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ABSTRACT

Isolated diaphragm releases low levels of superoxide (O, -) at rest and much higher levels during heat stress.
The molecular source is unknown. The hypothesis was tested that heat stress stimulates mitochondrial com-
plex activity or NADPH oxidases, resulting in increased O, - release. The mitochondria within intact rat
diaphragm were inhibited at complex I (amobarbital or rotenone) or complex I and II (rotenone plus thenoyl-
trifluoroacetone). NADPH oxidases were blocked by diphenyliodonium. None of these treatments inhibited O, -
release. Conversely, most blockers stimulated O, - release. As intracellular O, - generators require a mecha-
nism for O, - transport across the membrane, anion channel blockers, probenecid and 4,4'-diisothiocyanato-
stilbene-2,2'-disulfonic acid, were also tested. Neither blocker had any inhibitory effect on O, - release. These
results suggest that O, - released from diaphragm is not directly dependent on mitochondrial complex activ-
ity and that it is not a reflection of passive diffusion of O, - through anion channels. Although the molecular
source for extracellular O, - remains elusive, it is clearly sensitive to temperature and conditions of “chemical

hypoxia” induced by partial or complete mitochondrial inhibition. Antioxid. Redox Signal. 5, 667-675.

INTRODUCTION

PREVIOUS RESEARCH FROM OUR LABORATORY has shown
that significant reactive oxygen species (ROS), especially
superoxide (O, ), are released from rat diaphragm in heat
stress, which follows a pattern very similar to intracellular
O, - production (42). The molecular source, or organelle, re-
sponsible for O, release in heat stress, or even at normal
temperatures, is unknown. Mitochondria are believed to be
one of the possible generators of ROS under many pathophys-
iological conditions (7). In normal mitochondria, the charge
on O, - presumably precludes diffusion through mitochon-
drial membranes, and it is believed to be largely dismutated by
mitochondrial superoxide dismutase (SOD) to hydrogen per-
oxide (H,0,), which can pass through membranes. However,
it is not known whether mitochondria can significantly con-

tribute to extracellular O, - release from intact cells in nor-
mal or stressed conditions such as heat exposure. To do so
would not only require a mechanism to move O, ~ across mi-
tochondrial membranes, but also a mechanism for exiting the
cell through the cell membrane. Anion channels have been
shown to play a role in O, - release from intracellular sources
in isolated red blood cells (22) and are believed to be impor-
tant for mitochondrial O, - transport (16, 38). Thus, it is pos-
sible that O, ~ may exit the mitochondrion or cytosol via
membrane anion channels.

Another potential source of O, - release could be mem-
brane-associated oxidoreductases, e.g., NADPH oxidases (10,
11, 20, 40). NADPH oxidases may not require anion channels
for O, ~ release, because it is possible that they transportelec-
trons and reduce O, directly on the outside of the membrane
(31). NADPH oxidases are normally known to be present in
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endothelial cells (9, 26); however, a recent study has shown
their presence in skeletal muscles, acting as intracellular ROS
generators (17).

In this study, the following hypotheses were tested: (a) Leak-
age of electrons from the mitochondrial electron transport
chain is a primary source of O, ~ release at rest and increased
O, - release in heat stress. This source can be inhibited by
blockers of electron transport. (b) Activation of membrane-
associated NADPH oxidases is responsible for increased O, -
release in heat stress. (¢) The release of O, into the extracel-
lular environment from any intracellular source requires open
anion channels at the cell and/or mitochondrial membrane.

MATERIALS AND METHODS

Animals

Male Sprague-Dawley rats (350450 g) were housed and
treated according to approved protocols of The Ohio State
University Institutional Laboratory Animal Care and Use
Committee.

Diaphragm strip preparation

Animals were anesthetized with sodium pentobarbital (~40
mg/kg) or the combination of ketamine (~76 mg/kg) with xy-
lazine (~15 mg/kg), tracheotomized, and ventilated with
room air. The blood was heparinized (~500 U/kg) by injection
through the jugular vein. The diaphragm was cleared of blood
by retrograde perfusion, through the inferior vena cava with
oxygenated Ringer’s solution, to lower the blood contamination
that may affect the cytochrome ¢ (cyt c¢) assay. The diaphragm
was then surgically removed and dissected in oxygenated
Ringer’s solution into several muscle strips, each with its cor-
responding central tendon and rib. These strips were kept in
Ringer’s solution (in mEg/L: 21 NaHCO,, 1.0 MgCl,, 1.2
Na,HPO,, 0.9 Na,SO,, 2.0 CaCl,, 5.9 KCl, 121 NaCl; 2.07
g/L glucose, and 10 uM D-tubocurarine) on ice, and bubbled
with 95% 0,/5% CO, prior to the data collection period (42).

Cyt ¢ assay

O, - release from rat diaphragm strips was measured with
a cyt ¢ assay as described previously (42). In brief, cyt ¢ (oxi-
dized) can be easily reduced through one-electron donation
from O, -, and we previously demonstrated that the primary
source of reduction during heat stress is via O, ~, because the
signal is essentially completely inhibited by extracellular SOD
(42). To minimize possible non-cyt c-specific absorbance in-
terference, measurement of cyt ¢ reduction was calculated by
taking the difference between the peak absorbance at 550 nm
and the average of the values at 540 nm and 560 nm (18). The
extinction coefficient of cyt ¢ used was 18.5 X 103 M-Ilcm~!
(18,23,42).

Treatment groups

All diaphragm strips were incubated in oxygenated Ringer’s
solution, with or without blockers, for 30 min on ice. In this
way, we expected to keep the muscle relatively fresh and sub-
ject to a minimum of nonspecific drug effects. Then each
muscle strip was loaded with ~2 g of tension, to approximate
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optimum length. Prior to any readings, tissues were equili-
brated for 10 min at 37°C in a 3.0-ml water-jacketed tissue
bath (Radnoti, Monrovia, CA, U.S.A.) filled with Ringer’s so-
lution. Control strips were exposed to 5 uM cyt ¢ solution at
37°C for 45 min, with or without corresponding blockers;
heated strips from the same animal were exposed to 5 uM cyt
¢ solution for 45 min at 42°C, with or without corresponding
blockers. The reduction of cyt ¢ in the bath was monitored by
transferring 1 ml of bath solution to a cuvette in a diode-array
ultraviolet-visible spectrophotometer (HP 8452A, Hewlett-
Packard) for an absorbance measurement every 15 min. After
each measurement, the solution was immediately transferred
back to the tissue bath.

The concentration used for each blocking agent was com-
parable to values reported in the literature for whole-tissue
experiments. However, this was often limited by the solubility
of the agent and the maximum solvent concentrationthat could
be used without causing significant adverse effects. Blockers
used included amobarbital (5 mM, Eli Lilly & Co., Indianapolis,
IN, U.S.A.), rotenone (50 uM), antimycin A (50 uM), thenoyl-
trifluoroacetone (TTFA; 1 mM), 4,4>-diisothiocyanatostilbene-
2,2’-disulfonic acid (DIDS; 0.5 mM), probenecid (1 mM) (all
from Sigma) and diphenyliodonium (DPI; 1 mM; Acros Or-
ganics). Stock solutions of most chemicals were made in di-
methyl sulfoxide (DMSO; Sigma). Amobarbital and DIDS
stocks were made in water, and probenecid stock was prepared
in a 1 M NaOH solution. In all experiments, DMSO concen-
trations in tissue baths were kept below the level (<0.8%, vol/
vol) that would significantly affect muscle contractility (28).
Upon the addition of blockers, the pH of the Ringer’s solution
was readjusted to 7.4-7.6 in all experiments. Corresponding
solvent concentrations were used in all matched control ex-
periments.

Each blocker was pretested with the cyt ¢ solution in the
absence of tissues to check for independent chemical reactiv-
ity with cyt c over time. In most cases, the effects of blocking
agents were not obvious (<10% of the fully reduced cyt c).
However, we found that DIDS caused a significant reduction
of cyt ¢ (~18-38% of the fully reduced cyt ¢, depending on
DIDS and cyt ¢ concentrations), and thus corresponding ad-
justments in cyt ¢ concentration were made in DIDS experi-
ments. Nevertheless, all data were corrected based on the
measured in vitro chemical reduction of cyt ¢ by respective
solvents and blockers.

For SOD (Sigma) experiments, muscle strips were first in-
cubated in oxygenated buffer with SOD (5,000 U/ml) for 30
min on ice. Then blockers (rotenone plus TTFA, or DPI) were
added to the incubation solution for another 30 min. After
this, tissues were washed and equilibrated at 37°C for 10 min
before the first measurement. SOD concentrations in the baths
were continuously kept at 5,000 U/ml throughout the whole
experiment. Controls were done in a similar way, but in the
absence of SOD.

Measurements of oxygen consumption

As will be shown in Results, most mitochondrial blockers
stimulated O, - release, when detected by cyt ¢ reduction.
The conditions of two critical blocker experiments in the cyt ¢
assay, including the rotenone series and rotenone plus TTFA
series, were repeated to test their effectiveness on the inhibi-
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tion of mitochondrial electron transport in the intact tissue, as
monitored by oxygen consumption. Specifically, each muscle
strip was suspended in a 3-ml reaction chamber with an inte-
grated oxygen electrode unit (Oxygraph System, Hansatech
Instruments, U.K.). The strip was mounted on a plastic frame
and loaded with 2 g of tension, to approximate optimum length.
To reduce sensitivity so that O, consumption could be mea-
sured in the 95% O, range, specially designed electrodes were
utilized. The baths were calibrated and equilibrated to near
95% O,, and closed. Magnetic stirrers were used to avoid dif-
fusion gradients within the baths. Protocols of muscle treat-
ment were identical to those used for the cyt ¢ assay at 37°C.
To avoid hypoxia, when bath O, concentrations dropped below
75-80% O,, the bath chamber was opened, reequilibrated
with 95% O,, and closed before continuing the measurement.
In all cases, one control tissue was run in parallel with a treated
tissue (both from the same animal), and was used to calculate
percentage inhibition by the drug. The data were analyzed
using the Oxygraph software. The oxygen consumption rate
(nanomoles per minute per gram wet weight) was calculated
by averaging the slope of the decrease in oxygen concentra-
tion during 2-min periods, every 15 min.

Statistical and graphical analysis

In most cases, data were analyzed with multiway ANOVA
using SAS JMP (SAS Institute, Cary, NC, U.S.A.) and ex-
pressed graphically as means + SE. The individual “rat” was
treated as a random variable with drug treatment and time
being the primary factors of interest. The p values listed in
Results represent the overall treatment effect of the chemicals
used. The statistical differences in mean values at specific
time points between treatment and nontreatment groups were
determined by contrast procedures as illustrated in the associ-
ated figures (JMP software). Where appropriate, corrections
were made for repeated measures done on separate strips from
the same animal. p < 0.05 was considered to be statistically
significant.

Considerable between-group and between-animal differences
in responses, independent of drug treatment, were observed.
These may have reflected different basal levels of ROS pro-
duction in each animal, varied responses of animal groups to
concentrations of the solvents used in each series [e.g., DMSO
ranged from 0 to 0.77% (vol/vol)], or other nonspecific dif-
ferences in the groups, such as their age or length of stay in
the vivarium. Such differences were controlled in the analysis
by randomization, by matching solvents in control strips, and
by matching controls and experimental treatments from the
same animal. In addition, to simplify the data, results were
summarized in a graphical form as differences from sham con-
trols in the same animal with corrections for in vitro chemical
reactions.

RESULTS

Complex 11l inhibition with antimycin A (50 uM)

In all experiments, heat treatment significantly increased
cyt ¢ reduction, as previously reported (42). As a typical ex-
ample, changesin the absolute cyt ¢ reduction, with and with-
out antimycin A treatment at the given temperature, are shown
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in Fig. 1. Antimycin A-treated tissues caused more cyt ¢
reduction than non-drug-treated tissues at both 37°C (n = 6, p
< 0.001) and 42°C (n = 6, p < 0.001). Furthermore, this pat-
tern, i.e., the absolute changes of cyt ¢ reduction over time, is
typical of most responses to the blockage of mitochondria
and NADPH oxidases, which are summarized in Fig. 2. Re-
sults from all treatments expressed in Fig. 2 reflect the change
from matched control at the same temperature. For example,
the zero delta line (x axis) is equivalent to a zero difference
between drug treatment and non-drug treatment at that tem-
perature.

Complex I inhibition with amobarbital (5 mM) or
rotenone (50 uM)

As shown in Fig. 2, amobarbital significantly increased
cyt ¢ reduction at 37°C (n = 10 from seven rats, p < 0.01),
similar to preceding experiments with complex III inhibition.
However, at 42°C, amobarbital had no statistically significant
effect on cyt ¢ reduction in tissue experiments (n = 10 from
seven rats). Rotenone treatment resulted in no significant stim-
ulation of cyt ¢ reduction at either 37°C or 42°C over the time
course of the tissue experiment (n = 8). This raised the ques-
tion: did the inhibitors used, such as rotenone, get to the mito-
chondria in sufficient concentrations to block electron trans-
port in our experimental conditions? Figure 3 shows that under
similar tissue conditions, rotenone significantly reduced the
measured O, consumption at each time point at normal tem-
perature (n = 6 from five rats, p < 0.05). This working model
was tested to be valid by additional experiments showing that
the cyanide-inhibited rate of respiration in this preparation
was <10% of the oxygen consumption in controls (data not
shown).

Combined complex I and complex Il inhibition
with rotenone (50 uM) plus TTFA (1 mM)
As mitochondria, in their intact state within the cell, can

provide a variety of substrates for electron transport through
complex I and/or II, it is necessary to block simultaneously
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FIG. 1. Complex III inhibition with antimycin A. Results

are expressed as absolute cyt ¢ reduction. Antimycin A sig-
nificantly increased cyt ¢ reduction at 37°C and 42°C (n = 6).
*p < 0.05 (ANOVA contrasts), between drug treatments and
controls at 42°C; *p < 0.05 (ANOVA contrasts), between drug
treatments and controls at 37°C.
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FIG. 2. Summarized data showing net differences from
matched controls in response to blockers of mitochondria
and NADPH oxidases at 37°C and 42°C. *p < 0.05 (ANOVA

contrasts), between drug treatment and corresponding non-
drug treatment at the given temperature.
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both complex I and II to test the role of mitochondria in O, -
release. Tissues treated with rotenone plus TTFA caused more
cyt ¢ reduction compared with nontreated tissues at both
37°C (n=6,p <0.01)and 42°C (Fig.2; n=6,p <0.01), thus
exhibiting results similar to those of antimycin A. To test the
effectiveness of complex I and II blockade in tissue experi-
ments, changes in O, consumption induced by these treatments
were measured. Figure 3 shows that rotenone plus TTFA caused
a greater inhibition of O, consumption than rotenone alone at
both 30 min and 45 min at normal temperature (n = 6 from
five rats, p < 0.05).

Membrane-associated NADPH oxidases:
inhibition with DPI (1 mM)
Similar to preceding experiments, DPI did not block cyt ¢

reduction (Fig. 2) and, in fact, promoted its reduction at both
37°C and 42°C (n=9,p <0.001).
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FIG. 3. Inhibition of oxygen consumption with rotenone
alone and rotenone plus TTFA in intact tissues. *p < 0.05,
between drug-treated tissues and non-drug-treated tissues (n =
6 from five rats); p < 0.05, between rotenone alone and
rotenone plus TTFA (n = 6 from five rats); n = 5 for this group
due to the removal of one data point determined by an outlier
test. Inhibition was calculated from measures of oxygen con-
sumption per gram wet weight.

SOD control experiments (5,000 U/ml)

As shown in Fig. 4, SOD significantly inhibited the cyt ¢
reduction induced by rotenone (50 pM) plus TTFA (1 mM)
treatment (n = 3, p < 0.01). Similar results were obtained in
tissues treated with DPI (1 mM) (n = 3, p <0.05).

Determination of critical concentrations of cyt ¢

For the majority of this study, cyt ¢ was used at a level of 5
UM (42). Other researchers have used 10 uM cyt ¢ (22, 24).
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FIG. 4. Summarized data showing net differences from
matched control regarding inhibition of cyt ¢ reduction by
SOD in either mitochondrial blockage (rotenone plus TTFA)
or NADPH oxidase blockage (DPI). *p < 0.01, p < 0.05
(ANOVA contrasts), between SOD treatment and corresponding
non-SOD treatment at the given temperature.
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We found that there was no significant difference between 5
and 10 pM cyt ¢ assay in our system with the exception that
the application of a lower concentration of cyt ¢ helps to de-
crease the absorbance background, increases the sensitivity of
the assay, and lowers the foaming during oxygen bubbling
(data not shown). However, the drugs added to the cyt ¢ solu-
tion may have more or less effect on cyt ¢ reduction, even in
the absence of tissues. Therefore, the concern was raised
whether such a low concentration of cyt ¢ after the drug addi-
tion would be enough to adequately assay O, ~ molecules re-
leased by the tissue. Thus, a series of control experiments was
performed to test whether the collision probability between
cyt ¢ (oxidized) and O, ~ is dependenton the concentration of
cyt ¢ in the bath. This was done by evaluating the difference
between reduction measurements at cyt ¢ concentrations of 4
(simulating 80% of 5 uM cyt c after drug addition) versus 5
uM, and 3 (simulating 60% of 5 uM cyt c after drug addition)
versus 5 uM, in paired heat-stressed tissues. At each time point,
3 and 4 uM cyt ¢ data were expressed as percentage of 5 uM
cyt ¢ = SE (Table 1). No significant difference was observed
between 4 and 5 uM cyt ¢ in heat stress experiments (n = 6
from three rats), but significant differences were observed
between 3 and 5 uM cyt ¢ (p < 0.05 at 30 and 45 min, n = 6
from three rats). Therefore, the 4-5 uM level of cyt ¢ left in
the bath after drug addition in most experiments appeared
sufficient to ensure that the cyt ¢ was not saturated in the re-
duced form. These experiments were critical controls, because
>20% cyt ¢ reduction was observed by pure chemical interac-
tions alone with 0.5 mM DIDS in subsequent experiments.
Thus, the cyt ¢ concentration was raised to 10 uM in these ex-
periments to ensure a sufficient level of oxidized cyt ¢ to
react with O, ~.

Inhibition of anion channels with probenecid
(1 mM) and DIDS (0.5 mM)

In Fig. 5, probenecid had no significant effect on cyt c¢ re-
duction at 37°C and 42°C (n = 6). For DIDS experiments, as
mentioned above, 10 pM cyt ¢ was used for ROS detection.
Similar to probenecid, DIDS had no significant effect on cyt ¢
reduction at 37°C (n = 6). However, at 42°C, a trend of in-
creased inhibition was observed. This may be related to fac-
tors such as animal variation. In half of the rats, DIDS caused
a small increase of cyt ¢ reduction, whereas in the other half,
DIDS had an inhibitory effect on cyt ¢ reduction. As a whole,
the DIDS-treated tissues did not show any significant inhibi-
tion of O, -~ release from the tissue (n = 6, p = 0.36 at 30 min
and p = 0.19 at 45 min). Therefore, O, - release did not ap-

TABLE 1. TEST OF COLLISION PROBABILITY BETWEEN
CYT ¢ AND ROS
Min 90 (4to5 uM cytc) 0 (3 to5 uM cytc)
15 93+9 (NS) 74 + 14
30 92+ 8 (NS) 69 £ 10*
45 92 + 10 (NS) 75 £ 10*

n = 6 in each group from three rats. NS, not significant.
*p < 0.05, significantly different from controls (5 uM).
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FIG. 5. Summarized data showing net differences from
matched controls in response to anion channel blockers at
37°C and 42°C. Neither probenecid nor DIDS had any signifi-
cant effect on cyt ¢ reduction at both 37°C and 42°C (n = 6).
p=0.36;%p =0.19, between drug treatment and corresponding
non-drug treatment at the given temperature.

pear to be dependenton the integrity of anion channels across
the cellular or mitochondrial membranes when blocked by
these agents.

DISCUSSION

These results are consistent with the hypothesis that O, -,
released from the diaphragm, both at rest and in heat stress,
does not seem to originate directly from an intracellular, cy-
tosolic compartment because blockage of membrane anion
channels, the only well known pathway for the passive diffu-
sion of O, ~ across the membranes, has no influence on extra-
cellular measurement. Furthermore, the absence of an in-
hibitory effect of the NADPH oxidase inhibitor, DPI, suggests
that extracellular O,~ does not arise primarily from mem-
brane-associated oxidoreductases that have been identified in
endothelial and muscle cells (17, 26, 40). Finally, inhibition
of electron transport, both before and after the Q cycle, re-
sults in paradoxical elevations in extracellular O, - release.
This observation suggests that the yet unidentified source of
extracellular O, ~ might be sensitive to conditions of disor-
dered metabolism or “chemical hypoxia,” and that simply at-
tempting to block mitochondrial electron transport in whole
tissues or cells in order to determine the potential role of mi-
tochondria as a source of ROS can lead to complex problems
in data interpretation.

Influences of electron transport on extracellular
O, formation
Our previous studies have demonstrated that increased cyt

c reductions measured in heat-stressed skeletal muscle can be
almost entirely blocked by SOD (42), suggesting that the sig-
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nal is indicative of O, ~ release and that other reducing equiv-
alents such as nitric oxide (NO) (3) or oxidizing agents such
as H,0, (39) are not important components of the signal mea-
sured by cyt c. This is also consistent with the present study
(Fig. 4), showing that SOD can significantly inhibit cyt ¢ re-
duction during either mitochondrial blockage or NADPH oxi-
dase blockage, although only partial inhibition by SOD was
observed at some time points and conditions in mitochondrial
blockage or DPI treatment. The latter suggests thatin such con-
ditions other extracellularreducing agents may also contribute
to cyt ¢ reduction. Of the known intracellular sources of ROS,
mitochondria are well recognized and seemed to be the most
likely candidates because mitochondrial oxygen consumption
and ATPase activity are increased in skeletal muscle during
heat exposure (5). Furthermore, increases in temperature can
markedly influence membrane fluidity, which is known to be
of critical importance for mitochondrial formation of O, - by
ubisemiquinone at the inner mitochondrial membrane (12).
Assuming mitochondrial O, could exit the mitochondria in
the intact cell (16, 38), these conditions would improve the
probability of electron leakage, promoting reduction of O, to
0,~ (39).

Effective blockade of NADH as a substrate through com-
plex I can potentially be overcome in intact tissues by their
ability to provide reducing equivalents to complex II through
succinate or by the oxidation of fatty acyl coenzyme A through
the flavin-linked electron transferring flavoprotein at the level
of ubiquinone. The measured metabolic rate, used to calcu-
late the data in Fig. 3, may be variable and is a reflection of
resting ATPase activity rather than actual mitochondrial func-
tion. Metabolic demand can vary depending on the state of the
cell (i.e., membrane potential, Ca?* leakage, myofibrillar tone,
etc.) and is no doubt altered to some extent by the stress of
mitochondrial poisons. At any given time, resting O, consump-
tion may comprise a small proportion of the tissue’s total po-
tential to consume O, (i.e., far away from V___ for cyt ¢ oxi-
dase) as skeletal muscle can increase its metabolic rate by well
over an order of magnitude as ADP and other regulators in-
crease. This means that if a given inhibitor has blocked 90%
of all potential mitochondrial electron transport, sufficient
pathways of electron transport may still be available to sus-
tain overall ATP and creatine phosphate concentrations at
near normal levels. This is a major difference between studies
of intact tissues and isolated mitochondria, where in the latter
case substrates and [ADP] are controlled and where usage
of electron transport blockers become most effective tools.
Rotenone blocked only 25% of resting O, consumption and
rotenone plus TTFA blocked only 55% (Fig. 3). We can con-
clude that in intact tissues, it is extremely difficult to load
sufficient concentrations of rotenone to block mitochondrial
electron transport without inducing nonspecific effects of sol-
vents or that the mitochondria of skeletal muscle are extremely
flexible in their ability to effectively shuttle alternate sources
of electrons, thus bypassing our specific manipulations of
electron transport. As very few articles have addressed oxy-
gen measurements with intact skeletal muscle, this provides
valuable lessons for future studies regarding application of
inhibitors to tissues.

Nevertheless, the data are insightful and seem to point to a
more general conclusion. In virtually every attempt to block
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mitochondrial electron transport (with the exception of com-
plex I inhibition by rotenone alone, which only inhibited res-
piration by 25% in our system), there was a paradoxical and
marked stimulation of extracellular 02'* formation, both at rest
and during heat stress. Although blocking complex I alone by
rotenone (29, 33) or amobarbital (1) has usually been shown
to decrease ROS formation, on occasion complex I inhibition
with rotenone has been shown to increase ROS, during cer-
tain experimental conditions (37). Therefore, at this point we
are not sure whether it is possible that these two opposite ef-
fects on ROS formation by rotenone blockage may counteract
each other in our system (Fig. 2). Thus, it was necessary to
perform experiments with blockade of complex I and II to-
gether (rotenone plus TTFA), which showed an almost identi-
cal effect on O, - formation when compared with blocking
complex III. Thus, it seems that by poisoning electron trans-
port through multiple pathways we have either unveiled a new
extracellular O, ~ generator that is sensitive to the metabolic
state of the cell, or somehow stimulated the existing extracel-
lular generators that are active in the tissue at rest or in heat
stress. Furthermore, based on the early work of Boveris et al.
(4), complex III inhibition (antimycin A) would increase O, -
formation because of its effect on increasing the electrical po-
tential at the Q site. However, in our system, increased cyt ¢
reduction by complex III blockage may not necessarily arise
from ROS formation in mitochondria because anion chan-
nels, the only well known O, - exit pathways, were not shown
to play a role in our model (Fig. 5). In summary, coupled with
the results for anion channel blockade, we see no clear evi-
dence that the extracellular O, ~ generator at rest or during
heat stress could arise directly from the mitochondria.

What could be responsible for the influence of metabolic
blockade on extracellular ROS formation? One potential source
in the intact cell could be the xanthine oxidase system. A
buildup of purine nucleotide catabolic products such as hy-
poxanthine can provide substrate for xanthine oxidase, produc-
ing O, ~ and H,0, (13). Other sources could involve release
or relocalization of Ca?* from mitochondria or other organ-
elle stores in response to metabolic blockade, possibly acti-
vating Ca2*-dependent ROS-generating systems such as the
phospholipase A, pathway (27). An increase in free Ca?* could
also stimulate proteolytic conversion of xanthine oxidase from
xanthine dehydrogenase to produce O, ~ (14). Thus, further
studies on these complex mechanisms are necessary.

Blockage of membrane-associated
NADPH oxidases

Membrane-associated NADPH oxidases provide important
sources of ROS during a variety of normal and abnormal con-
ditions (10, 20, 40). DPI and its analogues are most commonly
used as potent inhibitors of these oxidases (11) via the iodo-
nium modification of heme b at the flavocytochrome b (10).
As extracellular O, ~ did not appear to diffuse across mem-
brane anion channels, a reasonable alternative hypothesis was
that a membrane NADPH oxidase might be responsible. Such
oxidases do not require channels for O, - release and are ca-
pable of moving an electron directly across the cell membrane
to reduce extracellular O, in the study of inflammatory cells
(31). Of particular importance for this study is the potential
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existence of NADPH oxidases in endothelial cells (36) be-
cause the diaphragm contains a large capillary endothelium.
Furthermore, a recent study has shown that NADPH oxidase
can also function as an intracellular ROS generator in skeletal
muscle (17). However, our results show that similar to mito-
chondrial blockade, general inhibition of NADPH oxidases
with DPI did not inhibit, but rather stimulated O, ~ release,
and can be inhibited by SOD (Fig. 4). Therefore, these results
show that membrane-bound NADPH oxidases are not the pri-
mary source of extracellular O, ~ release in a resting control
state or in heat stress. This study of extracellular source of
ROS is not inherently contradictory to studies of the intra-
cellular sources of ROS in skeletal muscle, which have shown
a dependence of NADPH oxidase (17). As DPI analogues in
sufficient concentrations can also block complex I of the mi-
tochondria (20), we speculate that the same phenomenon ob-
served for mitochondrial blockade could have occurred with
our studies of DPI administration. It is still possible that an
underlying NADPH oxidase mechanismis acting during some
conditions with this preparation, but it is unlikely to be the
only or even the primary source in this model. The results em-
phasize the complexity of attempting to block specific path-
ways of ROS formation in the intact tissue, as there could be
secondary influences on ROS formation by alternative path-
ways. This point is largely overlooked in studies of this nature.

Another important NADPH-dependent enzyme is nitric oxide
synthase (NOS), which could have many contrasting influences
on the measurements. First, NOS can be a O, generator
under some conditions of substrate limitation (41). Second,
‘NO can directly react with O, —, making it less available for
cytc reduction (2). Third, peroxynitrite (formed from O, ~ and
‘NO), a strong oxidant, is likely to directly oxidize cyt ¢ (2).
Experiments with DPI may address these complexities be-
cause a sufficient concentration (1 mM) can also inhibit NOS
activity (25). As the influence of DPI in cyt ¢ reduction was
modest (Fig. 2), it is not apparent that NOS played a biologi-
cally significant role in these measurements.

Membrane anion channel blockage

Both probenecid (6) and DIDS (34) have been used exten-
sively as anion channel blockers. The most conclusive results
are the lack of effects on the measured variables using high
concentrations of these agents. This makes mechanisms of
passive diffusion for extracellular O, - release from intracel-
lular sources unlikely in this model. The role of anion chan-
nels in O, - release has been studied extensively in isolated
red blood cells (22) and are also believed to provide a path-
way for O, ~ release from mitochondria in cardiomyocytes
(38). However, our data suggest that there must be an alterna-
tive electron flux system, which works either by a yet uniden-
tified anion channel or by directly conducting electrons
across cell membranes (31). Furthermore, we also speculate
the possibility of more complex mechanisms for O, -~ trans-
port. One potential mechanism requires the protonation of
O, to form the perhydroxyl radical (HO,) at the Gouy-
Chapman-Stern boundary layer on membrane polyanionic
surfaces (15). HO, is a neutralized molecule that is more cell-
permeable (8, 21). Thus, it is possible for HO, to diffuse across
the membrane and resynthesize O, ~ extracellularly. Another
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mechanism would involve redox-active molecules such as
ubisemiquinones, which have also been shown to be possible
“0O, - carriers” across the membrane through a series of chain
reactions (32). However, issues regarding how these mecha-
nisms are working in our system are currently poorly under-
stood in the field.

Conclusions and speculations

The results suggest that extracellular O, - release may not
simply reflect a spillover of reduced oxygen from intracellu-
lar sources such as mitochondria, because the only well known
mechanisms for O, ~ transport across either cell or mitochon-
drial membranes (i.e., anion channels) do not appear to be in-
volved in this preparation. The stimulation effects on O, - re-
lease by the variety of blockers used in this study (usually
used to demonstrate the inhibition of ROS formation) appear
puzzling, but reveal that the mechanisms for ROS production
in the intact cell or tissue are very complex and are probably
much more interactive than is often appreciated. In a general
way, mitochondrial blockage or possibly DPI administration
can increase the reducing potential of the cell, thus increasing
the probability for intracellular reduction of O, to O, ~. How
this occurs, we can only speculate. Some O, ~ generating sys-
tems, such as xanthine oxidases, lipoxygenases, or cyclooxy-
genases, require NAD(P)H. As the level of NADH is elevated
in chemical hypoxia, they could influence the rate of a variety
of redox reactions (19). Alternatively, other transition metals
in the cell could be made more susceptible to participating in
single electron transfer reactions to O, in a highly reducing
environment.

It is also possible in the intact living cell that regulation of
redox tone is an ongoing process with alternative back-up
mechanisms. Thus, when one generator responsible for push-
ing forward the intracellular or extracellular oxidizing envi-
ronment is inhibited, another may become up-regulated to
maintain local O, ~, peroxide, or thiol “tone.” This intriguing
idea, which has been the subject of a recent review (30),
would suggest that intracellular redox sensors are actively en-
gaged in a normal regulatory pathway through the possible
orchestration of multiple ROS-generating sites. Such a possi-
bility makes finding unique sources of ROS formation in a
specific biological condition, such as heat stress, extremely
challenging in intact tissues.
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