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Abstract

Apomorphine is a dopamine receptor agonist proposed to be a neuro-
protective agent in the treatment of patients with Parkinson’s disease.
Both in vivo and in vitro studies have shown that apomorphine
displays both antioxidant and pro-oxidant actions, and might have
either neuroprotective or neurotoxic effects on the central nervous
system. Some of the neurotoxic effects of apomorphine are mediated
by its oxidation derivatives. In the present review, we discuss recent
studies from our laboratory in which the molecular, cellular and
neurobehavioral effects of apomorphine and its oxidized derivative,
8-oxo-apomorphine-semiquinone (8-OASQ), were evaluated in dif-
ferent experimental models, i.e., in vitro genotoxicity in Salmonella/
microsome assay and WP2 Mutoxitest, sensitivity assay in Saccharo-
myces cerevisiae, neurobehavioral procedures (inhibition avoidance
task, open field behavior, and habituation) in rats, stereotyped behav-
ior in mice, and Comet assay and oxidative stress analyses in mouse
brain. Our results show that apomorphine and 8-OASQ induce differ-
ential mutagenic, neurochemical and neurobehavioral effects. 8-OASQ
displays cytotoxic effects and oxidative and frameshift mutagenic
activities, while apomorphine shows antimutagenic and antioxidant
effects in vitro. 8-OASQ induces a significant increase of DNA
damage in mouse brain tissue. Both apomorphine and 8-OASQ impair
memory for aversive training in rats, although the two drugs showed a
different dose-response pattern. 8-OASQ fails to induce stereotyped
behaviors in mice. The implications of these findings are discussed in
the light of evidence from studies by other groups. We propose that the
neuroprotective and neurotoxic effects of dopamine agonists might be
mediated, in part, by their oxidized metabolites.
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Introduction

The primary pathology characterizing
Parkinson’s disease (PD) is a selective de-
generation of dopaminergic neurons in the
substantia nigra pars compacta, which project
mainly to the striatum (1). It has been pro-
posed that oxidative stress plays a pivotal
role in the neurodegenerative damage asso-
ciated with PD (1-6). For instance, reduced
glutathione levels (7) increased lipid peroxi-
dation in the substantia nigra (8), and oxida-
tive DNA damage (9,10) have been sug-
gested to be involved in the neurodegenera-
tive mechanisms underlying PD.

Apomorphine [4H-dibenzo(de,g) quino-
line-10,11-diol, 5,6,6a,7-tetrahydro-6-meth-
yl-(R)] is a potent D1 and D2 dopamine
receptor agonist that rapidly enters the brain
and accumulates in the striatum (11). Apo-
morphine displays antiparkinsonian proper-
ties similar to those of L-DOPA and has been
shown to be useful for treating PD patients,
especially in the late stages of the disease
(12-14). Increasing evidence suggests that
some of the effects of dopamine and dopa-
mine receptor agonists might be mediated by
their quinone and semiquinone oxidation
derivatives (15-19). Dopamine’s oxidation
derivatives such as dopamine o-quinone and
o-semiquinone occur in the normal brain
(20). Dopamine, apomorphine, and L-DOPA
easily autoxidize, producing quinone and
semiquinone derivatives that may lead to the
formation of toxic products and superoxide
radicals (15-19). The oxidation-related prop-
erties of apomorphine lead to apparently
paradoxical activities of the drug, which may
act either as an antioxidant or as a pro-
oxidant (reviewed in Ref. 21). Ubeda et al.
(22) reported that apomorphine can act as a
pro-oxidant, leading to DNA damage and to
deoxyribose degradation induced by Fe3+

and Cu2+ by a mechanism related to the
generation of superoxide radicals. In con-
trast, apomorphine has been shown to inhib-
it membrane lipid peroxidation in vitro and

in vivo (23). In addition, toxic effects of
apomorphine to cultured neurons have been
shown to correlate with its autoxidation (19).

Since increasing evidence suggests that
some of the neuronal effects of dopamine, L-
DOPA, and apomorphine are mediated by
their oxidation derivatives (16,19), we pro-
pose that the investigation of the neurobio-
logical actions of isolated oxidation deriva-
tives of apomorphine is clinically relevant
and might help to elucidate the mechanisms
involved in oxidative stress-mediated neu-
ronal damage in schizophrenia (18), neuro-
degeneration associated with PD, and the
effects of dopaminergic therapies in PD pa-
tients. We described the isolation of an apo-
morphine autoxidation semiquinone deriva-
tive, 8-oxo-apomorphine-semiquinone (8-
OASQ), and demonstrated for the first time
its mutagenic activity in vitro (24,25).

Mutagenicity

Little was known until recently about the
genotoxic effect of apomorphine. It has been
shown to induce frameshift mutations in Sal-
monella typhimurium TA1537 and this mu-
tagenic action was attributed to its oxidation
to mutagenic products (26). The clastogenic
activity of apomorphine has been demon-
strated in a Chinese hamster lung cell line in
the absence of metabolic activation (S9 mix)
(27).

In vitro genotoxicity assays have shown
that apomorphine and its oxidation deriva-
tive 8-OASQ induce frameshift mutations in
TA98 and TA97 S. typhimurium strains, with
8-OASQ being up to two times more mu-
tagenic (Table 1) (25). The ability of the
oxidized apomorphine form, 8-OASQ, to
induce larger quantities of frameshift muta-
tions than apomorphine may reside in its
more aromatic and planar structure, a feature
of quinone compounds (28,29). This pre-
sumably favors intercalation into DNA, hence
promoting frameshift mutations. However,
for strains which detect oxidative mutagens,
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TA102 S. typhimurium strain, and IC188
and IC203 E. coli strains, 8-OASQ acted as a
mutagen. This action was probably medi-
ated by pro-oxidant effects that induced DNA
oxidative damage, while apomorphine was
an antimutagen, inhibiting by up to 80%
hydrogen peroxide (H2O2) and t-butylhydro-
peroxide (t-BOOH)-induced mutagenicity in
all strains, possibly due to an antioxidant
property (25). Compounds with a catechol
structure such as apomorphine have metal
chelating properties and can act as reducing
agents and radical scavengers (30). How-
ever, as a reducing agent, apomorphine can
also contribute to the generation of highly
toxic hydroxyl radical by maintaining iron in
the ferrous state. The overall mechanism by
which antioxidant drugs affect the level of
reactive oxygen species (ROS) depends on
the balance between radical scavenging and
radical activating properties (23).

In sensitivity assays with 10 strains of the
yeast Saccharomyces cerevisiae apomor-
phine was only clearly cytotoxic to some
strains at higher doses, whereas 8-OASQ
dose-dependently sensitized all strains, es-
pecially the mutants lacking catalase (∆ctt1),
superoxide dismutase (∆sod1) and Yap1
transcription factor (∆yap1), suggesting that
8-OASQ cytotoxicity towards S. cerevisiae
results from its pro-oxidant properties (25).
Furthermore, apomorphine tended to protect
S. cerevisiae strains against oxidative dam-
age induced by high concentrations of H2O2

and t-BOOH, while 8-OASQ enhanced the
pro-oxidant effects and induced adaptation
responses to these agents.

Neurotoxicity

Previous studies have shown that the au-
toxidation products of apomorphine and other
catechols (e.g., dopamine) might lead to del-
eterious effects on neuronal cells and neural
function (16). The cytotoxic effects of apo-
morphine on cultured neurons have also been
shown to correlate with its autoxidation prod-

ucts (31). El-Bachá et al. (19) showed that
apomorphine promotes necrosis in rat glioma
C6 cells through the formation of ROS, qui-
nones and a melanin-like pigment during
autoxidation. Both apomorphine autoxida-
tion and cell damage were prevented by
thiols.

Neurobehavioral toxicity

The possible neurotoxic effects of apo-
morphine and 8-OASQ have also been evalu-
ated using behavioral endpoints of neural
function (32). Both apomorphine and 8-
OASQ impaired memory for aversive train-
ing in rats, although the two drugs showed a
different dose-response pattern. Apomor-
phine, but not 8-OASQ, dose-dependently
impaired habituation, a type of nonaversive,
nonassociative memory. Neither apomor-
phine nor 8-OASQ affected nociception, lo-
comotion or exploratory behavior. The dif-
ferential behavioral deficits induced by apo-

Table 1. Mutagenic effects of apomorphine and 8-oxo-apomorphine-semiquinone (8-
OASQ) in bacterial strains detecting frameshift (S. typhimurium TA98 and TA97
strains) and oxidative mutagens (S. typhimurium TA102 strain and E. coli IC188 and
IC203 strains), without metabolic activation (S9 mix).

Drugs and doses (µg/plate) Mutagenic index

TA98 TA97 TA102 IC188 IC203

Apomorphine
10 NT NT 1.1 1.0 1.0
20 1.3 1.8 1.2 0.8 0.8
40 1.5 2.5 1.2 0.7 0.6
60 2.1 3.0 1.5 0.5 0.7
80 2.4 4.1 NT NT NT
Result + + - - -

8-OASQ
10 2.1 3.1 1.1 1.3 1.6
20 2.8 4.8 1.0 1.9 2.2
40 3.5 6.2 1.0 2.6 4.1
60 5.4 8.2 1.0 3.2 5.9
Result + + - + +

Mutagenic index = number of revertant colonies induced in the sample/number of
spontaneous revertants in the negative control. (+) = positive result; (-) = negative
result. NT = not tested. A drug was considered positive for mutagenicity only when
the number of revertants was at least double the spontaneous yield: mutagenic index
≥2. A significant dose-response was found by ANOVA (P ≤ 0.05) and a reproducible
positive dose-response (P ≤ 0.01) was present (ANOVA). Adapted from Ref. 25.
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morphine and 8-OASQ suggest that the two
drugs might affect the formation of aversive
memory through different molecular mechan-
isms. In fact, the finding that 8-OASQ fails
to induce stereotyped behaviors (33) sug-
gests that, whereas the neurobehavioral ef-
fects of apomorphine are probably mediated
by activation of D1 and D2 dopamine recep-
tors, the effects of 8-OASQ and possibly
other oxidized metabolites of dopamine ago-
nists are mediated by other mechanisms in-
dependent of dopamine receptor activation.

Oxidative damage in the brain

Given the possible involvement of apo-
morphine autoxidation products in neuro-
toxic activities, we evaluated the effects of
the systemic administration of apomorphine
and 8-OASQ on the oxidative parameters
(thiobarbituric acid-reactive species, protein
carbonyls and total radical-trapping antioxi-
dants), and catalase and superoxide dismu-
tase activities on the central nervous system
(CNS) (34). Adult male CF-1 mice were
treated with a systemic injection of apomor-
phine (0.4, 4.0, or 40.0 mg/kg) or 8-OASQ
(0.4, 4.0, or 40.0 mg/kg) and sacrificed by
decapitation 24 h after treatment and the
forebrains were collected to determine if
apomorphine or 8-OASQ induced only tran-
sient alterations or could induce more sus-
tained damage in the CNS. 8-OASQ ap-
peared not to induce lipid peroxidation and
only higher doses could induce protein car-
boxylation and a consumption of non-enzy-
matic antioxidant defenses, whereas apo-
morphine induced an increase in protein car-
boxylation and a consumption of non-enzy-
matic antioxidant defenses, as measured by
the total radical-trapping antioxidant assay,
at all doses tested (34). These results suggest
that apomorphine biotransformation, and not
necessarily 8-OASQ, may be related to some
of the toxic effects of this drug. It is reason-
able to suppose that, as is the case for dopa-
mine oxidation, the oxidation of apomor-

phine generates H2O2 or other free radicals
that, in a favorable environment, could ini-
tiate oxidative stress.

Apomorphine and 8-OASQ induced an
increase in catalase activity whereas super-
oxide dismutase activity was not affected at
any dose tested. These data reinforce our
suggestion that apomorphine biotransforma-
tion could produce H2O2, since it is well
known that an increase in H2O2 content is a
potent inductor of catalase activity (35). 8-
OASQ induces a dose-dependent catalase
activation, and this could partially explain
its less oxidant profile in our model. 8-OASQ
probably either induces a more gradual in-
crease in free radical production, which al-
lows cell adaptation, or modulates intracel-
lular signaling pathways that result in cell
protection against oxidative stress. Support-
ing these hypotheses, an adaptive response
has been observed in wild-type S. cerevisiae
and in strains lacking antioxidant defenses
following pretreatment of the cells with 8-
OASQ prior to exposure to a cytotoxic dose
of H2O2 (25). None of the treatments modi-
fied superoxide dismutase activity in the
CNS. The major inductor of superoxide ac-
tivity is superoxide production. This sup-
ports the view that 8-OASQ does not gener-
ate superoxide, and that the principal ROS
involved in apomorphine toxicity is H2O2.

Our results suggest that, in comparison to
apomorphine, 8-OASQ seems to induce oxi-
dative damage only at higher doses. In addi-
tion, 8-OASQ seems to up-regulate antioxi-
dant systems.

Brain DNA damage

In order to evaluate a possible DNA dam-
age induced by apomorphine and 8-OASQ
in the brain we used the alkaline Comet
assay in vivo (36) which detects DNA strand
breaks, alkali-labile sites and incomplete
excision repair events in individual cells
(37,38). There was a significant increase of
DNA damage in mouse brain tissue 1 and 3
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h after treatment with 8-OASQ (Table 2).
This result was expected since 8-OASQ dis-
plays a higher frameshift mutagenic activity,
which stimulates DNA strand breaks, when
compared to apomorphine (25). In addition,
it is possible that 8-OASQ induces oxidative
DNA damage mediated by its pro-oxidant
effects, which were observed in cells of S.
cerevisiae lacking antioxidant defenses. 8-
OASQ also produces oxidative mutagenesis
in Escherichia coli WP2-derivative strains,
in addition to the frameshift in S. typhimu-
rium TA98 and TA97 (25). Probably OASQ
displays these biological effects through usual
redox reactions of quinones and semiquino-
nes generating H2O2 or superoxide radicals,
besides quinones and semiquinone radicals
(29). These reactions could promote the in-
creased formation of hydroxyl radicals that
are able to induce mostly single-strand breaks
and various species of oxidized purines and
pyrimidines (37,39).

In contrast to 8-OASQ, apomorphine did
not induce significant damage to brain cells
DNA at 1 h after treatment, although it in-
duced a slight increase 3 h after treatment
(36). It is possible that by 3 h after injection
apomorphine had already been almost to-
tally metabolized and these metabolites con-
tributed to the increased DNA damage ob-
served in brain cells. Indeed Battisti et al.
(40) showed that brain apomorphine con-
centration significantly decreases between 1
and 2 h after injection. The 24-h sampling
time showed a clear DNA repair response
since no significant DNA damage could be
found for either apomorphine or 8-OASQ
(Table 2) (36).

The slight genotoxic effect of apomor-
phine in the brain is consistent with other
studies suggesting that the drug has neuro-
toxic effects in vitro (19,31). However, apo-
morphine may also play a role in preventing
or slowing the rate of neurodegeneration
associated with PD by scavenging iron and
preventing dopamine-induced hydroxyl radi-
cal formation (41,42). Accordingly, we have

observed antimutagenic and antioxidant ac-
tivities of apomorphine against t-BOOH and
H2O2 on oxidative stress-sensitive strains
such as the WP2-derivatives E. coli and
TA102 S. typhimurium, and S. cerevisiae
lacking antioxidant defenses (25).

These findings suggest that oxidation
derivatives of apomorphine and possibly
those of dopamine and L-DOPA clinically
used for the treatment of PD might display
genotoxic activities in brain when given in
vivo. This finding should be taken into ac-
count when considering the possible neuro-
toxic effects of apomorphine and oxidized
metabolites of dopamine agonists. Table 3
summarizes the results regarding the geno-
toxic and neurobiological activities of apo-
morphine and 8-OASQ.

Neuroprotection

Neuroprotection may be defined as pre-
venting neuronal cell death and maintaining
function without necessarily affecting the
underlying biochemical mechanisms in-
volved in pathogenesis. At the clinical level,
this means stopping the progress of the dis-
ease. Neurorescue could be considered to be
a mechanism reversing established metabolic

Table 2. Comet assay in brain tissue of mice treated with an intraperitoneal injection
of vehicle, apomorphine, or 8-oxo-apomorphine-semiquinone (8-OASQ), and sacri-
ficed 1, 3 or 24 h after injection.

Vehicle Apomorphine (40 mg/kg) 8-OASQ (40 mg/kg)

1 h
DI 16.0 ± 2.2 27.0 ± 6.1 146.5 ± 14.4**
DF(%) 13.8 ± 3.4 20.5 ± 4.1 76.0 ± 6.7**

3 h
DI 19.0 ± 2.5 29.5 ± 3.9 80.3 ± 20.6**
DF(%) 18.8 ± 2.9 29.5 ± 3.9* 64.0 ± 7.4**

24 h
DI 7.3 ± 3.9 9.5 ± 4.4 7.5 ± 2.4
DF(%) 7.3 ± 3.9 9.3 ± 4.3 7.5 ± 2.4

DI = damage index - can range from 0 (completely undamaged, 100 cells x 0) to 400
(maximum damaged, 100 x 4). DF(%) = damage frequency - calculated based on
number of cells with tail versus number of cells with no tails.
*P < 0.05, **P < 0.01 compared to vehicle (Dunnett test). Adapted from Ref. 36.
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abnormalities and restoring normal neuronal
function and survival. Clinically, this would
result in an improvement of symptoms as
well as a decrease in the progress of the
disease (43,44).

Antioxidants were the first drugs to be
studied in an attempt to retard the progress of
PD. However, the hypothesis that oxidative
stress is associated with neuronal degenera-
tion in PD has been tested in only a few
clinical studies (44,45). Selegiline and vita-
min E (deprenyl and tocopherol antioxida-
tive therapy of parkinsonism) were the first
compounds to be evaluated as potential neu-
roprotective candidates for individuals with
PD (46). Selegiline, but not vitamin E, de-
layed functional disability in untreated pa-
tients in the early phase of PD. However, it
was not clear whether that was a sympto-
matic or an antioxidant effect (47). There are
many alternative antioxidative approaches
that may be considered in future clinical

trials, including free-radical scavengers, glu-
tathione-enhancing agents, ion chelators, and
drugs that interfere with the oxidative me-
tabolism of dopamine. Interestingly, the clas-
sic directly acting dopamine-receptor ago-
nists may belong to the last group: by stimu-
lating dopamine autoreceptors, these drugs
reduce dopamine synthesis turnover and re-
lease, so that less L-DOPA is needed. In
addition, some of these compounds have
direct antioxidant effects (48).

Monoamine oxidase-B inhibitors were
also tested in clinical trials based on their
potential ability to slow neuronal degenera-
tion by blocking the formation of free radi-
cals derived from the oxidative metabolism
of dopamine. Moreover, their neuroprotec-
tive effect goes beyond the ability to block
monoamine oxidase-B and might involve
up-regulation of anti-apoptotic molecules or
binding to proapoptotic molecules (49).

Drugs that reduce glutamate release or

Table 3. Comparison of the cytotoxic, genotoxic and neurobiological effects of apomorphine (APO) and 8-
oxo-apomorphine-semiquinone (8-OASQ).

Activities Response Reference

APO 8-OASQ

Mutagenicity and cytotoxicity in vitro 25
Frameshift mutagenesis (S. typhimurium TA98/TA97) + ++
Oxidative mutagenesis (E. coli IC188/IC203) - +
Antimutagenesis (TA102/IC188/IC203) + NT
Cytotoxicity to S. cerevisiae (SOD, CAT, GSH, Yap1p-deficient strains) - +
Protection against oxidative damages in S. cerevisiae + -
Pro-oxidant effects in S. cerevisiae - +
Adaptive responses in S. cerevisiae - +

Neurobehavioral deficts 32
Impairing effects on short-term retention of aversive training in rats - +
Impairing effects on long-term retention of aversive training in rats + +
Impaired habituation to a novel environment + -

Stereotypy induction + - 33
DNA damage in brain cells of mice (Comet assay) + ++ 36
Oxidative damage in brain of mice 34

Catalase activity + +
Superoxide activity - -
Thiobarbituric acid reactive substances - -
Protein carbonyls ++ +
Total radical-trapping antioxidant parameter ++ +

Response: (-) = negative; (+) = positive; (++) = strongly positive; NT = not tested. SOD = superoxide
dismutase; CAT = catalase; GSH = glutathione.
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receptor interactions (glutamate toxicity
blocking agents) also could be neuroprotec-
tive compounds. Glutamate has been impli-
cated as one of the most important neuro-
transmitters involved in the functional or-
ganization of the cortical-basal ganglion-tha-
lamic and subthalamic connections. It prob-
ably plays a major role in the development of
dyskinesias and response fluctuations. It is
believed that the beneficial effect of palli-
dotomy and deep brain stimulation arises
from the interference with glutamatergic cir-
cuits, and that early surgical procedures may
even have neuroprotective effects (50). Ex-
tensive studies are in progress in order to
determine whether riluzole (a drug that blocks
glutamate release) or similar agents have
potential neuroprotective effects or sympto-
matic effects on disabling motor complica-
tions (reviewed in Ref. 44).

Neuroprotection of the dopaminergic sys-
tem was observed in animal experiments
using growth factors. Among the most prom-
ising factors is glial-derived neurotrophic
factor that has been shown to restore dopa-
minergic function in N-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine (MPTP)-treated
monkeys (51). The discovery of mutations in
several genes in familial cases with PD has
contributed to the understanding of the
mechanisms involved in the pathogenesis of
PD. Two proteins with mutations have been
extensively studied: α-synuclein and parkin.
Both proteins probably aggregate and accu-
mulate within Lewy bodies (52). Therefore,
a promising neuroprotective strategy will
use agents that prevent abnormal protein
accumulation and aggregation.

Probably, the most effective mode of a
protective therapy consists of a combination
of agents with distinct pharmacological ef-
fects as opposed to monotherapy. An impor-
tant point is also that this cocktail of drugs
should be advocated in the early stages of the
disease to exert maximum clinical efficacy,
and for this reason determination of early
markers of PD is a prerequisite. PET and

SPECT studies might be of help in the evalu-
ation of disease progression as well as of the
rate of progression following different modes
of treatment (45,53).

The main challenge facing those involved
in the management of patients with PD is the
development of a neuroprotective therapy
that can be administrated early in the course
of the disease and that can slow, stop, or
reverse (neurorescue) disease progression
(44).

The protective effect of a drug can be
expressed in terms of decreasing damage to
cellular structures, such as lipids, proteins or
nucleic acid (RNA and DNA). Results ob-
tained in vitro and in vivo using models of
oxidative brain damage support the hypo-
thesis that dopaminergic agonists can be neu-
roprotective (54,55). Knowledge about the
degeneration of dopamine-containing neu-
rons and the effects of neuroprotective drugs
have come from animal and cell culture stud-
ies that employ the neurotoxins MPTP, 6-
hydroxydopamine, methamphetamine, rote-
none, and N-methyl-R-salsolinol, which rep-
licate many of the neurochemical and ana-
tomical characteristics of the parkinsonian
syndrome in rodents, primates and other spe-
cies (56). These neurotoxins are thought to
produce their dopaminergic neurotoxicity via
generation of ROS, liberation of ferritin iron
in the substantia nigra pars compacta, deple-
tion of reduced glutathione, and inhibition of
mitochondrial complex I.

Experimental studies have demonstrated
that treatment with a dopaminergic agonist
prevented nigrostriatal cell loss in those ani-
mal models of PD (57,58). It is suggested
that the neuroprotective effect of these drugs
is based on their action as antioxidants. The
defense strategies required of any potential
antioxidant therapy include the ability of the
drug to cross the blood-brain barrier, to scav-
enge ROS or their precursors, to inhibit ROS
formation, and to up-regulate endogenous
antioxidant defenses. Other explanations may
include a levodopa-sparing effect, stimula-
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tion of dopaminergic autoreceptors leading
to decreased dopamine release, a receptor-
mediated anti-apoptotic effect, and inhibi-
tion of excitotoxicity mediated by overactiv-
ity of the subthalamic nucleus.

In vitro studies have shown that apomor-
phine is an iron chelator (4), reduces the
oxidation of polyunsaturated fatty acids (23)
and is a potent free radical scavenger that
protects pheochromocytoma PC12 cells from
oxidative stress induced by H2O2 and 6-
hydroxydopamine (54). Furthermore, apo-
morphine up-regulates nerve growth factor
and glial cell line-derived neurotrophic fac-
tor synthesis in cultured mouse astrocytes
(59).

In addition, many animal models have
demonstrated a neuroprotective effect of
apomorphine. Pretreatment of mice with apo-
morphine followed by MPTP results in pro-
tection of nigrostriatal neurodegeneration (4).
This protection is expressed by preventing
the MPTP-induced depletion of striatal do-
pamine and tyrosine hydroxylase content.
Apomorphine dose-dependently protects
against methamphetamine-induced striatal
dopamine loss and reduction of TH activity
in the rat striatum (60). Apomorphine was
found to be a potent hydroxyl radical scav-
enger in an experimental model involving
iron and dopamine perfusion in the rat stria-
tum (42). Continuous subcutaneous infusion
of apomorphine rescues nigrostriatal dopa-
minergic neurons from toxicity induced by
MPTP in mice (41). The neuroprotective
effect of apomorphine appears to be based
on its antioxidant and free radical scaveng-
ing properties and does not seem to be re-
lated to its dopamine agonist activity.

Recently, we have observed a significant
decrease of DNA damage induced by the
carcinogenic agent methyl methanesulfonate
in mouse brain tissue pretreated with 8-
OASQ, suggesting a neuroprotective effect
of the agent (Flores DG, Picada JN, Roesler
R and Henriques JAP, unpublished results).
In that model, apomorphine was unable to
protect brain cells against methyl methane-
sulfonate damage, maybe due to the fact that
methyl methanesulfonate is not an oxidant
agent. Furthermore, the results indicated that
8-OASQ could induce other adaptive re-
sponses besides those related to oxidative
damages.

Final remarks

The genotoxic activity of apomorphine
in bacteria might be related to its ability to
intercalate into DNA and/or to its pro-oxi-
dant effects or generation of superoxide radi-
cals during autoxidation, hence promoting
frameshift mutations without inducing oxi-
dative mutagenesis. This idea is supported
by the higher mutagenic frameshift induced
by 8-OASQ, a more aromatic structural com-
pound which favors intercalation into DNA.
The neurotoxic effects of apomorphine have
been correlated with its autoxidation prod-
ucts such as superoxide radical, H2O2 and
quinone and semiquinone compounds. It is
possible that 8-OASQ is one of these cyto-
toxic products, since 8-OASQ induced oxi-
dative mutagenesis in bacteria, adaptive re-
sponses in S. cerevisiae, as well as DNA
damage and alterations of oxidative param-
eters in the mouse brain.
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