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Oxidant Injury of Lung Parenchymal Cells

WILLIAM J. MARTIN II, JAMES E. GADEK, GARYW. HUNNINGHAKE,and
RONALDG. CRYSTAL, Pulmonary Branch, National Heart, Lung, and Blood
Institute, National Institutes of Health, Bethesda, Maryland 20205

A B S T R AC T Hyperoxia and paraquat ingestion are
two clinical examples of lung injury thought to be
mediated by oxidant mechanisms. An in vitro cyto-
toxicity assay using freshly explanted 5'Cr-labeled lung
tissue as the target was used to quantify the ability
of hyperoxia and paraquat to directly injure lung
parenchymal cells in an environment where indirect
mechanisms such as recruitment of inflammatory cells
were not possible. There are clear species differences
in the susceptibility of lung parenchyma to direct
injury by hyperoxia (95% 02) and paraquat (10 AM-
10 mM) for 18 h at 370C, with human and rat lung
being more sensitive than rabbit lung. Oxygen radical
inhibitors, particularly catalase (1,100 U/ml) and a-
tocopherol (10 ,ug/ml), reduced hyperoxia and para-
quat-induced lung injury, although their ability to do
so depended on the oxidant and the species. The
simultaneous use of hyperoxia and paraquat acceler-
ated the in vitro lung parenchymal cell injury in
each species tested. These studies demonstrate that
both oxygen and paraquat can directly injure the cells
of the lower respiratory tract without enlisting the aid
of additional blood-derived inflammatory cells. In addi-
tion, the 5'Cr-labeled lung explant assay used for these
studies allows for the quantitative assessment of direct
lung cell injury and thus may prove useful as an in vitro
model by which to investigate lung injury of other
etiologies.

INTRODUCTION

A mandatory requirement for eukaryotic cells is the
ability to reduce oxygen to H20 and to utilize the
energy released. Unfortunately, this process is not
without risk, as reduction of oxygen by cells is normally
accompanied by a small, but significant, production of
oxygen intermediates (1-3). These intermediates,
including superoxide (O°), hydrogen peroxide (H202),
hydroxyl radical (OH), and singlet oxygen (102), are
highly reactive and can cause cell injury and death by
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disturbing a variety of cell structures and functions.
Usually, these reactive oxygen intermediates cause
little problem, as most cells have mechanisms, such
as the enzyme superoxide dismutase, which scavenges
°2, to protect themselves from so-called "oxidant"
injury (4). There are a variety of situations, however,
in which the burden of oxygen intermediates is ap-
parently too great, and the parenchymal cells of tissues
are injured and eventually destroyed (5-7).

The most common target for oxidant injury is the
lung, as it is the cells of this organ that are exposed
to the highest concentration of oxygen of any cells in
the body. In addition, there are two clinical situations
in which lung cells are particularly vulnerable to
oxidant injury: (a) in hyperoxic conditions, where high
concentrations of oxygen are administered, such as
when patients are placed on assisted ventilation due
to pulmonary insufficiency; and (b) following the
ingestion of paraquat (methyl viologen), a herbicide
that causes rapidly progressive lung injury and failure.

Although it is generally accepted that hyperoxia
and paraquat ingestion likely cause lung injury by
oxidant processes, several aspects of such injury are
not clear. Some unresolved questions include: (a) Do
these oxidants directly injure lung cells or does the
injury require the recruitment of blood-borne inflam-
matory and immune effector cells?; (b) Are the reported
species differences in sensitivity to oxidant injury
reflected in differences at the lung cellular level, or
do they result from extrapulmonary factors operating in
vivo?; (c) Which 02 radical inhibitors offer the best
protection from oxidant injury?; (d) Can various forms
of oxidants act synergistically to injure lung tissue?

To answer these questions, this study was designed
to evaluate the direct effect of oxygen and/or paraquat
on lung cells. To accomplish this, an in vitro assay
was developed that quantifies cytotoxicity to lung
parenchymal cells. By using 5'Cr-labeled lung explants
as the target, this approach permits quantitative assess-
ment of cell injury to lung parenchymal cells in a
controlled local environment, thus permitting evalua-
tion of the direct cytotoxic effect of oxidants on cells
comprising the alveolar structures as well as the ability
of various antioxidants to obviate such injury.
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The results suggest that: (a) 02 and paraquat can
directly injure the lung parenchyma; (b) although a
variety of species are susceptible to direct lung oxidant
injury, there are clear species differences in the sen-
sitivity of lung parenchymal cells to oxidant injury; (c)
oxygen radical inhibitors clearly prevent direct oxidant
injury to lung parenchymal cells, but this protective
effect depends on the oxidant and the species; and (d)
oxidant injury is clearly accelerated in the presence
of both hyperoxia and paraquat.

METHODS

Lung explant cytotoxicity system. New Zealand adult
white rabbits (B and H Rabbitry, Rockville, Md.) were killed
by CO2 inhalation and Sprague-Dawley adult white rats
(National Institutes of Health stock, Bethesda, Md.) were
decapitated. The cytotoxicity results were identical regard-
less of the means of death of the animal. The lungs were
perfused with heparinized saline to remove inflammatory cells
within the vasculature. Using aseptic technique the trachea,
lungs, and heart were dissected en bloc from the test animals.
To obtain thin and reproducibly sized pieces of lung tis-
sue the lungs were prepared for slicing by adapting an
agarose inflation technique used for long-term culture of
lung explants (8). Low-melting point agarose (Bethesda
Research Laboratories, Rockville, Md.) was dissolved at 800C
in RPMI 1640 media (Microbiological Associates, Inc.,
Bethesda, Md.) at 0.6% (wt/vol), cooled to 370C, and instilled
as a liquid in the trachea, inflating the lungs to approximate
total lung capacity. The lungs were then placed in sterile
saline at 4°C for 10 min, solidifying the agarose. The result-
ing agarose-filled lungs could then be easily sliced on a tissue
slicer (Arthur H. Thomas Co., Philadelphia, Pa.) into sheets
of parenchyma 200-400 ,um thick. These sheets were then
individually cut into explants with an average wet wt of 2 mg.

The lung explants were incubated overnight in culture
media [RPMI 1640 with 25 mMHepes buffer, pH 7.4, 1.5%
bovine serum albumin (Gibco, Grand Island Biological
Laboratories, Grand Island, N. Y.), 100 U/ml penicillin,
and 100 ,ug/ml streptomycin] in a volume of one explant
per milliliter at 37°C in a humidified 5% CO2 atmosphere.
51Cr (Amersham Corp., Arlington Heights, Ill.) was added to
the explant culture (25 ,uCi/ml) at the initiation of the incuba-
tion. After 20 h in culture, the explants were washed exten-
sively with fresh, unlabeled media, and maintained in this
media until the wet weight of each explant was determined
just before the cytotoxicity assay. The uniformity of 51Cr
uptake by lung parenchymal cells was assessed by auto-
radiography (9). To assess the "leak" of 51Cr by control
explants, the spontaneous release of 51Cr was quantified at
intervals up to 30 h after labeling.

The cytotoxicity assay was performed using one 5'Cr-
labeled explant per assay. The labeled explant was placed
in the bottom of a 12 x 75-mm tube and 1 ml culture media
(alone or containing various test oxidants and/or antioxidants)
was added. After 18 h of incubation at 370C, the tubes were
centrifuged (800 g, 5 min), and the 51Cr released in the media
was quantitated. From this data, cell injury was defined in
terms of a "cytotoxic index": [(A-B)/(C-B)] x 100, where A
= [dpm released into the media from the test explant]/[total
dpm in the tube (media + explant) containing the test ex-
plant]. B = [dpm spontaneously released into the media from a
control explant]/[total dpm in the tube (media + explant)
containing the control explant]. C = [dpm released from a
control explant treated with 2%triton-X]/[total dpm in the tube

(media + explant) containing the control explant treated with
triton-X].

Using this formula, a cytotoxic index of 100% indicates the
test oxidant caused the release of all 51Cr that was "releasable"
from the explant. In contrast, a cytotoxic index of 0%indicates
that the test oxidant caused no release of 51Cr beyond that
due to spontaneous "leak" during the culture period.

To assess the effect of culture on the parenchymal struc-
tures, control explants were evaluated by light microscopy
at the beginning of the culture period, and after 42 h (i.e.,
20 h labeling time + 4 h incubation time in unlabeled media,
and time for weighing explants + 18 h for cytotoxicity assay).
In addition, the rate of protein synthesis was measured in
control explants to assess the functional stability of the
explanted lung tissue. Control rat lung explants were in-
cubated with L-[3,43H]valine (56.8 Ci/mmol) at 5 ,uCi/ml in
Dulbecco's minimal essential medium (without valine). The
rate of protein synthesis was quantitated at 1, 24, and 48 h
after sacrifice of animal as described (10).

Oxidant-induced injury to lung explants. To demonstrate
that the 5'Cr-labeled lung explant system was sensitive to
known oxidants, rabbit lung explants were incubated with an
02 generating system and with H202 for 18 h at 37°C. 02
was generated by sodium xanthine 80 ,ug/ml (Sigma Chemical
Co., St. Louis, Mo.) and xanthine oxidase 0.001 U/ml-0.01
U/ml (Sigma Chemical Co.) and monitored by the reduction of
ferricytochrome C (11). H202 (Fisher Scientific Co., Pitts-
burgh, Pa.) was added directly to the media (0.1-3.0 mM). The
protective role of specific inhibitors of 02 and H202 was
assessed by the addition of 300 U/ml of canine superoxide
dismutase or 1,100 U/ml of bovine liver catalase (Sigma
Chemical Co.) just prior to the addition of O2 and H202.

Lactate dehydrogenase (LDH),1 a cytoplasmic enzyme, was
assayed to determine if the oxidant-induced 51Cr release from
lung explants was also associated with the loss of this marker
of cellular integrity. Rat lung explants exposed to H202 (10-
300 ,uM) for 18 h at 37°C were assayed in parallel cyto-
toxicity assays using 5lCr as described above and endogenous
LDH as monitors of lung cell injury. LDH was measured
by the spectrophotometric decrease in absorbance of NADH
at 400 nm (12). LDHwas assayed in the lung explant culture
media to determine the release of the enzyme by the lung
explant cells. In addition, to assess the total LDH available
in each explant the lung explants were individually sonicated
(model W185 sonicator with microtip, Heat Systems-Ultra-
sonics, Inc., Plainview, N. Y.) in 1.0 ml cold phosphate
buffer, pH 7.4, and then assayed for LDHactivity as described
above. Thus, because the LDH released from the lung ex-
plants can be expressed as a percentage of the total LDH
available, a cytotoxic index can be calculated identically to
that previously described for 51Cr.

Effect of paraquat on lung explants. To evaluate the cyto-
toxic effect of paraquat on lung parenchymal cells, rat and
rabbit explants were labeled with 51Cr for 20 h as described
above. After the labeled explants were washed and incubated
in unlabeled media (4 h, 37°C), paraquat (1 mM) (Aldrich
Chemical Company, Milwaukee, Wis.) was added and the
explants incubated at 37°C for 18 h. After incubation, the
cytotoxic index was calculated as described above. To confirm
that paraquat-induced lung cell injury was not secondary to
consumption of glucose in the media, the effect of glucose con-
centrations in the media was evaluated by: (a) the direct meas-
urement of glucose in the media before and after the cyto-
toxicity assay, and (b) the paraquat cytotoxicity assay was
repeated in the presence of a marked excess of glucose in

'Abbreviations used in this paper: LDH, lactate dehy-
drogenase; SOD, superoxide dismutase.
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the media (500 mg/dl). To evaluate the influence of "anti-
oxidants" on this system, parallel cultures of 5'Cr-labeled
explants were incubated with paraquat (1 mM) together with
superoxide dismutase (300 U/ml), catalase (1,100 U/ml),
D-a-tocopherol succinate (10 jig/ml) (Sigma Chemical Co.),
or L-ascorbic acid (50 ug/ml) (Sigma Chemical Co.). Each
agent was dissolved in media, sterilized by a 0.45-,um filter
(Swinnex-13, Millipore Corp., Bedford, Mass.), and added
just before the addition of paraquat.

The only exception to this approach was the need to initially
dissolve a-tocopherol in ethanol before diluting in the media.
The final concentration of ethanol was 0.01% (vol/vol), and
ethanol at this concentration was neither injurious as a cyto-
toxic agent nor protective to lung cells as a radical scavenger.

Whenpreliminary studies demonstrated that 18-h exposure
to 1 mMparaquat was toxic to rat explants, but not rabbit
explants, two approaches were used to determine if longer
exposure to paraquat would cause toxicity to the rabbit cells.
Both of these approaches required modification of the cyto-
toxicity assay because the spontaneous "leak" of 5ICr from
control explants was excessive for incubations of >18 h.

First, a cytotoxicity assay was developed in which [3H]-
uridine was substituted for 5ICr as the label of parenchymal
cells. To accomplish this, rabbit explants were incubated with
[5,63H]uridine (45.9 Ci/mmol, 10 ,uCi/ml media; Amersham
Radiochemicals, Arlington Heights, Ill.) for 20 h at 37°C. The
explants were then washed extensively and the explants
incubated with paraquat (1 mM) as described above except
that the exposure to paraquat was carried out for 42 h. After
incubation, the method for determination of the percentage of
[3H]uridine released in the media was identical to the 5ICr
assay except that NCS tissue solubilizer (Amersham Radio-
chemicals) was used to dissolve each explant before the ad-
dition of scintillation fluid to allow for full expression of
counts retained in the explant. The use of Triton-X to induce
maximal killing of cells in the assay and the calculation of
the cytotoxic index was as described for the 5ICr assay.

To assess the percentage of [3H]uridine released and re-
tained in macromolecular form at the end of the cytotoxicity
experiment, media from control and test explants was pre-
cipitated with 10% trichloroacetic acid. Similarly, to assess
the percentage of [3H]uridine incorporated into the control and
text explants, each explant was homogenized in 1.0 ml cold
phosphate buffer, pH 7.4, with a Brinkman polytron (setting
of 10 for 30 s) and the homogenate precipitated with 10%TCA.

Second, the time of exposure to paraquat could be ex-
tended in the 5ICr cytotoxicity assay by exposing the rabbit
explants to paraquat from the beginning of the 5ICr labeling
period. To accomplish this, (1 mM)paraquat was added to the
rabbit explants at the same time 5ICr was added for labeling.
After 20 h, the explants were washed, incubated in unlabeled
media at 37°C, and weighed as described above (total 4 h).
The remainder of the assay was conducted as in the standard
5ICr assay (18 h), thus resulting in the rabbit lung explants
being exposed to paraquat for a total of 42 h. This adaptation
of the 5ICr assay to 42 h was only used for the special cir-
cumstance of incubating rabbit lung explants with 1 mM
paraquat. All other cytotoxicity experiments using rabbit
lung explants were by the standard (18 h) 51Cr technique.

Effect of oxygen and lung explants. To assess the role of
hyperoxia-induced lung injury, rat and rabbit lung explants
were labeled with 5ICr (20 h), washed, incubated in un-
labeled media at 37°C, weighed (total 4 h), and then in-
cubated in a humidified atmosphere of 95% 02-5% CO2
(18 h) (PO2 of media was 590±20). Control explants were
incubated under identical circumstances except in a humidi-
fied air-5% CO2 atmosphere. Parallel cultures were in-
cubated with the oxygen radical inhibitors superoxide dis-

mutase, catalase, a-tocopherol, and ascorbate as described
above. After incubation, the cytotoxic index was then quan-
tified.

Effect of simultaneous paraquat and oxygen on lung
explants. To determine if hyperoxia and paraquat would
accelerate injury to the explants beyond the effect of either
agent alone, rat and rabbit lung explants were labeled with
51Cr (20 h), washed, incubated in unlabeled media at 37°C,
weighed (total 4 h), and then incubated with 10 ,uM- 10 mM
paraquat in an atmosphere of 95% 02-5% CO2 (18 h). For
comparison, paraquat dose-response curves were established
for each species in a normal atmosphere of air-5% CO2. Con-
trols were explants maintained in air-5% CO2 without ex-
posure to paraquat. After incubation, the cytotoxic index was
quantified as described above.

Effect of paraquat and hyperoxia on endogenous anti-
oxidant levels in lung explants. To determine if oxidant
injury to the lung explants was associated with an alteration
in endogenous cellular antioxidant levels, SODand catalase
activities were measured in control and test explants. Rat
lung explants were processed as described earlier except
they were not inflated with agarose-media that interfered
with the absorbance readings in the enzyme assays. Ad-
ditionally, it was necessary to use a pool of explants (30-40
explants per time point) for a total net weight of 60-80 mg
to obtain enzyme activities in a measurable range. Control
explants at incubation times of 0, 24, and 42 h and test ex-
plants exposed to 95% 02 or paraquat (1 mM) for the final
18-h period of the total incubation time (42 h) were each
pooled and homogenized in 1.0 ml cold phosphate buffer (pH
7.4) by a Brinkman polytron at a setting of 10 for 60 s. The
lung homogenates were centrifuged at 16,000 g x 15 min,
and the supernates were assayed immediately for catalase
activity by measuring the decrease in absorbance of H202
at 240 nM (13) and for SODactivity by the ferricytochrome
C assay (11). Standard curves were obtained for each assay
run using defined preparations of catalase and SOD(Sigma
Chemical Company).

Evaluation of oxidant injury to human lung explants.
Human lung was obtained as fresh surgical specimens from
lung resections for isolated nodules from cancers metastatic
to the lung. Subjects had a mean age of 42±6 yr, had no
evidence of underlying lung disease and were all non'smokers.
Histologic sections were independently reviewed and each
consisted of normal appearing lung tissue free of any micro-
scopic evidence of malignant cells or secondary infection.
The agarose-media inflation technique was adapted for the
use of biopsy material to obtain thin, reproducibly sized
explants. To accomplish this, the dissolved agarose was in-
jected into multiple sites of the biopsy by a 25-gauge needle.
The lung tissue was then sliced and processed for the
cytotoxicity assay as described earlier. The human lung
explants were labeled with 5'Cr (20 h), washed, incubated
in unlabeled media at 37°C, weighed (total 4 h), and then
incubated with (1 mM) paraquat, 95% 02, or (1 mM)paraquat
in a 95% 02 atmosphere (18 h) as described for the rat and
rabbit explants. As with the animal explants, various anti-
oxidants were tested for their ability to prevent toxicity.
After incubation, the cytotoxic index was quantified as
described above.

RESULTS

Lung explant system. Several criteria were used to
show that the control explants remained viable over
the study period. First, light microscopy demonstrated
that at the end of the total culture period (42 h), con-
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FIGURE2 Autoradiography of a rabbit lung explant in-
cubated with 51Cr (25 uCi/ml) for 18 h. Lung parenchymal
cells demonstrate uniform uptake of the label.
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spontaneous release of 51Cr over the standard incuba-
tion time (18 h) was consistently <30% of the total
releasable counts; this is consistent with maintenance
of cellular integrity within the control explants (14).
Third, labeling with [3H]uridine confirmed that the

* explants were able to incorporate an RNAprecursor

and maintain this precursor ("leak" <30% total re-

4gF * leasable counts over 42 h) within the cell structures
te*s for at least the 42-h culture period. Fourth, under the

conditions used for these studies, rabbit lung explants

S. are capable of synthesizing protein in a linear fashion
for at least 48 h (15). Rat lung explants similarly in-

t corporated [3H]valine as a marker of protein synthesis
with no significant differences in rate at 1, 24, and 48 h
after sacrifice of the animal (P > 0.20, all comparisons).
Fifth, agarose-inflated lung explants have been suc-

cessfully maintained in culture for as long as 1 mo

tined in RPMI 1640 (8). Thus, lung explants under the conditions used in
imidified air-5% CO2 this study have a normal histologic appearance,
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e-media (x330). (B) 5tCr release), and continue to perform complex bio-
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li (x330). The lung explant system described provides the
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populations of the lung parenchyma. Autoradiography

alveolar structures of lung explants exposed to 51Cr revealed that all the
ithin the alveolar lung cells display uptake of the label (Fig. 2). Thus, the
and a lack of cellu- cytotoxicity assay is based on lung explant cells that are

. 1). Second, the viable under the study conditions and are generally
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FIGURE 3 Cytotoxicity assay using rabbit lung explants
labeled with 51Cr in air-5% CO2 atmosphere for 18 h con-
firming that 5'Cr release was directly proportional to in-
creasing concentrations of known oxidants. Cell injury was
quantified using the cytotoxic index that expresses the per-
centage of 5'Cr released from the test explant on a scale where
0%represents the release of 5'Cr from the control explant and
100% represents the release of 5'Cr from the explant in-
cubated with triton X-100. (A) Explants incubated with
hydrogen peroxide (H202). (B) Explants incubated with
sodium xanthine (80 Ag/ml) and xanthine-oxidase (0.001 U/ml
to 0.01 U/ml) which yields superoxide (O°2) at an approximate
initial reaction velocity of 1-10 nmol/minlml. Data represent
mean+SEM.

labeled by 5'Cr, the release of which into the media
forms the basis for quantifying cell injury.

Oxidant-induced injury to lung explants. The
ability of the 5'Cr-labeled explant system to detect
oxidant injury was established by demonstrating the
ability of °- and H202 to cause 5'Cr release from
the labeled explants (Fig. 3). Dose-response curves for
both O-and H202 revealed that significant cyto-
toxicity occurred with as little as 1 nmol O2 generatedl/
min per milliliter or 0.1 mMH202. The cytotoxic effects
of O2 generation at 5 nmol/min per milliliter (cyto-
toxic index = 27.1+2.0%)2 could be ablated by catalase
(1,100 U/ml) (cytotoxic index = 5.9+1.3%, P < 0.01)
but not by superoxide dismutase (300 U/ml) (cytotoxic
index = 27.7+2.3%, P > 0.7). Injury induced by H202
at 0.1 mM(cytotoxic index = 10.8+2.0%) was also
reduced by catalase (cytotoxic index = -2.8+0.4%,
P < 0.01) but not by superoxide dismutase (cytotoxic
index = 8.3+1.7%, P > 0.2). Clearly rabbit lung ex-
plants were susceptible to injury by the text oxidants.
The protection afforded by catalase and not superoxide
dismutase to lung cells exposed to O- implies a
critical role for H202 in the generation of lung cell
injury by the xanthine-xanthine oxidase system.

Oxidant-induced 5'Cr release was clearly associated
with lung cell injury as monitored by LDH release.

2 All data represent mean±SEM.

50 -

aR40

*x 30

a

10

10 20 30 40
LDH Cy*d hdeK (%)

50

FIGURE4 Direct correlation of 5'Cr release with LDH re-
lease in rat lung explants exposed to hydrogen peroxide
(H202) for 18 h (r = 0.82). Each H202 concentration (10-300
IAM) represents 12 explants for 5'Cr release and 12 explants
for LDH release. The method for determining the cytotoxic
index was identical for both 5'Cr and LDH.

Rat lung explants exposed to H202 (10-300 ,uM) re-
sulted in a release of LDH directly proportional to
the release of 5'Cr (Fig. 4). Thus, the results of the
5'Cr assay directly correlate with cell injury as
monitored by LDH release.

Effect of paraquat on lung explants. Rat lung cells
exposed to paraquat for 18 h demonstrated significant
cytotoxicity as monitored by 5'Cr release (Fig. 5A).
Additionally there was histologic evidence of cell in-
jury in the rat lung explant (Fig. 6) manifest as ir-
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FIGURE 5 Direct effect of paraquat on rat and rabbit lung.
5'Cr-labeled lung explants were incubated with (1 mM)
paraquat in an air-5% CO2 atmosphere. (A) Rat lung ex-

plants demonstrate marked cytotoxicity by 18 h (P < 0.01
compared with controls). (B) Rabbit lung explants at 18 h
demonstrate no significant cell injury. However, at 42 h, sig-
nificant cytotoxicity was observed (P < 0.01 compared with
controls). Data represent mean-+±SEM.
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regularity and thinning of the alveolar sep

cellular debris within the alveoli, and p
eventual loss of lung cell nuclei. These fi
nonspecific and were similar in each speci
and for each oxidant tested. In contrast, un

conditions, rabbit lung cells did not exhibit signifi-
cant injury (Fig. 5B). However, sensitivity of rabbit
lung cells to paraquat could be demonstrated if the

F F cells were exposed to the same concentration of para-
quat for 42 h. This was seen when 5'Cr was used as
the indicator of toxicity (Fig. 5B) and when [3H]-
uridine was used as the indicator (data not shown). In
the [3H]uridine assay, the cytotoxic index with paraquat
was 7.7±1.2% while at 42 h the cytotoxic index in-
creased to 54.9±4.5%. Thus, rabbit parenchymal

- cells were sensitive to paraquat, but relative to rat lung
there appears to be a latent period of at least 18 h be-
fore significant cytotoxicity occurred.

[3H]uridine retained in macromolecular form (10%
trichloroacetic acid precipitable) at the end of the assay
was 1.4%±0.2% of the total counts released into the
media by control explants and was 3.1±0.4% of total
counts released by paraquat-injured explants. The per-
centage of 10% trichloroacetic acid-precipitable [3H]-
uridine incorporated into the control lung explants
was 39.2±1.5 of the total counts, whereas the per-
centage decreased to 29.5±1.5 in the paraquat-injured
lung (P < 0.01).

There was no significant consumption of glucose in
the media by the lung explant cells exposed to

' paraquat. Glucose in the media before paraquat ex-
posure was 201±5 mg/dl, and after an 18-h exposure
of rat lung explants to (1 mM) paraquat was 198±6
mg/dl (P > 0.7). Similarly, the addition of glucose

e up to 500 mg/dl in the media did not alter the paraquat-
induced injury (cytotoxic index in media with glucose
200 mg/dl was 28.9±5.4 and in media with 500 mg/dl

*t X- was 31.0±4.0, P > 0.3).
Rat lung explants exposed to paraquat for 18 h (Fig.

7A) were significantly protected by a variety of in-
hibitors, including superoxide dismutase, catalase,
ascorbate, and a-tocopherol (P < 0.01, all compari-
sons). Rabbit lung cells exposed to paraquat for 42 h
(Fig. 7B) were protected from injury by catalase and
a-tocopherol (P < 0.01, both comparisons). This was
true even though the rabbit lung cells were exposed
to paraquat for 24 h before the time the inhibitors were

i*' added. In contrast to rat lung cells, superoxide dis-
'MI 1640 with mutase and ascorbic acid did not protect the rabbit
ntrol explants parenchymal cells from paraquat-induced injury (P

) paraquat for > 0.1, both comparisons). Thus, rabbit and rat lung
,d reveals orf cells demonstrated a differential susceptibility to

reas pyknosis paraquat-induced injury and also differential protec-
tive effects by oxygen radical inhibitors.

Effect of hyperoxia on lung explants. Hyperoxia-
induced lung injury was assessed by incubation of the

ta, increased lung explants in 95% 02 for 18 h. Both rat and rabbit
?yknosis and cells were susceptible to hyperoxia at 18 h, but the rat
indings were lung was more susceptible (P < 0.01) (Fig. 8). Hyper-
ies examined oxia-induced cytotoxicity in the rat lung explants was
ider the same reduced by superoxide dismutase, catalase, ascorbate,
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FIGuRE 7 Ability of oxygen radical inhibitors to prevent
paraquat-mediated toxicity to rat and rabbit lung. 5'Cr-
labeled explants were incubated with (1 mM) paraquat in an

air-5% CO2 atmosphere plus the oxygen radical inhibitors
SOD, 300 U/ml; catalase (CAT), 1,100 U/ml; ascorbate (ASC),
50 ,ug/ml; and a-tocopherol (aTOC), 10 ,ug/ml. (A) Rat lung
explants incubated with paraquat and inhibitors for 18h
demonstrate marked reduction in cytotoxicity by each in-
hibitor tested (P < 0.01, all comparisons). (B) Rabbit lung
explants (which required a 42-h incubation with paraquat to
induce cytotoxicity) were incubated with the inhibitors for
the last 18 h of the assay. Catalase or a-tocopherol reduced
paraquat-mediated cytotoxicity (P < 0.01, both comparisons);
whereas SODor ascorbate had no significant effect (P > 0.10,
both comparisons). Data represent mean+SEM.

and a-tocopherol (P < 0.05, all comparisons to 95%
02 alone). Cytotoxicity of rabbit lung cells exposed to
95% 02 was prevented by catalase and a-tocopherol
(P < 0.05, all comparisons). Thus, the hyperoxia data
paralleled the paraquat data with rat lung cells demon-
strating a greater susceptibility to direct oxidant injury
than rabbit lung cells. In addition, rat lung cells seemed
to be protected by a wider variety of inhibitors com-

pared with rabbit lung cells.
Effect of simultaneous hyperoxia and paraquat on

lung explants. Hyperoxia enhanced paraquat-in-
duced injury of both rat and rabbit lung cells (Fig. 9).
For both species, the hyperoxia-paraquat dose-
response curves displayed a marked shift upward
compared with the air-paraquat curves. In addition,
this effect was most accentuated in the upper range

of paraquat doses tested (1 mMfor the rat, 10 mMfor
the rabbit), where the paraquat-hyperoxia curves begin
to turn sharply upward. Thus, it appeared that the ad-
dition of hyperoxia to paraquat-damaged lung cells
accelerated injury to both rat and rabbit lung paren-

chymal cells.
Effect of paraquat and hyperoxia on endogenous

antioxidant levels in lung explants. To assess the
endogenous reserve of antioxidant enzymes in lung
explants injured by exposure to hyperoxia or paraquat,
rat lung explants were assayed for activities of catalase

FIGURE 8 Direct cytotoxicity to lung cells induced by
hyperoxia and the ability of oxygen radical inhibitors to
prevent such injury. 5'Cr-labeled explants were incubated
in 95% 02-5% CO2 for 18 h alone or with the oxygen radical
inhibitors SOD, 300 U/ml; catalase (CAT), 1,100 U/ml;
ascorbate (ASC), 50 ,ug/ml; and a-tocopherol (aTOC), 10
.ug/ml. (A) Rat lung explants exhibited significant hyperoxia-
induced cytotoxicity; this injury could be reduced by each
inhibitor tested (P < 0.05, all comparisons). (B) Rabbit lung
explants exhibited less hyperoxia-induced cytotoxicity than
rat lung explants (P < 0.05). The cytotoxicity in the rabbit
explant was reduced by catalase or a-tocopherol (P < 0.05,
both comparisons), but not by superoxide dismutase or

ascorbate (P < 0.20, both comparisons). Data represent
mean+SEM.

and SOD. Control lung explants at 0, 24, and 42 h had
catalase activities (U/mg wet wt) of 0.89±.05, 0.79±.06,
0.71±.07, P > 0.05, all comparisons. Exposure to

None 10jM OJmM 1mM None"O.1mM 1mM 10mM

Paraquat [Ml
FIGURE 9 Acceleration of direct oxidant injury to lung
parenchymal cells by the combination of paraquat and
hyperoxia. Rat and rabbit lung explants were labeled in an

identical fashion with 5'Cr and incubated under identical
conditions with paraquat in either an air-5% CO2or 95%02-5%
CO2 atmosphere for 18 h. (A) Rat lung explants incubated
with (10 ,uM-1 mM) paraquat demonstrated acceleration
of oxidant injury by simultaneous incubation in hyperoxic
atmosphere. Cytotoxic index with hyperoxia alone was
18.5+2.2%. (B) Rabbit lung explants incubated with (0.1-10
mM)paraquat also demonstrated acceleration of oxidant injury
by simultaneous incubation in hyperoxic atmosphere. Cyto-
toxic index of hyperoxia alone was 8.7±+1.3. Data represent
mean-+±SEM.
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hyperoxia decreased the catalase activity to 0.23+0.05
U/mg wet wt (32.8% of control values), and exposure
to paraquat decreased the activity to 0.16±0.4 U/mg
wet wt (21.8% control values), P < 0.01, both compari-
sons. The wet wt of each explant did not change in
response to the oxidant injury. The changes in SOD
activity were less dramatic. Control lung explants at
0, 24, and 42 h had SODactivities (U/mg wet wt) of
0.40±.03, 0.36+.05, and 0.36±0.05 P > 0.20, all com-
parisons. Exposure to hyperoxia decreased the SOD
activity to 0.32±0.05 U/mg wet wt (88.8% of control
values), and exposure to paraquat decreased the ac-
tivity to 0.28±.05 U/mg wet wt (77.4% of control
values) (P > 0.1, both comparisons). Thus catalase
activity appears more labile than SOD activity in
response to lung cell oxidant injury.

Evaluation of oxidant injury to human lung ex-
plants. Human lung parenchymal cells were sus-
ceptible to oxidant injury with an injury profile more
similar to the rat than the rabbit (Fig. 10). Both paraquat
and hyperoxia directly injured human lung cells, and
their simultaneous use resulted in cytotoxicity clearly
above the effect of either agent alone (P < 0.01,
both comparisons). Catalase protected human lung
cells from each type of oxidant injury (P < 0.05, all
comparisons), and a-tocopherol significantly reduced
the injury induced by hyperoxia as well as the com-
bined use of paraquat and hyperoxia (P < 0.05, both
comparisons) (Table I). Whereas ascorbate and super-
oxide dismutase did not significantly reduce the human

40
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FIGURE 10 Direct oxidant injury to human lung paren-
chymal cells by paraquat, hyperoxia, and the combination of
paraquat and hyperoxia. The 51Cr-labeled human lung ex-
plants were incubated with paraquat (1 mM)and/or hyperoxia
(95% 02) for 18 h. Whereas both paraquat and hyperoxia alone
induced direct parenchymal cell injury, their combined use
accelerated the injury well beyond that induced by either
agent alone (P < 0.01, both comparisons). Data represent
mean±+SEM.

TABLE I
Protection Afforded to HumanParenchymal Lung Cells

by Antioxidants from the Direct Cytotoxic Effects
of Paraquat andlor Hyperoxia

Condition Cytotoxic index

Paraquat 14.3+±2.0*
+ SODt 11.6±1.6
+ CAT 8.2±1.1§
+ ASC 11.3±1.3
+ aTOC 9.2± 1.5

02 15.8±1.7
+ SOD 13.9±1.4
+ CAT 9.5±1.4§
+ ASC 12.8 ±2.1
+ aTOC 9.0±1.3§

Paraquat + 02 42.3-±3.5
+ SOD 31.4±3.0§
+ CAT 18.8±1.7"1
+ ASC 31.5±3.4§
+ aTOC 19.7±2.3"1

* SOD, superoxide dismutase, 300 U/ml; CAT, catalase, 1100
U/ml; ASC, ascorbate, 50 ,ug/ml; aTOC, a-tocopherol,
10 ,ug/ml.
t Data represent mean±SEM.
§ P < 0.05, compared with test oxidant above.
"I P < 0.01, compared with test oxidant above.

lung cell injury induced by either paraquat or hyper-
oxia alone, they did partially protect the lung cells from
the accelerated cytotoxicity induced by the combined
effect of paraquat and hyperoxia (P < 0.05, both com-
parisons) (Table I). Thus, either paraquat or hyperoxia
could directly injure human lung parenchymal cells,
their simultaneous use could markedly accelerate this
cytotoxicity, and several oxygen radical inhibitors,
especially catalase and a-tocopherol, were capable of
reducing the injury.

DISCUSSION

Oxygen toxicity and paraquat ingestion represent two
clinical examples where cytotoxicity is thought to be
mediated by oxidant mechanisms in which the lung
serves as the primary target organ. This study demon-
strates that both hyperoxia and paraquat can directly
injure lung parenchymal cells and that this injury can
be at least partially ablated by inhibitors of oxygen
radical generation.

Mechanisms of lung cell injury induced by paraquat
and oxygen. The 5'Cr lung explant system was
developed to quantitatively evaluate whether lung
parenchymal cells comprising the alveolar structures
could be directly injured by exposure to oxidants
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known to cause human lung disease. The data suggests
that both hyperoxia-induced and paraquat-induced
lung cell injury can occur in an environment where
recruitment of blood-borne inflammatory cells is not
possible. This concept is consistent with studies
demonstrating that hyperoxia can directly injure cul-
tured alveolar macrophages (16-17) and lung L2
cells (18). Because polymorphonuclear leukocytes are
not present in normal lung parenchyma (19-20), such
as the explants used in this study, there is no potential
role for polymorphonuclear leukocytes inducing any
of the lung cell injury in these experiments. The
alveolar macrophage, however, is present in normal
lung tissue, is a potential effector cell of tissue damage,
and is capable of generating oxygen radicals (19-21).
It is possible that the alveolar macrophage could
mediate the cytotoxicity observed in this lung explant
system, but this is unlikely for several reasons: (a) In
a 2-mg explant of lung, there are -2-3 x 104 macro-
phages compared with -4-6 x 105 lung parenchymal
cells [cell number data based on DNAdeterminations
of explants (data not shown) together with morpho-
metric data (22-23)]. This would result in an effector/
target cell ratio of <1:20, far below that usually re-
quired for macrophage-mediated cytotoxicity, as
measured by 51Cr release from very susceptible
target cells (19-20). (b) Under the conditions used for
this study, the macrophage would not be able to increase
this effector/target ratio because it would not be able
to replicate > 1% of its population (20, 24, 25). (3) In
addition, there is evidence that in vitro oxidant ex-
posure impairs alveolar macrophage function rather
than stimulating it (16-17). Thus, lung parenchymal
cells can be injured by oxidants, such as paraquat or
hyperoxia, without the need to implicate a secondary
mechanism mediated by inflammatory cells.

Although it is clear that 02 radicals can injure a
variety of target cells (26-30), the specific mechanism
by which they do so is unknown. 02 radicals are able
to alter DNA(31), depolymerize polysaccharides (32)
deplete NADPH2(6, 33), facilitate the autooxidation
of amines (34) and thiols (35), and cause lipid peroxi-
dation (36-37). In each species tested, catalase and
a-tocopherol provided the best protection for lung
parenchymal cells from oxidant injury and this maypro-
vide a clue to the site of cellular injury. Catalase is a
large macromolecule (232,000 daltons) that catalyzes
H202 to H20 and 02. Because of its size, it is likely
that catalase remains largely extracellular in this ex-
plant system. Because catalase effectively reduces the
cytotoxic effect of both paraquat and hyperoxia, this
implies that O2 radicals exert their effect near the cell
surface where catalase may have access. Cell mem-
branes are rich in lipids containing reactive un-
saturated double bonds (30-39), therefore catalase
might exert its protective effect by reducing 02 radical

generation in the vicinity of the cell membrane.
Alpha-tocopherol, the other oxygen radical inhibitor
that was consistently protective against hyperoxia and
paraquat, is a lipid soluble vitamin that accepts elec-
trons from unstable radical species (37-38). Being
lipid soluble, a-tocopherol might have access to the
lipid layer of the cell membrane, protect unsaturated
double bonds within cell membrane lipids, and thus
help to maintain the integrity of the cell (38, 40). Con-
sequently, because one agent that is effective in re-
ducing the oxidant injury is primarily extracellular
(catalase) and another effective agent presumably
can be intracellular (a-tocopherol), it suggests that the
critical cytotoxic lesion these agents are reducing
resides at the extracellular-intracellular interface,
i.e., the cell membrane.

Additionally, the marked protective effects of cata-
lase in both paraquat and hyperoxia-induced lung in-
jury implies an important role for H202 in the genesis
of lung cell injury. H202 can be cytotoxic by itself or
can react with 0- (in the presence of Fe+++) via the
Haber-Weiss reaction to generate the highly toxic
hydroxyl radical (41). The reason for the efficacy of
catalase in preventing lung cell injury in this explant
system is not clear, although it is likely that it either
directly reduces the toxic substance (H202), or it
interrupts the propagation of even more toxic radical
species.

Effect of paraquat and hyperoxia on endogenous
antioxidant levels in lung explants. The response of
lung parenchymal cells to sublethal concentrations of
various oxidants can result in an increase in its en-
dogenous antioxidant enzymes (42-45). However,
the response of lung parenchymal cells to the cyto-
toxic concentrations of paraquat and 95% 02 resulted
in a significant decrease in the endogenous levels of
catalase, but not superoxide dismutase. The inability
of the oxidant-injured lung cells to increase or even
maintain their antioxidant reserve is likely related to
the overwhelming injury induced by the test oxidants.
The preferential loss of catalase activity compared
with superoxide dismutase activity is probably due to
the ease in which catalase can be inactivated, even
stored as a purified protein at -20°C (46). It is possible
that some of the marked protective effects of exoge-
nously added catalase to the oxidant-injured explants
is related to the replacement of this lost enzymatic
function, although as noted earlier, the exogenous
enzymes likely remain entirely extracellular. The
maintenance of endogenous superoxide dismutase
levels in the face of overwhelming oxidant injury may
also suggest a role for this enzyme in the protective
response of lung cells to injury by oxidant mechanisms.

Combined effects of paraquat and oxygen on lung
cell injury. In vivo studies have demonstrated that
the pulmonary injury induced by paraquat is exacer-
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bated by hyperoxia (47). The present in vitro study
shows that this hyperoxia exacerbation of paraquat-
induced cytotoxicity does not require blood-borne
inflammatory cells to be manifest. In addition, the
acceleration of lung cell injury in the presence of both
paraquat and hyperoxia suggests that oxidants acting
together may result in synergistic cytotoxicity. How-
ever, the paraquat dose-response curves (Fig. 9) can
also be interpreted to demonstrate that once an "oxi-
dant burden" to the cell reaches a certain threshold,
cytotoxicity quickly accelerates. Thus, addition of
hyperoxia to this system may simply increase the
oxidant burden such that this threshold is more quickly
reached. Rather than being synergistic, oxygen may be
acting to increase the oxidant burden (as would in-
creasing the paraquat concentration), and thus shift
the cytotoxicity to the accelerated portion of the dose-
response curve.

Relative vulnerability of lung parenchymal cells of
various species to oxidant injury. There are known
species differences in the in vivo response of ex-
perimental animals to various oxidants (48-49).
Species differences were also found in this in vitro
study. Consistently, rabbit lung explants were more
resistant to oxidant injury than were rat or human lung
explants. Thus, the recognized resistance of the rabbit
to oxidant injury in vivo (48-49) is reflected by re-
sistance at the level of the lung cell. This observation
suggests that the in vivo resistance of rabbit lung to
oxidant injury is not due to extrapulmonary factors, but
rather to an inherent resistance of the lung paren-
chymal cells. The basis for this resistance is unknown,
but could be due to species differences in the struc-
ture of the lung cell (e.g., susceptibility of unsaturated
lipids in cell membranes to attack by oxygen radicals)
or could be due to species differences in the en-
dogenous cellular reserves of oxygen radical inhibitors.
The latter concept is supported by the association of
successful adaptation of the rat to hyperoxic conditions
with an increase in its endogenous antioxidant
enzymes (42-45).

Sensitivity of human lung to oxidant injury.
Human lung explants obtained from surgical biopsy
specimens provided the opportunity to study the ef-
fects of oxidant exposure on human lung parenchymal
cells. The human lung cells were directly injured by
exposure to paraquat and/or hyperoxia, and as demon-
strated for rat and rabbit lung cells, were most con-
sistently protected by catalase and a-tocopherol. At-
tempts to extrapolate from a human lung explant
system to the intact human condition is tempting, but
fraught with problems. Certainly, the impressive
blockade of oxidant injury by catalase and a-tocoph-
erol lends credence to their potential therapeutic
role in situations of high oxidant exposure. However,

catalase would likely be unable to obtain access to
the lung cell surface in the manner made possible by
an in vitro lung explant system. In addition, attempts to
achieve a therapeutic concentration of catalase derived
from species other than humans would likely also lead
to problems with antigenicity. Alpha-tocopherol, on the
other hand, has a relatively low molecular weight (531)
and is lipid soluble and thus would likely have rela-
tively free access to the environment of the lung
parenchymal cell. Alpha-tocopherol also has a broad
range of safety (50-51) and preliminary studies sug-
gest a possible benefit in the treatment of oxygen-in-
duced lung and eye injury in the newborn (52-54).
Its protective role in the adult patient receiving a highly
inspired oxygen concentration has not been demon-
strated, but its therapeutic potential remains an
interesting possibility.

The lung explant as a model system for evaluating
acute lung injury. The 5'Cr-labeled lung explant with
its diverse cell population is especially useful for the
investigation of acute lung injury for several reasons:
(a) it permits the evaluation of direct injury to lung
parenchymal cells in a controlled local environment
where nonlung variables have been eliminated; (b) it is
quantitative; and (c) it uses as the target of injury the
lung parenchyma containing the full complement of
lung cells in their normal ratios and spatial positions
within the alveolar structures. The in vitro 5'Cr lung
explant system approximates the in vivo condition, and
may be useful in the investigation of other types of
acute lung injury, including adverse drug reactions,
acute radiation pneumonitis, and toxic gas exposure.
Any or all of these agents may cause a direct injury,
elicit a secondary indirect response through inflam-
matory cells, or may cause lung damage through a com-
bination of these processes. This study has presented
a model for direct injury to lung parenchymal cells
and a framework in which lung cell injury may be
further investigated.
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