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Metabolic Inhibition Potentiates Oxidant Injury
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Toxic oxygen species have been implicated as impor-
tant mediators of injury after reperfusion of an isch-
emic organ. The aim of this study was to determine if
prior metabolic inhibition, such as that which occurs
during ischemia, potentiates oxidant injury in vitro.
Bovine pulmonary artery endothelial cells were meta-
bolically inhibited for various periods of time with or
without the mitochondrial inhibitor oligomycin (650
nM). The cells were rescued from metabolic inhibition
by a wash step and subsequent addition of 5.5 mM glu-
cose. At the same time that metabolic inhibition was
relieved the cells were subjected to doses of H,O, rang-
ing from 0 to 100 uM. ATP levels were monitored over
a 2-hr time course after rescue from metabolic inhibi-
tion by the luciferin—luciferase assay. Cell viability at
2 hr after relief of metabolic inhibition was assessed by
trypan blue exclusion. Intracellular pH during meta-
bolic inhibition was determined with the fluorescent
dye 2',7-bis-(2-carboxyethyl)-5(and-6) carboxyfluo-
rescein tetraacetomethoxymethyl ester. H,0, con-
sumption, a measure of H,0, scavenging capability,
was determined by a fluorescent assay. The viability
and ATP levels of cells not subjected to metabolic inhibi-
tion were unaffected by these low concentrations of
H,O0,. Cells metabolically inhibited with glucose deple-
tion and oligomycin were exquisitely sensitive to H,O,.
Cells that were only deprived of glucose demonstrated
no potentiation of injury, while cells subjected to mito-
chondrial inhibition with oligomycin alone also showed
significant potentiation of oxidant injury. H,0, con-
sumption was not affected by metabolic inhibition.
Conditions associated with mitochondrial inhibition
consistently resulted in a decrease in intracellular pH.
These experiments suggest that a synergism exists be-
tween metabolic inhibition and subsequent oxidant ex-
posure. This synergism is dependent on inhibition of
mitochondrial function but is independent of ATP lev-
els. Intracellular acidosis correlated well with condi-

! T'o whom reprint requests should be addressed at Surgical Service,
VA Medical Center, 2215 Fuller Rd., Ann Arbor, MI 48105.

0022-4804/91 $1.50
Copyright © 1991 by Academic Press, Inc.
All rights of reproduction in any form reserved.

tions which potentiated oxidant injury.

Press, Inc.

© 1991 Academic

INTRODUCTION

Evidence has accumulated that oxygen free radicals
may be important mediators of injury after reperfusion
of an ischemic organ. A variety of biochemical perturba-
tions have been shown to be induced by oxidant expo-
sure, including inhibition of the glycolytic enzyme glyc-
eraldehyde-3-phosphate dehydrogenase [1}], loss of
adenosine triphosphate (ATP) synthesis [2], DNA in-
jury [3], pyridine nucleotide depletion [4], cytoskeletal
alterations [5], and elevation of intracellular calcium [6].
Commonly implicated sources of toxic oxygen species
during reperfusion include neutrophils [7] and xanthine
oxidase [8]. However, oxidants are ubiquitous and even
normal cellular functions such as mitochondrial respira-
tion can generate small amounts of potentially toxic oxi-
dants. In response to this, virtually all eucaryotic cells
have developed extensive antioxidant defenses as well as
mechanisms to repair oxidant injury once it has oc-
curred. The effectiveness of these antioxidant mecha-
nisms has been demonstrated by several prior studies of
oxidant-mediated endothelial cell injury, in which high
micromolar or even millimolar concentrations of H,0,
were required to generate significant short-term cell in-
jury [5, 9].

Inhibition of cellular ATP synthesis by substrate (i.e.,
glucose) depletion and mitochondrial inhibition due to
oxygen deprivation are major biochemical consequences
of acute ischemia following cessation of blood flow. Isch-
emic conditions also lead to additional changes in the
intracellular milieu, including acidosis [10], microfila-
ment disruption [11], and possibly elevation of intracel-
lular calcium [12]. Some of these changes, such as intra-
cellular acidosis, have been found to be protective
against ischemic injury [10, 13]. However, the possibility
that changes in intracellular homeostasis resulting from
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ischemia may render cells particularly vulnerable to an
oxidant injury has not been extensively studied. In a
study by Ferrari et al. [14], rabbit hearts subjected to
severe ischemia were found to have significantly com-
promised defenses against oxidant injury. The condi-
tions under which cells are exposed to an oxidant chal-
lenge may be relevant to the pathophysiology of oxidant
injury. The aim of this study was to determine if a syner-
gism exists between the metabolic inhibition which oc-
curs under ischemic conditions and subsequent oxidant
exposure. A “chemical ischemia” model was used to rap-
idly and reliably decrease ATP levels in order to mimic
ischemia in vitro. This model, which utilizes glucose de-
privation and a mitochondrial inhibitor, has been
previously described [11, 15] and avoids the elaborate
technical requirements for maintaining strict anaero-
biosis in cell suspensions.

METHODS AND MATERIALS

Cells and Culture

Bovine pulmonary artery endothelial cells (No. AG
2791A) from the National Institute of Aging, Aging Cell
Culture Repository (Camden, NJ) were cultured to con-
fluence in 150-cm? flasks (Corning). They were cultured
in media that consisted of RPMI 1640 supplemented
with 10% fetal bovine serum (Whittaker, M. A. Bioprod-
ucts), 2 mM glutamine (GIBCO), 10 mM Hepes (Whit-
taker, M. A. Bioproducts), 100 u/ml penicillin, and 100
ug/ml streptomycin (GIBCO). Cells were passaged after
a 10- to 15-min exposure to trypsin (0.056%) and ethyl-
enediaminetetracetic acid (0.02%, Sigma, St. Louis,
MO). Cells from passages 2-12 were used for these ex-
periments.

For experiments the cells were suspended at a concen-
tration of 2 X 10° cells/ml in modified Gey’s buffer con-
taining 147 mM NaCl, 5 mM KCl, 1.9 mM KH,PO,, 1.1
mM Na,HPO,, 0.3 mM MgSO,, 1 mM MgCL,, 5.5 mM
glucose, 10 mM 4-(2-hydroxyethyl)-1-piperazineethane-
sulfonic acid (Hepes), and 1.5 mM CaCl,. In selected
experiments glucose was deleted from the buffer.

ATP Measurements [16]

At appropriate time points, 100 ul of cell suspension
was added to 2.0 ml of buffer containing 10 mM
KH,PO,, 4 mM MgSO,, pH 7.4, at 100°C. The samples
were placed in ice after 4 min. To complete the assay,
0.75 ml of sample was added to 1.5 ml of 50 mM NaAsO,,
20 mM MgSO,, pH 7.40. Assays were performed on 1-ml
aliquots. The luciferin-luciferase (Sigma No. L0633)
was reconstituted at 40 mg/ml in sterile water and di-
luted 1:50 in a buffer containing 1% bovine serum albu-
min, 20 mM glycine, and 2 mM ethylenediaminetetrace-
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tic acid, pH 8.0. Sixty microliters of luciferin-luciferase
was added to 1 ml aliquot in an LKB Model 1251 auto-
mated luminometer. A standard curve was prepared
with ATP concentrations ranging from 5 X 107° to 1
X 1078 M.

Trypan Blue Exclusion

Cellular viability was assessed by the ability of the
cells to exclude trypan blue. Fifty microliters of cell sus-
pension was incubated for a brief period of time with 12
ul 0.1% trypan blue in 0.9% NaCl (final concentration
approximately 0.02%). The number of cells excluding
trypan blue out of 100 cells counted on a hemocytometer
was equivalent to the percentage of viable cells.

Intracellular pH Measurements

Endothelial cells were incubated at 1 X 107 cells/ml
with 2',7-bis-(2-carboxyethyl)-5 (and -6) carboxyfluo-
rescein tetraacetoxymethyl ester ( BCECF-AM) at 5 uM
(Molecular Probes, Inc., Junction City, OR) for 30 min
at 37°C. At the end of this period, the cells were pelleted
and resuspended at 2 X 10° cells/ml in modified Gey’s
buffer as described earlier. Measurements were per-
formed in plastic 3-ml cuvettes containing a magnetic
starhead stir bar. Fluorescence intensities were mea-
sured at 37°C in a sample of washed cells in an SLM
8000 spectrophotometer. Excitation and emission inten-
sities were 490 and 520 nm, respectively. Intracellular
pH was estimated by the method of Hyslop et al. [1].
Cells were permeabilized with 0.1% digitonin after ini-
tial fluorescence readings were obtained.

H,0, Consumption

To assess the overall status of cellular antioxidant de-
fenses, the rate of H,0, consumption was determined by
the technique of Hyslop and Sklar [17]. Briefly, the non-
fluorescent substrate p-hydroxyphenylacetate (PHPA,
Sigma Chemical Co., St. Louis, MO) is oxidized to the
stable fluorescent product 2,2'-dihydroxybiphenyl-5,5'-
diacetate (PHPA), by the enzymatic reduction of H,0,
by horseradish peroxidase (Type IV, Sigma). After cells
were exposed to 1 or 5 mM H,0,, 40 ul of cell suspension
was added to 45 ul of PHPA and 20 ul of horseradish
peroxidase in 2 ml of modified Gey’s buffer. Assays were
performed in plastic 3-ml cuvettes containing a mag-
netic starhead stir bar. The samples were placed in a
stirred thermostated sample chamber of an SLM series
8000 spectrophotofluorimeter at 37°C. Excitation and
emission intensities were 323 and 400 nm, respectively.

Statistics

All data represent at least four experiments and are
expressed as means + SD unless otherwise indicated.
Cell viability data and pH measurements were analyzed
by paired ¢t tests. ATP measurements were analyzed by
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repeated measures analysis of variance. A probability of
<0.05 was considered statistically significant.

RESULTS

Description of Model

Acute ischemia following interruption of blood flow
leads to inhibition of ATP synthesis by depletion of gly-
colytic substrate and suppression of mitochondrial respi-
ration due to low oxygen tension within the cell. A
“chemical ischemia” model that has previously been de-
scribed was used to mimic ischemic conditions in vitro
[11]. This model uses glucose-free buffer and a mito-
chondrial inhibitor (650 nM oligomycin or 4 mM KCN)
to simulate ischemia. The dose of oligomycin was de-
rived from previous studies [2]. The KCN dose was de-
termined by a dose-response curve in which ATP syn-
thesis was inhibited to the same extent as in the oligo-
mycin model (data not shown). This chemical ischemia
model has been shown to reproducibly decrease intracel-
lular ATP levels and avoids the technical difficulties of
maintaining strict anaerobic conditions in cell suspen-
sion. To mimic reperfusion, metabolic inhibition was re-
lieved by removing the mitochondrial inhibitor in a
rapid wash step and adding 5.5 mM glucose to the buffer.
Simultaneously, the cells were exposed 0, 25, 50, or 100
gM H,0,. Recovery of ATP levels was followed during a
subsequent 2-hr time course. Cell viability was assessed
by trypan blue exclusion 2 hr after the end of metabolic
inhibition and addition of H,O,.

Effect of Glucose Depletion and Mitochondrial Inhibition

Two hours of chemical ischemia induced by glucose
deprivation and mitochondrial inhibition with oligomy-
cin resulted in an 86.5% decrease in ATP levels (Fig. 1b).
Cell viability was modestly affected during this period of
metabolic inhibition, with 91.3 + 3.1% of the cells viable
prior to metabolic inhibition and 85.5 + 6.0% viable
after 2 hr of metabolic inhibition (P = 0.02). Cells that
were allowed to recover after metabolic inhibition with-
out simultaneous exposure to H,0, restored their ATP
levels to 43% of initial values by 2 hr after recovery was
initiated (Fig. 2). The viability of these cells after this
time period of recovery (86.8 = 3.1%) was similar to the
viability of the cells after the period of metabolic inhibi-
tion (85.5 *+ 6.0%, P > 0.05). Compared to cells which
were not subjected to H,0,, cells injured with 25, 50, or
100 uM H,0, did not significantly recover their ATP
levels (P < 0.05). A significant decrease (P < 0.05) in cell
viability was also noted for each concentration of oxi-
dant (Fig. 2). In control cells that were incubated in
buffer for 2 hr but not subjected to metabolic inhibition,
these same H,0, concentrations did not have any signifi-
cant effect on ATP levels or cell viability (Fig. 3).

Effect of Glucose Depletion Alone

To determine the effect of substrate depletion alone
on the susceptibility of cells to an oxidant challenge,
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cells were incubated in glucose-free buffer for 4 hr, since
this length of time was required before a significant de-
crease in ATP levels was apparent. No mitochondrial
inhibitors were used. Cells were washed with a buffer
containing glucose and simultaneously injured with
H,0, as described above. ATP levels dropped by 68% (P
< 0.05) during the period of substrate depletion (Fig. 1c).
H, O, concentrations of 25, 50, and 100 pM did not signif-
icantly change ATP levels or cell viability compared to
cells allowed to recover without an oxidant challenge
(Fig. 4). This suggested that a period of prior substrate
depletion alone was probably not sufficient to render
cells more vulnerable to an oxidant attack.

Effect of Mitochondrial Inhibition Alone

To assess whether mitochondrial inhibition alone
would produce similar effects, cells were incubated for 2
hr with oligomycin in a buffer containing glucose. Dur-
ing this time period ATP levels dropped by 56% (P
= (,04), which was similar to substrate depletion alone
but not to the same degree as combined substrate deple-
tion and mitochondrial inhibition (Fig. 1d). After 2 hr
the cells were washed with buffer and exposed to the
same concentrations of H,0, mentioned earlier. The
cells injured with 25, 50, or 100 uM H,O, had signifi-
cantly lower levels of ATP and number of viable cells 2
hr after exposure to H,0, compared to similarly inhib-
ited cells which were not injured with H,0, (Fig. 5).
These results suggested that mitochondrial inhibition
could be a key factor in determining the sensitivity of
cells to low concentrations of H,O,.

Effect of ATP Depletion on Cell Susceptibility to Oxidants

To determine if ATP depletion is an important factor
in the synergism between mitochondrial inhibition and
oxidant injury, cells were inhibited for 15 min with oli-
gomycin in buffer containing glucose. ATP levels did not
drop significantly (P > 0.05) during this short incuba-
tion period (Fig. 1le). Subsequent washing and injury
with 25, 50, or 100 uM H,0, revealed that ATP levels
and cell viability were significantly affected (P < 0.05)
compared to those cells not subjected to H,0, (Fig. 6).
These findings underscored the concept that mitochon-
drial inhibition appeared to be an important factor in
determining cell sensitivity to low concentrations of oxi-
dants. Furthermore, this experiment also suggested that
ATP depletion in itself was not a major determinant of
the ability of a cell to withstand an oxidant injury.

Effect of Glucose Depletion and Mitochondrial Inhibition
with KCN

Another mitochondrial inhibitor (4 mM KCN) was
used to determine if mitochondrial inhibition via a dif-
ferent mechanism would produce similar effects. Cells
were incubated in a glucose-free buffer with 4 mM KCN
for 2 hr and were then washed with buffer and simulta-
neously exposed to 0, 25, 50, or 100 uM H,0,. During the
period of metabolic inhibition ATP levels dropped 96%
(Fig. 1f), while cell viability was only modestly affected
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FIG. 1.

ATP levels before and after metabolic inhibition. Conditions during metabolic inhibition are described along the x axis. Conditions

b, ¢, d, and f were significantly different (P < 0.05) from initial values, while a and e were not significantly different. There were no significant

differences between ¢ and d or between b and f.

(89.6% + 2.3 before inhibition, 85.8 + 3.3 after inhibi-
tion, P = 0.03). In contrast to cells incubated for 2 hr
with oligomycin in a glucose-free buffer, the ATP levels
of cells recovering from inhibition with KCN were not
significantly affected by low doses of H,0,. Cells sub-
jected to chemical ischemia with KCN and glucose de-
privation and exposed to 25, 50, or 100 uM H,0, recov-
ered their ATP levels to the same extent as cells not
subjected to H,0, (Fig. 7). Cell viability, however, was
significantly affected (P < 0.05) by the low doses of H,0,
and was similar to cells inhibited with oligomycin and
glucose deprivation. Although KCN-treated cells
showed significantly greater recovery of their ATP lev-

els after rescue from metabolic inhibition, this did not
result in better cell survival.

Correlation of Mitochondrial Inhibition with
Intracellular pH Changes

Inhibition of mitochondrial function appeared to be
an important determinant of increased cellular vulnera-
bility to low concentrations of H,0,. Furthermore, the
susceptibility to oxidant injury mediated by mitochon-
drial inhibition did not seem to be dependent on intra-
cellular ATP levels and was also apparent within 15 min
of inhibition. Since chemical ischemia with mitochon-
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FIG. 2. ATP and cell viability data during 2 hr after rescue from metabolic inhibition. Glucose deprivation and 650 nM oligomycin were the
conditions of metabolic inhibition. Significant differences (P < 0.05) are seen for ATP levels and cell viability between cells not exposed to

oxidants and cells that were subjected to 25, 50, and 100 uM H,0,.
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FIG. 3. ATP and cell viability data for cells that were exposed to H,O, but were not metabolically inhibited. No significant differences in
ATP levels or cell viability are apparent between cells that were exposed to oxidants and those that were not.

drial inhibition has been shown to cause intracellular
acidosis [11], we examined changes in intracellular pH
that were associated with the conditions in these experi-
ments in which cells were exquisitely sensitive to oxi-
dant injury. Metabolic inhibition with glucose depletion
and oligomycin produced a rapid and significant (P
< 0.001) drop in intracellular pH (Fig. 8). Mitochondrial
inhibition with oligomycin alone also produced signifi-
cant (P < 0.02) decreases in intracellular pH even as
early as 15 min, although not as marked as the cells also
deprived of glucose. Substrate depletion and exposure to
KCN similarly produced a rapid and significant drop (P
< 0.01) in intracellular pH. In contrast, glucose deple-
tion alone did not change intracellular pH over a 4-hr
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time course. Intracellular acidosis correlated well with
conditions associated with enhanced sensitivity to oxi-
dants.

Effect of Metabolic Inhibition on H,0, Consumption

The kinetics of H,O, consumption, which is a reflec-
tion of the H,0, scavenging capability of the cell, was
examined to determine if H,0, scavenging was affected
by metabolic inhibition. There were no differences in the
rate of H,0O, consumption between control cells and cells
metabolically inhibited for 2 hr with glucose depletion
and 650 nM oligomycin (Fig. 9). Inhibition of catalase
activity by incubating control cells for 1 hr with 12 mM
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FIG. 4. ATP and cell viability data for cells that were deprived of glucose for 4 hr before rescue and exposure to H,0,. No significant
differences in ATP levels or cell viability are apparent between cells that were exposed to oxidants and those that were not.
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FIG. 5. ATP and cell viability data for cells that were subjected to 2 hr of mitochondrial inhibition alone with 650 nM oligomycin before
rescue and exposure to H,0,. Significant differences (P < 0.05) in ATP levels and cell viability were noted between cells exposed to H,0, and

those that were not.

aminotriazole [18] decreased the rate of H,0, consump-
tion by approximately 75%, confirming the importance
of this enzyme in metabolizing H,0,. These data suggest
that metabolic inhibition does not affect catalase or
other intracellular enzymes responsible for H,O, catabo-
lism.

DISCUSSION
The traditional hypothesis that ischemic injury can be

reversed by restoration of blood flow has been chal-
lenged during the past decade by numerous studies
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which have shown that reperfusion of an ischemic organ
is in itself damaging {8, 19]. While some studies have
suggested that normalization of pH in an ischemic cell
may be damaging [13, 15], most research has concen-
trated on the role of oxidants in reperfusion injury [8,
20-22]. Current concepts of reperfusion injury actually
invoke the interaction of two mechanisms of injury,
namely, ischemia followed by oxidant attack. A wide
range of cellular functions have been shown to be ad-
versely affected by oxidants [1-6]. Ischemic conditions
alone also have their own impact on cell function, in-
cluding ATP depletion and intracellular acidosis [10]. It
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FIG.6. ATP and cell viability data for cells that were subjected to 15 min of mitochondrial inhibition with 650 nM oligomycin before rescue
and exposure to H,0,. Significant differences (P < 0.05) in ATP levels and cell viability were noted between cells that were subjected to H,0, at
the time of rescue and those that were not.



320

=% 0uM
- A—a 25uM
2 3q e 50uM
3 o—o 100uM
© —go
e
x 2 —
~ -+
S~
% 4 4
@
2 -
£ 1 —
[- % T 4
o e
E T
0 T T T T
15 30 60 120

L

nd of metabolic Inhibition/addition of H,0,
Time (minutes)

JOURNAL OF SURGICAL RESEARCH: VOL.

50, NO. 4, APRIL 1991

FIG.7. ATP and cell viability data for cells that were metabolically inhibited for 2 hr with glucose deprivation and 4 mM KCN. ATP levels
after injury with 25, 50, or 100 uM H,0, are not statistically different from those cells that were not exposed to H,0,. Cell viability was

significantly different (P < 0.05) between the cells exposed to H,0, an

seems feasible that ischemia may compromise the ability
of a cell or organ to weather an oxidant attack. It may
also be possible that ischemia and oxidants synergisti-
cally injure cells because some manifestations of isch-
emic injury, such as ATP depletion, are also seen in oxi-
dant injury. The purpose of this study, then, was to ex-
amine if a synergism exists between ischemia and
oxidant injury and to possibly gain some insight into the
mechanism of this potentiation.

The data in Fig. 1 show the consequences of metabolic
inhibition on ATP levels. The chemical ischemia model

d those that were not.

using glucose deprivation and a mitochondrial inhibitor
reliably produced significant drops in ATP levels by 2
hr. Cell viability was only marginally affected by this
period of metabolic inhibition. In this study, rescue from
metabolic inhibition was attempted by a wash step and
subsequent addition of glucose. Although ATP levels
usually improved after rescue from metabolic inhibition,
they did not return to initial levels within the time frame
of this experiment, regardless of the mitochondrial inhib-
itor used. The impaired ability of cells to replenish intra-
cellular ATP levels may have been due to incomplete
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FIG. 8. Intracellular pH during different conditions of metabolic inhibition. Statistically significant differences (P < 0.05) were seen
between initial pH values and those measured during subsequent metabolic inhibition except for cells that were subjected to glucose deprivation

alone.
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FIG. 9. Rate of H,0, consumption over 15 min for cells exposed to 1 or 5 mM H,0,. The rate of Hy,O, consumption by metabolically
inhibited cells was not different from control cells. Pretreatment of control cells with 12 mM aminotriazole (an inhibitor of catalase activity) for
1 hr prior to exposure to H,0, reduced the rate of H,0, consumption by approximately 75%. H,0, added to buffer without cells did not
demonstrate any deterioration of fluorescence during a 15-min time period (data not shown).

relief of mitochondrial inhibition after the wash step.
However, cells subjected to simple glucose depletion did
not fully recover their ATP levels after rescue from glu-
cose deprivation, suggesting that substrate depletion in
itself prevented subsequent restoration of ATP levels.
Despite the observations that ATP levels were not fully
restored after relief of metabolic inhibition, cell viability
was not affected during the time course of rescue from
metabolic inhibition, suggesting that the ATP levels
present, while lower than initial values, were sufficient
to maintain vital cell functions.

Cells subjected to 2 hr of glucose deprivation and mi-
tochondrial inhibition with oligomycin were exquisitely
sensitive to oxidants introduced at the time of rescue
from metabolic inhibition. Both ATP regeneration and
cell viability were adversely affected. The consequences
of exposure to the same concentrations of H,O, in cells
not subjected to metabolic inhibition were minimal, with
no significant changes in ATP levels or cell viability.
These observations suggested that a synergism existed
between injury from metabolic inhibition and oxidant
injury.

To determine whether substrate depletion or mito-
chondrial inhibition was more critical to this synergism,
a series of experiments were performed with one or the
other condition. Cells subjected to substrate depletion
alone prior to oxidant injury at the time of rescue from
glucose depletion did not demonstrate any effect on
ATP synthesis or cell viability beyond that seen with
substrate depletion without oxidant exposure. In con-
trast, cells subjected to 2 hr of mitochondrial inhibition
alone did show a synergistic effect between oxidant ex-
posure and mitochondrial inhibition. Either condition
alone (2 hr of mitochondrial inhibition or 4 hr of glucose

depletion) produced comparable reductions in ATP lev-
els, but only the mitochondrial inhibition was associated
with synergism. The contrasting outcomes in response
to oxidant exposure suggested that ATP levels at the
time of oxidant challenge were probably not a determi-
nant of sensitivity to oxidant injury. In further experi-
ments, brief periods of mitochondrial inhibition alone
produced no significant changes in intracellular ATP
during metabolic inhibition. Significant changes in cell
viability in response to low concentrations of oxidants
following the brief exposure to oligomycin lend further
support to the hypothesis that mitochondrial inhibition
renders cells vulnerable to an oxidant attack and the
effect is independent of the level of ATP within the cells
at the time of oxidant injury.

To ensure that these findings were not specific to oli-
gomycin, another mitochondrial inhibitor, KCN, was
used. KCN, which inhibits electron transport by binding
to cytochrome oxidase [23], inhibits mitochondrial
function at a different site than oligomycin, which in-
hibits the Fo ATPase-synthase complex on the inner
mitochondrial membrane [1]. The finding that restora-
tion of ATP levels after rescue from mitochondrial inhi-
bition with KCN was unaffected by the addition of oxi-
dants at the time of rescue was in contrast to that seen
with oligomycin. However, cell viability was adversely
affected by either inhibitor when followed by oxidant
exposure. These results imply that the lethal injury
which is potentiated under these conditions is not de-
pendent on altered levels of intracellular ATP.

The observation that intracellular acidosis coincides
with conditions in which cells are vulnerable to oxidants
suggests that intracellular acidosis may sensitize cells to
oxidant attack. It is unclear at this time whether the
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intracellular acidosis is simply a herald of mitochondrial
inhibition or whether the acidosis itself is what poten-
tiates oxidant injury. Ischemia probably leads to intra-
cellular acidosis by several pathways, including accumu-
lation of lactic acid and hydrolysis of nucleoside phos-
phates (ATP + H,O = H* + P, + ADP) [10]. Acid loads
which exceed intracellular buffering capacity can have
several effects on cellular function, including ion shifts
and changes in enzyme activity [24].

Metabolic inhibition with glucose deprivation and oli-
gomycin did not change the rate of H,O, consumption.
Since glucose depletion and oligomycin have been shown
to cause intracellular acidosis, it can be inferred that the
activity of these H,0, scavengers is not affected by the
changes in pH which are seen during metabolic inhibi-
tion. Thus, the potentiation of H,QO, injury by prior meta-
bolic inhibition cannot be accounted for on the basis of
altered H,0, scavenging activity.

In conclusion it appears that metabolic inhibition
leads to increased susceptibility to concentrations of
H,0, which usually do not produce short-term injury in
endothelial cells. The potentiation of oxidant injury is
dependent on inhibition of mitochondrial function and
is independent of ATP levels within the cell. Intracellu-
lar acidosis may be a mechanism by which oxidant injury
is potentiated, but further studies are needed to confirm
this premise.
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