smith, 1968).
Catecholamines are known to be cytotoxic and
increase oxidative stress (Basma et al., 1995; Han
et al., 1996; Lai and Yu, 1997; Offen et al., 1996;
Stokes et al., 1999). Catecholamines are known to
undergo oxidation reactions to generate free
radicals (H,O,, hydroxy, superoxide) and cyto-
toxic quinones (Basma et al., 1995; Bindoli et al.,
1992; Graham ef al., 1978; Lai and Yu, 1997; Offen
et al., 1996; Pardo et al., 1995). The oxidation of
catecholamines is catalyzed by metals such as
iron, copper and manganese (Archibald and
Tyree, 1987; Donaldson et al., 1980; Miller et al.,
1990; Shen and Dryhurst, 1998; Tanaka ef al., 1991).
Metal-stimulated oxidation of proteins may also
generate reactive catecholamines such as L-3,4-
dihydroxyphenylalanine (L-dopa) via hydroxyl-
ation of tyrosine residues (Gieseg et al., 1993;
Morin et al., 1998). Protein bound L-dopa may
subsequently mediate other forms of oxidative
damage (Morin et al., 1998). Metal-stimulated
catecholamine oxidation is capable of producing

oxidative damage to DNA (Levay et al., 1997;
Spencer ef al., 1994). Metal-stimulated oxidation
of catecholamines is thought to play a role in
neurodegenerative diseases (Graham, 1984;
Spencer et al., 1994; Youdim et al., 1993). Manga-
nese neurotoxicity is also thought to be asso-
ciated with catalytic mechanisms involving cate-
cholamine oxidation in dopamine rich areas of
the brain (Archibald and Tyree, 1987; Donaldson
et al., 1980; Graham, 1984; Shen and Dryhurst,
1998). Copper can stimulate catecholamine and
protein oxidation as well as other forms of toxi-
city (Heikkila and Cabbat, 1978; Levay et al.,
1997). At present, it is unclear whether taurine
under in vivo conditions serves as a scavenger for
reactive quinones and free radicals derived from
catecholamine oxidation.

Taurine content declines in peripheral tissues
and the brain of aged rodents (Dawson and
Wallace, 1992; Dawson et al.,, 1999a; Strolin
Benedetti et al., 1990; 1991). We have recently
found that there is a significant correlation
between dopamine and taurine decline in the
striatum of aged rats (Dawson et al., 1999b). Other
investigators have also reported that striatal
taurine content decreases in aged rats (Strolin
Benedetti et al., 1990; 1991). The age-related
decline in tissue taurine content could increase
the susceptibility of critical tissue targets to free
radical-mediated damage. The goal of the present
series of experiments was to determine the effects
of taurine to inhibit catecholamine oxidation
induced by various metals. The effects of taurine
to inhibit oxidative damage to protein in vitro and
to attenuate cell death associated with iron-
stimulated catecholamine oxidation were also
examined.

MATERIALS AND METHODS

Measurement of Catecholamine Oxidation

The rate of catecholamine oxidation was mon-
itored by measuring aminochrome formation
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spectrophotometrically (Donaldson et al., 1980;
Heikkilaand Cabbat, 1978). Aminochromes (quin-
oidal oxidation products) were detected at 480~
490 nm using a Beckman DU 7000 diode array
spectrophotometer. Experiments were conducted
in phosphate buffered saline (PBS, pH =7.4) at
ambient temperatures (21-24°C) except for some
experiments conducted at 37°C. The standard
oxidation reactions were conducted in an assay
volume of 3 ml and the rate of quinone formation
was determined by measuring absorbance
changes every 20s for a total of 5min. The rate
of quinone formation (Aabsorbance/min) was
linear with time and reaction rates were calcu-
lated by linear regression. Manganese and tyros-
inase-induced oxidation of catecholamines
occurred at very rapid rates and under these
conditions reactions had to be performed in
within 2min to obtain linear reaction rates and
absorbance changes were recorded every 5s. In
some cases absorbance was also determined at the
end of the experiment to assess total amino-
chrome formation. Catecholamine oxidation rates
were measured in the presence and absence of
iron, manganese, copper and zinc. Catecholamine
oxidation was also stimulated enzymatically with
tyrosinase (Sigma, St. Louis, ~ 2000 units/mg) or
with the oxidizing agent, sodium periodate. The
effects of taurine, taurine analogs and other
amino acids were assessed for their ability to
inhibit catecholamine oxidation induced by iron.
All solutions (metals, amino acids and catechol-
amines) were made up fresh immediately prior to
spectrophotometric assays. Specific experimental
conditions and reagent concentrations are given
in figure captions and in table legends.

L-Dopa Analysis by HPLC

Experiments were also conducted to determine
directly if taurine inhibited the oxidation of
L-dopa into quinones. The oxidation of L-dopa
(100pM) in the presence of ferric chloride
(100 uM) was carried out in PBS in a 1ml assay
volume. The procedure was similar to that

described above except the incubations were
carried out for 2h at 37°C in order to allow
sufficient time for a significant loss of catechol-
amine. The reaction was stopped by the addition
of 2ml of ice cold 0.2M perchloric acid contain-
ing 1mM of Na,EDTA and 1mM glutathione
to prevent further oxidation. The experimental
conditions were as follows: (1) L-dopa only,
(2) L-dopa + taurine (10 mM), (3) L-dopa + FeCl;
and (4) L-dopa + taurine (10mM) + FeCl; and
(5) a control incubation of the L-dopa in PBS
carried out at 4°C. L-Dopa was measured afterata
1:10 dilution in 0.05M perchloric acid using a
previously described HPLC assay (Kontur et al.,
1984; Wallace and Dawson, 1990). The samples
gave a single chromatographic peak with no
interfering peaks.

Protein Carbonyl Measurements

Oxidative damage to proteins was measured by
determining carbonyl content in oxidatively
modified proteins by the method of Levine ef al.
(1990). Carbonyl content was assessed by reaction
with 2,4-dinitrophenylhydrazine and detected
spectrophotometrically at 370 nm. Bovine y-glob-
ulin (BGG, 1mg/ml) was oxidatively damaged
using either hydrogen peroxide (0.15%, 44 mM)
or ferric chloride (250 uM) and L-dopa (250 uM).
The assays were conducted in a total volume of
1ml and oxidation reactions were carried out
for either 30 or 60 min in a shaking water bath at
37°C. The oxidation reaction was stopped by pre-
cipitating the protein with 10% trichloroacetic
acid (TCA). The protein pellet was washed with
TCA-containing desferrioxamine (50 uM). Pro-
tein carbonyl content was then determined. The
effects of 10-20 mM taurine to prevent oxidative
damage were assessed and glutathione (10 mM)
was used as a positive control in one experiment.

Lipid Peroxidation

Lipid peroxidation was estimated using the thio-
barbituric acid (TBAR) test. TBAR were assayed
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by a modification of the method described by
Wills (1987). Malonaldehyde (TBAR) formation
was quantitated using 1,1,3,3-tetraethoxypropane
as a standard. The absorbancy of TBAR was read
at 530 nm in a Beckman spectrophotometer. The
ability of taurine (1-20mM) to directly inhibit
ferric chloride-stimulated lipid peroxidation was
examined in adult Sprague—Dawley cerebral
cortex. Rat cortex was homogenized in ice-cold
PBS (pH=7.0) and incubated (200 pug protein/
tube) in the presence and absence of either ferric
chloride (200 uM) and/or taurine (1-20 mM) for
15min at 37°C in a shaking water bath. The
reaction was stopped by the addition of 1ml of a
solution containing 0.8M HCl, 12.5% TCA and
0.1 mM desferrioxamine. Aliquots from the sam-
ples were then assayed for TBAR formation in
duplicate.

Renal Cell Culture and the Effects of
Iron-Stimulated Catecholamine
Oxidation on Cell Viability

LLC-PK; cells are a procine-derived renal epithe-
lial cell line with characteristics of proximal
tubular cells. LLC-PK; cells have a high capacity
for dopamine synthesis and contain dopamine
transporters and receptors (Dawson et al., 1994).
LLC-PK; cells were grown and maintained as
previously described (Dawson et al., 1994). Briefly,
the cells (ATCC, passage 206-208) were grown in
Delbecco’s modified Eagle’s medium (DMEM,
Gibco, Grand Island, NY) supplemented with 10%
fetal bovine serum, streptomycin (100 pg/ml),
penicillin (100U/ml) and NaHCO; (44 mM).
The cells were plated in 96-well culture dishes
and incubated overnight prior to experimenta-
tion. The cells were treated with sterile saline
containing 2.5mM CaCl,, 75 pM ferric chloride
and 250 uM L-dopa for 60 min and then the cells
were washed and fresh culture media (DMEM)
was added. Calcium was added to maintain the
attachment of cells to the culture plates during the
incubation period. The ability of taurine and
taurine analogs to attenuate cytotoxicity was

evaluated. Taurine and taurine analogs were
added simultaneously with iron/L-dopa treat-
ment and the effects of a 60-min pre-treatment
were also tested. The pre-treatment consisted of
60-min incubation in DMEM containing 10 mM
taurine or taurine analogs and controls received
fresh DMEM. The media was removed and the
cells rinsed with sterile saline prior to treatment
with iron/L-dopa treatment. Taurine and taurine
analogs were also present during the cytotoxic
exposure. The cells were allowed 24 h to recover
and cytotoxicity (viability) was determined using
an assay based on tetrazolium salt (MTT) reduc-
tion (Mosman, 1983). In addition to the MTTassay,
total protein and DNA were measured to confirm
the MTT results in pilot studies and all measures
were closely correlated for LLC-PK; cells.

Statistical Analysis

In general, the data were subjected to analysis
of variance (ANOVA) followed by planned
comparisons using either Bonferroni’s multiple
comparison test for limited comparisons or
the Newman-Keuls test when all groups were
compared. When appropriate, nonparametric
statistics (Kruskal-Wallis/Dunn’s Multiple Com-
parison test) were used. In cases involving com-
parisons of only two means, a f-test was used.
The statistical analyses were performed using
GraphPad Prism Version 2.0 software (San Diego,
CA). Data from metal-stimulated catecholamine
oxidation studies were based on separate experi-
ments repeated usually at least 5-6 times (n=
5-6). The data analysis was performed on the raw
data and for graphic representation was some-
times presented as a percent of control. All data
are expressed as mean =+ standard error of the
mean (SE).

RESULTS

Taurine caused a concentration-related decrease
in quinone formation caused by ferric chlo-
ride (500 pM)-stimulated oxidation of L-dopa
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FIGURE 1 The effects of increasing concentrations of taur-
ine to inhibit ferric chloride (500 uM)-stimulated L-dopa
(500 uM) oxidation.

(500pM) (Fig. 1). Ferric chloride-stimulated
L-dopa oxidation in a concentration-dependent
manner and 20mM taurine significantly
(p < 0.01) inhibited quinone formation at all ferric
chloride concentrations tested (Fig. 2A). Ferrous
sulfate-stimulated L-dopa oxidation, but to a
lesser extent than ferric chloride (Fig. 2B). Addi-
tion of ascorbic acid (0.1 mM) to ferrous sulfate
increased L-dopa oxidation slightly, but not to
the level seen with ferric chloride (data not
shown). Taurine (20 mM) did not inhibit ferrous
sulfate-stimulated L-dopa oxidation (Fig. 2B).
Hypotaurine, cystine, glutathione, and ascorbic
acid inhibited iron-stimulated L-dopa oxidation
(Table I). B-Alanine had no effect on L-dopa
oxidation, but the taurine precursors, methio-
nine and cysteine-stimulated L-dopa oxidation
(Table I). Cysteine was tested at 1, 10 and 20 mM
and both 10 and 20mM produced a significant
potentiation of L-dopa oxidation (Fig. 3A).
Lysine, which has been reported to scavenge
quinones (Kalyanaraman et al., 1987), had only
a modest effect on iron-stimulated quinone
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FIGURE 2 A. Taurine (20mM) caused a significant (p <
0.05) reduction in Fe**-catalyzed oxidation of 500 uM Dopa
at all three iron concentrations tested. B. Taurine (20 mM)
did not show significant protection of Fe*"-catalyzed oxida-
tion of 500pM L-dopa. Reactions were run for 5min at
room temperature (24°C) and were scanned at A=490nm.
Quinone formation rates represent the change in absor-
bance/min.

formation (Table I). Taurine analogs were also
tested for their ability to inhibit dopamine
(500 pM) oxidation stimulated by ferric chloride
(100 uM). Taurine (sulfonic acid group) and
hypotaurine (sulfinic acid group) inhibited qui-
none formation whereas g-alanine (carboxyl
group) had no effect and isethionic acid (no amino
group)-stimulated quinone formation (Fig. 4).
Interestingly, extention of the carbon chain by
one carbon (homotaurine) resulted in prominent
potentiation of quinone formation in the presence
of ferric iron and could significantly stimulate
spontaneous (no added iron present) dopamine
oxidation (Fig. 3B).

A number of experiments were conducted to
examine the effects of buffer type (phosphate, Tris
and borate) and reaction temperature (23°C
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FIGURE 3 A. The effects of increasing concentrations of
cysteine to potentiate ferric chloride (500 puM)-stimulated L-
dopa (500 uM) oxidation. Cysteine at 10 and 20 mM signifi-
cantly (*p <0.05) increased quinone formation. B. Effects of
homotaurine (HTAU, 20mM) to significantly (*p <0.05)
stimulate dopamine (500 uM) oxidation in the presence and
absence of ferric chloride (100uM). Taurine 20mM) was
ran as control and inhibited (*p < 0.05) quinone formation.

versus 37°C). Taurine (20mM) was able to sig-
nificantly (p <0.05) inhibit L-dopa oxidation
stimulated by ferric iron (250-500 uM) in phos-
phate-buffered saline (pH="7.4), 100mM phos-
phate buffer (pH=7.0), 100mM borate buffer
(pH =10) and 50 mM Tris buffer (pH =7.8) (data
not shown). The reaction rates were temperature
dependent and taurine produced better inhibition

TABLE I Effect of taurine and related amino acids on fer-
ric chloride-stimulated L-dopa oxidation

Test compound Number of replications % Control
Taurine (20 mM) 5 75+3°
Taurine (20 mM)® 12 8337
Hypotaurine (20 mM) 14 87 +£3?
B-Alanine (20 mM) 15 96+ 6™°
Cystine (20 mM) 5 2+2°
Glutathione (20 mM)® 10 4+£3°
Cysteine (20 mM) 9 222 +18?
Methionine (20 mM) 9 121452
Lysine (20 mM)"® 12 89 + 40
Ascorbic acid (0.5 mM) 5 77 £3°7

p < 0.05, " notsignificant. Ferric chloride (500 uM)-stimulated
L-dopa (500 uM) oxidation. PFerric chloride was 250 M for
these experiments. Control values (100%) represent the
oxidation of L-dopa in the absence of taurine or test
compounds.
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FIGURE 4 The effects of structural analogs of taurine to
alter quinone formation rates. Taurine and analogs were all
tested at 20mM for their effects to alter quinone formation
induced by 100uM ferric chloride and 500 uM dopamine
in PBS. Taurine and hypotaurine (HYPOTAU) inhibited
and isethionic acid (ISA)-stimulated (*p <0.05) dopamine
oxidation.

of quinone formation at 37°C than 23°C (Fig. 5),
but this may simply be related to the higher
reaction rates.

Taurine was able to significantly inhibit man-
ganese-stimulated dopamine oxidation at low
concentrations (50 uM) in PBS, but not at higher
concentrations (Fig. 6). Tauriné was effective at
inhibiting dopamine oxidation stimulated by
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FIGURE 5 The effects of temperature on quinone forma-
tion rates (change in absorbance/min) were tested in the
presence and absence of taurine (10 or 20mM). L-dopa
(250 uM) oxidation was stimulated by 75uM ferric chloride
and as expected, the rates of quinone formation increased
as a function of elevated temperature. Taurine significantly
(*p <0.05) inhibited quinone formation. Note the low rate
of spontaneous L-dopa oxidation in the absence of added
iron and therefore this control was omitted from subse-
quent figures.

either Mn** or Mn®* in Tris buffer (Fig. 7). Taurine
had no effect on zinc-stimulated dopamine oxida-
tion (Table II). Taurine significantly (p < 0.05)
potentiated copper (Cu'" and Cu®")-stimulated
dopamine oxidation at 50 and 100 uM (Table II).
Sodium nitroprusside (SNP) decomposes
into nitric oxide (NO), cyanide and ferrous iron.
NO has been shown to oxidize catecholamines
and produce quinone derivatives (Yoshie and
Ohshima, 1997). The stimulation of L-dopa
(500 uM) oxidation with sodium nitroprus-
side (SNP, 500 uM) was significantly (p < 0.01)
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FIGURE 6 Dopamine (500uM) oxidation induced by
increasing concentrations of MnF;. All experiments were
carried out for 2min at 37°C in PBS (pH=74) and
20mM taurine was tested for its ability to decrease quinone
formation.

inhibited (64 & 5%, n = 6) by taurine (20 mM). The
reaction with SNP was carried out at room temp-
erature in PBS (pH =7.4) for 5 min and produced
oxidation rates that were only about 10% of an
equimolar concentration of ferric chloride.

The ability of taurine to inhibit quinone for-
mation by enzymatic and nonenzymatic mech-
anisms not involving metals was explored.
The oxidizing agent sodium periodate produced
high rates of quinone formation that were not
attenuated by taurine and in fact were signifi-
cantly (p<0.05) potentiated (Fig. 8A). Tyrosi-
nase (Tase) can catalyze quinone formation and
this enzymatic mechanism of dopamine oxida-
tion was not affected by taurine (Fig. 8B). We
also examined the spontaneous oxidation of
the dopamine analog 6-OH-dopamine that is
unstable and has a high rate of spontaneous
oxidation in aqueous buffers at physiological
pH. Taurine did not significantly inhibit the
spontaneous oxidation of 6-OH-dopamine (data
not shown).

Experiments were conducted to determine if
taurine inhibited the formation of quinones by
decreasing catecholamine oxidation directly.
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FIGURE 7 The ability of taurine (20mM) to reduce 50 pM
Mn?* (MnCly)-catalyzed dopamine (DA, 500 uM) oxidation
in 50mM Tris buffer (pH 7.8). Reactions were run for a
total of 5min, at 37°C and scanned at A=480nm. Mn*>
oxidation of dopamine (500 uM) was repeated using condi-
tions identical to those in Fig. 6. Taurine showed significant
protection (*p <0.01) from both Mn*" and Mn**-catalyzed
dopamine oxidation, but did not show a significant reduc-
tion in spontaneous oxidation of dopamine (data not
shown).
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FIGURE 8 A. The ability of 20mM taurine to alter the
oxidation of 500pM dopamine by sodium periodate
(NalOy). The oxidation of dopamine by higher concentra-
tions of NalO, were significantly (*p <0.05) potentiated by
taurine. The reactions were run for a total of 5min at 25°C
and scanned at A=479nm. B. The lack of effect of 20 mM
taurine (Tau) on the oxidation of 500uM dopamine cata-
lyzed by 0.0625mg/ml and 0.125mg/ml of the enzyme
tyrosinase (Tase). Reactions were carried out for a total of
2min at 25°C in phosphate buffer at pH 6.8. Rates of
quinone formation represent the change in absorbance/
min £ SE.

TABLE 11  Effects of taurine on dopamine oxidation rates in the presence of zinc or copper

Metal 10uM 10uM +TAU 50 uM 50 uM + TAU 100 uM 100 pM + TAU
Cu'™* 9+1 11442 232%6 259 £ 5* 336+7 368 £ 9*
Cu** 107 £3 12442 258+3 291 £ 4* 341+£5 377 £ 6*
Zn** 26+1 2242 38+2 38+1 51+1 5141

Samples (11 = 6) were read (A = 480 nm) for 5 min at 37°C in 50 mM Tris buffer (pH == 7.8). Dopamine (500 uM) oxidation was
measured in the presence or absence of taurine (TAU, 20 mM). Taurine significantly (*p < 0.05) potentiated copper (50 and
100 pM)-stimulated dopamine oxidation. Oxidation rates represent the change in absorbance/min x 10,000 + SE.
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TABLE III Effects of taurine on quinone formation and
L-dopa oxidation

Group Quinone formation ~ L-Dopa
A. L-Dopa 4°C Incubation ND 110+0.7
B. L-Dopa 37°C Incubation 0.002 +0.0007 103 £1.1¢
C. TAU (10 mM) 0.003 £ 0.0009 104 £04
D. FeCl; (100 uM) 0.017 +0.0011* 904 0.3°
E. FeCl; + TAU (10 mM) 0.013 4+ 0.0011° 92+0.8
F FeCl; + TAU (20 mM) 0.012 4 0.0011° 94 +0.8°

Quinone formation was determined by blanking with the 4°C
samples to subtract spontaneous oxidation and reading the
final absorbance at 4990nm. L-Dopa was assayed by HPLC
and the values are expressed as nmol/tube+SE. n=6 per
condition. “p < 0.05 versus groups B and C. Pp < 0.05 versus
group D. °p < 0.05 versus group A.

The results are presented in Table III. As in pre-
vious experiments, iron-stimulated quinone for-
mation was inhibited by 20 mM taurine about 30%
whereas L-dopa loss was reduced only about 4%
(Table III). This reduction in the loss of L-dopa
was statistically significant (Table III), but did not
appear to account for the total reduction in
quinone formation. The experiment was repeated
under identical experimental conditions with
dopamine and iron-stimulated dopamine oxi-
dation was reduced by 10mM taurine (92 +
1.0nmol/tube) compared to ferric chloride in
the absence of taurine (88 4 0.9 nmol/tube). Thus,
taurine produced a consistent inhibition of iron-
stimulated catecholamine oxidation, but of a
smaller magnitude than the reduction in quinone
formation.

Taurine protected BGG from the oxidative
damage caused by either 30 or 60 min exposures
to ferric chloride (250 uM) and L-dopa (250 uM).
Taurine (20 mM) significantly (p < 0.05) inhibited
(47 3%, n = 6) protein carbonyl formation after
30min of exposure, but 10mM taurine only
reduced the damage by 6%. Taurine (10 or
20mM) and glutathione (10mM) significantly
(p < 0.05) decreased the carbonyl content of BBG
treated with L-dopa and iron for 60 min (Fig. 9).
Taurine did not inhibit protein carbonyl forma-
tion induced by H>O,, which caused more than

BGG Oxidation in the Presence of Fe** and L-dopa

F -
|

Protein Carbonyls (nmoles/mg protein)

PBS TAU  TAU GSH

10 mM 20 mM 10 mM

FIGURE 9 The oxidative damage to BGG (1 mg/ml)
induced by L-dopa (500uM) and ferric chloride (500 pM).
Taurine (10 and 20 mM) and 10mM glutathione (GSH) both
significantly (*p <0.05) decreased protein carbonyl content
of oxidatively damaged BGG (n=6 experiments and each
condition was performed in triplicate in each experiment).

two-fold greater damage than that produced by
iron and L-dopa (data not shown).

Taurine (20 mM) did not inhibit basal or ferric
chloride (200 uM)-stimulated TBAR formation in
rat cerebral cortex homogenates (Fig. 10A). The
effects of taurine on iron-stimulated lipid peroxi-
dation were examined across a range of concen-
trations (1-20mM) and again failed to inhibit
iron-stimulated lipid peroxidation (Fig. 10B). It
therefore appears unlikely that taurine’s action to
inhibit iron-stimulated quinone formation were
due to simple chelation of iron.

Treatment of LLC-PK; cells with L-dopa
(250 uM) and ferric chloride (75 uM) reduced cell
viability about 40% (*p <0.05) and both taurine
and hypotaurine (10 mM) significantly (*p < 0.05)
decreased cytotoxicity as indexed by the MTT
assay (Fig. 11). Pre-treatment with taurine did
not significantly enhance taurine’s cytoprotective
effects. Ferric chloride-stimulated L-dopa oxida-
tion was determined under identical conditions
as the cell culture experiments were conducted
and taurine significantly (p <0.001) decreased
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Malonaldehyde Formation {(nmoles)

Malonaldehyde Formation (nmoles)

20 mM

No au : 1mM 5mM 10 mM
Taurine Concentration

FIGURE 10 Ferric chloride (200 pM)-stimulated lipid per-

oxidation in crude homogenates of rat cerebral cortex

(200 ug/protein/tube, n=4). Taurine failed to alter iron-
stimulated malonaldehyde formation.

quinone formation by 23% (10mM) and 34%
(20mM) (Fig. 5). Taurine and hypotaurine
blocked iron/L-dopa cytotoxicity, while homo-
taurine and 2-aminomethane sulfonic acid (data
not shown) enhanced cytotoxicity (Fig. 11).
Follow-up studies showed that 2-aminomethane
sulfonic acid was cytotoxic when applied to LLC-
PK; cells in the absence of iron/L-dopa (unpub-
lished findings). Homotaurine alone had no effect
on LLC-PK; cells, but it was cytotoxic if applied
with L-dopa even without added ferric chloride
(data not shown). These findings are consistent
with the pro-oxidant effects of homotaurine seen
in the quinone formation assays (Fig. 3B).
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FIGURE 11 The cytoprotective effects of taurine in LLC-
PK; cells treated with ferric chloride (75uM) and L-dopa
(250 uM). Iron/L-dopa treatment caused a significant
(*p <0.05) decrease in cell viability that was blocked by
10mM taurine or hypotaurine (HYPO). Homotaurine
(HomoTAU) significantly (*p <0.05) potentiated cell death.
A. LLC-PK; cells only treated with taurine or taurine
analogs during the treatment with iron/L-dopa. B. LLC-
PK; were treated with taurine or taurine analogs in culture
media for 60min prior to incubation with iron/L-dopa.
Taurine and taurine analogs were also present during the
iron/L-dopa treatment similar to conditions in A. These
data are based on the average of 3-5 experiments using 8
wells per experimental condition in each experiment.

HomoTAU
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DISCUSSION

Taurine was clearly shown to inhibit L-dopa
oxidation that was catalyzed by ferric chloride.
Furthermore, this inhibition of L-dopa oxidation
resulted in decreased oxidative damage to protein
(BGG) and a reduction in cytotoxicity in cultured
renal epithelial cells. Taurine did not attenuate
L-dopa oxidation stimulated by the ferrous form
of iron. The ferric form of iron is preferentially
bound by the o-hydroquinone moiety of catechol-
amines which leads to the reduction of Fe®' to
Fe®* with concomitant oxidation of the catechol-
amine (Miller et al., 1990). The lower oxidation
rates of L-dopa seen with the ferrous form of iron
may preclude the detection of the antioxidant
properties of taurine using the quinone formation
assay. Taurine does not appear to inhibit the
oxidation of catecholamines due to metal chela-
tion since the stability constant for metal com-
plexation by taurine is negligible (Wright et al.,
1986). Aruoma et al. (1988) also reported that
taurine did not appear to chelate iron in a manner
that affected hydroxyl radical formation from
H,0,. Taurine was also effective across a range
of ferric chloride concentrations and did not
appear less effective at higher iron concentrations
(Fig. 2). Taurine also failed to have any effect on
iron-stimulated lipid peroxidation. We cannot,
however, completely rule out a mechanism
involving metal chelation or complexation.

We found that taurine inhibits iron-stimulated
L-dopa oxidation in both borate buffer (pH =10)
and phosphate buffers (pH 7-7.4), but was
slightly less effective in 50mM Tris buffer
(pH =7) perhaps due to the chelating and free-
radical scavenging properties of Tris buffers
(Miller et al., 1990). Taurine was effective in
inhibiting manganese-induced dopamine oxida-
tion in Tris buffer when the pH was higher
(pH =7.8), perhaps due to the higher oxidation
rates seen at more basic pHs (Donaldson et al.,
1980). The high intracellular concentration and
water solubility of taurine may function to protect
vital cytosolic proteins and DNA (Messina and

Dawson, in press) from oxidative damage arising
from metal-stimulated catecholamine oxidation.
A number of studies have shown that catechol-
amines (dopamine and L-dopa) can produce
oxidative stress and cytotoxicity. This cytotoxicity
appears related to metal-catalyzed oxidation
reactions which can be prevented by antioxidants
(Basma et al., 1995; Lai and Yu, 1997; Offen et al.,
1996; Pardo et al., 1995; Shen and Dryhurst, 1998;
Tanaka et al., 1991). As previously suggested by
Huxtable (1992), the synthesis of taurine may
have a general cytoprotective effect by converting
reactive cysteine and methionine to the antioxi-
dant hypotaurine and subsequently to taurine.
Cysteine alone or conjugated to reactive quinones
can produce oxidative damage depending on
cellular conditions. Furthermore, detoxification
of free radicals and reactive intermediates by
cysteine or glutathione may result in cytotoxic
thiol derivatives (Monks ef al., 1992). Shen and
Dryhurst (1998) have shown that both iron- and
manganese-catalyzed oxidation of dopamine
occurs in the presence of L-cysteine. Iron and
cysteine can generate hydroxyl and cysteinyl
radicals and dopamine-o-quinones react with
cysteine to form 5-S-cysteinyldopamine (Shen
and Dryhurst, 1998). Detoxification by taurine
may be a biologically “safer” route that generates
less reactive detoxification products. Taurine may
serve as a nucleophile in addition reactions with
reactive quinones (Tse et al., 1976) and potentially
stabilize quinones and prevent redox cycling
which could serve as a source for the further
generation of free radicals. The reaction rate for
taurine is slow relative to the rate for intracycliza-
tion of the o-quinone that yields aminochromes
(Tse et al, 1976). In contrast, the sulfhydryl
function of cysteine and glutathione undergoes
fast rates of addition to o-quinones (Tse et al.,
1976). Our data showed that glutathione and
cystine (not cysteine) almost completely blocked
detectable quinone formation whereas, cysteine,
homotaurine, and methionine increased quinone
formation. Taurine was unable to decrease qui-
none formation caused by enzymatic mechanisms
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or strong oxidants where rates of quinone forma-
tion were very high. Thus, taurine did not appear
to simply scavenge quinones in a nonspecific
manner. Taurine appeared to inhibit a specific
mechanism of quinone formation associated
with ferric iron or manganese. This is further sug-
gested by the fact that hypotaurine was equipo-
tent with taurine in inhibiting quinone formation
although hypotaurine is a much better scavenger
of hydroxyl radical (Aruoma ef al., 1988; Shi ef al.,
1997). None-the-less, the high concentration of
taurine in many tissues (5-60mM) could over
time significantly reduce the number of reactive
quinones generated in vivo by ferric iron.

The methodology employed to measure qui-
none formation in these studies does not address
the exact reaction mechanism responsible for
the decline in quinone formation. Therefore, an
apparent decline in the rate of quinone formation
could result from an independent scavenging
reaction by taurine that shifts the spectrophoto-
metric characteristics of a putative quinone con-
jugate. Thus, the real rate of quinone formation
could be unaffected, but the total quinones
detected declined due to a conjugation reaction.
As mentioned above, there did not appear to be a
generalized conjugation of quinones by taurine
since the inhibitory effects of taurine on quinone
formation were restricted to ferric iron and
manganese. Further studies will be required to
fully elucidate the mechanism for taurine-
induced reductions in measurable quinones
derived from metal-stimulated catecholamine
oxidation. Taurine had a modest effect to directly
prevent the oxidation of either dopamine or
L-dopa as determined by HPLC analysis. This
could reduce redox cycling of quinones formed
from metal-stimulated catecholamine oxidation
reactions. The magnitude of the direct antioxidant
effect (<5% reduction) of taurine was smaller
than the 20-30% reductions seen in quinone
formation. This further strengthens the sugges-
tion that taurine is scavenging quinones. Cur-
rently, we are developing methods to detect and
quantitate putative tauro-quinone conjugates.

Whatever the exact reaction mechanisms, taurine
could reduce protein carbonyl formation and
the cytotoxicity associated with iron-stimulated
dopamine oxidation products.

The failure of taurine to inhibit zinc-stimulated
catecholamine oxidation may relate to its lower
intrinsic catalytic activity for oxidation reactions
(Donaldson et al., 1980). Zinc has also been shown
to act synergistically with taurine to prevent
various forms of cytotoxicity (Gottschall-Pass
et al., 1997). It is unclear why taurine enhanced
copper-stimulated dopamine oxidation. A recent
abstract (O’Brien et al., 1999) suggests that taurine
may form a stable complex with copper. It is
unknown if this complex merely enhances copper
solubility or if it also enhances catalytic activity for
oxidation reactions. Taurine has been shown to
attenuate copper toxicity in rats (Hwang et al.,
1998). Further experiments are necessary to
understand how taurine interacts with these
metals and their valence states.

The cell culture experiments showed that ferric
iron and L-dopa were toxic to LLC-PK; cells.
Previous studies have shown that treatment of
LLC-PK; cells with L-dopa alone can induce oxi-
dative stress and up-regulate glutathione produc-
tion (Han et al., 1996). Taurine and hypotaurine
were shown to be equally effective in producing
a cytoprotective effect in LLC-PK; cells consis-
tent with their ability to inhibit quinone for-
mation (Table I). This is in contrast to the fact
that hypotaurine is a much better scavenger of
hydroxyl radical than is taurine (Aruoma et al.,
1988; Shi et al., 1997). Homotaurine accelerated
quinone formation and enhanced L-dopa toxi-
city in the presence or absence of added iron.
The mechanism for the pro-oxidant effects of
homotaurine at present is unclear, but is consis-
tent with what was seen with methionine and
cysteine. Thiols are known to form quinone-
thioethers that are reactive and potent nephro-
toxicants and neurotoxins (Monks et al., 1992). The
experiments with no pre-treatment of the cells
with taurine showed that simultaneous exposure
of the cells to reactive quinones and taurine was
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as effective as preloading the cells with taurine
for an hour. Thus, much of the cytotoxicity may
have been prevented at an extracellular site of
action via inhibition of quinone formation.
Recently it has been shown that proteins that
undergo attack by the hydroxyl radical can give
rise to protein bound L-dopa which can cause
damage to DNA (Gieseg et al., 1993; Morin et al.,
1998). Iron or copper can also catalyze the oxi-
dation of L-dopa and promote damage to DNA
(Levay etal., 1997; Spencer et al., 1994). Our lab has
conducted preliminary studies that have shown
taurine at concentrations as low as 1mM can
inhibit oxidative damage to DNA caused by iron-
stimulated L-dopa oxidation in the presence of
added H,O, (Messina and Dawson, 1998; in
press). Taurine treatment resulted in significant
reductions in hydroxylated bases found in calf
thymus DNA after incubation with ferric iron,
H;O, and L-dopa (Messina and Dawson, in
press). Thus, taurine can directly reduce quinone
formation from catecholamines (L-dopa and
dopamine) and reduce secondary markers (pro-
tein carbonyls and oxidized DNA) of oxidative
damage. Iron can also mediate the oxidation of
L-dopa to the excitotoxin, 2,4,5-trihydroxyphe-
nylalanine (Newcomer ef al., 1995). Thus, taurine-
mediated inhibition of iron-stimulated L-dopa
oxidation would also be predicted to reduce the
endogenous production of this neurotoxic agent.
Iron has been implicated in the pathogenesis of
Parkinson’s disease (Jellinger, 1999) and it has
been proposed that metal-catecholamine inter-
actions are responsible for the neurotoxicity
(Graham, 1984; Shen and Dryhurst, 1998). Qui-
nones formed from dopamine oxidation form
adducts with thiols such as cysteine and signifi-
cant increases in cysteinyl adducts of L-dopa
and dopamine have been found in the substantia
nigra of Parkinson’s patients (Spencer et al., 1998).
The selective increase in iron in the substantia
nigra appears related to neuromelanin (Jellinger,
1999) which forms via the polymerization of
quinones. Iron is elevated in the substantia nigra
with Parkinson’s disease and appears to induce

oxidative stress via a number of mechanisms
(Jellinger, 1999). Treatment of Parkinson’s
patients with L-dopa could theoretically produce
cytotoxicity since the oxidation of L-dopa can
produce both free radicals (Basma ef al., 1995) and
cytotoxic quinones (Pardo ef al., 1995). Reduced
antioxidant defense mechanisms also appear to
contribute to the neuronal loss in Parkinson’s
disease and taurine may play a role in protecting
dopaminergic neurons from oxidative stress
associated with elevated iron levels.

Aging has been shown to reduce striatal taurine
concentrations and taurine content in other tis-
sues that contain catecholamines (Dawson and
Wallace, 1992, Dawson ef al., 1999a,b; Strolin
Benedetti et al., 1991). Furthermore, systemic
administration of L-dopa to rodents produces
reductions in the tissue content of taurine
(Diederich et al., 1997; Tyce and Owen, 1973)
suggesting that taurine may be used in vivo to
scavenge reactive quinones derived from L-dopa.
It could be speculated that taurine may serve as
an endogenous antioxidant and due to its high
tissue concentrations may protect tissues from
damage due to reactive quinones and oxygen
radicals produced by catecholamine oxidation.
Age-related reductions in taurine content could
result in an increased susceptibility to oxidative
damage and we have found that dietary taurine
supplementation can reduce markers of oxidative
damage to tissue proteins in aged rats (Dawson
et al., 1998). The dietary requirements for taurine
may need to be reassessed in conditions asso-
ciated with aging, metal toxicity or increased
oxidative stress.

Acknowledgment

This project was funded by grants from Taisho
Pharmaceutical Co. Ltd.

References

Archibald, ES. and Tyree, C. (1987). Manganese poisoning an
attack of trivalent manganese upon catecholamines. Arch.
Biochem. Biophys. 256, 638—650.



14 R. DAWSON ]JRr. et al.

Aruoma, O.I, Halliwell, B., Hoey, B.M. and Butler, J. (1988)
The antioxidant action of taurine, hypotaurine and their
metabolic precusors. Biochem. |. 256, 251-255.

Basma, A.N., Morris, E.J., Nicklas, W.J. and Geller, H.M. (1995)
L-DOPA cytotoxicity to PC12 cells in culture is via its
autoxidation. J. Neurochem. 64, 825-832.

Beetsch, J.W. and Olson, J.E. (1998) Taurine synthesis and
cysteine metabolism in cultured rat astrocytes: effects of
hyperosmotic exposure. Am. J. Physiol. 274, C866~C874.

Bindoli, A., Rigobello, M.P. and Deeble, D.J. (1992) Biochemical
and toxicological properties of the oxidation products of
catecholamines. Free Rad. Biol. Med. 13, 319-405.

Dawson, R. and Wallace, D.R. (1992) Taurine content in tissues
from aged Fischer 344 rats. Age 15, 73-81.

Dawson, R., Felheim, R. and Phillips, M.1. (1994) Characteriza-
tion of the synthesis and release of dopamine in LLC-PK;
cells. Renal Physiol. Biochem. 17, 85-100.

Dawson, R., Tang, E., Shih, D., Hern, H., Hu, M., Baker, D. and
Eppler, B. (1998) Taurine inhibition of iron-stimulated
catecholamine oxidation. In: Schaffer, S. Lombardini, J.B.
and Huxtable, R.J. (Eds.), Taurine 3 (New York, NY: Plenum
Press), pp. 155-162.

Dawson, R., Liu, S., Eppler, B. and Patterson, T. (1999a) Effects
of dietary taurine supplementation or deprivation in aged
male Fischer 344 rats. Mech. Ageing Dev. 107, 73-91.

Dawson, R., Pelleymounter, M.A., Cullen, M.]., Gollub, M. and
Liu, S. (1999b) An age-related decline in striatal taurine is
correlated with a loss of dopaminergic markers. Brain Res.
Bull. 48, 319-324.

Diederich, C., Milakofsky, L., Hare, T.A., Hofford, ]M.,,
Dadmarz, M. and Vogel, W.H. (1997) Effects of L-DOPA/
carbidopa administration on the levels of L-DOPA, other
amino acids and related compounds in the plasma, brain
and heart of the rat. Pharmacology 55, 109-116.

Donaldson, ]J., LaBella, ES. and Gesser, D. (1980) Enhanced
autoxidation of dopamine as a possible basis of manganese
neurotoxicity. Neurotoxicology 2, 53—64.

Gieseg, S.P., Simpson, J.A., Charlton, T.S., Duncan, M.W.
and Dean, R.T. (1993) Protein-bound 3,4-dihydroxyphenyl-
alanineis a major reductant formed during hydroxyl radical
damage to proteins. Biochemistry 32, 4780-4786.

Gottschall-Pass, K.T., Grahn, B.H., Gorecki, D.K.]J. and
Paterson, P.G. (1997) Oscillatory potentials and light micro-
scopic changes demonstrate an interaction between zincand
taurine in the developing rat retina. J. Nutr. 127, 1206-1213.

Graham, D.G,, Tiffany, SM., Bell, WR. and Gutknecht, W.F.
(1978) Autoxidation versus covalent binding of quinones as
the mechanism of toxicity of dopamine, 6-hydroxydop-
amine, and related compounds toward C1300 neuro-
blastoma cells in vitro. Mol. Pharmacol. 14, 644—-653.

Graham, D.G. (1984) Catecholamine toxicity: a proposal for the
molecular pathogenesis of manganese neurotoxicity and
Parkinson’s disease. Neurotoxicology 5, 83-95.

Han, S., Mytilineou, C. and Cohen, G. (1996) L-DOPA up-
regulates glutathione and protects mesencephalic cultures
against oxidative stress. J. Neurochem. 66, 501-510.

Heikkila, R.E. and Cabbat, FS. (1978) The stimulation of
6-hydroxydopamine autoxidation by bivalent copper:
potential importance in neurotoxic process. Life Sci. 23,
33-38.

Huxtable, R.J. (1992) Physiological actions of taurine. Physiol.
Rev. 72,101-163.

Hwang, D.E, Wang, L.C. and Cheng, H.M. (1998). Effect of
taurine on toxicity of copper in rats. Food Chem. Toxicol. 36,
239-244.

Jacobsen, ].G. and Smith, L.H. (1968) Biochemistry and
physiology of taurine and taurine derivatives. Physiol. Rev.
48, 424-511.

Jellinger, K.A. (1999) The role of iron in neurodegeneration:
prospects for pharmacotherapy of Parkinson’s disease.
Drugs Aging 14, 115-140.

Kalyanaraman, B., Premovic, PI. and Sealy, R.C. (1987)
Semiquinone anion radicals from addition of amino acids,
peptides, and proteins to quinones derived from oxidation
of catechols and catecholamines. . Biol. Chem. 262, 11 080-
11087.

Kontur, P., Dawson, R. and Monjan, A.A. (1984) Manipulation
of mobile phase parameters for the HPLC separation of
endogenous monoamines in rat brain tissue. J. NeuroSci.
Meth. 11, 5-19.

Lai, C. and Yu, PH. (1997) Dopamine and L-£-3,4-dihydroxy-
phenylalanine hydrochloride (L-Dopa)-induced cytotoxic-
ity towards catecholaminergic neuroblastoma SH-SY5Y
cells. Biochem. Pharmacol. 53, 363-372.

Levay, G., Ye, Q. and Bodell, WJ. (1997) Formation of DNA
adducts and oxidative base damage by copper mediated
oxidation of dopamine and 6-hydroxydopamine. Exp.
Neurol. 146, 570-574.

Levine,R.L.,Garland, D., Oliver, C.N., Amici, A.A., Climent, L.,
Lenz, A., Ahn, B., Shaltiel, S. and Stadtman, E.R. (1990)
Determination of carbonyl content in oxidatively modified
proteins. Meth. Enzymol. 186, 464—478.

Marquez, L.A. and Dunford, H.B. (1994) Chlorination of
taurine by myeloperoxidase. J. Biol. Chem. 269, 7950-7956.

Messina, S. and Dawson, R. (1998) Reduction in free radical-
induced DNA damage by taurine. The Toxicologist 42, 301
(Abstract).

Messina, 5. and Dawson, R. Attenuation of oxidative damage
to DNA by taurine and taurine analogs. In: Della Corta, L.
(Ed.), Taurine 4 (New York, NY: Plenum Press) (in press).

Miller, D.M., Buettner, G.R. and Aust, S.D. (1990) Transition
metals as catalysts of “autoxidation” reactions. Free Rad. Biol.
Med. 8,95-108.

Monks, TJ., Hanzlik, R.P, Cohen, G.M., Ross, D. and
Graham, D.G. (1992) Quinone chemistry and toxicity.
Toxicol. Appl. Pharmacol. 112, 2-16.

Morin, B., Davies, M.J. and Dean, R.T. (1998) The protein
oxidation product 3,4-dihydroxyphenylalanine (DOPA)
mediates oxidative DNA damage. Biochem. J. 330, 1059—
1067.

Mosman, T. (1983) Rapid colorimetric assay for cellular growth
and survival: application to proliferation and cytotoxicity
assays. J. Immunol. Meth. 65, 55—63.

Newcomer, T.A., Rosenberg, PA. and Aizenman, E. (1995)
Iron-mediated oxidation of 3,4-dihydroxyphenylalanine to
an excitotoxin. J. Neurochem. 64, 1742—1748.

(¥Brien, E.C., Farkas, E. and Nolan, K.B. (1999) Interaction of
taurine with metalions. International Taurine Symposiun 1999
(Abstract).

Offen, D., Ziv, L., Sternin, H., Melamed, E. and Hochman, A.
(1996) Prevention of dopamine-induced cell death by
thiol antioxidants: possible implications for treatment of
Parkinson’s disease. Exp. Neurol. 141, 32-39.

Pardo, B.,, Mena, M.A., Casarejos, M.J.,, Paino, C.L. and
De Yebenes, ].G. (1995) Toxic effects of L-dopa on mesence-
phalic cell cultures: protection with antioxidants. Brain Res.
682, 133-143.

Redmond, HDP, Stapleton, PP, Neary, P and
Bouchier-Hayes, D. (1998) Immunonutrition: the role of
taurine. Nutrition 14, 599-604.



TAURINE, Fe AND CATECHOLAMINE OXIDATION 15

Shen, X.-M. and Dryhurst, G. (1998) Iron- and manganese-
catalyzed autoxidation of dopamine in the presence of
L-cysteine: possible insights into iron- and manganese-
mediated dopaminergic neurotoxicity. Chem. Res. Toxicol.
11, 824-837.

Shi, X., Flynn, D.C., Porter, D.W., Leonard, S.S., Vallyathan, V.
and Castranova, V. (1997) Efficacy of taurine based com-
pounds as hydroxyl radical scavengers in silica induced
peroxidation. Ann. Clin. Lab. Sci. 27, 365-374.

Spencer, ].PE., Jenner, A., Aruoma, O.1., Evans, PJ., Kaur, H.,
Dexter, D.T., Jenner, P, Lees, A.]., Marden, D.C. and
Halliwell, B. (1994) Intense oxidative DNA damage pro-
moted by L-DOPA and its metabolites: implications for
neurodegenerative disease. FEBS Lett. 353, 246-250.

Spencer, J.P., Jenner, P, Daniel, S.E., Lees, A.J., Marsden, D.C.
and Halliwell, B. (1998) Conjugates of catecholamines with
cysteine and GSH in Parkinson’s disease: possible mecha-
nisms of formation involving reactive oxygen species.
J. Neurochem. 71, 2112-2122.

Stokes, A.H., Hastings, T.G. and Vrana, K.E. (1999) Cytotoxic
and genotoxic potential of dopamine. J. Neurosci. Res. 55,
659-665.

Strolin  Benedetti, M., Kettler, R.,, Marrari, P, Cini, M.,
Da Prada, M. and Dostert, . (1990) The effects of lifelong
treatment with MAO inhibitors on amino acid levels in rat
brain. J. Neural Transm. 2, 239-248.

Strolin Benedetti, M., Russo, A., Marrai, P. and Dostert, P. (1991)
Effects of aging on the content in sulfur-containing amino
acids in rat brain. J. Neural Transm. 86, 191-202.

Tanaka, M., Sotomatsu, A., Kanai, H. and Hirai, S. (1991) Dopa
and dopamine cause cultured neuronal death in the
presence of iron. J. Neurol. Sci. 101, 198-203,

Timbrell, J.A., Seabra, V. and Waterfield, C.J. (1995) The in vivo
and in vitro protective properties of taurine. Gen. Pharmacol.
26, 453-462.

Tse, D.C.S., McCreery, R.L. and Adams, R.N. (1976) Potential
oxidative pathways of brain catecholamines. J. Med. Chem.
19, 37-40.

Tyce, GM. and Owen, C.A. (1973) The effect of L-3,4-
dihydroxyphenylalanine administration on glucose meta-
bolism in brain. J. Neurochem. 20, 1563-1573.

Wallace, D.R. and Dawson, R. (1990) Effect of age and
monosodium-L-glutamate (MS6) treatment on neurotrans-
mitter content in brain regions from male Fischer-344 rats.
Neurochem. Res. 15, 889-898.

Weiss, S.]., Klein, R., Slivka, A. and Wei, M. (1982) Chlorination
of taurine by human neutrophils. J. Clin. Invest. 70, 598-607.

Wills, E.D. (1987) Evaluation of lipid peroxidation in lipids and
biological membranes. Ir: Snell, K. and Mullock, B. (Eds.),
Biochemical Toxicology a Practical Approach (Oxford: IRL
Press), pp. 127-152.

Wright, C.E., Tallan, H.H., Lin, Y.Y. and Gaull, G.E. (1986)
Taurine: biological update. Ann. Rev. Biochem. 55, 427—-453.

Yoshie, Y. and Ohshima, H. (1997) Synergistic induction of
DNA strand breakage caused by nitric oxide together with
catecholamine: implications for neurodegenerative disease.
Chem. Res. Toxicol. 10, 1015-1022.

Youdim, M.B.H., Ben-Shachar, D., Eshel, G., Finberg, ] PM. and
Riederer, P. (1993) The neurotoxicity of iron and nitric oxide
relevance to the etiology of Parkinson’s disease. Adv. Neurol.
60, 259-265.



