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Abstract

Dopamine, which is suggested as a prominent etiological factor in several neuropsychiatric disorders such as Parkinson’s disease and
schizophrenia, demonstrates neurotoxic properties. In such dopamine-related diseases mitochondrial dysfunction has been reported.
Dopamine oxidized metabolites were shown to inhibit the mitochondrial respiratory system both in vivo and in vitro. In the present study,
we suggest an additional mechanism for dopamine toxicity, which involves mitochondrial complex I inhibition by dopamine. In human
neuroblastoma SH-SYSY cells dopamine induced a reduction in ATP concentrations, which was negatively correlated to intracellular
dopamine levels (r = —0.96, P = 0.012), and was already evident at non-toxic dopamine doses. In disrupted mitochondria dopamine
inhibited complex I activity with ICsg = 11.87 £ 1.45 uM or 8.12 = 0.75 puM in the presence of CoQ or ferricyanide, respectively, with
no effect on complexes [V and V activities. The catechol moiety, but not the amine group, of dopamine is essential for complex I inhibition,
as is indicated by comparing the inhibitory potential of functionally and structurally dopamine-related compounds. In line with the latter is
the finding that chelatable FeCl, prevented dopamine-induced inhibition of complex I. Monoamine oxidase A and B inhibitors, as well as
the antioxidant butylated hydroxytoluene (BHT), did not prevent dopamine-induced inhibition, suggesting that dopamine oxidation was
not involved in this process. The present study suggests that dopamine toxicity involves, or is initiated by, its interaction with the
mitochondrial oxidative phosphorylation system. We further hypothesize that this interaction between dopamine and mitochondria
is associated with mitochondrial dysfunction observed in dopamine-related neuropsychiatric disorders, such as schizophrenia and

Parkinson’s disease.
© 2004 Elsevier Inc. All rights reserved.
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1. Introduction

Dopamine plays a key role in the pathophysiology of
several psychiatric and neurological disorders such as
schizophrenia, tardive dyskinesia, Parkinson’s disease,
and Tourette’s syndrome. At physiological concentrations
dopamine does not induce degenerative processes in brain,
and has been shown to activate the expression of cell
survival genes and proteins [1]. In contrast, at higher,
pathological concentrations numerous studies have shown
that dopamine can cause cell death both in vivo and in cell
cultures. Thus, administration of dopamine into the stria-
tum [2] results in pre- and postsynaptic damage, while
intraventricular injection of dopamine to rats resulted in a
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dose-dependent death of the animal [3]. Further, toxins
which can cause extensive release of dopamine, such as
methamphetamine and 1-methyl-4 phenyl-1,2,3,6-tetra
hydropyridine (MPTP), also cause degeneration of dopa-
minergic neurons [4-7]. Dopamine-dependent cell death
has been demonstrated in mesencephalic, cerebellar, stria-
tal, and cortical primary neurons cultures [8—12]. It is
widely believed that dopamine can induce neurotoxic
effects by the formation of highly reactive oxygen species,
quinones and semiquinones generated by dopamine auto-
oxidation or by its enzymatic metabolism by monoamine
oxidase (MAO) leading to a state of oxidative stress
[2,10,13-17]. However, elevation of extracellular dopa-
mine concentrations in rat brain in the absence of a
neurotoxin did not induce any change in oxidative stress
parameters such as lipid peroxidation, protein oxidation,
glutathione, and glutathione reductase and peroxidase
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activities [3,18]. An additional mechanism through which
dopamine has been suggested to induce neurotoxicity
involves apoptotic process [19-23].

Defects in mitochondrial function and inability to main-
tain cellular ATP levels have been suggested as a possible
cause for slow neurodegeneration and aberrations in
neuronal diseases such as Parkinson’s and Alzheimer’s
diseases, schizophrenia, bipolar disorder, and aging
[24-32]. Accumulating evidence points to a link between
dopamine toxicity and the mitochondrial respiratory
system. Thus, chronic administration of r-3,4-dihy-
droxy-phenylalanine (L-DOPA), which was associated
with elevated dopamine concentrations in the brain,
caused a significant reduction in the activity of complex
I of the mitochondrial respiratory chain in rat brain [33].
Additionally, a significant decrease in striatal ATP con-
centrations was detected after p-methamphetamine or
MPTP treatment, which was associated with dopamine-
derived neurotoxic effects [34,35]. In intact rat brain
mitochondria, dopamine suppressed pyruvate- and succi-
nate-dependent electron transport [36], and in disrupted
rat brain mitochondria dopamine inhibited NADH ferri-
cynide reductase activity [3]. Interestingly, both neuro-
toxins 6-hydroxydopamine and MPP™ are inhibitors of
complex I activity both in vivo and in vitro [37-41]. In
addition, dopamine was found to inhibit mitochondrial
ATP coupled state 3 respiration, albeit less efficiently than
its oxidized species, which led the authors to conclude that
dopamine oxidation is a perquisite for the inhibition of
mitochondrial respiration [42]. The present paper shows
that dopamine-induced cell death is preceded by a reduc-
tion of ATP levels and suggests complex I inhibition as a
possible additional mechanism by which dopamine
impinges on the mitochondrial oxidative phosphorylation
system (OXPHOS). The characteristics and specificity of
dopamine interaction with mitochondrial complex I is
demonstrated as well.

2. Methods
2.1. Cellular ATP and dopamine content

Cellular ATP content was analyzed in human neuro-
blastoma SH-SYS5Y cells (passage 40—43). SH-SY5Y with
a neuronal phenotype is a subclone of the SK-N-SH cell
line that was established from bone marrow aspirate of a
4-year-old girl with highly malignant tumor. 0.5 x 10°
cells were plated in 8 cm Nunc plates and were grown
in DMEM with 10% fetal calf serum at 37 °Cin a 5% CO,
humidified incubator. Three days later the medium was
replaced with serum-free DMEM for additional 18-20 h.
Prior to treatment with dopamine, norepinephrine, or
serotonin (2 x 1077 M to 5 x 10~* M) for 6 or 18 h, cells
were pre-incubated with 0.1 mM pargyline for 30 min.
ATP content in cells was measured by a luminometer

(Lucy 1, Anthos Labtec, Austria) using the high sensitive
Bioluminescent Somatic Cell assay kit from Sigma
Chemical Company (St. Louis, MO, USA). Intracellular
dopamine content was analyzed following three times
wash of cells with an excess of ice-cold PBS. Cells
were then dissolved in 100 pl of 0.1 M HCIO,4 and their
intracellular dopamine content was detected by HPLC as
described previously [43].

2.2. Preparation of synaptosome-free mitochondria

Brain mitochondria were isolated from male Sprague—
Dawley rats (300-350 g) as described previously [3,44]. In
short, rats were sacrificed by decapitation, their brains
rapidly removed, washed, minced, and homogenized by
Dounce homogenizer in ice-cold 10 mM Tris—HCI buffer
(pH 7.4) containing 0.25 M sucrose, 1 mM EDTA, and
defatted BSA (3% w/v). Single brain homogenates were
brought to 25 ml and centrifuged at 2000 x g for 10 min
(Sorval RT 6000B centrifuge Sorval, Products L.P. New-
town, Connecticut, USA). The supernatant was collected
and centrifuged at 12,000 x g for 10 min (Sorval RC5 Plus
centrifuge, Sorval, Products L.P. Newtown). The pellet was
gently suspended and recentrifuged with the same buffer
lacking EDTA and BSA. The pellet was further purified on
discontinuous Percoll gradient to remove synaptosomes
[3,44]. The mitochondria containing layer was diluted 1:10
in isolation buffer and recentrifuged at 12,000 x g for
10 min. The final pellet was stored at —80 °C until use.
Mitochondrial protein yields were 8—12 mg per rat brain.
Mitochondrial preparation purity was assessed by electron
microscopy which showed that 95-98% of the preparation
consisted of mitochondria with an intact outer membrane,
as well as by cytochrome c¢ oxidase activity which was
4.58 + 0.51 umol/mg protein/min, similar to its previously
reported activity in non-synaptosomal mitochondria iso-
lated from rat brain [44]. All animal procedures were
approved by the Technion Animal Care and Use Commit-
tee.

2.3. Mitochondrial enzymes activity

NADH CoQ reductase activity was assayed in dis-
rupted mitochondria at 25 °C in 20 mM potassium phos-
phate buffer (pH 7.2) containing 5 mM MgCl,, 1 mM
KCN, 0.14 mM NADH, and 50 pM of CoQ; (ubiquinone
5; 2,3-dimethoxy-5-methyl-6-[3-methyl-2-butenyl]-1,4-
benzoquinone) in the presence or absence of rotenone
as described previously [45-48]. The decrease in NADH
absorbance was followed at 340 nm for 1 min with a
3-s interval between successive readings and 1-s initial
delay.

NADH ferricyanide reductase activity was determined
at V. ferricyanide throughout the study, based on
Ref. [49] with several modifications. Kinetic analysis
was performed in disrupted mitochondria at 25 °C in
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50 mM Tris—HCI1 buffer (pH 7.4) containing 0.25M
sucrose. The reaction was started by the addition of
0.1 mM potassium ferricyanide and 0.14 mM NADH.
The decrease in NADH absorbance was followed at
340 nm for 1 min with a 3-s interval between successive
readings and 1-s initial delay.

NADH-cytochrome c reductase (complexes I-I1II) was
assayed at 25 °C by following the absorbance of NADH at
340 nm in the presence or absence of rotenone. The assay
mixture contained 20 mM potassium phosphate buffer (pH
7.4), 5mM MgCl,, 1l mM KCN, 0.14 mM NADH, and
10 mg/ml cytochrome ¢ (Sigma type III) [46].

Cytochrome c¢ oxidase was assayed by following the
decrease in absorbance of reduced cytochrome c¢ (final
concentration 0.12 mg/ml) at 550 nm as described pre-
viously [50].

ATPase activity was assayed in intact mitochondria
(3 mg protein/0.5 ml) which were pre-incubated at 37 °C
for 5 min in 10 mM Tris—HCI buffer (pH 7.2) containing
125 mM KCl, 5 mM MgCl,, and 5 M rotenone in the
presence or absence of 10 pg/ml oligomycin [51]. The
reaction was started by addition of 4 mM ATP and stopped
after 5 min by the addition of 0.5 ml 1 M HCIO,. ATPase
activity was determined by the measurement of P; released
using Fiske—Subbarow reducer [52].

ATP synthase activity was assayed in intact mitochon-
dria (5 mg protein/0.5 ml) which were pre-incubated at
37 °C for 5 min in 10 mM potassium phosphate buffer (pH
7.2) containing 125 mM KCl, 5 mM MgCl,, 5 mM succi-
nate, and 5 pM rotenone in the presence or absence of
10 pg/ml oligomycin [53]. The reaction was initiated by
the addition of 4 mM ADP and stopped after 5 min with
0.5 ml 1 M HCIO,. ATP was assayed using a commercial
kit purchased from Sigma Diagnostic (USA).

Complex I activity using either ferricyanide or CoQ as
electron acceptors was determined as described above in
the presence or absence of dopamine (10 °to 2 x 107> M)
and related compounds (107%to 5 x 10~* M), which were
added exactly 1 min before the start of the reaction to
enable 1 min of pre-incubation. At least six experiments
were done with each compound in triplicates for each
concentration.

2.4. Cell viability and protein concentration

Cell viability was determined by trypan blue. Protein
concentration was determined by Bradford reactions.

2.5. Statistical analysis

Analysis of data was performed by SPSS software
version 11.0. Multiple comparisons were performed by
ANOVA followed by Bonferoni post hoc multiple compar-
isons test. A two-tailed Student’s #-test was used when
appropriate. Linear regression analysis was used to esti-
mate the relationship between intracellular concentrations

of dopamine and ATP. For dose-dependent inhibition, the
best fit calculated curve was drawn.

All drugs were purchased from Sigma Chemical Com-
pany. Mediums for tissue culture were purchased from
Biological Industries Beit Haemek Ltd. (Israel). All other
materials were of the highest purity and were purchased
from standard commercial sources.

3. Results
3.1. Dopamine and cellular ATP levels

Dopamine effect on mitochondrial function in living
cells was studied by measuring intracellular ATP levels in
SH-SYSY cells incubated for 6 or 18 h in the presence of
2x107"M to 5x 107* M dopamine. SH-SY5Y cells
took up dopamine, which was blocked by cocaine. Thus,
basal intracellular dopamine levels measured by HPLC
were 0.57 +0.08 pmol/lO6 cells and increased to
2.40 £ 0.33 pmol/10° cells (P < 0.001) in the presence
of 200 nM dopamine. Cocaine (0.1 mM) had no significant
effect on basal dopamine cell content (0.63 £ 0.04 pmol/
10° cells), but completely blocked dopamine uptake
(0.45 4 0.12 pmol/10° cells) in the presence of 200 nM
dopamine. Exposure of SH-SYS5Y cells to various concen-
trations of dopamine (2 x 1077 Mto 5 x 10~* M) for 18 h,
but not for 6 h, in the presence of 0.1 mM pargyline
resulted in a dose-dependent decrease in intracellular
ATP levels in viable cells (Fig. 1A). Moreover, a significant
(r=-0.96, P=0.012) inverse correlation was found
between intracellular dopamine levels, as detected by
HPLC, and ATP content (Fig. 1B). Extracellular dopamine
caused cell death only at concentrations >2 x 1074 M
(Fig. 2), whereas a significant (P < 0.05) reduction in
ATP intracellular levels was already observed at 5 x
10> M of dopamine. Norepinephrine and serotonin at
the same concentrations had no effect on cell viability
nor did they affect intracellular ATP concentrations in
viable cells (Fig. 1A).

3.2. Effects of dopamine on mitochondrial NADH
dehydrogenase activity

Dopamine inhibited NADH oxidation in the presence
of the electron acceptor CoQ with an ICsy of 11.87 £
1.45 uM (Fig. 3). NADH CoQ reductase activity was
highly sensitive to rotenone inhibition, with a residual
activity of less than 5%. In the presence of the artificial
electron acceptor ferricyanide, dopamine inhibited the
oxidation of NADH with an ICsq of 8.12 £0.75 uM
(Fig. 4) in accordance with our previous findings [3].
Dopamine had no effect on NADH ferricyanide reductase
activity when the reaction began with the addition of the
enzyme without a pre-incubation period. In addition, dopa-
mine inhibited the rotenone sensitive NADH-cytochrome ¢
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Fig. 1. Dopamine-induced dose-dependent decrease in ATP levels in viable
human neuroblastoma SH-SY5Y cells. (A) Cellular ATP levels. (B) The
correlation curve between intracellular concentrations of dopamine analyzed
by HPLC, and ATP analyzed by luminometer, in viable SH-SYSY cells
exposed for 18 h to different concentrations of dopamine (2 x 1077 to
5 x 10%). ATP intracellular data are means &= S.E.M. of duplicates from
five experiments. P < 0.05, **P < 0.001 vs. control. Correlation was
determined by linear regression of the means of five experiments measured
in duplicates of dopamine and ATP intracellular levels.

reductase (complexes I-III) activity in the presence of
cytochrome c as the electron acceptor, in a dose-depen-
dent manner (Table 1). Complex I activity in mitochondria

Table 1
Dopamine-induced inhibition of NADH-cytochrome ¢ reductase activity

Inhibition (%) Dopamine (LM)

375 +£35 10
75.1 £ 64 20
87.6 + 13.1 30

NADH-cytochrome ¢ reductase activity was measured in the presence and
absence of various concentrations of dopamine. Dopamine significantly
(P < 0.001) inhibited complexes I-III activity in all used concentrations.
The control activity (100%) was 10.47 £ 0.38 nmol/mg protein/min. Data
are means £ S.E.M. values of six determinations.

isolated from rat liver or heart was inhibited by dopamine
to the same extent as in brain mitochondria (data not
shown).

To study the possibility that inhibition of complex I
activity by dopamine results from lack of substrate, elec-
tron acceptor, or from product inhibition, 0.14 mM NADH
and/or 0.1 mM ferricyanide, as well as of 0.14 mM NAD™,
were added at different time intervals after the beginning of
the reaction. None of these drugs could prevent dopamine-
induced inhibition of complex I activity. MAO inhibitors
such as tranylcypromine, clorgyline, and pargyline also
had no effect on dopamine-induced inhibition of the
enzyme. Throughout the entire process pH was stable.

Dopamine is an active catechol, which can be auto-
oxidized to toxic oxygen species including semiquinones
and quinones [13,15,17], which can cause an inhibition of
NADH oxidation and reduction in mitochondrial mem-
brane potential. Thus, we examined the effects of the
strong antioxidant butylated hydroxytoluene (BHT) on
NADH oxidation in the presence and absence of dopamine.
BHT at concentrations of 10~ to 10> M had no effect on
NADH dehydrogenase basal activity, nor did it affect
dopamine-induced inhibition of the enzyme activity. In

SH-SYS5Y survival in the presence of dopamine
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Fig. 2. Dopamine-induced dose-dependent cell death in human neuroblastoma SH-SY5Y cells. Cells were pre-incubated for 30 min with 0.1 mM pargyline
before the addition of dopamine at different concentrations (5 x 107 to 5 x 10~%). After 18 h their viability was determined using trypan blue. Data are
means £ S.E.M. of six experiments. The significance of the difference (P < 0.0001) was analyzed by one-way ANOVA followed by pot hoc Bonferroni test.

*P < 0.001 vs. control.
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Fig. 3. Dopamine-dependent inhibition of NADH CoQ reductase activity in mitochondrial preparation. Disrupted mitochondrial preparation (0.5 mg protein/
ml) were pre-incubated with various concentrations of dopamine for 1 min before the start of the reaction. The best fitted calculated trend line is depicted.
Each point represents the means £ S.E.M. of six experiments. “P < 0.05, P < 0.001 vs. control.

line with the latter is the finding that FeCl, prevented
dopamine-induced inhibition in a dose-dependent manner
(Fig. 9).

3.3. Effects of dopamine-related compounds on
mitochondrial NADH ferricyanide reductase activity

The interaction between NADH ferricyanide reductase
and other biogenic amines, dopamine precursors and its
metabolite, a bi-catechol and ethylamine (1076 M to
5 x 107* M) was studied. The calculated ICs, values of
each compound are represented in Table 2. Inhibition of
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complex I activity was not specific for dopamine, since
noradrenaline, a less reactive catecholamine [54], the
dopamine precursor and metabolite 1-3,4-dihydroxy-
phenylalanine (L.-DOPA) and 3,4-dihydroxyphenylacetic
acid (DOPAC), respectively, as well as the specific toxin
for catecholaminergic neurons, 6-hydroxydopamine (6-
OHDA), all inhibited the enzyme, although not as efficiently
as dopamine. Interestingly, the bi-catechol nordihydro-
guaiaretic acid (NDGA) also inhibited NADH dehydrogen-
ase activity, while triethylamine and ethylamine had no
effect. Serotonin (5-HT) as well as L-tyrosine did not inhibit
NADH dehydrogenase activity.

1C,,=8.120.75uM

Inhibition of NADH ferricyanide reductase activity
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Fig. 4. Dopamine-dependent inhibition of NADH ferricyanide reductase activity in mitochondrial preparation. Disrupted mitochondrial preparation (0.25 mg
protein/ml) were pre-incubated with various concentrations of dopamine for 1 min before the start of the reaction and enzyme activity was determined at Vi«
ferricyanide as described in Section 2. The best fitted calculated trend line is depicted. Each point represents the means + S.E.M. of five experiments.
*P < 0.01, P < 0.001 vs. control.
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Fig. 5. Prevention of dopamine-dependent inhibition of NADH ferricyanide reductase activity by FeCl,. Dopamine 5 uM and Fe*" (5-40 uM) were added
1 min before the start of the reaction and enzyme activity was determined at V,,,, ferricyanide as described in Section 2. Five micromoles of dopamine
inhibited complex I activity by about 30 & 5.5%. Each point represents the mean + S.E.M. of four experiments. “P < 0.02, **P < 0.001 vs. control.

Table 2
Inhibition NADH dehydrogenase activity in mitochondrial preparation by
dopamine and related compounds

ICso (UM) Drug

8.12 £ 0.75 Dopamine
15.56 + 1.40 Noradrenaline
10.42 £ 0.80 L-DOPA
24.64 £ 3.10 6-OHDA
61.20 £ 8.08 DOPAC
50.60 £ 2.50 NDGA

>200 5-HT

>200 L-Tyrosine
>200 Triethylamine
>200 Ethylamine

NADH ferricyanide reductase activity was followed at V., ferricyanide as
described in the Section 2. ICs, was calculated from the enzyme activity in
the presence of 10 various doses (107°M to 5 x 1074 M) of the various
drugs. Data are means &= S.E.M. of five to seven experiments.

3.4. Effects of dopamine on ATPase, ATP synthase, and
cytochrome c¢ oxidase activities

The activities of these enzymes were studied in order to
verify whether dopamine inhibitory effect is specific for
complex I or is a rather non-specific effect on the mito-
chondrial respiratory system. None of these enzymes were
affected even at relatively high concentrations of dopamine
(2 x 107° M to 10~* M), or noradrenaline (8 x 107° M to
4 x 1074 M).

4. Discussion
The key role dopamine plays in the pathophysiology of

neuronal as well as psychiatric disorders, suggests that
dopamine is associated with neuronal injury. Indeed,

numerous studies have demonstrated its neurodegenerative
and apoptotic properties both in vivo and in tissue cultures
[1,2,8,10-12,13,15,23,54,55]. Dopamine neurotoxicity is
commonly attributed to the accumulation of toxic oxygen
species following its metabolism by MAO or auto-oxida-
tion. In addition, several studies have suggested that
dopamine or its oxidized metabolites can induce an increase
in the expression of mitochondrial pro-apoptotic genes, as
well as interfere with mitochondrial respiration [1,3,33,
36,42]. Concomitant with the latter, the results of the
present study demonstrate a dose-dependent decrease in
ATP production negatively correlated with an intracellular
increase in dopamine levels in SH-SY5Y neuroblastoma
cells (r = —0.96, P = 0.012). Norepinephrine and seroto-
nin had no effect on ATP levels or cell viability. ATP
reduction was observed in the presence of MAO inhibitor
thus excluding the involvement of dopamine oxidized
enzymatic metabolites, but not of its auto-oxidation derived
metabolites. Still, the high negative correlation between
intracellular intact dopamine, as detected by HPLC, and
ATP levels, suggests that dopamine per se can interfere with
mitochondrial function. Moreover, the reduction in intra-
cellular ATP levels was already observed at non-toxic
dopamine doses, suggesting that impairment of mitochon-
drial main function, ATP production, precedes dopamine-
induced cell death. Indeed, it has been shown that a decrease
in ATP production can lead to neuronal depolarization
followed by activation of excitatory amino acids receptors,
as well as other potentially detrimental effects, including
impaired intracellular calcium buffering, generation of
reactive oxygen species and apoptosis [56-59]. It was
previously shown that dopamine at 100 uM affects cell
viability after 4 h of exposure [60], while at the present
study cell death was observed following exposure of cells to
200 uM for 18 h. However, in the latter study, unlike the
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present study, cells were treated with dopamine in the
presence of fetal calf serum and in the absence of pargyline,
both inducers of dopamine derived oxidative species. This,
together with the ability of antioxidants such as ascorbic
acid, to prevent dopamine toxicity, imply that oxidative
stress-related mechanisms were involved in their study. In
addition, the discrepancy between both studies further
suggests that different dopamine-related mechanisms are
involved in ATP reduction observed in the present study. In
a previous study [12], it was reported that in striatal cultures
exposed to 250 pM dopamine for 6 h, ATP/ADP ratios were
unchanged. Similar results were obtained in the present
study following a 6-h exposure period of cells to dopamine.
In addition, striatal cells in the former study were unable to
take up dopamine, as indicated by their insensitivity to
nomifensine, suggesting the involvement of an extracellular
mechanism of dopamine-induced toxicity. Finally, the
results of both studies support the previous notion that
dopamine may exert its toxicity via either an extraneuronal
(transport-independent) or an intraneuronal (transport-
dependent) process [12,21,61,62].

To elucidate the mechanism by which dopamine affects
mitochondrial ATP levels, we studied its direct interaction
with the oxidative phosphorylation system. Dopamine
inhibited complex I activity in the presence of CoQ, ferri-
cyanide, or cytochrome ¢ (complexes I-III) as an electron
acceptor in a dose-dependent manner. Dopamine did not
alter ATPase, ATP synthase, and cytochrome ¢ oxidase
activities, which points to the specificity of its interaction
with complex L.

Previously, it has been reported that dopamine and its
metabolites showed either no inhibition or only a weak
inhibition of NADH-linked mitochondrial respiration and
complex I activity [42,63]. Indeed, numerous studies have
suggested that dopamine oxidative products, are involved
in dopamine neurotoxicity as well as in MPP"-induced
toxicity [2,7,8,10-13,15,17,42,54,55,64]. In the present
study, the dopamine inhibitory effect was contingent on
pre-incubation, in as much as no inhibition of complex I
was observed upon addition of the enzyme as the last
component of the reaction. This could suggest that dopa-
mine is either metabolized or oxidized before being able to
inhibit complex I. However, MAO inhibitors as well as the
strong antioxidant BHT, which in itself has no effect on
complex I activity, did not prevent dopamine inhibition of
complex I, indicating that hydrogen peroxide, superoxide,
and lipid-derived radicals do not participate in complex |
inactivation. Interestingly, it was previously reported that
following 1-h pre-incubation, dopamine suppressed pyr-
uvate- and succinate-dependent electron transport in intact
rat brain mitochondria [36]. The latter, together with the in
vivo findings demonstrating a significant inhibition of
complex I by dopamine and L-DOPA [33], which was
not associated with altered oxidative stress parameters
[3,18], as well as the finding that the highly reactive
6-OHDA-induced inhibition of complex I in vivo and in

mitochondrial preparations [40,41], are in accordance with
the present data.

An alternative explanation to the indirect effect of
dopamine on complex I is a direct interaction between
both. As previously mentioned, a dopamine inhibitory
effect was detected in the presence of ferricyanide, which
accepts electrons from Fe—S cluster 1 [65,66]. This sug-
gests that dopamine might interact with the enzyme at a
site that lies between the binding site for NADH and the
iron—sulphur cluster N1, before the more hydrophobic part
of the complex, which includes the sites for rotenone,
piericidin A and MPP" [67-69]. The hydrophilic char-
acteristics of all compounds which were tested in the
present study and altered complex I activity, supports
the suggestion that the interaction site is located on the
peripheral part of the enzyme. Thus, an interaction
between dopamine and the low potential Fe-S cluster
could explain the inhibition of NADH oxidation. Indeed,
it was reported that NADH dehydrogenase activity was
inhibited by iron chelators probably by displacing the
labile sulfur of the Fe-S cluster and chelating the iron
[70]. Catechols are known iron chelators. Thus, being a
catechol, dopamine could chelate iron and thereby inhibit
the enzyme. In this connection, it is notable that addition of
Fe®" prevented the 30 & 5.5% inhibition of complex I
activity induced by 5 uM dopamine in a dose-dependent
manner, with complete inhibition at 40 uM of Fe*". The
effect of other compounds, which relate to dopamine
either by structure or by function, further supports the
aforementioned hypothesis, in as much as the catechol,
and not the ethylamine, moiety of dopamine is essential
for affecting complex I. Thus, noradrenaline, L-DOPA,
DOPAC, 6-OHDA, and nordihydroguaiaretic acid, the
latter having two catechol rings combined by dimethyl-
butane, inhibited the enzyme, while ethylamine and
triethylamine as well as serotonin, which has an indole
group, and the dopamine precursor L-tyrosine, had no
effect on NADH dehydrogenase. Although conclusive
evidence for a direct interaction between dopamine and
Fe-S cluster calls for studies using methods such as
electron spin resonance (ESR), the possibility of a direct
interaction between dopamine and complex I is in line
with the protective effect of Fe?*, the brief duration of the
pre-incubation period, as well as the lack of effect of the
antioxidant and MAO inhibitors.

MPP™" neurotoxicity was shown to be a multi-compo-
nent process involving both mitochondrial dysfunction by
inhibition of complex I activity, and ROS generated by
vesicular dopamine displacement [7]. The result of the
present study together with previous reports which impli-
cate the involvement of highly reactive oxygen species in
dopamine inhibition of mitochondrial respiration, suggest
that parallel processes, i.e. ROS production alongside
inhibition of complex I activity, can be implied for dopa-
mine-induced neurotoxicity. Furthermore, the findings that
ATP production preceded DA-induced cell death, which
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was previously associated with ROS formation and apop-
tosis, as well as the important role of mitochondria in the
latter processes, may suggest that impairment of mitochon-
drial OXPHOS precedes DA-induced ROS formation and
apoptosis.

The present study shows that exposure of SH-SY5Y
cells to both serotonin and norepinephrine had no effect on
intracellular ATP levels. While serotonin has not been
shown to be taken up by these cells and did not inhibit
mitochondrial complex I activity, norepinephrine was
shown to be taken up by these cells [71], and to inhibit
complex I activity, although less efficient than dopamine.
The latter is in line with norepinephrine less potent chela-
tion capability as compare to dopamine, and could be
associated with its inability to reduce intracellular ATP
levels. Notably, however, is the recently reported finding
that the noradrenergic locus coeruleus is the major site of
subcortical neuronal loss in both Parkinson and Alzheimer
diseases [72], suggesting that both catechols are involved
in neurodegenerative processes. However, the lack of effect
of norepinephrine on intracellular ATP levels in cell cul-
tures, as well as the Parkinson disease specific dopami-
nergic cell loss in the substantia nigra par compacta, in
contrary to the disease non-specific cell loss in the locus
coeruleus, may suggest that despite sharing some simila-
rities, dopamine and norepinephrine neurotoxic effects are
induced via different mechanisms.

Finally, the results of the present study suggest that an
interaction between dopamine and mitochondrial complex
I may be an early step in the process involved in dopamine
toxicity and thus may be of relevance to the pathophysiol-
ogy of dopamine-related neurological and psychiatric dis-
orders such as Parkinson’s disease and schizophrenia. In
line with the latter are the findings of altered complex I
activity both in periphery and in brain of patients with
Parkinson’s disease and schizophrenia, in which dopamine
abnormal transmission is a prominent etiological factor
[28,32,73—77]. Thus, complex I deficiency has been
described in the substantia nigra, as well as in platelets,
in sporadic Parkinson’s disease. Further, evidence for the
imperative role complex I plays in Parkinson’s disease is
the ability of its inhibitor MPTP to cause parkinsonism in
human and in primates, which is remarkably similar, both
clinically and pathologically, to idiopathic Parkinson’s
disease [37-39,78]. Likewise, the common pesticide rote-
none, which is an inhibitor of complex I, induces anato-
mical, neurochemical, behavioral, and neuropathological
features of Parkinson’s disease in rodents [79]. The
mechanism that underlies complex I deficient activity in
Parkinson’s disease is still unknown. Many studies have
claimed that the increased turnover of dopamine reported
in Parkinson’s disease [80] leads to an extensive free
radical generation from dopamine metabolism and/or
auto-oxidation, with consequent complex I dysfunction.
However, treatment of patients with MAQO inhibitors such
as deprenyl, or antioxidants, such as vitamin E, has not yet

been proved as neuroprotective [81]. Conceivably, a direct
inhibition of complex I activity by dopamine may be an
additional alternative mechanism. Interestingly, in schizo-
phrenia, which is associated with increased dopamine
transmission, with no evidence for neurodegeneration
due to free radicals formation, several independent lines
of evidence indicate mitochondrial dysfunction in general,
and complex I aberrations in particular, in brain and in
platelets or lymphocytes (for review, see [29]). Complex I
activity alterations in the periphery were shown to be
disease state dependent, while in brain a decrease was
observed in the prefrontal cortex, which is a brain area
fundamental for the pathophysiology of schizophrenia, and
is extensively innervated by the dopaminergic system
[32,75,76]. In addition, the relevance of dopamine complex
I interaction to the pathology of schizophrenia was exhib-
ited by significantly higher susceptibility of complex I
activity in mitochondria isolated from platelets of schizo-
phrenic patients to dopamine inhibition as compared with
the control subjects.

In conclusion, our findings suggests mitochondrial com-
plex I as a potential target for dopamine, further high-
lighting the complexity and multitude of processes
involved in dopamine neurotoxicity.
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