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Parkinson's disease (PD) is a neurodegenerative disorder for which available treatments provide symptom
relief but do not stop disease progression. Mitochondria, and in particular mitochondrial dynamics, have
been postulated as plausible pharmacological targets. Mitochondria-targeted antioxidants have been devel-
oped to prevent mitochondrial oxidative damage, and to alter the involvement of reactive oxygen species
(ROS) in signaling pathways. In this study, we have dissected the effect of MitoQ, which is produced by
covalent attachment of ubiquinone to a triphenylphosphonium lipophilic cation by a ten carbon alkyl
chain. MitoQ was tested in an in vitro PD model which involves addition of 6-hydroxydopamine (6-OHDA)
to SH-SY5Y cell cultures. At sublethal concentrations of 50 μM, 6-OHDA did not induce increases in protein
carbonyl, mitochondrial lipid peroxidation or mitochondrial DNA damage. However, after 3 h of treatment,
6-OHDA disrupts the mitochondrial morphology and activates the machinery of mitochondrial fission, but
not fusion. Addition of 6-OHDA did not increase the levels of fission 1, mitofusins 1 and 2 or optic atrophy
1 proteins, but does lead to the translocation of dynamin related protein 1 from the cytosol to the mitochon-
dria. Pre-treatment with MitoQ (50 nM, 30 min) results in the inhibition of the mitochondrial translocation
of Drp1. Furthermore, MitoQ also inhibited the translocation of the pro-apoptotic protein Bax to the mito-
chondria. These findings provide mechanistic evidence for a role for redox events contributing to mitochon-
drial fission and suggest the potential of mitochondria-targeted therapeutics in diseases that involve
mitochondrial fragmentation due to oxidative stress.

© 2012 Elsevier B.V. All rights reserved.
1. Introduction

Parkinson's disease (PD) is the second most prevalent neurode-
generative disorder. At present, common medications provide some
dramatic relief of the symptoms but fail to abrogate disease develop-
ment. Unfortunately, efforts to find effective agents that provide pro-
tection against neurodegeneration have been rather unsuccessful [1].
Oxidative stress, resulting from an imbalance between generation of
reactive oxygen species (ROS) and antioxidant mechanisms, is an im-
portant factor in the etiology and pathogenesis of degenerative dis-
eases. Besides their importance for bioenergetics, mitochondria are
involved in oxidative damage and cell signaling leading to cell death
through the generation of ROS. Therefore, mitochondrial dysfunction
is central to a broad range of pathologies [2–5].
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There are a series of mitochondrial antioxidant defenses for inter-
cepting ROS and minimizing oxidative damage. But, excessive produc-
tion of ROS or disruption of the antioxidant defenses leads to
extensive oxidative damage of themitochondria [6]. Pathology, toxicol-
ogy, and genetics suggest mitochondrial oxidative stress as an etiologi-
cal cause in PD [7,8]. A plausible general therapeutic approach thus
could be the reduction of mitochondrial oxidative damage [6,9]. A num-
ber ofmitochondria-targeted therapies are being developed [10], in par-
ticular antioxidants conjugated to triphenylphosphonium cation (TPP)
such as mitoquinone, mitovitamin E and mitophenyltertbutyline [11].
The best characterized mitochondria-targeted antioxidant is MitoQ
([10-(4,5-dimethoxy-2-methyl-3,6-dioxo-1,4-cyclohexadien-1-yl)decyl]
triphenylphosphonium), which consists of a ubiquinone moiety that is
linked to a TPP cation by a 10-carbon alkyl chain [12]. MitoQ accumulates
within the mitochondria and, once it is there, is continually recycled to
the active ubiquinol antioxidant by complex II of the respiratory chain
[12,13]. MitoQ has been used to prevent mitochondrial oxidative
damage and to block the involvement of ROS in signaling pathways
[12,13]. MitoQ functionsmost likely through its direct antioxidant action,
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although concomitant antiinflammatory and antihypoxic properties have
been shown [14–16]. MitoQ has been developed as a therapy for humans
and has undergone clinical trials [17,18].

Different experimental models have proved effective in the search
for clues to the underlying cause of Parkinson's Disease (PD) [19], for
instance, the administration of 6-hydroxydopamine (6-OHDA) to ex-
perimental animals or cell cultures [20]. However the mechanisms by
which 6-OHDA elicits its neurotoxic effects have yet to be fully eluci-
dated, although a role for oxidative stress (reviewed in [2]) and the
participation of mitochondrially-mediated cell death [21], including
morphological alterations of mitochondria such as fragmentation
[22] are likely.

Mitochondria undergo continuous fission, fusion and movement re-
ferred to asmitochondrial dynamics.Major neurodegenerative diseases,
including PD, involve disruption of mitochondrial dynamics. These
structural abnormalities are caused by an imbalance in highly conserved
GTPase genes, which are essential for mitochondrial fission and fusion.
GTPase dynamin-related protein-1 (Drp1), fission 1 (Fis1), mitofusins
1 and 2 (Mfn1, Mfn2), and optic atrophy 1 (Opa1) proteins —regulate,
maintain and remodel mammalian mitochondria [23,24]. Remarkably,
in several disease models, the manipulation of mitochondrial fusion or
fission can partially rescue disease phenotypes [23,25]. Therefore, inter-
ference with those early processes may yield a neuroprotective ap-
proach. Recent studies reported that impaired mitochondrial dynamics
involve the participation of Drp1 in different neurodegenerative disease,
including Alzheimer's [25,26] and Huntington's [24,27]. In addition, in a
previous study, we have shown that in an in vitro pharmacological
model of Parkinson's disease, 6-OHDA disrupts mitochondrial dynamics
by inducing mitochondrial fragmentation. In this case activation of the
mitochondrial fission machinery was monitored by assaying the trans-
location of Drp1 from the cytosol to the mitochondria [22]. The translo-
cation of Drp1 to the mitochondria took place very early in the process,
before apoptotic hallmarks such as collapse of the mitochondrial mem-
brane potential or cytochrome c release become apparent, and was ac-
companied by formation of Bax foci on the mitochondrial surface [21].
In the present study we found that MitoQ dramatically diminished
6-OHDA-induced mitochondrial fragmentation. Through its capacity to
alter mitochondrial redox processes MitoQ seems to exert its effects
by preventing the migration of Drp1 and Bax to mitochondria.

2. Material and methods

2.1. Reagents and plasmids

DMEM-F12, penicillin–streptomycin, gentamicin and fetal bovine
serum (FBS) were purchased from Gibco-Invitrogen. 6-OHDA from
SIGMA. The BCA protein assay kit from PIERCE. The pDsRed2-mito vec-
tor was provided by Clontech, Drp1-GFPwas provided by T.Wilson and
Dr. S. Strack, Dept. Pharmacology, University of Iowa Carver College of
Medicine. GFP-Bax was a gift from Dr. J.H.M. Prehn (Department of
Physiology and RCSI Neuroscience Research Centre, Royal College of
Surgeons, Ireland).

2.2. Cell culture and drug treatment procedures

SH-SY5Y cell lineswere obtained from theAmerican TypeCulture Col-
lection (ATCC). Cell cultures were grown as described previously [28] in
Dulbecco's modified Eagle's medium (DMEM-F12) supplemented with
2 mM L-glutamine, 20 units·mL−1 penicillin-streptomycin, 5 mg·mL−1

gentamicin and 15% (v/v) FBS. Cellswere grown in a humidified cell incu-
bator at 37 °C under a 5% CO2 atmosphere. Cells were plated 24 h before
transfection at a density of 5.3×104 cells cm−2, on μ-dish-35 mm Ibidi
GmbH (Munich, Germany). 6-OHDA was added to culture medium at a
final concentration of 50 μM. Duration of pre-treatment with MitoQ and
TPP was 30 min and were maintained during the whole experiments.
2.3. Transfections

Twenty-four hours before transfection, cells were plated at a den-
sity of 5.3×104 cells cm−2 on μ-dish-35 mm Ibidi GmbH (Munich,
Germany). Transfection was achieved using Lipofectamine reagent
(Invitrogen, Carlsbad, CA, USA) according to the manufacturer's pro-
tocol. Cells were transfected with plasmids encoding pDsRed2,
Drp1-GFP, and Bax-GFP. After 4 h of incubation the transfection mix-
ture was removed and replaced with fresh complete medium. To
allow protein expression, further experiments were performed 24 h
after transfection.

2.4. Image acquisition and processing

Micrographs were processed with Huygens Deconvolution Soft-
ware (Scientific Volume Imaging) and Adobe Photoshop. For quanti-
tative analysis of mitochondrial morphology, the three patterns of
mitochondrial morphology (filamentous, punctuate or intermediate)
were recorded in at least 100 cells per coverslip observed on adjacent
fields at magnification 63×. We assessed the robustness of this classi-
fication by comparing data obtained with separate cover slips from
the same experiment and from successive passages. In addition, the
monitoring of the mitochondrial morphology was performed by two
independent examiners on three different cultures. The proportions
observed were similar in all these experiments demonstrating that
mitochondrial morphology could be reliably analyzed and did not
vary within and between experiments under basal culture conditions.
We performed the experiments using a “blind” counter.

2.5. Analysis of mitochondrial morphology

Cells were transfected with pDsRed2-Mito, which leads to the ex-
pression of fluorescent DsRed2 in mitochondria, thereby labeling the
organelles. The transfected cells are then subjected to experimental
treatments to evaluate mitochondrial morphology by fluorescence
microscopy. For quantification, the percentage of cells with abnormal
mitochondrial morphologies was determined and taken as a measure
of the proportion of cells with fragmented mitochondria. Most of the
cells had either fragmented or filamentous mitochondria, whereas a
small percentage (b10%) of the cells contained both fragmented and
filamentous mitochondria. In case of the latter, the mitochondrial
morphology was classified according to the majority (>70%) of the
mitochondria.

2.6. Protein carbonyl determination

SH-SY5Y cells were cultured in 150 mm Dish plates until they
were confluent. Then, cells were scraped off, resuspended in cold
PBS, and centrifuged in Eppendorf tubes for 5 min at 12,000 rpm.
After this, supernatants were discarded and the pellets were
resuspended in 300 μL of cold PBS and sonicated. Protein Carbonyls
were assayed by ELISA, using a commercial kit (BioCell Corp., New
Zealand) and following the manufacturer's instructions. Protein was
quantified with the BCA Protein Assay Reagent (Pierce). Samples
were assayed in triplicate using protein carbonyl and BSA protein
standards that are supplied with the kit.

2.7. Measurement of mtDNA damage and copy number

SH-SY5Y cells were grown in 6-well plates at a confluence of
700,000 cells well−1. The following day, cells were exposed to drugs
for 3 h after which the spent medium was removed and cells were
scraped off, resuspended in 0.5 mL of cold PBS, and transferred to
Eppendorf tubes. The cell suspensions were centrifugated for 3 min at
12,000 rpm, and the pellet was resuspended in 200 μL of cold PBS.
Total DNA was isolated from these cells using the Qiagen DNeasy
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Blood and Tissue kit. For DNA quantification we used the PicoGreen
dsDNA assay kit (Invitrogen) and a SpectraMax fluorimetric plate read-
er (excitationwavelength 488 nm, emissionwavelength 515 nm). DNA
was then diluted to 3 ng/μL in TE buffer (10 mM Tris, 1 mM EDTA,
pH 7.5) and stored at−20 °C.

Damage to mtDNA was assayed using a PCR method which mea-
sures the amplification of a very long (∼10 kb) section of mtDNA.
Damage to the mtDNA (e.g. strand breaks, abasic sites, and certain
types of oxidative lesions) blocks the progression of the DNA poly-
merase, thus decreasing amplification. To control for mtDNA copy
number, amplification of the long DNA target was normalized to
that of a short (126 bp) mtDNA region. Amplification of a short
mtDNA target is ∼100-fold less likely to be affected by random dam-
age, allowing for comparison of DNA damage between different
samples.

PCR primers were modified from published ones. The long mtDNA
target encompasses nt 3278 to nt 13343 (10,065 bp; ND1 to ND5).
The forward primer was 5′‐TCTAAGCCTCCTTATTCGAGCCGA‐3′ and
the reverse primer was 5′‐TTTCATCATGCGGAGATGTTGGATGG‐3′.
The short DNA target for amplification spans the region from nt
3278 to nt 3404 (126 bp; ND1). The reverse primer was the same as
for the long mtDNA target and the forward primer was 5′‐
CCCCACAAACCCCATTACTAAACCCA‐3′. Primers were synthesized by
Sigma-Genosys, diluted to 10 μM in TE buffer, and stored as aliquots
at −20 °C. PCRs were performed using the GeneAmp XL PCR kit
(Applied Biosystems) in a total volume of 50 μL, consisting of 15 ng
DNA template, 1 U rTth DNA polymerase XL, and 35 μL PCR master
mix containing 5 μg BSA, 200 μM dNTPs, 20 pmol forward primer,
20 pmol reverse primer, and 1.0 mM magnesium acetate (0.9 mM
for the short mtDNA target). The PCR was initiated with a manual
hot start by heating the mixture to 75 °C before adding the DNA po-
lymerase. The PCR parameters were, for the short mtDNA target,
18 cycles of 30 s at 94 °C, 45 s at 60 °C, and 45 s at 72 °C followed
A
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Fig. 1. 6-OHDA does not induce large scale mitochondrial oxidative damage. A. Protein carbon
B. MtDNA integrity following a 3 h treatment with 6-OHDAwas determined by semi-quantitat
idation was determined by calculating the oxidation of MitoPerOx within cells. The concentra
590 nm is shown in the bar graph. Given values are the mean±SEM of five independent exp
post hoc Tukey).
by 10 min at 75 °C. For the long mtDNA target the conditions were:
1 min at 94 °C, followed by 19 cycles of 15 s at 74 °C and 12 min at
64 °C followed by a final extension step of 10 min at 72 °C. PCR prod-
ucts were quantified by the PicoGreen assay. Amplification linearity
was tested by adding controls with 25% or 50% of the amount of
DNA template. The reaction was considered linear if the amplification
obtained in the controls was between 40% and 60%. All samples
were amplified in duplicate and corrected for the control without
template.

2.8. Preparation of mitochondrial fractions

Cells werewashedwith ice-cold PBS, left on ice for 10 min, and then
resuspended in isotonic homogenization buffer (250 mM sucrose,
10 mM KCl, 1.5 mM MgCl2, 1 mM sodium-EDTA, 1 mM sodium-EGTA,
1 mM dithiothreitol, 0.1 mM phenylmethylsulfonyl fluoride, and
10 mM Tris–HCl, pH 7.4) containing a proteinase inhibitor mixture
(Roche, Basel, Switzerland). After 40 strokes in a Dounce homogenizer,
the unbroken cells were spun down at 30 g for 5 min. Themitochondri-
al fractions were fractionated at 750 g for 10 min and 14,000 g for
20 min, respectively, and separated from the supernatant (cytosolic
fraction).

2.9. Western blotting

For measurements of cellular concentrations of Mfn1, Mfn2, Opa1,
Fis1, Drp1 and Bax, cells were washed with PBS and lysed for 5 min in
30 μL office-cold lysis buffer, consisting of 80 mMKCl, 250 mMsucrose,
500 μg/mL digitonin, and 1 μg/mL each of the protease inhibitors
leupeptin, aprotinin, pepstatin, and 0.1 mM PMSF in PBS. Cell lysates
were centrifuged for 5 min at 10,000 g. Protein concentrations were
quantified spectrophotometrically (Micro BCA Protein Reagent Kit;
Pierce, Rockford, IL), and equal amounts of protein (30 μg) were loaded
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onto 10% SDS-PAGE gels. After electrophoresis, proteins were trans-
ferred to polyvinylidene difluoride membranes (Immobilon; Millipore
Corporation, Billerica, MA). Nonspecific protein binding was blocked
with Blotto (4% w/v nonfat dried milk, 4% bovine serum albumin
(Sigma), and 0.1% Tween 20 (Sigma)) in PBS for 1 h. The membranes
were incubated with anti-Fis1 (Atlas Antibodies 1:500), anti-
Mfn1(Santa Cruz; 1:1000 dilution), anti-; Mfn2 (abcam;1:1000 dilu-
tion), anti-Opa1(BD; 1:1000 dilution), anti-Bax (Cell Signaling 1:1000
dilution), anti-COX IV (Cell signaling; 1:1000dilution), anti-α-
Tubuline (Santa Cruz; 1:1000) and anti-Drp1 (BD Biosciences 1:1,000
dilution) overnight at 4 °C. After washing with Blotto, the membranes
were incubated with a secondary antibody (1:5000 dilution of a
peroxidase-conjugated from Promega, Madison, WI) in Blotto. The
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2.10. Mitochondrial viability

Mitochondrial viability was assessed in the SH-SY5y cells from con-
trol and experimental treatments (n=3) themitochondrial-dependent
reduction of 3-(4,5-dimethyl-thiazol-2-yl)-2,5-diphenyl-tetraz9olium
bromide (MTT) to formazan. Briefly, in this reduction SH-SY5Y cells
were seeded in 48-well plates at a density of 105 cells per well. After
treatments, MTT (5 mg/mL in PBS) was added to the plates, and the
cells (control and experimental) were incubated for 1 h. The medium
was then replaced with DMSO, and MTT absorption was measured at
F 6-OHDA+MitoQ

B 6-OHDA

D 6-OHDA+dTPP

ells were transfected with the pDsRed2-mito vector. Twenty-four hours later cells were
th 50 μM 6-OHDA. Representative confocal images of mitochondrial morphology under
gmented mitochondrial patterns were determined after a 3 h treatment with 6-OHDA.
nce was determined by a two-tailed Student's test: n/s, p>0.05; **pb0.01; ***pb0.001.
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570 nm. Resultswere expressed as the percentage ofMTT reduction, as-
suming that the absorbance of the control SH-SY5Y cells was 100%.

2.11. Intracellular lipid peroxidation measurement

SH-SY5Y cells were plated at a density of 5.3 104 cells/cm2 on μ-dish
35 mm plates obtained from IBIDI GmbH, (Munich, Germany).
Twenty-four hours later, the cells were treated with 6-OHDA, (100 or
50 μM) for 2.5 h after which the medium was refreshed by adding
fresh medium with the same concentration of 6-OHDA plus 100 nM
MitoPerOx [29], and incubating the plates for 30 min at 37 °C in the
dark. Then, plates were washed three times with 1× PBS and 1 mL
HEPES was added. Cells were visualized with a Zeiss Confocal Micro-
scope, using a 63× oil-immersion objective. In each field, two different
photos were taken: one at 520 nm and one at 590 nm.We analyzed sig-
nificant regions of interest fromall the photos, using ImageJ, and calculat-
ed the 520/590 nm ratio, which is a good measure of lipid peroxidation
production. In the presence of intracellular lipid peroxidation, there is
an increment in the 520 nm emission while 590 nm decreases.

3. Results

Addition of 6-OHDA to SH-SY5Y cell cultures is an in vitro experi-
mental model of PD. In this study, we have determined the effect of
the mitochondria-targeted antioxidant MitoQ on mitochondrial frag-
mentation in this model. We chose 50 μM 6-OHDA because 3 h of
treatment with this concentration is non-lethal but does alter mito-
chondrial morphology [22].

3.1. 6-OHDA has minimal effects on mitochondrial oxidative damage

Oxidative stress is a condition inwhich ROS production overwhelms
antioxidant defenses. Its occurrence can be detected by determining the
levels of protein carbonyl groups or the presence of oxidativemitochon-
drial DNA damage. The levels of protein carbonyl groups were deter-
mined in SH-SY5Y cells that had been challenged with 6-OHDA
(50 μM, 3 h). 6-OHDAdid not increase the total cellular levels of protein
carbonyl groups (Fig. 1A). In addition, we determined the effect on
mtDNA damage and deletion. Again, 6-OHDA did not disrupt mtDNA
(Fig. 1B). Taken together, we conclude that SH-SY5Y cells that were
challenged for 3 h with 50 μM 6-OHDA present do not undergo exten-
sive oxidative damage. In a third approachwe used the ratiometricfluo-
rescent probe MitoPerOx for assessing mitochondrial phospholipid
peroxidation within living cells [29]. Three hours after 6-OHDA addi-
tion, no significant differences were found between cell cultures chal-
lenged or not with 50 μM 6-OHDA (Fig. 1C). Of note, when we
performed similar experiments with a higher concentration of 100 μM
6-OHDA, increases in all the oxidative hallmarks mentioned above
were found. Taken together, we conclude that SH-SY5Y cells that
were challenged for 3 h with 50 μM 6-OHDA present do not undergo
extensive oxidative damage and suggest that a relativelymild redox sig-
naling process can initiate mitochondrial fission. In addition, 3 h after
treatment, 50 μM 6-OHDA did not compromise the mitochondrial via-
bility of SH-SY5Y cells, as measured using the MTT assay (data not
shown).

3.2. MitoQ abrogates 6-OHDA-induced mitochondrial fission

Our previous work has shown that 6-OHDA induces mitochondrial
fission in SH-SY5Y cell cultures [22]. In the current study, to be able to
determine mitochondrial morphology, we have used the pDsRed2-
mito plasmid to express the mitochondrial protein DsRed2 (Fig. 2). As
expected, control cells contained elongated mitochondria. Addition of
50 μM 6-OHDA resulted in morphologically altered mitochondria, with
apparently shorter filaments (Fig. 2B, also see [22]). Quantitative analy-
sis revealed that 6-OHDA resulted in an increase in the proportion of
cells with mitochondrial morphology alterations, being 24% (pb0.001)
after 3 h of treatment (Fig. 2B, G).

In order to ascertain the role of mitochondrial oxidative events in
this process, we used the mitochondria-targeted antioxidant MitoQ.
First, we tested if the presence of the control compound dTPP,
which has the same mitochondria-targeting motif as MitoQ but
which lacks its antioxidant properties, has any effect on mitochondri-
al morphology. Control cell cultures expressing DsRed2 did not show
mitochondrial alterations after 3 h of dTPP (50 nM) treatment
(Fig. 2C, G). In addition, a 30 min pre-treatment with 50 nM of
dTPP did not decrease the percentage of cells showing fragmented
mitochondria after 3 h of treatment with 6-OHDA (Fig. 2C, G). Fur-
thermore, the mitochondrial morphology of cells under control con-
ditions was unaffected by the addition of 50 nM MitoQ (Fig. 2E, G).
Subsequently, cell cultures that were pre-treated for 30 min with
50 nM MitoQ were challenged with 50 μM 6-OHDA. Upon 3 h of
6-OHDA treatment, MitoQ significantly decreased the number of
cells with fragmented mitochondria (Fig. 2F, G).
3.3. 6-OHDA activates fission but not fusion of mitochondria

Mitochondrial fusion is controlled by three dynamin-related
GTPases: Mfn1 and Mfn2, in the outer mitochondrial membrane,
and Opa1 in the inner mitochondrial membrane. To determine
whether the change in mitochondrial morphology was due to an in-
crease in mitochondrial fusion, we explored the protein expression
levels of these three GTPases. Lysates from SH-SY5Y cells that had
been challenged with 50 μM 6-OHDA were compared with control
cells analyzed by immunoblotting. After 3 h of treatment, all the
GTPase proteins assayed had similar expression levels under both
conditions (Fig. 3A–C).

In the next set of experiments, we ascertained the role of Fis1 and
Drp1, two proteins that are involved in mitochondrial fission, in this
model. Levels of the outer mitochondrial membrane protein Fis1
were unaltered upon a 3 h treatment with 50 μM 6-OHDA (Fig. 3D).
Drp1 is a cytosolic protein that migrates to mitochondria to induce
mitochondrial fission [30]. SH-SY5Y cells were transfected with the
fluorescent chimeric protein GFP-Drp1, which enables us to monitor
the intracellular localization of Drp1 using confocal microscopy.
Untreated cells showed cytosolic localization of GFP-Drp1 (Fig. 4A).
Upon a 3 h treatment with 50 μM 6-OHDA, a punctuated distribution
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of GFP-Drp1 was observed, indicating that Drp1 was efficiently
translocated to the mitochondria (Fig. 4B, G).
3.4. MitoQ reduces 6-OHDA-induced mitochondrial translocation of Drp1

Next, we determined the percentage of cellswith a punctate distribu-
tion of Drp1 following pre-treatment for 30 min with 50 nM MitoQ be-
fore challenge with 50 μM 6-OHDA. MitoQ reduced the number of cells
with a punctate appearance of Drp1 by about 74% in 6-OHDA-
challenged SH-SY5Y cell cultures (Fig. 4F, G). In addition, 50 nM dTPP
failed to induce Drp1 translocation in control cultures, and did not pre-
vent the 6-OHDA-induced effect on Drp1 localization (Fig. 4D, G).
3.5. MitoQ reduces 6-OHDA-induced mitochondrial translocation of Bax

Previously, we have reported that the intracellular localization of
the pro-apoptotic protein Bax changes after 12 h treatment with
6-OHDA [21]. In the next set of experiments, we investigated if this
effect is modulated by MitoQ. Cell cultures were transfected with
GFP-Bax, and 24 h later they were pre-treated with either 50 nM
dTPP or MitoQ for 30 min, followed by addition of 50 μM 6-OHDA
(Fig. 5). After 12 h of 6-OHDA treatment, we determined the percent-
age of cells with punctate GFP-Bax distribution (Fig. 5G). The addition
of dTPP did not modify the cellular localization of Bax in control cul-
tures, and did not abrogate the effects of 6-OHDA (Fig. 5C–D, G).
However, MitoQ reduced the number of cells with a punctate
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appearance of Bax in cell cultures that were challenged with 50 μM
6-OHDA (Fig. 5F,G). In addition, we corroborated the inhibitory effect
of MitoQ on 6-OHDA-induced translocation from mitochondrial frac-
tions by immunoblotting (Fig. 5H).

4. Discussion

In the present study,we have focused on assessing the effect ofMitoQ
on cellular pathways that contribute to 6-OHDA-induced mitochondrial
fission in SH-SY5Y cells. We utilized a sublethal 6-OHDA concentration
of 50 μM, which is able to induce mitochondrial morphological alter-
ations. We did not observe an increase in total protein carbonyls or in
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0

10
20
30
40
50
60
70
80

n/s

**

**

P
u

n
ct

at
ed

 G
F

P
-B

ax
(%

 c
el

l t
ra

n
sf

ec
te

d
 w

it
h

 B
ax

)

 Control  6-OHDA

A Control

E MitoQ

C dTPP

G

Fig. 5. MitoQ reduces the 6-OHDA-induced mitochondrial translocation of Bax. SH-SY5Y ce
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least three experiments, each performed in triplicate. Statistical significance was determine
analysis of Bax levels in mitochondrial fractions obtained from SH-SY5Y cells. Cell cultures
with 50 μM 6-OHDA. Equal amounts of protein (30 μg/lane) were loaded on the gels. COX-
tative of three independent experiments.
oxidative damage to mtDNA, suggesting that these levels of 6-OHDA
did not act by extensive oxidative damage but rather by relative mild
redox effects. Notably, MitoQ reduced themitochondrial morphology al-
terations induced by 6-OHDA. This suggests that a mild mitochondrial
redox process induced by 6-OHDA that can be prevented by MitoQ is
an early event in the change in mitochondrial morphology caused by
6HD. In addition, MitoQ prevented the 6-OHDA-induced translocation
of both Drp1 and Bax to mitochondria.

Pathology, toxicology, and genetics suggest that mitochondrial ox-
idative stress is an etiological factor in PD [7,8]. Under physiological
conditions, 6-OHDA is rapidly and non-enzymatically oxidized to
form ROS. Previous work in our group and elsewhere has shown an
B 6-OHDA
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ere determined 12 h after addition of 6-OHDA. Results shown are the mean±SEM of at
d by a two-tailed Student's test: n/s, p>0.05; **pb0.01. H. Representative immunoblot
were pre-treated with 50 nM dTPP or MitoQ for 30 min, followed by a 12 h treatment
IV was used as an index of mitochondrial load. The immunoblots shown are represen-
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increase in H2O2 in cell cultures challenged with 6-OHDA [31–34]. As
the 6-OHDA concentration used in our study was sublethal, and we
chose an early time point, SH-SY5Y cells challenged with 6-OHDA
did not present hallmarks of oxidative stress. Neither total protein
carbonyl group levels nor oxidative mtDNA damage levels were sig-
nificantly modified by 6-OHDA. This suggests that the effects on the
cell were relatively mild redox signals probably originating in the mi-
tochondrial matrix in response to 6-OHDA oxidative stress, and this
was abrogated by pretreatment with MitoQ. In addition, we corrobo-
rated the lack of excessive oxidative stress in these conditions using
the ratiometric fluorescent probe MitoPerOx for assessing mitochon-
drial phospholipid peroxidation.

Several classes of small molecular antioxidant mimetics have been
shown to protect against central nervous system injuries such as do-
paminergic neuron degeneration [25,35–38]. Neurons are metaboli-
cally active cells with high energy demands at locations distant
from the cell body. Because of this, these cells are particularly depen-
dent on mitochondrial function, as reflected by the observation that
mitochondrial-dysfunction diseases often have a neurodegenerative
component [23].

In vivo, MitoQ is taken up rapidly and extensively by mitochon-
dria, where it is reduced to the active antioxidant ubiquinol form
[10]. MitoQ is nontoxic and orally bioavailable in animal models and
humans [14,18]. MitoQ protects mitochondria by decreasing oxida-
tive damage to mitochondrial proteins, lipids, and DNA [11,12]. It
also has been shown to decrease mitochondrial damage and to
lower the levels of mitochondrial ROS in a range of animal models
(reviewed in [13]).

MitoQ blocks 6-OHDA inducedmitochondrial fission. By intervening
in this process, MitoQmodulates mitochondrial function. It enables mi-
tochondrial recruitment to critical subcellular compartments, content
exchange between mitochondria, mitochondrial shape control, com-
munication with the cytosol, and mitochondrial quality control. When
mitochondrial dynamics is disrupted, cellular dysfunction ensues.Mito-
chondrial fission is a highly regulated process, and is mediated by a
6-OH

Drp1

B
MitoQ

H2O2

H2O2

Mitoch
fis

Fig. 6. Schematic diagram of the MitoQ-modulated abrogation of mitochondrial morphology
of H2O2, either extracellularly or within the cell, and this is able to reach the mitochondrial m
may activate the mitochondrial fission machinery, including the mitochondrial translocation
H2O2 increases in the mitochondrial matrix. MitoQ is effective at concentrations that do not
activation of the mitochondrial fission machinery by preventing Drp1 translocation to the m
response to 6-OHDA in SH-SY5Y cell cultures.
defined set of proteins [39–43]. Our data support the notion that
MitoQ blocks the activation of the mitochondrial fission machinery by
preventing mitochondrial translocation of Drp1, a large GTPase of the
dynamin family. Drp1 is cytosolic, but a subpopulation of the protein
migrates to mitochondria and accumulates at sites of future fission,
forming discrete spots [44,45]. According to in vitro studies, Drp1 as-
sembles into rings around mitochondria and constricts their mem-
branes. This results in degradation of the organelles in a GTP
hydrolysis-dependent manner [40]. In our study, 6-OHDA recruited
Drp1 to mitochondria. Confocal microscopy analysis of cell cultures
overexpressing Drp1-GFP revealed that addition of 6-OHDA modified
the cytosolic and diffuse distribution of Drp1, leading to a punctate mi-
tochondrial distribution. Administration of 50 nMMitoQ was sufficient
to inhibit 6-OHDA-induced Drp1 mitochondrial translocation in
SH-SY5Y cells. This observation can be explained by the fact that
MitoQ is preventing posttranscriptional changes in Drp1. Accordingly,
redox modification of Drp1 may link excessive mitochondrial fission
to neuronal injury in neurodegeneration [24,26]. In line with these ob-
servations, using a neurodegenerative model that monitors amyloid-β
toxicity to N2a cells, Manczak et al. have reported how MitoQ appears
to protect mitochondrial structure by preventing mitochondrial genes
from abnormal expression [25].

In addition, MitoQ abrogates the 6-OHDA-induced mitochondrial
translocation of Bax in SH-SY5Y cells. We and other groups have de-
scribed that Bax actively participates in neurodegenerative processes
[21,46]. Bax co-localized with Drp1 and Mfn2 at mitochondrial fission
sites in apoptotic cells [47], and has been suggested to participate directly
in apoptotic mitochondrial fission. Previously, in a different neurodegen-
erative model using MEF cell cultures from mice which lack Bax, we
have shown that this protein is not required for 6-OHDA-induced mito-
chondrial fragmentation [22]. Interestingly, MitoQ also mediates protec-
tion against cardiac ischemia–reperfusion injury, diabetic nephropathy,
adriamycin-induced cardiotoxicity, and hepatitis C-induced liver injury
[17,36–38] and whether prevention of mitochondrial fission contributes
to these processes will be an area of future activity (Fig. 6).
p-quinones
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alterations in the 6-OHDA PD model. Auto-oxidation of 6-OHDA leads to the formation
atrix. Mitochondrial fission induced by 6-OHDA-mediated stress is an early event. H2O2

of either Drp1 or Bax. MitoQ accumulated in the mitochondrial membrane may block
lead to induction of detectable oxidative stress hallmarks. MitoQ seems to prevent the
itochondria. In addition, MitoQ also blocked the formation of mitochondrial Bax foci in
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In conclusion, our data suggest that 6-OHDA treatment leads to mi-
tochondrial fragmentation by inducing a mild redox stress on mito-
chondria that is sufficient to induce a translocation of Drp1 to the
mitochondria and thereby increasemitochondrialfission. This fragmen-
tation can be largely prevented by the mitochondria-targeted antioxi-
dant MitoQ, consistent with a mitochondrial redox signaling event
leading to Drp1 recruitment. Furthermore, these data suggest that
mitochondria-targeted antioxidants may be worth exploring as poten-
tial therapies in pathologies involving mitochondrial fragmentation.

Acknowledgements

We thank Carlos Garrido for technical help, and T. Wilson, Dr. S.
Strack and Dr. J.H.M. Prehn for providing vectors. This work was
supported by SAF2008-05143-C03-1 from Ministerio de Ciencia e
Innovación and PI2007/55 Consejería de Sanidad from Junta de
Comunidades de Castilla-La Mancha (to J.J.) and by ‘Incorporación
de grupos emergentes’ FIS CARLOS III (EMER07/023) and FIS-FEDER
(PI080693; PI-2008/21) (to M.F.G.). M.E.S. is a FIS-FEDER grant fellow.

References

[1] J.A. Obeso, M.C. Rodriguez-Oroz, C.G. Goetz, C. Marin, J.H. Kordower, M. Rodriguez,
E.C. Hirsch, M. Farrer, A.H. Schapira, G. Halliday, Missing pieces in the Parkinson's
disease puzzle, Nat. Med. 16 (2010) 653–661.

[2] J. Jordan, P.W. Groot, M.F. Galindo, Mitochondria: the headquarters in ischemia-
induced neuronal death, Cent. Nerv. Syst. Agents Med. Chem. 11 (2011) 98–106.

[3] M.F. Galindo, I. Ikuta, X. Zhu, G. Casadesus, J. Jordan, Mitochondrial biology in
Alzheimer's disease pathogenesis, J. Neurochem. 114 (2010) 933–945.

[4] L.J. Martin, Mitochondriopathy in Parkinson disease and amyotrophic lateral
sclerosis, J. Neuropathol. Exp. Neurol. 65 (2006) 1103–1110.

[5] J. Jordan, V. Cena, J.H. Prehn, Mitochondrial control of neuron death and its role in
neurodegenerative disorders, J. Physiol. Biochem. 59 (2003) 129–141.

[6] T. Finkel, Radical medicine: treating ageing to cure disease, Nat. Rev. Mol. Cell
Biol. 6 (2005) 971–976.

[7] P.M. Abou-Sleiman, M.M. Muqit, N.W. Wood, Expanding insights of mitochondrial
dysfunction in Parkinson's disease, Nat. Rev. Neurosci. 7 (2006) 207–219.

[8] J.T. Greenamyre, T.G. Hastings, Biomedicine. Parkinson's—divergent causes, con-
vergent mechanisms, Science 304 (2004) 1120–1122.

[9] V.P. Skulachev, How to clean the dirtiest place in the cell: cationic antioxidants as
intramitochondrial ROS scavengers, IUBMB Life 57 (2005) 305–310.

[10] M.P. Murphy, Targeting lipophilic cations to mitochondria, Biochim. Biophys. Acta
1777 (2008) 1028–1031.

[11] S. Subramanian, B. Kalyanaraman, R.Q. Migrino, Mitochondrially targeted antiox-
idants for the treatment of cardiovascular diseases, Recent Pat. Cardiovasc. Drug
Discov. 5 (2010) 54–65.

[12] G.F. Kelso, C.M. Porteous, C.V. Coulter, G. Hughes, W.K. Porteous, E.C. Ledgerwood,
R.A.J. Smith, M.P. Murphy, Selective targeting of a redox-active ubiquinone to mi-
tochondria within cells: antioxidant and antiapoptotic properties, J. Biol. Chem.
276 (2001) 4588–4596.

[13] A.M. James, H.M. Cochemé, R.A.J. Smith, M.P. Murphy, Interactions of mitochondria-
targeted and untargeted ubiquinones with the mitochondrial respiratory chain and re-
active oxygen species. Implications for the use of exogenous ubiquinones as therapies
and experimental tools, J. Biol. Chem. 280 (2005) 21295–21312.

[14] A. Sanjuan-Pla, A.M. Cervera, N. Apostolova, R. Garcia-Bou, V.M. Victor, M.P.
Murphy, K.J. McCreath, A targeted antioxidant reveals the importance of mito-
chondrial reactive oxygen species in the hypoxic signaling of HIF-1alpha, FEBS
Lett. 579 (2005) 2669–2674.

[15] A.M. James, M.S. Sharpley, A.R. Manas, F.E. Frerman, J. Hirst, R.A.J. Smith, M.P.
Murphy, Interaction of the mitochondria-targeted antioxidant MitoQ with phos-
pholipid bilayers and ubiquinone oxidoreductases, J. Biol. Chem. 282 (2007)
14708–14718.

[16] H.M. Cochemé, G.F. Kelso, A.M. James, M.F. Ross, J. Trnka, T. Mahendiran, J.
Asin-Cayuela, F.H. Blaikie, A.R. Manas, C.M. Porteous, V.J. Adlam, R.A.J. Smith,
M.P. Murphy, Mitochondrial targeting of quinones: therapeutic implications, Mi-
tochondrion 7 (Suppl.) (2007) S94–S102.

[17] E.J. Gane, F. Weilert, D.W. Orr, G.F. Keogh, M. Gibson, M.M. Lockhart, C.M.
Frampton, K.M. Taylor, R.A.J. Smith, M.P. Murphy, The mitochondria-targeted
anti-oxidant mitoquinone decreases liver damage in a phase II study of hepatitis
C patients, Liver Int. 30 (2010) 1019–1026.

[18] B.J. Snow, F.L. Rolfe, M.M. Lockhart, C.M. Frampton, J.D. O'Sullivan, V. Fung, R.A.J.
Smith, M.P. Murphy, K.M. Taylor, A double-blind, placebo-controlled study to as-
sess the mitochondria-targeted antioxidant MitoQ as a disease-modifying thera-
py in Parkinson's disease, Mov. Disord. 25 (2010) 1670–1674.

[19] S. Duty, P. Jenner, Animal models of Parkinson's disease: a source of novel treatments
and clues to the cause of the disease, Br. J. Pharmacol. 164 (2011) 1357–1391.

[20] D. Blum, S. Torch, N. Lambeng, M. Nissou, A.L. Benabid, R. Sadoul, J.M. Verna, Mo-
lecular pathways involved in the neurotoxicity of 6-OHDA, dopamine and MPTP:
contribution to the apoptotic theory in Parkinson's disease, Prog. Neurobiol. 65
(2001) 135–172.
[21] M. Gomez-Lazaro, M.F. Galindo, C.G. Concannon, M.F. Segura, F.J. Fernandez-Gomez,
N. Llecha, J.X. Comella, J.H. Prehn, J. Jordan, 6-Hydroxydopamine activates the mito-
chondrial apoptosis pathway through p38 MAPK-mediated, p53-independent acti-
vation of Bax and PUMA, J. Neurochem. 104 (2008) 1599–1612.

[22] M. Gomez-Lazaro, N.A. Bonekamp, M.F. Galindo, J. Jordan, M. Schrader,
6-Hydroxydopamine (6-OHDA) induces Drp1-dependent mitochondrial frag-
mentation in SH-SY5Y cells, Free Radic. Biol. Med. 44 (2008) 1960–1969.

[23] H. Chen, D.C. Chan, Mitochondrial dynamics – fusion, fission, movement, and
mitophagy – in neurodegenerative diseases, Hum. Mol. Genet. 18 (2009) R169–R176.

[24] P.H. Reddy, T.P. Reddy, M. Manczak, M.J. Calkins, U. Shirendeb, P. Mao,
Dynamin-related protein 1 and mitochondrial fragmentation in neurodegenera-
tive diseases, Brain Res. Rev. 67 (2011) 103–118.

[25] M. Manczak, P. Mao, M.J. Calkins, A. Cornea, A.P. Reddy, M.P. Murphy, H.H. Szeto, B.
Park, P.H. Reddy, Mitochondria-targeted antioxidants protect against amyloid-beta
toxicity in Alzheimer's disease neurons, J. Alzheimers Dis. 20 (Suppl. 2) (2010)
S609–S631.

[26] M.J. Barsoum, H. Yuan, A.A. Gerencser, G. Liot, Y. Kushnareva, S. Graber, I. Kovacs, W.D.
Lee, J. Waggoner, J. Cui, A.D. White, B. Bossy, J.C. Martinou, R.J. Youle, S.A. Lipton, M.H.
Ellisman, G.A. Perkins, E. Bossy-Wetzel, Nitric oxide-induced mitochondrial fission is
regulated by dynamin-related GTPases in neurons, EMBO J. 25 (2006) 3900–3911.

[27] M.E. Solesio, S. Saez-Atienzar, J. Jordan, M.F. Galindo, 3-Nitropropionioc acid
induces autophagy by mitochondrial permeability transition pore formation
rather than activation of the mitochondrial fission pathway, Br. J. Pharmacol. (Apr 18
2012), http://dx.doi.org/10.1111/j.1476-5381.2012.01994.x (Epub ahead of print)
(PMID: 22509855).

[28] J. Jordan, M.F. Galindo, D. Tornero, C. Gonzalez-Garcia, V. Cena, Bcl-x L blocks mito-
chondrial multiple conductance channel activation and inhibits 6-OHDA-induced
death in SH-SY5Y cells, J. Neurochem. 89 (2004) 124–133.

[29] T.A. Prime, M. Forkink, A. Logan, P.G. Finichiu, J. McLachlan, P.B. Li Pun, W.J.
Koopman, L. Larsen, M.J. Latter, R.A.J. Smith, M.P. Murphy, A ratiometric fluores-
cent probe for assessing mitochondrial phospholipid peroxidation within living
cells, Free Radic. Biol. Med. 53 (2012) 544–553.

[30] Y.J. Lee, S.Y. Jeong, M. Karbowski, C.L. Smith, R.J. Youle, Roles of the mammalian
mitochondrial fission and fusion mediators Fis1, Drp1, and Opa1 in apoptosis,
Mol. Biol. Cell 15 (2004) 5001–5011.

[31] P. Gee, A.J. Davison, Intermediates in the aerobic autoxidation of 6-hydroxydopamine:
relative importance under different reaction conditions, Free Radic. Biol. Med. 6 (1989)
271–284.

[32] J. Jordan, M.F. Galindo, D. Tornero, C. Gonzalez-Garcia, V. Cena, Bcl-x L blocks mito-
chondrial multiple conductance channel activation and inhibits 6-OHDA-induced
death in SH-SY5Y cells, J. Neurochem. 89 (2004) 124–133.

[33] F.J. Fernandez-Gomez, M.D. Pastor, E.M. Garcia-Martinez, R. Melero-Fernandez de
Mera, M. Gou-Fabregas, M. Gomez-Lazaro, S. Calvo, R.M. Soler, M.F. Galindo, J. Jordan,
Pyruvate protects cerebellar granular cells from 6-hydroxydopamine-induced cytotox-
icity by activating the Akt signaling pathway and increasing glutathione peroxidase ex-
pression, Neurobiol. Dis. 24 (2006) 296–307.

[34] M.F. Galindo, J. Jordan, C. Gonzalez-Garcia, V. Cena, Chromaffin cell death induced
by 6-hydroxydopamine is independent of mitochondrial swelling and caspase ac-
tivation, J. Neurochem. 84 (2003) 1066–1073.

[35] R.A.J. Smith, M.P. Murphy, Animal and human studies with the mitochondria-targeted
antioxidant MitoQ, Ann. N. Y. Acad. Sci. 1201 (2010) 96–103.

[36] B.K. Chacko, C. Reily, A. Srivastava, M.S. Johnson, Y. Ye, E. Ulasova, A. Agarwal, K.R.
Zinn, M.P. Murphy, B. Kalyanaraman, V. Darley-Usmar, Prevention of diabetic ne-
phropathy in Ins2(+/)(AkitaJ) mice by the mitochondria-targeted therapy
MitoQ, Biochem. J. 432 (2010) 9–19.

[37] V.J. Adlam, J.C. Harrison, C.M. Porteous, A.M. James, R.A.J. Smith, M.P. Murphy, I.A.
Sammut, Targeting an antioxidant to mitochondria decreases cardiac ischemia–
reperfusion injury, FASEB J. 19 (2005) 1088–1095.

[38] K. Chandran, D. Aggarwal, R.Q. Migrino, J. Joseph, D. McAllister, E.A. Konorev, W.E.
Antholine, J. Zielonka, S. Srinivasan, N.G. Avadhani, B. Kalyanaraman, Doxorubicin
inactivates myocardial cytochrome c oxidase in rats: cardioprotection by Mito-Q,
Biophys. J. 96 (2009) 1388–1398.

[39] A. Legesse-Miller, R.H.Massol, T. Kirchhausen, Constriction andDnm1p recruitment are
distinct processes in mitochondrial fission, Mol. Biol. Cell 14 (2003) 1953–1963.

[40] E. Ingerman, E.M. Perkins, M. Marino, J.A. Mears, J.M. McCaffery, J.E. Hinshaw,
J. Nunnari, Dnm1 forms spirals that are structurally tailored to fit mitochondria,
J. Cell Biol. 170 (2005) 1021–1027.

[41] M. Karbowski, S.Y. Jeong, R.J. Youle, Endophilin B1 is required for the mainte-
nance of mitochondrial morphology, J. Cell Biol. 166 (2004) 1027–1039.

[42] A.D. Mozdy, J.M. McCaffery, J.M. Shaw, Dnm1p GTPase-mediated mitochondrial
fission is a multi-step process requiring the novel integral membrane component
Fis1p, J. Cell Biol. 151 (2000) 367–380.

[43] D. Otsuga, B.R. Keegan, E. Brisch, J.W. Thatcher, G.J. Hermann, W. Bleazard, J.M.
Shaw, The dynamin-related GTPase, Dnm1p, controls mitochondrial morphology
in yeast, J. Cell Biol. 143 (1998) 333–349.

[44] K.L. Cerveny, J.M. McCaffery, R.E. Jensen, Division of mitochondria requires a
novel DMN1-interacting protein, Net2p, Mol. Biol. Cell 12 (2001) 309–321.

[45] A.M. Labrousse, M.D. Zappaterra, D.A. Rube, A.M. van der Bliek, C. elegans
dynamin-related protein DRP-1 controls severing of the mitochondrial outer
membrane, Mol. Cell 4 (1999) 815–826.

[46] S. Perez-Alvarez, M.E. Solesio, J. Manzanares, J. Jordan, M.F. Galindo, Lactacystin re-
quires reactive oxygen species and Bax redistribution to induce mitochondria-
mediated cell death, Br. J. Pharmacol. 158 (2009) 1121–1130.

[47] M. Karbowski, Y.J. Lee, B. Gaume, S.Y. Jeong, S. Frank, A. Nechushtan, A. Santel, M.
Fuller, C.L. Smith, R.J. Youle, Spatial and temporal association of Bax with mitochon-
drial fission sites, Drp1, and Mfn2 during apoptosis, J. Cell Biol. 159 (2002) 931–938.


	The mitochondria-targeted anti-oxidant MitoQ reduces aspects of mitochondrial fission in the 6-OHDA cell model of Parkinson's disease
	1. Introduction
	2. Material and methods
	2.1. Reagents and plasmids
	2.2. Cell culture and drug treatment procedures
	2.3. Transfections
	2.4. Image acquisition and processing
	2.5. Analysis of mitochondrial morphology
	2.6. Protein carbonyl determination
	2.7. Measurement of mtDNA damage and copy number
	2.8. Preparation of mitochondrial fractions
	2.9. Western blotting
	2.10. Mitochondrial viability
	2.11. Intracellular lipid peroxidation measurement

	3. Results
	3.1. 6-OHDA has minimal effects on mitochondrial oxidative damage
	3.2. MitoQ abrogates 6-OHDA-induced mitochondrial fission
	3.3. 6-OHDA activates fission but not fusion of mitochondria
	3.4. MitoQ reduces 6-OHDA-induced mitochondrial translocation of Drp1
	3.5. MitoQ reduces 6-OHDA-induced mitochondrial translocation of Bax

	4. Discussion
	Acknowledgements
	References


