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Abstract

 

Hyperoxia-induced lung disease is associated with promi-

nent intraalveolar fibrin deposition. Fibrin turnover is tightly

regulated by the concerted action of proteases and antipro-

teases, and inhibition of plasmin-mediated proteolysis could

account for fibrin accumulation in lung alveoli. We show

here that lungs of mice exposed to hyperoxia overproduce

plasminogen activator inhibitor-1 (PAI-1), and that PAI-1

upregulation impairs fibrinolytic activity in the alveolar

compartment. To explore whether increased PAI-1 produc-

tion is a causal or only a correlative event for impaired in-

traalveolar fibrinolysis and the development of hyaline

membrane disease, we studied mice genetically deficient in

PAI-1. We found that these mice fail to develop intraalveo-

lar fibrin deposits in response to hyperoxia and that they are

more resistant to the lethal effects of hyperoxic stress. These

observations provide clear and novel evidence for the patho-

genic contribution of PAI-1 in the development of hyaline

membrane disease. They identify PAI-1 as a major deleteri-

 

ous mediator of hyperoxic lung injury. (

 

J. Clin. Invest.

 

 1996.
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Introduction

 

Premature babies and adults suffering from respiratory dis-
tress syndrome (RDS)

 

1

 

 often require artificial ventilation with
high oxygen concentration to maintain adequate blood oxy-
genation. The detrimental consequences of hyperoxia on lung
tissues are widely recognized: high concentrations of oxygen
are toxic for most cellular constituents of the lung and induce

irreversible damage. Hyperoxic lung injury is characterized by
the prominent intraalveolar deposition of fibrin and cell de-
bris, the classical feature of hyaline membrane disease (1). Fi-
brin accumulation in alveolar spaces is considered to play a
major role in respiratory failure and in the subsequent devel-
opment of fibrosis (2). Degradation of fibrin is mediated by
plasmin, the production of which is tightly regulated by the
concerted actions of proteases and antiproteases: the plasmi-
nogen activators (PAs) and their specific inhibitors (PAIs). By
controlling the rate of plasmin formation, the balance of PAs
and PAIs ensures fibrinolytic homeostasis in both vascular and
extravascular compartments. During pathological processes
the production of PAs and PAIs is frequently altered, leading
either to excessive plasmin-catalyzed proteolysis as observed
in neoplasia, or, alternatively, to impaired plasmin formation
as reported in lipopolysaccharide-induced injury, sepsis, or re-
nal disorders (3–6). Clinical studies have demonstrated re-
duced plasmin-mediated proteolysis in bronchoalveolar lav-
ages (BAL) of patients with adult RDS (7, 8). Plasminogen
activator inhibitor type 1 (PAI-1) gene expression is upregu-
lated in lungs of rats exposed to hyperoxia, suggesting that the
PA/plasmin system in lung tissues is altered (9). Using a mu-
rine model that recapitulates the morphologic and functional
alterations of oxygen toxicity observed in humans (10), we
have explored the effects of hyperoxia on the PA/plasmin sys-
tem in lung tissues. We demonstrate here that hyperoxia-
induced fibrin accumulation is associated with a reduction of
plasmin-mediated proteolysis in alveolar spaces and that this
decrease is attributable to a selective increase of PAI-1 pro-
duction. Furthermore, we show that mice genetically deficient
for PAI-1 fail to exhibit alveolar fibrin accumulation in re-
sponse to hyperoxia. These mice are protected against the le-
thal effects of hyperoxia. Altogether, our observations directly
document the pathogenic role of antiprotease production in al-
veolar spaces exposed to high oxygen concentration.

 

Methods

 

Mice.

 

C57BL/6 mice were purchased from Iffa Credo (Labresle,
France) and bred for three generations in our animal facility. SV129
mice were obtained from BRL (Basel, Switzerland) and used only for
survival experiments. PAI-1 
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/

 

2

 

, PAI-1 

 

1

 

/

 

1

 

 wild-type, tissue-type
plasminogen activator (tPA) 

 

2

 

/

 

2

 

, and urokinase-type plasminogen
activator (uPA) 

 

2

 

/

 

2

 

 (SV129 and C57BL/6 mixed background) mice
were kindly provided by P. Carmeliet (University of Leuven, Bel-
gium) and bred in our animal facility (11, 12). Experiments were per-
formed with 2-mo-old male mice weighing 20–25 grams.

 

Hyperoxia exposure.

 

Mice were placed in a sealed Plexiglas
chamber with a minimal in- and outflow, providing six to seven ex-
changes per hour of the chamber volume and maintaining CO

 

2

 

 levels
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Abbreviations used in this paper:

 

 

 

a

 

2-AP, 

 

a

 

2-antiplasmin; BAL,
bronchoalveolar lavage; PAI-1, plasminogen activator inhibitor type
1; PN-I, protease-nexin I; RDS, respiratory distress syndrome; tPA,
tissue-type plasminogen activator; uPA, urokinase-type plasminogen
activator; W/D, lung wet over dry weight.
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below 1%. Animals were exposed to 100% O

 

2

 

 for different periods of
time. O

 

2

 

 and CO

 

2

 

 levels were measured daily with an O

 

2

 

 and CO

 

2

 

 an-
alyzer (Engström, Sweden) as described (10). Mice exposed to room
air in the same chamber served as controls. Food and water were
available ad libitum. This study protocol was approved by the ethical
committee on animal experiments (Office Vétérinaire Cantonal of
Geneva).

 

Assessment of pulmonary leakage.

 

Mice exposed to hyperoxia or
to room air were injected intravenously 2 h before time of killing with
200 

 

m

 

l of Evans blue (10 mg/ml in sterile saline solution; Fisher Scien-
tific, Pittsburgh, PA). Blood was rinsed from lung vessels by injecting
the right ventricle with 5 ml saline; lungs were then inflated by instill-
ing 5% formaline (in 80% ethanol) into the trachea. When the alve-
olo-capillary barrier is altered by endothelial injury, the protein-
adsorbed dye diffuses from the vascular bed into the alveolar space
and colors the whole lung blue. In control animals, dye staining re-
mains within blood vessels. Pulmonary edema was determined by
weighing both lungs at autopsy and after drying the tissue at 80

 

8

 

C un-
til two weights, 24 h apart, remained unchanged. The lung wet over
dry weight (W/D) was normalized to the initial body weight.

 

Histological analyses.

 

Mice were bled through the abdominal
aorta under light anesthesia and the thorax was opened to abolish the
negative intrathoracic pressure. Lungs were fixed by instilling forma-
line in the trachea with a hydrostatic pressure of 20 cm. Transhilar
horizontal sections were embedded in paraffin and processed for light
microscopy. Cryostat tissue sections were prepared from lungs in-
stilled with tissue-TEK OCT and frozen immediately with methylbu-
tane into liquid nitrogen.

PAI-1 immunohistochemical detection was performed on 5-

 

m

 

m
cryostat tissue sections fixed with paraformaldehyde. After preincu-
bation with normal goat serum, sections were incubated overnight at
room temperature with rabbit anti–mouse PAI-1 serum (final dilu-
tion 1:200; provided by D. Loskutoff, La Jolla, CA). Controls were
performed with rabbit nonimmune IgG at equivalent concentration
(50 

 

m

 

g/ml) (provided by G. Gabbiani, Department of Pathology,
Geneva). Fibrin(ogen) immunohistochemical detection was per-
formed on 7-

 

m

 

m paraffin-embedded formalin-fixed sections postfixed
in cold acetone. After preincubation with normal goat serum, sec-
tions were incubated with rabbit anti–mouse fibrinogen IgGs, which
recognize fibrinogen and fibrin-derived products (final dilution 1:500).
Controls were performed with the corresponding preimmune serum
at the same dilution. Both sera were provided by D. Simon (Boston,
MA). All tissue sections were incubated with alkaline phosphatase–
conjugated goat anti–rabbit IgGs (1:20; Dako, Copenhagen, Den-
mark) for 30 min and revealed with the fast red colorimetric kit
(Dako) for 5 min. Immunostainings were performed in three differ-
ent mice for each condition. The immunohistochemical sections were
scanned with a high sensitivity Photonic Science Coolview color cam-
era (Carl Zeiss, Oberkochen, Germany) through an Axiophot photo-
microscope (Zeiss) equipped with a plan apochromate 

 

3

 

 40/1.40 oil
immersion objective. The camera was connected to a 486DX2/66 In-
tel PC and the images were captured using the software package Im-
age Access (release 2.04; IMAGIC, Bildverarbeitung AG, Glattbrug,
Zürich, Switzerland). 10 randomly selected fields were analyzed for
each antiserum-labeled section and 5 for the control staining of an ad-
jacent section. Image analysis was carried out with a Zeiss image ana-
lyzer using the software package KS 400 (release 2.0; Kontron Elec-
tronik, GmbH, Eching, Germany). For each condition an index
expressed in arbitrary units was calculated. This index integrates the
relative area and the mean intensity of the immunostaining. The
mean intensity was given by the mean value in HLS (hue, lightness,
and saturation) model. The results were expressed after having sub-
tracted the values of the control staining.

 

RNA analyses.

 

Lungs from saline-washed mice were dissected,
frozen immediately in liquid nitrogen, and stored at 

 

2

 

80

 

8

 

C. After ho-
mogenization in guanidinium/thiocyanate, total RNA was isolated by
cesium chloride centrifugation as described previously (13). uPA,
tPA, PAI-1, PAI-2, 

 

a

 

2-antiplasmin (

 

a

 

2-AP), and protease-nexin I

(PN-I) probes were prepared as described (14–18) and transcribed in
vitro using 

 

a

 

 

 

32

 

P-labeled UTP (specific activity 400 Ci/mmol; Amer-
sham International, Buckinghamshire, United Kingdom). RNase pro-
tection assays were performed as described (19). Quantitation was
achieved by PhosphorImager analysis (Molecular Dynamics, Inc.,
Sunnyvale, CA) using the Image Quant software (Molecular Dynam-
ics, Inc.). Five different samples were analyzed for each condition
and results are expressed as mean increase compared with control
mice

 

6

 

SD.

 

Protein analyses.

 

BAL was performed by instilling into the tra-
chea 3 ml of saline solution containing 0.2 M EDTA, 5 mM 2-iodoac-
etamide (Sigma Chemicals, St. Louis, MO), and 250 U/ml aprotinin
(Bayer, Switzerland); BAL fluid was recovered immediately on ice
under negative hydrostatic pressure and the supernatant was col-
lected after centrifugation. BAL and tissue protein concentration was
determined by Bradford’s method (20). Tissue protein extraction and
zymography were performed as described (15, 21). To dissociate pro-
tease–antiprotease complexes, NH

 

4

 

OH (4%) was added to samples
30 min before electrophoresis. Quantitation was made by scanning
the zymographies with the Image Quant software. Histological zymo-
grams were performed on lung cryostat tissue, as described (14).
Slides were incubated at 37

 

8

 

C in a humidified chamber and were al-
lowed to develop for 2–6 h. Parallel experiments were carried out in
the absence of plasminogen or in the presence of 1 mM amiloride, a
selective inhibitor of uPA catalytic activity (22).

 

Statistical analysis.

 

For each parameter measured or calculated,
the values for all animals in an experimental group were averaged
and the SD of the mean was calculated. The significance of differ-
ences between the values of an experimental group and those of the
control group was determined with the unpaired Student’s 

 

t

 

 test. Sur-
vival parameters were analyzed using the Kaplan-Meier test. Signifi-
cance levels were set at 

 

P

 

 

 

,

 

 0.05.

 

Results

 

Hyperoxia induces intraalveolar fibrin deposition.

 

C57/BL6
mice subjected to continuous hyperoxia developed progressive
pulmonary lesions that became lethal within 4–5 d. Histologic
alterations of the pulmonary parenchyma were first detectable
after 72 h of exposure. Endothelial cells displayed morpho-
logic evidence of damage, while septal and alveolar edema was
apparent. More pronounced lesions were observed after 90 h
of hyperoxia. Alveolar walls then appeared thickened and
were lined with severely damaged epithelial cells. Concomi-
tantly, large amounts of extracellular material containing fi-
brin were observed in the alveolar spaces (Fig. 1); this feature
is characteristic of diffuse hyaline membrane deposition.

 

Hyperoxia reduces plasmin-mediated proteolysis in the al-

veolar compartment.

 

Histological zymographies performed on
lung tissue sections of hyperoxia-exposed mice revealed a de-
creased uPA-mediated proteolytic activity throughout areas
corresponding to the alveolar compartment, while zones of
tPA-mediated proteolysis (corresponding to vascular struc-
ture) were unaffected (not shown). Whole lung tissue protein
extracts of air-breathing and hyperoxia-exposed mice were an-
alyzed by SDS-PAGE and zymography. In control mice, two
types of plasminogen-dependent proteolytic activities were de-
tected, corresponding to uPA and tPA, respectively (Fig. 2 

 

A

 

).
After 90–96 h of hyperoxia, a slight decrease in uPA-mediated
catalytic activity was observed, while tPA-mediated activity re-
mained unchanged (Fig. 2 

 

A

 

); high molecular weight PA–PAI
complexes became visible after longer development of the zy-
mograms. In contrast, protein extracts of BAL from mice ex-
posed to hyperoxia showed a marked reduction in uPA activ-
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ity (

 

P

 

 

 

5

 

 0.02), and to a lesser extent in tPA activity (

 

P

 

 

 

5

 

 0.06)
(Fig. 2 

 

B

 

). Abundant high molecular weight PA–PAI com-
plexes appeared during hyperoxia (

 

P

 

 

 

5

 

 0.03). When BAL
specimens were incubated with NH

 

4

 

OH before electrophore-
sis to dissociate complexes formed between uPA or tPA and
their inhibitors, uPA and tPA-mediated activities were com-
pletely restored and were more abundant in hyperoxic than in
control samples (Fig. 2 

 

C

 

). The analysis of BAL by reverse zy-
mography revealed the presence of increased levels of PAI-1
in hyperoxia exposed mice. Thus, the complexes with uPA and

tPA can be attributed, at least in part, to PAI-1. We also ana-
lyzed the plasma fibrinolytic activity of mice submitted to the
same conditions and found no difference in uPA or tPA pro-
teolytic activity between control and hyperoxic-treated mice
(not shown).

These findings indicate that uPA-mediated proteolysis is
reduced in the alveolar compartment exposed to hyperoxia
and raise the possibility that this reduction of fibrinolytic po-
tential can be ascribed to the concomitant presence of in-
creased amounts of PAI(s).

Figure 1. Lung histology of mice exposed to air (A) or to 100% O2 (B) for 90 h. Sections were stained with hematoxylin and eosin. The arrow 
points to hyaline membranes. Note the presence of red blood cells into alveoli (arrowhead). 3100.

Figure 2. Zymographic analysis of PA ac-
tivities in total lung (A) and BAL (B and 
C). Lanes 1–3: control air-breathing mice; 
lanes 4–9: mice exposed to 100% O2 for 
72 h (lanes 4–6) and 90–96 h (lanes 7–9). 
(A) 20 mg of total lung protein from one 
animal was loaded onto each lane. Photo-
graph was taken after 16 h of incubation at 
378C. The migration of tPA and uPA was 
determined with purified standard pro-
teins electrophoresed in adjacent lanes. 
(B) 20 mg of protein recovered in BAL 
from individual mice was loaded onto 
each lane. Note the marked reduction in 
uPA-mediated activity (P , 0.05) and to a 
lesser extent in tPA activity (P 5 NS) af-
ter 90–96 h of hyperoxia. High molecular 
weight PA–PAI complexes are more 
prominent in BAL of hyperoxic animals 
(P , 0.05). The photograph was taken af-
ter 40 h of incubation at 378C. (C) Samples 
of BAL from air-breathing (lane 1) and 
90–96 h hyperoxia-exposed mice (lane 8) 
were treated with NH4OH before electro-
phoresis to dissociate PA–PAI complexes. 
The photograph was taken after 24 h of in-
cubation. Proteolytic activity was restored 
in the hyperoxia-exposed sample (lane 8).
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Hyperoxia preferentially upregulates PAI-1 gene expres-

sion in lung tissues.

 

The presence of uPA, tPA, PAI-1, PAI-2,

 

a

 

2-AP, and PN-I mRNAs was assessed by RNase protection
analysis of total lung RNA extracted from air-breathing and
hyperoxia-exposed mice. Lungs exposed to 90–96 h of hyper-
oxia showed a 30-fold increased PAI-1 mRNA content and
only a 4–9-fold increase in uPA and tPA mRNA contents,
when compared with lungs from air-breathing mice (Fig. 3).
Increased PAI-1 mRNA accumulation was already apparent
after 48 h of hyperoxia, while increased uPA and tPA mRNA
content was only detectable after 72 h of hyperoxia. In con-
trast, no modulation of PAI-2, PN-1, or 

 

a

 

2-AP mRNA levels
was observed. PAI-1 protein was assessed by immunohis-
tochemistry. PAI-1 immunostaining was observed in alveolar

septa and in some alveolar cells which, according to their local-
ization, might correspond to type II epithelial cells (Fig. 4).
Quantitation of the immunochemical reaction indicated a six-
fold higher level of PAI-1 in hyperoxic mice as compared with
air-breathing animals (

 

P

 

 

 

,

 

 0.05).
These investigations show that PAI-1 gene expression is

markedly induced during hyperoxic lung injuries and that the
protein is secreted in the alveolar compartment; the increased
antiprotease production precedes intraalveolar fibrin accumu-
lation.

 

PAI-1 contributes to the pathogenesis of hyperoxic lung in-

juries.

 

To determine whether the increased PAI-1 gene ex-
pression directly contributes to alveolar fibrin accumulation
and to the pathogenesis of hyaline membrane disease, we
placed mice genetically deficient for PAI-1 under the same hy-
peroxic conditions.

Figure 3. Quantitation of uPA, tPA, and PAI-1 mRNAs in murine 
lungs. Mice were exposed to air or to 100% O2 for the indicated 
times. 10 mg of total lung RNA was hybridized to 32P-labeled cRNA 
probes. RNase-resistant hybrids were analyzed after separation in 
urea/polyacrylamide gels. PN-I and a-2 antiplasmin mRNAs were 
used as controls, since they do not increase during hyperoxia. (Bot-

tom) Quantitation of mRNA levels was performed with a Molecular 
Dynamics PhosphorImager. Values represent means of five 
animals6SD (n 5 3 for 24 h of hyperoxia) and are expressed as fold-
increase compared with controls set as 1. *P , 0.05 versus control, 
#P , 0.001 versus control. White bars, uPA; gray bars, tPA; black 

bars, PAI-1.

Figure 4. Immunohistochemical localization of PAI-1 in murine 
lungs. Cryostat tissue sections were stained with a rabbit antimurine 
PAI-1 (1:200) as described in Methods. Micrographs of representa-
tive fields are presented. No PAI-1 could be detected in the lungs of 
air-breathing mice (A). Quantitation analysis of the immunostaining 
revealed a sixfold increase in PAI-1 immunoreactivity in animals ex-
posed to hyperoxia compared with air-breathing animals (P , 0.01). 
The arrows point to PAI-1 containing alveolar septal cells in the lung 
of a mouse exposed to hyperoxia for 84 h (B). 360. Identical results 
were obtained with three different animals.
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Histological examination of lung tissues revealed striking
differences in the response to hyperoxia. Lungs of PAI-1 

 

2/2
and PAI-1 1/1 mice submitted to 96 h of hyperoxia differed
significantly. PAI-1 2/2 mice exhibited minimal alterations at
this time; septal thickening was only observed focally and no

fibrin deposits could be found in alveolar spaces. In contrast,
lung microscopic examination of uPA 2/2 and tPA 2/2
strains revealed septal thickening, prominent epithelial cell in-
juries, and intraalveolar fibrin deposition. These alterations
were similar to those observed in PAI-1 1/1 mice, but they

Figure 5. Macroscopic visualization of vascu-
lar leakage in the lungs of PAI-1 2/2 and 
PAI-1 1/1 (C57/BL6 3 129) mice. Air-
breathing mice (left) and mice exposed to 
100% O2 for 84 h (right) were injected intrave-
nously with 200 ml of Evans Blue 2 h before 
time of killing. Hyperoxic lungs of both PAI-1 
2/2 and PAI-1 1/1 mice show an intense and 
homogeneous blue color, indicating a similar 
alveolar leakage in both strains, whereas no 
leakage is observed in air-breathing lungs.

Figure 6. Immunohistochemical detection of fibrin in murine lungs. 
Paraffin-embedded tissue sections were stained with a rabbit antimu-
rine fibrin(ogen) (dilution 1:500) (red color) as described in Methods. 
340. Very few fibrin(ogen) is detected in air-breathing mice (left). Fi-
brin(ogen) immunoreactivity along the epithelial side and in the inter-
stitium of alveoli is diffuse and more intense in hyperoxia-exposed 
PAI-1 1/1 mice (middle) than in hyperoxia-exposed PAI-1 2/2 mice 
(right) (90 h). (Bottom) Quantitation of the immunostaining; the val-
ues represent the mean6SD of 10 different fields (n 5 3 in each 
group) for the sections stained with the antifibrin(ogen) (black bars) 
and of 5 different fields for the sections stained with the preimmune 
serum (white bars). There is an 11-fold increased immunoreactivity 
during hyperoxia compared with air-breathing animals in the 1/1 
strain (P , 0.01).
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appeared earlier (48–56 h). Finally, zymographic analysis of
BAL protein extracts showed that tPA- and uPA-mediated fi-
brinolytic activities were maintained during hyperoxia in PAI-1
2/2 mice (not shown).

Vascular leakage is considered to be an early event of hy-
peroxic injury. Protection conferred by PAI-1 deficiency could
result from increased fibrinolysis either in the vascular space
or in the alveolar compartment. To distinguish between these
two possibilities, we first assessed vascular leakage by intrave-
nous injection of Evans blue. Hyperoxia provoked similar pul-
monary leakage in PAI-1 2/2 and PAI-1 1/1 mice, suggest-
ing that the endothelium of PAI-1 2/2 mice is not protected
against hyperoxic injury (Fig. 5). We also analyzed BAL pro-
tein content and W/D ratio (normalized to initial body
weight), in PAI-1 1/1 and 2/2 mice. Both were increased
during hyperoxia exposure, but they were not significantly dif-
ferent between the two animal groups. In air-breathing PAI-1
1/1 and 2/2 mice, BAL protein content was 0.17 and 0.14
mg/ml, respectively; in hyperoxia-exposed mice (90 h), BAL
protein content was 1.37 and 1.05 mg/ml, respectively (n 5 5).
After 90 h of hyperoxia, (W/D)/body weight ratio was
0.2760.04 (PAI-1 1/1, n 5 7) vs. 0.2560.04 (PAI-12/2, n 5 6).
We then analyzed fibrin deposition by immunochemistry (Fig.
6). An 11-fold increase was detected in the alveoli of hyper-
oxia-exposed PAI-1 1/1 mice (P , 0.01, vs. air-breathing
mice), whereas minimal fibrin deposition occurred along alve-
olar walls of PAI-1 2/2 mice.

We finally compared the survival of PAI-1 2/2 mice with
that of C57/BL6 and SV129 mice, from which they were de-
rived (11). PAI-1 2/2 mice survived significantly longer than
C57/BL6 and SV129 mice: mean survival6SD was 159610 h
vs. 9469 and 8265 h (P , 0.0001) (Fig. 7). Since the genetic
background of PAI-1 2/2 mice is not well defined, we also an-
alyzed the survival of genetically comparable mice which are
PAI-1 1/1, but either uPA 2/2 or tPA 2/2 (12). tPA 2/2
mice died at 6865 h and uPA 2/2 at 7966 h (Fig. 7). The sur-
vival of tPA 2/2 mice is significantly shorter than of the par-
ent strains (P , 0.05).

Taken together these observations show that PAI-1 defi-
ciency protects from the lethality of hyperoxia by preventing
intraalveolar fibrin accumulation.

Discussion

Fibrin is involved in a wide spectrum of extravascular remodel-
ing processes. In wound repair, localized fibrin deposition se-
cures the restoration of tissue integrity through its mechanical
and biological properties. In certain pathological conditions,
such as in lung disorders, excessive fibrin formation has been
postulated to play a pivotal role in the generation of organ
damage (23). Acute lung injuries are often associated with fi-
brin-enriched intraalveolar exudates, and fibrin deposition in
air spaces impairs gas exchanges. Fibrin also favors the subse-
quent development of fibrosis by stimulating the proliferation
of collagen-synthesizing fibroblasts (2, 24, 25). Thus, inappro-
priate fibrin accumulation appears to be a pathogenic event in
both acute and chronic phases of respiratory failure. Fibrin ac-
cumulation integrates the combined influences of capillary
leak, intraalveolar coagulation, and fibrinolysis, which is con-
trolled by the balance between PAs and PAIs.

During hyperoxia the synthetic potential of lung tissue for
uPA, tPA, and PAI-1, three components of the PA/plasmin
system, is increased. The upregulation of PAI-1 mRNA accu-
mulation being most dramatic, the balance may be tilted to-
wards reduced plasmin formation. While overall uPA- and
tPA-mediated plasmatic and lung tissular proteolytic activities
are similar in hyperoxic and air-breathing animals, striking dif-
ferences are observed in corresponding BAL samples. uPA
and tPA activities are markedly reduced, most likely as a result
of complex formation with PAI-1. Histological zymographies
of lung sections confirm that the hyperoxia-induced decrease
in lung proteolytic activity affects primarily uPA-catalyzed ac-
tivity associated with alveolar structures, whereas tPA activity
was essentially unaffected. Thus, the perturbation of the plas-
min-mediated proteolytic balance during hyperoxia appears to
involve the alveolar compartment, where it may play a decisive
role in favoring fibrin accumulation. Our results are in accor-
dance with previous work exploring the fibrinolytic system in
experimental and clinical interstitial lung diseases (4, 8, 26, 27).
BAL fibrinolytic activity is decreased in RDS and has been at-
tributed to PAI-1 expression (7, 8). Similarly, impaired fibrin-
olysis correlates with fibrin accumulation in animal models of
hyperoxia (28).

Figure 7. Survival time of mice exposed to 
hyperoxia (100% O2). PAI-1 2/2 mice 
(n 5 10) survive significantly longer than 
C57/BL6 (n 5 10) or SV129 mice (n 5 9) 
(*P , 0.0001). tPA- and uPA-deficient 
mice (2/2) have a genetic background 
similar to PAI-1 2/2 mice. Their survival 
in 100% O2 is similar (uPA 2/2 strain) or 
slightly reduced (tPA 2/2 strain) com-
pared with that of the two parent strains 
(#P , 0.05).
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The cellular origins of lung uPA, tPA, and PAI-1 remain to
be determined. uPA may be synthesized by pneumocytes and/
or resident monocytes/macrophages, while tPA is expressed
predominantly by endothelial cells (21, 29, 30). Immunohis-
tochemical findings suggest an epithelial origin for PAI-1 pro-
duction, but resident monocytes/macrophages, fibroblasts, and
endothelial cells may also contribute to its synthesis (9, 26, 31,
32). The upregulation of PAI-1 synthesis may be a direct con-
sequence of hyperoxia, as shown in vitro (9). It could also be
triggered by the alveolar presence of fibrin(ogen), which was
reported recently to induce PAI-1 synthesis by rat lung fibro-
blasts (33). Our results do not support this hypothesis, since
PAI-1 gene expression appears earlier than fibrin deposition.

Genetically deficient mice provide unique tools to discrimi-
nate between causal and coincidental changes in gene expres-
sion. Using mice made deficient in PAI-1 by gene targeting, we
have demonstrated here that this antiprotease plays a deleteri-
ous role in acute lung hyperoxia. Indeed, PAI-1–deficient mice
exposed to hyperoxia have persistent fibrinolytic activity in
their alveoli, they fail to develop intraalveolar fibrin deposits,
and they are relatively resistant to the lethal effect of hyper-
oxia. PAI-1 2/2 mice are not completely protected against all
toxic effects of hyperoxia, however. After 96 h of exposure to
hyperoxia, lungs of PAI-1 2/2 mice show morphologic and
functional signs of endothelial cell damage, including vascular
leakage. These results suggest that endothelial cell lesions
precede impaired alveolar fibrinolysis and therefore are an
upstream event in the development of hyaline membrane dis-
ease. The analysis of tPA-deficient mice supports the func-
tional relevance of altered plasmin-mediated fibrinolysis in
hyperoxic lung injury. These mice develop severe pulmonary
lesions earlier than wild-type mice in response to hyperoxia.
Why tPA-deficient mice are more susceptible to hyperoxia
than uPA-deficient mice is not clear. tPA activity seems to be
less affected than uPA activity during hyperoxia. Therefore,
tPA could prevent fibrin deposition at early times during hy-
peroxia, while its absence in tPA-deficient mice would acceler-
ate fibrin-induced alveolar damage. Conversely, uPA, being
present essentially within the alveolar compartment, may not
be crucial until alveolar leakage and subsequent fibrin deposi-
tion is present, after 72 h of hyperoxia. Several authors have
reported that decreased fibrinolytic activity associated with ex-
perimental and clinical pulmonary lesions is a good predictive
marker for the subsequent development of fibrosis (28, 34, 35).
In accordance with this, it has been shown recently that PAI-
1–mediated inhibition of fibrinolysis influences the severity of
bleomycin-induced chronic lung fibrosis (36). Our findings
provide strong evidence for a causal link between decreased
PA activity in BAL and lethal lung injury in acute hyperoxic
disease.

Fibrin is one of the most potent inactivators of surfactant
(37); thus, the presence of intraalveolar fibrin can be highly
detrimental during the course of RDS in premature babies.
Surfactant administration is now a standard treatment to pre-
vent hyaline membrane disease (38). If intraalveolar fibrin ac-
cumulation could be avoided or at least limited, this may im-
prove the beneficial effect of surfactant administration, not
only during the acute phase but also for the reparative phase.
Intratracheal administration of uPA has been suggested as a
means to improve the clinical course of chronic respiratory dis-
eases (39). The identification of PAI-1 as a major contributor
to the pathogenesis of hyperoxia-induced lung lesions offers an

alternative pharmacological strategy to restore intraalveolar fi-
brinolysis. Agents that modulate PAI-1 synthesis, or agents
that could prevent interaction of this antiprotease with its tar-
get enzymes, such as noninhibitory PAI-1 analogues, might
help control the deleterious effect of PAI-1 in lung diseases.
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