
Magnetic Resonance Imaging of Mitochondrial Dysfunction and
Metabolic Activity, Accompanied by Overproduction of Superoxide
Rumiana Bakalova,*,† Ekaterina Georgieva,‡ Donika Ivanova,‡ Zhivko Zhelev,‡,§ Ichio Aoki,†

and Tsuneo Saga†

†Molecular Imaging Center, National Institute of Radiological Science, 4-9-1 Anagawa, Inage-ku, Chiba 263-8555, Japan
‡Medical Faculty, Trakia University, 11 Armejska Str., Stara Zagora 6000, Bulgaria
§Institute of Biophysics & Biomedical Engineering, Bulgarian Academy of Sciences, 21 Acad. G. Bonchev Str., Sofia 1114, Bulgaria

*S Supporting Information

ABSTRACT: This study shows that a mitochondria-penetrat-
ing nitroxide probe (mito-TEMPO) allows detection of
superoxide and visualization of mitochondrial dysfunction in
living cells due to the effect of T1 shortening in MRI.
Mitochondrial dysfunction was induced by treatment of cells
with rotenone and 2-methoxyestradiol (2-ME/Rot). The MRI
measurements were performed on 7T MRI. The 2-ME/Rot-
treated cells were characterized by overproduction of super-
oxide, which was confirmed by a conventional dihydroethi-
dium test. In the presence of mito-TEMPO, the intensity of
MRI signal in 2-ME/Rot-treated cells was ∼30−40% higher, in comparison with that in untreated cells or culture media. In
model (cell-free) systems, we observed that superoxide, but not hydrogen peroxide, increased the intensity of T1-weighted MRI
signal of mito-TEMPO. Moreover, the superoxide restores the T1-weighted MRI contrast of mito-TEMPOH, a noncontrast
(diamagnetic) analogue of mito-TEMPO. This was also confirmed by using EPR spectroscopy. The results demonstrate that
superoxide radical is involved in the enhancement of T1-weighted MRI contrast in living cells, in the absence and presence of
mito-TEMPO. This report gives a direction for discovering new opportunities for functional MRI, for detection of metabolic
activity, accompanied by overproduction of superoxide, as well as by disturbance of the balance between superoxide and
hydrogen peroxide, a very important approach to clarify the fine molecular mechanisms in the regulation of many pathologies.
The visualization of mitochondrial activity in real-time can be crucial to clarify the molecular mechanism of the functional MRI in
its commonly accepted definition, as a method for detection of neurovascular coupling.
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Mitochondria play a central role in energy metabolism and
apoptosis. In normal physiological conditions, electrons

are derived from the mitochondrial electron-transport chain
(ETC) during oxidative phosphorylation, and a proton-gradient
is established across the inner mitochondrial membrane as an
energy source for ATP synthesis.1 This metabolic process is
accompanied by production of reactive oxygen species (ROS)
(mainly superoxide and hydrogen peroxide) within the ETC.
Thus, the mitochondria are considered a major source of ROS
in the cells. Normally, the superoxide can be converted into
hydrogen peroxide by the superoxide dismutase (SOD). Thus,
the level of intracellular superoxide is strongly regulated, which
is important to maintain the redox-balance and cellular
signaling.
In mitochondrial dysfunction, provoked by genetic mutations

or xenobiotics (drugs), the electrons can escape from the ETC
(especially at complex-I or complex-III), and they may react
with molecular oxygen to form superoxide radicals inside or
outside the mitochondria.2,3

The interference in both processes simultaneously, stim-
ulation of superoxide generation via impairment of mitochon-
drial ETC and suppression of its elimination by SOD, will cause
a severe accumulation of superoxide radicals, as well as other
ROS, in the cells and development of redox imbalance.
This mechanism is widely discussed as a trigger of

mitochondrial metabolic diseases, for example, neurodegener-
ative disorders and cancer.4,5 These pathologies are associated
with mitochondrial dysfunction and overproduction of ROS,
which have completely opposite consequences for the cells. In
cancer, the mitochondrial dysfunction provokes cell prolifer-
ation and immortalization, while during neurodegeneration it
leads to loss of the affected neurons.6−9

It is widely accepted that the primary endogenous triggers of
redox imbalance in cancer cells are (i) defective mitochondria
(which are characterized by mutations in complex-I in the
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majority of cases) and (ii) up-regulated NADPH-dependent
oxidase complex (NOX). Both components induce over-
production of superoxide or hydrogen peroxide as an initial
event.1,10−12

A similar principle was described for neurodegenerative
disorders, for example, the MPTP-mouse model of Parkinson’s
disease (Figure 1B).13 After systemic intravenous adminis-
tration of MPTP (which is a generally nontoxic protoxin), it
rapidly crosses the blood−brain barrier (BBB) and is
metabolized to 1-methyl-4-phenyl-2,3-dihydropyrrolidine
(MPDP+) by the monoamine oxidase B (MAO-B) in non-
dopamine cells (astrocytes) and then, probably by spontaneous
oxidation, to 1-methyl-4-phenylpyrrolidine (MPP+).13,14 MPP+
is the active toxic compound with high affinity to dopamine
transporters. Thus, MPP+ can be delivered in the dopamine
neurons. MPP+ is concentrated within the mitochondria, where
it inhibits complex-I of the electron transport chain and impairs
mitochondrial respiration. The inhibition of complex-I impedes
the flow of electrons in the mitochondrial electron transport

chain, resulting in an increased production of ROS (predom-
inantly superoxide radicals and hydrogen peroxide) by
mitochondria and subsequent activation of NOX, which causes
additional production of superoxide and hydrogen peroxide in
dopaminergic tissues.
Recently, we have found that the redox status of cancerous

tissue and dopaminergic tissues of mice with parkinsonism is
completely different from that of healthy tissues, and this can be
visualized and analyzed by nitroxide-enhanced magnetic
resonance imaging (MRI) on experimental animal models
(Figure 1A).15−17 The most important findings in these studies
are that (i) the intensity of nitroxide-enhanced MRI signal is
very strong in dopaminergic areas of MPTP-treated brain but
not in the cortex of the MPTP-treated brain or dopaminergic
region of the healthy brain (Figure 1A)17 and (ii) the intensity
of nitroxide-enhanced MRI signal is very strong in cancerous
tissue, while in noncancerous tissues it disappears quickly.15,16

We assume that the enhancement of MRI signal in
neurodegenerative or cancer tissues is a result of abnormal

Figure 1. (A) MR imaging of tissue redox status in dopamine neurons [according to Zhelev et al.17]. Extracted nitroxide-enhanced MRI signal in the
brain of healthy and MPTP-treated mice, obtained 5 min after injection of nitroxide (mito-TEMPO) (T1-weighted MRI, gradient-echo). (B)
Molecular hypothesis for enhancement of MRI signal in MPTP-affected and oxidatively active dopaminergic neurons [according to Vila and
Przedborski13 and Zhelev et al.17]. (C) Relationship between redox cycle and MRI/EPR contrast of the nitroxide probe [according to Bakalova et
al.15]. Abbreviations: O2

•, superoxide radical; HOO•, protonated form of superoxide radical; H2O2, hydrogen peroxide; HO•, hydroxyl radical; DT,
dopamine transporter; MPP+, 1-methyl-4-phenylpyridinium; MPTP, 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine; Men+/Men+1, transition metal
ions; GSH/GS-SG, glutathione in reduced/oxidized form; P450/P450-H, cytochrome P450 in oxidized/reduced form; MRI, magnetic resonance
imaging; EPR, electron paramagnetic resonance.
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production of superoxide, hydrogen peroxide, or both by
defective mitochondria and NOX, which dominate over the
protective capacity of the endogenous redox pairs and
antioxidants.15−17

This assumption is based on the data in the literature about
the coupling between the redox cycle of nitroxide derivatives
and their contrast properties in cell-free systems (in vitro) or
animal models (ex vivo),18−23 which are indicative of low
production or overproduction of superoxide (Figure 1C).
To verify the validity of this hypothesis, in the present study,

we used an experimental approach and methodology for
visualizing superoxide production (based on impaired mito-
chondrial activity), using nitroxide-enhanced MRI on cultured
cells subjected to oxidative stress.
An appropriate cellular model for impairment of mitochon-

drial ETC, accompanied by overproduction of superoxide, has
been described by Huang et al.24 and Pelicano et al.1 The
authors have used rotenone (Rot), a known inhibitor of
mitochondrial complex-I, in combination with SOD inhibitor 2-
methoxyestradiol (2-ME) to test their effect on cellular
superoxide levels, using flow cytometry. The rotenone stops
the electron flow through complex-I and thus causes an
increase in superoxide production in the mitochondrial matrix
(Figure 1S, Supporting Information). The 2-ME is used to
inhibit the elimination of superoxide via inhibition of the
mitochondrial superoxide dismutase (especially SOD2 iso-
enzyme). This causes a further accumulation of superoxide in
the cells and strongly minimizes the production of hydrogen
peroxide. Although some authors do not agree with the concept
of direct inhibition of SOD by 2-ME,25 all publications show
that treatment with 2-ME increases superoxide production in
cancer cells, via SOD-mediated or non-SOD-mediated
mechanism(s).1,24−28

We used this experimental strategy to cause overproduction
of superoxide in living cells, as a result of inhibition of the
mitochondrial respiration, and to clarify its effect on the
dynamics of nitroxide-enhanced MRI signal in cell suspensions.
Two cell lines of identical origin were chosen, leukemic
lymphocyte Jurkat and K562 (isolated from patients with acute
lymphoblastic leukemia or chronic myeloid leukemia, respec-
tively).

■ RESULTS AND DISCUSSION
The production of superoxide in cells treated by 2-ME/Rot was
analyzed and verified by conventional DHE test with
spectrofluorimetric detection (Figure 2). The cells incubated
with 1× 2-ME/Rot for 12 or 24 h were characterized by
overproduction of superoxide, 4 times higher than the control
(untreated cells). The superoxide level in the cells incubated
with 2-ME or Rot only was the same as the control level after
12 h incubation and slightly higher (about 50%) than the
control level after 24 h incubation. This test confirms the
overproduction of superoxide in cells (Jurkat) treated with 1×
2-ME/Rot at the selected experimental protocol. Similar data
were also obtained on leukemia cells K562; the fluorescent
intensity was ∼3.5 times higher in 2-ME/Rot-treated cells than
in untreated.
In a separate experiment, we investigated the level of

superoxide in cell suspensions (Jurkat), treated with different
concentrations of 2-ME/Rot (1×, 2×, 5×, 10×, and 20×) for a
short time at room temperature or a long time in incubator.
The aim was to select the most appropriate conditions for
induction of oxidative stress in the cell suspension, which is

characterized by a high level of superoxide and comparatively
low cytotoxicity, for application in MRI experiments. The data
are shown in Table 1S (see Supporting Information). The
“acute treatment” of the cells with high concentrations of 2-
ME/Rot (10× or 20×) for 30 min, as well as the “mild
treatment” with lower concentrations of 2-ME/Rot (1×, 2×, or
5×) for 24 h lead to a significant increase of fluorescence
intensity of DHE derivatives, accumulation of superoxide 3−4
times higher than in untreated cells without significant
influence on cell viability (Table 2S, see Supporting
Information). The long-term treatment of the cells with high
concentrations of 2-ME/Rot (10× or 20×) induced cytotox-
icity. Thus, in further MRI experiments on cells, we chose two
protocols: “mild treatment” with 1× and 5× 2-ME/Rot for 24 h
and “acute treatment” with 10× and 20× 2-ME/Rot for 30 min.
Figure 3 shows the dynamic of nitroxide-enhanced MRI

signal in cell suspensions, before and 24 h after treatment with
2-ME/Rot at two different concentrations, 1× and 5×. In this
case, 5× 2-ME/Rot suppressed proliferation (∼12−20%) but
did not exhibit a significant cytotoxic effect within 24 h. Cell
viability was ∼98−99% before the incubation and ∼94−96%
after 24 h incubation. Treatment with 1× 2-ME/Rot did not
cause any cytotoxic effect on Jurkat and K562 cells. Cells
subjected to treatment with 2-ME/Rot (1× and 5×) for 24 h
were characterized by a strong enhancement of T1-weighted
MRI contrast in the presence of mito-TEMPO. The intensity of
nitroxide-enhanced MRI signal in 2-ME/Rot-treated cells was
about 30−40% higher than that of mito-TEMPO in untreated
cells or culture medium (Figure 3A2,B2, the green arrows
versus the red dotted lines).
The nitroxide-enhanced MRI signal was ∼10% higher even

in untreated leukemia cells, compared with the signal of mito-
TEMPO in culture medium (Figure 3A2,B2, the red arrows
versus the red dotted lines). It seems that the T1 shortening
effect of nitroxide is amplified in cancer cells. This fact could be
very indicative about the mechanism(s) of T1 shortening by
nitroxide radical or superoxide radical in cell suspensions. The
cancer cells (e.g., leukemic lymphocytes) are characterized by a
high capacity for generation of superoxide or hydrogen
peroxide due to their intrinsic mitochondrial dysfunction and

Figure 2. Level of superoxide in Jurkat cells treated with 2-
methoxyestradiol (2-ME), rotenone (Rot) or their combination (2-
ME/Rot) and analyzed with conventional dihydroethidium (DHE)
test. Incubation conditions: Cells (3.5 × 106 cells/mL) were incubated
for 6, 12, and 24 h with 300 nM 2-ME, 250 nM Rot, or both.
Untreated cells were used as a control. Each cell suspension was
analyzed as was described in Methods. The data were calculated as a
percentage from control (untreated) cells. The fluorescence intensity
of the DHE derivative in untreated cells was considered 100%. Mean +
SD values from four independent experiments are shown in the graph.
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up-regulation of NOX.33 On the other hand, it is well-known
that free radicals affect the relaxivity of protons, which results in
T1 shortening through a physical mechanism.34 Therefore, the
amplified signal (Figure 3A2,B2, the red arrows versus the red
dotted lines) could be explained by interaction of superoxide
with mito-TEMPO, which maintains the radical form of
nitroxide in the cells, and its direct effect on proton relaxivity.
Figure 4 shows the dynamics of nitroxide-enhanced MRI

signal in cell suspension, before and after acute treatment with
2-ME/Rot (10× and 20×) for 30 min. In this case, the viability
of the 2-ME/Rot-treated cells was same as in untreated cells
(∼98%). Cancer cells subjected to this acute treatment with
high concentrations of 2-ME/Rot (10× and 20×) for 30 min
were characterized by a strong enhancement of T1-weighted
MRI contrast in the presence of mito-TEMPO. The intensity of
nitroxide-enhanced MRI signal in the 2-ME/Rot-treated cells
was about 30−35% higher than that of mito-TEMPO in culture
medium (Figure 4A2,B2, the green arrows versus the red
dotted lines). In this experimental protocol, even in the absence
of mito-TEMPO, the 2-ME/Rot-treated cells show a very slight
T1 shortening effect, especially Jurkat. Presumably, this is due to
a higher baseline superoxide production in these cells, which
could be detected using an acute treatment protocol. This
protocol is also less time-consuming.

To clarify additionally the role of superoxide and hydrogen
peroxide on the MRI signal, we performed MRI measurements
in several chemical (cell-free) systems (see Figure 2S,
Supporting Information): (i) deionized water containing
nitroxide and potassium superoxide (which decays very quickly
to superoxide radicals); (ii) deionized water containing
nitroxide and hydrogen peroxide. The nitroxide probes were
used in their contrast forms (which are radical and para-
magnetic) or noncontrast analogues (which are reduced and
diamagnetic): mito-TEMPO versus mito-TEMPOH; TEM-
POL versus TEMPOH. It was observed that superoxide
increased the MRI signal intensity of mito-TEMPO, while
hydrogen peroxide (in physiologically relevant concentrations,
below 1 mM) did not affect the MRI signal (Figure 2S,
Supporting Information). Superoxide, but not hydrogen
peroxide, recovers the T1-weighted MRI contrast of mito-
TEMPOH. Similar data were obtained using TEMPOL and its
noncontrast analogue TEMPOH (Figures 3S and 4S,
Supporting Information). These data confirmed the assumption
that the T1 shortening effect of nitroxide radical is amplified in
the presence of superoxide, but not in the presence of hydrogen
peroxide.
These observations were also confirmed by EPR spectros-

copy on cell-free systems (Figure 5; Figures 5S−7S, Supporting

Figure 3. (A1, B1) Representative MR images of cell suspensions (A, Jurkat; B, K562) before and after treatment with 2-methoxyestradiol/rotenone
(2-ME/Rot): Cells (3.5 × 106 cells/mL) were incubated for 24 h with 1× or 5× 2-ME/Rot (1× 2-ME/Rot = 300 nM 2-ME + 250 nM rotenone).
Untreated cells were used as a control. Each cell suspension was separated in two MRI phantoms (in equal volumes), and mito-TEMPO (1 mM)
was added to one of them. All samples were subjected to T1-weighted MRI (spin−echo) ∼20 min after addition of mito-TEMPO. Other controls:
DIW, deionized water; Nitroxide, 1 mM mito-TEMPO in culture medium. (A2, B2) Normalized intensity of the MRI signal of phantoms, described
in panels A1 and B1. Mean + SD values from six independent experiments are shown in the graphs: *p < 0.05; **p < 0.01; ***p < 0.001 versus the
MRI signal intensity of 1 mM mito-TEMPO in culture medium (the dotted red line).
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Figure 4. (A1, B1) Representative MR images of cell suspensions (A, Jurkat; B, K562) before and after incubation with 2-methoxyestradiol +
rotenone (2-ME/Rot): “Acute treatment” protocol. Cells (3.5 × 106 cells/mL) were incubated for 30 min at room temperature (RT) with 1×, 10×,
or 20× 2-ME/Rot (1× 2-ME/Rot = 300 nM 2-ME + 250 nM Rotenone). Untreated cells were used as a control. Each cell suspension was separated
in two MRI phantoms (in equal volumes) and mito-TEMPO (1 mM) was added to one of them. All samples were subjected to T1-weighted MRI
(spin−echo) ∼20 min after addition of mito-TEMPO. Other controls: DIW, deionized water; Nitroxide, 1 mM mito-TEMPO in culture medium.
(A2, B2) Normalized intensity of the MR signal of the phantoms, described in panels A1 and B1. Mean + SD values from six independent
experiments are shown in the graphs: *p < 0.05; **p < 0.01; ***p < 0.001 versus the MRI signal intensity of 1 mM mito-TEMPO in medium (the
dotted red line).

Figure 5. Dynamics of EPR signal intensity of mito-TEMPO (A) and mito-TEMPOH (B) in the presence of xanthine and xanthine oxidase: in
black, 0.05 mM Mito-TEMPO (or mito-TEMPOH), 0.5 mM xanthine, and 0.05 U/mL xanthine oxidase; in red, 0.1 mM Mito-TEMPO (or mito-
TEMPOH), 0.5 mM xanthine, 0.1 U/mL xanthine oxidase. Experimental conditions: The incubation was performed at room temperature, and EPR
spectra were recorded at different time-intervals. Controls were mito-TEMPO or mito-TEMPOH (in the subsequent concentration), dissolved in
buffer. Mean ± SD values from three independent experiments are shown in the figure.
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Information), as well as on cell suspensions. For example, the
system xanthine/xanthine oxidase (which generates super-
oxide)35 does not change the intensity of EPR signal of
paramagnetic mito-TEMPO (Figure 5-A) but recovers the EPR
signal of diamagnetic analogue mito-TEMPOH (Figure 5B).
The EPR signal of mito-TEMPOH was also recovered by the
system potassium superoxide/water (Figures 5S and 6S,
Supporting Information). Hydrogen peroxide does not affect
the intensity of EPR signal of both forms, paramagnetic and
diamagnetic (Figure 7S, Supporting Information).
In conclusion, our study demonstrates a direct involvement

of superoxide radical in the enhancement of T1-weighted MRI
signal in model systems and living cells in the absence and
presence of nitroxide contrast probes. Nitroxide-enhanced T1-
weighted MRI (using mito-TEMPO as a contrast probe) allows
visualization of overproduction of superoxide and is an
appropriate technique for detection of mitochondrial dysfunc-
tion. This observation gives a direction for discovering of new
opportunities for functional MRI, for example, detection of
metabolic activity, which is accompanied by overproduction of
superoxide (or other ROS, e.g., nitric oxide).
Our methodology allows visualization of the balance between

superoxide and hydrogen peroxide in vitro and in vivo, which
might be crucial for discovering the molecular nature of the cell
signaling regulation and its disturbance in variety of pathologies
(e.g., carcinogenesis, neurodegeneration, inflammation, auto-
immune diseases, etc.). Moreover, the increased mitochondrial
activity and the direct effect of the generated free radicals (e.g.,
superoxide, nitric oxide) and hydrogen peroxide on the proton
relaxivity can give a direction for discovering of the molecular
nature of the functional MRI in its commonly accepted
definition, as a method for detection of the neurovascular
coupling.

■ METHODS
Nitroxide Probes. Mito-TEMPO and mito-TEMPOH were

purchased from Enzo Life Sciences. Deionized water (Milli-Q) was
used in all experiments in model systems. The chemicals were
analytical or HPLC grade.
Cells and Treatment Protocols. The cells (Jurkat and K562)

were cultured in RPMI-1640 medium, supplemented with 10% fetal
bovine serum and antibiotics (penicillin/streptomycin). Twenty-four
hours before the experiment, the cells were replaced in a fresh medium
without antibiotics. The mitochondrial function was impaired by
incubation of cells with 2-methoxyestradiol (2-ME) and rotenone
(Rot) at different concentrations and time intervals. Two experimental
protocols were applied: (i) “mild treatment” and (ii) “acute treatment”
of the cells by combination 2-ME/Rot.
Mild Treatment Protocol. The cells (200 μL of 3.5 × 106 cells/mL)

were incubated with 300 nM 2-ME and 250 nM Rot (1× 2-ME/Rot)
in 96-well plates for 24 h in humidified atmosphere (37 °C, 5% CO2).
In parallel, the same cells (200 μL of 3.5 × 106 cells/mL) were
incubated with 5-fold higher concentrations of 2-ME/Rot, 1.5 μM 2-
ME and 1.25 μM Rot (5× 2-ME/Rot) for 24 h, in humidified
atmosphere.
Acute Treatment Protocol. The cells (200 μL of 3.5 × 106 cells/

mL) were incubated with 3 μM 2-ME and 2.5 μM Rot (10× 2-ME/
Rot) or 6 μM 2-ME and 5 μM Rot (20× 2-ME/Rot) for 30 min at
room temperature (RT). In parallel, the same cells were incubated
with 300 nM 2-ME and 250 nM Rot (1× 2-ME/Rot) for 30 min at
RT.
After incubation, the cell suspensions were subjected to cell viability

assay using trypan blue staining and automated counting of live/dead
cells (Countess Automated Cell Counter, Invitrogen).
Dihydroethidium Assay of Superoxide. Dihydroethidium

(DHE) is a cell-penetrating compound that, upon entering the cells,

interacts with superoxide radicals and forms oxyethidium,29 which in
turn interacts with nucleic acids and emits a bright red color, which is
detectable by fluorescent imaging devices (fluorescent microscopy,
spectrofluorimetry, flow cytometry).1,30 The major advantage of the
DHE test is its ability to distinguish between superoxide and hydrogen
peroxide.31,32

Briefly, DHE was dissolved in dimethyl sulfoxide (DMSO) to
produce a 65 mM stock solution, which was diluted with PBS to
prepare 6.5 μM DHA working solution on the day of experiment. The
cell suspensions were adjusted to a concentration 1 × 106 cells/mL.
DHA (10 μL) was added to 1 mL of each cell suspension. The samples
were incubated for 60 min in the incubator (37 °C, 5% CO2). They
were collected by centrifugation at 1000 rpm for 10 min (at RT) and
washed 3 times with phosphate-buffered saline solution (PBS; pH 7.4,
with repetitive centrifugation). Finally, the cells were resuspended in 1
mL of PBS and placed in 96-well plates. The fluorescence intensity was
detected using a microplate reader (TECAN Infinite M1000, Austria)
at λex = 518 nm and λem = 605 nm.

Magnetic Resonance Imaging. Two hundred microliters of each
cell suspension was transferred to MRI phantoms. Ten microliters of
mitochondria-penetrating nitroxide probe−mito-TEMPO (final con-
centration 1 mM) was added to the cell suspensions and incubated for
30 min at room temperature before the MRI measurement. Control
samples contained (i) untreated cell suspensions without mito-
TEMPO, (ii) 2-ME/Rot-treated cell suspensions without mito-
TEMPO, and (iii) mito-TEMPO (1 mM) dissolved in culture
medium.

MRI measurements were performed on a 7.0 T horizontal magnet
(Kobelco and Jastec, Japan), interfaced with a Bruker Avance console
(Bruker BioSpin, Germany) and controlled with the ParaVision 4.0.1
program (Bruker BioSpin, Germany). The phantoms were placed in
the 1H volume radio frequency (RF) resonator (Bruker BioSpin) with
a surface RF receiver (RAPID Biomedical, Germany). The resonator
units were placed in the magnet bore.

The MRI measurement was performed at the following parameters:
T1-weighted (spin-echo); repetition time = 250 ms; echo time = 9.6
ms; flip angle = 180°; field of view = 5.2 × 4.0 cm2; number of
averages = 4; slice thickness = 2 mm. The MRI data were analyzed
using ParaVision software. All data were normalized to the sample with
deionized water (DIW).

EPR Spectroscopy. Mito-TEMPO (or mito-TEMPOH) was
dissolved in 100 mM PBS (pH 7.4) containing 25 μM diethylene-
triaminepentaacetic acid (DTPA) as transition metal chelator (to avoid
Fenton reactions). Two concentrations of mito-TEMPO (or mito-
TEMPOH) were prepared, 0.05 and 0.1 mM. Xanthine (dissolved in
the same buffer) was added to the mixture (final concentration 0.5
mM). The reaction was started by addition of xanthine oxidase
(dissolved in the same buffer; final concentration 0.05 or 0.1 U/mL).
This experimental protocol is recommended from Bruker for EPR
detection of the superoxide free radicals with the nitrone spin traps in
the xanthine/xanthine oxidase system.35 Aliquots (100 μL) of each
sample were placed in a glass capillary, and X-band EPR spectra were
recorded on an X-band EPR instrument (Bruker) with a TE-mode
cavity. All EPR measurements were performed under the following
conditions: microwave frequency = 9.4 GHz; magnetic field strength =
336 mT; microwave power = 2.0 mW; field modulation frequency =
100 kHz; field modulation amplitude = 0.063 mT; time constant =
0.01 s; sweep width = 10 mT; scan time (sweep time) = 1 min. EPR
spectra were recorded before addition of nitroxide and after addition
of nitroxide (at various time intervals). EPR spectra were integrated.
The data were presented in arbitrary units (au) or as a percentage
from the respective control (nitroxide dissolved in PBS or culture
medium).
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