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ABSTRACT

The mitochondria-targeted drug mitoquinone (MitoQ) has been used as an antioxidant that may selectively
block mitochondrial oxidative damage; however, it has been recently suggested to increase reactive oxygen
species (ROS) generation in malate- and glutamate-fueled mitochondria. To address this controversy, we stud-
ied the effects of MitoQ on endothelial and mitochondrial ROS production. We found that in a cell-free sys-
tem with flavin-containing enzyme cytochrome P-450 reductase, MitoQ is a very efficient redox cycling agent
and produced more superoxide compared with equal concentrations of menadione (10-1,000 nM). Treatment
of endothelial cells with MitoQ resulted in a dramatic increase in superoxide production. In isolated mito-
chondria, MitoQ increased complex I-driven mitochondrial ROS production, whereas supplementation with
ubiquinone-10 had no effect on ROS production. Similar results were observed in mitochondria isolated from
endothelial cells incubated for 1 h with MitoQ. Inhibitor analysis suggested that the redox cycling of MitoQ
occurred at two sites on complex I, proximal and distal to the rotenone-binding site. This was confirmed by
demonstrating the redox cycling of MitoQ on purified mitochondrial complex I as well as NADH-fueled sub-
mitochondrial particles. Mitoquinone time- and dose-dependently increased endothelial cell apoptosis. These
findings demonstrate that MitoQQ may be prooxidant and proapoptotic because its quinone group can partic-
ipate in redox cycling and superoxide production. In light of these results, studies using mitoquinone as an
antioxidant should be interpreted with caution. Antioxid. Redox Signal. 9, 1825-1836.

INTRODUCTION

REACTIVE OXYGEN SPECIES (ROS) derived from mitochon-
dria play a major role in promoting age-related human
diseases, vascular and neurologic complications of diabetes, and
cell damage in neurodegenerative disorders (10, 25, 30). Aber-
rant electron leakage from the mitochondrial respiratory chain
is well known to reduce molecular oxygen to form superoxide
(O3, contributing to oxidative mitochondrial damage (4). The
ubiquinone derivative mitoquinone (MitoQ) is a novel drug
thought to protect mitochondria from oxidative damage. Mito-
quinone is targeted to mitochondria through its triphenylphos-
phonium cationic moiety that facilitates drug accumulation be-
cause of the large negative mitochondrial membrane potential

(16). Mitoquinone protected against lipid peroxidation in rat
liver mitochondria and prevented hydrogen peroxide (H,O,)-
induced apoptosis in mammalian cells (17). In bovine aortic en-
dothelial cells (BAECs), MitoQ reduced oxidative damage in-
duced by glucose and glucose oxidase (5). Although, MitoQ
has been previously suggested to decrease mitochondrial ROS
production, O’Malley et al. (23) demonstrated that it may ac-
tually enhance O," production in mitochondria fueled by the
complex I substrates, glutamate and malate. Evidence also sug-
gests that MitoQ decreases bioavailability of mitochondrial ni-
tric oxide through generation of ROS (13). More recently, Mi-
toQ in concentrations as low as 30 nM has been shown to
upregulate the expression of inflammatory markers such as
ICAM-1 in human pulmonary endothelial cells (22).
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To address this controversy, we studied the effects of Mi-
toQ on endothelial and mitochondrial ROS production and elu-
cidated the molecular mechanisms of MitoQ-induced endo-
thelial dysfunction. Evidently, MitoQ contains a quinone
group, well known to have redox-cycling properties similar to
those of menadione and geldanamycin (7,20). Quinones react
with flavin-containing reductases to form semiquinone radicals
that can in turn reduce oxygen to form O,*. In this study, we
used electron spin resonance (ESR) and high-performance lig-
uid chromatography (HPLC) to examine the redox cycling
properties of MitoQ and study its effect on mitochondrial and
cellular oxidative stress. Our findings demonstrate that con-
centrations of this drug commonly used in biologic studies pro-
duce large amounts of O,* both in cell-free systems and when
exposed to isolated mitochondria or intact endothelial cells.
Moreover, our data show that the redox cycling of MitoQ oc-
curs at more than one site on complex I. These results raise
concerns regarding the use of this agent as a mitochondria-tar-
geted antioxidant and raise questions concerning its applica-
tion as a therapeutic agent.

MATERIALS AND METHODS

Reagents

Mitoquinone (MitoQ) was a gift from Dr. Jay Joseph (Med-
ical College of Wisconsin, Milwaukee, WI) and was dissolved
in ethanol. Dihydroethidium was purchased from Molecular
Probes (Eugene, OR). Horseradish peroxidase (HRP) and
NADPH-P450 reductase were obtained from Calbiochem
(San Diego, CA). 1-Hydroxy-2,2,6,6-tetramethylpiperidin-4-yl-
trimethylammonium (CATIH) and 2-ethoxycarbonyl-2-
methyl-3,4-dihydro-2H-pyrrole-1-oxide (EMPO) were pur-
chased from Alexis Corporation (San Diego, CA). All other
reagents were obtained from Sigma (St. Louis, MO).

Measurements of ROS production in cell-free systems, iso-
lated mitochondria, submitochondrial particles, and purified
complex I were performed in media A buffer containing 125
mM KCI, 10 mM MOPS, 2 mM MgSO,, 2 mM KH,POy,, 10
mM NaCl, ] mM EGTA, and 0.7 mM CaCl,, pH 7.2. This buffer
was treated with 50 uM desferoxamine to chelate free iron. De-
termination of endothelial O,* production was carried out in
Krebs-HEPES buffer containing 5.786 g/L. NaCl, 0.35 g/L KCl,
0.368 g/L CaCl,, 0.296 g/ MgSOy, 2.1 g/L NaHCO3, 0.142
g/L K,HPOy, 5.206 g/l Na-HEPES, 2 g/L p-glucose, pH 7.35.

Stock solutions of CAT1H (10 mM), dissolved in 0.9% NaCl
treated with 50 g/L chelex 100 and containing 50 uM desfer-
oxamine and purged with argon, were prepared daily and kept
under argon on ice. Desferoxamine was used to decrease au-
tooxidation of CAT1H catalyzed by trace amounts of free iron.
CATI1H was used in a final concentration of 1 mM.

Cell culture and mitochondrial isolation

Bovine aortic endothelial cells (passage four to eight) (Cell
Systems, Kirkland, WA) were cultured on 100-mm plates in
Media 199 containing 10% fetal calf serum supplemented with
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2 mM L-glutamine and 1% vitamins. On the day before the
study, the fetal calf serum concentration was reduced to 1%.
Confluent BAECs were used for the experiments. Endothelial
cell mitochondria were isolated as previously described (26).
In brief, the cells were incubated in the presence or absence
of MitoQ ( 0.01-1 uM for 1 h), and then washed twice with
the isolation buffer containing 225 mM mannitol, 75 mM su-
crose, 20 mM MOPS, 1 mM EGTA, 0.1% BSA, pH 7.2, ad-
justed with Tris. The cells were harvested by scraping and
centrifugation with a low-speed spin at 937 g for 5 min. The
pelleted cells were incubated for 5-10 min in a low-tonicity
100-mOsm medium containing 100 mM sucrose, 10 mM
MOPS, 1 mM EGTA, 0.1% BSA, pH 7.2, and disrupted by
25-30 sharp strokes of the tight pestle in a Dounce homoge-
nizer. The medium’s tonicity was adjusted to 300 mOsm with
1.25 M sucrose, and the volume tripled with the isolation
buffer. The disrupted cells were centrifuged for 5 min at 1,075
g. The supernatant was spun at 9,300 g for 10 min. The su-
pernatant was removed and used for the cytoplasmic fraction
assay to assess the purity of our mitochondrial preparation.
The remaining sediment was resuspended in isolation medium
and centrifuged at 1,075 g for 5 min. The final supernatant
was centrifuged at 8,600 g for 10 min. The last sediment was
resuspended in 0.25 M sucrose, 10 mM MOPS, and 1 mM
EGTA, at pH 7.2.

Purity of mitochondria

To assess the purity of our mitochondrial fractions, mito-
chondrial and cytoplasmic fractions prepared from BAECs, as
mentioned earlier, were subjected to Western blot analysis.
Mouse monoclonal antibodies (Santa Cruz Biotechnology, Inc.,
Santa Cruz, CA) directed toward glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) and cytochrome oxidase (COX) sub-
unit [ were used to verify the integrity of these subcellular frac-
tions.

Preparation of the submitochondrial particles

The inverted nonphosphorylating submitochondrial particles
(SMPs) were prepared according to Panov et al. (25). Fresh en-
dothelial mitochondria were suspended in 0.25 M sucrose with
2 mM EDTA. The suspension was saturated with N, placed
into a beaker filled with a mixture of ice and water for effec-
tive cooling, and subjected to sonic oscillations (5 times for 5
sec). The sonicated mitochondria were diluted with a double
volume of 0.25 mM sucrose buffered with 10 mAM MOPS, and
centrifuged in a Beckman ultracentrifuge at 16,000 g for 10
min. The supernatant was centrifuged at 150,000 g for 45 min.
The sediment of SMPs was collected and homogenized in a
small glass homogenizer in a volume of 0.25 M sucrose.

Isolation of mitochondrial complex I (NADH-
ubiquinone oxidoreductase)

Mitochondrial complex I isolation was carried out as previ-
ously described (15). In brief, mitochondria (2 mg) were di-
luted in 200 wl buffer containing 50 mM Tris-HCI, 1 wg/ml
pepstatin, 1 wg/ml leupeptin, 1 mM phenyl-methylsulfonyl flu-
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oride (PMSF), and 1% n-dodecyl-B-p-maltoside (LM). The
mixture was incubated on ice for 30 min and then centrifuged
for 10 min at 72,000 g. The resultant supernatant was incubated
overnight with 10 ul capture resin MS101 (MitoSciences, Inc.,
Eugene, OR) containing the anti-complex I immunocapture
monoclonal antibody covalently linked to protein G agarose
beads. Beads were collected by gentle centrifugation (10 sec at
500 g) and washed twice for 5 min in PBS and 0.05% LM.
Complex I was eluted from the resin by addition of 50 ul 1%
SDS. All preparations were always performed at 4°C.

Measurement of O,* production

Superoxide production was analyzed in cytochrome P-450
reductase system by two different methods: (a) spin trapping of
0,* with EMPO, and (b) using ESR with the cell-impermeable
spin probe CAT1H. CAT1H reacts with O,* radicals to form a
stable nitroxide radical (Fig. 1, reaction 1). Superoxide pro-
duction was determined by SOD-inhibitable oxidation of
CATI1H with 50 U/ml Cu,Zn-SOD. We have previously vali-
dated our ESR assay by using CAT1H in xanthine plus xan-
thine oxidase cell-free system, as illustrated in Fig. 1A. Super-
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oxide generation by complex I and SMP was determined by us-
ing ESR and the spin-trap EMPO.

Measurements of intracellular Oy* production

Intracellular O,* generation by BAECs was quantified by us-
ing dihydroethidium and an HPLC-based assay, as described
previously (9). In brief, the cells were rinsed twice with chilled
Krebs-HEPES buffer and then exposed to 10 uM dihydro-
ethidium for 20 min at 37°C in Krebs-HEPES buffer. The cells
were then harvested by scraping and were placed in 300 ul of
cold methanol, homogenized, and filtered (0.22 wm). Separa-
tion of ethidium and 2-hydroxyethidium was performed by
using a Beckman HPLC System Gold model with a C-18 re-
verse-phase column (Nucleosil 250; 4.5 mm; Sigma-Aldrich),
equipped with a fluorescence detector. Fluorescence detection
at 580 nm (emission) and 480 nm (excitation) was used to mon-
itor 2-hydroxyethidium production. The mobile phase was com-
posed of a gradient containing 60% acetonitrile and 0.1% tri-
fluoroacetic acid. Ethidium and 2-hydroxyethidium were
separated by a linear increase in acetonitrile concentration from
37 to 47% over 23 min at a flow rate of 0.5 ml/min.
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FIG. 1. Measurement of O, and H,0, release by using ESR and the spin-probe CAT1H.

(A) Quantification of O,* radi-

cal in xanthine (X) plus xanthine oxidase (XO, 0.5 mU/ml) cell-free system. SOD-inhibited CAT1-nitroxide formation reflects
the amount of O,* detected by CAT1H. (B) Production of H,O, was measured by co-oxidation of CAT1H in horseradish per-
oxidase (HRP)—acetamidophenol (AAP) reaction, as described in Methods (reaction 2). Detection of H,O, was verified by inhi-
bition with 50 wg/ml catalase in a cell-free system containing xanthine (X) and xanthine oxidase (XO).
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Measurement of mitochondrial ROS production

Mitochondrial ROS production was determined by mixing
20 pg of mitochondrial protein in media A with 1 mM 4-ac-
etamidophenol (AAP), 5 U/ml HRP, 50 U/ml Cu/Zn-superox-
ide dismutase (SOD), and 1 mM CATIH (18). This method
takes advantage of the formation of an HRP compound I, which
in turn oxidizes AAP. Subsequently, AAP radical oxidizes
CATI1H to its corresponding nitroxide radical (Fig. 1, reaction
2). Detection of H,O, was confirmed by inhibiting the ESR sig-
nal with 50 wg/ml catalase in xanthine plus xanthine oxidase
cell-free system (Fig. 1B).

ESR experiments

All ESR samples were prepared using media A, pH 7.2, and
were placed in 50-ul glass capillaries (Corning, New York,
NY). To inhibit iron-catalyzed reactions, desferoxamine (50
M) was added to all samples. ESR spectra were recorded by
using an EMX ESR spectrometer (Bruker Biospin Corp., Bil-
lerica, MA) and a super high Q microwave cavity at room tem-
perature. The ESR settings for field-scan experiments with the
spin-trap EMPO or the spin probe CATIH were as follows:
field sweep, 70 gauss; microwave frequency, 9.82 GHz; mi-
crowave power, 20 mW; modulation amplitude, 0.7 gauss; con-
version time, 41 msec; time constant, 164 msec; and receiver
gain, 1 X 10° (n = 4 scans). ESR spin-trapping experiments
were done at least 3 times.

The kinetics of ROS production was recorded by monitoring
the amplitude of the low field component of the ESR spectrum
of CAT1-nitroxide with the following settings: field sweep, 60
gauss; microwave frequency, 9.46 GHz; microwave power, 20
mW; modulation amplitude, 2 gauss; conversion time, 1,311
msec; time constant, 5,243 msec; and receiver gain, 1 X 10°.

Caspase-3 activity assay

Caspase-3 activity was measured after the exposure of en-
dothelial cells to MitoQ (0.1 or 1 wM) for 1-4 h by using West-
ern blot analysis. In brief, endothelial cells were rinsed twice
in ice-cold PBS and lysed in lysis buffer containing 1%
nonylphenol polyoxyethylene 40 (NP-40), 100 mM NazVOy, 5
mM EGTA, 10 mM NasP,07, 100 mM phenyl-methylsulfonyl
fluoride (PMSF), and 2 pg/ml each of leupeptin, pepstatin, and
aprotinin. Samples were centrifuged (10,000 g, 10 min), and
the supernatant was retained for determination of caspase-3 ac-
tivity and protein concentration. The protein concentration in
the supernatant was determined by using the Bradford Assay.
Equal amounts of protein samples (50 wg) were separated in
12% SDS-PAGE. Polyclonal anti-caspase (1:1,000) antibody
(Cell Signaling, Danvers, MA) were used to detect the en-
dogenous levels of the large fragment (17 kDa) resulting from
proteolytic processing of the inactive full-length caspase-3 into
activated pl7 and pl2 fragments. The densitometry of the
cleaved caspase-3 and «-actin bands was performed with a Gel
Doc 1000 system (Bio-Rad Laboratories).

Data analysis

All data are expressed as mean = SEM. Comparisons be-
tween groups of treatments were made by one-way ANOVA,
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followed by Bonferroni—-Dunn post hoc test when significance
was indicated. Values of p < 0.05 were considered significant.

RESULTS

Mitoquinone promotes O»>* production from
purified NADPH cytochrome P-450 reductase

Previously, it was found that quinone-containing compounds
undergo one-electron reductions by flavin-containing enzymes
to form semiquinone radicals, which in turn may rapidly react
with oxygen to generate O,* (7). NADPH cytochrome P-450 re-
ductase was used to determine whether MitoQ can redox cycle
on flavin-containing enzymes. The ESR spectra of EMPO and
CATI1H exposed to only MitoQ or NADPH and cytochrome P-
450 showed no detectable signal. The addition of NADPH cy-
tochrome P-450 reductase to the sample containing MitoQ and
NADPH caused the formation of a strong ESR signal with both
EMPO and CAT1H, which was inhibited by Cu/Zn-SOD, con-
firming redox cycling of MitoQ (Fig. 2A). Mitoquinone in-
creased Oy" production in a concentration-dependent manner,
and the intensity of the ESR spectra was significantly higher
compared with that of equivalent concentrations of menadione,
convincingly demonstrating that MitoQ is markedly efficient in
redox cycling (Fig. 2B). The ESR spectrum of MitoQ after ex-
posure to the NADPH cytochrome P-450 reductase without the
spin-trap EMPO or the spin-probe CAT1H revealed a weak but
detectable ESR signal compatible with a semiquinone of MitoQ.
These results demonstrate a one-electron reduction of MitoQ by
the NADPH cytochrome P-450 reductase (Fig. 2C), which leads
to redox cycling of MitoQ and O,* production.

Stimulation of O»* production in endothelial
cells by mitoquinone

As noted earlier, MitoQ redox cycles on flavin-containing
enzymes and produces O,* in cell-free systems. We therefore
sought to determine the effect of MitoQ on intracellular O,*
production in BAECs. Endothelial cells were exposed to in-
creasing concentrations of MitoQ (1, 5, 10, 100, and 1,000 nM)
for 1 h and then analyzed by using HPLC and dihydroethid-
ium. Mitoquinone dose-dependently increased intracellular O,*
production (Fig. 3). These results clearly indicate that MitoQ
in concentrations commonly applied in biologic studies
markedly increases intracellular O,* production in BAECs.

Stimulation of H,O; production in isolated
mitochondria by mitoquinone

These data strongly suggest that MitoQ is an in vivo proox-
idant that produces ROS in intact endothelial cells. A probable
mechanism by which MitoQ triggers intracellular ROS pro-
duction is through its redox cycling in mitochondria, in which
its ubiquinone moiety inserts into the lipid bilayer (16). In the
first series of experiments, the ability of MitoQ to induce ROS
generation in mitochondria isolated from endothelial cells was
studied. Because the mitochondrial inner-membrane is not per-
meable to O,%, and intramitochondrial manganese SOD readily



REDOX CYCLING OF MITOQUINONE

1829

a. 10 (M MitoQ
AL
b. + 80D
AP NI p P AAIN e et NI PP e aAA,
c. 10 uM MitoQ
d. +S0D
w “' Aﬁ"’
(o}
C. MeO
NADP* Red.
¢ MeO
O-
NADPH Red-H MeO
MeO

B 200 1 )
. === MitoQ
=& Menadione
150
£
£
= 100 A
£
O 50
0 f T ]
0 0.01 0.1 1 10
Concentration (LM)
CH, MitoQ
Ca. 0,
CoH,PPh;BF
. EMPO EMPO-OOH
CHS MitoQ* ) —
CAT1H CAT1*
+ -
C o H,PPh; BF

FIG. 2. (A) ESR detection of O,* production by MitoQ with NADPH cytochrome P-450 reductase using EMPO or

CATI1H.

(a) ESR spectra of sample containing spin-trap EMPO (50 mM), NADPH (0.3 mM), cytochrome P-450 reductase (5

pg/ml), and MitoQ (10 uM). (b) Same as (a) plus 50 units/ml Cu/Zn-SOD. (c) ESR spectra of sample containing cytochrome P-
450 reductase (5 ng/ml), CATIH (1 mM), NADPH (0.3 mM), and MitoQ (10 uM). (d) Same as (c) plus 50 units/ml Cu/Zn-
SOD. (B) Rate of O,* production by MitoQ vs. menadione with NADPH cytochrome P-450 reductase determined by using ESR
and the spin-probe CAT1H. Conditions are similar to those in (A). Data are expressed as means (n = 3 experiments). (C) Reac-

tion equation for the redox cycling of MitoQ.

converts O,* into H,O,, which is diffusible across the mito-
chondrial membranes (3), ROS production from intact mito-
chondria was determined from the amount of H,O, released.

Intact mitochondria were isolated from BAECs and acutely
treated with MitoQ (0.01-10 uM). The purity of our mito-

chondrial fractions was substantiated by detecting the cyto-
plasmic marker GAPDH exclusively in the cytoplasmic but not
in the mitochondrial fraction, whereas the COX subunit I was
detected preferentially in the mitochondrial but not in the cy-
toplasmic fraction (Fig. 4A). Extramitochondrial H,O, pro-

FIG. 3. High-performance liquid chro-
matography/dihydroethidium detection
of MitoQ-induced endothelial O,* pro-
duction. (A) High-performance liquid

chromatograms of ethidium and 2-hydrox-
yethidium formed by exposure of dihy-

droethidium to intracellular O,*. Formation
of 2-hydroxyethidium is proportional to the
rate of O,* production (9). (B) Bovine aor-
tic endothelial cells were incubated with
MitoQ (10-1,000 nM) for 1 h at 37°C. Su-
peroxide production was determined by the
formation of 2-hydroxyethidium. Fluores-
cence detection at 580 nm (emission) and
480 nm (excitation) was used to monitor 2-
hydroxyethidium production. Data are ex-
pressed as mean = SEM (n =15 experi-
ments). *p < 0.05 vs. control.
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FIG. 4. Hydrogen peroxide production (mean = SEM) quantified by ESR in isolated BAECs mitochondria treated acutely
with MitoQ. (A) Western blot analysis of mitochondrial (mito) and cytoplasmic (cyto) fractions that were probed with anti-
body directed toward GAPDH and COX subunit I. (B) Rate of H,O, production in isolated BAECs mitochondria fueled with 2
mM malate and 20 mM glutamate or 5 mM succinate in the presence of mitoquinone (MitoQ, 0.01-10 uM). (C) Hydrogen per-
oxide production in isolated BAECs mitochondria fueled with 2 mM malate and 20 mM glutamate in the presence of 0.1 or 1
uM MitoQ or 10 uM ubiquinone (CoQ;p). (D) Hydrogen peroxide production in isolated BAECs mitochondria fueled with 5
mM succinate in the presence of 0.1 or 1 uM MitoQ or 10 uM ubiquinone (CoQjq). For each group along the x axis, mito-
chondria were exposed to 5 uM rotenone (Rot), or 80 nM stigmatellin (Stig) or both. *p < 0.01 compared with control; ¢p <
0.05 compared with mitochondria treated with MitoQ in the absence of rotenone; Wp < 0.05 compared with mitochondria treated

with MitoQ in the presence of rotenone (n = 4 for each condition).

duction was measured by using the HRP-AAP—coupled co-ox-
idation of the cyclic hydroxylamine CAT1H (18). Hydrogen
peroxide production was markedly increased in glutamate plus
malate—fueled mitochondria as a function of MitoQ concentra-
tions (Fig. 4B). Unlike malate plus glutamate, H,O, production
by mitochondria fueled with succinate increased only with 10
uM MitoQ. Interestingly, MitoQ (0.01-1 uM) had mild in-
hibitory effects on H,O, production in succinate-fueled mito-
chondria. These results are consistent with data previously pub-
lished by O’Malley et al. (23), suggesting that MitoQ increases
mitochondrial ROS production.

To determine the potential site of MitoQ redox cycling in
malate plus glutamate—fueled mitochondria, we examined the
effect of rotenone on ROS generation triggered by MitoQ.
Rotenone inhibits the transfer of electrons from the reduced
iron-sulfur cluster (N2) to bound ubiquinones in complex I (24).
Addition of rotenone to control mitochondria in the presence
of complex I substrates mildly increased ROS generation. In
contrast, rotenone partially but significantly inhibited the Mi-
toQ-mediated H,O, production in the presence of complex I
substrates (Fig. 4C). The rotenone effect in malate plus gluta-

mate—fueled mitochondria was compared with that in the
presence of the complex II substrate, succinate. In this case,
rotenone decreased H,O, production in control mitochondria.
In mitochondria treated with MitoQ, rotenone significantly en-
hanced succinate-driven H,O, production (Fig. 4D). The effect
of rotenone to decrease H,O, production in forward electron
transfer suggests that the site of MitoQ redox cycling is prox-
imal to complex II and most likely on complex I. Redox cy-
cling of MitoQ at the level of complex I is also evidenced by
the fact that stigmatellin, an inhibitor of electron transport at
Q, center of complex III, prevented rotenone-induced increase
in ROS production by mitochondria treated with MitoQ and fu-
eled with succinate (Fig. 4D). Stigmatellin inhibits reverse elec-
tron transport from complex II to complex I via dissipation of
the mitochondrial membrane potential (21). In untreated mito-
chondria, stigmatellin decreased the level of succinate-driven
ROS production. Interestingly, the addition of 10 wM native
ubiquinone-10 (CoQ)p) to isolated mitochondria did not have
any effect on mitochondrial ROS production with both com-
plex I and II substrates (Fig. 4C and D).

It is noteworthy that the addition of ethanol, which was used
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as a solvent for MitoQ, rotenone, and stigmatellin, had no ef-
fect on mitochondrial ROS production (data not shown).

Effect of mitoquinone treatment of intact BAECs
on mitochondrial ROS production

In the second series of experiments, we evaluated whether
similar effects will be observed in mitochondria isolated after
prior exposure of intact endothelial cells to MitoQ. Cells were
treated with MitoQ (0.01-1 uM) for 1 h before isolation of mi-
tochondria. Analysis showed similar effects to those observed
when MitoQ was added after mitochondrial isolation. Preincu-
bation of endothelial cells with MitoQ caused a concentration-
dependent increase in the rate of mitochondrial H,O, produc-
tion with complex I substrates. Mitoquinone did not have any
effects on H,O, production in succinate-fueled mitochondria
(Fig. 5A). Next we determined the effect of rotenone and stig-
matellin on the rate of mitochondrial ROS production. Rotenone
significantly inhibited MitoQ-induced H,O, generation in glu-
tamate plus malate—fueled mitochondria (Fig. 5B). In contrast,
treatment with rotenone markedly enhanced succinate-driven
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H,0; production (Fig. 5C). These effects were similar to those
observed for intact mitochondria treated acutely with MitoQ.
We also found that the combination of rotenone and stigmatellin
had similar effects on succinate-driven mitochondrial H>O, pro-
duction to those observed with acutely treated mitochondria.
These findings argue that MitoQ is accumulated in mitochon-
dria where redox cycling and ROS generation occur at the level
of complex 1.

Mitoquinone promotes O»* Production from SMP
and purified mitochondrial complex 1

As noted earlier, MitoQ stimulated H,O, production in en-
dothelial mitochondria. Inhibitor analysis with rotenone or
stigmatellin or both suggested that MitoQ-derived ROS oc-
curs primarily on complex I. To confirm this, we sought to
determine directly whether MitoQ can redox cycle on puri-
fied mitochondrial complex I. As seen in Fig. 6, MitoQ dose-
dependently increased O,* production from SMP (see Fig. 6A
and D) and isolated complex I (Fig. 6B and D) in the pres-
ence of NADH.
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FIG. 5. Hydrogen peroxide production (mean = SEM) quantified by ESR in mitochondria isolated from BAECs pre-

treated with MitoQ for 1 h.

(A) Rate of H,O, production in intact mitochondria isolated after 1-h exposure of BAECs to Mi-

toQ (MitoQ, 0.01-10 wM) fueled with 2 mM malate and 20 mM glutamate or 5 mM succinate. (B) Hydrogen peroxide produc-
tion in isolated BAECs mitochondria fueled with 2 mM malate and 20 mM glutamate. (C) Hydrogen peroxide production in
isolated BAECs mitochondria fueled with 5 mM succinate. For each group along the x axis, mitochondria were exposed to 5 uM
rotenone (Rot), or 80 nM stigmatellin (Stig), or both. *p < 0.01 compared with control; ¢p < 0.05 compared with mitochondria
isolated from BAECs treated with MitoQ; Wp < 0.05 compared with mitochondria isolated from BAECs treated with MitoQ in
the presence of rotenone. Values represent the means of at least three experiments.
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FIG. 6. ESR detection of O,* production by MitoQ with (A) submitochondrial particles (SMP), (B) isolated complex I,

and (C) purified a-ketoglutarate dehydrogenase complex using EMPO.

(A) a, ESR spectrum of sample containing spin-

trap EMPO (50 mM), NADH (40 uM), and SMP (0.2 mg/ml); b, same as a plus rotenone (5 uM); ¢, same as a plus MitoQ
(1 uM); d, same as ¢ plus 50 units/ml Cu/Zn-SOD. (B) a, ESR spectrum of sample obtained by mixing 50 mM EMPO, 40 uM
NADH, and complex I (0.1 mg/ml); b, same as a plus 1 uM MitoQ; ¢, same as b plus 50 units/ml Cu/Zn-SOD. (C) a, ESR
spectrum of sample obtained by mixing 50 mM EMPO, 0.2 mg/ml SMP, and 1 mM «a-ketoglutarate («KG); b, same as a plus
1 uM MitoQ; ¢, ESR spectrum of sample containing 50 mM EMPO, 40 uM NADH, 1 mM aKG, and 20 pug a-ketoglutarate
dehydrogenase («KGDH); d, same as ¢ plus 1 uM MitoQ. (D) Rate of O,* production in SMP and isolated complex I after
acute treatment with MitoQ (0.01-10 wM). *p < 0.05 compared with control. Values represent the means of at least three ex-

periments.

Recent evidence suggests that the a-ketoglutarate dehydro-
genase complex («KGDH), an integral TCA-cycle enzyme
tightly bound to the inner mitochondrial membrane on the ma-
trix side mediates ROS production in mitochondria fueled with
malate and glutamate or a-ketoglutarate («KG) (11, 29). We
tested whether «KGDH could account for the increase in ROS
production in the presence of MitoQ. Mitoquinone did not af-
fect ROS production by SMP fueled with «KG, nor did it in-
crease the level of O,® produced by purified «KGDH in the
presence of NADH and aKG (see Fig. 6C). This result argues
against a role for «KGDH in redox cycling of MitoQ.

Mitoquinone stimulates apoptosis in BAECs

Bovine aortic endothelial cells were incubated with MitoQ
(0.1 and 1 uM) for different time periods (1—4 h), and the cas-
pase-3 activities were measured as a function of time. The cas-
pase-3 activity was markedly elevated after 3- and 4-h incuba-
tion with 1 uM MitoQ. Figure 7A and B shows that 0.1 uM
Mito-Q also increased the activity of caspase-3; however, this
increase was only significant after 4-h incubation. In line with
the fact that mitochondrial oxidative damage may result in cel-
lular apoptosis, MitoQ at a concentration of 0.1 and 1 uM time
dependently stimulates endothelial cell apoptosis (Fig. 7).

DISCUSSION

These experiments demonstrate that MitoQ, in concentrations
commonly used in biologic studies, redox cycles and yields O5*
radicals on exposure to flavin-containing enzymes. In addition,
MitoQ at low concentrations markedly increased endothelial
O;* production and complex I-driven mitochondrial H,O, pro-
duction. Our studies also indicate that this effect of MitoQ time-
dependently stimulates the activity of caspase-3, resulting in
endothelial cell apoptosis.

In 2001, Murphy and co-workers (16) reported the develop-
ment of a novel antioxidant targeted to mitochondria by cova-
lent attachment of a quinone group to a lipophilic triphenyl-
phosphonium cation, named MitoQ, which may selectively
block mitochondrial oxidative damage. Based on these findings,
other groups showed that MitoQ applied at concentrations rang-
ing from 10 nM to 10 uM suppressed ROS production and pro-
tected against apoptosis in cells exposed to H,O, or glucose
and glucose oxidase (5, 8, 16, 28). The assumption has been
made that MitoQ is an effective mitochondrial antioxidant un-
til recently, when O’Malley et al. (23) demonstrated that Mi-
toQ increases ROS production in glutamate plus malate—fueled
mitochondria. Similarly, MitoQ (30-100 nM) has been shown
to create a stressful situation in human pulmonary endothelial
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FIG. 7. Caspase-3 activity in mitoquinone-treated endothelial cells.

Caspase-3 activity was measured as an indicator of apop-

totic cell death by using Western blot analysis after 1-, 2-, 3-, and 4-h exposure of cultured endothelial cells to 0.1 or 1 uM Mi-
toQ. The results were expressed as arbitrary units. The top panels are representative Western blots, and the bottom panels are
grouped densitometric data presented as mean = SEM. n = 4 experiments for each condition, *p < 0.05 vs. control.

cells, resulting in the generation of ROS, enhanced NF-«B ac-
tivation, and upregulation of ICAM-1 expression (22). Al-
though the mechanism of such an increase in ROS production
was not defined in these previous studies, their results did sug-
gest that MitoQ possesses redox active properties and is there-
fore able to act as a prooxidant. Our current findings provide
further details on the prooxidant activity of MitoQ. We dem-
onstrated that MitoQ has redox-cycling property similar to
menadione and geldanamycin and demonstrate that this cycling
takes place at the level of complex I (7, 20).

Our results show that MitoQ increases mitochondrial H,O,
production in the presence of complex I substrates. This in-
crease is significantly attenuated by the complex I inhibitor
rotenone. Under normal conditions, NADH delivers electrons
to the flavin (FMN) group, which routes these electrons to
the iron-sulfur clusters and ultimately reduces the bound
ubiquinone (UQ) group on complex I (Fig. 8). Rotenone is
known to block electron transfer from the N2 iron-sulfur clus-
ter to UQ (24). Therefore, in the presence of rotenone, only the

proximal flavin group is reduced, as electrons cannot pass to
the distal UQ group. The partial inhibition of the ESR signal
with rotenone in the presence of complex I substrates implies
that MitoQ is redox cycling at two sites. The first site is prox-
imal to the rotenone-binding site on complex I, whereas the sec-
ond is distal. Recent studies suggest that the reduced flavin
group on complex I is a potential electron donor capable of
electron redistribution to oxygen or other molecules. Interest-
ingly, it is in a hydrophilic domain on the matrix side; there-
fore, it is easily accessible to the large hydrophilic core of
MitoQ, whereas the FeS clusters are buried beneath the solvent-
accessible surface (19, 27). This suggests that MitoQ most
likely redox cycles at the flavin site on complex I (Fig. 8). Sup-
porting this, MitoQ significantly enhanced O,* production from
the purified flavin-containing enzyme cytochrome P-450 re-
ductase in a cell-free system.

Conversely, the same effect was not observed with succinate.
In mitochondria fueled with the complex II substrate, MitoQ
alone did not increase or decrease mitochondrial ROS produc-
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tion, arguing against the hypothesis that MitoQ stops reverse
electron flow from complex II to complex I (23). Interestingly,
the addition of rotenone to succinate-fueled mitochondria re-
sulted in a substantial and significant increase in ROS produc-
tion in the presence of MitoQ (Figs. 4 and 5). This effect con-
trasts with that observed in control mitochondria where
succinate-fueled ROS production is normally inhibited by
rotenone (12). These results imply that by blocking reverse elec-
tron flow from the bound UQ group to the N2 iron-sulfur clus-
ter on complex I with rotenone, the UQ group is overreduced,
thus generating more semiquinone (MitoQ®) and O,° radicals
(Fig. 8). Our theory of enhanced overreduction of the UQ site
in the presence of rotenone is further emphasized by the find-
ing that stigmatellin, a complex III inhibitor, abolished the ef-
fect of rotenone on succinate-derived ROS production in the
presence of MitoQ. By inhibiting electron transport from the
lipid-soluble ubiquinol (QH;) to complex III, stigmatellin re-
sults in loss of the mitochondrial membrane potential on which
reverse electron transport is dependent (21). This work shows
that MitoQ redox cycles at a site distal to the rotenone-binding
site, most likely at the level of the bound UQ group (Fig. 8).

Previously it was shown that the Krebs-cycle enzyme
aKGDH is able to generate ROS (1, 11). Our current findings
are in agreement with this observation. We found clear-cut ev-
idence of O;® production by purified «KGDH in the presence
of aKG and NADH; however, MitoQ failed to stimulate O,°
production by aKGDH. Moreover, treatment of aKG-fueled
SMP with MitoQ failed to show an increase in O,* generation.
In contrast, MitoQ did increase O,* production in SMP and iso-
lated complex I fueled with NADH. Furthermore, rotenone sig-
nificantly decreased ROS production in the presence of MitoQ
in intact mitochondria fueled with malate and glutamate. These
data clearly demonstrate that MitoQ redox cycles on complex
I and argue against a role for the Krebs-cycle enzyme a KGDH.

Therefore, we propose the following reactions scheme. Mi-
toQ is reduced to a semiquinone radical (MitoQ®) at the level
of complex I (reaction 1). This reaction may occur through po-
tentially one of two mechanisms: the first one is transfer of elec-
trons from the reduced flavin group to MitoQ, and the second
one is reduction of MitoQ at the level of the bound UQ group
(Fig. 8)

MitoQ + e~ — MitoQ® (1)

The radical thus generated reacts rapidly with oxygen to form
0,* radicals (reaction 2), in equilibrium with its protonated
form, hydroxyperoxyl radical (HOO") (reaction 3).

MitoQ* + O, — MitoQ + O 2)

0, + H,O «- HO5 + OH™ (3)

The O, anion reacts with the hydroxyperoxyl radical to form
H,0, and molecular oxygen (reaction 4). Alternatively, SOD
can catalyze the dismutation of two O;® radicals to give one
molecule of H,O, and one of oxygen (reaction 5).

H02 + 02:—> H202 + 02 (4)

2 02:—> H202 + 02 (SOD) (5)

DOUGHAN AND DIKALOV

Whereas MitoQ increased complex I-driven mitochondrial
H,0, production and complex II-driven mitochondrial H,O,
production in the presence of rotenone, CoQ ¢ did not. The abil-
ity of CoQjo to act as an electron carrier and restore respira-
tion in CoQ-deficient yeast with its fast oxidation by complex
III is consistent with the fact that CoQ¢ did not promote aber-
rant electron leakage to molecular oxygen in our experiments.
In contrast, MitoQ cannot act as an electron carrier or restore
respiration because it is not oxidized by complex III (13). We
speculate that once it is reduced, the only pathway through
which MitoQ recycles back to its oxidized quinone form is by
transferring its electrons to molecular oxygen, leading to the
formation of O;*. Furthermore, the prooxidant effects of MitoQ
can potentially be explained by the fact that its large hydrophilic
and positively charged core remains in the aqueous phase. The
deprotonation of the reduced form of MitoQ is chemically fa-
vored in the aqueous environment. Once deprotonated, it will
lead to an oxidation reaction of quinol, producing O,". This is
in marked contrast to the native ubiquinone, which is freely sol-
uble within the mitochondrial lipid membrane. A quinol within
a phospholipid bilayer is unlikely to be oxidized by this path-
way (13, 14). This offers an additional plausible explanation
why ROS production occurs only with MitoQ but not with
CoQqo.

Mitoquinone prooxidant effects were also observed in mito-
chondria isolated from endothelial cells treated with MitoQ for
1 h. It is noteworthy that the levels of ROS production by mi-
tochondria in this case were substantially higher than those ob-
served in isolated mitochondria treated acutely with increasing
concentrations of MitoQ. These findings are consistent with the
observation that MitoQ is indeed accumulating within mito-
chondria, where it redox cycles.

These changes in mitochondrial function had a significant
effect on endothelial cell ROS production and survival, as is
evidenced by the fact that MitoQ significantly increased endo-
thelial O,° levels and caspase-3 activity. Mitochondrial oxida-
tive stress carries detrimental consequences on cellular survival.
It is well known that mitochondrial damage leads to cytochrome
c release, caspase activation, and ultimately, apoptosis (2). Mi-
toQ did lead to cellular apoptosis when applied in 0.1 and 1
M concentrations in BAECs. This effect was most pronounced
at 4-h incubation, at which time we started observing apoptotic
changes in incubated cells.

Thus, we conclude that MitoQ increases mitochondrial as
well as cellular ROS production because of its redox cycling
properties, as demonstrated in a cell-free system by using cy-
tochrome P450 reductase, in intact endothelial cells, and mito-
chondria treated acutely with the drug or isolated from cells af-
ter prior 1-h exposure, as well as submitochondrial particles and
purified complex I fueled with NADH. This increase in oxida-
tive stress resulted in caspase 3 activation and cellular apopto-
sis. We also suggest two sites of redox cycling in mitochon-
dria, which are most likely at the level of the reduced flavin
and bound UQ groups in complex I, as evidenced by the use
of rotenone or stigmatellin or both in intact mitochondria, in
addition to our experiments with SMP and purified complex I
(Fig. 8). Use of MitoQ as a mitochondrial antioxidant should
be interpreted with caution, even at very low concentrations.
Other drugs, such as mitochondrially targeted nitroxides that
lack a quinone moiety and are unable to generate O,°, may prove
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to be more effective in protecting mitochondrial function
against oxidative damage (6).
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AAP, 4-acetamidophenol; «KG, a-ketoglutarate; « KGDH,
a-ketoglutarate dehydrogenase complex; BAECs, bovine aor-
tic endothelial cells; CAT1H, 1-hydroxy-2,2,6,6-tetramethyl-
piperidin-4-yl-trimethylammonium; CoQ,o, ubiquinone-10;
COX, cytochrome oxidase; EMPO, 2-ethoxycarbonyl-2-
methyl-3,4-dihydro-2H-pyrrole-1-oxide; ESR, electron spin
resonance; FMN, flavin-mononucleotide; GAPDH; glyceralde-
hyde-3-phosphate dehydrogenase; HPLC, high-performance
liquid chromatography; HRP, horseradish peroxidase; H,O»,
hydrogen peroxide; LM, n-dodecyl-B-p-maltoside; MitoQ, mi-
toquinone; Oy° , superoxide; QH,, ubiquinol; ROS, reactive
oxygen species; SOD, superoxide dismutase; UQ, ubiquinone.
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