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Abstract

Oxidative stress and mitochondrial dysfunction are two pathophysiological factors often
associated with the neurodegenerative process involved in Parkinson’s disease (PD).
Although, 6-hydroxydopamine (6-OHDA) is able to cause dopaminergic
neurodegeneration in experimental models of PD by an oxidative stress-mediated
process, the underlying molecular mechanism remains unclear. It has been established
that some antioxidant enzymes such as catalase (CAT) and superoxide dismutase (SOD)
are often altered in PD, which suggests a potential role of these enzymes in the onset
and/or development of this multifactorial syndrome. In this study we have used high-
resolution respirometry to evaluate the effect of 6-OHDA on mitochondrial respiration
of isolated rat brain mitochondria and the lactate dehydrogenase cytotoxicity assay to
assess the percentage of cell death induced by 6-OHDA in human neuroblastoma cell
line SH-SY5Y. Our results show that 6-OHDA affects mitochondrial respiration by
causing a reduction in both respiratory control ratio (ICso = 200 £ 15 nM) and state 3
respiration (ICso = 192 + 17 nM), with no significant effects on state 4,. An inhibition in
the activity of both complex | and V was also observed. 6-OHDA also caused cellular
death in human neuroblastoma SH-SY5Y cells (ICso = 100 + 9 uM). Both SOD and



CAT have been shown to protect against the toxic effects caused by 6-OHDA on
mitochondrial respiration. However, whereas SOD protects against 6-OHDA-induced
cellular death, CAT enhances its cytotoxicity. The here reported data suggest that both
superoxide anion and hydroperoxyl radical could account for 6-OHDA toxicity.
Furthermore, factors reducing the rate of 6-OHDA autoxidation to its p-quinone appear
to enhance its cytotoxicity.
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Abbreviations

6-OHDA 6-Hydroxydopamine
PD Parkinson’s disease
ROS Reactive oxygen species
SOD Superoxide dismutase
CAT Catalase

GPx Glutathione peroxidase
RCR Respiratory control ratio
LDH Lactate dehydrogenase

E-MEM Eagle’s minimal essential medium

pQ p-Quinone of 6-OHDA
'sQH Semiquinone radical of 6-OHDA
O~ Superoxide radical

H202 Hydrogen peroxide
‘OH Hydroxyl radical
HO" Hydroperoxyl radical

Introduction

Parkinson’s disease (PD) is a neurodegenerative disorder characterized by a
progressive motor dysfunction as a result of the loss of nigrostriatal dopaminergic
neurons. Although its etiology is still not fully understood, there is no doubt that animal
models of PD provide useful mechanistic data for the understanding of this disorder and
for the ongoing development of neuroprotective strategies for its treatment. Thus, 6-
hydroxydopamine (6-OHDA\) is a catecholaminergic neurotoxin widely used to generate
experimental models of PD [1, 2]. Administration of 6-OHDA into certain areas of the
rat brain (striatum, substantia nigra, and third ventricle) in combination with

desipramine, to prevent noradrenergic neuron destruction, is able to cause a selective



loss of dopaminergic neurons [3-5]. It has been reported that in these models 6-OHDA
promotes an apoptotic process in dopaminergic neurons [6-8], mediated by oxidative
stress, which leads to cell death [9, 10]. In view of the well-known ability of 6-OHDA
to react rapidly and non-enzymatically with molecular oxygen and form a series of
reactive oxygen species (ROS) [11, 12], the molecular mechanism proposed to explain
its neurotoxicity includes the action of these ROS on different cellular structures and
metabolic systems [13—-15]. However, the precise molecular mechanism involved in 6-
OHDA-induced neurotoxicity remains to be clearly established [16, 17].

It is recognized that the mitochondrial electron transfer system in association with
mitochondrial oxidative phosphorylation set up the primary source of high energy
compounds for cells, and that a dysfunction of mitochondrial energy metabolism leads
to both a reduction in ATP production and an increase in ROS formation [18, 19]. Under
normal conditions a small amount of molecular oxygen is continuously reduced by a
single electron transfer to superoxide radical (O ™) by complexes I and Il [20-22], but
an impairment in mitochondrial sespiration may dramatically increase the production of
O~. This has been demonstrated in dopaminergic neurons where the inhibition of
complex | activity causes an increase in the production of ROS and subsequent
oxidative damage to proteins, lipids and DNA [23-25]. Evidently, this supports the
opinion that the specific deficiency in the activity of complex | found in the substantia
nigra of some PD patients is the etiological factor involved in the pathogenesis of these
particular cases of PD [26, 27]. With regard to 6-OHDA, although some authors found
no significant evidence of its effect on complex | activity [28], others have reported a
clear inhibitory effect [29, 30].

However, to understand mitochondria behaviour it should be borne in mind that cells in a
homeostatic state present an antioxidant defence, mainly composed of enzymatic systems,
which help to protect mitochondria against oxidative stress. Evidently, the status of the
cellular defence determines the viability of cells. Superoxide dismutase (SOD), catalase
(CAT), and glutathione peroxidase (GPx) are the major enzyme systems in charge of
modulating the mitochondrial redox environment, developing its activity mainly inside
the mitochondria (Mn-SOD), in the cytosol (Cu, Zn-SOD and GPx), and inside the



peroxisome (CAT). For this reason, the use of cell cultures can provide valuable and
additional information on the mitochondrial response to a particular insult and vice
versa. SH-SY5Y is a human neuroblastoma cell line which expresses the dopamine
uptake system and is sensitive to the toxicity of 6-OHDA [31-33]. Furthermore, it has
been reported that both CAT and SOD protect against 6-OHDA-induced cytotoxicity [7,
34-36]. Nevertheless, several studies have failed to find a protective role for both SOD
[1, 37] and CAT [38-40] against 6-OHDA-induced cytotoxicity.

In order to obtain fresh data on the molecular mechanisms involved in the toxicity of 6-
OHDA we used two models: rat forebrain mitochondria and human neuroblastoma SH-
SY5Y cells. To evaluate the effects of 6-OHDA on mitochondrial function we
investigated its action on mitochondrial respiration and on the activity of each of the
complexes of the electron transport system. The effects caused by the presence of CAT
and SOD on this process were also investigated, together with the ability of 6-OHDA to
induce cell death and the capacity of CAT and SOD to affect this process.

Experimental Procedure

All experimental protocols described in this article were formally approved by the
Ethical Committee of the University of Santiago de Compostela and conformed to the
European Community Council Directive of 24 November 1986 (86/609/EEC).

Animals and Reagents

Male Sprague—Dawley rats weighing 200-250 g were used. Animals were housed in an
animal room under controlled temperature (22 £ 1 °C) and 12-h light-dark cycle (light on
from 8:00 to 20:00), with free access to tap water and standard laboratory chow.
Animals were allowed to acclimatize for at least 4 days before the experiment. Reagents
were obtained from Sigma-Aldrich (St. Louis, MO, USA) unless otherwise stated.



Isolation of Rat Brain Mitochondria

Mitochondria were isolated according to a previously described procedure [41] with
slight modifications to obtain much better functional characteristics. Briefly, each rat
was stunned with carbon dioxide, killed by decapitation, and the rostral forebrain
quickly dissected with a transaction at the level of the two colliculli. Meninges and
cerebellum were removed immediately, and the resultant forebrain minced prior to
subsequent manual homogenization in a Dounce-type glass homogenizer using an
icecold isolation medium (1/10, w/v) containing 225 mM mannitol, 75 mM sucrose, 5
mM HEPES, 3 mM EDTA2K and 1 mg/ml fatty acid free BSA (pH 7.4). The resulting
brain homogenate was brought to 15 ml, distributed into three tubes, and then
centrifuged at 600g for 10 min (JA-20 rotor, Beckman Instruments, Palo Alto, CA,
USA). The supernatant was preserved while the pellet was resuspended in isolation
medium to 10 ml and centrifuged as earlier to recover fast sedimented mitochondria.
The resulting supernatants were then pooled and centrifuged in four tubes at 12,0009 for
8 min. The pellets, including the fluffy synaptosomal layer, were resuspended in
isolation medium, distributed into two tubes each containing a final volume of 10 ml
and centrifuged at 12,000g for 10 min. The brown mitochondrial pellets obtained after
discarding the synaptosomal layer were resuspended again in 10 ml of isolation medium
and recentrifuged in two tubes at 12,000g for 10 min. The resulting mitochondrial
pellets were combined and stocked in 1 ml of isolation medium until respiratory assay.
All the procedures described were carried out at 4 °C. Protein concentration was
determined by the method of Markwell et al. [42], using bovine serum albumin as
standard. This procedure yielded 8-12 mg of protein per rat brain. Mitochondria
prepared in this way were active for 3-4 h, as determined by the value obtained for

respiratory control ratio (RCR).



Measurement of Mitochondria Respiration

Stocked mitochondria were diluted to 0.2 mg/ml in 2 ml of a standard respiration
medium containing 125 mM KCI, 5 mM HEPES, 3 mM MgCl,, 2 mM KH;PO4, and
0.5 mM EGTA (pH 7.4). The organelles were fuelled by a NADH-linked substrate (2.5
mM L-glutamate and 1.25 mM L-malate) under oxygen saturation conditions to
evaluate the respiratory activity related to complex I. Oxygen consumption was
measured at 30 °C using an Oroboros® high resolution respirometer, model Oxygraph-
2k (Innsbruck, Austria) stirred at 500 rpm. Oxygen consumption under active respiration
(state 3) was monitored after the addition of ADP (200 uM) and oxygen consumption
under resting conditions was measured after the addition of 4 Ig/ml of the mitochondrial
ATP synthase inhibitor oligomycin (state 4,). The rate of oxygen consumption before
addition of mitochondria was subtracted from all measurements. RCR values (state
3/state 4,) were calculated as the ratio of oxygen consumption in the presence of ADP
divided by that obtained in the presence of oligomycin [43].

Measurement of Activities of Respiratory ChainComplex

The activities of respiratory chain complex, including complex I, Il, IV and V, were
measured in isolated mitochondria using the rapid ELISA kit for rodents (MitoSciences,
Eugene, OR, USA), according to manufacturer’s instructions. Complex Il activity was
determined by monitoring the reduction of cytochrome c in the presence of coenzyme
Q10, according to a slight modification introduced in a previously reported procedure
[44]. Briefly, cytochrome ¢ (15 puM) and coenzyme Q1o (100 uM) were added to an
assay medium containing 25 mM KH2PO4, 2 MM KCN, 5 mM MgClz, 2 Ig/ml
rotenone at pH 7.2. Mitochondria (0.25 mg/ml) were added to the mixture and the
increase in the absorbance recorded at 550 nm for 5 min. In some experiments, 6-
OHDA (200 pM) was preincubated with mitochondria for 3 min. Data are expressed as
percentage of activity compared to control.



Cell Culture and Treatment

Human neuroblastoma SH-SY5Y cells were grown at 37 °C in Eagle’s minimal essential
medium (E-MEM) with Earle’s BSS:Ham’s F12 (1:1, v/v), 2 mM L-glutamine, 1.0 mM
sodium pyruvate, 0.1 mM non-essential amino acids, 1.5 g/l sodium bicarbonate, 10 %
foetal bovine serum, 100 units/ml penicillin, and 100 Ig/ml streptomycin in the
presence of 5 % CO». Cells were grown to 80-90 % confluence and then seeded into
different culture plates. Several experimental groups were treated for 24 h with different
concentrations of 6-OHDA (from 1 uM to 1 mM) to induce cell death. 6-OHDA was
dissolved in a 0.9 % sterile saline containing 0.02 % ascorbic acid. Another group was
treated with vehicle alone and used as control. Other experimental groups were treated
with different concentrations of CAT (250-2,000 1U/ml) or SOD (100-1,000 1U/ml) 24
h prior tothe addition of 6-OHDA (100 uM).

LHD Cytotoxicity Assay

Cellular death was fluorimetrically quantified by monitoring the activity of the
cytoplasmic enzyme LDH released by cells with damaged plasma membranes and
comparing this data with that obtained after a complete lysis of cells [45]. SHSY-5Y
cells grown onto 96-well plates were treated as described above. LDH activity was
determined using the CytoTox-ONE™ assay kit (Promega, Southampton, UK),
according to manufacturer’s instructions. Briefly, CytoTox-ON reagent was added to
the culture medium (1:1, v/v) up to 100 Il in each well, following by plate shaken for
30 s. After 20 min of plate incubation at 37 °C, stop solution supplied with the kit
was added and fluorescence recorded with a microplate spectrofluorometer (Spectra
Max Gemini XS, Molecular Devices, Sunnyvale, CA, USA), using an excitation
wavelength of 560 nm and an emission wavelength of 590 nm. LDH release was
quantified by comparison with 100 % LDH release and was obtained using the lysis
solution supplied with the kit.



Monitoring of p-Quinone Formation During 6-OHDAAutoxidation

The formation of p-quinone during 6-OHDA autoxidation was monitored
spectrophotometrically at 490 nm [46]. The incubation medium was a buffer solution
(Na2PO4/ KH2POy4 isotonized with KCI, pH 7.4) and p-quinone formation was followed
after the addition of 20 pl of a stock of 6-OHDA (20 uM) dissolved in 1 mM KCI (pH
2.0) to prevent its autoxidation. In some experiments, 10 pl of CAT (1,000 1U/ml) or
SOD (1,000 IU/ml) were incorporated prior to the addition of 6-OHDA. Final volume
of the incubation was 400 pl and all concentrations are final concentrations in the

incubation.

Statistical Analysis

Data were expressed as the mean + SD or mean + SE. Statistical differences between
means were tested using one-way ANOVA followed by Duncan’s test for multiple
comparisons. 1Cso values were obtained by non-linear regression analysis of the
sigmoidal inhibition-concentration curves, using the program Sigmaplot v. 11.0 (Systat
Software Inc., Chicago, IL, USA). The statistical significance was set at p < 0.05.

Results

Effect of 6-OHDA on Both Cellular Viability and Mitochondrial Functionality

6-OHDA was described as a dopaminergic neurotoxin whose effects are mediated by
oxidative stress. Human SH-SY5Y dopaminergic neuroblastoma cells were exposed for
24 h (peak-time for LDH release [47]) to different concentrations of the neurotoxin, as
described in Experimental Procedure. To evaluate the toxicity of 6-OHDA, the
percentage of cellular death was estimated by using the LDH assay. The 1Csp value was

calculated by non-linear regression analysis of the toxicity-concentration curve,



obtaining a value of 100 £ 9 uM after 24 h of exposition (Fig. 1a).

Under control conditions, the mean active respiration rate (state 3) was 468 = 60 pmol
O2/min mg protein and the mean resting respiration rate (state 40) was 86 + 19 pmol
O2/min mg protein, which results in a mean RCR of 5.45 £ 0.02. As illustrated in Fig.
1b, c, the treatment of forebrain mitochondria with different concentrations of 6-OHDA
caused a significant reduction in both RCR and rate of oxygen consumption at state 3,
with no significant change in the rate of oxygen consumption at state 4,. The non-linear
regression of the inhibition-concentration graph obtained for RCR inhibition revealed
the existence of a decrease in the degree of coupling that was dependent on 6-OHDA
concentration and gave an 1C50 of 200 + 15 nM. As shown in Fig. 1c, the inhibition of
state 3 respiration by 6-OHDA gave an ICso value (192 = 17 nM) very close to that
obtained for RCR inhibition. In addition, our results also show that concentrations of 6-
OHDA higher than 10 uM shift the active oxygen consumption rate (state 3) into the
value obtained for resting respiration (state 4,) (data not shown). To understand the
point of electron transport system altered by the presence of 6-OHDA (200 nM), the
activity of complexes I-V was analyzed. As shown in Fig. 2, only complex | and V
showed a significant reduction in their activity of 12 and 27 %, respectively, when

compared with control,while complexes -1V remained unaltered.

Neuroprotection of SH-SY5Y Cells and Isolated Mitochondria by CAT and SOD

To assess the potential neuroprotective activity of the antioxidant enzymes SOD and
CAT on the neurotoxicity induced by 6-OHDA, SH-SY5Y neuroblastoma cells were
pre-treated with each of the antioxidant enzymes 24 h prior to the addition of 6-OHDA.
At this point, it is interesting to note that the hydrophilicity and molecular size of SOD
and CAT restrict their action to the outside of cells. As shown in Fig. 3a, SOD protects
significantly SH-SY5Y cells against the cellular death induced by 6-OHDA (100 puM).
Furthermore, this effect resulted dependent on enzyme concentration. Nevertheless,
CAT failed to prevent the damage induced by 6-OHDA (100 pM), even showing a high
ability to enhance the cellular death caused by 6-OHDA (Fig. 3b). This enhancement



decreased in a concentration-dependent manner for concentrations over250 1U/ml.

Mitochondria were also pre-treated with increasing concentrations of both SOD and
CAT prior to their exposition to 6-OHDA (200 nM). In this study we observed that both
antioxidant enzymes caused an increase in active respiration (state 3) with no significant
effects on resting respiration (state 4.). As illustrated in Fig. 3c, d, our results clearly
show how the presence of both SOD and CAT cause a significant increase in the value
of the RCR (state 3/ state 4,) when compared with the value obtained in the absence of
the assayed enzymes. In both cases, the protective action of both SOD and CAT

against 6-OHDAtoxicity was dependent on the enzyme concentration.

Effect CAT and SOD on p-Quinone Formation During 6-OHDA Autoxidation

To determine whether the presence of both CAT and SOD affects the rate of 6-OHDA
autoxidation, the formation of the corresponding p-quinone (pQ) was followed by direct
recording of the increase in the absorbance at 490 nm. As illustrated in Fig. 4, the
presence of both CAT (1,000 1U/ml) and SOD (1,000 IU/ml) caused a visible reduction
in the rate of pQ formation during the autoxidation of 20 uM 6-OHDA under
physiological conditions of pH. As can be seen, the slowing down observed in pQ
formation washigher with CAT than with SOD.

Discussion

Oxidative stress has been cited as one of the main factors involved in the pathogenesis
of PD [10, 48]. The use of different neurotoxins (6-OHDA, MPTP, and rotenone) to
develop experimental models of PD has become an essential tool to gain insight into the
molecular mechanisms involved in the etiology of this disorder. Although there is
consensus that 6-OHDA neurotoxicity is due to the oxidative stress triggered by the
production of ROS [49], the precise mechanism of its cytotoxicity remains uncertain. In

this study we report the results obtained from a combined study carried out on the



toxicity of 6-OHDA using two models: rat forebrain mitochondria and human
neuroblastoma SH-SY5Y cells. The aim of this study is to shed some new light on
the molecular mechanisms involved in the toxicity of 6-OHDA from the effects caused
by this toxin on mitochondrial function and cell viability, and particularly from the
response of both models to the addition of SOD and CAT.

It is well-known that under physiological conditions 6-OHDA is rapidly oxidized in
the presence of molecular oxygen to form the corresponding pQ and a series of ROS,
which include the corresponding semiquinone radical (‘'sQH), superoxide radical (O ™),
hydrogen peroxide (H202), hydroxyl radical (‘OH), and hydroperoxyl radical (HO) [11,
12, 14, 15]. To illustrate our arguments, Fig. 5 shows the reactions involved in the
formation of the above mentioned substances, together with the potential involvement
of SOD and CAT in such reactions.

Assuming the reported involvement of mitochondria in the generation of ROS and the
subsequent implication of these reactive compounds in neurodegeneration, our first goal
was to quantify the effects caused by the presence of different concentrations of 6-
OHDA on mitochondrial respiration. In our opinion, high-resolution respirometry
appeared to be the most appropriate technique to perform this study because, as
previously reported by Gnaiger [50], it requires only small amounts of mitochondria,
thus allowing the use of low respiratory fluxes without the problems derived from the
low signal-noise ratio reported by using Clark type oxygen electrodes. Thus, the
accuracy of this technigue to measure oxygen concentration at the picomolar level gave
us the opportunity to investigate events occurring at very low concentrations of 6-
OHDA and in the presence of antioxidants altering the concentration of oxygen into the
chamber. However, highresolution respirometry requires the use of metabolically well-
preserved mitochondria with good degree of integrity in order to detect slight variations
in the rate of oxygen consumption. The RCR obtained under our experimental
conditions with untreated brain mitochondria confirms the usefulness of the here
reported procedure to obtain mitochondria with an appropriate degree of integrity and
functionality for high-resolution respirometry.

Under our experimental conditions, 6-OHDA clearly showed a high capacity to reduce



mitochondrial respiration in rat forebrain mitochondria and to cause cellular death in
human neuroblastoma SH-SY5Y cells. Both effects were dependent on 6-OHDA
concentration and gave I1Csg values of 200 nM for mitochondrial respiration (expressed
in terms of RCR inhibition) and of 100 uM for cellular death in human neuroblastoma
SH-SY5Y cells. Our results also show that 6-OHDA causes a noteworthy decrease in
NADH-linked state 3 respiration, with no significant effects on state 4,. Curiously,
similar behavior was previously observed using dopamine at high concentrations [51].
Taking into account that under our experimental conditions 6-OHDA reduces the
activity of complex I, a fact which agrees with previously reported data [29, 30], our
findings may be interpreted as a consequence of a reduction in the flow of electrons
through the mitochondrial electron transfer system. At this point, it should be
emphasized that under our experimental conditions state 4, mitochondrial oxygen
consumption is limited by the rate of protons influx across the inner membrane, and
consequently the resulting absence of change in state 4, respiration by 6-OHDA shows
that the permeability of mitochondria membranes to protons is not affected by the
presence and autoxidation of 6-OHDA. To assess the potential ability of 6-OHDA to
affect proton leak through the inner mitochondrial membrane and taking into
consideration the results reported by Masini et al. [52], we made some additions to the
incubation medium. These were: EGTA (to prevent the cycling of Ca?* across the inner
membrane of mitochondria), fatty acid free BSA (to prevent the oxidation of fatty
acids), and oligomycin (to prevent the action of broken mitochondria with uncoupled
ATPase activity). The inhibition observed in the activity of ATP synthase by 6-OHDA
may also contribute to the reduction found in active respiration. Evidently, the
uncoupling found in respiration-phosphorylation may help to explain the neurotoxicity
of 6-OHDA through the consequent reduction in neuronal ATP production. Assuming
the known ability of 6-OHDA to undergo autoxidation and generate ROS (Fig. 5), in
both models (human neuroblastoma SH-SY5Y cells and rat forebrain mitochondria) it
seems understandable to attribute the toxicity of 6-OHDA to the formation of ROS and
their ability to cause both lipid peroxidation and protein oxidation [31]. The particular

toxicity here reported of 6-OHDA on mitochondrial function could also be linked to the



presence of cytochromes and Fe-Cu clusters involved in mitochondrial respiration and
the well-known ability of iron and copper to promote the reduction of H20 through the
participation of the Fenton reaction to give "‘OH, which is considered the most
damaging free radical for living cells [53]. With regard to dopaminergic neurons, this
effect could be enhanced by: (a) the presence of neuromelanin in these cells and its
ability to accumulate iron [54], and (b) the reported ability of 6-OHDA to release
iron from strongly coordinating ligands [55]. Evidently, when cells are the model, the
toxicity of 6-OHDA for mitochondrial function may be diminished by the antioxidant
machinery within the cell which protects the mitochondrial function [56]. Both SOD and
CAT have been shown to protect against the toxic effects caused by 6-OHDA on
mitochondrial respiration. Although, the neuroprotective role of CAT and SOD against
the neurotoxicity induced by 6-OHDA has been previously reported under different
experimental conditions [7, 31, 34-36], some reports have failed to show the protective
role of SOD [1, 37] and CAT [38, 39] against 6-OHDA-induced cytotoxicity. The
protective effect here reported for both SOD and CAT on mitochondrial respiration
appears to corroborate the involvement of ROS in early stages of 6-OHDA toxicity
and the ability of these highly reactive substances to affect state 3 respiration and
consequently to uncouple respiration to phosphorylation. As can be seen in Fig. 5, the
activity of SOD may boost the formation of H202, and consequently the participation
of the Fenton reaction in the formation of ‘OH. However, the dismutation of superoxide
radical caused by the activity of SOD decreases the formation of HO», with a slight
alteration in the rate of pQ formation. Assuming the previously suggested role of HO»
in the initiation of both lipid peroxidation and in particular protein oxidation [57-59],
our hypothesis explains the protective effects of SOD on mitochondrial respiration. The
protective effect of CAT on the toxicity induced by 6-OHDA on mitochondrial
respiration appears to be caused by an efficient elimination of H2O2, which must be
associated to a significant decrease in the rate of 6-OHDA autoxidation, together with a
reduction in the production of ‘'OH by the Fenton reaction. It is evident that CAT
activity diverts the 6-OHDA autoxidation to the direct reaction between 6-OHDA and

molecular oxygen without the involvement of H>O,. The possibility that this effect



could increase the production of O~, and consequently the formation of HO (Fig.
5), is precluded by the notable decrease observed in the rate of 6-OHDA autoxidation.
Furthermore, our results show that SOD is more efficient than CAT in reducing the 6-
OHDA-induced toxicity, which underlines the particular contribution of O'to the
toxicity of 6-OHDA. In this way, our findings appear to corroborate the view that the
actual free radical acting on the componeZntS of electron transport system and
uncoupling mitochondrial respiration is the HO"; generated from O ~. As we previously
reported [60], it is reasonable to think that an uncharged free radical with a relatively
non short half-life such as HO»> could be involved in this process because of the
following features: (a) its ability to pass through biological membranes to reach the
inner mitochondrial membrane, (b) its easy access to the internal hydrophobic
environment of proteins, and (c) its reported ability to oxidize proteins [58, 59]. Thus,
we suggest HO > as the main chemical species involved in mitochondrial impairment.

Finally, our results revealed a difference in behaviour concerning the effects of SOD
and CAT on the cytotoxicity induced by 6-OHDA in human dopaminergic
neuroblastoma cells. Thus, SOD showed a highly protective effect against 6-OHDA-
induced toxicity, while CAT surprisingly enhanced the potential of 6-OHDA to cause
cellular death, at least, when relatively low concentrations of CAT were used. Once
again, these observations suggest the involvement of ROS in 6-OHDA-induced cellular
death. Nevertheless, this lethal effect diminished as CAT concentration increased, but
without achieving a protective effect, even at the highest concentrations used in this
study. A putative explanation for these data may be the reduction in the rate of 6-OHDA
autoxidation caused by the elimination of hydrogen peroxide by CAT, which causes an
increase in the half-life of 6-OHDA and its derivates in the environment of the
dopaminergic SH-SY5Y cells. In this way, the toxic potential of 6-OHDA is increased,
particularly by the increased accessibility of 6-OHDA to the inside of cells by active
transport [31]. It is probably that CAT at concentrations over 1,000 1U/ml displaces
completely the reaction of O."- dismutation to the formation of H>O. and consequently,
the instantaneous consumption of H2O> by CAT prevents the formation of HO> during

6-OHDA autoxidation, thus contributing to the protective effect observed under these



circumstances.

In summary, this study demonstrated that low concentrations of 6-OHDA (at nanomolar
levels) are able to affect mitochondrial function by causing both a reduction of
active respiration (state 3) and an inhibition of complex | and V activities. At higher
concentrations (at micromolar levels) this neurotoxin is also able to cause cellular death
in human dopaminergic neuroblastoma SH-SY5Y cells. Whereas both SOD and CAT
have been shown to protect efficiently against the toxicity caused by 6-OHDA on
mitochondrial respiration, only SOD has a protective effect on 6-OHDA-induced
cellular death. Evidently, these data contribute to corroborate the involvement of
oxidative stress in 6-OHDA toxicity. Furthermore, our data appear to suggest that a low
rate of 6-OHDA autoxidation, the amount of superoxide anion formed and a high
production of hydroperoxyl radical are the major causes of the toxic effects induced by
6-OHDA. This indicates that only specific ROS derived from 6-OHDA autoxidation are
involved in its neurotoxicity and that more work is required to confirm the chemical

nature of the species involved inmitochondrial and cellular injury.
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Fig. 1 a Cellular death induced by 6-OHDA in human neuroblastoma SH-SY5Y cells.
Cells were incubated with 6-OHDA during 24 h. Cell death was assayed by LDH
assay and represented as the percentage of untreated control (in the absence of 6-
OHDA). b Reduction of mitochondrial respiratory control ratio (RCR) caused by 6-
OHDA after incubation of rat brain mitochondria in the presence of L-glutamate (2.5
mM) plus L-malate (1.25 mM). RCR was obtained as the quotient of active respiratory
rate (state 3; 200 uM ADP) and resting rate (state 4o; 4 lg/ml oligomycin), and
represented as the percentage of inhibition in relation to untreated control. ¢ Effects of
6-OHDA on the rate of oxygen consumption in state 3 and state 4,. The active
respiratory state 3 suffered a significant decrease and the percentage of inhibition is
represented. Data are expressed as mean = SD from three different experiments with three
replicas per experiment (n = 3). ICso values were obtained by non-linear regression

analysis (Sigmaplot v. 11.0)
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Fig. 2 Effects of 6-OHDA (200 puM) on the activity of complexes from the
mitochondrial electron transport system. Mitochondria were isolated from forebrains as
detailed in the ‘‘Experimental Procedure’’ section. Complex activities were determined
using an antibody for each complex (complex I, 11, IV and V) to perform an ELISA and
a spectrophotometric method for complex Ill. Values are mean £ SE (n = 3) from
independent experiments and represent the percentage of activity compared with
controls. *Statistical significance (one-way ANOVA followed by Duncan’s test) was p
<0.05
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Fig. 3 Effect of SOD (a) and CAT (b) on SH-SY5Y cell death induced by 6-OHDA
(100 pM) after 24 h of incubation. Cell death was assayed by LDH assay and
represented as the percentage of untreated control (in the absence of 6-OHDA). Effect
of SOD (c) and CAT (d) on the ability of 6-OHDA (200 nM) to reduce mitochondrial
coupled respiration of rat brain mitochondria in the presence of L-glutamate (2.5 mM)
plus L-malate (1.25 mM). RCR was obtained as the quotient of active respiratory rate
(state 3; 200 UM ADP) and resting rate (state 4o; 4 Ig/ml oligomycin), and represented
as the percentage of untreated control (in the absence of 6-OHDA). Effects of SOD (e)
and CAT (f) on the effects caused by 6-OHDA (200 nM) on the rates of oxygen
consumption in state 3 and state 4,. Data are presented as the mean £ SE from three
different experiments with three replicas per experiment. *Significant difference (p <
0.05) when compared with control exposed to 6-OHDA but in the absence of the

antioxidant enzyme (one-way ANOVA followed byDuncan’s test)
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Fig. 4 Representative recording of the formation of pQ during 6-OHDA autoxidation in
the absence (control) and presence of either CAT or SOD. The formation of pQ was
followed spectrophotometrically after the addition of 6-OHDA (20 uM) to a phosphate
buffer (isotonic with KCI, pH 7.4) containing none of the antioxidant enzymes, CAT
(1,000 1U/ml) or SOD (1,000 IU/ml). All concentrations are final concentrations in the
incubation
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Fig. 5 Schematic representation of 6-OHDA autoxidation showing its ability to
generate different reactive oxygen species (ROS) and the potential involvement of
SOD and CAT in this process. As illustrated, ferrous iron (Fe?*) can convert H2O> to
‘OH through what is called the Fenton reaction, but note that in the absence of Fe?*,
H20> can also generate ‘OH by reacting with 6-OHDA (QHz) or the semiquinone
radical ('sQH) [15]
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