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Summary. Taurine is a free amino acid found in high concentrations in tissues
containing catecholamines. The ability of taurine and its metabolic precursors
to inhibit or stimulate catecholamine oxidation and subsequent quinone
formation was examined. Ferric chloride was used as the catalyzing agent to
stimulate L-dopa or norepinephrine oxidation and NO donors were also
examined for their actions to stimulate quinone formation. Taurine attenu-
ated iron-stimulated quinone formation from catecholamines suggesting that
it may function as an endogenous antioxidant. Several other sulfur-containing
amino acids (homocysteic acid, cysteine sulfinic acid and SAM) were found to
inhibit catecholamine oxidation. Among other amino acids tested, homo-
cysteine had biphasic effects; attenuating L-dopa oxidation catalyzed by ferric
chloride and potentiating norepinephrine’s oxidation catalyzed by both ferric
chloride and sodium nitroprusside (SNP). Homotaurine and homocysteine
(1 or 10mM) greatly stimulated SNP-induced norepinephrine oxidation.
Homotaurine potentiated quinone formation in the presence of ferric
iron and this effect was attenuated by desferroxamine. In order to exclude
a possible NO/iron interaction in SNP’s oxidizing action, SIN-1 chloride,
a specific NO-donor, was tested as an oxidizing agent. The failure of
desferroxamine or taurine to attenuate SIN-1 oxidation of norepinephrine
suggests that peroxynitrite-mediated oxidation was likely the dominant
mechanism. Our results show that endogenous sulfur containing amino acids,
like taurine, could serve a protective role to reduce cellular damage associated
with both NO and metal-stimulated catecholamine oxidation.
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Introduction

Catecholamines are abundant in many tissues and are important in mediating
neurotransmission and hormonal responses. Catecholamines also undergo
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spontaneous oxidation and metals can greatly stimulate their oxidation
(Miller et al., 1990). The oxidation of catecholamines can generate oxygen
radicals and cytotoxic quinones (Bindoli et al., 1992; Monks et al., 1992).
These oxidation products have been implicated in the pathophysiology of
Parkinson’s disease, congestive heart failure and certain types of cancer
(Graham et al., 1978; Graham 1984; Monks et al., 1992; Terland et al., 1997;
Cavalieri and Rogan, 2001). Previously, our laboratory had demonstrated that
the amino acid taurine could decrease catecholamine oxidation as indexed by
reduced quinone formation. Taurine can also reduce markers of oxidative
damage such as protein carbonyls, DNA base hydroxylation and cell death
caused by catecholamine oxidation products (Dawson et al., 2000a); Messina
and Dawson, 2000). These previous studies focused primarily on dopamine
and its precursor L-dopa and their neurotoxic potential. Free radicals and
cytotoxic quinones may play a role in hypertension, atherogenesis and heart
disease (Touyz, 2000; Terland et al., 1997). Both norepinephrine and
dopamine are present in cardiovascular tissues and their oxidation could
contribute to oxidative damage to vessel walls, the heart and renal tissue.
Therefore, one of the major aims of the present study was to further study
taurine and other sulfur containing amino acids and their ability to alter
catecholamine oxidation rates.

The biosynthetic pathway for taurine determines the fate of many impor-
tant sulfur containing amino acids and glutathione (Huxtable, 1992). Taurine
can be synthesized from methionine via the transsulfuration pathway or more
directly from cysteine. Catecholamines can be inactivated by the enzyme
catechol-O-methyltranferase (COMT) which uses the sulfur containing
amino acid, S-adenosylmethionine (SAM) as a methyl donor. Dopamine and
dopamine-derived quinones are also conjugated with sulfate and cysteine
respectively (Spencer et al., 1998). Cysteine conjugates of dopamine are very
reactive and neurotoxic (Shen and Dryhurst, 1998). Another sulfur containing
amino acid, homocysteine, has received notable attention as a risk factor
for cardiovascular disease and it induces oxidative stress (Brattstrom and
Wilcken, 2000; Nonaka et al., 2001). Thus, it is important to evaluate how
taurine as well as its metabolic precusors may influence the oxidation state of
catecholamines given their role in catecholamine metabolism.

Nitric oxide (NO) interacts with cysteine and nitrothiols likely mediate
the vasodilatory actions of NO. NO has been shown to react directly with
norepinephrine to form 6-nitronorepinephine which is postulated to have
biologic activity (Shintaini et al., 1996; Daveu et al., 1997; Palumbo et al.,
2001). Peroxynitrate, which can nitrate tyrosine residues, cannot convert
catecholamines to their 6-nitro-derivatives and only produces oxidized deriva-
tives (Daveu et al., 1997). Yoshie and Ohshima (1997) suggest that NO may
oxidize catecholamines and form quinones which redox cycle forming
superoxide radicals and promoting peroxynitite formation possibly leading to
neuronal damage in Parkinson’s disease and aging. The free radicals formed
during catecholamine oxidation (superoxide radical and hydroxyl radical)
could help accelerate the process of peroxynitrite formation from NO. Two
characterized interactions between taurine and NO are the modulation of
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taurine efflux by NO (Oja and Saransaari, 2000) and the inhibition of NO
formation and iNOS expression by the chlorinated derivative of taurine,
taurochloramine (Park et al., 1997). There has been little direct evidence for
NO or ONOO� mediating catecholamine oxidation reactions and even less
information concerning modulation by sulfur containing amino acids. There-
fore, we also evaluated the stimulation of quinone formation by known NO
donors and whether taurine and its analogs could attenuate NO’s oxidizing
actions.

Material and methods

L-Dopa oxidation stimulated by ferric chloride

The rate of catecholamine oxidation was monitored by measuring aminochrome forma-
tion spectrophotometrically (Donaldson et al., 1980; Heikkila and Cabbat, 1978).
Aminochromes (quinoidal oxidation products) were detected at 490 nm using a Beckman
DU 7,000 diode array spectrophotometer. Experiments were conducted in phosphate
buffered saline (PBS, pH � 7.4) at ambient temperature (26–28°C). The standard oxida-
tion reactions were conducted in an assay volume of 3 ml and the rate of quinone
formation was determined by measuring absorbance changes every 30 s for a total of 5
minutes. Reactions with high oxidation rates that yielded non-linear rates over that time
span were ran for two minutes to obtain linear rates. Catecholamine oxidation rates were
measured in the presence of ferric chloride (50 µM–250 µM). The effects of taurine,
taurine analogs and other amino acids (1 mM–20 mM) were assessed for their ability to
inhibit or potentiate catecholamine oxidation induced by ferric chloride. All solutions
(ferric chloride, amino acids and L-dopa) were made up fresh immediately prior to
spectrophotometric assays. Specific experimental conditions and reagent concentrations
are given in figure captions.

Norepinephrine oxidation stimulated by ferric chloride

By reacting 500 µM norepinephrine and 250 µM ferric chloride for five minutes and then
running a wavelength scan, we determined that the quinone product of norepinephrine
had a maximal absorption at 510 nm, therefore, the rate of norepinephrine oxidation
was measured spectrophotometrically using this wavelength. These experiments were
conducted similar to those for L-dopa, but the ferric chloride was only tested at a final
concentration of 250 µM. Taurine, taurine analogs and other amino acids were tested
at 1 mM and 10 mM concentrations to evaluate their ability to inhibit or potentiate
oxidation.

L-Dopa oxidation stimulated by sodium nitroprusside

These experiments were conducted as previously described but in order to understand the
exact role nitric oxide may play in catecholamine oxidation, sodium nitroprusside (SNP)
was used as the catalyzing agent at a 1 mM final concentration. By reacting 500µM L-dopa
and 1 mM sodium nitroprusside for five minutes and then running a wavelength scan,
we determined that the quinones formed had a maximal absorption at 520 nm, therefore,
the rate of catecholamine oxidation was measured spectrophotometrically using this
wavelength.
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Norepinephrine oxidation stimulated by sodium nitroprusside

After determining the optimal wavelength, the rate of norepinephrine oxidation induced
by sodium nitroprusside was measured spectrophotometrically at 520 nm. These experi-
ments were conducted as previously described above. Specific experimental conditions
and reagent concentrations are given in figure captions.

Norepinephrine oxidation stimulated by SIN-1 chloride

3-Morpholinosydnonimine (SIN-1 chloride, TOCRIS, Ballwin, Mo), a NO donor, was
tested at a final concentration of 0.1 mM obtained from a 3 mM stock solution made in
PBS. The final concentration was chosen on the basis of the percentage of NO contained
in 1 mM SNP. The SIN-1 stocks were made immediately prior to use. The oxidation rates
were measured spectophotometrically at 520 nm. To rule out any possible interference,
wavelength scans for both norepinephrine and SIN-1 were ran showing that NE and SIN-
1 had a maximal absorption spectrum at 280 nm and 290 nm respectively. These experi-
ments were conducted as described above.

Statistical analysis

Data from the oxidation study were based on separate experiments repeated at least
6 times (n � 6). The data analysis was performed on the raw data. Rate constants
(Dabsorbance/minute) were used in data analysis since they were less variable than
absolute final absorbance data. The statistical analyses were performed using GraphPad
Prism version 2.0 software (San Diego, CA). All data are expressed as mean � standard
error of the mean (SEM). In general, the data were subjected to analysis of variance
(ANOVA) followed by planned comparisons using either Bonferroni’s multiple compari-
son test for limited comparisons or the Newman-Keuls test when all groups were com-
pared. Nonparametric analyses were used when appropriate. An asterisk (*) marks
statistically significant data (p � 0.05). For graphic representation, data were sometimes
presented as percent of control.

Results

L-Dopa oxidation stimulated by ferric chloride

Ferric chloride stimulated L-dopa oxidation in a concentration-dependent
manner as previously seen (Dawson et al., 2000a). The addition of 10mM
taurine significantly (p � 0.001) reduced ferric chloride stimulated quinone
formation overall, however, this reduction was not statistically significant at
any single iron concentration tested (Fig. 1A). The temperature at which
ferric chloride was tested seemed to play an important role on taurine’s ability
to significantly inhibit oxidation. Taurine’s antioxidant effect was in fact more
evident at higher oxidation rates obtained by increasing the incubation tem-
perature up to 40°C (Fig. 1B). By testing taurine at a higher concentration
(20mM) and at ambient temperature (26°C) we did see a significant (p � 0.05)
40% decrease in the oxidation rates of L-dopa (500µM) stimulated by 250µM
ferric chloride (data not shown). Thus, both taurine concentration and rate of
oxidation are important variables that influence taurine’s ability to inhibit
quinone formation.
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To evaluate how taurine’s antioxidant activity was related to its struc-
ture and metabolic precursors, analogs and precursors were tested at am-
bient temperature using 250µM ferric chloride to stimulate oxidation rates.
Although the concentrations of sulfur amino acid precursors employed
exceeded their physiological concentrations, it allowed for structural compari-
son to effective concentrations of taurine. Cysteine (CYS) was tested at
10 mM and it produced a significant potentiation of L-dopa oxidation (Fig.
2A). As opposed to CYS, 10mM homocysteine (HCYS) significantly reduced

Fig. 1A. Effects of iron concentration on quinone formation. Ferric chloride stimulated
quinone formation in a concentration dependent manner and 10 mM taurine attenuated
oxidation. The two-way ANOVA showed that ferric iron significantly (p � 0.001) stimu-
lated L-dopa oxidation and that 10 mM TAU had an overall significant effect in attenuat-
ing oxidation (p � 0.001) however this effect was not significant at any single ferric

chloride concentration. Temperature � 26°C

Fig. 1B. Effects of temperature on quinone formation. Increasing temperature stimu-
lated (p � 0.05) quinone formation and 10 mM taurine significantly (p � 0.05) reduced

oxidation in a rate dependent manner
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ferric chloride catalyzed oxidation of L-dopa (Fig. 2A). In the presence of
homocysteic acid (10mM) ferric chloride stimulated quinone formation was
almost completely suppressed (Fig. 2A). These same amino acids were all
tested at a concentration of 1mM. The results obtained with 1mM were
similar to those obtained at 10mM, with the exception of cysteine and homo-
cysteine. Cysteine at 1mM slightly reduced oxidation, whereas homocysteine
had no effect (Fig. 2B). Cysteine sulfinic acid (CSA) was also tested at
1mM and it significantly reduced oxidation similar to homocysteic acid
(HCYSTEIC) (Fig. 2B). Thus, modification of chain length seems to play an
important role modulating quinone formation.

Fig. 2A. Effects of 10 mM cysteine and analogs on L-dopa oxidation. Cysteine (CYS,
10 mM) significantly potentiated L-dopa (500µM) oxidation stimulated by 250 µM ferric
chloride while 10 mM homocysteine (HCYST) and 10 mM homocysteic acid (Hcysteic

acid) acted as antioxidants. Temperature � 27°C

Fig. 2B. Effects of 1 mM cysteine and related analogs on L-dopa oxidation. Cysteine
(CYS), homocysteic acid (Hcyst acid) and cysteine sulfinic acid (CysSulf) significantly
(*p � 0.05) inhibited L-dopa (500 µM) oxidation induced by 250 µM ferric chloride.

Temperature � 27°C
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Methionine (10mM) significantly potentiated oxidation while both 1mM
and 10 mM S-adenosyl-methionine (SAM) significantly inhibited oxidation,
thus highlighting the importance of the S-adenosyl group in SAM’s anti-
oxidant activity (Fig. 3). Hypotaurine was also tested at 1mM and 10mM
concentrations and though it reduced oxidation at its higher concentration
this reduction was not statistically significant (data not shown).

Homotaurine (10mM) significantly potentiated the oxidation of L-dopa
(500µM) both in the absence and presence of ferric chloride (50µM, 100µM
or 250µM) (Fig. 4). In order to understand the mechanism involved in

Fig. 3. Effects of methionine and S-adenosyl-methionine on L-dopa oxidation. Methio-
nine (MET, 10 mM) (*p � 0.05) and S-adenosyl methionine (SAM, 10 mM, 1 mM) (*p �
0.05) respectively potentiated and inhibited L-dopa (500 µM) oxidation stimulated by

250 µM ferric chloride. Temperature � 28°C

Fig. 4. Homotaurine’s effects on L-dopa oxidation by ferric chloride. Homotaurine
(10 mM) significantly (*p � 0.05) potentiated oxidation of L-dopa in a concentration

dependent manner. Temperature � 26°C
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homotaurine’s oxidative effect, an iron-chelator (desferroxamine) was added
to the L-dopa, which was then reacted with the 10mM homotaurine in the
absence of any added iron. The desferroxamine had a significant effect at both
1mM and 5mM concentrations to suppress quinone formation (Fig. 5A, 5B).
The fact that it almost completely suppressed oxidation at its higher concen-
tration suggests that iron interacts with homotaurine to stimulate quinone
formation (Fig. 5B). All of the amino acids mentioned above were tested in
the absence of ferric chloride and none, with the exception of 10mM
homotaurine, potentiated catecholamine oxidation. Thus, homotaurine can
interact with the trace levels of metals in the buffer system and stimulate L-
dopa oxidation.

Fig. 5A. The effects of iron chelation by 1 mM desferroxamine on homotaurine-induced
oxidation. Desferroxamine (DESF) significantly (*p � 0.05) inhibited L-dopa (500 µM)

oxidation stimulated by 10 mM homotaurine (HTAU)

Fig. 5B. Effects of 5 mM desferroxamine effects on homotaurine-induced oxidation.
Desferroxamine (DESF, 5 mM) significantly (*p � 0.05) inhibited L-dopa (500 µM) oxi-
dation stimulated by 10 mM homotaurine (HTAU). Ferric chloride was not added in these
experiments and the purpose of desferroxamine was to chelate trace levels of iron present

in the buffer solutions. Temperature � 25.5°C for both experiments
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L-Dopa oxidation stimulated by sodium nitroprusside

SNP was a less potent oxidizing agent than ferric chloride. The oxidation rate
of the control group (phosphate buffer pH � 7.4 � 500 µM L-dopa � 1mM
SNP) did not exceed 0.001Dabs/min and at this low rate the only amino acid
tested that had a significant (p � 0.05) effect to reduce oxidation by 20% was
10 mM hypotaurine (data not shown).

Norepinephrine oxidation stimulated by ferric chloride

The results obtained for norepinephrine were similar to what was seen
for L-dopa. Taurine (10mM) did not significantly reduce norepinephrine
oxidation while 10mM hypotaurine and 10mM SAM had a significant antio-
xidant effect (Fig. 6). Cysteine (10mM), homocysteine (10 mM) and methio-
nine (10mM) significantly potentiated oxidation (Fig. 6). These same amino
acids were tested at 1 mM and had no significant effect on iron stimulated
norepinephrine oxidation (data not shown). Homotaurine did not signifi-
cantly potentiate norepinephrine’s oxidation in the absence of ferric chloride
but it did have a significant effect when 250µM ferric chloride was added to
either 20mM or 10mM HTAU (Table 1). As seen for the L-dopa, ferric
chloride stimulated norepinephrine’s oxidation in a concentration dependent
manner and homotaurine (20 mM) significantly potentiatiated oxidation
(Fig. 7).

Fig. 6. Effects of sulfur containing amino acids (10 mM) on norepinephrine oxidation.
Cysteine (CYS), homocysteine (HCYST) and methionine (MET) significantly (*p �
0.05) potentiated norepinephrine (500 µM) oxidation induced by 250 µM ferric chloride.
SAM (10 mM) and hypotaurine (HYPOTAU) significantly (*p � 0.05) inhibited
aminochrome formation. Standard errors were less than 2% for all groups. Temperature

� 26°C
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Norepinephrine oxidation stimulated by sodium nitroprusside and
SIN-1 chloride

Both taurine (10mM) and SAM (10mM) acted as antioxidants by inhibiting
the oxidation of norepinephrine (Table 2). Cysteine, homocysteine and
homotaurine at both 1mM and 10mM concentrations all potentiated quinone
formation induced by sodium nitroprusside (Table 2). Methionine at 10mM
also increased the oxidation of norepinephrine in the presence of SNP.

Fig. 7. Homotaurine’s effects on norepinephrine’s oxidation. Homotaurine (20 mM)
significantly (*p � 0.05) potentiated oxidation in a concentration dependent manner.
Increasing iron concentration had a significant (p � 0.05) effect to potentiate quinone

formation. Temperature � 26°C

Table 1. Homotaurine’s (HTAU) effects on norepinephrine
oxidation

Groups Percent of control

Norepinephrine � FeCl3 100 � 2
HTAU (20 mM) � No added FeCl3 64 � 1�

HTAU (20 mM) � FeCl3 726 � 5*
HTAU (10 mM) � FeCl3 569 � 22*
HTAU (1 mM) � FeCl3 132 � 2

Data are expressed as mean � SEM (n � 6 per group).
HTAU (homotaurine) significantly (*p � 0.01) potentiated
quinone formation from norepinephrine (500 µM) in the
presence of ferric chloride (250 µM). Control rates (Nore-
pinephrine � FeCl3) represent quinone formation stimulated
by 250 µM FeCl3 in the absence of HTAU. �Note that normal
norepinephrine oxidation rates in the absence of added iron
are negligible, so HTAU did stimulate norepinephrine oxida-
tion significantly (p � 0.05) above that of spontaneous (no
added iron) rates.
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In order to understand iron’s role in sodium nitroprusside’s mechanism of
action, desferroxamine was added to the norepinephrine, which was then
reacted with the SNP. Since 5mM desferroxamine almost completely sup-
pressed the aminochrome formation rate, a NO/iron interaction was likely
(Fig. 8A, 8B). To confirm this interaction, a NO donor not containing iron, 3-
morpholinosydnonimine, (SIN-1 chloride) was tested at 0.1mM. This concen-
tration was chosen on the basis of the percentage of NO contained in 1mM
SNP. Norepinephrine’s oxidation was significantly (p � 0.05) potentiated by
0.1 mM SIN-1 (~70% increase) and the addition of 1mM desferroxamine had
no significant effect (data not shown). SIN-1 was tested at a higher concentra-
tion and 1mM SIN-1 also significantly potentiated norepinephrine oxidation
and this effect was also not attenuated by the addition of 1mM desferrox-
amine (Fig. 9). These results clearly suggest that there is a NO/iron interaction
responsible for sodium nitroprusside’s ability to oxidize catecholamines.

Taurine’s ability to block nitric oxide’s catalyzing action on catecholamine
oxidation was also tested. The addition of 1mM (data not shown) or 10mM
taurine to 500 µM norepinephrine reacted with 1mM SIN-1 had no significant
effect (Fig. 9). Thus, the failure of both taurine and desferroxamine to attenu-
ate the catalyzing action of SIN-1 suggests that peroxynitrite (ONOO�) –
mediated oxidation was likely the dominant mechanism.

Discussion

The results of these studies suggest several potential interactions between
sulfur containing amino acids and commonly used drugs with oxidative poten-
tial, namely L-dopa and sodium nitroprusside (SNP). L-Dopa has been re-

Table 2. Sulfur containing amino acids and their effects on
norepinephrine oxidation induced by 1 mM SNP

Amino acids Percent of control � SEM

Control 100 � 2
Tau � 10 mM 36 � 4*

HTAU � 10 mM 1,744 � 35*
HTAU � 1 mM 204 � 8*

CYS � 10 mM 457 � 8*
CYS � 1 mM 428 � 6*

HCYS � 10 mM 698 � 9*
HCYS � 1 mM 213 � 4*

MET � 10 mM 204 � 36*
SAM � 10 mM 0*

The control rate represents quinone formation from nore-
pinephrine (500 µM) stimulated by 1 mM sodium nitroprus-
side (SNP) in the absence of any amino acid analog. Taurine,
MET and SAM at 1 mM had no statistically significant effects
on quinone formation (data not shown). (*p � 0.01 versus
control rates).



Fig. 8A. Desferroxamine (DESF) (1 mM) effects on norepinephrine oxidation by sodium
nitroprusside. Desferroxamine (1 mM) significantly (*p � 0.05) reduced norepinephrine

(500 µM) oxidation stimulated by 1 mM sodium nitroprusside

Fig. 9. Norepinephrine oxidation by SIN-1. SIN-1 (1 mM) significantly (*p � 0.05)
potentiated norepinephrine (500 µM) oxidation. The addition of 1 mM desferroxamine or

10 mM taurine had no significant effect on SIN-1-induced quinone formation

Fig. 8B. Desferroxamine (5 mM) induced reduction of norepinephrine oxidation.
Desferroxamine (5 mM) significantly (*p � 0.05) reduced norepinephrine (500 µM)

oxidation stimulated by 1 mM sodium nitroprusside
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ported to be neurotoxic (Basma et al., 1995; Pardo et al., 1995; Melamed et al.,
1998; Jenner and Mitchell, 1998), but little is known about the various poten-
tial interactions between catecholamines and sulfur containing amino acids. It
has been shown that chronic systemic L-dopa administration to rodents de-
pletes both SAM and taurine pools (Daly et al., 1997; Diederich et al., 1997;
Tyce and Owen, 1973) suggesting that these amino acids might be involved in
scavenging reactive quinones derived from L-dopa in vivo. Our data estab-
lishes that both SAM and taurine reduces detectable quinones, but could be
explained by an increase in quinone sulfur amino acid conjugates. This could
potentially result in increased L-dopa available to undergo metal-stimulated
oxidation reactions and less taurine and SAM available for scavenging these
reactive quinones. Likewise, SNP or NO, in the presence of ferric iron, would
be predicted to stimulate norepinephrine oxidation in the presence of homo-
cysteine. The elevation of homocysteine in the plasma as a risk factor in
cardiovascular disease could in part be due to the facilitation of vascular
damage by catecholamine oxidation products. Diversion of available methio-
nine and cysteine for homocysteine production could also lead to lower levels
of taurine and glutathione for their respective cytoprotective functions.

Taurine may function as an endogenous antioxidant due to its high
intracellular concentration in many tissues (5–60mM) by protecting against
oxidative damage caused by reactive quinones and oxygen radicals produced
by catecholamine oxidation. Among taurine precursors, hypotaurine (sulfinic
acid group) had some activity in inhibiting quinone formation but SAM,
homocysteic acid and CSA were much better scavengers. The fact that
hypotaurine has been shown to be a much better direct acting antioxidant
than taurine (Aruoma et al., 1988; Mehta and Dawson, 2000) emphasizes the
importance of the amino functional group in quinone scavenging reactions.
The potential endogenous efficacy of these sulfur amino acids has to be put in
the context that the in vivo levels of these taurine precusors are usually
maintained at submillimolar levels.

Homocysteine and particularly homocysteic acid also attenuated iron-
stimulated L-dopa oxidation while cysteine and methionine both potentiated
it. Shen et al. (1998) demonstrated that ferric iron catalyzes the auto-oxidation
of the neurotrasmitter dopamine in the presence of L-cysteine. Cysteine
reacts with ferric iron generating the hydroxyl and cysteinyl radicals that
respectively oxidize DA and form cysteinyl conjugates of DA. Cysteine can
also undergo autoxidation in the presence of metals such as copper, generat-
ing hydrogen peroxide and cytotoxicity (Nath and Salahdeen, 1993). As sug-
gested by Huxtable (1992), the synthesis of taurine may have a general
cytoprotective effect by converting reactive cysteine and methionine to the
antioxidants (SAM, CSA, homocysteic acid, hypotaurine) and subsequently
to taurine.

As previously reported by our laboratory (Dawson et al., 2000a)
the extention of the carbon chain by one carbon (homotaurine) resulted
in prominent potentiation of quinone formation both in the presence and
absence of added ferric chloride. In this study we focused on understanding
homotaurine’s catalytic action. To rule out possible interactions between
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homotaurine and iron, an iron chelator (desferroxamine) was tested for its
ability to block the actions of homotaurine. Heikkila et al. (1981) demon-
strated that this iron-chelating agent inhibited both baseline as well as iron-
stimulated oxidation of dopamine and norepinephrine. The addition of 5mM
desferroxamine almost completely suppressed norepinephrine oxidation sug-
gesting that there is an interaction between homotaurine and iron in stimulat-
ing oxidation. A previous study reported little metal chelating potential for
taurine (Wright et al., 1986), although a more recent study suggests taurine
can bind copper(II)-dipeptide complexes at physiological pHs via its amino
group (O’Brien et al., 1999). Our results suggest homotaurine may bind iron
in a catalytically active state, whereas hypotaurine and taurine may bind iron
and render it less catalytically active.

The interactions between catecholamines and nitric oxide were also exam-
ined. The NO donor, sodium nitroprusside (SNP), was used as the catalyzing
agent. Since SNP had a weak effect on L-dopa we concentrated on nitric
oxide’s effects on norepinephrine oxidation. There is little reported data on
how NO chemically interacts with L-dopa, although Daveu et al. (1997) have
reported the reactivities of dopamine, norepinephrine and epinephrine, with
nitric oxide and peroxynitrite. The aromatic ring of both dopamine and nor-
epinephrine is nitrated at position 6C when these two catecholamines are
reacted with NO in an oxygen containing buffer (pH 7.4). This specific nitra-
tion is due to the transient formation of N2O3 during the auto-oxidation of
NO. It appears that peroxynitrite can oxidize catechols to o-quinones (Kerry
and Rice-Evans, 1998; Daveu et al., 1997). The reaction of catecholamines
with peroxynitrite results in the formation of oxidized derivatives but not 6-
nitroderivatives. Our results would support this reaction mechanism and the
generation of potentially cytotoxic quinones and free radicals. By directly
measuring the rate of aminochrome formation spectrophotometrically, we
determined that norepinephrine was oxidized in the presence of SNP, how-
ever, we could not rule out a possible NO/iron interaction since SNP releases
both NO and iron. For this reason we tested 3-morpholinosydnonimine (SIN-
1 chloride) which is exclusively a NO-donor, but easily forms peroxynitrite in
the presence of superoxide radical. Our data shows that SIN-1 does potentiate
norepinephrine’s oxidation and the addition of either desferroxamine or tau-
rine has no significant effect. In contrast, taurine could attenuate SNP’s oxida-
tion of norepinephrine but not the effects of SIN-1. This would suggest that
taurine was more effective in disrupting metal-dependent catecholamine oxi-
dation reactions.

Both homotaurine and homocysteine greatly potentiated norepinephrine
oxidation. Previously we had found that 10mM homotaurine could double
peroxynitrate formation from SIN-1 (Mehta and Dawson, 2000). The failure
of taurine and desferroxamine to attenuate SIN-1 action suggests that
peroxynitrite-mediated oxidation was likely the dominant mechanism (Duveu
et al., 1997). This can also be supported by our recent finding that it requires
taurine concentrations above 50mM to inhibit peroxynitrite formation de-
rived from 0.1mM SIN-1 (Mehta and Dawson, 2000). In fact, taurine slightly
promoted peroxynitrate formation from SNP, so a quinone scavenging
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mechanism for taurine would appear more likely than a reduction in per-
oxynitrate generation. It has not been determined whether taurine might
scavenge catecholamine derived quinones in vivo and reduce super oxide
availability for interaction with NO to cause peroxynitrite formation. Taurine
has been shown to reduce oxidative stress in cultured vascular smooth muscle
and block the decrease in gene expression and secretion of extracellular
superoxide dismutase induced by exposure to homocyteine (Nonaka et al.,
2001). Taurine is known to decrease NO formation and iNOS mRNA levels in
cultured cells (Park et al., 1997). Likewise, nitrocatecholamines have recently
been shown to inhibit all isoforms of NOS (Palumbo et al., 2001). Taurine is
also the major endogenous scavenger of hypochlorous acid (HOCl) and re-
cent studies have reported that HOCl reacts with nitrite to form nitrating
reactive oxygen species (Marcinkiewicz et al., 2000; Lakshmi et al., 2000).
Taurine by scavenging HOCl would be predicted to inhibit these types of
nitrating reactions in vivo. Thus, it is possible in vivo that taurine could
potentially reduce peroxynitrite formation via several different indirect
mechanisms outlined above.

Although taurine and its analogs had similar effects on L-dopa and nor-
epinephrine oxidation stimulated by either ferric chloride or SNP, it is impor-
tant to note that homocysteine had biphasic effects. Interestingly, 10mM
homocysteine attenuated L-dopa oxidation catalyzed by ferric chloride while
it potentiated norepinephrine’s oxidation induced by ferric chloride or SNP.
Rigobello et al. (2001) showed that adrenaline (epinephrine) could be oxi-
dized by S-nitrosoglutathione in the presence of copper. In this case ferrous
iron was ineffective, so further studies with copper or other metals may be
important to predict potential relevant in vivo tissue-specific types of NO-
mediated catecholamine oxidation reactions. NO in the presence of ferric iron
and homocysteine could potentially stimulate norepinephrine oxidation in
cardiovascular tissues and cause vascular damage. This is a very important
finding with regard to cardiovascular disease and should be further investi-
gated. This is the first study to examine homocysteine in the context of
facilitating oxidative damage by metal-stimulated or NO-induced catechol-
amine oxidation. Homocysteine has been shown to potentiate copper-
mediated neurotoxicity but did not reduce Fe(III) to Fe(II) (White et al.,
2001). Only very high levels (10mM) of homocysteine promoted iron-
stimulated catecholamine oxidation, but 1mM could double SNP-mediated
norepinephrine oxidation. More studies examining the role of copper- and
NO-homocysteine interactions would be insightful.

The associated depletion in taurine and SAM caused by L-dopa treat-
ment (Daly et al., 1997; Diederich et al., 1997; Tyce and Owen, 1973) could
render tissues more susceptible to oxidative injury since our data now
implicates both taurine and SAM in scavenging these reactive quinones.
Furthermore, homocysteine’s role as a risk factor in cardiovascular disease
should be examined in more detail as it relates to circulating catecholamines
and metal catalyzed oxidative injury to vascular tissues. Our results show that
both iron and NO interact with homocysteine to potentiate norepinephrine
oxidation. During ischemia, infection or other conditions where more free
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iron or NO is released, catecholamines such as dopamine or norepinephrine
may be oxidized in sufficient amounts to damage vessel walls. Finally,
homotaurine’s pro-oxidant effect should be further studied with regard to the
use of acamprosate (n-acetylhomotaurine) as a novel treatment for alcohol-
ism. Wu et al. (2001) have shown acamprosate to be neurotoxic to cultured
neurons and that it antagonizes the effects of endogenous taurine. Likewise,
we have shown high concentrations of homotaurine to be toxic to renal cells
(Dawson et al., 2000a). It is unclear how acamprosate interacts with metals
or whether it can facilitate catecholamine oxidation in vivo since acetylation
of the amino group may prevent metal binding activity. None-the-less,
homotaurine has been reported to be an impurity in acamprosate (Fabre et
al., 1999).

In summary, taurine at concentrations normally present intracellularly
appears to reduce iron and SNP-induced quinone formation. Taurine has
been shown to have cardioprotective and renoprotective effects in hyperten-
sion (Dawson et al., 2000b), but the exact mechanisms involved have never
been fully explained. One additional mechanism can now be speculated to
be a reduction in oxidative damage in cardiovascular tissues caused by
catecholamine oxidation products.
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