Oxygen-dependent Lipid Peroxidation during Lung Ischemia
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Abstract

The effect of alveolar oxygen tension on lung lipid peroxidation
during lung ischemia was evaluated by using isolated rat lungs
perfused with synthetic medium. After a 5-min equilibration
period, global ischemia was produced by discontinuing perfu-
sion while ventilation continued with gas mixtures containing
5% CO, and a fixed oxygen concentration between 0 and 95%.
Lipid peroxidation was assessed by measurement of tissue
thiobarbituric acid-reactive products and conjugated dienes.
Control studies (no ischemia) showed no change in parameters
of lipid peroxidation during 1 h of perfusion and ventilation
with 20% or 95% O,. With 60 min of ischemia, there was in-
creased lipid peroxidation which varied with oxygen content of
the ventilating gas and was markedly inhibited by ventilation
with N,. Perfusion with 5-, 8-, 11-, 14-eicosatetraynoic acid
indicated that generation of eicosanoids during ischemia ac-
counted for ~ 40-50% of lung lipid peroxide production.
Changes of CO, content of the ventilating gas (to alter tissue
pH) or of perfusate glucose concentration had no effect on lipid
peroxidation during ischemia, but perfusion at 8% of the nor-
mal flow rate prevented lipid peroxidation. Lung dry/wet
weight measured after 3 min of reperfusion showed good corre-
lation between lung fluid accumulation and lipid peroxidation.
These results indicate that reperfusion is not necessary for lipid
peroxidation with ischemic insult of the lung and provide evi-
dence that elevated Po, during ischemia accelerates the rate of
tissue injury. (J. Clin. Invest. 1991. 88:674-679.) Key words:
conjugated dienes * hyperoxia ¢ ischemia/reperfusion injury ¢
malondialdehyde « perfused lung

Introduction

Recent studies have provided evidence that tissue damage can
occur during the reperfusion period that follows an episode of
ischemia (1-4). The mechanism for injury appears to be oxida-
tive damage, in some cases because of activation of the xan-
thine oxidase enzyme (2) or other reactions for generation of
oxidizing chemical species (3). This phenomenon of ischemia/
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reperfusion injury has been described and studied extensively
in the intestine, kidneys, heart, and brain, among other organs
(4). In these organs, interruption of perfusion results in both
ischemia as well as tissue hypoxia, and it is widely believed that
the reintroduction of oxygen to the tissues plays a major role in
the production of oxidative injury (1).

Ischemia/reperfusion injury has also been described in the
lung, although the metabolic mechanisms have not yet been
elucidated (5-10). It is important to note that unlike other or-
gans, ischemia of the lung does not result necessarily in tissue
hypoxia. In fact, cessation of pulmonary perfusion to a lung
segment, assuming no change in ventilation, might be expected
to increase alveolar Po, and oxygenation of the tissue in that
segment. Therefore, reperfusion is not necessary for the “resto-
ration” of tissue oxygenation with lung ischemia. As a corol-
lary, the lung affords a unique opportunity to separate the ef-
fects of ischemia and anoxia on tissue function.

In this study, we investigated the effect of alveolar O, ten-
sion during the ischemic period on tissue oxidative damage,
i.e., lipid peroxidation assessed by the measurement of thiobar-
bituric acid-reactive substances (TBARS)' and of conjugated
dienes in the lung tissue. The experimental model was the iso-
lated perfused rat lung where the alveolar Po, could be con-
trolled by manipulation of the ventilating gas and lung isch-
emia could be produced by a global cessation of perfusion.

Methods

Sprague-Dawley male rats, CRL:CD (SD) BR (Charles River Breeding
Laboratories, Kingston, NY) weighing 180-200 g, were anesthetized
with pentobarbital, 50 mg/kg, and prepared for isolated lung perfusion
using recirculating perfusate as previously described (11). The trachea
was cannulated and lungs were ventilated at 60 cycles/min, 2 ml tidal
volume, and 2 cm H,O end-expiratory pressure. The thorax was then
opened and a cannula was placed in the main pulmonary artery
through the transected heart. The lungs were initially cleared of blood
by gravity flow of perfusate (25 cm H,O pressure), carefully removed
from the thorax, trimmed of cardiac and other nonpulmonary tissue,
and then transferred to the water-jacketed perfusion chamber main-
tained at 37°C. There was no interruption of ventilation during this
transfer process and interruption of lung perfusion was < 5 s. Perfusion
into the pulmonary artery was maintained by a peristaltic pump at a
constant flow rate of 12 ml/min; the perfusate dripped from the tran-
sected left atrium and was collected and recirculated. The total volume
of recirculating perfusate was 40 ml. Ventilation pressure was continu-
ously monitored with a pressure transducer (PM 131TC, Statham In-
struments, Oxnard, CA) and a direct writing oscillograph (Gould, Inc.,
Cleveland, OH).

The control gas for lung ventilation was 5% CO, in air; all ventila-
tion gases contained 5% CO, unless otherwise stated. Perfusate was
Krebs-Ringer bicarbonate buffer (pH 7.4) containing 10 mM glucose,
5% (wt/vol) fatty acid—free bovine serum albumin (Boehringer-Mann-
heim Biochemicals, Indianapolis, IN) and pre-equilibrated with the
same gas mixture subsequently used for lung ventilation.

1. Abbreviations used in this paper: ETYA, 5-,8-,11-,14-eicosatetray-
noic acid; TBARS, thiobarbituric acid-reactive substance.



Lungs were perfused for an initial 5-min equilibration period. Per-
fusion was then discontinued by turning off the pump motor while
ventilation continued. Each experiment used one of the following for
the ventilating gas during ischemia: 0, 5%, 20%, 50%, or 95% O, plus
5% CO,, balance N,. Premixed gases were obtained from Airco Inc.,
Philadelphia, PA. After an ischemic period of 15, 30, or 60 min, perfu-
sion was restarted at the same flow rate and continued for 3 min while
ventilating with 95% O,. The brief reperfusion period was utilized to
permit evaluation of lung damage by measurement of fluid accumula-
tion.

At the end of 3-min reperfusion, the lungs were rapidly frozen by
clamping with aluminum tongs precooled in liquid N,. A portion of
the frozen lung was weighed (wet weight) and then dried in an oven at
60° to constant weight (dry weight). The remainder of lung tissue was
immediately homogenized under N, in ice-cold saline (1:10, tissue/me-
dium) containing 0.2% butylated hydroxytoluene using a stainless steel
micro jar attached to a Waring Blendor (Thomas Scientific, Philadel-
phia, PA) at maximum speed for 2 min. The homogenate was frozen at
—80° under N, and was assayed within 3 d. TBARS were assayed in the
homogenate after extraction with boiling trichloroacetic acid by the
method of Buege and Aust (12) and expressed as picomoles per milli-
gram protein (12). A portion of the lung homogenate was extracted by
the method of Bligh and Dyer (13) and used to assay for conjugated
dienes as described by Thom (14). Briefly, the organic fraction was
removed by evaporation under N, and the lipid residue was dissolved
in chloroform/methanol (1:6, vol/vol) for measurement of absorbance
at 233 nm using a spectrophotometer (model U-3210, Hitachi Instru-
ments Inc., Danbury, CT). Units for conjugated dienes are expressed as
millioptical density units per milligram of protein. To measure lung
ATP content, a portion of the lung homogenate was extracted with cold
ethanolic perchloric acid and assayed enzymatically using hexokinase
and glucose-6-phosphate dehydrogenase (15). Protein content of the
lung homogenate and extracts was measured using the Coomassie Blue
reaction (16).

Results are generally expressed as mean+SE. Data were analyzed
statistically by factorial analysis of variance (ANOVA) for the effect of
increasing O, or by ANOVA followed by Dunnett’s test for other com-
parisons (17). The level of statistical significance was taken as P < 0.05.

Resuits

Lungs evaluated immediately after the equilibration period be-
fore production of ischemia showed values for tissue TBARS,
ATP, and dry/wet weight (Table I) similar to previously pub-
lished values for perfused lungs (15, 18). Control lungs which
were perfused for an additional 60 min (no ischemia) and ven-
tilated with either 20% or 95% O, showed no significant change
in tissue TBARS, conjugated dienes, ATP, or dry/wet weight
(Table I).

TBARS in lung homogenate increased significantly with
ischemia and showed a dependence on time of ischemia and
alveolar O, concentration (Fig. 1). With ischemia for 60 min,

Table I. Control Studies for Isolated Perfused Rat Lungs
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Figure 1. The effect of oxygen content of the ventilating gas on lung
TBARS. Isolated rat lungs were ischemic for 15, 30, or 60 min during
ventilation with gas of varying oxygen concentrations as indicated.
All gas mixtures for ventilation contained in addition 5% CO,, bal-
ance N,. The zero ischemia time is the same value as in Table I for
0-min perfusion. Results are mean+SE for n = 4-8. The increase in
TBARS as a function of O, was statistically significant (P < 0.05) (see
text) for 60-min ischemia.

TBARS increased by 162% above the control (no ischemia)
lungs during ventilation with 20% oxygen. Ventilation with N,
during ischemia effectively abolished the increase of lung
TBARS, whereas ventilation with 5% O, resulted in a tissue
TBARS content between the N, and 20% O, values. There was
essentially no change in tissue TBARS between 50% and 95%
alveolar O,, suggesting a plateau of the O, effect. The increase
of lung TBARS as a function of O, concentration was statisti-
cally significant (F = 43.08; df = 4; P < 0.05) by ANOVA using
unweighted means analysis for unequal » (17). With 30 min of
ischemia, TBARS showed a similar pattern as with 60 min
although a lesser change was observed at each O, concentration
and the O, effect was not statistically significant (Fig. 1). A
small elevation of TBARS with 15 min of ischemia (studied
with N, and 95% O, only) was also not significantly different
than control values (Fig. 1).

We determined whether the 3-min reperfusion period fol-
lowing ischemia was necessary for the generation of lipid per-
oxidation products. Lungs were ventilated with 20% O, during
60-min ischemia and assayed for TBARS without reperfusion.
Lung TBARS were 84.0+6.6 pmol/mg protein (n = 4), not
significantly different from lungs that had been ventilated with
20% O, for 60 min and reperfused for 3 min (Fig. 1 and Table
II). Therefore, the increase in tissue TBARS occurred during
the ischemic period and not during the brief reperfusion.

Conjugated dienes were evaluated as a separate index of
tissue lipid peroxidation and gave results essentially parallel to

Duration of 0, in Tissue Conjugated Dry/wet
perfusion ventilating gas TBARS dienes ATP wt
min %* pmol/mg protein mOD/mg protein umol/g dry wt
o* 20 38.4+1.8 4.9+0.3 9.3+0.6 0.180+0.001
60 20 33.6+1.8 4.6+0.07 9.0+£0.2 0.181+0.002
60 95 36.0+1.8 5.0+0.48 ND 0.180+0.002

Results are mean+SE for n = 4-7. ND, not determined. * Ventilation gas contained in addition 5% CO,, balance N,. * Cleared of blood only.
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that observed for TBARS (Fig. 2), although no plateau value
was observed. For all data, there was a statistically significant
correlation between conjugated dienes and TBARS (r = 0.78; n
= 58; P <0.001). With ischemia for 60 min and 20% O, venti-
lation, the tissue conjugated dienes increased 65%. The tissue
content of conjugated dienes increased further when lungs
were ventilated with 50% or 95% O, during ischemia and was
significantly less with 5% or 0% O, ventilation. The effect of O,
on conjugated dienes was statistically significant (F = 16.25; df
= 4; P < 0.05) by ANOVA as described above. There was a
similar O, dependence during 30-min ischemia but the eleva-
tions were relatively small and were not statistically significant
(Fig. 2). With 15-min ischemia, the increase in tissue conju-
gated dienes was also not statistically significant (Fig. 2).

In order to determine the role of eicosanoid metabolism in
the generation of lung lipid peroxidation products, we evalu-
ated the effect of indomethacin on production of TBARS and
conjugated dienes. Anesthetized rats were given 20 mg of indo-
methacin into the dorsal vein of the penis 10 min before re-
moval of lungs which were then perfused at 12 ml/min with
medium containing 30 mM indomethacin for 63 min (per-
fused), or for a 5-min equilibration period before cessation of
perfusion (ischemic). Ischemia was continued for 60 min, dur-
ing which lungs were ventilated with 5% CO, in air, followed by
reperfusion at 12 ml/min for 3 min. This regimen for indo-
methacin treatment essentially abolished production of throm-
boxane B, assayed in the lung homogenate and perfusion me-
dium with a radioimmunoassay kit (Amersham Corp., Arling-
ton Heights, IL) (data not shown) consistent with previous
results of others with perfused rabbit lungs (19). Ischemia pro-
duced a significant increase in TBARS in ischemic lungs even
in the presence of indomethacin. Although TBARS after isch-
emia were 15% less in indomethacin treated lungs compared
with control ischemic lungs (no indomethacin) this effect was
not statistically significant (Table II). Values for conjugated
dienes in the ischemic lung treated with indomethacin
(6.8+0.7 mOD/mg protein) indicated a similar effect. Addi-
tional experiments (n = 4) utilized 100 uM 5-, 8-, 11-, 14-eico-
satetraynoic acid (ETYA, BIOMOL Research Laboratories,
Inc., Plymouth Meeting, PA), an inhibitor of both lipoxygen-
ase and cyclooxygenase pathways (20), added to the perfusate
during the equilibration period. Lungs were ventilated with 5%
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Figure 2. Effect of oxygen content of the ventilating gas on tissue
conjugated dienes during lung ischemia for 15, 30, or 60 min. Exper-
imental conditions and presentation of data are indicated in the leg-
end to Fig. 1. The increase in conjugated dienes as a function of O,
was statistically significant (P < 0.05) (see text) for 60-min ischemia.
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Table II. Effect of Eicosanoid Metabolism Inhibitors
on Generation of TBARS by the Isolated Rat Lung

TBARS
Control* Indomethacin ETYA
pmol/mg protein
Perfused 33.6+1.8 29.1+1.7 35.7+2.2
Ischemic 87.9+5.7% 75.0+4.8% 64.8+6.0%
Mean change 54.3 459 29.1

All lungs were ventilated with 20% O,/5% CO,/balance N,. Control
lungs were perfused at 12 ml/min for 63 min. Experimental lungs
were ischemic for 60 min followed by reperfusion for 3 min.

Results are mean+SE for n = 4. See text for concentrations of inhibi-
tors.

* Results for perfused from Table I and for ischemic from Fig. 1.

# P < 0.05 vs. perfused.

§ P < 0.05 vs. control.

CO, in air during 60 min of ischemia. TBARS were signifi-
cantly increased by ischemia comparing perfused and ischemic
ETYA-treated lungs (Table IT). However, lung TBARS after 60
min of ischemia in the presence of ETYA was significantly
decreased by 46% compared with control (minus ETYA) (Ta-
ble II). There was no significant effect of either eicosanoid inhib-
itor on TBARS in normally perfused lungs (Table II). There-
fore, total eicosanoid metabolism apparently accounted for
nearly half of lung lipid peroxidation products due to ischemia.
The greater effect of ETYA compared with indomethacin sug-
gests that the major component of eicosanoid-related lipid per-
oxidation was due to lipoxygenase activity.

The normal lung has a very large blood flow in relation to
tissue mass, far in excess of that required for its metabolic
needs. In order to assess the role of perfusion flow rate for
oxidative injury, lungs were perfused at 1 ml/min (vs. the stan-
dard 12 ml/min) for 60 min and ventilated with 20% O,. Lung
TBARS were 42.3+1.8 pmol/mg protein (n = 4) and conju-
gated dienes were 5.1+0.6 mOD/mg protein, results not signifi-
cantly different from control values. This indicates that a rela-
tively low level of lung perfusion was sufficient to prevent lipid
peroxidation.

In order to evaluate the role of possible pH change during
the ischemic period, the ischemic lungs were ventilated with
gas containing no CO, (alkalosis) or 80% CO, (acidosis) in 20%
O,. Equilibrium values for perfusate pH under these condi-
tions were 7.8 and 6.6, respectively, compared with the control
value of 7.4. Although TBARS were increased under both aci-
dotic and alkalotic conditions (Table III), the difference from
usual pH was not statistically significant. Ventilation with 80%
CO, during normal perfusion (15 ml/min) also did not affect
lung TBARS (Table III compared with Table I).

Lung ATP content was significantly decreased during ven-
tilation with N, but was maintained (no significant change
from the control value of 9.0+0.2) during ischemia when lungs
were ventilated with 5% or 20% O, (Table IV). This suggests
that availability of metabolizable substrate was not limiting for
ATP synthesis during the ischemic period. In order to test fur-
ther the possibility that lipid peroxidation resulted from sub-
strate depletion in the absence of perfusion flow, lungs were



Table III. Effect of CO, in Ventilating Gas on Lung TBARS
during Ischemia

CO,* Condition TBARS
% pmol/mg protein
5 Normal pH 84.0+6.6
0 Alkalosis 94.5+3.3
80 Acidosis 99.3+3.0
80 No ischemia, acidosis 37.2+0.3*

TBARS were measured after 60 min of ischemia, without reperfusion.

Values are mean+SE for n = 4.
* CO, in the ventilating gas plus 20% O, with the balance N,.
#P < 0.05 vs. all other conditions.

perfused with medium containing 20 mM glucose (twice the
usual concentration) during the equilibration period and then
subjected to 60 min ischemia with 20% O, ventilation. In addi-
tional experiments, lungs were perfused at 1 ml/min with me-
dium containing zero glucose and ventilated with 20% O,.
Lung TBARS under these two conditions (n = 4) were
92.4+8.1 and 38.7+3.6 pmol/mg protein, respectively, which
is not significantly different from values with the correspond-
ing standard (10 mM) glucose concentration. Therefore, glu-
cose depletion during ischemia did not appear to play a role in
promoting lung lipid peroxidation.

There was no evidence of alveolar edema in any of these
experiments by gross inspection of lungs. Ventilation pressure
for the lungs at constant tidal volume remained constant under
all experimental conditions of variable ischemia duration and
oxygenation and did not change significantly during the 3-min
reperfusion period (data not shown). Tissue dry/wet weight
measured at the end of the reperfusion period was unchanged
during 60 min of ischemia when lungs were ventilated with N,
(Table V). However, lungs ventilated with increased concentra-
tions of O, showed an oxygen- and time-dependent decrease in
dry/wet weight indicating an accumulation of fluid (Table V),
presumably occurring during the 3-min reperfusion period.
The effect of O, was statistically significant (F = 8.93; df = 4; P
< 0.05) for the 60-min ischemia values. There was a statisti-
cally significant correlation of lung dry/wet weight with

Table 1V. Effect of O, during Ischemia on Lung ATP Content

ATP
0o,* 30-min ischemia 60-min ischemia
% umol/g dry wt
0 5.2+0.1% 4.1+0.06%
5 8.2+0.2 8.1+0.5
20 8.4+0.1 8.2+0.1

Values are mean+SE for n = 4 for each condition.

ATP was measured after 3 min of reperfusion.

* O, content of the ventilating gas plus 5% CO,, balance N,.
¥ P < 0.05 vs. other % O, values at the same time point.

§ P < 0.05 vs. corresponding 30-min value.

Table V. Effect of O, during Ischemia on Lung Dry/Wet Weight

Dry weight X 100/wet weight

Ischemia time min

o* 15 30 60*
% &% 100/g
0 18.5+0.6 18.0+0.4 18.2+0.3
5 ND 17.8+0.4 17.2+0.4
20 ND 17.6+0.7 15.4+0.1
50 ND 17.4+0.2 15.2+0.1
95 19.0+0.5 17.2+0.4 14.8+0.2

Values are mean=SE for n = 4-8 for each condition.
Values were obtained at the end of 3 min of reperfusion.

ND, not determined.
* O, content of the ventilating gas plus 5% CO,, balance N,.
# P < 0.05 for the effect of O,.

TBARS (r = —0.76; n = 58; P < 0.001) and with conjugated
dienes (r = —0.62; n = 58; P < 0.001).

Discussion

These studies used the isolated rat lung model to investigate
oxidative injury during lung ischemia. Ischemia was produced
by discontinuing perfusion to the lungs while ventilation con-
tinued in order to maintain and vary tissue oxygenation. Con-
sequently, we were able to evaluate the role of O, tension dur-
ing lung ischemia in the production of lung injury, without
invoking potential systemic influences as might occur if the
experiment were performed in situ. These isolated lungs were
perfused with artificial media so that blood components and
cellular elements did not contribute to the tissue changes seen
with ischemia.

Lipid peroxidation was evaluated by the measurement of
lung tissue TBARS and conjugated dienes, components that
are generated at opposite ends of the lipid peroxidation cas-
cade. Thus, conjugated dienes represent the initial phase of
oxidative attack on a complex lipid whereas TBARS represent
in large part the final stage related to the decomposition of
peroxidized lipids (12). The close correspondence of two differ-
ent parameters in response to experimental manipulation in-
creases the level of confidence in their use as indices of tissue
lipid peroxidation (20). The increase in lipid peroxidation prod-
ucts could represent either the generation of eicosanoids from
arachidonic acid or the less specific peroxidation of membrane
or other tissue lipids. Based on studies with inhibitors of the
cyclooxygenase and lipoxygenase pathways, ~ 40-50% of the
increase in lipid peroxidation products in this study was related
to activation of eicosanoid metabolism by ischemia, compati-
ble with previous reports of increased eicosanoid production
during oxidative injury (19). Conversely, more than half of the
lipid peroxidation products presumably arose from attack on
tissue lipids.

The results of the present study indicate that peroxidation
of lung lipid occurs during a period of lung ischemia and that a
reperfusion phase is not necessary for oxidative lung injury.
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This result is compatible with a recent study of rat intestine
using salicylate as a radical trap which indicated increased pro-
duction of hydroxyl radicals during ischemia (21). The source
of O, for radical production in the latter study was not deter-
mined but presumably represents residual tissue O, and diffu-
sion from the environment. In the present study, peroxidation
increased with increasing O, in the ventilating gas during isch-
emia and was significantly inhibited when lungs were venti-
lated with N,. Although there was a slight increase in peroxida-
tion products at 15 min of ischemia and a further increase at 30
min, the change from control was not statistically significant
until 60 min of ischemia. We interpret these results to indicate
that lipid peroxidation is initiated during lung ischemia and
that the presence of O, is required for the propagation of the
chain reaction resulting in the generation of peroxidized lipid
products. These results are compatible with the hypothesis put
forth for other organs that reperfusion provides O, for the lipid
peroxidation that had been initiated during tissue ischemia (1).
Elevated O, during reperfusion has been shown to result in
increased brain injury (22) and increased generation of TBARS
in tissue slices of rat liver and kidney (23).

Although this study has not specifically identified the ini-
tiating events during lung ischemia that result in lipid peroxi-
dation, we have obtained evidence related to several possibili-
ties. First, perfusate neutrophils were not present and therefore
were not required for the ischemic injury, compatible with
previous studies of ischemia-reperfusion lung injury (10). Al-
though these experiments could not exclude an effect of mar-
ginated neutrophils in lungs, PMN were not observed in elec-
tron micrographs from ischemic lungs (results not shown). Fur-
ther, evaluation of similar perfused lungs for isolation of cells
by enzymatic digestion indicates a minimal polymorphonu-
clear leukocyte population (24), suggesting that marginated
neutrophils are probably not involved. The prevention of lipid
peroxidation when lungs were perfused at 1 ml/min, or ~ 8%
of the control rate of lung perfusion, suggests that a pulmonary
perfusate factor inhibited the initiation stage. Possibilities for
the perfusate factor include the provision of substrate or the
removal of metabolites, such as H*. We were not able to pre-
vent lipid peroxidation by alkalosis, reproduce it through aci-
dosis produced by ventilation with high CO, or to alter the
effect by manipulation of perfusate glucose. Thus, the precise
initiating factors for lipid peroxidation during total lung isch-
emia remain to be determined.

The rat lung model in the present studies relied on cessation
of perfusion to produce global ischemia while ventilation con-
tinued. This model may have relevance for the in situ lung in
which there is acute obstruction of blood flow (e.g., pulmonary
embolism). As with the present rat model, ventilation should
be initially preserved to a lung segment with acutely obstructed
perfusion. In the rat model, ventilation with N, protected the
lungs against lipid peroxidation during lung ischemia and pre-
vented the accumulation of fluid during a brief (3 min) reperfu-
sion period. These results are consistent with our previous phys-
iologic and morphologic observations in intact dogs that isch-
emic lungs ventilated with N, (plus 5% CO,) did not show
alterations of lung function following reperfusion (25). Fur-
ther, Koyama et al. (8) showed with isolated canine lung lobes
that N, ventilation during ischemia prevented lobar edema
during reperfusion. The results suggest that the absence of O,
protects lung tissue from ischemic damage and, conversely,
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ventilation of lungs with enriched O, mixtures during a period
of total vascular occlusion may promote tissue oxidative dam-
age. The implications for therapy of pulmonary embolism or
other lung vascular insult is to maintain the lowest possible
inspired O, compatible with oxygenation of the arterial blood.

The present results also have relevance for our understand-
ing of pulmonary oxygen toxicity. The rat, which has been
studied extensively for hyperoxic injury, demonstrates changes
in lung metabolic function after ~ 24 h of breathing 1 atmo-
spheres absolute O, (26, 27) with progressive pulmonary
changes culminating in death at about 72 h (28). The present
results provide evidence for oxidative injury by O, within a
relatively short time frame (30-60 min) in the abnormal lung.
These data indicate that even normal levels of alveolar oxygen
may result in tissue oxidative damage under circumstances of
tissue ischemia and raise the possibility that alterations of per-
fusion during O, exposure may increase susceptibility to lipid
peroxidation.
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