bstract. We have examined various biochem-
ical parameters of pulmonary inflammation in experi-
mental animals. Intrabronchial instillation of glucose ox-
idase-glucose (GO/G) to produce oxidants or formylated
norleu-leu-phe (FNLP) or phorbol myristate acetate
(PMA) as leukocytic stimuli induced severe acute pul-
monary injury in New Zealand white rabbits. PMA also
induced inflammation when administered intravenously.
Each stimulus induced transudation of protein from the
vascular space into the pulmonary tissues, and an influx
of leukocytes during the 4-6 h period of the experiment.
Pathophysiologic changes were measured by edema for-
mation (transudation of '?*I-bovine serum albumin), and
histologic examination. Biochemical analysis was per-
formed by measuring concentrations of potentially in-
jurious agents in bronchoalveolar lavage (BAL) fluid. In-
creased acid protease and myeloperoxidase levels were
found in the BAL fluid after administration of either of
the stimuli.

Evidence of oxidant generation in vivo was obtained
in two different ways. In the first, specific activities for
catalase were measured in the BAL fluid in the presence
or absence of 3-amino, 1,2,4 triazole (AT), injected at
intervals before obtaining BAL fluid. In the presence of
AT, specific activities for catalase dropped to 0.22 after
a double instillation of FNLP and to 0.15 in the presence
of GO/G. In neutrophil-depleted FNLP animals, catalase
was not greatly inhibited by AT (sp act 0.90).

In the second, intracellular levels of total glutathione
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(GSH + GSSG) in whole lung tissue and alveolar mac-
rophages decreased when stimuli of neutrophils were ad-
ministered. Intrabronchially instilled PMA, e.g., caused
a drop of glutathione in whole lung tissue from the control
value of 2.3 umol GSH equivalent/100 mg dry wt to 0.54
umol GSH equivalent/100 mg dry wt at 4 h. Neutrophil
depletion and superoxide dismutase protected from this
effect. From these results, we conclude that O3 or its
metabolites can initiate severe pulmonary injury as shown
by the effect of GO/G and that, during development of
pulmonary injury, stimulated neutrophils generate oxi-
dants and release proteolytic enzymes into the surround-
ing tissues.

Introduction

Inflammation is the product of cellular and humoral effectors.
Evidence recently obtained from patients with acute respiratory
distress syndrome in both adults and neonates, in whom many
general features of pulmonary inflammation are condensed over
a short period of time, indicated that at least two important
pathogenic effectors were present in the pulmonary tissues. These
were neutrophil elastase (1-3) and oxidants (4). The presence
of these has also been demonstrated in chronic pulmonary in-
flammation: lavage fluids from cigarette smokers contained ac-
tive neutrophil elastase, which was not bound to a,-proteinase
inhibitor (a,-PI),' because the latter is easily oxidized at the
active site and inactivated (5-7). Both leukocyte elastase and
oxidants, administered exogenously, have been shown to lead
to severe pulmonary injury in experimental animals (8, 9). In-
travenous perfusion of rabbit lungs with normal human neu-
trophils stimulated with phorbolester also induced severe in-
flammatory injury, whereas perfusion with similarly treated
neutrophils from patients with chronic granulomatous disease
did not (10).

1. Abbreviations used in this paper: AT, 3-amino, 1,2,4 triazole; BAL,
bronchoalveolar lavage; ELISA, enzyme-linked immunosorbent assay;
FNLP, formyl-norleu-leu-phe; GO/G, glucose oxidase-glucose; a;-PI,
a,-proteinase inhibitor; PMA, phorbol myristate acetate; PMN, poly-
morphonuclear neutrophil; SOD, superoxide dismutase.
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Activation of the complement system with cobra venom
factor or thermal injury induced an increase in pulmonary vas-
cular permeability in rats which could be prevented by neutrophil
depletion (11, 12). Partial protection from pulmonary injury
was observed when hydroxyl radical scavengers were admin-
istered (13).

In these studies, however, information has not been provided
as to whether effector (mediating) systems were generated in
situ by the treatment within the experimental animal. Evidence
that stimulated leukocytes do produce oxidants in vivo is lacking.
It is also unclear as to whether generation of oxidants in the
lung can induce protease release and vice versa. Without in-
formation regarding the question of whether specific mediators
are generated and whether these stimulate release of other me-
diators, it is not possible to define the role of each in the patho-
genesis.

To gain more information about the biochemical processes
involved in pulmonary inflammation, we have employed a rabbit
model using as inciting agents, either glucose oxidase—glucose
(GO/G) to produce directly oxidants, or formylated norleu-leu-
phe (FNLP) or phorbol myristate acetate (PMA) as leukocytic
stimuli. Bronchoalveolar lavage (BAL) fluids were then obtained
to measure the presence of leukocytic enzymes, especially pro-
teases, and evidence of oxidant generation in vivo. These bio-
chemical data were then correlated with pathophysiologic
changes of the developing injury. We also sought to determine
the sources of enzymes and oxidants released in the pulmonary
tissues. The capacity to measure the generation of oxidants,
proteolytic enzymes, and other potential mediators of inflam-
mation is essential for the proper evaluation of therapeutic agents
presumed to inhibit components of these systems.

Methods

Materials. Glucose oxidase (from Aspergillus niger, type V), catalase
(from bovine liver), bovine serum albumin (essentially globulin-free),
3-amino-1,2,4 triazole, and reduced and oxidized glutathione were ob-
tained from Sigma Chemical Co. (St. Louis, MO). Glucose oxidase and
catalase were diluted in phosphate-buffered saline (final pH 6.6) and
kept on ice. To heat inactivate them, they were kept at 70° for 50 min.
Bovine serum albumin (BSA) was radioiodinated (‘**Nal, 100 mCi/
ml, Amersham Corp., Arlington Heights, IL) according to the chloramine
T method (14). Washed rabbit erythrocytes in an equal volume of phos-
phate-buffered saline (PBS) were incubated with 25 uCi of 'Cr/ml of
packed cells (°'Cr, 1 mCi/ml, Amersham Corp.) for 25 min at room
temperature, washed twice with PBS, and resuspended in rabbit plasma.
FNLP (Vega Biochemicals, Tucson, AZ) was dissolved in 30 ul of
dimethy] sulfoxide/mg and diluted to 100 ug/ml in saline. PMA (Midland
Corp., Brewster, NJ) was dissolved in 100 ul of dimethyl sulfoxide/mg
and kept in the dark at —70°C. Just before use aliquots were thawed
and diluted to 20 xg/ml in saline. Nitrogen mustard (Mustargen) was
obtained from Merck Sharp & Dohme (West Point, PA). Rabbit catalase
and goat anti-rabbit catalase were prepared as described below.
Animals and methods of inducing and measuring pulmonary in-
JSlammatory injury. 2.0-2.5-kg New Zealand white rabbits were anes-
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thesized with 30 mg/kg of pentobarbital (Diabutol) and tracheostomized,
and the inciting agent was injected in a volume of 6 ml in PBS (pH
7.4) containing 0.005% Evans blue and 0.5% BSA into the airways via
a tracheal catheter. To induce pulmonary inflammatory injury, different
inciting agents were used. Leukocytic stimuli and doses used were: FNLP
(200 ug/kg), given twice, 5 h apart, and PMA (40 pg/kg). PMA was
infused intravenously as well at a concentration of 80 ug/kg to induce
pulmonary inflammation through the vascular route. To produce directly
H,0, in situ, glucose oxidase (150 or 250 U in 3 ml PBS, pH 6.6) was
instilled intrabronchially, immediately followed by the same volume of
substrate (20 mg glucose). Control animals received the same volume
of PBS without stimulus. Using Evans blue as a marker, we generally
observed a patchy distribution of the reagent in both lungs.

The experiment was terminated when the inflammatory reaction in
the lung had developed as found in preliminary experiments: FNLP, 6
h; PMA, 4 h; and GO/G, 2 h.

Pulmonary edema was measured by the leakage of '*’I-BSA from
the circulation into the lung tissues. For this purpose 8 uCi of '>I-BSA
was injected intravenously 1 h before killing to allow transudation to
occur into the inflamed lung tissues. To correct forintravascular '’I-BSA,
~35 uCi of *'Cr-labeled rabbit erythrocytes were injected intravenously
along with 800 U of heparin (Gibco Laboratories, Chagrin Falls, OH)
1 min before killing with 100 mg pentobarbital. Blood was taken to
correct for the 'I-BSA in the pulmonary circulation. Although we
originally perfused the pulmonary vessels with saline for 10 min under
20 cmH,O pressure, the amount of transudation of '*’I-BSA into the
lung tissue that we measured and corrected for blood content was not
affected by saline perfusion, so we then discontinued this process except
when necessary for other purposes. At autopsy, the trachea was clamped
to avoid blood contamination and the lungs and heart were rapidly
removed.

Preparation of samples. Within 2 min of killing 3 ml of saline con-
taining ~500 cpm/ml '*'I-BSA as a marker of dilution was instilled
into one lower lobe through a fine cannula which was left in place for
10 min, at which time another 1 ml of saline plus '*'I-BSA was added.
Fluid in this lobe was gently aspirated. This procedure yielded more
reproducible results than were obtained with immediate withdrawal of
the lavage. Inasmuch as lavages did not contain any *'Cr radioactivity,
3I.BSA could be used as a marker of dilution. The amount of '*'I-
BSA used was too small to interfere with the 3!Cr counts in the whole
lungs.

Gross and microscopic examination revealed that as little as 0.5 ml
of 2% gelatin containing colloidal carbon administered in the mainstem
bronchus of an excised lung reached the alveolar space within S s. This
suggested that lavage fluids were in contact with the terminal bronchioles
and alveolar spaces. The possibility must nevertheless be considered
that variation in protein binding to pulmonary structures may exist,
and that differences in the efficiency of recovery of different enzymes
cannot be excluded.

The recovered lavage fluid was centrifuged at 3,000 g for 10 s, and
the cell-free supernatant snap-frozen. Erythrocytes in the cell pellet were
lysed with 1 ml of 0.87% NH,CI for 5 min. After centrifugation and
resuspension in 0.5 ml of PBS, the cells (>85% macrophages) were
counted and lysed by freeze-thawing three times in H,O.

After taking small sections for light microscopy through the mid-
portion of each lower lobe, lungs were rapidly frozen and radioactivity
was determined by counting the whole lungs. After lyophilization the
lungs were weighed and powdered in liquid N,, and aliquots were lysed
in 1% Triton X-100 and 1 mM EDTA (50 mg dry wt/ml). The super-
natant after centrifugation was immediately analyzed for total glutathione.



Neutrophil depletion. Rabbits were depleted of neutrophils with an
intravenous injection of 1.75 mg/kg nitrogen mustard (Mustargen) 72
h before the experiment. Immediately before the experiment a blood
sample was taken and neutrophils were counted in a hemocytometer.
Neutrophil counts were always <300/mm?.

Enzyme analysis. The lavage fluid was assayed for the presence of
leukocytic enzymes. Because rabbit neutrophils contain principally acid
cathepsins, acid protease in the lavage fluid was measured at pH 3.0
with denatured hemoglobin as substrate. At this pH, >85% of both
cathepsins D and E are measured. Cleavage fragments, not precipitated
by TCA (5% final concentration), were measured in a Folin assay (15)
and compared with cleavage of denatured hemoglobin produced by 10°
lysed rabbit polymorphonuclear neutrophils (PMN). Myeloperoxidase
was determined spectrophotometrically in the presence of 10 mM H,0,
and o'-dianisidine as described for horseradish peroxidase (16).

Oxidant generation during the development of pulmonary inflam-
mation. To demonstrate oxidant activity in vivo, we employed the re-
action in which catalase in its active form as catalase-H,0, complex
(compound I) is irreversibly inactivated by 3-amino, 1,2,4 triazole (AT).
AT injected intraperitoneally persists for 2-6 h (17), and inactivation
of catalase by AT reflects H,O, generation in vivo (18, 19). In our
experimental animals 1 g/kg AT was injected intraperitoneally 1 h before
sacrifice, and catalase activity in the fluid-phase BAL was measured
photometrically by the disappearance of 10 mM H,0, at 240 nm (20).
Total catalase protein content of the lavage fluid was determined by the
quantitative enzyme-linked immunosorbent assay (ELISA) technique.

Preparation of rabbit catalase and ELISA assay for catalase. Rabbit
catalase was prepared by the method described elsewhere for human
catalase (Revak, S. D, C. Rice, I. U. Schraufstiitter, W. Halsey, B. Bohl,
and C. G. Cochrane, manuscript submitted for publication). In short,
a lysate of washed fresh rabbit erythrocytes was passed over a DEAE-
Sephacel column (Pharmacia Fine Chemicals, Piscataway, NJ). The 50-
70% ammonium sulfate fraction was applied to a column of sulphopropyl-
Sephadex (Pharmacia Fine Chemicals) (21). The catalase pool showed
>95% homogeneity on reduced sodium dodecyl sulfate-polyacrylamide
gels.

Goat antiserum was prepared by weekly multiple intradermal in-
jections of 100 ug of purified catalase in complete Freund’s adjuvant
(Difco Laboratories, Detroit, MI). Antibody showed a single coalescent
line in double immunodiffusion agar with purified catalase or erythrocyte
lysates.

Total catalase content was determined by ELISA technique essentially
as described (Revak, S. D., C. Rice, 1. U. Schraufstiitter, W. Halsey, B.
Bohl, and C. G. Cochrane, manuscript submitted for publication). 20
ug of immunopurified goat anti-rabbit F(ab), were placed into microtiter
wells. After incubation and washing, standards containing 1-20 ng of
catalase or lavage fluids were added. Next, 1 ug of immunopurified goat
anti-rabbit catalase was added, followed by 3 ug rabbit antibody to goat
immunoglobulin Fc. This step was necessary, because the goat antibody
did not bind protein A. Finally, glucose oxidase complexed to protein
A was added, and the color formation in the presence of o-phenylene
diamine, horseradish peroxidase, and glucose, stopped with H,SO,, was
read at 492 nm. A linear relationship existed between the concentration
of rabbit catalase or sample dilutions and the absorbance reading.

Determination of total glutathione. The sum of reduced and oxidized
glutathione was determined by following the disappearance of reduced
nicotinamide adenine dinucleotide phosphate at 340 nm in the presence
of glutathione reductase and 5,5'-dithiobis-(2-nitrobenzoic acid) (22).

Results

Lung injury produced by GO/G. The instillation of two different
doses of glucose oxidase (150 and 250 units) plus 20 mg glucose
induced acute lung injury by 2 h, as evidenced by a >10-fold
increase in vascular permeability in the lungs as compared with
the negative control (Table I). Acid protease and myeloperox-
idase levels in the BAL fluid increased concomitantly. A fall in
arterial PO, from an average of 75 to 55 mmHg accompanied
the development of the injury. Histologically, we observed severe
edema formation in the interstitial and alveolar spaces with few
neutrophils present (Fig. 1).

Table I. GO/G-Induced Pulmonary Edema and Release of Leukocytic Enzymes in the Lungs of Rabbits

Plasma/100 mg Plasma/ml Acid protease/ml Myeloperoxidase/ml
lung tissue (dry wt) BAL fluid BAL fluid BAL fluid
ul ul equivalent to 10° PMN equivalent 10 10° PMN
Controls (saline intrabronchially)
(n=25%) 14.7+5.3 7.6+2.8 2.3+0.8 3.8+2.7
GO/G (250 U/20 mg) (n = 4) 323.8+145.9 224.9+78.5 17.0+6.2 19.4+6.7
GO/G (150 U/20 mg) (n = 5) 151.0+89.7 172.8+97.4 17.2+4.7 23.3+7.1
Inactive GO/G (n = 2) 8.6 8.2 5.0 4.7
Glucose oxidase (150 U) (n = 4) 24.9+17.7 26.4+£7.0 6.6x1.0 7.2+£1.0
GO/G (150 U/20 mg) neutrophil
depletion (n = 3) 135.5+13.3 95.8+49.1 7.7£1.5 5.9+2.5
GO/G (150 U/20 mg) + catalase
(100,000 U) (n=4) 54.2+36.9 15.2+12.8 7.4+£0.9 —
GO/G (150 U/20 mg) + inactive
137.0 92.5 8.0 129

catalase (n = 2)

GO/G was given intrabronchially in a volume of 6 ml 2 h before killing. Means+SEM.
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Figure 1. Light microscopy photograph of rabbit lung 2 h after intra-
bronchial instillation of GO/G. For description, see text.

Heat inactivation (50 min at 70°C) of the glucose oxidase
blocked its ability to induce edema. Glucose oxidase without
glucose induced mild edema formation. Presumably the injury
was induced by small amounts of glucose physiologically present.

After neutrophil depletion a small decrease in edema for-
mation was noticed. While myeloperoxidase levels dropped to
almost control values, the amount of acid protease was dimin-
ished only by about 50%, suggesting release from alveolar mac-
rophages. Histologic analysis showed a nearly complete absence
of neutrophils in sections of the lung.

Intrabronchial instillation of 100,000 U of bovine catalase
at the time of induction of injury inhibited the GO/G-mediated
injury considerably. The amount of intrabronchial edema was
reduced by 90%. High concentrations of catalase activity were
measured in the BAL fluid at the termination of the experiment.
Heat-inactivated catalase did not show any inhibitory effect.

A 10-fold increase in the dose of catalase failed to show any
greater beneficial effect.

Lung injury produced by FNLP. To determine the persistence
of small, leukocyte-stimulating peptides in lung tissues, a tracer
amount of '>’I-N-formyl-nleu-leu-phe-nleu-tyr-lys was combined
with FNLP (200 ug/kg) and instilled intrabronchially. Complete
recovery in the lung tissue was achieved immediately after in-
stillation, whereas at 4 h, only 30% of the initial amount of
hexapeptide could be found in the lungs.

A single dose of FNLP (200 ug/kg) given intrabronchially
produced a decrease in circulating neutrophils to ~30% of initial
values with a return to normal levels after about 2 h. Histo-
logically a moderate accumulation of neutrophils in the pul-
monary tissues was observed at 1 h, as observed with the light
microscope, and levels of neutrophil enzymes in the lavage fluid
were slightly, but not significantly increased: acid protease (units
of activity per milliliter of BAL fluid) rose from values equivalent
to protease contained in 2.3 X 10° PMN in controls to 7.6
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X 10° 1 h after FNLP treatment. But edema formation or oxidant
production (see below) were only transient (Fig. 2A).

To induce greater generation and release of injurious con-
stituents of leukocytes, FNLP was instilled at 0 and 5 h. In this
manner, neutrophils accumulating in the lung after the first
injection of chemotactic peptide could presumably be stimulated
by the second instillation of the same dose of FNLP. In these
animals permeability and enzyme levels increased two- to three-
fold over control values: plasma transudation into the lung tissue
increased from 14.7 to 36.8 ul/100 mg of lung tissue, and from
7.6 to 15.4 ul/ml in the lavage fluid (Table II). Levels of acid
protease in | ml BAL fluid rose from 2.3 to 7.2 equivalents of
10° lysed PMN; myeloperoxidase levels increased concomitantly.
No protease activity determined with the same substrates as at
acid pH could be detected in BAL fluids at pH of 7.0. Neutrophil
depletion completely inhibited the injury (see Table II).

At 6 h, a diffuse inflammatory reaction was observed his-
tologically with moderate edema formation, neutrophils present
in the septal tissues and alveolar spaces. Accumulation of neu-
trophils was dominant at 6 h (see Fig. 3). By 24 h, few neutrophils
were observed, but large numbers of macrophages were observed
in the septae and alveolar spaces. After neutrophil depletion
cellular infiltration was not observed at 6 h (the only time of
examination).

Lung injury produced by PMA. PMA was either instilled
intrabronchially at a concentration of 40 ug/kg or injected slowly

0

{equ. to 10° PMN/mi)

Protein in Lavage (mgiml)
Acid Protease in Lavage

Figure 2. Time course of dif-
ferent parameters of pulmo-
nary injury after a single intra-
bronchial instillation of FNLP
(400 pg/kg) (open symbols)
or PMA (40 ug/kg) (closed
symbols). (4) Protein and
protease content in BAL fluid.
(— o0 —), (— e —), protein;
=t c-coiio-tmen),
-~ and protease. (B) Total catalase
5 content and catalase activity in
the BAL fluid in the presence
of AT (1 g/kg) given i.p. 1 h
3r before killing in the case of
| FNLP, and 2 h before killing
2 in the rabbits receiving PMA.
(— o0 —), (— e —), total cata-
1 lase, (---a---), (--- a---),
active catalase. (C) Total gluta-
thione content in whole lung
tissue after perfusion. d.w., dry
weight.

Catalase (ng/mi)

Time (hours)

umol GSH/100 mg d.w.

L 1

2 4 6

Time (hours)




Table I1. Edema Formation and Release of Leukocytic Enzymes in the Lungs of Normal and Neutrophil-Depleted Rabbits

Induced by FNLP and PMA
Edema in lung Plasma
plasma/100 transudation
mg lung into BAL Acid protease/ml Myeloperoxidase/ml
tissue (dry wt) fluid BAL fluid BAL fluid
ul ul/ml equivalent to 10° PMN equivalent to 10° PMN
Controls (PBS i.b.) (n = 5) 14.7£5.3 7.6+2.8 2.3+0.8 3.84+2.6
FNLP 2 X i.b. (n = 6) 36.8+11.3 15.4+7.9 7.2+1.7 7.0+2.4
FNLP 2 X neutrophil
depletion (n = 6) 13.41+8.9 4.8+2.4 2.7+0.6 2.60.1
PMA ib.(n =9) 58.8+16.2 43.0+£25.0 14.5+4.8 15.7+£9.6
PMA i.b. neutrophil
depletion (n = 4) 19.0+8.3 9.5£3.0 4.1+0.8 7.0x1.7
Controls (saline i.v.) (n = 3) 4.7+2.8 6.2+2.5 1.7£0.3 <22
PMA iv. (n = 4) 44.7+20.5 55.0£8.6 14.5+1.6 17.9+11.1
PMA i.v. neutrophil
depletion (n = 3) 4.3+£3.2 8.4+2.8 2.5+04 <22

FNLP (200 ug/kg) was given twice at 0 and 5 h, and animals were killed at 6 h. PMA (40 ug/kg i.b. or 80 ug/kg i.v.) was administered once

and rabbits were killed 4 h later. i.b., intrabronchially.

(over a period of 1 min) intravenously at 80 ug/kg. These two
different methods of application initiated similar inflammatory
responses (Table II). In both cases plasma transudation into the
lung tissue and lavage fluid increased four- to fivefold over
control levels. Acid protease and myeloperoxidase concentrations
in the lavage fluid increased by about the same amount.

Neutrophil depletion completely inhibited the transudation
of protein into the lungs if PMA was given intravenously. With
intrabronchial administration lung injury decreased significantly,
but could not be completely abolished.

Histologically, thickening of the septae and accumulation
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Figure 3. Light microscopy photograph of rabbit lung 1 h after a sec-
ond instillation of FNLP 5 h after the first. For description, see text.

of neutrophils mostly within vessels was noticed as early as 2
h after intrabronchial instillation of PMA. At this time, there
was little alveolar edema. At 4 h, large numbers of neutrophils
had passed into the alveolar space accompanied by marked
edema and occasional deposits of fibrin and extravasation of
erythrocytes. At 6 h, this hemorrhagic component became more
dominant. Occasionally a platelet thrombus surrounded by
neutrophils could be seen in blood vessels. PMA administered
intravenously induced a more diffuse, but otherwise very similar
inflammatory reaction.

Oxidant generation during the development of pulmonary
inflammation. To demonstrate the production of H,O, in vivo
we employed the biochemical reaction in which catalase in its
active form as catalase-H,O, complex (compound I) is irre-
versibly inhibited by AT. Catalase in the absence of H,0, is
not inactivated by AT. Rabbits with pulmonary inflammation
received 1 g/kg of AT i.p. 1 h before sacrifice and the extracellular
catalase in the BAL fluid was measured for activity and for
catalase protein concentration (see Methods).

AT in control animals receiving saline intrabronchially
caused a small decrease in specific catalase activity, probably
due to nonspecific stimulation of neutrophils or resident mac-
rophages.

In 22 rabbits receiving GO/G or a double injection of FNLP,
AT caused a decrease of catalase specific activity in the lavage
fluid of 70-90% (Table III). This represented indirect evidence
of in vivo H,O, formation in the FNLP-induced pulmonary
inflammation. Neutrophil depletion had no influence on in-
hibition of catalase by AT in GO/G animals, but in animals
receiving FNLP, neutrophil depletion prevented most of the
inhibition of catalase by AT (Table III). This suggested that at
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Table III. Generation of H,0; In Vivo as Measured by the
Inhibition of Catalase in the Presence of AT

Catalase Total Specific
Inciting agent Time AT activity catalase activity
h ug/ml BAL ug/ml BAL
Suid Sluid

Saline i.b. 6 - 234+22 218+33 1.07
Saline i.b. 6 + 184 256 0.72
GO/G 2 - 475463 508+98 0.94
GO/G 2 + 67154 447462 0.15
GO/G neutrophil

depletion 2 - 363+103 370 0.98
GO/G neutrophil

depletion 2 + 31+22 388 0.08
FNLP 6 - 367+125 346+109 1.06
FNLP 6 + 42+18 188+4 0.22
FNLP neutrophil

depletion 6 - 265194 244191 1.08
FNLP neutrophil

depletion 6 + 227+73 251139  0.90
PMA ib. 2 - 30061 288+73 1.04
PMA i.b. 2 + 11069 293+69 0.38
PMA i.b. 4 - 490+310 500+217 0.98
PMA i.b. 4 + 324+178 577+108 0.56
PMA i.b. 6 - 1060169 1115155 0.96
PMA i.b. 6 + 489+78 913+181 0.53
Saline i.v. 4 + 84 90 0.93
PMA i.v. 2 + 109+58 153137 0.75
PMA i.v. 4 + 220+142 248+138 0.88
PMA i.v. 6 + 178 183 0.97

i.b., intrabronchially.

Inhibition of catalase by AT (1 g/kg) in the presence of H,O, in rab-
bit lavage fluid. Inciting agents and concentrations used are: GO/G
(150 U/20 mg), FNLP twice at 0 and 5 h (200 ug/kg), PMA i.b. (40
ug/kg) and i.v. (80 ug/kg). AT was given intraperitoneally 1 h before
killing. Rabbit erythrocyte catalase (47,600 U/mg protein) was used
as standard. Values are means+SEM in four to seven animals except
in those cases where SEM values are not shown.

this time, neutrophils were responsible, either directly or in-
directly, for the majority of the H,O, generated. Catalase in the
washed cell pellet (>85% macrophages) obtained by centrifu-
gation of BAL fluid, was inhibited by AT in FNLP-treated rabbits
(488+197 ng/mg of protein, n = 3) compared with 3,500+982
ng/mg of protein in control animals and 2,800 ng/mg of protein
(n = 2) in controls which received AT. This inhibition could
be completely reversed by neutrophil depletion (3,083+1,128
ng/mg protein, n = 5). Neutrophil depletion had no influence
on the inactivation of catalase in macrophages by AT injected
at the time of induction of injury in rabbits given GO/G in
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which H,O, was presumably produced by the enzyme irre-
spective of cells.

With a single intrabronchial instillation of FNLP, catalase
inactivation in the presence of AT was observed during the first
hour (sp act = 0.30) (Fig. 1). At 4 h, however, the specific
activity of catalase rose to 0.75, suggesting that H,O, was gen-
erated only for a short period of time.

In animals receiving PMA intrabronchial a steady increase
in catalase content was observed during 6-h period when it
amounted to about fourfold the concentration seen in control
animals. In the presence of AT, catalase activity between 2 and
6 h was inhibited, although in terms of percent of total catalase
present, to a lesser extent than in FNLP-treated rabbits. This
may result from the larger total extracellular content of catalase
in PMA-treated rabbits. Little inhibition of catalase by AT was
seen after intravenous administration of PMA.

Loss of intracellular glutathione. A second approach to the
detection of the presence of oxidants generated in situ was to
measure a diminution in the intracellular defenses to oxidants.
Measurements of total intracellular glutathione were used as an
indication of the participation of the glutathione oxidation-re-
duction cycle in antioxidant reactions. Total glutathione was
measured in whole lung tissue after perfusion and, in washed
alveolar macrophages. Glutathione levels determined in our
standard tissue preparation were not different from values ob-
tained with immediate deproteination by acid treatment.

With intrabronchially administered PMA, glutathione levels
dropped from 2.3 to 0.67 pmol glutathione equivalent/100 mg
dry wt within the first 2 h and further decreased to <15% of
the control values within the next 4 h. Similar results were seen
after intravenous administration, although diminution of glu-
tathione in alveolar macrophages required longer times when
PMA was given intravenously (Table 1V). After instillation of
FNLP, a diminution of glutathione was also observed.

An almost complete protection from loss of cellular glu-
tathione was observed in animals which were neutrophil de-
pleted.

When GO/G were instilled intrabronchially only a moderate
diminution in cellular glutathione levels was observed after 2
h. This was prevented by the addition of catalase given intra-
bronchially. (Table IV). In order to establish the role of oxygen
metabolites in neutrophil-mediated injury, superoxide dismutase
(SOD) and catalase were given intrabronchially together with
FNLP or PMA. SOD but not catalase protected from most of
the loss of intracellular glutathione (Table V) in whole lung
tissue of animals treated with FNLP two times. In macrophages
and in PMA-treated animals, the protection with SOD was not
quite as effective. It should be noted that depletion of glutathione
in whole lung tissue by PMA was greater than that with FNLP,
and hence protection with SOD and catalase would be more
difficult.

Discussion

The present study provides evidence for the presence of oxidants
and proteases, generated in situ during the development of in-



Table IV. Effect of Pulmonary Inflammation on Total
Glutathione Levels in Whole Lung Tissue and

Alveolar Macrophages
Glutathione in Glutathione
whole lung in alveolar
Inciting agent Time tissue macrophages
n h umol GSH nmol GSH
equivalent/100 equivalent/mg
mg dry wt protein
Saline 3 4 2.30+0.11 34.8+1.4
PMA i.b. 5 2 0.67+0.25 8.8+1.5
PMA ib. 5 4 0.54+0.17 ND
PMA i.b. 6 6 0.39+0.27 44422
PMA i.b. neutrophil
depletion 4 2 2.07+0.27 36.2+9.5
PMA i.v. 4 2 1.62+0.36 28.2+14.5
PMA i.v. 4 4 0.48+0.13 25.3+9.3
PMA iv. 4 6 0.26+0.02 14.6+8.1
2 X FNLP i.b. 6 4 1.80+0.37 18.1+£6.2
2 X FNLP i.b. 5 6 1.34+0.31 9.2+2.3
2 X FNLP neutrophil
depletion 7 6 1.87+0.13 ND
GO/G 4 2 1.68+0.14 22.5+7.8
GO/G + 100,000 U
catalase 4 2 1.84+0.20 34.6+6.6

i.b., intrabronchially; ND, not determined.
Conditions are the same as in Table III. Values are means+SEM.

flammatory injury of the lung in rabbits. The injury was induced
by administration of the leukocytic stimuli, FNLP and PMA.
The stimuli were given intrabronchially and intravenously.

The generation of oxidants in vivo. One of the major ob-
jectives of this study was to detect the presence of oxidants
generated in the inflammatory site. We employed two means
to accomplish this: the inactivation of catalase complexed with
H,0, by AT (see Methods) as a measure of H,0O, generation,
and the depletion of the intracellular antioxidant, reduced glu-
tathione (GSH). In a study of pulmonary inflammation in rhesus
monkeys, to be reported separately, the oxidative inactivation
of a,-PI has also been employed to indicate the generation of
oxidants in vivo as it has been used in acute pulmonary in-
flammatory disease of human beings (4). Rabbit «,-PI is less
susceptible to oxidation and could not be used as an indicator
of oxidant formation in this species.

The inactivation of catalase by AT in the extracellular fluid
in inflamed lungs of rabbits was measured by the loss of specific
activity of the catalase (Table III). Several observations support
the possibility that H,O, was complexed with the catalase before
inactivation by AT: extracellular catalase in control rabbits or
rabbits depleted of neutrophils (the major contributor of oxi-

dants) was not inactivated by AT in vivo; the generation of
H,0, by GO/G in the lungs of normal rabbits brought about
inactivation of catalase only in the presence of AT; and inac-
tivation of catalase by proteases, oxidants, etc., did not occur
because the specific activity of the catalase fell only in the in-
flamed lungs of rabbits given AT. Studies conducted in vitro
established that catalase is inactivated by AT only when it is
complexed with H,O, (17, 23).

Although there is a spectral change in catalase-H,0, complex
after inactivation with AT (24), this change has not been shown
to be an absolute indication of the presence of H,O, and its
demonstration was therefore not attempted in this study. It
should therefore be emphasized that these data are indirect in
their support of the conclusion that H,O, is generated during
the development of pulmonary inflammation.

The predominant source of H,O, appeared to be the neu-
trophil, although we cannot exclude the possibility that H,O,
was generated by other cells that might be stimulated by the
neutrophils. Nevertheless, the generation of H,O, in greatest
part required the presence of neutrophils when either FNLP or
PMA was used as stimulant.

Concentrations of catalase in the lavage fluid were higher
in rabbits with inflammatory lung injury. The source of catalase
was probably cells undergoing lytic injury during the devel-
opment of inflammation, in that there was an apparent cor-
relation of catalase levels and concentrations of lactate dehy-
drogenase in the BAL fluids. With PMA as stimulant, the ex-
tracellular catalase concentrations were considerably higher than
when FNLP was used. The decrease in specific activity in the
presence of AT was somewhat less than that when FNLP was

Table V. Effect of SOD and Catalase on Total Glutathione
Levels in Whole Lung Tissue and Alveolar Macrophages

Glutathione in Glutathione
whole lung in alveolar
Inciting agent tissue macrophages
umol GSH n nmol GSH n
equivalent/100 equivalent/
mg dry wt mg protein
2 X FNLP 1.47+0.18 8 9.1+1.8 8
2 X FNLP
+ SOD 2.08+0.32 8 27.3x1.4 4
2 X FNLP
+ catalase 1.61+0.13 4 13.0+£2.5 4
PMA 0.89+0.32 9 8.8£1.5 5
PMA + SOD 1.61+0.27 7 25.9+13.2 5
PMA + catalase 0.92+0.19 4 10.3+£2.3 4

FNLP (200 ug/kg) was administered twice at 0 and 5 h together with
140 ug SOD or 100,000 U catalase (both from rabbit erythrocytes),
and rabbits were killed at 6 h. PMA (40 ug/kg intrabronchially) was
given together with 210 ug SOD or 100,000 U catalase, 2 h before
killing. Values are means+SEM.
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used, perhaps reflecting an excessive amount of catalase relative
to H,O, generated, or catalase released from relatively large
numbers of cells that only recently arrived at the site of inflam-
mation. The minimal amount of catalase inhibition by AT in
BAL fluid after intravenous administration of PMA might in-
dicate that the H,O, formed under these conditions did not
reach the alveolar spaces to any large extent, or that less H,0,
is generated in intravenous stimulation with PMA.

The specific activity of catalase within alveolar cells (pre-
dominantly macrophages) and whole lung cells (washed lung
tissue) also diminished in the presence of AT. As in the case
of extracellular catalase, this was prevented by neutrophil de-
pletion, suggesting that O; and/or H,O,, produced by the leu-
kocytes diffused into target cells. The O; may undergo dis-
mutation to form H,0, intracellularly. In the presence of AT
and intracellular H,O,, catalase could then undergo inactivation.
H,0,, O3, and AT are all known to penetrate cell membranes
freely (25, 26). It is possible that catalase was inhibited directly
in macrophages, which produce their own oxidant during ac-
tivation.

In the second method of detecting oxidants, measurements
were made of intracellular glutathione in cells removed from
the site of injury. Alveolar cells appearing in the BAL fluid,
cells in washed whole lung preparations, and endothelial cells
of the pulmonary vasculature all showed a fall in glutathione
levels. Data support the concept that the fall in glutathione
reflected the generation of oxidants: the depletion of neutrophils,
the apparent source of oxidants when stimulated with FNLP
or PMA, prevented in great part the fall in intracellular glu-
tathione. Similarly, SOD prevented the diminution of gluta-
thione. Glutathione levels within pulmonary cells have been
shown to fall in oxygen toxicity (27). Furthermore, oxidized
glutathione (GSSG) appears in the perfusate of isolated lungs
or liver treated with hyperbaric oxygen (28) or hydroperoxides
(29, 30). The rate of GSSG release is dependent on the amount
of hydroperoxide utilized (31), and H,O, generated intracellularly
also gives rise to an increased GSSG release (30). Increased
concentrations of intracellular GSSG can deleteriously affect
the conformation or activity of thiol-containing proteins by di-
sulfide interchange (32, 33) and are assumed to be removed
from the cell by a translocase which has been characterized in
erythrocytes (34). These data taken together make it probable
that the substantial loss of total glutathione after leukocytic
stimulation is caused by oxidation even though we did not
determine the escape of GSSG in vivo. Intracellular GSSG levels
were only marginally increased (data not shown). We cannot
exclude the possibility that part of the loss of intracellular glu-
tathione was due to formation of mixed disulfides between pro-
tein and glutathione which cannot be determined by our assay
procedure.

The data suggest that oxidants are generated rapidly and
consistantly during a 4-6-h period in the case of PMA-induced
injury, and, with FNLP, in the first hour and again after the
second stimulation with FNLP. The generation of oxidants by
leukocytes stimulated with PMA is known to persist, whereas
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that with FNLP occurs as a burst during a 10-min period after
stimulation. The detection of oxidants by the three methods
noted above depends upon several factors which vary with each
stimulus and with each assay. These factors include the number
of infiltrating leukocytes, the local concentration of stimulant
at the time of leukocytic accumulation, the duration of stim-
ulation, the concentration of extracellular antioxidants, the rate
of transudation of «,-PI in cases where its specific activity is
measured, and, for the intracellular levels of glutathione, the
rate of synthesis and either loss from the cell or metabolization
within the cell. Studies in the whole animal do not allow def-
inition of these variables, but measure net effects only.

In vivo the administration of xanthine oxidase-xanthine or
GO/G caused severe pulmonary injury in rats (9) and in rabbits
(Table I), which could be inhibited by SOD or catalase respec-
tively. Intravenously administered catalase similarly inhibited
edema formation induced by cobra venom factor (11). Nev-
ertheless, whether oxidants are responsible, or whether catalase
inhibits some other mediator of oxidant injury is unknown.
Free oxygen radicals can induce various toxic effects, among
them lipid peroxidation, protein denaturation, and DNA strand
scission (26), but acute pathological changes on the cellular level
are not well defined. Oz, HO, (35, 36), H,O, (37, 38), HOCI
in the presence of myeloperoxidase (39), OH’, (40, 41), ‘O,, and
RO’ (42) have all been associated with oxidant-mediated injury
with rather confusing conclusions even under in vitro conditions.
O3 itself is more of a reducing agent than an oxidant
(0O, + 3 — 03, E° = —0.33 V) (43), but initiates the production
of other more active oxygen species. H,O, formed by the GO/
G system—or its breakdown products—was sufficient to induce
edema formation. In vitro experiments (unpublished data) have
shown that the slow formation of H,0, is sufficient to induce
a loss of intracellular glutathione activity. Under in vivo con-
ditions, however, SOD but not catalase could protect from a
loss of intracellular glutathione, probably due either to its better
accessibility on the vascular side and the interstitium because
of its lower molecular weight, or to the fact that catalase does
not scavenge low concentrations of H,O, very efficiently.

The presence of proteases from leukocytes in situ was seen
with either FNLP or PMA, used as inciting agents, and appeared
in parallel with the presence of oxidants. There is little possibility
that the protease activity in the BAL fluids—though not char-
acterized by their molecular weight—derived from cells other
than neutrophils or macrophages. The pH maximum for cleavage
of hemoglobin was at pH 2.5, characteristic for neutrophil-de-
rived cathepsin E. In the present study no attempt was made
to find evidence for the hydrolysis of basement membrane, but
the appearance of erythrocytes in the BAL fluid after PMA
injury might be an indication for the participation of proteases
in the mediation of injury. In experimental glomerulitis large
protein molecules and erythrocytes cleared the filtering glo-
merular basement membrane of rabbits with neutrophil me-
diated injury, and basement membrane degradation products
could be demonstrated in the urine (44, 45). In isolated rabbit
lungs perfused with elastase severe edema formation was ob-



served (8), histologically characterized by injury of the endothelial
cell lining and the vascular basement membrane. Injury induced
by GO/G, presumed to be primarily caused by oxidant, showed
high protease levels in the BAL fluids. This indicated that leu-
kocytes were at least indirectly involved either due to direct
stimulation of enzyme release by oxidants (46) and/or by the
formation or release of PMN stimulatory substances or due to
cell lysis. Depletion of neutrophils in these animals showed that
the PMN was not of importance in the development of edema
under these conditions. Removal of H,O, by catalase led to
diminution of protease activity in the BAL fluid in the GO/G-
treated animals. A relationship appears to exist between the
presence of oxidants, generated in situ, and the appearance of
extracellular proteases. It will be important to define the rela-
tionship between oxidants and proteases in the development of
pulmonary injury when other agents are used to induce injury.

Although proteases and oxidants are both known to produce
injury of tissue, the present data do not distinguish between
them in evoking injury of the lung, nor do they preclude the
possibility that other effectors play a role in development of the
observed pulmonary inflammation. The marked inhibition of
injury resulting from depletion of PMNSs, however, suggests that
these cells play a control role in the production of proteases,
oxidants, or other mediators that may be important in the de-
velopment of acute pulmonary injury in rabbits.
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