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Abstract

Mitochondrial dysfunction, oxidative stress, and a-synuclein oligomerization occur in Parkinson disease (PD).
We used an in vitro PD cybrid approach that models these three phenomena specifically to evaluate the impact
of mitochondria-derived oxidative stress on a-synuclein oligomerization. Compared with control cybrid cell
lines, reactive oxygen species (ROS) production and protein oxidative stress markers were elevated in PD cy-
brids. The antioxidants CoQ and GSH attenuated changes in PD cybrid peroxide, protein carbonyl, and pro-
tein sulthydryl levels. Elevated PD cybrid a-synuclein oligomer levels were also attenuated by CoQq9 and GSH.
In PD cybrids, a-synuclein oligomerization was activated via a complex I-mediated increase in the free tubu-
lin/polymerized tubulin ratio. CoQ; but not GSH increased complex I activity, restored ATP to control lev-
els, and normalized the PD cybrid free tubulin/polymerized tubulin ratio. Overall, we conclude that two dif-
ferent antioxidants can decrease a-synuclein oligomerization whether by improving mitochondrial function or
by preventing protein carbonylation or both. We conclude that mitochondrial dysfunction can induce a-synu-
clein oligomerization via ATP depletion—driven microtubule depolymerization and via ROS increase—driven

protein oxidation. Antioxid. Redox Signal. 11, 439-448.

Introduction

ARKINSON'S DISEASE (PD) is characterized by selective

loss of dopaminergic neurons in the substantia nigra
pars compacta, and by the formation of Lewy bodies (LB),
which are intracytoplasmic inclusions composed mainly
of a-synuclein, ubiquitin, and tubulin (17). Moreover, mi-
tochondrial complex I deficiency was identified in both
degenerating and nondegenerating PD tissues (reviewed
in 6). To address the relevance of mitochondrial function
in PD, the cytoplasmic hybrid (cybrid) technique, previ-
ously described by Esteves and colleagues (15), has been
applied. It was described in PD cybrids a stable decrease
in complex I activity, increased reactive oxygen species
(ROS) production, decreased ATP levels, and increased
susceptibility to MPP* (8, 15, 40). Moreover, the genera-
tion of fibrillar and vesicular inclusions was reported in
cybrid models of sporadic PD that replicate the essential
antigenic and structural features of LB, without the need

for exogenous protein expression or inhibition of mito-
chondrial or proteasomal function (14, 42).

As oxygen radicals are a by-product of mitochondrial
respiration, and mitochondrial dysfunction can cause an
increase in ROS, these organelles may contribute to an
overall increase in cellular oxidative damage. Substantial
data from postmortem studies show increased oxidative
damage in PD. A consistent increase in lipid peroxidation,
an increase in protein carbonyl groups, and an increase in
8-hydroxy-2-deoxyguanosine concentration in DNA have
been reported in PD substantia nigra (10, 16). In addition,
reduced glutathione (GSH), the major antioxidant within
cells that acts as free radical scavenger and helps to regu-
late the thiol disulfide concentration of different proteins
(27, 46), is markedly decreased in the substantia nigra of
PD patients (35). Furthermore, it was described that the
level of coenzyme Q (CoQ), an essential cofactor of the
electron-transport chain (accepts electrons from complexes
I and II) that possesses antioxidant properties, was signif-
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icantly lower in mitochondria from PD patients as com-
pared with that in age-matched controls (36).

Oxidation is associated with a-synuclein aggregation and
has been proposed as one of the mechanisms responsible for
the in vitro formation of cross-linked a-synuclein oligomers
(12, 37). Regarding the role of oxidative stress in a-synuclein
aggregation, Takahashi ef al. (41), in recent experiments,
showed that exposure of FeCl, to a neuronal cellular model
led to the formation of a-synuclein inclusions and oligomers,
indicating that oxidative stress can contribute to protein ag-
gregation.

Microtubules are currently being proposed to have a role
in PD pathogenesis. Cappeleti and co-workers (5) demon-
strated that MPP™ specifically affects microtubule dynamics
in vitro. Additionally, Ren and Feng (32) showed that
rotenone, also a complex I inhibitor, induced microtubule
depolymerization in primary midbrain neuronal cultures. In
addition, it has been proposed that tubulin can stimulate a-
synuclein fibrillization in yeast and in cell-free systems (1,
24). We have reported that a decrease in ATP levels, due to
complex I inhibition, induced an increase in free tubulin that
led to a-synuclein oligomerization (14). We now report that
mitochondria-dependent ROS formation also contributes to
a-synuclein oligomerization and microtubule depolymer-
ization. Our results support the view that a primary mito-
chondrial respiratory-chain defect is responsible for a-synu-
clein oligomerization due to an increase in ROS production
and to ATP depletion.

Material and Methods

Subject participation was approved through the Institu-
tional Review Board of the University Hospital of Coimbra.
PD subjects were evaluated at the Neurological Unit of the
University Hospital of Coimbra and met the Gelb and co-
workers criteria (18) for probable PD. Individuals in the PD
group did not have indications of any other neurodegener-
ative diseases. Healthy individuals were used as controls and
were cognitively normal and age matched to PD subjects.
The mean age of the CT group (n = 3) was 64.3 = 8.4 years,
and for the PD group (n = 2) was 65.0 = 5 years.

Chemicals and cell media

CoQqp was obtained from Fluka, and GSH and H,O, were
obtained from Sigma (St. Louis, MO). Optimem medium was
obtained from Gibco-Invitrogen (Eugene, OR). Nondialyzed
and dialyzed fetal bovine serum (FBS) was obtained from
Gibco-Invitrogen. NT2 p0 cell growth medium consisted of
Optimem supplemented with 10% nondialyzed FBS, 200
ung/ml sodium pyruvate, 150 ug/ml uridine, and 100 IU/ml
penicillin with 50 pg/ml streptomycin (pen-strep). NT2 cy-
brid selection medium consisted of Optimem supplemented
with 10% nondialyzed FBS and pen-strep. Cybrid expansion
medium consisted of Optimem supplemented with 10% di-
alyzed FBS and pen-strep.

Platelet mitochondria preparation

After informed consent, 10 ml of blood was collected
through venipuncture in tubes containing acid-citrate-dex-
trose as an anticoagulant. Mitochondria were obtained from
human platelets according to previously described methods
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(25). Platelet mitochondria protein concentrations were mea-
sured with the Bradford protein assay, in which bovine
serum albumin was used as the standard (4).

Cybrid cell culture

To create the cybrid cell lines for this study, we used a ter-
atocarcinoma cell line lacking mtDNA (NT2-RhoO cell line)
that does not possess a functional ETC and is autotrophic for
pyruvate and uridine (39). In brief, NT2-RhoO cells were re-
populated with platelet mitochondria from either healthy in-
dividuals or PD patients (CT cybrids and PD cybrids, re-
spectively). Seven days after fusion, cybrid cells were placed
in selection medium containing 10% dialyzed fetal calf serum
and lacking pyruvate and uridine, as previously described (7,
39). These conditions result in the selective death of RhoO cells
that have not been repopulated with donor mitochondria.

After selection was complete, cybrid cells were maintained
in culture medium (Dulbecco’s modified Eagle’s medium,
DMEM, supplemented with 10% bovine calf serum, 100
IU/ml penicillin, and 50 pg/ml streptomycin) in a humidi-
fied 95% air/5% CO, incubator at 37°C.

For CoQ0, GSH, or H,O, supplementation experiments,
cybrid cell lines were placed in media containing 0.15 uM
CoQ19, 2 mM GSH, or 100 uM H,0O,, respectively. Flasks
were maintained in these media at 37°C, 5% CO, for 24 h be-
fore harvesting.

Fluorimetric reactive oxygen species production

ROS production was measured by using a nonfluorescent
probe  2,7'-dichlorofluorescein-diacetate ~ (DCFH,-DA).
DCFH,-DA readily crosses the cell membranes, acetates be-
ing cleaved by intracellular esterases to form 2,7’-dichloro-
hydrofluorescein (DCF H2), which was kept trapped in the
cell. In the presence of ROS, DCF H, is oxidized to DCF
(dichlorofluorescein), a highly fluorescent compound.

After a 24-h treatment, cells were washed once with PBS
(at 37°C), and then incubated with 20 uM DCFH,-DA (from
a stock solution of 1 mM in DMSO) in Krebs medium, at
37°C, and put in the incubator in light-protected conditions,
for 30 min. The incubation medium was then removed, and
after a single wash with Krebs medium, cells were left with
Krebs medium.

Fluorescence was monitored every 1 min for 1 h, at 37°C,
by using a Spectramax GEMINI EM fluorocytometer (Mo-
lecular Devices), with excitation and emission wavelengths
corresponding to 480 and 550 nm, respectively, with cut-off
at 530 nm.

Determination of protein sulfhydryl groups

Sulfhydryl groups were determined in CT and in PD cy-
brids in the presence or absence of antioxidants, by using
DTNB [5',5'-dithio-bis(2-nitrobenzoic acid)], according to
the method of Di Monte ef al. (11).

Cellular proteins were precipitated with 10% TCA
(trichloroacetic acid) and then incubated with 100 mM DTNB
in 0.5 M Tris-HCl (or 0.5 M Tris-HCl alone for the blanks), in
the dark, for 20 min at room temperature. The thiol groups
were determined spectrophotometrically at 412 nm. Data were
expressed as nanomol SH per milligram protein, calculated on
the basis of a reduced glutathione calibration curve.
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Determination of protein carbonyl groups

Protein carbonyl content was determined as described by
Levine ef al. (26), with slight modifications in CT and PD cy-
brids cellular extracts in the presence or absence of antioxi-
dants. Cellular proteins were precipitated with 10% TCA
(trichloroacetic acid) and then incubated with 10 mM DNPH
(dinitrophenylhydrazine) in 2 M HCI (or 2 M HCI alone
for the blanks), for 1 h at room temperature. The protein
hydrazone derivatives were precipitated with 20%
trichloroacetic acid, and the precipitates were washed 3 times
with 1 ml ethanol/ethylacetate (1:1). During each washing,
the homogenized pellet was vortexed and left in the wash-
ing solution for 10 min at room temperature before cen-
trifugation. The final pellet was resuspended in 6 M guani-
dine HCl, and incubated for 15 min at 37°C. The carbonyl
content was determined spectrophotometrically, by using a
microplate reader, at 360 nm on the basis of molar ab-
sorbance coefficient of 22,000 M /cm.

Immunoprecipitation

Cells were scraped in buffer containing 20 mM Tris, 100
mM NaCl, 2 mM EDTA, 2 mM EGTA (pH 7.0), and protease
inhibitors (200 mM PMSF and a commercial protease inhib-
itor cocktail). CT and PD cybrids cell suspensions were cen-
trifuged at 20.000 g for 10 min at 4°C. Supernatants were re-
moved and stored at —80°C. The protein concentration of
each sample was determined by the Bradford method (4):
500 ug of cell lysates was incubated with primary antibody
(1:50 a-synuclein antibody, Biotechnology, Inc., Santa Cruz,
CA), overnight at 4°C, and with gentle agitation. Lysates
were then incubated with 100 ul of protein-A beads for 2 h
at 4°C and with gentle agitation. After completing this in-
cubation, lysate tubes were centrifuged at 65 g for 5 min at
4°C, the supernatant was removed, and the beads were
washed in the previously described buffer 7 times (each time
centrifuging at 4°C and removing the supernatant). For the
two first washes, the buffer was supplemented with 1% Tri-
ton X-100. For the next three washes, the buffer was sup-
plemented with 1% Triton X-100 and 500 mM NaCl. The two
final washes were performed with unsupplemented buffer.
Finally, the last supernatant was removed, and 25 ul of 2X
sample buffer was added. The sample was boiled at
95-100°C for 5 min to denature the protein and to separate
it from the protein-A /G beads. The boiled proteins were cen-
trifuged at 20,000 g for 5 min at room temperature, and the
supernatants were collected. The resulting immunoprecipi-
tated proteins were derivatized with DNPH.
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Immunoblotting

Cells were scraped in a buffer containing 25 mM HEPES,
1 mM EDTA, 1 mM EGTA, 2 mM MgCl,, and protease in-
hibitors (0.1 M PMSF, 0.2 M DTT, 1% Triton X-100 and 1:1,000
dilution of a protease-inhibitor cocktail). Cells were then
frozen 3 times on liquid nitrogen and centrifuged at 20,000
g for 10 min. The supernatants were removed and stored at
—80°C. Protein concentrations were determined by the Brad-
ford method (4), and equal amounts of protein (30 or 60 ug)
were used in each immunoblotting evaluation. For the SDS-
PAGE experiments, samples were resolved by electrophore-
sis in SDS-polyacrylamide gels and transferred to PVDF
membranes. For the PAGE experiments, samples were not
boiled and were diluted 1:2 in a specific sample buffer. Non-
specific binding was blocked by gently agitating the mem-
branes in 5% nonfat milk and 0.1% Tween in TBS for 1 h at
room temperature. The blots were subsequently incubated
with the respective primary antibodies overnight at 4°C with
gentle agitation (1:500 a-synuclein, Biotechnology, Inc.;
1:10,000 a-tubulin, Sigma). Blots were washed with TBS con-
taining 0.1% nonfat milk and 0.1% Tween 3 times (each time
for 15 min) and then incubated with the secondary antibod-
ies (1:20,000, anti-mouse) for 2 h at room temperature with
gentle agitation. After three washes, specific bands of inter-
est were detected by developing with ECF-detection reagent.
Fluorescence signals were detected by using a Biorad Versa-
Doc Imager.

Immunocytochemistry and thioflavin S staining

PD and CT cybrid cell lines were grown on coverslips in 12-
well plates. Cells were washed twice with PBS and fixed for
30 min at room temperature with 4% paraformaldehyde. The
fixed cells were washed again with PBS, permeabilized with
0.2% Triton X-100, and blocked with 3%. BSA Then cells were
incubated with primary antibody (1:400 a-synuclein, Biotech-
nology, Inc.) for 1 h and subsequently with secondary anti-
body (1:250 alexa fluor 594; Molecular Probes, Eugene, OR).
Cells were visualized under a confocal microscope. To evalu-
ate B-sheet protein aggregates, cells incubated with a-synu-
clein antibody were incubated for 20 min with 0.5% thioflavin
S (Sigma), in the dark at room temperature, and then washed
quickly in 70% ethanol. After this, cells were washed 3 times
with PBS, and visualized by using a confocal microscope.

NADH-ubiquinone oxidoreductase assay

Complex I activity was determined by a modified version
of Ragan et al. (31), which follows the decrease in NADH ab-
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sorbance at 340 nm that occurs when ubiquinone (CoQ);) is
reduced to form ubiquinol. The reaction was initiated by
adding CoQ; (50 uM) to the 30°C reaction mixture. After 5
min, rotenone (10 uM) was added, and the reaction was mon-
itored for another 5 min. Complex I activity was expressed
both as nanomoles per minute per milligram of protein, and
as the ratio of complex I activity to citrate synthase activity.

Analysis of adenosine nucleotides

After the 24-h cell plating-incubation period, medium was
removed. Cells were extracted, on ice, with 0.4 M perchloric
acid. Cells were next centrifuged at 14,000 rpm for 5 min at
4°C. The resulting pellets were solubilized with 1 M NaOH to
analyze protein content further with the Bradford method (4).
The resulting supernatants were neutralized with 5 M KOH
and 2.5 M Tris, pH7-8, and then centrifuged at 14,000 rpm for
5 min at 4°C. These supernatants were assayed for adenine nu-
cleotides (ATP, ADP, and AMP) by separation in a reversed-
phase HPLC as described by Stocchi and colleagues (38).

Preparation of cell extracts containing soluble
and polymeric tubulin

To prepare the soluble and polymeric fractions of cell
tubulin, we washed the twice very gently with a microtubule
stabilizing buffer (0.1 M N-morpholinoethanesulfonic acid,
pH 6.75, 1 mM MgSO4, 2 mM EGTA, 0.1 mM EDTA, and 4
M glycerol). Soluble proteins were extracted at 37°C for 4 to
6 min in 100 ul of microtubule stabilizing buffer containing
0.1% Triton X-100. The remaining fraction in the culture dish
was scraped in 100 ul of 25 mM Tris (pH 6.8), 0.5% SDS, and
frozen 3 times in liquid nitrogen. Protein was quantified by
the Bradford method (4). Samples were subjected to SDS-
PAGE by using a-tubulin antibody (1:10,000, Sigma).

Data acquisition and analysis

All data result from the analysis of duplicates per experi-
mental condition in at least three independent experiments
and are expressed as the mean * SEM. The p values were
calculated with one-way ANOVA followed by a post hoc
Dunnett’s or Bonferroni’s ¢ test, as appropriate.

Results
Oxidative stress increase in PD cybrids

Inefficient electron transport through the mitochondrial
respiratory complexes can lead to reduced ATP synthesis
and the generation of ROS as a by-product. An increased
level of ROS can lead to damage of macromolecules within
the cell, such as lipids, proteins, and DNA. Therefore, ox-
idative damage to macromolecules may alter their function
and thereby lead to impaired cellular functioning and sub-
sequently to cell death.

PD cybrids with inherent mitochondrial dysfunction
showed increased levels of ROS as compared with CT cy-
brids (Fig. 1). To try to reverse this increased production of
ROS, we treated cells with two different, previously de-
scribed, antioxidants, CoQ9 and GSH. We observed that
both significantly decreased ROS production in PD cybrids
to levels similar to untreated CT cybrids (Fig. 1).

Next we evaluated markers of protein oxidation, includ-
ing changes in the content of protein carbonyls and protein
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sulfhydryl groups. In many cases, reactive carbonyls are pro-
duced as a consequence of oxidative stress. Additionally,
protein thiols, which are essential for maintaining enzyme
activities, are susceptible targets for a wide range of proox-
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FIG.2. Protein oxidationin PD cybrids. (A) Protein carbonyl

groups increase in PD cybrids was prevented by CoQ;g and
GSH treatments. Carbonyl groups were determined spec-
trophotometrically, by using DNPH. Results are expressed as
a percentage of control, with the mean * SEM from four in-
dependent experiments. (B) Protein sulfhydryl groups de-
crease in PD cybrids was prevented by CoQ;9. GSH did not
prevent the decrease in protein SH. Sulthydryl groups were
determined spectrophotometrically, by using DTNB. Data are
expressed as a percentage of control, with the mean + SEM
from four different experiments. (C) a-Synuclein oxidation was
determined spectrophotometrically, by using DNPH, after im-
munoprecipitation. Data are expressed as a percentage of con-
trol, with the mean + SEM from two different experiments.
*p < 0.05, significantly different as compared with untreated
CT cybrids. #p < 0.05, ##p < 0.01 significantly different as com-
pared with untreated PD cybrids. White bars, CT cybrids; black
bars, PD cybrids.


http://www.liebertonline.com/action/showImage?doi=10.1089/ars.2008.2247&iName=master.img-001.png&w=239&h=428

CT cvbrids PD cyvbrids

untreated CoQ10 GSH untreated CoQ10

250 kDa
150 kDa
100 kDa
"SkDa
S0 kDa

SIRWOSI|()
mapanuis-eijdpy

37 KkDa

25 KDa

20 KkDa

15KkDa

b
J

corrected with GAPDH

Alpha-synuclein
oligomers/monomers ratio
(increase over control)

Hﬂﬂiii

X @,Q,
c,°°“’%

X

<

FIG.3. CoQjo and GSH effect on a-synuclein oligomerization. (A) PAGE analysis demonstrated that oligomeric a-synu-
clein in PD cybrids was reduced in the presence of antioxidants. Western blot is representative of six independent experi-
ments. (B) The ratio between the densitometry of a-synuclein oligmers and monomer levels corrected with GAPDH. **p <
0.001, significantly different when compared with untreated CT cybrids. #p < 0.05, ###p < 0.001 significantly different when
compared with untreated PD cybrids. White bars, CT cybrids; black bars, PD cybrids.

CT Ibrids PD Ibrids

FIG. 4. CoQqy and GSH ef-
fect on Lewy bodies “like”
formation in PD cybrids. In-
creased colocalization of a-
synuclein with thioflavin S in
PD cybrids was reversed by
antioxidants. White arrows, fo-
cal regions of increased a-
synuclein 8-sheet content. The
figure is representative of two
independent experiments. (For
interpretation of the references
to color in this figure legend,
the reader is referred to the
web version of this article at
www.liebertonline.com/ars).

Untreated

W Alpha-synuclein|

GSH

Con

i Thioflavine 5



http://www.liebertonline.com/action/showImage?doi=10.1089/ars.2008.2247&iName=master.img-002.jpg&w=384&h=200
http://www.liebertonline.com/action/showImage?doi=10.1089/ars.2008.2247&iName=master.img-003.jpg&w=384&h=182
http://www.liebertonline.com/action/showImage?doi=10.1089/ars.2008.2247&iName=master.img-004.jpg&w=360&h=238

444

idants. For that reason, we measured changes in protein car-
bonyl and sulfhydryl groups. Our results showed an increase
in carbonyl content and a decrease in sulfhydryl content in
untreated PD cybrids as compared with untreated CT cy-
brids (Fig. 2). We observed that exposure to CoQ;o or GSH
decreases carbonyl content in PD cybrids (Fig. 2A). How-
ever, only CoQqg was able to prevent the decrease in protein
sulfhydryl groups in PD cybrids. GSH was ineffective, indi-
cating that this concentration was not enough to catalyze the
reduction of disulfide bridges in proteins (Fig. 2B). We also
detected that immunoprecipitated a-synuclein was oxidated
in PD cybrids, showing an increase in carbonyl groups (Fig.
20).

CoQqp and GSH treatment decreases a-synuclein
oligomerization in PD cybrids

One of the biochemical pathways that may lead to pro-
tein aggregation is oxidative stress. In vitro oxidation and
nitration of a-synuclein results in cross-linking of a-synu-
clein, forming stable high-molecular-mass a-synuclein ag-
gregates (37). We previously showed that untreated PD cy-
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brids have enhanced a-synuclein oligomers when com-
pared with untreated CT cybrids (14). Therefore, to address
the role of oxidative stress in a-synuclein oligomerization,
we demonstrate that CoQ and partially GSH decreased
a-synuclein oligomer content in PD cybrids (Fig. 3A).
Moreover, antioxidants did not induce differences in CT
cybrids. We evaluated the ratio between a-synuclein
oligomers and monomers to prove that this difference is
not a result of an increased presence of a-synuclein in PD
cybrids (Fig. 3B). As previously described by our group,
thioflavin S staining colocalized more with a-synuclein im-
munochemical staining in PD cybrids (14). After CoQp and
GSH treatment, we observed a decrease in this colocaliza-
tion (Fig. 4).

The role of ROS in PD cybrids microtubule alterations

ROS can interact with a variety of macromolecules, such
as proteins. Consequently, it can interact with tubulin, in-
terfering with microtubules dynamics. We previously
showed that mitochondrial dysfunction via ATP depletion
can lead to microtubule disruption by an increased
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FIG.5. ROS-mediated tubulin changes in PD cybrids. (A)
SDS-PAGE analysis showed that H,O, induced an increase
in free/polymerized tubulin ratio in CT cybrids. The figure
is representative of three independent experiments. (B) Den-
sitometry analysis of the free/polymerized tubulin ratio cor-
rected with GADPH. (C) CoQ¢ reduced the free/polymer-
ized tubulin ratio in PD cybrids. The figure is representative
of two independent experiments. (D) Densitometry analysis
of the free/polymerized tubulin ratio corrected with
GADPH. *p < 0.05, significantly different as compared with
untreated CT cybrids. #p < 0.05, significantly different as
compared with untreated PD cybrids. White bars, CT cybrids;
grey bars, CT cybrids treated with H,O,; black bars, PD cy-
brids
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free/polymerized tubulin ratio and therefore induce a-synu-
clein oligomerization (14).

After the GSH treatment, the free/polymerized tubulin ra-
tio increase was not prevented in PD cybrids. However,
CoQqp treatment decreased this ratio significantly, indicat-
ing that this antioxidant had a protective effect in micro-
tubule dynamics (Fig. 5C, D). To address ROS involvement
in alteration of microtubules, we determined the H,O, effect
on the free/polymerized tubulin ratio in CT cybrids. As ex-
pected, CT cybrids exposed to H,O, showed a higher
free/polymerized tubulin ratio as compared with untreated
CT cybrids (Fig. 5A, B).

CoQ;o but not GSH improves mitochondrial function

CoQ is a cofactor of the electron-transporter chain, and
GSH helps to modulate cell responses to oxidative stress. To
determine whether these two antioxidants improve mito-
chondrial function in PD cybrids, we evaluated complex 1
activity of mitochondrial respiratory chain and measured
ATP levels after CoQq9 or GSH treatment. Interestingly,
CoQqp improved complex I activity and subsequently sus-
tained ATP levels in PD cybrids, whereas GSH has no effect
on either complex I activity or ATP levels (Fig. 6). Antioxi-
dant treatments in CT cybrids did not change complex I ac-
tivity and ATP levels.

Discussion

In this report, we described for the first time that oxida-
tive stress induced by inherited mitochondrial dysfunction
contributes to a-synuclein oligomerization. Furthermore, we
proved that antioxidants efficiently decreased a-synuclein
oligomer content because of mitochondrial function im-
provement or by preventing protein carbonylate formation
(Fig. 7). Mitochondrial dysfunction is thought to play an im-
portant role in the pathogenesis of idiopathic PD (22, 34). PD
has been also associated with an increase in oxidative stress,
and the fact that age is a key risk factor provides consider-
able support for the free radical hypothesis (2, 20). Hence,
changes in mitochondrial function, oxidative stress, as well
as changes in a-synuclein conformation leading to its ag-
gregation and posttranslational modifications, are thought
to be key pathogenetic events in PD (3, 6). As a result, elu-
cidation of the cellular mechanisms that influence changes
occurring in a-synuclein biochemistry leading to its aggre-
gation and consequent neuronal dysfunction may help in un-
derstanding PD pathogenesis.

We observed that mtDNA-driven complex I defect leads
to an increase in ROS formation (Fig. 1). ROS can also arise
from mutation-altered or damaged metalloenzymes in-
volved in oxidative metabolism (33). Oxidative stress is de-
fined as the result of an imbalance between excessive pro-
duction of ROS and limited antioxidant defenses. When this
imbalance occurs and progresses, damage of a wide variety
of important macromolecules occurs, leading to cell death
(29). We demonstrated that by increasing antioxidants within
the cells, ROS production decreased (Fig. 1). Mitochondria
generate most of the ROS as a by-product of oxidative phos-
phorylation. Moreover, mitochondrial dysfunction and con-
sequent impairment of ATP generation may contribute to the
overproduction of ROS (13). At present, the significant role
of antioxidants in the prevention or treatment of PD is still
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FIG.6. CoQq9and GSH effect on mitochondrial function.
(A) Mitochondrial respiratory chain complex I activity in PD
cybrids was improved by CoQo treatment. Complex I ac-
tivity was determined by using CoQ; as substrate and ex-
pressed in nmol/min/mg of protein, as the mean * SEM
from five different experiments. (B) ATP levels in PD cybrids
were ameliorated by CoQ; treatment. Cell ATP levels were
determined with HPLC and expressed as a percentage of un-
treated CT cybrids, with the mean * SEM from three dif-
ferent experiments. *p < 0.05; ***p < 0.001, significantly dif-
ferent as compared with untreated CT cybrid. #p < 0.05;
##p < 0.01, significantly different as compared with un-
treated PD cybrids. White bars, CT cybrids; black bars, PD cy-
brids.

controversial. We report that antioxidants, by preventing
protein oxidation and /or improving mitochondrial function,
rescue a-synuclein oligomerization (Fig. 3). Because PD is a
protein conformational disease, the pathogenic dysfunc-
tional aggregation of proteins in nonnative conformations (a-
synuclein) may be associated with metabolic derangements
and excessive production of ROS. Free radicals derived from
mitochondrial dysfunction can interact with protein side
chains (19). In Fig. 2, we show that ROS induce protein car-
bonylation and the loss of protein thiols. More interesting is
that we demonstrated that e-synuclein is carbonylated in PD
cybrids (Fig. 2C). Several observations support the hypoth-
esis that modifications associated with oxidative stress—me-
diated posttranslational modifications are involved in alter-
ing the biophysical properties of a-synuclein and promoting
the aggregation of this protein (21, 37, 44). This a-synuclein
oxidation seems to potentiate its oligomerization (Fig. 3) and
increased B-sheet content (Fig. 4).

The steps preceding a-synuclein fibril formation include
a conformational change from a-helix to B-pleated sheet.
Thus, oxidative stress modifications may result in covalent
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FIG.7. Schematic illustration describes a sequence of pathologic events induced by mitochondrial dysfunction. PD cy-
brids with sporadic PD patient’s mitochondrial DNA show a decrease in the activity of mitochondrial complex I. This de-
crease leads to an increase in ROS production and to a reduction in ATP levels. ROS formation potentiates protein oxida-
tion (a-synuclein oxidation). This posttranslational modification of a-synuclein seems to be, at least in part, responsible for
its oligomerization and aggregation. Moreover, ROS seem to contribute to microtubule disruption, although this effect is
more correlated with a decrease in ATP levels. Our model implies that mitochondria-dependent ROS production potenti-

ates a-synuclein oligomerization in sporadic PD.

cross-linkings and stabilization of a-synuclein filaments,
leading to a-synuclein protofibrils and fibrils formation
(3). Interestingly, we observed that both CoQ;o and GSH
decreased a-synuclein oligomer content (Figs. 3 and 4). Ac-
cordingly, antioxidant compounds show potent anti-a-
synuclein fibrillogenic and a-synuclein fibril-destabilizing
effects, which is in accordance with the enhancement of a-
synuclein fibril formation by oxidation (30). Thus, genera-
tion of ROS is likely to exacerbate the aggregation process
that initially forms oligomeric species that self-assemble
into fibrillar structures. This process of fibrillization is im-
portant to the formation of LB, as these organized struc-
tures became deposited (9). Thus, our results provide evi-
dence that mitochondria-mediated oxidative stress induces
a-synuclein oligomerization through protein oxidation.
The two antioxidants used in this work act in different cel-
lular targets. CoQqo acts as an antioxidant and also im-
proves mitochondrial function (45) by increasing complex
I activity and ATP levels (Fig. 6). GSH acts as an antioxi-
dant only by decreasing ROS formation and protein car-
bonyl content (Figs. 1 and 2). We previously described that
inherent mitochondrial dysfunction in PD cybrids leads to
a-synuclein oligomerization via ATP depletion and subse-
quent microtubule disruption, which in turn induces tubu-
lin—a-synuclein interaction (14).

By treating cells with CoQ, that rescues ATP levels, the
ratio free/polymerized tubulin decreased in PD cybrids (Fig.
5). Conversely, GSH treatment did not rescue mitochondria-
mediated microtubule disruption. As a control, we used
H,0, to investigate CT cybrids response on oxidative stress
and observed that CT cybrids after H,O, treatment revealed
an increased in free tubulin, as compared with untreated CT
cybrids (Fig. 5A and B).

A dual relation exists between a-synuclein and the pro-
duction of free radicals. Not only can the oxidative process
transform nonaggregated a-synuclein into its aggregated
form, but also may be able to generate H,O, in vitro by itself
(43). Therefore, it could be speculated that once an oxidation
process starts, an enhancement of a-synuclein aggregation
occurs, leading to an increased neurotoxicity, with release of
cellular iron, which catalyzes further oxidations, initiating a
positive feedback of oxidative neurodegeneration. More-
over, high expression levels of the wt and mutant forms of
a-synuclein cause an increase in ROS production (28). Also
important is the fact that a-synuclein toxicity in cultured
neurons is blocked by antioxidants (23).

The data presented here show that, by increasing cellular
antioxidants, proteins do not became oxidized, which pre-
vents a-synuclein oligomerization and, what is more strik-
ing, also avoid the positive feedback of free radical (H,O,)
generation, which in turn can alter microtubule networks.
Therefore, we propose that mitochondrial ROS potentiate a-
synuclein aggregation because of protein oxidation, and that
antioxidant administration early in life may have benefits.
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