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Abstract—The iodonium compounds diphenyleneiodonium (DPI) and diphenyliodonium (IDP) are well-known phagocyte NAD(P)H oxidase inhibitors. However, it has been shown that at high concentrations they can inhibit the
mitochondrial respiratory chain as well. Since inhibition of the mitochondrial respiratory chain has been shown to induce
superoxide production and apoptosis, we investigated the effect of iodonium compounds on mitochondria-derived
superoxide and apoptosis. Mitochondrial superoxide production was measured on both cultured cells and isolated
rat-heart submitochondrial particles. Mitochondria function was examined by monitoring mitochondrial membrane
potential. Apoptotic pathways were studied by measuring cytochrome c release and caspase 3 activation. Apoptosis was
characterized by detecting DNA fragmentation on agarose gel and measuring propidium iodide- (PI-) stained subdiploid
cells using flow cytometry. Our results showed that DPI could induce mitochondrial superoxide production. The same
concentration of DPI induced apoptosis by decreasing mitochondrial membrane potential and releasing cytochrome c.
Addition of antioxidants or overexpression of MnSOD significantly reduced DPI-induced mitochondrial damage,
cytochrome c release, caspase activation, and apoptosis. These observations suggest that DPI can induce apoptosis via
induction of mitochondrial superoxide. DPI-induced mitochondrial superoxide production may prove to be a useful
model to study the signaling pathways of mitochondrial superoxide. © 2003 Elsevier Science Inc.
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INTRODUCTION

N-methyl-4-phenylpyridinium, and the complex III inhibitor antimycin, levels of mitochondrial respiratory
chain-derived ROS can be further elevated [8 –10]. In
mitochondria, manganese superoxide dismutase is the
major enzyme responsible for converting superoxide to
hydrogen peroxide [11–13]. Thus, it is of interest to
focus on the role of various agents at the level of mitochondrial ROS production.
Recent evidence suggests that ROS may act as important regulators of apoptosis. Previous studies have
shown that oxidants or pro-oxidants can induce apoptosis, while antioxidants can block or delay apoptosis [14 –
20]. On the other hand, many apoptotic stimuli, such as
TNF-␣, UV radiation, ceramide, staurosporine, growth
factor withdrawal, serum deprivation, human immunodeficiency virus infection, and environmental toxin exposure, have been shown to stimulate ROS production
[21–29]. Mitochondrial ROS play an important role in
apoptosis because mitochondrial ROS can readily influ-

Reactive oxygen species (ROS) are a family of small but
highly reactive molecules, including singlet oxygen, superoxide anion, hydrogen peroxide, organic peroxide
radicals, and nitric oxide. ROS can be produced in vivo
by many enzyme systems, including NADPH oxidase
[1,2], NADH oxidase [3], xanthine oxidase [4], 5-lipoxygenase [5], and others. Under physiological conditions,
the mitochondrial respiratory chain is the major site for
ROS production in cells [6,7]. Based on studies in isolated mitochondria, about 1 to 2% of the oxygen consumed by the respiratory chain can be converted to ROS
in the mitochondria [7]. In the presence of respiratory
chain inhibitors such as the complex I inhibitor rotenone,
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ence mitochondrial function without having to diffuse a
long way from the cytosol [30 –33]. Several studies have
demonstrated that overexpression of mitochondrial manganese superoxide dismutase is able to suppress apoptosis induced by a broad range of stimuli including TNF-␣
[34], alkalinity [35], peroxynitrite [36], and antimycin
[37], indicating that mitochondrial superoxide was involved in these systems. However, due to the difficulty
of tracing ROS in mitochondria, direct detection of mitochondrial ROS has not been possible in many systems.
In addition, since extracellular or cytosolic ROS have
also been shown to impair mitochondrial function, making it difficult to exclude the possible involvement of
extramitochondrial ROS, the signaling pathways of mitochondrial ROS during apoptosis are still elusive.
Diphenyleneiodonium (DPI) and diphenyliodonium
(IDP) are well-known inhibitors of flavoprotein oxidoreductases. They have been reported to inhibit phagocyte NADPH oxidase [38], nitric oxide synthase [39],
xanthine oxidase [40], P-450 NADPH reductase [41],
and mitochondrial respiratory chain complex I NADH
reductase [42]. It has been suggested that both DPI and
IDP form phenol radicals that attack a wide range of
targets, including reduced flavin (FAD or FMN) of
NADPH oxidase or P-450 reductase [38,41], heme component of NADPH oxidase [38], or iron-sulfur clusters in
mitochondria complex I [43]. Since it has been suggested
that a flavoprotein might be involved in superoxide production downstream of the Ras pathway, DPI and IDP
have been used widely to inhibit cellular superoxide
production and to inhibit apoptosis in many instances
[44 – 46]. However, due to their inhibitory effect on
mitochondria respiratory chain complex I [47], the iodonium compounds also have the potential to increase the
production of superoxide and influence mitochondria
function. Since the role of these so-called “ROS inhibitors” has not been well investigated, we carried out a
detailed investigation of the effects of iodonium compounds on mitochondrial superoxide production in the
present study. Our results demonstrated a clear and effective induction of mitochondrial superoxide production
by DPI. Using this model, we have provided evidence
that mitochondrial superoxide can directly induce apoptosis through decreasing mitochondrial membrane potential and release of cytochrome c.

EXPERIMENTAL PROCEDURES

Cell culture and reagents
Antihuman caspase 3 antibody and antihuman cytochrome c antibody were obtained from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA, USA); 5,5',6,6'-tetrachloro1,1',3,3'-tetraethylbenzimidazolylcarbocyanine iodide (JC-

1), Hoechst 33342, and propidium iodide (PI) were
obtained from Molecular Probes (Eugene, OR, USA); and,
hydroethidine was obtained from Polysciences (Warrington, PA, USA). All other reagents, if not stated, were
obtained from Sigma Chemical Co. (St. Louis, MO, USA).
The human promyelocytic leukemia cell line HL-60
was obtained from American Type Culture Collection
(Manassas, VA, USA). Cells were cultured in RPMI1640 medium supplemented with 10% fetal calf serum
(FCS) and 2 mM L-glutamine. HL-60 cells deficient in
mitochondrial DNA (0) were generated by growing
HL-60 cells in RPMI-1640 medium supplied with 10%
FCS, 2 mM L-glutamine, 1 mM pyruvate, 50 g/ml
uridine, 25 mM glucose, and 50 ng/ml ethidium bromide
for 8 weeks, as previously described [48]. After selection, the cells were grown in the same medium without
ethidium bromide. Oxygen consumption was measured
with a clark-type oxygen electrode and no oxygen uptake
was observed for 0 HL-60 cells.
The human fibrosarcoma cell line HT-1080 (American Type Culture Collection) was maintained in DMEM
containing 10% heat-inactivated FCS supplemented with
2 mM L-glutamine, 1 mM sodium pyruvate, and 100
units/ml penicillin. Construction of a stable HT-1080 cell
line overexpressing magnesium superoxide dismutase
(MnSOD) was previously described in detail [49]. HT1080 cells stably transfected with MnSOD were maintained in medium that included 1 mg/ml G418 in addition to the above-mentioned supplements. All cell lines
were cultured at 37°C with 5% CO2.
Measurement of reactive oxygen species production in
intact cells
Measurement of superoxide in HL-60 cells was performed as described previously, with some modifications
[50]. Cells were washed with Hank’s balanced salt solution (HBSS), pelleted, and resuspended in HBSS containing 10 M hydroethidine (HE). After 10 min incubation at 37°C, the cell suspension was placed into 12 ⫻
75 mm tubes for assay. All studies were carried out on
either an EPICS Elite flow cytometer (Beckman-Coulter
Corp., Hialeah, FL, USA) using an air-cooled 15 mW
argon laser (Cyonics Model 2201, San Jose, CA, USA)
operating at a wavelength of 488 nm or a Coulter XL
cytometer (Beckman-Coulter Corp.). Ethidium fluorescence was collected using a 610 nm long-pass filter.
Isolation of mitochondria, preparation of
submitochondrial particles (SMPs), and measurement
of mitochondrial superoxide production
Rat-heart mitochondria were isolated by differential
centrifugation as described by Lash and Sall [51], with
some modifications. Briefly, rat hearts were obtained
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from healthy young adult male Sprague Dawley (SD)
rats. Pieces of heart were homogenized by a Dounce
homogenizer in an isolation solution containing 250 mM
sucrose, 10 mM HEPES, 1 mM EDTA, and 50 mg/ml
nagarse, pH 7.4, at 4°C. The homogenate was centrifuged at 600 ⫻ g for 10 min, and the supernatant was
collected and centrifuged again at 17,500 ⫻ g. The
resulting mitochondrial pellet was washed and resuspended in isolation solution. To obtain SMPs, mitochondrial suspension was sonicated at 4°C with a 30 s pulse
burst three times at 1 min intervals. The sonicated mitochondria were centrifuged at 8250 ⫻ g for 10 min, and
the supernatant was centrifuged again at 80,000 ⫻ g at
4°C for 45 min. The resulting pellet was resuspended in
isolation solution without EDTA. The amount of protein
in the SMP suspension was determined by the Bradford
method. NADH-dependent superoxide production was
measured using an epinephrine-based assay on a PerkinElmer 3B double-beam spectrophotometer. The reaction
was initiated by adding 1 mM NADH to the reaction
chamber in the presence of 1 mM epinephrine. The
superoxide concentration was estimated by measuring
the absorbance of adrenochrome at 480 nm [9].

ice-cold lysis buffer containing 1% Nonidet P-40, 20
mM Tris-HCl (pH 8.0), 10% glycerol, 137 mM NaCl, 2
mM EDTA, 10 g/ml aprotinin, 10 g/ml leupeptin, 1
mM PMSF, and 1 mM sodium orthovanadate, and incubated on ice for 30 min. After centrifugation at 10,000 ⫻
g for 10 min at 4°C, cell lysates were transferred to fresh
tubes and stored at ⫺80°C.

Assessment of mitochondrial membrane potential
change (⌬⌿m)

Degradation of DNA was measured by flow cytometry, confocal microscopy, and agarose gel electrophoresis. For flow cytometric analysis, propidium iodide (PI)
was used to detect DNA breakdown, as described previously. Cells were collected and fixed in suspension in
70% ethanol on ice and then stored at ⫺20°C for at least
4 h. Cells were centrifuged at 500 ⫻ g, washed with 5 ml
HBSS, centrifuged again, and resuspended in 1 ml
HBSS. After addition of 0.2 ml phosphate citrate buffer
(pH 7.8), cells were incubated at room temperature for 5
min before being washed again and resuspended in
HBSS containing 20 g/ml PI and 10 g/ml RNase A.
After 30 min incubation in the dark at room temperature,
PI fluorescence was analyzed by flow cytometry.
Apoptosis was also measured by observing morphological changes in the nuclear chromatin of cells detected
by staining with 2 g/ml Hoechst 33342, followed by
examination on a Bio-Rad MC 1024-UV confocal microscope.
The DNA fragmentation assay was performed according to the method described previously [52], with some
modifications. HL-60 cells were washed twice with PBS
(4°C, pH 7.4) and collected by centrifugation at 500 ⫻ g
for 5 min. Cell concentration was adjusted to 2 ⫻ 107/ml.
After centrifugation at 500 ⫻ g, cells were treated with
0.5 ml lysis buffer (10 mM Tris-HCl, pH 7.4, 10 mM
EDTA, 0.5% sodium dodecyl sulfate) for 10 min on ice.
After treatment with RNase A (final concentration 100
g/ml) for 1 h at 37°C, the cells were incubated at 50°C
for 4 h in the presence of 100 g/ml proteinase K. DNA

Mitochondrial membrane potential change was examined using the mitochondrial membrane potential-sensitive fluorescent dye 5,5',6,6'-tetrachloro-1,1',3,3'-tetraethylbenzimidazolylcarbocyanine iodide (JC-1). Cells
were collected, pelleted, washed, and resuspended in
PBS containing 2.5 g/ml JC-1. Cells were kept in the
dark at room temperature for 20 min. After loading, the
cells were washed twice with PBS and analyzed by flow
cytometry (excitation at 488 nm, with a 525 nm bandpass filter to collect green emission and a 590 nm bandpass filter to collect orange emission).
Subcellular fractionation
Approximately 1 ⫻ 107 cells were collected, washed
once with PBS, and then resuspended in a buffer containing 250 mM sucrose, 10 mM HEPES, 1 mM EDTA,
10 g/ml aprotinin, 10 g/ml leupeptin, 1 mM PMSF, 1
mM dithiothreitol, and 1 mM sodium orthovanadate, pH
7.4, at 4°C. Digitonin (400 ng/ml) was then added to the
cell suspension and lysis of cells confirmed under the
microscope. After centrifugation at 12,000 ⫻ g for 15
min at 4°C, cell lysates were transferred to fresh tubes
and used as cytosol components.
Whole cell extraction
Approximately 1 ⫻ 107 cells were harvested and
washed once with ice-cold PBS, resuspended in 1 ml

Western blotting
Cell homogenates (50 g protein) were fractionated
by SDS-PAGE on a 15% acrylamide gel. Bands of
proteins were then transferred to a PVDF membrane
(Bio-Rad, Hercules, CA, USA). The PVDF membrane
was blocked by 5% milk overnight at 4°C and then
incubated with antibodies against either cytochrome c or
caspase 3 for 3 h at room temperature. After an additional 1 h incubation with horseradish peroxidase-conjugated secondary antibodies, the binding of antibodies to
the PVDF membrane was detected with an enhanced
chemiluminescence western blotting analysis (Amersham Pharmacia Biotech, Buckinghamshire, England).
Measurement of apoptosis
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Fig. 1. Diphenyleneiodonium (DPI)-induced reactive oxygen species (ROS) production. Cells were treated with DPI for the time
indicated in each figure. Cellular ROS production was estimated by the increase of ethidium fluorescence based on flow cytometry
assays. (A) Cellular ROS production in HL-60 cells treated with various concentrations of DPI for different times as indicated. (B)
HL-60 cells pretreated with either 100 mM Tiron or 20 mM vitamin C for 10 min. DMSO or DPI, 100 M in DMSO, was then added
to the medium and incubated for 1 h. Cellular ROS production was measured by flow cytometry. (C) Cellular ROS production in HL-60
cells or mitochondrial DNA-deficient (0) HL-60 cells treated with various concentrations of DPI for 1 h as indicated. (D) DPI induced
an NADH-based mitochondrial superoxide production on submitochondrial particles. Rat-heart submitochondrial particles were
incubated with: 1, nothing (Control); 2, DPI (100 M); 3, DPI (100 M) and SOD (100 units). Superoxide production was measured
by conversion of epinephrine to adrenochrome. The absorbance of adrenochrome was monitored at 480 nm. Results are representative
ones from three separate experiments. Significant difference from control group (for A and B) or from DPI-only group (for C) at *p
⬍ .05, **p ⬍ .01, and ***p ⬍ .001.

was then precipitated with 50 l of 3 M sodium acetate
(pH 5.2) and 1 ml cold (4°C) 100% ethanol. Finally,
DNA was dissolved in Tris-EDTA. For analysis, 10 to 20
l DNA was loaded on a 1.2% agarose gel containing 10
g/ml ethidium bromide. Electrophoresis was performed
in 0.5 ⫻ Tris-Borate-EDTA buffer at 70 V for 2 h. DNA
was visualized under ultraviolet light and imaged.
RESULTS

Diphenyleneiodonium (DPI) induces superoxide
production in mitochondria
HL-60 cells were used as the model to study the effect
of DPI on cellular superoxide production. The conversion of hydroethidine to ethidium was used as a measurement of superoxide production. Hydroethidine has
been used to identify superoxide in a number of systems

[53–55] and has also been shown to be superoxide specific [56 –58], though there are potential complications in
using this dye [59]. DPI concentrations of 1–200 M
increased the cellular ethidium fluorescence in a dosedependent manner after 10 min (Fig. 1A). Longer treatments did not result in further increases in ethidium
fluorescence, indicating that the velocity of cellular superoxide production did not further increase. When
HL-60 cells were pretreated with the antioxidant 4,5dihydroxy-1,3-benzene-disulfonic acid (Tiron; Sigma
Chemical Co.) or vitamin C, the DPI-induced cellular
ethidium fluorescence increase measured 1 h after DPI
treatment was inhibited (Fig. 1B).
To further investigate whether DPI-induced superoxide production was from mitochondria, HL-60 cells that
lack mitochondrial DNA (0) were treated with various
concentrations of DPI and then loaded with hydroethi-
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dine. DPI could not elevate ethidium fluorescence in 0
HL-60 cells after treatment for 1 h (Fig. 1C), although
ethidium fluorescence increased when normal HL-60
cells were treated with DPI for the same length of time
(Fig. 1C).
Finally, the conversion of epinephrine to adrenochrome was used to measure superoxide production on
isolated rat-heart submitochondrial particles (Fig. 1D).
For the controls, the increase of absorbance at 480 nm
was less than 0.05 within 1 h. DPI in the absence of
submitochondrial particles showed no increase in absorbance (data not shown). For SMPs in the presence of 100
M DPI, the absorbance at 480 nm was significantly
increased. The presence of superoxide dismutase inhibited the increased absorbance induced by DPI.
DPI induces apoptosis in HL-60 cells
We examined the effect of DPI on apoptosis using
HL-60 cells. Apoptosis was studied by confocal microscopy using Hoechst 33342 and by flow cytometry
using propidium iodide (PI). For flow cytometry assays, HL-60 cells were incubated with DPI, fixed, and
permeabilized. The cells were then loaded with 20
g/ml PI and their DNA content was analyzed by flow
cytometry. Incubation of HL-60 cells with 50 –100
M DPI for 12 h led to the appearance of subdiploid
cells (Fig. 2). For confocal microscopy, HL-60 cells
were treated with DPI and then loaded with 2 g/ml
Hoechst 33342 for 20 min at 37°C. Nuclear condensation and fragmentation of DPI-treated HL-60 cells
were clearly visible under the confocal microscope, as
was the higher intensity of blue fluorescence from the
nuclei (Fig. 2). Finally, genomic DNA of DPI-treated
HL-60 cells was collected and run on 1% agarose gel
electrophoresis. DNA ladders were observed after 24 h
treatment with 50 –100 M DPI (Fig. 3A).
The number of subdiploid cells in DNA ploidy analysis was calculated using flow cytometry to estimate the
degree of apoptosis. Cellular toxicity of DPI was dependent on both the concentration and the time of exposure.
After a 12 h incubation with 100 M DPI, more than
70% of the cells were apoptotic (Fig. 3B).
To investigate the role of mitochondrial superoxide in
DPI-induced apoptosis, HL-60 cells were incubated with
either Tiron or vitamin C before DPI treatment. Both
Tiron and vitamin C pretreatments resulted in the inhibition of DPI-induced apoptosis at 12 h (Fig. 3C).
To determine the effect of caspase inhibitors on DPIinduced apoptosis, HL-60 cells were incubated with 100
M DPI in the presence or absence of either 25 M
z-VAD-FMK or 25 M Ac-DEVD-CHO. As demonstrated in Fig. 4, z-VAD-FMK and Ac-DEVD-CHO both

Fig. 2. DPI-induced apoptosis in HL-60 cells. HL-60 cells were incubated with either DMSO (control) or DPI, 50 –100 M in DMSO (as
indicated), for 12 h. Left panel: cells stained with Hoechst 33342 and
photographed under the confocal microscope. Right panel: cells fixed
and stained with PI. Cell cycle analysis was performed by flow cytometry. Apoptotic cells were estimated by calculating the number of
subdiploid cells in the cell cycle histogram. The numbers in each panel
refer to the percentage of apoptotic cells. Results are representative of
three separate experiments.

decreased the subdiploid population of DPI-treated
HL-60 cells at 12 h.
DPI induces mitochondrial depolarization
We examined the effect of DPI on mitochondrial
membrane potential to clarify the pathway involved in
DPI-induced apoptosis. HL-60 cells were treated with
different concentrations of DPI for different time intervals and then loaded with JC-1. The JC-1 fluorescence was measured by flow cytometry at both 525
and 590 nm. The number of cells that lost mitochondrial membrane potential was estimated by calculating
the changes in percentage expression in the fourth
quadrant, which represents cells having both reduced
590 nm and increased 525 nm fluorescence (Fig. 5A).
Valinomycin (100 nM) (Sigma Chemical Co.) was
used as a positive control for mitochondrial depolar-
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Fig. 3. DPI-induced apoptosis in HL-60 cells. (A) DPI-induced DNA fragmentation. HL-60 cells were treated with indicated
concentrations of DPI for 12 h. Genomic DNA was isolated, run on a 1% agarose gel, and visualized by ethidium bromide staining.
Results are representative of three separate experiments. (B) After treatment with various concentrations of DPI for different times as
indicated, HL-60 cells were fixed and cell cycle analysis was performed by flow cytometry. Number of apoptotic cells was estimated
by calculating the number of subdiploid cells. (C) Inhibition of DPI-induced apoptosis by antioxidants. HL-60 cells were treated with
100 M DPI in the presence or absence of 100 mM Tiron or 20 mM vitamin C. Cells were fixed and cell cycle analysis was performed
by flow cytometry. Number of apoptotic cells was estimated by calculating the number of subdiploid cells. Significant difference from
control group at *p ⬍ .05, **p ⬍ .01, and ***p ⬍ .001.

Fig. 4. Inhibition of DPI-induced apoptosis by caspase inhibitors z-VAD and DEVD. HL-60 cells were incubated with (A) DMSO
(control), (B) DPI (100 M), (C) DPI (100 M) and z-VAD (25 M), and (D) DPI (100 M) and DEVD (25 M), for 12 h. Cells
were fixed and stained with PI. Cell cycle analysis was performed by flow cytometry. Apoptotic cells were estimated by calculating
the number of subdiploid cells in the cell cycle histogram. The number in each panel refers to the percentage of apoptotic cells. Results
are representative of three separate experiments.
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Fig. 5. DPI-induced loss of mitochondrial membrane potential in HL-60 cells. Mitochondrial membrane potential was studied by flow
cytometry using JC-1. (A) HL-60 cells were treated with 100 M DPI for different lengths of time (20 min to 12 h), and valinomycin
(100 nM) was used to entirely abolish mitochondrial membrane potential. Results are representative of three separate experiments. (B)
Time-course study of DPI-induced decrease of mitochondrial membrane potential in HL-60 cells. Cells were treated with various
concentrations of DPI for the indicated times. Cells in the fourth quadrant were counted as cells deprived of mitochondrial membrane
potential. Significant difference from control group at *p ⬍ .05 and **p ⬍ .01.

ization. HL-60 cells treated with 100 M DPI showed
an initial decrease in mitochondrial membrane potential 2 h after treatment (Figs. 5A and 5B). Within 6 h,
DPI-treated HL-60 cells underwent a slow but gradual
decrease of mitochondrial membrane potential. Most
cells lost mitochondrial membrane potential by 8 h
after 100 M DPI treatment. DPI diminished the mitochondrial membrane potential in a dose-dependent
manner (Fig. 5B). To determine the effect of antioxidants on DPI-induced mitochondrial membrane potential, HL-60 cells were preincubated with either 100
mM Tiron or 20 mM vitamin C before DPI treatment.
Both reagents reduced the number of cells that lost
mitochondrial membrane potential after 8 h of DPI
treatment (Figs. 6A and 6B).

DPI induces cytochrome c release and caspase 3
activation
We studied the effect of DPI on HL-60 cytochrome c
release by western blot. After treatment of HL-60 cells
with 50 –100 M DPI for 6 h, cytochrome c was released
to the cytosol (Fig. 7A). Release of cytochrome c by DPI
reached a peak after 8 h treatment, and did not increase
further thereafter. The release of cytochrome c by DPI is
not dose dependent, consistent with other reports that
cytochrome c release is a “rapid, complete, and kinetically invariant” process [60]. Caspase 3 activation induced by DPI was also measured by western blot. Consistent with cytochrome c release, caspase 3 was
activated after 6 h of DPI treatment (Fig. 7B). Maximum
caspase 3 activation was detected after 8 –10 h treatment
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Fig. 6. Inhibition of DPI-induced mitochondrial membrane potential loss by Tiron and vitamin C. (A) HL-60 cells were pretreated with
either 100 mM Tiron or 20 mM vitamin C for 10 min; 100 M DPI was then added to the medium. After 8 h, HL-60 cells were
harvested and mitochondrial membrane potential was analyzed by flow cytometry using JC-1. Results are representative of three
separate experiments. (B) Inhibition of DPI-induced decrease of mitochondrial membrane potential by either 100 mM Tiron or 20 mM
vitamin C. Cells in the fourth quadrant were counted as cells deprived of mitochondrial membrane potential. Significant difference from
control group at **p ⬍ .01.

with DPI. Preincubation of HL-60 cells with either Tiron
or vitamin C inhibited the release of cytochrome c and
activation of caspase 3 by DPI at 8 h (Figs. 8A– 8D).
Mitochondrial magnesium superoxide dismutase
(MnSOD) overexpression inhibits DPI-induced
superoxide production, decrease of mitochondrial
membrane potential, and DNA breakdown
To confirm that DPI induces apoptosis through mitochondrial-derived superoxide, we tested the effect of DPI
on an HT-1080 fibrosarcoma cell line that was transfected with either empty vector or a vector containing the
open reading frame of human MnSOD (CMV ⫽ control
transfectants, HT15 ⫽ cells with 15-fold increase in
MnSOD levels). All cells were treated with DPI and
loaded with hydroethidine as described earlier. The conversion of hydroethidine to ethidium was used as a
measurement of superoxide production. The basal

ethidium fluorescence of HT15 cells was lower than that
of CMV cells, indicating that the cells overexpressing
MnSOD demonstrate a lower superoxide production
(Fig. 9A). As indicated by the elevated ethidium fluorescence, DPI increased superoxide production in both
CMV and HT15 cells. However, for all DPI concentrations, ethidium fluorescence was about 50% lower in the
HT15 cells compared to CMV cells (Fig. 9A). Previous
reports showed the validity of using hydroethidine to
probe intramitochondria superoxide production [61].
The effect of DPI on mitochondrial membrane potential was also measured on both CMV and HT15 cells. All
untreated cells (CMV and HT15) maintained mitochondrial membrane potential, as shown in Fig. 9B. After an
8 h treatment with 100 M DPI, 40% of CMV cells
localized to the fourth quadrant, indicating loss of mitochondrial membrane potential. However, only 13% of
HT15 cells were located in the fourth quadrant (Figs. 9B

Fig. 7. DPI-induced cytochrome c release and caspase 3 activation. (A) Time-course study of DPI-induced cytochrome c release. HL-60
cells were treated with 50 –100 M DPI for various times as indicated. Cytosol cytochrome c level was determined by western blot
analysis. (B) Time-course study of DPI-induced activation of caspase 3 activation. HL-60 cells were treated with 50 –100 M DPI for
various times as indicated. Caspase 3 level was determined by western blot analysis. Results are representative of three separate
experiments.
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Fig. 8. Inhibition of DPI-induced cytochrome c release and caspase 3 activation by antioxidants. HL-60 cells were pretreated with
various concentrations of Tiron or vitamin C. Cells were then incubated with 100 M DPI for 8 h. Cytosol cytochrome c or caspase
3 was detected by western blot. (A) Inhibition of DPI-induced cytochrome c release by Tiron. (B) Inhibition of DPI-induced caspase
3 activation by Tiron. (C) Inhibition of DPI-induced cytochrome c release by vitamin C. (D) Inhibition of DPI-induced caspase 3
activation by vitamin C. All results are representative of three separate experiments.

and 9C). Valinomycin depleted mitochondrial membrane
potential in both cell types (Fig. 9B).
The impact of MnSOD overexpression on DPI-induced apoptosis was also examined. The number of

subdiploid cells in DNA ploidy analysis was used as an
estimate of the degree of apoptosis. The percentage of
both cell types undergoing apoptosis increased after incubation with 100 M DPI (Fig. 10). After a 24 h

Fig. 9. Inhibition of DPI-induced superoxide production and mitochondrial membrane potential decrease by MnSOD overexpression.
HT-1080 fibrosarcoma cell line was transfected with either empty vector or a vector containing the open reading frame of human
MnSOD (CMV ⫽ control transfectants, HT15 ⫽ cells with 15-fold increase in MnSOD levels). (A) Cells were treated with various
concentrations of DPI for 1 h and then collected. Cellular ROS production was estimated by the increase of ethidium fluorescence based
on flow cytometric assays. (B and C) Cells were treated with 100 M DPI. Mitochondrial membrane potential was studied by flow
cytometry using JC-1. Cells in the fourth quadrant were counted as cells deprived of mitochondrial membrane potential. Results are
representative of three separate experiments. Significant difference from control group at **p ⬍ .01.
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Fig. 10. Inhibition of DPI-induced apoptosis by MnSOD overexpression. CMV and HT15 cells were treated with 100 M DPI for different
lengths of time as indicated. The number of apoptotic cells was assessed by counting subdiploid cells using flow cytometry. Significant
difference from control group at **p ⬍ .01.

treatment with 100 M DPI, more than 30% of CMV
cells were apoptotic. However, in HT15 cells, the same
concentration of DPI caused only 15% of the cells to
become apoptotic (Fig. 10).
DISCUSSION

In the present study, we showed that the flavoprotein
inhibitor diphenyleneiodonium could induce mitochondrial reactive oxygen species (ROS) production and apoptosis. This is the first demonstration that DPI is able to
elevate mitochondrial ROS production via an inhibition
of the mitochondrial respiratory chain. Furthermore, the
elevated mitochondrial ROS are then able to induce
apoptosis by initiating loss of mitochondrial membrane
potential, cytochrome c release, and caspase activation.
We observed an elevation of cellular ROS production
with DPI in all cells used in this study (except 0 HL-60
cells). Flow cytometric study of individual cells to detect
intracellular superoxide levels found that DPI stimulated
superoxide production in HL-60 cells in a dose-dependent manner. The range of DPI concentration capable of
inducing superoxide production approximates the concentration range previously reported for respiratory inhibition by this reagent. In addition, DPI was not able to
induce superoxide production in mitochondrial DNAdeficient HL-60 (0) cells, indicating the involvement of
mitochondria in DPI-induced superoxide production. To
further clarify that DPI-induced superoxide production
was mitochondria related, we measured superoxide generation by rat-heart submitochondrial particles after DPI
treatment. As expected, DPI was able to enhance the

NADH-based superoxide production by submitochondrial particles. In addition, since previous studies have
shown that the flavoprotein inhibitor DPI is able to
inhibit a great variety of membrane-bound or cytosol
superoxide-producing enzymes [38 – 41], possible involvement of these enzymes was excluded. Taken together, these results suggest that DPI can induce mitochondrial superoxide production through mitochondrial
respiratory chain inhibition.
It is generally accepted that elevation of cellular ROS
can promote apoptosis [14 –20]. However, the detailed
mechanisms are still elusive, partly because the site of
ROS production during apoptosis is not clear. The mitochondrion is one of the most important ROS-producing
sites in eukaryotic cells. It has long been suspected that
mitochondrial ROS are involved in apoptosis following
many stimuli, such as UV radiation, TNF-␣, and staurosporine [21,22,34]. However, the lack of mitochondrial
ROS-producing models makes it difficult to clarify the
role of mitochondrial ROS in apoptosis.
Since we have shown that DPI can induce mitochondrial ROS production, this reagent might provide a useful
model for studying the role of mitochondrial ROS in
apoptosis. We first examined whether DPI was able to
induce apoptosis. Our results showed that, in HL-60
cells, DPI induced the appearance of subdiploid cells
indicative of apoptotic cell death. Observations of nuclear condensation by confocal microscopy confirmed
DPI-induced apoptotic cell death in HL-60 cells. In addition, agarose gel electrophoresis provided evidence of
typical apoptotic DNA fragmentation patterns. Next, we
studied the effect of antioxidants on DPI-induced apoptosis. Tiron (100 mM) and vitamin C (20 mM) were
shown to inhibit DPI-induced superoxide production in
HL-60 cells. It is possible that a reasonably high concentration of Tiron is required to facilitate the entry of
this antioxidant into the mitochondrial component
[62,63]. The same concentrations of Tiron and vitamin C
were capable of inhibiting DPI-induced DNA breakdown
at 12 h. Furthermore, fibrosarcoma HT-1080 cells overexpressing mitochondrial magnesium superoxide dismutase (HT15 cells) demonstrated less mitochondrial
superoxide production than HT-1080 cells transfected
with empty vector (CMV cells), and, as expected, more
resistance to DPI-induced apoptotic cell death. All this
evidence strongly suggests that mitochondrial ROS play
a vital role in DPI-induced apoptosis.
To identify pathways that might be involved in DPIinduced apoptosis, we examined the effect of DPI on the
decrease of mitochondrial membrane potential and release of cytochrome c, which are the two most important
hallmarks of apoptotic cell death. The results presented
in this study show that DPI could induce both a decrease
in mitochondrial membrane potential and release of cy-
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tochrome c. Decrease in mitochondrial membrane potential after DPI treatment was also shown to be the first
event following mitochondrial superoxide production.
This mitochondrial membrane potential decrease began
approximately 1 to 2 h following the production of
mitochondrial superoxide and continued for 2– 6 h. The
mechanism of this slow phase of mitochondrial membrane potential loss is not known. One possible explanation is the heterogeneous content of cellular antioxidants
in the whole HL-60 cell population. This slow but continuous process might result from the loss of mitochondrial membrane potential in cells with lower mitochondrial antioxidant level. The mitochondrial membrane
potential underwent rapid collapse after a 6 h treatment
with DPI. The majority of cells were deprived of mitochondrial membrane potential after 8 h of treatment with
100 M DPI.
Cytochrome c release and caspase 3 activation occurred about the same time as the collapse of mitochondrial membrane potential. These results indicate that the
classical mitochondrial membrane potential loss, cytochrome c release, and caspase 3 activation pathway are
the mechanisms for DPI-induced apoptosis. Our observations also demonstrated that both the decrease of mitochondrial membrane potential and the cytochrome c
release occurred after mitochondrial ROS production.
Therefore, the possibility reported by others using different apoptotic stimuli that ROS production could be
caused by the disruption of mitochondrial membrane
potential or release of cytochrome c was excluded in this
system [42]. In addition, both mitochondrial membrane
potential decrease and cytochrome c release in HL-60
cells were inhibited by Tiron and vitamin C. HT-1080
cells overexpressing MnSOD (HT15) were also more
resistant than control cells to DPI-induced mitochondrial
membrane potential loss, supporting the idea of this
report that mitochondrial ROS induces apoptosis through
the disruption of mitochondrial membrane potential and
release of cytochrome c.
Once released from mitochondria to the cytosol, cytochrome c binds to the cytosol protein apaf-1 to activate
caspase 9 [64]. Active caspase 9 directly activates
caspase 3, which will finally lead to cell death [65].
Consistent with previous observations, our results
showed the activation of caspase 3 immediately following the release of cytochrome c. Caspase 3 activation was
inhibited both by caspase inhibitors and by antioxidants
(Tiron and vitamin C). However, caspase inhibitors were
not able to inhibit either cytochrome c release or decrease of mitochondrial membrane potential (data not
shown). Our findings are consistent with previous results
[64] that the activation of caspase 3 is downstream of
mitochondrial membrane potential decrease and cytochrome c release.
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A growing body of literature suggests that ROS play
an important role in apoptosis. There is a considerable
amount of evidence that cytosolic ROS are able to induce
apoptosis [2,66]. In the present study, investigating the
role of mitochondrial ROS in DPI-induced apoptosis, we
showed that mitochondrial ROS could itself induce apoptosis via induction of mitochondrial membrane potential decrease, release of cytochrome c, and activation of
caspase 3. This model might also be used to explain the
mechanism of other apoptosis models, such as TNF-␣,
ceramide, and ischemia, in which blocking of the mitochondrial respiratory chain have been reported
[23,24,27].
DPI is well known as an NADPH oxidase inhibitor
[38]. It was subsequently found that this reagent was
capable of inhibiting most ROS-producing enzymes in
the cell [39 – 41]. For this reason, DPI was frequently
used as an antioxidant [44 – 46]. However, the present
data suggest that DPI can act both as an antioxidant and
also an inducer of mitochondrial superoxide production.
Our data prompt a rethinking of some previously assumed pathways.
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ABBREVIATIONS

DPI— diphenyleneiodonium
EB— ethidium bromide
FCS—fetal calf serum
HBSS—Hank’s balanced salt solution
HE— hydroethidium
IDP— diphenyliodonium
JC-1—5,5',6,6'-tetrachloro-1,1',3,3'-tetraethylbenzimidazolylcarbocyanine iodide
MMP—mitochondrial membrane potential
MnSOD—magnesium superoxide dismutase
PBS—phosphate-buffered saline
PI—propidium iodide
PMSF—phenylmethylsulfonyl fluoride
PVDF—polyvinylidene difluoride
ROS—reactive oxygen species
Tiron— 4,5-dihydroxy-1,3-benzene-disulfonic acid

