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Abstract
Experiments with isolated mitochondria have established that these organelles are pivotal intracellular sources of superoxide in a variety of pathophysiological conditions. Recently, a novel ﬂuoroprobe MitoSOX Red was introduced for selective detection of superoxide
in the mitochondria of live cells and was validated with confocal microscopy. Here we show 3–7 fold dose- and time-dependent increase
in mitochondrial superoxide production (measured by MitoSOX using ﬂow cytometry and confocal microscopy) in rat cardiac derived
H9c2 myocytes and/or in human coronary artery endothelial cells triggered by Antimycin A, Paraquat, Doxorubicin or high glucose.
These results establish a novel, quantitative method for simple detection of mitochondrial superoxide generation simultaneously in a
large population of live cells by ﬂow cytometry. This method can also be adapted for immune cell studies with mixed population of
T or B cells or their subsets to analyze mitochondrial superoxide levels using multiple labeled surface markers in individual populations.
Published by Elsevier Inc.
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The recognition that the free radical superoxide anion
could be a biologically signiﬁcant molecule has stimulated
an extraordinary impetus for scientiﬁc research in all the
ﬁelds of biology and medicine [1–3]. Under various pathological conditions several enzyme complexes, such as xanthine and NAD(P)H oxidases can be activated in many
cellular systems to produce large amounts of superoxide
[4,5]. There is increasing evidence (based mostly on experiments derived from isolated mitochondria) suggesting that
mitochondrial dysfunction and interrelated intramitochondrial generation of superoxide anion and other reactive
oxygen and nitrogen species (ROS and RNS) are also
implicated in the pathophysiological processes associated
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with aging, cancer, neurodegenerative and inﬂammatory
disorders, diabetes, and diabetic complications [6–9]. The
recognition of the pivotal role of the mitochondria in the
generation of ROS rekindled signiﬁcant interest in the
development of methods to assess the mitochondrial superoxide generation, which was largely hampered by the lack
of a sensitive and speciﬁc assay [10–12]. Recently, a novel
ﬂuoroprobe MitoSOX Red (MitoSOX) was introduced
for selective detection of superoxide in the mitochondria
of live cells, and was validated with ﬂuorescent microscopy
[11]. However, this method allows only semiquantitative
detection of the mitochondrial superoxide generation in a
relatively few cells simultaneously. Therefore, we aimed
to develop a simple and quantitative method for detection
of the mitochondrial superoxide generation simultaneously
in a large population of live cells with MitoSOX using ﬂow
cytometry. Although we used cardiac derived rat H9c2
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myocytes and human coronary artery endothelial cells
(HCAECs) as a model systems to study the mitochondrial
superoxide production in live cells, this method can easily
be adapted for virtually any cell types.
Materials and methods
Reagents and cell culture. Antimycin A (AntA), Paraquat (PQ),
Doxorubicin hydrochloride (DOX), D-glucose, D-mannitol, and BSA (cell
culture grade) were purchased from Sigma Chemical (St. Louis, MO).
MitoSOX [3,8-phenanthridinediamine, 5-(6 0 -triphenylphosphoniumhexyl)-5,6 dihydro-6-phenyl] was purchased from Molecular Probes
(Invitrogen, Carlsbad, CA ).
Rat embryonic ventricular myocardial H9c2 cells were obtained from
American Type Culture Collection (Manassas, VA). Cells were cultured in
12 well cell culture plates or glass bottom dishes (MatTek , Ashland, MA)
with DMEM (Gibco, Invitrogen, Carlsbad, CA) containing 10% fetal
bovine serum (Invitrogen, Carlsbad, CA), 100 U/ml penicillin and 100 lg/
ml streptomycin at 37 C in a humidiﬁed atmosphere of 5% CO2 as previously described [13,14]. Cells were always used at less than 80% of
conﬂuence.
Human coronary artery endothelial cells (HCAEC) were purchased
from Cell Applications, Inc. (San Diego, CA). HCAEC were grown in
HCAEC growth medium in 12 well cell culture plates or glass bottom
dishes coated with 0.2% gelatin. HCAEC were used between passages 4
and 6 for the experiments. The cells were maintained at 37 C in humidiﬁed 5% CO2 incubator.
Acute treatment with Antimycin A, Paraquat, and Doxorubicin of H9c2
cardimyocytes. Cell were grown till 50–80% conﬂuence and the fresh media
were added before experiments. MitoSOX was added to ﬁnal concentration of 5 lM according to manufacturer’s recommendation. Cells were
allowed to load MitoSOX for 30 min and the cells were washed two times
with Hank’s Buﬀered Salt Solution (HBSS) containing calcium and
magnesium. For confocal microscopy, cells in glass bottom dishes were
treated with 100 lM AntimycinA or 100 lM Paraquat or 20 lM Doxorubicin in HBSS (with Ca/Mg) containing 1% BSA. PBS was used in
control treatment for each set. Cells were kept 30 min in CO2 incubator at
37 C before analysis in confocal microscope as described below. For ﬂow
cytometry analysis, after 30 min loading of MitoSOX, H9c2 cells in cell
culture dishes were trypsinized for 2 min and neutralized with media. Cells
were washed with HBSS (with Ca/Mg) containing 1% BSA and suspended
at a density of 1–2 · 107/cells/ml. Cells were aliquoted at 5–10 · 106 cells
in sterile FACS tube and treated with 50 or 100 lM Antimycin A or 50 or
100 lM Paraquat and 10, 20 or 50 lM Doxorubicin in HBSS (with Ca/
Mg) containing 1% BSA. Flow cytometry was performed at diﬀerent time
points as described where appropriate. Cells were kept in CO2 incubator at
37 C between measurements. Triplicates experiments were carried out for
each set.
Chronic treatment with Doxorubicin of H9c2 cardimyocytes. In a separate set of experiments, H9c2 cells were treated with PBS or Doxorubicin
at 1 lM for 24 h in CO2 incubator at 37 C in 12 well plate or glass bottom
dishes. For confocal microscopy, MitoSOX was added at 5 lM in the
medium after treatment for 20 min and cells were washed before measurement. Cells were trypsinized for 2 min after 20 min MitoSOX loading
for ﬂow cytometry measurement.
Treatment with high glucose of human coronary endothelial cells.
HCAECs were seeded in 0.2% gelatin coated 12 well culture plates or glass
bottom dishes and allowed to reach conﬂuence. Then cells were pre-conditioned in growth factor free medium containing 2% FBS for 4 h,
followed by treatments for 48 h either with PBS, 5 mM D-glucose, 30 mM
D-glucose or 30 mM D-mannitol (osmotic control) for 48 h. At the end of
incubation, MitoSOX 5.0 lM was added to the cells and incubated further
for 20 min at 37 C in 5% CO2 atmosphere. Subsequently, cells were
collected by trypsinization, washed in HBSS (with Ca/Mg) supplemented
with 1% BSA and measurements were performed for ﬂow cytometry. Cells
in glass bottom dishes were washed as stated before after 20 min MitoSOX
loading and used for confocal microscopy imaging.

Confocal microscopy with MitoSOX. The digital images were taken by
an inverted confocal laser scanning microscope LSM Pascal (Zeiss, Germany) at 2048 · 2048 pixels. Images were captured using either 40· or
100· oil immersion objective lens and optical section was <1 lm. MitoSOX was excited by laser at 514 nm as described [11].
Flow cytometry with MitoSOX. For the determination of mitochondrial superoxide by ﬂow cytometry, the measurements were carried out
using FAScalibur (BD Bioscience, San Jose, CA). MitoSOX Red was
excited by laser at 488 nm, a similar excitation (514 nm) used in confocal
studies [11] and the data collected at FSC, SSC, 585/42 nm (FL2) and
670LP(FL3) channel. In this study, the data were presented in the FL2
channel. Cell debris as represented by distinct low forward and side scatter
were gated out for analysis. The data presented by histogram of mean
intensity of MitoSOX ﬂuorescence or fold change when compared with
PBS control with MitoSOX present.
Statistical analysis All the values are represented as means ± standard
deviation. Statistical signiﬁcance of the data was assessed by paired Student’s t-test or one-way ANOVA as appropriate. P < 0.05 was considered
signiﬁcant.

Results
Antimycin A (AntA) dose- and time-dependently increased
mitochondrial superoxide generation in cardiomyocytes
Confocal microscopic imaging demonstrated signiﬁcant
increase in mitochondrial ﬂuorescence intensity of MitoSOX
in H9c2 cells treated with 100 lM Antimycin A (Fig. 1A).
Histograms of FACS analysis showed marked increase of
mean intensity with increasing concentrations of Antimycin
A (Fig. 1B). As a negative control PBS or 50 lM Antimycin
A without MitoSOX were used. Quantitative measurements
of the mean ﬂuorescence intensities from the samples demonstrated 4.6 ± 0.12 and 5.5 ± 0.17 fold increase in MitoSOX
ﬂuorescence intensity with 50 lM and 100 lM Antimycin
A following 1 h treatment (Fig. 1C). MitoSOX ﬂuorescence
was increased with Antimycin A both in a dose- and timedependent manner (Fig. 1D).
Paraquat (PQ) dose- and time-dependently increased
mitochondrial superoxide generation in H9c2 cardimyocytes
Confocal microscopic imaging demonstrated signiﬁcant
increase in mitochondrial ﬂuorescence intensity of MitoSOX
in H9c2 cells treated with 100 lM Paraquat (Fig. 2A). Histograms of FACS analysis showed increase of mean intensity
with increasing concentrations of Paraquat (Fig. 2B). As a
negative control PBS or 50 lM Paraquat without MitoSOX
were used. Quantitative measurements of the mean ﬂuorescence intensities from the samples demonstrated 3.7 ± 0.13
and 6.9 ± 0.32 fold increased with 50 lM and 100 lM
Paraquat following 1 h treatment, respectively (Fig. 2C).
MitoSOX ﬂuorescence was increased with Paraquat both
in a dose- and time-dependent manner (Fig. 2D).
Doxorubicin (DOX) dose- and time-dependently increased
mitochondrial superoxide generation in H9c2 cardimyocytes
Confocal microscopic imaging demonstrated signiﬁcant increase in mitochondrial ﬂuorescence intensity of
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Fig. 1. Antimycin A increases mitochondrial superoxide formation in
H9c2 myocytes. (A) Representative confocal images of H9c2 cells showing
increase in mitochondrial MitoSOX ﬂuorescence following treatment with
antimycin A at 100 lM for 30 min. (B) Representative histograms of ﬂow
cytometry experiments demonstrating dose-dependent increase in mean
ﬂuorescent intensity of oxidized MitoSOX following antimycinA pretreatment as indicated. (C,D) Quantitative data expressing dose- and timedependent changes in mean ﬂuorescent intensity of MitoSOX following
antimycin A exposure measured by ﬂow cytometry. Data presented as
average ± standard deviation, n = 3. *P < 0.01 vs PBS + MitoSOX, n = 3.

MitoSOX in H9c2 cells treated with 20 lM DOX for
0.5 h (Fig. 3A). Histograms of FACS analysis showed
dose-dependent increase of mean ﬂuorescence intensity
of MitoSOX with increasing concentrations of DOX
(Fig. 3B). As a negative control PBS or 10 lM DOX
were used. Notable, DOX alone (unlike Ant A or PQ,
see Figs. 1 and 2) induced a small increase in ﬂuorescence (most likely because of the autoﬂuorescence).
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Fig. 2. Paraquat (PQ) increases mitochondrial superoxide formation in
H9c2 myocytes. (A) Representative confocal images of H9c2 cells showing
increase in mitochondrial MitoSOX ﬂuorescence following treatment with
PQ at 100 lM for 30 min. (B) Representative histograms of ﬂow
cytometry experiments demonstrating dose-dependent increase in mean
ﬂuorescent intensity of MitoSOX following PQ pretreatment as indicated.
(C,D) Quantitative data expressing dose- and time-dependent changes in
mean ﬂuorescent intensity of MitoSOX following PQ exposure measured
by ﬂow cytometry. Data presented as average ± standard deviation, n = 3.
*P < 0.01 vs PBS + MitoSOX, n = 3.

Quantitative measurements of the mean intensities from
the samples demonstrated 1.4 ± 0.04, 1.8 ± 0.08, and
2.8 ± 0.08 fold increased with 10 lM, 20 lM, and
50 lM DOX, respectively, following 1 h treatment
(Fig. 3C). MitoSOX ﬂuorescence was increased with
DOX both in a dose- and time-dependent fashion
(Fig. 3D).
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Fig. 3. Doxorubicin (DOX) increases mitochondrial superoxide formation in H9c2 myocytes. (A,E) Representative confocal images of H9c2 cells showing
increase in mitochondrial MitoSOX ﬂuorescence following acute or chronic treatment with DOX at 20 lM for 30 min (A) or 1 lM for 24 h (E). (B,F)
Representative histograms of ﬂow cytometry experiments demonstrating increase in mean ﬂuorescent intensity of MitoSOX following DOX pretreatments
as indicated. (C, D, and G) Quantitative data expressing dose- and time-dependent changes in mean ﬂuorescent intensity of MitoSOX following DOX
exposure measured by ﬂow cytometry as indicated. Data presented as average ± standard deviation, n = 3. *P < 0.01 vs PBS + MitoSOX, n = 3.

Confocal microscopic imaging demonstrated signiﬁcant
increase in mitochondrial ﬂuorescence of MitoSOX in
H9c2 cells treated with 1 lM DOX for 24 h (Fig. 3E). Histograms of FACS analysis showed signiﬁcant increase of mean
ﬂuorescence intensity of MitoSOX following DOX treatment (Fig. 3F). Quantitative measurements of the mean
intensity from the samples demonstrated 4.3 ± 0.37 fold
increased with 1 lM DOX after 24 h treatment (Fig. 3G).

High glucose exposure increased mitochondrial superoxide
generation in human coronary artery endothelial cells

D-mannitol

(osmotic control)) for 48 h, compared to normal glucose (5 mM) or PBS (Fig. 4A).
Histograms of FACS analysis showed signiﬁcant
increase of mean ﬂuorescence intensity of MitoSOX following 30 mM D-glucose treatment (Fig. 3B). Quantitative measurements of the mean intensity from the
samples demonstrated markedly enhanced mitochondrial
superoxide generation in HCAEC (Fig. 4B, C). Quantitative measurements of the mean intensity from the samples demonstrated 3.8 ± 0.39 fold increased with 30 mM
D-glucose following 48 h treatment (Fig. 4C).
Discussion

Confocal microscopic imaging demonstrated markedly
increased mitochondrial ﬂuorescence intensity of MitoSOX
in HCAECs treated with 30 mM D-glucose (but not 30 mM

MitoSOX Red is a novel ﬂuorogenic dye recently developed and validated [11] for highly selective detection of
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Fig. 4. High glucose increases mitochondrial superoxide formation in
HCAECs. (A) Representative confocal images of HCAEC cells showing
increase in mitochondrial MitoSOX ﬂuorescence following treatment with
30 mM glucose for 48 h. (B) Representative histograms of ﬂow cytometry
experiments demonstrating increase in mean ﬂuorescent intensity of
MitoSOX following high glucose pretreatment as indicated. (C) Quantitative data showing fold increase of mean intensity with high glucose as
described. Data presented as average ± standard deviation, n = 3.
*P < 0.01 vs 5 mM glucose + MitoSOX, n = 3.

superoxide in the mitochondria of live cells. Numerous
recent studies utilizing diﬀerent stimuli of superoxide production coupled with ﬂuorescent microscopy have demonstrated detectable changes with MitoSOX in mitochondrial
superoxide generation in olygodendrocytes [11], retinal
ganglion cells [15], neurons [16,17], isolated cardiomyocytes [18], and parasite Trypanosoma cruzi [19].
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However, the disadvantage of the ﬂuorescent microscopy technique is that it allows measurements of various
biological processes only in a relatively limited number of
cells simultaneously, and is semiquantitative. In addition,
cells loaded with ﬂuorescent probes during the ﬂuorescent
microscopy receive more exposure of lasers or UV, which
can increase ROS generation by itself, than during the ﬂow
cytometry experiments.
In the present study, we demonstrate using well-established stimuli of mitochondrial superoxide and ROS production such as mitochondrial complex III inhibitor
Antimycin A [11], herbicide paraquat [11,20], chemotherapeutic agent Doxorubicin (known for its cardiotoxicity;
[21,22]) and high glucose [23], a marked 3–7 fold doseand time-dependent augmentation of mitochondrial superoxide generation measured by increased ﬂuorescent
intensity of MitoSOX by ﬂow cytometry. In these experiments the mitochondrial superoxide generation measured
by MitoSOX could largely be prevented by pretreatment
of cells with high concentrations of cell permeable SOD
(data not shown) as previously described [11]. These results
are also in well-agreement with previous reports demonstrating increased superoxide and/or other ROS generation
either in isolated mitochondria exposed to these pathologically relevant stimuli or in cells loaded with cytosolic ROS
detecting probes ([20–23]; in most of the later experiments
the mitochondrial contribution to ROS/superoxide production was deduced from the use of various mitochondrial
uncouplers (known also to dissipate mitochondrial membrane potential)), and with a recent ﬂuorescent microscopy
study using MitoSOX [11] along with the confocal microscopy data shown in the present manuscript.
One possible limitation of the detection of mitochondrial superoxide production using MitoSOX is that it can
bind to the nuclear DNA following oxidation. This could
be minimized with individual optimization of loading conditions for each cell type and normalization of the data to
the control cells loaded with MitoSOX. Another possible
limitation is that under various conditions, where increased
cytosolic superoxide generation may also be enhanced in
addition to the mitochondrial (and is already present at a
time of the loading with MitoSOX) some of the MitoSOX
may be oxidized during the transport from cell membrane
before entering into the mitochondria. In theory, superoxide produced from the mitochondria can also diﬀuse to and
present in the cytosol contributing to similar scenario during the loading. However, as clearly demonstrated by our
chronic treatment protocols with high glucose and Doxorubicin in endothelial cells and/or myocytes (supported
by confocal microscopy data), this level of cytosolic oxidized MitoSOX is likely to be negligible in comparison
with the increase in ﬂuorescence detected in the
mitochondria.
Collectively, these results establish a new method allowing simple, selective and quantitative detection of the mitochondrial superoxide generation simultaneously in a large
number of live cells by ﬂow cytometry, which can easily
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be applicable for virtually any cell types. The clear advantages of this method over other cell-based techniques and
ﬂuorescent microscopy are: tremendous speed, exquisite
precision, and possibility of simultaneous quantitative
measurements of multiple cellular parameters with maximal preservation of cell viability and cellular functions.
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