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The endogenous dopamine-derived neurotoxin sal-
olinol was found to decrease survival in the dopami-
ergic neuronal cell line RCSN-3, derived from adult
at substantia nigra in a concentration-dependent
anner (208 mM salsolinol induced a 50% survival de-

rease). Incubation of RCSN-3 cells with 100 mM dicou-
arol and salsolinol significantly decreased cell

urvival by 2.5-fold (P < 0.001), contrasting with a
egligible effect on RCHT cells, which exhibited
early a 5-fold lower nomifensine-insensitive dopa-
ine uptake. The levels of catalase and glutathione

eroxidase mRNA were decreased when RCSN-3 cells
ere treated with 100 mM salsolinol alone or in the
resence of 100 mM dicoumarol. In vitro oxidation of
alsolinol to o-quinone catalyzed by lactoperoxidase
ave the quinone methide and 1,2-dihydro-1-methyl-
,7-isoquinoline diol as final products of salsolinol ox-
dation as determined by NMR analysis. Evidence of
he formation of salsolinol o-semiquinone radical has
een provided by ESR studies during one-electron ox-
dation of salsolinol catalyzed by lactoperoxidase.
2001 Academic Press

Key Words: salsolinol; quinone methide; dopamine;
AT; DT-diaphorase; lactoperoxidase; dicoumarol;
atalase; glutathione peroxidase; substantia nigra.

Dopamine-derived isoquinolines, i.e., salsolinol (SAL,
-methyl-6,7-dihydroxy-1,2,3,4-tetrahydroisoquinoline)
nd its methylated derivative(s), have been suggested to
ct as endogenous dopaminergic neurotoxins, inducing

1 To whom correspondence should be addressed at Program of
olecular and Clinical Pharmacology, ICBM, University of Chile,

ndependencia 1027, Casilla 70000, Santiago 7, Chile. Fax: 56 2 737
783. E-mail: jsegura@machi.med.uchile.cl.
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lmost identical to idiopathic Parkinson’s disease in
umans (1). However, only N-methyl-(R)-salsolinol has
een reported to induce behavioral changes similar to
hose observed in Parkinson’s disease (2). (R)-1,2(N)-
imethyl-6,7-dihydroxy-1,2,3,4-tetrahydroisoquinoline
nd its oxidation product 1,2(N)-dimethyl-6,7-dihydroxy-
soquinolinium ion accumulate in the nigrostriatal sys-
em in the human brain (3). It has been hypothesized (1)
hat metabolic bioactivation (nonenzymatic oxidation or
atalyzed by semicarbazide-sensitive oxidase) of SAL
nd/or its methylated derivatives to isoquinolinium ions,
nd their intracellular accumulation (3) through selective
ptake by the dopamine transporter system, are the key
echanisms underlying the neurotoxicity of isoquino-

ines. This specific oxidative pathway can induce inhibi-
ion of the mitochondrial respiratory chain, thereby trig-
ering ATP depletion and an energy crisis (4).
The interactions of SAL with oxidative enzymes (ty-

osinase, ceruloplasmin and peroxidase) have also
een reported (5). The well-established oxidative deg-
adation of SAL resulted in the formation of an unsta-
le electrophilic o-quinone and its tautomeric product
5). Recently, the formation of SAL-melanin, its spec-
roscopic characteristics and redox transfer properties
ere demonstrated as the final products of salsolinol
xidative degradation (6). The possibility of an inter-
ention of peroxidative enzymes in the melaniza-
ion process involving isoquinoline occurring in neural
ells under pathological conditions is, thus, quite plau-
ible (6).
The question to be addressed is whether SAL acts as
toxic molecular product by itself, or if it is oxidatively
etabolized in situ to highly reactive species. Thus, the

ossible role of oxidative metabolism in salsolinol neu-
otoxicity has been investigated in the present work
0006-291X/01 $35.00
Copyright © 2001 by Academic Press
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ubstantia nigra (RCSN-3) (7, 8). The role of dicou-
arol (DIC), a specific inhibitor of DT-diaphorase has

lso been investigated (9). The regulation of antioxi-
ant enzymes during the treatment of RCSN-3 cells
ith SAL in the absence or presence of dicoumarol was

tudied by using RT-PCR. The oxidative pathways of
alsolinol were studied in vitro by using lactoperoxi-
ase (LPO) and NMR and ESR analysis for the identi-
cation of the SAL oxidation products.

XPERIMENTAL PROCEDURES

Chemicals. All chemicals and lactoperoxidase (LPO) [EC
.11.1.7) were purchased from the Sigma Chemical Co. (St. Louis,
O) with the exception of H2O2, which was purchased from AnalaR
DH (Darmstadt, Germany).

Incubations conditions. The concentrations of LPO were mea-
ured spectrophotometrically using appropriate molecular extinction
oefficient (10).

Cell culture. The RCSN-3 cell line was derived from the substan-
ia nigra (7, 8). The RCSN-3 cell line grows on monolayers, with a
oubling time of 52 h, a plating efficiency of 21% and a saturation
ensity of 410,000 cells/cm2. The cultures were kept in an incubator
t 37°C with 100% humidity and an atmosphere of 10% CO2. The
ells were grown in a medium composed of: DME/HAM-F12 (1:1),
0% bovine serum, 2.5% fetal bovine serum, 40 mg/L gentamicin
ulphate. The RCHT cell line was derived from the whole hypothal-
mus of an adult rat donor. Briefly, primary cultures of rat hypo-
halamus were treated with media conditioned by the UCHT1 rat
hyroid cell line, a process that reportedly induces transformation in
itro (7, 8). RCHT cells grow in monolayers with culture medium
onditioned with 10% bovine serum and 2.5% (proliferating medium)
etal calf serum, present a fibroblastoid morphology and under dif-
erentiation conditions, exhibit substantial process emission. Immu-
ohistochemical studies on RCHT cells demonstrated the presence of
euronal markers MAP-2, synaptophysin, b-tubulin isotype III and
SE (neuron specific enolase). Glial markers were not evident. Do-
aminergic markers such as tyrosine hydroxylase, DOPA decarbox-
lase and dopamine receptors were also evaluated, evidencing more
ntense expression when cultured under differentiation conditions.
or experiments with SAL, the cells were incubated in the absence of
ovine serum and phenol red for 120 min. Cell survival was mea-
ured by marking five 1 3 1 mm squares under the petri dish before
eeding the cells. The cells were counted under contrast microscopy
n the marked areas before and after the treatments. After the
reatments, trypan blue was added to the plate before the second
ount. The incorporation of trypan blue into the cells and detachment
f the cells from the plate were considered indicative of toxicity. The
umber of viable cells was then compared to the total counts prior to
he incubation periods with the corresponding treatment.

RT-PCR. The expression of CuZn-superoxide dismutase, cata-
ase, and glutathione peroxidase in the RCSN-3 cell line was studied
y using the RT-PCR technique. The cells were incubated with 100
M SAL; or 100 mM SAL and 100 mM DIC during 10 min before the
xtraction of total RNA. Total RNA was isolated by using the RNeasy
idi kit (QIAGEN). Five micrograms of the total RNA was used for

he synthesis of a single strand DNA with the reverse transcriptase
RT) reaction. The RT reaction was performed using a Thermoscript
T-PCR system (Life Technologies) with oligo(dT)20 as primers. The

otal RNA (1.5 mg) was incubated at 65°C for 5 min in DEPC-treated
ater before the addition of 4 ml 53 RT-buffer, 3 mM DDT, 40 U
naseOUT, 1 ml DEPC water, 0.6 mM dNTP mix, and 15 U Thermo-
cript reverse transcriptase. The mixture was incubated at 25°C for
0 min, 50°C for 50 min and 85°C for 5 min before adding 2 U of
1070
he amplification of ssDNA of antioxidant enzymes was performed
y the PCR reaction using the following primers 59-CTCAGG-
GAGCATTCCATCATTG-39 (upstream) and 59-ATCACACCACAA-
CCAAGCG-39 (downstream) designed from the cDNA sequence
f rat CuZn-superoxide dismutase (11); 59-CGCCTTTTTGCTT-
CCCAGAC-39 (upstream) and 59-AGAATGTCCGCACCTGAGT-
AC-39 (downstream) designed from rat catalase (12); 59-ACA-
TCCACCGTGTATGCCTTC-39 (upstream) and 59-TCTTGCCATT-
TCCTGATGTCC-39 designed from rat glutathione peroxidase (13);
9-TTTGTGATGGGTGTGAACCACGAG-39 (upstream) and 59-CAA-
GGATACATTGGGGGTAGGAAC-39 (downstream-1) and 59-CCA-
CATCAAAGGTGGAAGAATGG-39 (downstream-2) designed from
lyceraldehyde-3-phosphate dehydrogenase (GAPDH) (14). The PCR
eaction was performed in three steps: (i) 95°C for 5 min; (ii) 11 cycles
t 95°C for 40 s, 65°C (decreasing the temperature one degree per
ycle until 55°C) for 40 s and 72°C for 40 s; (iii) 28 cycles at 95°C for
5 s, 65°C for 40 s, 72°C for 50 s; (iv) one cycle at 72°C for 10 min. The
CR incubation contained 3 ml of RT incubation, 0.4 mM dNTP each,
mM MgCl2, 2.5 mM primer, 5 ml 103 PCR-buffer (GibcoBRL), 29 ml
2O and 2 U Taq polymerase (GibcoBRL). The portion of CuZn-SOD

mplified by PCR spanned the region between bases 375-395 and
01-482, which resulted in a fragment of 129 bp (11); for catalase this
as between bases 1143-1163 and 1422-1401, which resulted in a

ragment of 280 bp (12); for glutathione peroxidase it was between
ases 381-402 and 610-589, resulting in a fragment of 230 bp (13)
nd for GAPDH it was between bases 408-431 and 744-720, resulting
n a fragment of 336 bp used as a housekeeping gene (14). PCR was
erformed at different numbers of cycles to estimate the differences
n the level of expression of antioxidant enzyme mRNA between
ontrol and SAL- and SAL 1 DIC-treated RCSN-3 cells. The PCR
roducts were electrophoresed on 2% agarose gels, stained with
thidium bromide and photographed. The photographs were scanned
nd analyzed in a computer by using a Scion Image software (Scion
orp., Gaithersburg, MD), in order to estimate the differences in the
xpression of glutathione peroxidase mRNA. The number of pixels
stimated by the software was plotted against the number of cycles.
APDH was used as control protein to demonstrate that the salso-

inol effect on catalase and glutathione peroxidase mRNA expression
as specific.

ESR studies. ESR measurements were carried out on a Bruker-
SP 300 spectrometer operating at the X-band (9.29 Ghz) and em-
loying 100 kHz field modulation, with an ER 4116DM cavity in the
erpendicular mode. Acquisition parameters were as follows: Micro-
ave power 28 dB, scan time 40 s, time constant 20 ms, modulation
mplitude 0.4 G and field range 50 G. The ESR spin-stabilization
ethod (15), using Zn21 to detect semiquinone radical formation in

he peroxidative oxidation of catechol structures under air, was
pplied. All experiments were carried out at room temperature in
cetate buffer (0.1 M, pH 6.0). The simulations were performed with
he Simphonia Bruker program.

Theoretical calculations. Full geometry optimizations of SAL in
pin-paired and free radical forms were carried out by AM1 methods.
NDO calculations were done employing the open shell UHF option.

NMR spectroscopy. 1H NMR spectra were obtained using a
ruker 500 spectrometer with standard probe and pulse sequence
nd an observation frequency of 499.65 MHz. Proton spectra were
easured over a frequency range of 8000 Hz collecting 2000 tran-

ients with 65536 data points. The total time for data accumulation
as 4 h. Spectra were processed with a broadening factor of 0.05 Hz

ero filling once. Oxidation of SAL was performed in the NMR tube.
alsolinol was treated with a 5-fold excess of hydrogen peroxide in
.1 M sodium dihydrogen phosphate buffer (pH 7.0) prepared with
euterium oxide, 20 mg LPO and incubated at room temperature for
h before starting the measurement. The final salsolinol concentra-

ion was 200 mM.
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3H]dopamine into RCSN and RCHT cells was measured according to
rriagada et al. (20). [3H]Dopamine (1 mCi) was added to each dish
nd the uptake was assessed after an incubation period of 1 min at
7°C in KREBS medium. The final concentration of dopamine was
00 mM. At the end of the uptake period, extracellular medium was
emoved and the cells were rapidly washed 5 times with 2 ml ice-cold
REBS medium to remove residual 3H-tracers. Cell membranes
ere disrupted with 1 ml of 1% Triton X-100 and after 3 min incu-
ation 900 ml of the cell/Triton X-100 extract was removed and
nalyzed for 3H-tracer content by liquid scintillation counting. The
esults are expressed in nmole/mg protein/1 min.

Data analysis. All data were expressed as mean 6 SD values.
he statistical significance was calculated using unpaired Student’s
test towards the control.

ESULTS

he Effect of SAL on RCSN and RCHT Cell Survival

We tested the toxicity of SAL toward RCSN-3 cul-
ured dopaminergic neurons of rat substantia nigra. A
oncentration-dependent decrease in the survival of
CSN-3 cells was observed when treated with different

oncentrations of SAL (25 to 200 mM) (Fig. 1A). The
oncentration that decreased survival by 50% was
ound to be 208 mM salsolinol. In order to investigate
hether this decrease was dependent on SAL oxidation

o o-quinone and quinone metabolism we incubated the
ells with 100 mM SAL in the presence of 100 mM
icoumarol. The decrease of survival rose significantly
rom 23% (P , 0.001) when the cells were incubated
ith 100 mM SAL, to 57% (P , 0.001) in the presence

f 100 mM SAL and 100 mM dicoumarol (Fig. 1B).
ncubation of RCSN-3 cells with 100 mM SAL and
ifferent concentrations of dicoumarol (25–100 mM)
howed a dicoumarol-dependent survival decrease
Fig. 1C). Incubation of RCSN-3 cells with 100 mM
icoumarol alone decreased the survival by 9% (Fig.
B). In order to determine whether dicoumarol-
ependent decrease in survival of RCSN-3 cells treated
ith SAL was restricted to RCSN-3, we used non-

ubstantia nigra cells as control. SAL or dicoumarol
lone does not induce significant decrease of cell sur-
ival (3 and 5%, respectively). RCHT cells exhibited a
light decrease of survival of (9%) when cultured in the
resence of SAL and dicoumarol (Fig. 1B). Interest-
ngly, RCHT cells do not have an efficient and signifi-
ant uptake of 3H-dopamine as RCSN cells (P ,
.001) and in addition, the presence of 2 mM external
omifensine had no effect on tracer uptake (Table I).

egulation of the Expression of Antioxidant
Enzyme mRNA by SAL

The treatment of RCSN-3 cells with 100 mM SAL
nduced changes in the regulation of mRNA expression
f the antioxidant enzymes catalase, CuZn-SOD and
lutathione peroxidase (Fig. 2). The pattern of regula-
ion seems to be different for these enzymes since the
1071
xpression of CuZn-SOD mRNA was nearly unchanged
not shown), while catalase and glutathione peroxidase

RNA was significantly decreased (Fig. 2A, estimated
s 76% (P , 0.01); and Fig. 2C, as 45% (P , 0.001);
espectively). The treatment of RCSN-3 cells with 100

FIG. 1. The effect of SAL on RCSN-3 cell viability. (A) The cells
ere incubated with 0, 25, 100, and 200 mM salsolinol as described
nder Experimental Procedures. (B) The RCSN-3 and RCHT cells
ere incubated with 0 (control) or 100 mM salsolinol (SAL), 100 mM

alsolinol and 50 mM dicoumarol, or 100 mM dicoumarol (DIC). The
tatistical significance of SAL (P , 0.001) and SAL-DIC (P ,
.001) was assessed by using Student’s t test toward control. (C) The
ells were incubated with 100 mM salsolinol in the presence of 0, 25,
0, 75, or 100 mM dicoumarol. The values are the means 6 SD (n 5 3).
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M SAL and 100 mM dicoumarol also decreased the
RNA expression of catalase and glutathione peroxi-

ase, which was estimated as 45% (P , 0.001) and
5% (P ,0.001) of controls (Figs. 2A and 2B, re-
pectively). The expression of GAPDH mRNA re-
ained unchanged during the treatments detailed

bove (Fig. 1E).

[3H]Dopamine Uptake into RCSN-3 and RCHT Cells

RCSN-3 cells RCHT cells

Uptake (pmole/mg/min)

3H]Dopamine 2.3 6 0.5 0.009 6 0.004
3H]Dopamine 1 nomifensine 0.5 6 0.3*** 0.013 6 0.013

Note. The uptake was measured as described under Materials and
ethods. The statistic significance was measured by using Student’s
test (P*** , 0.001).

FIG. 2. Estimation of down-regulation of catalase (A, B) and gluta
n the presence or absence of dicoumarol by using RT-PCR. Total RN
f 100 mM salsolinol (SAL) or 100 mM salsolinol and 100 mM dicouma
eactions at different cycle numbers were performed using primers sp
f differences in the expression of catalase was performed by scanning
f differences in the expression of glutathione peroxidase was perform
RNA 336 bp (E) with RT-PCR using two different reverse primers w
tudent’s unpaired t test.
1072
Peroxidative Oxidation of SAL in Vitro by LPO

Incubations of SAL with LPO and H2O2 in the pres-
nce of Zn21 ions resulted in the formation of a Zn21-
tabilized o-semiquinone radical (Fig. 3). This radical,
etected for the first time during SAL oxidation, is the
-semiquinone, similar to other catechol structures
15). The g value 2.0046 was consistent with an anionic
-semiquinone (26), and intense hyperfine lines, show-
ng hyperfine splitting attributable to nonequivalent
rotons, were also recorded (Fig. 3). Conclusive evi-
ence for the production of radicals from cyclized do-
amine derivative products such as SAL(s) has hith-
rto been lacking. The interpretation of the ESR
pectrum by means of a simulation process led to the
etermination of coupling constants for all magnetic
uclei (Fig. 3B). The ESR spectrum of SAL was ana-

yzed in terms of 4 doublets due to nonequivalent hy-

one peroxidase (C, D) mRNA in RCSN-3 cells treated with salsolinol
extracted from RCSN-1 cells, incubated in the presence or absence
(SAL 1 DIC), was used for reverse transcriptase reactions. The PCR
c for catalase (A) and glutathione peroxidase (C). (B) The estimation

e gel shown in A. Values are means 6 SD (n 5 3). (D) The estimation
by scanning the gel shown in C (n 5 3). The amplification of GAPDH
used as control. The statistical significance was determined by using
thi
A
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rogen nuclei, whose constants are a1(H) 5 7.82 G,
2(H) 5 5.41 G, a3(H) 5 4.25 G, and a4(H) 5 0.32 G. In
rder to rationalize the experimental hyperfine con-

FIG. 3. ESR spectrum of Zn21-complexed o-semiquinone genera
emiquinone is presented at the top of the figure. (A) 1 min after sta
ontaining 10 mM SAL, 0.86 mM H2O2 and 250 mM Zn21 (0.1 M acet
tarting the reaction. Spectrometer conditions as described under E
1073
tant, INDO calculation were done. We fully optimized
he geometry for the electron-paired and anion radical
olecules at AM1 level. The theoretical results are in

during LPO-catalyzed oxidation of SAL. The structure of SAL-o-
ng the reaction by addition of 1 mM LPO to the incubation mixture
buffer, pH 6.0). (B) Computer simulated spectrum. (C) 15 min after
rimental Procedures.
ted
rti
ate
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ssignments corresponding to a1(H) to H-8, a2(H) to
-5 a3(H) to H-1 and finally a4(H) could be one of the
4 hydrogen. About 30% of the initial intensity of the

ignal were still present 15 min after the start of the
eaction (Fig. 3C), without any transformation and/or
uperimposition by newly formed radicals. Notably, as
reviously shown (15), the reverse disproportionation
conproportionation) decay of o-semiquinones leading
o o-quinone formation became significant in the pres-
nce of complexing metal ions. This, then, is the first
onclusive demonstration of (semiquinone) free radical
roduction during the oxidation of SAL.
The NMR spectrum of the reaction mixture from the

xidation of SAL (4 h) with LPO showed three compo-
ents, namely: unreacted SAL, and two compounds, 1
nd 2, presumably formed by tautomerisation of the
-quinone.

ompound 1, the quinone methide, was characterized
y the doublets of doublets observed at 2.64 and 2.76
pm, corresponding to the geminal H-3 hydrogen nu-
lei coupled to H-4, while compound 2, 1,2-dihydro-1-
ethyl-6,7-isoquinolinediol, was characterized by the
B system at 6.91 and 6.97 ppm due to H-3 and H-4.
he observation of these compounds is indicative of a
automerisation of the SAL o-quinone, with loss of one
f the H-4 hydrogen nuclei and concomitant protona-
ion of the C-6 oxygen atom to afford compound 1.
ubsequent aromatization of the quinone methide by

oss of one of the H-3 protons explains the formation of
ompound 2, which may also be designated as 3,4-
idehydrosalsolinol.

ISCUSSION

The present study shows that the oxidative metabo-
ism of SAL may be an alternative pathway partly
xplaining SAL-induced cytotoxic effects observed in
ivo (2). The strong effect of dicoumarol on the survival
f RCSN-3 cells incubated with SAL supports the idea
hat the oxidative metabolism of SAL may be involved
n its neurotoxic effects since dicoumarol is a specific
nhibitor of DT-diaphorase (9) and incubation of the
CSN-3 cells with dicoumarol alone in the absence of
AL only had a weak effect on cell survival (9%) com-
ared to SAL together with dicoumarol (57%). DT-
iaphorase (EC 1.6.99.2, NAD(P)H: quinone (menadi-
ne) oxidoreductase) is unique among flavoenzymes
ince it reduces quinones to hydroquinones by trans-
erring two electrons, preventing the formation of
1074
ion of quinones (9). Therefore, the effect of dicoumarol
n the survival of RCSN-3 cells incubated with SAL
trongly suggests a role of quinone metabolism. How-
ver, the role of quinone metabolism in SAL toxicity
eems to be restricted to dopaminergic neurons bearing

dopamine transport system (DAT), since nomi-
ensine, a specific inhibitor of DAT, had no effect on
opamine uptake in RCHT cells. This idea is supported
y the negligible effect of SAL and dicoumarol on cell
urvival of RCHT cells. The inhibition of DT-diapho-
ase by dicoumarol in RCSN-3 cells incubated with
AL removes the cellular protection against one-
lectron reduction of SAL o-quinone or SAL quinone
ethide to the corresponding o-semiquinones. Semi-

uinones in general, and specially leukoaminochrome
-semiquinone, a metabolite derived from DA oxidative
etabolism (16, 17), are extremely reactive species

hat reduce oxygen to superoxide radicals, or react
ith nucleophiles.
The present results suggest that one-electron reduc-

ion of SAL quinone methide to 1,2-dihydro-1-methyl-
,7-isoquinolinediol o-semiquinone (Fig. 4, reaction 3)
ust be the reaction responsible for the survival de-

rease observed when RCSN-3 cells were incubated
ith SAL and dicoumarol (57%). Inhibition of DT-
iaphorase by dicoumarol should not affect cell sur-
ival during metabolism of SAL-o-quinone since SAL-
-semiquinone is formed both during one-electron
eduction of SAL-o-quinone when DT-diaphorase is in-
ibited by dicoumarol (Fig. 4, reaction 4) and during
ne-electron oxidation of SAL (Fig. 4, reaction 1).
herefore, no difference in the survival should be ob-
erved in the oxidative metabolism of SAL-o-quinone
n the presence of dicoumarol. This idea is strongly
upported by NMR analysis of the products of SAL
xidation in vitro catalyzed by LPO since the products
etected were the quinone methide and its reduced
orm, 1,2-dihydro-1-methyl-6,7-isoquinolinediol.

Our results also suggest that DT-diaphorase plays a
europrotective role against the oxidative metabolism
f SAL by preventing the formation of 1,2-dihydro-1-
ethyl-6,7-isoquinolinediol o-semiquinone during one-

lectron reduction of SAL quinone methide (Fig. 4,
eaction 6). This neuroprotective and antioxidant role
f DT-diaphorase in dopaminergic systems has also
een observed in the metabolism of the oxidized form of
opamine (aminochrome) by preventing the forma-
ion of the leukoaminochrome o-semiquinone radical
7, 17–20).

One-electron reduction of SAL quinone methide to
-semiquinone may explain the rise in RCSN-3 cell
urvival decrease from 23 to 57% when dicoumarol was
dded to the SAL-incubated cells. However, the 23%
urvival decrease observed when the cells were incu-
ated solely with SAL can be explained by other mech-
nisms such as: (i) the formation of N-methyl(R)-SAL
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y N-methylation of SAL and its subsequent oxidation
atalyzed by MAO-B to 1,2-dimethyl-6,7-dihydroxyiso-
uinolinium ion, which generates hydroxyl radicals
21); or (ii) the formation of SAL o-semiquinone by
ne-electron oxidation of SAL or one-electron reduction
f SAL o-quinone (Fig. 4, reactions 1 and 3). Autoxida-
ion of SAL o-semiquinone reduces oxygen to superox-
de radicals that dismutate to form hydrogen peroxide,
hich is a precursor of hydroxyl radicals.
The formation of quinone methide and o-semi-

uinone radical determined by 1H NMR and ESR, re-
pectively, during in vitro oxidative metabolism of SAL
atalyzed by LPO support the idea that oxidative me-
abolism may play a role in SAL-dependent survival
ecrease on RCSN-3 cells. LPO, a prototype for all
ammalian peroxidases, catalyzes the one-electron ox-

dation of SAL to SAL o-quinone via formation of SAL

FIG. 4. Possible role of oxidative metabolism of salsolinol in its n
reaction 1), which autoxidizes to form SAL o-quinone (reaction 2). SA
-semiquinone radical (reaction 3) or by a two-electron reaction to S
automerizes to form SAL quinone methide (reaction 5), which can
reaction 6) or one-electron reduced to o-semiquinone radical (reac
reaction 8).
1075
-semiquinone radical. It is of capital importance to
tress that the presence of peroxidase activity was first
emonstrated in substantia nigra, putamen and cau-
ate nucleus (22). Furthermore, the highest peroxidase
ctivity has been localized in the substantia nigra of
he normal human brain (22). The peroxidative activity
f prostaglandin H synthase, a membrane-associated
nzyme that catalyzes oxidation of DA to o-quinone,
annot be ignored (23). In the absence of an identified
rain-specific peroxidase enzyme, which can catalyze
he oxidation of SAL, the possible involvement of cyto-
hrome P450, a constituent hemoprotein ubiquitously
istributed in brain, must also be taken into account.
ytochrome P4501A2 and other forms have been re-
orted to oxidize DA to o-quinone (24). Thus, under
xidative stress conditions, with formation of H2O2, the
eroxidative degradation of SAL could proceed very

otoxic effects. Peroxidase catalyzes one-electron oxidation of SAL to
-quinone can be reduced by one-electron quinone reductases to SAL
catalyzed by DT-diaphorase (reaction 4). However, SAL o-quinone
two-electron reduced to 1,2-dihydro-1-methyl-6,7-isoquinolinediol
7), which autoxidizes by reducing oxygen to superoxide radicals
eur
L o
AL
be

tion



efficiently. Another possible source of H O is MAO-B-
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ependent metabolism of DA (25). Interestingly, SAL
tself or in combination with dicoumarol significantly
own-regulated the expression of catalase and gluta-
hione peroxidase, suggesting that hydrogen hydroper-
xide accumulates and can be a substrate for peroxi-
ases, which catalyze SAL oxidation to o-quinone (Fig.
, reaction 1).
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