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Abstract
3-Nitropropionic acid (3-NPA), an inhibitor of succinate dehydrogenase (SDH) at complex II of
the mitochondrial electron transport chain induces cellular energy deficit and oxidative stress-
related neurotoxicity. In the present study, we identified the site of reactive oxygen species
production in mitochondria. 3-NPA increased O2

•− generation in mitochondria respiring on the
complex I substrates pyruvate + malate, an effect fully inhibited by rotenone. Antimycin A
increased O2

•− production in the presence of complex I and/or II substrates. Addition of 3-NPA
markedly increased antimycin A-induced O2

•− production by mitochondria incubated with
complex I substrates, but 3-NPA inhibited O2

•− formation driven with the complex II substrate
succinate. At 0.6 μM, myxothiazol inhibits complex III, but only partially decreases complex I
activity, and allowed 3-NPA-induced O2

•− formation; however, at 40 μM myxothiazol (which
completely inhibits both complexes I and III) eliminated O2

•− production from mitochondria
respiring via complex I substrates. These results indicate that in the presence of 3-NPA,
mitochondria generate O2

•− from a site between the ubiquinol pool and the 3-NPA block in the
respiratory complex II.
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1. Introduction
3-Nitropropionic acid (3-NPA) is a natural environmental toxin synthesized by plants (e.g.
Indigofera endecaphylla) and fungi (e.g. Aspergillus flavus) (Alston et al., 1977). Human
exposure to 3-NPA has occurred via ingestion of fungally contaminated peanuts, corn, and
sugar cane (Ludolph et al., 1991). The mechanism of cellular toxicity of 3-NPA is not
clearly understood. The toxicity of 3-NPA is thought to be due to its irreversible covalent
binding to the 70 kDa subunit of succinate dehydrogenase (SDH), inhibiting the enzyme
(Alston et al., 1977; Coles et al., 1979; Huang et al., 2006). In addition to its neurotoxicity
(Beal et al., 1993; Bogdanov et al., 1998), 3-NPA has impact on cardiac tissue characterized
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by diffuse swelling of cardiomyocytes and multifocal coagulative contraction band necrosis,
atrial thrombosis, cardiac mineralization, cell loss, and fibrosis, which correlates with
significant reduction in SDH activity, and decrease in heart ATP levels (Gabrielson et al.,
2001). Our studies have shown that the basal kinase activities of redox-sensitive JNKs, MAP
kinase kinase-4 and -7, as well as p38α and its upstream activator MKK3, and its
downstream substrate ATF-2 are all elevated in hepatocytes of 3-NPA-treated C57BL/6
mice (Hsieh and Papaconstantinou, 2002; Hsieh et al., 2003). Systemic administration of 3-
NPA, induces brain damage accompanied by disturbance in the endothelial cells of blood–
brain barrier (Mogami et al., 2002). Chemical preconditioning by 3-NPA administration
before cardiac arrest suppressed succinate-related oxidation and reduced ischemia–
reperfusion injury in cardiac arrested rat lungs (Hirata et al., 2001). We recently showed that
increasing antioxidant capacity of mitochondria by Bcl-2 overexpression protects PC12 cells
from 3-NPA toxicity (Mandavilli et al., 2005). These cellular and organ pathologies caused
by 3-NPA are thought to arise from an increase in levels of ROS, oxidatively damaged
molecules and inhibition of ATP production (Ryu et al., 2003; Tunez et al., 2004; Wang et
al., 2001) suggesting that 3-NPA may impact a variety of cells types in culture or in
experimental animals.

Release of superoxide anions (O2
•−) from mitochondria is the main source of cellular

oxidative stress. 3-NPA significantly increases the levels of oxidized hydroethidine, 8-
hydroxy-2-deoxyguanosine levels, and induces DNA fragmentation in the manganese
superoxide dismutase (SOD2) heterozygous mice (Andreassen et al., 2001; Kim and Chan,
2001). 3-NPA causes a corresponding increase in the activities of SOD2 and glutathione
peroxidase (GPx) (Fu et al., 1995; Tunez et al., 2004). Also, 3-NPA increases production of
lipid peroxides and oxidized protein levels both in mitochondria and the cytosol (Fu et al.,
1995; Pocernich et al., 2005). Oxidative stress induces age-dependent neuronal apoptosis in
the mouse striatum, which in turn produces an age-dependent vulnerability to 3-NPA (Kim
and Chan, 2001).

3-NPA inhibits SDH by binding to the active site of the enzyme (Alston et al., 1977; Coles
et al., 1979; Huang et al., 2006). This covalent attachment to the 70 kDa FAD-containing
subunit blocks succinate oxidization to fumarate. The mechanism of free radical production
caused by 3-NPA is difficult to envision, and raises a question about the source of the
electrons that reduce molecular oxygen to generate O2

•−. The aims of our studies were to
test: (a) whether 3-NPA-induced ROS generation cell-type specific, and (b) identify the
site(s) of the electron transport chain involved in ROS generation after 3-NPA addition. To
our knowledge, this is the first study that describes the mechanism by which 3-NPA causes
ROS generation.

2. Materials and methods
2.1. Cells

The A549, type II alveolar bronchial epithelial cells were cultured in F-12 Kaigh's modified
medium. Medullary pheochromocytoma (PC12) cells were maintained in Dulbecco's
minimal essential medium (DMEM)/F12. AML12, nontumorigenic parenchymal liver cells
with features characteristic of mature hepatocytes, were cultured in DMEM-Ham's F-12
containing ITS solution and 0.1 nM dexamethasone. The MH-S cell line developed from an
adherent cell-enriched population of BALB/c mouse alveolar macrophages by
transformation with simian virus 40 (SV40) “T” antigen was maintained in RPMI-1640.
RAW267.1 murine peritoneal macrophage cells were cultured in RPMI-1640 medium.
These mycoplasma tested cell lines were obtained from American Type Culture Collection.
All media were supplemented with 10% fetal bovine serum (FBS; Sigma Inc, MO),
glutamine (292 mg/L), penicillin (100 U/ml) and streptomycin (100 μg/ml). The cells were
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routinely subcultured using trypsin–EDTA and cultured under a humidified atmosphere
(95% air and 5% CO2) at 37 °C.

2.2. Establishment of respiration-deficient cells
AML12, MH-S and A549 cells were incubated in culture media in the presence of 50 ng/ml
ethidium bromide for >60 population doublings to develop respiration-deficient cells.
Depletion of mitochondrial DNA was confirmed by Southern blot hybridization (Dobson et
al., 2002). Respiration-deficient cells become pyrimidine auxotrophs, and media were
supplemented with uridine (50 μg/ml) and sodium pyruvate (120 μg/ml) (King and Attardi,
1989).

2.3. Peritoneal macrophage isolation
Peritoneal macrophages were isolated as previously described (Galindo et al., 2004). Briefly,
3% thioglycolate (1 ml per animal) was injected into the peritoneal cavity of BALB/c mice
to elicit macrophage migration. Four days after injection, the mice were sacrificed by an
overdose of isoflurane followed by cervical dislocation. Peritoneal macrophages were
harvested by flushing the peritoneal cavity with 5 ml of RPMI-1640 medium. Cells were
counted, centrifuged, and plated at 5 × 106 cells in 35 mm tissue culture dishes containing
RPMI-1640 medium supplemented with 10% FBS, 100 U/ml penicillin, and 100 μg/ml
streptomycin. Cells were allowed to adhere, and the non-adherent cells were washed from
the cultures. Cells were incubated for the appropriate times before mitochondria were
isolated.

2.4. Amplex Red assay
Amplex® Red (10-acetyl-3,7-dihydroxyphenoxazine; Molecular Probes, Eugene, OR) reacts
with H2O2 in the presence of horseradish peroxidase (HRP) to generate a stable product,
resorufin (Votyakova and Reynolds, 2001; Zhou et al., 1997). Briefly, mitochondria (100
μg/ml) or sub-mitochondrial particles (100 μg/ml) were suspended in 100 μl (per well)
reaction buffer and incubated at room temperature (25 °C) for 30 min with 0.25 U/ml
(determined in preliminary studies) of Amplex® Red and 0.5 U/ml of HRP. The increase in
fluorescence (with excitation and emission wavelengths of 563 and 587 nm, respectively)
was measured using a microplate reader (SpectraMass M2, Molecular Devices Inc). The rate
of H2O2 production was linear with mitochondrial protein concentration. Reactions were
carried out with exogenously added superoxide dismutase (SOD). The addition of catalase
(400 U/ml, Sigma Inc) decreased H2O2 levels by ∼90%. As a positive control, increasing
concentrations of H2O2 (0–400 pmol) were used.

2.5. Measurement of intracellular ROS
The intracellular site of ROS generation was identified by fluorescence microscopy. Cells
were loaded with 2 μM dihydroethidium (H2Et; Molecular Probes, Eugene, OR) for 10 min
after which the cells were treated with 3.0 mM 3-NPA (pH 7.4) and placed in a thermo-
controlled microscopic chamber. Fluorescent images were captured just after the 3-NPA
additions and after a 20 min incubation using a Photometrix Cool-SNAP Fx digital camera
mounted on a NIKON Eclipse TE 200 UV microscope. Mito-Tracker Red (Molecular
Probes, Eugene, OR) a cell-permeable fluorescent probe that accumulates in active
mitochondria was used to stain mitochondria at a final concentration of 50 nM. The
microscopic images were superimposed by using Metamorph™ Version 5.0 software
(Universal Imaging, Downingtown, Pennsylvania).

Dihydrorhodamine-123 (DHR-123; Molecular Probes, Eugene, OR), a redox-sensitive probe
was used to determine 3-NPA-induced ROS (Henderson and Chappell, 1993; Royall and
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Ischiropoulos, 1993). Cells were loaded with DHR-123 for 15 min then treated with 0.03,
0.3, 0.6, 1.0, 2.0, 3.0 and 5.0 mM 3-NPA for 30 min. As a positive control, 25 and 100 μM
H2O2 was added to DHR-123-loaded cells. The changes in fluorescence intensities were
determined by flow cytometry (Bekton–Dickinson FAC-Scan). We collected and analyzed
12,000 events for each sample. A second method was used to corroborate ROS generation
by 3-NPA, 250 μM nitroblue tetrazolium (NBT, Molecular Probes, Eugene, OR) was added
to the media of cell cultures at the end of the 3-NPA treatment period. The cells were
incubated for an additional 15 min at 37 °C, washed, and allowed to air-dry. The cells were
then solubilized with 2 M KOH and the resulting formazan levels were measured at 630 nm
spectrophotometrically (Beckman DU530) (Messner and Imlay, 2002). As a positive
control, 10 μU of glucose oxidase (GO) was added to cells and the amount of formazan was
determined (Vrablic et al., 2001).

2.6. Mitochondria isolation
Cells were propagated in large volumes and collected by centrifugation (800g). Cell pellets
were incubated in 5× volume of hypotonic buffer (10 mM KCl, 20 mM MOPS, and 1 mM
EGTA; ethylene glycol-bis (β-aminoethyl ether)-N,N,N′,N′-tetraacetic acid) for 20 min.
Sucrose (200 mM) and mannitol (50 mM) were added to the swollen cells, which were then
Dounce-homogenized. The homogenate was centrifuged at 800g and the supernatants re-
centrifuged at 10,000g to collect mitochondria. Mitochondrial pellets were washed, and
resuspended in 10 mM KCl, 20 mM MOPS, and 1 mM EGTA containing 200 mM sucrose,
50 mM mannitol.

Mitochondria were isolated from the livers and hearts of 4- to 6-months-old BALB/c mice.
The mice were anesthetized with pentobarbital (100 mg/kg i.p.) in compliance with the
UTMB's Animal Care and Use Committee-approved protocol. Organs of sacrificed animals
were excised and rinsed in buffer A (100 mM KCl, 20 mM MOPS, 1 mM EGTA, 5 mM
MgSO4, and 1 mM ATP; pH 7.6) at 4 °C. Livers and hearts were homogenized in buffer A,
containing 200 mM sucrose, 50 mM mannitol, 0.2% bovine serum albumin, using a Dounce
homogenizer. Isolation of mitochondria was done as described above. Fresh mitochondrial
suspensions from cultured cells or organs were purified on a continuous sucrose gradient
(0.1–1.5 M) and used immediately for determining the site(s) of superoxide anion formation
or stored at −80 °C for further studies.

2.7. Preparation of submitochondrial particles
Purified mitochondria from cultured cells or organs were sonicated in a Branson sonicator
for 15 s in an ice-water bath (0 °C) at 75% of maximal output. Sonication was repeated six
times at 1 min intervals, and the suspension was centrifuged at 16,000g for 10 min. The
supernatant was removed and re-centrifuged at 145,000g for 60 min (Chen et al., 2003). The
pellets were re-suspended in 10 mM MOPS buffer (pH 7.4) and protein concentrations were
determined.

2.8. Measurement of mitochondria complex activities
Complex I (NADH-ubiquinone oxidoreductase) activity was measured using NADH-
decylubiquinone reduction monitored at 340 nm using 200 μM NADH and 100 μM
decylubiquinone (Smeitink et al., 2001). Complex II activity (succinate–ubiquinone
oxidoreductase) was determined by reduction of 2,6-dichlorophenolindophenol (DCIP; 20
μM) in the presence of 5 mM succinate and 0.1 mM phenazine methosulfate as described
previously (Trounce et al., 1996). The reaction was monitored spectrophotometrically at 600
nm for 3 min at 30 °C. Complex III activity was determined by monitoring the reduction of
cytochrome c at 550 nm (Jarreta et al., 2000). Complex IV (Cytochrome c-oxidase) activity
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was quantified by monitoring the rate of cytochrome c oxidation at 550 nm (Jarreta et al.,
2000).

To inhibit complex activities, we added rotenone (5 μM, complex I), antimycin A (0.4 μM,
complex III), myxothiazol (0.6 μM; fully inhibited complex III, but inhibited 40% of
complex I activity; 40 μM fully inhibited complexes I and III activities) (Lambert and
Brand, 2004), and stigmatellin (6 μM, complex III) (Becker et al., 1999). Complex II was
inhibited by 3-NPA (1–3 mM). The reaction mixtures were equilibrated for 2 min at 30 °C,
before spectrophotometry at 30 °C. Protein concentrations were measured using Bio-Rad
reagent, bovine serum albumin was used as the standard.

2.9. Reagents
Rotenone, myxothiazol, antimycin A (AA), 2,6-dichlorophenolindophenol, NADH, KCN,
K3Fe (CN)6, ATP, succinate, pyruvate, SOD and malate were purchased from Sigma
Chemical (St. Louis, MO). Supplies for the Amplex Red assay, dihydrorhodamine-123,
dihydroethidium, and carbonylcyanide m-chlorophenyl-hydrazone (CCCP) and MitoTracker
red were obtained from Molecular Probes (Eugene, OR). The 3-NPA (Aldrich Chemical
Co., Milwaukee, WI) was dissolved in PBS and the pH was adjusted to 7.4 with 1 M NaOH
(Stefanova et al., 2005). The osmolarity of pH-balanced 3-NPA solution was determined
using an Advanced Osmometer (SIM International Co). The solutions were filtered through
a 0.2-μm filter (Amicon, Inc.) to remove bacterial/fungal contamination for tissue cultures
use.

2.10. Statistical analysis
Data are expressed as means ± SE. Results were analyzed for significant differences using
ANOVA procedures and Student's t-tests (Sigma Plot 6.0). Differences were considered
significant at p < 0.05 (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001).

3. Results
3.1. Cell type-dependent ROS generation upon 3-NPA exposure

Increased ROS levels in 3-NPA-treated cells have been documented (Ryu et al., 2003;
Tunez et al., 2004; Wang et al., 2001); however, site of ROS overproduction has not been
identified. Therefore, first we determined the intracellular site of ROS generation by
microscopic imaging using dihydroethidium (H2Et) (Zhao et al., 2003). Cells were loaded
with 2 μM H2Et, and placed in a thermo-controlled microscopic chamber and pH (7.4)-
adjusted 3-NPA (2 mM) was then added. Mock-treated cultures were exposed to PBS,
substituting an equimolar amount of NaCl for 3-NPA. The changes in fluorescence
intensities were recorded at time 0 and 20 min after treatment. Our results showed that the
green fluorescence mediated by H2Et/superoxide reaction products (Zhao et al., 2003)
colocalized with MitoTracker red suggesting that mitochondria are the sites of ROS
generation (Fig. 1A).

To determine the dose-dependent impact of 3-NPA on overall intracellular ROS levels,
parallel cell (A549) cultures were loaded with 5 μM dihydrorhodamine-123 (DHR-123)
(Henderson and Chappell, 1993; Royall and Ischiropoulos, 1993), treated with 0, 0.03, 0.3,
0.6, 1, 2, 3 and 5 mM pH (7.4)-adjusted 3-NPA. Equimolar amounts of NaCl for 3-NPA in
PBS was added to control cultures. Changes in DHR-123-mediated fluorescence were
determined by flow cytometry. Cells showed a concentration-dependent (in the range of
0.3–2 mM) increase in ROS levels 30 min after the addition of 3-NPA (Fig. 1B). The cell
type-dependent changes in ROS levels were investigated in A549, AML12, PC12, MH-S,
RAW264.7 cells and primary macrophage cultures. As shown in Fig. 1C, 3-NPA (2 mM)
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treatment significantly increased in A549, AML12, and PC12, while 3-NPA failed to induce
a detectable change in ROS levels in the MH-S and RAW264.7 cells. Similarly, 3-NPA did
not change oxidative stress levels in freshly prepared primary murine peritoneal macrophage
cells (Fig. 1C). Mitochondrial DNA-depleted cells (rho−A549, rho−AML12, rho−PC12) did
not generate detectable levels of ROS after 3-NPA treatment (Fig. 1C), suggesting that
functional mitochondria are required for ROS generation. Similar results (data not shown)
were obtained when we repeated these experiments using nitroblue tetrazolium (NBT),
another redox-sensitive probe, which primarily reacts with O2

•− (Messner and Imlay, 2002).
Together, these results strongly indicate that the generation of ROS is cell type-specific and
of mitochondrial origin after 3-NPA addition.

3.2. 3-NPA induces ROS from isolated mitochondria
To provide further evidence that ROS are of mitochondrial origin, we have determined O2

•−

production from isolated mitochondria, using Amplex Red assays to measure the H2O2
originating from O2

•− dismutation by SOD (Votyakova and Reynolds, 2001; Zhou et al.,
1997). 3-NPA increased the O2

•− production from intact mitochondria isolated from A549,
AML12, and PC12 cells oxidizing the complex I substrates, pyruvate + malate (Fig. 2A). A
similar increase in the H2O2 production was observed in heart mitochondria, while
mitochondria from liver released somewhat less H2O2 (Fig. 2A). 3-NPA treatments induced
no detectable levels of O2

•− in mitochondria from MH-S and RAW267.4 cells respiring on
complex I substrates (pyruvate + malate). Mitochondria from freshly prepared murine
peritoneal macrophages behaved similarly.

3-NPA inhibited the O2
•− formation during succinate oxidization in mitochondria of all cell

types as well as heart and liver mitochondria (Fig. 2B). In the absence of 3-NPA cells
generated low levels of ROS (data not shown). Addition of AA (0.4 μM), an inhibitor of
cytochrome b reoxidation in complex III (Trumpower, 1990) increased amounts of released
H2O2 from mitochondria isolated from A549, PC12, AML12, heart, and liver. Similar
results were obtained using mitochondria from MH-S, RAW267.4 cells and freshly prepared
murine peritoneal macrophages (Fig. 2B). 3-NPA inhibited AA-mediated O2

•− generation
(Fig. 2B) indicating that electrons arising from complex II (succinate oxidation alone) are
not the source of ROS in 3-NPA-treated cells.

3.3. O2•− is released between the ubiquinol pool and the 3-NPA block in the complex II
Because of the cell type-specific differences in 3-NPA-induced ROS generation, we selected
A549 and MH-S mitochondria for further investigations. Site-specific inhibitors of
respiratory complexes were utilized to identify the site of O2

•− generation. As shown in Fig.
3A, in the presence of succinate mitochondria produced low levels of O2

•− and AA
increased the O2

•− formation in mitochondria of both cell types. H2O2 levels released from
MH-S macrophage mitochondria were consistently higher (∼190 pmol/mg/30 min) than in
A549-derived mitochondria (∼120 pmol/mg/30 min) (Fig. 3A). 3-NPA (and malonate,
another complex II inhibitor) inhibited spontaneous and AA-induced H2O2 formation from
A549 and MH-S mitochondria with succinate as electron donor (Fig. 3A). Succinate as the
substrate, rotenone had insignificant impact on the H2O2 levels released from either A549 or
MH-S mitochondria. The uncoupler, carbonylcyanide m-chlorophenyl-hydrazone (CCCP)
(Minamikawa et al., 1999;Trumpower and Katki, 1975) significantly decreased H2O2 levels
suggesting that a mitochondrial inner membrane potential is required for 3-NPA-induced
ROS generation. CCCP also inhibited AA-induced ROS generation (Fig. 3A).

Using pyruvate + malate as substrates, we observed significant differences between A549
and MH-S cells. 3-NPA increased H2O2 levels released from mitochondria of A549 but low
levels of H2O2 was generated in mitochondria of MH-S cells (Fig. 3B and C). Results
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summarized in Fig. 3B using mitochondria from A549 cells results are as follows: (a) AA
further increased 3-NPA-induced H2O2 levels and (b) rotenone inhibited these actions of
AA and 3-NPA. (c) Myxothiazol (40 μM) effectively inhibits both complexes I and III
(Degli Esposti, 1998; Genova et al., 2001), so blocked H2O2 production from A549
mitochondria oxidizing complex I substrates, regardless of whether 3-NPA was present or
not (Fig. 3B). (d) 0.6 μM myxothiazol decreased complex I activity by ∼30%, while the
complex III “Qo” site was fully inhibited (determined in preliminary studies) allowed 3-
NPA-mediated O2

•− formation (Fig. 3B). (e) To support data derived from these
experiments, we used 6.0 μM stigmatellin, which inhibits complex I and electron transport
into complex III at the Qo site (Trumpower, 1990). Stigmatellin decreased 3-NPA-induced
O2

•− generation in A549 mitochondria oxidizing pyruvate + malate. Stigmatellin also
suppressed the AA-induced H2O2 production in A549 mitochondria (Fig. 3B). Together
these data strongly suggest that electrons generated by complex I are required for 3-NPA-
induced O2

•− generation.

3.4. 3-NPA-induced ROS generation requires electron transfer from complex I
Next, we tested whether cell type-specific (A549 vs. MH-S cells) differences in 3-NPA-
induced mitochondrial formation of O2

•− are due to different ratios in their complexes I to II
activities. Because submitochondrial particles are unable to oxidize pyruvate + malate,
NADH was used as the complex I substrate (Barja, 1999). Submitochondrial particles (25
μg/ml) oxidized NADH, and rotenone completely inhibited this NADH–decylubiquinone
reductase activity. MH-S sub-mitochondrial particles had lower complex I activity compared
to A549 sub-mitochondrial particles (Fig. 4A). 3-NPA had no affect on complex I activity in
either cell type (Fig. 4B). A549 and MH-S sub-mitochondrial particles possessed complex II
activity based on the reduction of 2,6-dichlorophenolindophenol (DCIP) by succinate. As
shown in Fig. 4B, the complex II activity was considerably higher in MH-S sub-
mitochondrial particles. Complex II activities were abolished in the presence of 3-NPA (Fig.
4B) or malonate (data not shown). Complex III activity was comparable between the two-
cell lines (A549 or MH-S). AA inhibited the activity of complex III regardless of the cell
type. We did not observe differences in activities of complex IV in mitochondrial particles
from A549 and MH-S, and 3-NPA had no effect on the activity of complex III and (data not
shown). These data may provide an explanation for the cell type-dependent ROS generation
in response to 3-NPA.

4. Discussion
3-NPA treatment of cells causes an increase in levels of intracellular ROS and oxidatively
damaged molecules (Fu et al., 1995; Tunez et al., 2004; Wang et al., 2001). Irreversible
binding of 3-NPA to respiratory complex II along with oxidatively damaged mitochondrial
proteins lead to the arrest of ATP synthesis presumably by interrupting the electron transfer
in the mitochondrial inner membrane (Coles et al., 1979; Hirata et al., 2001). We have
previously shown that 3-NPA induced the release of H2O2 from PC12 cells, and that this
H2O2 release was prevented by overexpression and mitochondrial accumulation of Bcl2
(Mandavilli et al., 2005). In the present study, we show that 3-NPA has induced release of
ROS from mitochondria and it is cell-type dependent. Furthermore, studies with site-specific
inhibitors of mitochondrial respiratory complexes show that in the presence of 3-NPA,
mitochondria generate O2

•− from a site between the ubiquinol pool and the 3-NPA block in
the respiratory complex II.

For defining the intracellular site(s) of ROS production, we selected the redox-sensitive
H2Et and changes in fluorescence intensities were determined by real-time microscopic
imaging. Results showed that H2Et/superoxide-mediated green fluorescence was localized to
mitochondria. The green fluorescence of the H2Et/superoxide reaction product is well-
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established as it has a lower excitation (480 nm) and emission (567 nm) wavelength
maximum compared to oxidized ethidium (excitation, 500–530 nm; emission, 590–620 nm)
(Zhao et al., 2003). Overall changes in ROS levels were determined using DHR-123. Results
show significantly increased ROS levels in A549, AML12, and PC12 cells, while 3-NPA
failed to do so in the macrophage lines, MH-S and RAW264.7. DHR-123 reacts primarily
with H2O2 (dismutated from O2

•− (Ehleben et al., 1997; Royall and Ischiropoulos, 1993). To
rule out that increase in intracellular ROS levels is due to culture conditions and/or
autooxidation of DHR-123 (Ehleben et al., 1997; Royall and Ischiropoulos, 1993), we
repeated these experiments using NBT, another redox-sensitive probe, which primarily
reacts with O2

•− (Messner and Imlay, 2002). Fold increases in formazan formation were
similar to those seen for DHR-123.

To obtain an insight into intra-mitochondrial site of 3-NPA-induced overproduction of O2
•−

we used specific inhibitors of the mitochondrial respiratory chain. Overproduction of O2
•−

was determined by the levels of released H2O2 from isolated intact mitochondria by Amplex
Red assay (Votyakova and Reynolds, 2001; Zhou et al., 1997). 3-NPA prevented O2

•−

formation when mitochondrial respiration was driven by the complex II substrate, succinate.
This observation is consistent with the irreversible binding of 3-NPA to SDH in the
respiratory complex II (Coles et al., 1979). 3-NPA generated ROS from mitochondria when
electrons were supplied via pyruvate + malate oxidation. The addition of rotenone to
mitochondria prevented while AA-promoted 3-NPA-mediated generation of O2

•−. Inhibition
by rotenone of 3-NPA ROS production is consistent with the fact that rotenone blocks
complex I near the binding site for ubiquinol and inhibits electron to enter Q pool (Degli
Esposti, 1998; Okun et al., 1999).

At low concentrations (e.g., 0.6 μM), myxothiazol inhibits quinol oxidation at the Qo site in
complex III, while at higher concentrations (e.g., 40 μM) it effectively inhibits both
complexes I and III (Degli Esposti, 1998; Genova et al., 2001). Therefore, myxothiazol was
used to define whether 3-NPA-mediated H2O2 formation due to a leak of electrons from
complex III, or arises before electrons enter complex III. Our results show that 40 μM
myxothiazol prevented, while at low concentration (0.6 μM) permitted 3-NPA-induced O2

•−

formation. Since the Qo site is inhibited at the lower concentration of myxothiazol, which
does not block O2

•− formation, complex III involvement in O2
•− generation is unlikely.

These results suggest two possible sources for O2
•− formation: (1) the reduced ubiquinol

pool and (2) 3-NPA inhibits backflow of electrons into complex II. The first possibility can
be excluded because fully reduced ubiquinol is a very poor electron donor to O2. Second, we
propose that O2

•− formation by 3-NPA is that 3-NPA may result in supraphysiological
levels of ubisemiquinone by inhibiting electron backflow into complex II. More specifically,
the inhibition of fumarate reduction may result in the build-up of reducing equivalents in
complex II leading to O2

•− production (Fig. 5). Previous observations provide evidence that
complex II may switch functions from succinate oxidation to fumarate reduction and exhibit
fumarate reductase activity (Chandel et al., 1998; Duranteau et al., 1998). Fumarate
reductase activity of complex II was shown e.g., during anaerobic conditions, in the bovine
heart, in pulmonary arteries of hypoxic mice and in perfused hypoxic rat hearts (Archer et
al., 1993; Hagerhall, 1997; Paddenberg et al., 2000; Yu et al., 1987). In organisms, such as
Caenorhabditis elegans, Ascaris suum, and Trypanosoma cruzi complex II possesses well-
defined fumarate reductase activity (Boveris et al., 1986; Kuramochi et al., 1994; Takamiya
et al., 1999). Bacterial (e.g., Escherichia coli) fumarate reductases are known to be potent
producers of ROS (Imlay, 1995). Although fumarate reductase activity of complex II in our
experimental conditions remains to be proven, several lines of evidence support it: (a) 3-
NPA does not inhibit complex III activity; and (b) O2

•− generation by 3-NPA requires
membrane potential as CCCP inhibited ROS generation. Indeed, electron backflow from
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cytochrome c to fumarate reduction has been shown to be membrane potential dependent
(Moroney et al., 1984).

The relative importance of complexes I and II in providing electrons to the ubiquinone pool
appears to vary among tissues and species (Barja, 1999). Accordingly, we showed that cell
type-specific differences in 3-NPA-induced mitochondrial formation of O2

•− are due to
different ratios in complex I to II activities. In the absence of 3-NPA, MH-S mitochondria
respiring on succinate produced O2

•− and further increased when the Qi site of complex III
was inhibited by AA, yet insignificant O2

•− levels were detected in the presence of pyruvate
+ malate. The combination of 3-NPA and 0.6 μM myxothiazol produced no release of H2O2
from MH-S mitochondria (Fig. 3C) in the presence of pyruvate + malate. This observation
correlates well with the lower NADH dehydrogenase activity of MHS mitochondria
compared to complex I activity in A549. Since complex I activity is relatively low in cells of
macrophage origin, 3-NPA inhibits rather than promotes O2

•− formation in these cells.
Because rotenone inhibits 3-NPA-induced ROS generation in A549 cells, we propose that 3-
NPA-induced ROS generation requires electron transfer from complex I. Taken together, we
concluded that those cell types (e.g., MH-S) that primarily rely on electron generation by
complex II do not generate detectable levels of ROS when 3-NPA is added.

In summary, we show that AA, a Qi site inhibitor, synergistically increases O2
•− production

when combined with 3-NPA. Low concentration of myxothiazol a Qo inhibitor allows 3-
NPA-mediated ROS production. Rotenone, stigmatellin, and 40 μM myxothiazol each
inhibits O2

•− production because they block the entry of electron flow into the Q pool.
Results of our studies suggest that addition of 3-NPA inhibits formation of fumarate from
ubiquinol (QH2) and ubisemiquinone (QS) (e.g., QH2 → QS → fumarate → succinate), so
large amounts of QS over-reduce complex II and O2

•− is produced from a site between the Q
pool and the 3-NPA block (Fig. 5). These data provide an explanation for the cell type-
dependent ROS generation and oxidative stress-mediated cellular toxicity of 3-NPA that was
not clearly understood previously.
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Abbreviations

AA antimycin A

CCCP carbonylcyanide m-chlorophenyl-hydrazone

DHR-123 dihydrorhodamine-123

H2Et dihydroethidium

DCIP 2,6-dichlorophenolindophenol

NBT nitroblue tetrazolium

SDH succinate dehydrogenase

O2
•− superoxide anion

SOD superoxide dismutase

3-NPA 3-nitropropionic acid

Qs ubisemiquinone

Q ubiquinone

QH2 ubiquinol
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Fig. 1.
3-NPA increases intracellular levels of ROS. (A) Microscopic visualization of the
intracellular site of ROS generation. Cells (A549) were loaded with dihydroethidum for 10
min and then treated with 3 mM 3-NPA (pH 7.4). Images were taken at the time of 3-NPA
addition (a) and 20 min later (b). The MitoTracker-mediated image (c) overlaps with the
dihydroethidium/superoxide fluorescence after superimposition (d) of images. (B) Dose-
dependent increases in ROS levels in A549 cells after exposure to 3-NPA. Cells at 70%
confluence were loaded with 10 μM DHR-123 and treated with 0, 0.03, 0.3, 0.6, 1, 2, 3 and
5 mM 3-NPA; 25 or 100 μM H2O2 were used as positive controls. Changes in fluorescence
intensities were determined by flow cytometry 30 min after 3-NPA additions. 12,000 events
for each sample were collected and analyzed. The cumulative means ± SEM are shown (n ≥
3). **p < 0.01, ***p < 0.001. (C) 3-NPA increases ROS levels in cell-type dependent
manner. Cells at 70% confluence were loaded with 10 μM DHR-123 and treated with 3 mM
3-NPA. Changes in fluorescence intensities were determined by flow cytometry 30 min after
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3-NPA additions. Twelve thousand events for each sample were collected and analyzed.
Results are expressed as means ± SEM values of at least three independent experiments. **p
< 0.01, ***p < 0.001. iiRho- cells were not developed from primary peritoneal macrophages
for analysis.
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Fig. 2.
3-NPA-exposed mitochondria produce ROS. (A) Generation of O2

•− in mitochondria is cell
type-dependent. Purified mitochondria respiring on pyruvate + malate were exposed to 3-
NPA (3 mM, pH 7.4) and O2

•− levels were determined after dismutation to H2O2 by
Amplex Red assay. **p < 0.01, ***p < 0.001. (B) 3-NPA prevents O2

•− generation from
mitochondria respiring from succinate ± AA. The H2O2 production was determined by
Amplex Red assay. Results are means ± SEM (n = 4–7). ***p < 0.001, ****p < 0.0001. MT,
mock-treated.
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Fig. 3.
Identification of ROS-generating site in 3-NPA-treated mitochondria. (A) 3-NPA inhibits
ROS generation from A549 or MH-S mitochondria respiring on the complex II substrate,
succinate. Purified mitochondria respiring on succinate were exposed to 3-NPA (3 mM, pH
7.4) and O2

•− levels were determined after its dismutation to H2O2 by SOD by Amplex Red
assays. MT, mock-treated; AA, Antimycin A; CCCP, carbonylcyanide m-chlorophenyl-
hydrazone. **p < 0.01, ***p < 0.001, ****p < 0.0001. (B) 3-NPA increases ROS
production from A549 mitochondria in the presence of pyruate + malate. Changes in O2

•−

levels were determined as in A. ***p < 0.001, ****p < 0.0001. MT, mock-treated;
antimycin A, AA; SOD, superoxide dismutase. (C) MH-S cell mitochondria respiring on
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pyruate + malate ± 3-NPA generate low levels of ROS. ROS generation was determined as
in (A) and (B). Results in (A), (B) and (C) are means ± SEM (n = 4–6).
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Fig. 4.
Sub-mitochondrial particles from MH-S cells exhibit low complex I activity. (A) Changes in
absorbance by sub-mitochondrial particles from A549 (□) and MH-S (Δ) cells. Kinetic
changes in complex I activities were determined using equal amounts (25 μg/ml) of sub-
mitochondrial particles. ***p < 0.001. (B) Relative activities of respiratory complexes I and
II in A549 and MH-S cells. Sub-mitochondrial particles were isolated and activities were
determined as described in Section 2. Results are means ± SEM (n = 3–4). **p < 0.01, ***p
< 0.001, ****p < 0.0001. MT, mock-treated.
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Fig. 5.
Site of superoxide formation in mitochondrial respiratory chain after 3-NPA addition. The
complex II substrate, succinate, donates electrons to a bound FAD and then to the iron-
sulfur clusters. In turn, they transfer the electrons to the Q pool through a bound
intermediate ubisemiquinone (Qs) (Salerno and Ohnishi, 1980). 3-NPA addition blocks
electron entry and electron backflow into complex II (Sun et al., 2005) and ROS are
produced using electrons derived from complex I substrates. ROS levels are augmented by
AA and are inhibited by rotenone (Rot) stigmatellin (Stig) and myxothiazol (Myx, 40 μM).
Stigmetellin inhibits both at the Qo site and at Qn while myxothiazol inhibits at Qo only at
low concentrations (0.6 μM) but inhibits electron flow at both Qo and Qn sites at high
concentrations (e.g., 40 μM). 3-NPA-induced ROS arises between the 3-NPA and the
myxothiazol (0.6 μM) blocks. Ubiquinol itself is not a source of ROS, which suggests that
electron backflow into complex II through Qs or other complex II redox clusters, is the
source of ROS production. Furthermore, in the presence of 3-NPA putative sites for ROS
production (single electron donation sites; blue arrows) are the semiubiquinone species, Qs
and Qn, and the iron–sulfur clusters from both complexes I and II. Qo is also a possible ROS
donation site, but thermodynamics and reaction mechanisms of single electron transfer to
oxygen may suggest otherwise (Tang and Trumpower, 1986). I–IV, respiratory complexes
I–IV. Sites of inhibitor action are depicted in a solid red bar with dotted arrows pointing to
the sites. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this paper.)
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