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Inhalation of urokinase-type plasminogen activator reduces airway remodeling
in a murine asthma model
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Kuramoto E, Nishiuma T, Kobayashi K, Yamamoto M, Kono
Y, Funada Y, Kotani Y, Sisson TH, Simon RH, Nishimura Y.
Inhalation of urokinase-type plasminogen activator reduces airway
remodeling in a murine asthma model. Am J Physiol Lung Cell Mol
Physiol 296: L337–L346, 2009. First published December 19, 2008;
doi:10.1152/ajplung.90434.2008.—The airway remodeling that oc-
curs in asthma is characterized by an excess of extracellular matrix
deposition in the submucosa, hyperplasia/hypertrophy of smooth
muscle, goblet cell metaplasia, and accumulation of fibroblasts/myo-
fibroblasts. The urokinase-type plasminogen activator (uPA)/plasmin
system participates in pericellular proteolysis and is capable of di-
rectly degrading matrix components, activating latent proteinases, and
activating growth factors. In a mouse ovalbumin (OVA) asthma
model, we increased plasminogen activator activity in the lung by
administering exogenous uPA or by using mice genetically deficient
in the uPA inhibitor plasminogen activator inhibitor-1 (PAI-1) to
assess the role of this system in asthma pathogenesis. After intraperi-
toneal OVA sensitization, mice inhaled OVA plus uPA (500 IU/
mouse) or saline by ultrasonic nebulization for 3 wk. When studied
24 h after the final exposure, the groups with upregulated plasmin
activity had significantly reduced subepithelial fibrosis within the
airway walls and had decreased airway hyperresponsiveness (AHR) to
methacholine. Morphometric analysis showed that subepithelial wall
thickening of the bronchi (subepithelial area ratio) was also reduced,
as were collagen and �-smooth muscle actin. Upregulation of plasmin
activity also increased the level of hepatocyte growth factor activity in
bronchoalveolar lavage fluid, whereas the release of transforming
growth factor-� was decreased. The administration of uPA 1 wk after
the last OVA inhalation also significantly reduced lung hydroxypro-
line content and AHR. These results show that enhancing uPA/
plasmin activity lessens the airway remodeling in a murine asthma
model.

urokinase; plasmin; bronchial asthma; subepithelial fibrosis

AIRWAY REMODELING is a prominent feature of asthma, and its
extent is related to the severity of the disease. The manifesta-
tions of airway remodeling include subepithelial fibrosis, ex-
tracellular matrix (ECM) deposition, smooth muscle hypertro-
phy, and goblet cell hyperplasia in the airways (2, 12). In the
pathogenesis of this airway remodeling, tissue injury from
inflammation leads to the extravascular leakage of plasma (17)
as well as the release of tissue factor from monocytes and the
endothelium (1). Tissue factor initiates thrombin generation
and fibrin formation. Thrombin also augments the inflamma-
tory response. Ultimately, activation of the coagulation cascade

contributes to the accumulation of fibrin clot, ECM deposition,
and fibrosis (3, 13).

The urokinase-type plasminogen activator (PA)/plasmin
system has been implicated in many physiological and patho-
physiological processes, including angiogenesis, cell migra-
tion, tumor metastasis, and fibrosis (31). There are two endog-
enous PAs, tissue-type PA (tPA) and urokinase-type PA (uPA),
that convert plasminogen to the active protease plasmin (35).
The major site of tPA activity appears to be within the
intravascular compartment, while uPA activity is more impor-
tant extravascularly. uPA binds to a high-affinity receptor on
cell surfaces, where it can activate plasmin in the pericellular
environment. Plasmin can degrade ECM components directly
or indirectly through the activation of latent proteinases includ-
ing matrix metalloproteinases (4). The major inhibitors of the
PA system are plasminogen activator inhibitor-1 (PAI-1) and
�2-antiplasmin (5).

Previous studies demonstrated that activation of the uPA/
plasmin system can limit pulmonary fibrosis. For example,
wild-type mice administered uPA and mice transgenically
deficient in PAI-1 are both resistant to pulmonary fibrosis after
lung injury (7, 9). Although the mechanism by which increased
uPA/plasmin limits fibrogenesis is unclear, this system regu-
lates the activity of hepatocyte growth factor (HGF) by cleav-
ing latent HGF and by releasing it from its ECM reservoir.
Importantly, increased levels of HGF have been shown to
attenuate fibrotic processes in the lung (6, 10). Furthermore, it
is well known that HGF can attenuate the profibrotic action of
transforming growth factor (TGF)-� (21).

In the present work, we tested the hypothesis that enhance-
ment of uPA/plasmin activity would reduce airway remodeling
in a mouse model of asthma. We also measured changes in
HGF induced by increased uPA/plasmin activity and correlated
these findings with changes in airway remodeling.

MATERIALS AND METHODS

Animals. Genetically deficient PAI-1 (PAI-1�/�) mice on a
C57BL/6J background were purchased from the Jackson Laboratory
(Bar Harbor, ME). Wild-type C57BL/6J (PAI-1�/�) mice were pur-
chased from CLEA Japan (Tokyo, Japan). All animal experiments
were undertaken according to the Guidelines for Animal Experimen-
tation at Kobe University Graduate School of Medicine. Our research
was approved by the Institutional Animal Care and Use Committee
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and carried out according to the Kobe University Animal Experimen-
tation Regulations.

Agents. The following drugs and chemicals were purchased com-
mercially: ovalbumin (OVA; Sigma-Aldrich Japan, Tokyo, Japan),
hydroxy-L-proline (Wako Pure Chemical Industries, Osaka, Japan),
human thrombin (Sigma-Aldrich), and plasminogen-depleted human
plasma fibrinogen (Calbiochem, San Diego, CA). Human urokinase
purified from urine was kindly provided by Mochida Pharmaceutical
(Tokyo, Japan).

Sensitization and antigen challenge. We employed both acute
(experiment 1) and chronic (experiment 2) asthmatic mouse models,
as previously described (20, 25) (Figs. 1A and 2A, respectively). Six-
to eight-week-old female mice were sensitized with intraperitoneal
injections of 50 �g of OVA with 1 mg of alum on days �20, �13,
and �6. Starting on day 1, they were exposed to 1% (wt/vol) OVA
diluted in sterile phosphate-buffered saline (PBS) for 30 min on 3
consecutive days (experiment 1) or for 3 wk (6 days/wk, experiment
2) with an ultrasonic nebulizer (NE-U12; Omron, Tokyo, Japan). As
a negative control, animals were exposed to PBS instead of OVA
inhalation. uPA (500 IU/animal) diluted in sterile PBS was adminis-

tered by nebulization on days 1–3 (experiment 1) or days 15–21
(experiment 2) after OVA challenge. To test the effect of delayed uPA
administration, mice that received 3 wk of nebulized OVA were
treated with PBS or uPA (500 IU/animal) on days 29–35 (experiment
3; see Fig. 6A).

Measurement of airway hyperresponsiveness. Twenty-four hours
after the final aerosol challenge, airway hyperresponsiveness (AHR)
was assessed in conscious and unrestrained mice by means of whole
body plethysmography (Buxco Research Systems, Wilmington, NC).
Each mouse was placed in a plastic chamber and exposed to aerosol-
ized PBS, which was followed by increasing concentrations of aero-
solized methacholine solutions (1.56, 3.13, 6.25, 12.5, 25, 50 �g/ml;
Sigma-Aldrich) for 3 min each. Bronchoconstriction was recorded for
an additional 5 min for each increased dose of methacholine. The
highest enhanced pause (Penh) value obtained during each methacho-
line challenge was expressed as a percentage of the basal Penh value
in response to the PBS challenge.

Histopathology. Mouse lungs were intratracheally instilled with
10% buffered formalin at a pressure of 20 cmH2O for 24 h and then

Fig. 1. A: sensitization and challenge protocols
of acute asthma model (experiment 1). After 3
intraperitoneal (ip) injections of 50 �g of
ovalbumin (OVA) and 1 mg of alum on days
�21, �14, and �7, C57BL/6J and plasminogen
activator inhibitor-1 (PAI-1)-null mice were
treated with an ultrasonic nebulizer with 1%
OVA in phosphate-buffered saline (PBS) or
PBS alone for 3 consecutive days. For the treat-
ment group, 500 IU/ml of urokinase-type plas-
minogen activator (uPA) in PBS was nebulized
before OVA inhalation from day 1 to day 3.
After the third inhalation in experiment 1, bron-
choalveolar lavage fluids (BALF) were obtained
from PBS-exposed wild-type (WT-PBS), PBS-
exposed uPA-treated wild-type (WT-PBS�uPA),
OVA-exposed wild-type (WT-OVA), OVA-ex-
posed uPA-treated wild-type (WT-OVA�uPA),
PBS-exposed PAI-1-deficient (PAI-PBS), and
OVA-exposed PAI-1-deficient (PAI-OVA) mice.
B and C: plasminogen activator activity in
BALF by fibrin clot assay (B) and ELISA (C).
D: PAI-1 activity in BALF fluid by ELISA.
Data are expressed as means � SE; n � 6. n.s.,
Not significant.
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embedded in paraffin. Serial 4-�m sections were taken every 100 �m
and stained with Masson’s trichrome.

Sections of lung tissue were stained immunohistochemically to
detect �-smooth muscle actin (SMA), phospho-c-Met, and PAI-1.
After deparaffinization, tissue sections were pretreated with 3% hy-
drogen peroxide for 10 min and blocked with normal goat serum for
30 min. They were then incubated for 1 h with mouse monoclonal
anti-�-SMA (1:50) (Sigma-Aldrich, St. Louis, MO), rabbit polyclonal
anti-phospho-Met (1:100) (Upstate), or rabbit polyclonal anti-PAI-1
(1:100) (Molecular Innovations) as a primary antibody. Normal
mouse or rabbit serum was used as a negative control. After being
washed with PBS, the sections were incubated with biotinylated
secondary antibodies, washed with PBS, and incubated with Vec-
tastain ABC Regent (Vector Laboratories, Burlingame, CA) for 30
min. When mouse monoclonal antibody was used, the Vector M.O.M.
Immunodetection Kit (Vector Laboratories) was used according to the
manufacturer’s protocol. Diaminobenzidine was used as a substrate

for the immunoperoxidase reaction. Sections were lightly counter-
stained with hematoxylin and analyzed by bright-field microscopy.

Morphometric analysis of structural changes. In Masson’s trichrome-
stained lung sections, a minimum of five bronchi measuring 150–350 �m
in luminal diameter were analyzed per mouse. Photomicrograph images
were captured with a FUJIX digital camera (HC-300Z, Fujifilm,
Tokyo, Japan), and calibration was performed with a reference mi-
crometer slide. ImageJ software (Image Processing and Analysis in
Java) was used to measure the total subepithelial cross-sectional area
and the area occupied by smooth muscles (34). The ratio of smooth
muscle area to total area (subepithelial area) was used as a measure of
airway remodeling.

Hydroxyproline analysis of lung collagen. Whole collagen content
of the right lung was evaluated by determining hydroxyproline con-
tent with a method described previously (37). Briefly, after recovery
of bronchoalveolar lavage (BAL) fluid, the right lungs were removed,
frozen in liquid nitrogen, and kept at �80°C until analysis. The lung

Fig. 2. A: sensitization and challenge protocols of chronic
asthma model (experiment 2). After 3 intraperitoneal injec-
tions of 50 �g of OVA and 1 mg of alum on days �21,
�14, and �7, C57BL/6J and PAI-1-deficient mice were
treated with am ultrasonic nebulizer with 1% OVA in PBS
or PBS alone for 3 consecutive weeks. For the treatment
group, 500 IU/ml of uPA in PBS was nebulized before
OVA inhalation from day 15 to day 21. B: histological
findings in the chronic asthma model. Subepithelial wall
fibrosis was evaluated by Masson trichrome staining (a–e)
and immumohistological staining with an anti-�-smooth
muscle actin (SMA) antibody (f–j) 24 h after the final
challenge. a and f: Representative sections of WT-PBS.
b and g: WT-OVA. c and h: WT-OVA�uPA. d and
i: PAI-PBS. e and j: PAI-OVA. Immunostaining showed
that �-SMA was localized to the mesenchyme (arrows)
surrounding the bronchioles and vessels (V). C: lung tis-
sues were immunostained with anti-PAI-1 polyclonal anti-
body: WT-PBS (a), WT-OVA (b), WT-OVA�uPA (c).
Original magnification: �200.
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tissue was hydrolyzed in 6 N HCl for 8 h at 120°C. The samples were
mixed and incubated with chloramine T solution at room temperature
for 20 min. Next, 1.0 ml of Ehrich solution was added, the mixture
was incubated at 60°C for 20 min, and the absorbance at 550 nm was
measured.

Bronchoalveolar lavage. Twenty-four hours after last exposure,
BAL was performed by instilling and aspirating three 1.0-ml aliquots
of PBS (recovery �85%). BAL fluid was centrifuged at 3,000 g for 5
min (at 4°C), and the supernatants were stored at �80°C.

Measurement of plasminogen activator activity. To measure PA
activity, a fibrin clot lysis assay was used as previously described (26).
Briefly, 50 �l of BAL fluid was mixed in the wells of a 96-well plate
with plasminogen-depleted human plasma fibrinogen and human
glu-plasminogen. After the addition of human thrombin, light absor-
bance at 405 nm was monitored. Reagent human uPA was used to
generate a standard curve with the rate of fibrinolysis recorded as the
time required for 50% of the maximum turbidity to be lost.

Enzyme-linked immunosorbent assay. Levels of uPA, PAI-1, HGF,
and total TGF-�1 were determined in BAL fluid with enzyme-linked
immunosorbent assay (ELISA) kits. The uPA activity kit was from
Innovative Research (Novi, MI), the PAI-1 activity kit was from
Molecular Innovations, the HGF kit was from the Institute of Immu-
nology (Tokyo, Japan), and the total TGF-�1 kit was from Biosource
International (Camarillo, CA). The sensitivities of these kits for uPA
activity, PAI-1, HGF, and total TGF-�1 were 0.004 ng/ml, 0.02
ng/ml, 0.2 ng/ml, and 15.6 pg/ml, respectively. The absorbance of
each sample was measured at 450 nm with a Multiscan JX microplate
reader (Thermo Labsystems, Thermo Bio-analysis, Tokyo, Japan).

Cell culture. The human fetal lung fibroblast cell line WI-38 was
obtained from Riken Cell Bank (Tsukuba, Japan). Cells were grown
and maintained in six-well dishes with MF medium containing 1%
fetal calf serum (FCS) (Toyobo, Osaka, Japan). Eighty to ninety
percent confluent cells were serum starved for 24 h and then stimu-
lated with TGF-�1 for the indicated time. Cells were pretreated with
plasmin-specific inhibitors for 30 min before TGF-�1 stimulation.

Normal human bronchial epithelial (NHBE) cells were purchased
from Lonza Walkersville (Walkersville, MD). Cells were grown as
monolayers in collagen-coated dishes at 100% humidity and 5% CO2

at 37°C, in serum-free modified LHC-9 medium (Clonetics) supple-
mented as described previously (14). The cells were grown to 80%
confluence and then incubated in growth factor-free medium over-
night. These confluent cells were stimulated with various concentra-
tions of TGF-�1 overnight.

Western blot analysis. Cells were harvested and lysed in a buffer
containing (in mM) 50 Tris �HCl (pH 7.4), 150 NaCl, 15 NaF, 5
EDTA, and 1 sodium orthovanadate, with 1% Triton X-100 and
protease inhibitor cocktails (Sigma-Aldrich). Cell lysates were pre-
pared in SDS sample buffer and boiled at 95°C for 3 min. After
electrophoresis, proteins were transferred onto polyvinylidene diflu-
oride (PVDF) membranes and immunostained with antibodies against
�-SMA and �-tubulin (Upstate). Bands were visualized by the en-
hanced chemiluminescence method, and their intensities were quan-
tified with MultiGauge software (Fujifilm).

For the detection of HGF, cell lysate or 500 �l of BAL fluid was
applied to 40 �l of heparin agarose beads (Sigma-Aldrich) and rotated
overnight at 4°C. After being washed three times with 1 ml of PBS,
beads were suspended in SDS sample buffer under reducing condi-
tions and the supernatant was separated on SDS-PAGE on 10%
acrylamide gels. Anti-rat HGF �-chain monoclonal antibody (Institute
of Immunology), which cross-reacts with mouse HGF, was used as a
primary antibody.

Quantitative real time PCR. Total RNA from NHBE cells was
isolated with the ISOGEN reagent (Nippon Gene, Tokyo, Japan).
First-strand cDNA was synthesized from 1 �g of total RNA with
ExScript RT Reagent Kits (Takara, Otsu, Japan) and random hexamer
primers. Quantitative PCR was performed with real-time SYBR
Green PCR technology and an ABI PRISM 7500 Sequence Detection

System (Applied Biosystems, Foster City, CA). The primers used
were as follows: human uPA: forward (F): 5	-GCT GCT GAC CCA
CAG TGG AA-3	, reverse (R): 5	-TCG TGT AGA CGC CTG GCT
TG-3	; human PAI-1: F: 5	-GAC AGG CAG CTC GGA TTC AAC-
3	, R: 5	-CCT GGG CTC AAG CAA TCC TC-3	; human GAPDH: F:
5	-GGC CTC CAA GGA GTA AGA CC-3	, R: 5	-AGG GGT CTA
CAT GGC AAT G-3	. Amplification reactions were performed in
duplicate with SYBR Premix Ex Taq under a manufactured protocol
(Takara). uPA and PAI-1 expressions were normalized to GAPDH
mRNA expression.

Statistical analysis. Results are expressed as means � SE. Statis-
tical significance between groups was assessed by one-way ANOVA
or the Kruskal-Wallis test with appropriate pairwise post hoc analyses
(Scheffé) with Statcel software (OMS Publishing, Saitama, Japan). A
value of P 
 0.05 was considered to be statistically significant.

RESULTS

Fibrinolytic activity in asthmatic models. To determine
whether increased fibrinolytic activity ameliorated asthmatic re-
sponses, we prepared asthmatic mouse models using C57BL/6J
wild-type and PAI-1�/� mice. In a subset of wild-type mice,
uPA was administrated by an ultrasonic nebulizer after OVA

Fig. 3. Morphometric analysis and airway hyperresponsiveness (AHR) in
chronic asthma model (experiment 2). A: subepithelial area ratio was calculated
from histological sections and evaluated as an index of airway remodeling
(n � 5). B: dose-response curves of methacholine challenge-induced broncho-
constriction were measured by body plethysmography 24 h after final aerosol
challenge. Data are enhanced pause (Penh) change from baseline (PBS only)
of individual mice: WT-PBS, WT-OVA, and WT-OVA�uPA, PAI-PBS, and
PAI-OVA. Values are expressed as fold increase in Penh for each concentra-
tion of methacholine and compared with Penh value after PBS challenge (n �
5/group). Data are means � SE.
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treatment each day. Twenty-four hours after the last exposure,
BAL fluid was collected and analyzed for fibrinolytic activity.

In the acute asthmatic model, the fibrinolytic activity of
BAL fluid measured by fibrin clot lysis (Fig. 1B) or ELISA for
active uPA (Fig. 1C) was not statistically different between
wild-type mice receiving OVA treatment (fibrinolytic activity:
WT-OVA 65.5 � 7.6 mIU) and wild-type mice receiving PBS
as a control condition (fibrinolytic activity: WT-PBS 42.2 �
4.5 mIU). Similar to our previous observations (26), the net
fibrinolytic activity in BAL fluid was uPA specific and was not
due to tPA. OVA inhalation significantly increased fibrinolytic
activity in PAI-1�/� mice (PAI-OVA 98.6 � 3.7 mIU) com-
pared with saline treatment (PAI-PBS 54.7 � 0.2 mIU; P 

0.05), and this latter group was not significantly different from
saline-treated wild-type animals. Furthermore, uPA-treated
wild-type mice (WT-OVA�uPA 160.4 � 36.1 mIU; P 

0.05) showed a significant increase in fibrinolytic activity
compared with the WT-PBS and WT-OVA groups. Fibrino-
lytic activity in BAL fluid was not detected in this assay under
plasminogen-free conditions.

We also examined the fibrinolytic activity of BAL fluid by
using an ELISA for uPA (Fig. 1C). This kit detects only active
uPA by using PAI-1-coated microtiter plates. The WT-OVA
animals had levels of active uPA similar to those of the WT-PBS
and WT-PBS�uPA groups, whereas the WT-OVA�uPA ani-
mals showed a marked increase (WT-PBS 0.197 � 0.009, WT-
PBS�uPA 0.203 � 0.014, WT-OVA 0.043 � 0.028 vs. WT-
OVA�uPA 1.027 � 0.602 ng/ml; P 
 0.05). In PAI-1�/� mice,
OVA treatment significantly induced uPA levels compared with
control mice (PAI-OVA 0.505 � 0.208, PAI-PBS 0.020 � 0.021
ng/ml; P 
 0.05).

We also measured fibrinolytic activity in the chronic asth-
matic model (experiment 2) and found similar trends compared
with the acute approach (data not shown).

To evaluate the major endogenous inhibitor of uPA, we
measured active PAI-1 content in BAL fluid by ELISA. Active
PAI-1 in the WT�OVA group (0.048 � 0.010 ng/ml) was
significantly increased compared with control groups (WT-
PBS 0.004 � 0.001, WT-PBS�uPA 0.003 � 0.002 ng/ml;
P 
 0.05), and this increase was significantly suppressed by

Fig. 4. Hepatocyte growth factor (HGF), c-
Met, and transforming growth factor (TGF)-�1
expression. A: HGF expression in BALF from
the chronic asthma model (experiment 2) was
examined by Western blotting analysis (a) and
ELISA (b). Data are means � SE; n �6. rh-
HGF, recombinant human HGF; KO, knockout.
c–e: Lung tissues were immunostained with
anti-c-Met polyclonal antibody: WT-PBS (c),
WT-OVA (d), WT-OVA�uPA (e). Original
magnification: �200. B: total TGF-�1 expres-
sion in BALF from chronic asthma model was
examined by ELISA.
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uPA administration (WT-OVA�uPA 0.019 � 0.015 ng/ml;
P 
 0.05). As anticipated, there was no measurable PAI-1 in
the PAI-1�/� mice (Fig. 1D).

Subepithelial fibrosis and bronchial hyperresponsiveness.
Using the chronic asthma model (experiment 2), we evaluated
the effect of the uPA/plasmin system on subepithelial fibrosis
by analyzing histological sections from the different treatment
groups. Figure 2B, a–e, shows representative sections of each
experimental group stained with Masson’s trichrome. The
WT-OVA group (Fig. 2Bb) displayed an increase in the fibrotic
area beneath the basement membrane of the bronchi compared
with the WT-PBS mice (Fig. 2Ba). This deposition of connec-
tive tissue was clearly reduced by the enhanced uPA activity in
the WT-OVA�uPA group (Fig. 2Bc) and the PAI-OVA group
(Fig. 2Be).

Differentiation of lung fibroblasts to myofibroblasts is char-
acterized by the expression of �-SMA. To assess the myofi-
broblast response to alterations in uPA/plasmin activity in the
chronic asthma model, we performed immunohistochemical
staining of lung sections with an anti-�-SMA antibody (Fig.
2B, f–j). In the control group, �-SMA was immunolocalized to

the mesenchyme surrounding the bronchioles and vessels (Fig.
2Bf). In the WT-OVA group, �-SMA expression was abundant
in peribronchiole and perivascular lesions compared with con-
trol animals (Fig. 2Bg). In conjunction with the decrease in
subepithelial fibrosis, the WT-OVA�uPA and PAI-OVA
groups showed decreased �-SMA staining compared with
WT-OVA animals (Fig. 2B, h and j).

We also used immunohistochemistry to localize PAI-1 ex-
pression and found that it was increased by OVA treatment in
peribronchial areas similar to �-SMA (Fig. 2Cb). This expres-
sion was diminished by uPA treatment (Fig. 2Cc).

We quantified subepithelial changes with a morphometric
analysis (34). The subepithelial area ratio (Ae ratio) was de-
fined as the ratio of subepithelial wall thickness to the diameter
of bronchi. The Ae ratio was increased in WT-OVA-treated
mice compared with control mice (WT-PBS 0.07 � 0.01,
WT-OVA 0.39 � 0.06; P 
 0.01), and treatment with uPA
significantly decreased the Ae ratio (WT-OVA�uPA 0.19 �
0.03; P 
 0.05) (Fig. 3A). In PAI-1�/� mice, OVA treatment
did not significantly change the Ae ratio from the baseline
measurement.

Fig. 5. A: �-SMA expression in human lung
fibroblasts. WI-38 human lung fibroblasts
were stimulated in the presence or absence of
plasminogen with 5 �g/ml TGF-�1 30 min
after pretreatment with the indicated concen-
trations of uPA, tranexamic acid (TXA), or
ε-aminocaproic acid (EACA). After 24 h, cell
lysates were subjected to Western blotting
analysis against �-SMA and �-tubulin. Each
band was quantified, and the �-SMA bands
were normalized to �-tubulin (n � 4/group).
B: uPA (a) and PAI-1 (b) mRNA expression in
normal human bronchial epithelial (NHBE)
cells. NHBE cells were stimulated with TGF-�1
at indicated concentrations. mRNA expressions
were quantified with real-time PCR, and the
results were normalized to GAPDH (n �
6/group).
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Next, to determine whether differences in fibrinolytic activ-
ity influence the physiological response to OVA challenge, we
performed methacholine-induced AHR by body plethysmog-
raphy 24 h after the final aerosol challenge (Fig. 3B). Results
are expressed as relative increase in Penh from baseline. The
groups with upregulated fibrinolytic activity (WT-OVA�uPA
and PAI-OVA) demonstrated significantly reduced AHR to
methacholine induced by OVA inhalation for 21 days. The
difference of Penh was significant at a dose of 25 mg/ml of
methacholine (WT-OVA�uPA 7.56 � 1.32, PAI-OVA 2.17 �
0.49 vs. WT-OVA 11.32 � 2.56; P 
 0.05, P 
 0.01,
respectively).

HGF, phosphorylated c-Met, and TGF-�1 expression. To
evaluate whether the enhancement of fibrinolytic activity af-
fects HGF levels, we analyzed BAL fluid obtained from
wild-type and PAI-1�/� mice in the chronic asthmatic model
(experiment 2). The heparin-binding fractions of BAL fluid
were prepared and immunoblotted with an anti-HGF �-chain
antibody under reducing conditions. Bands corresponding in
molecular mass to single chain of HGF (97 kDa), �-chain of
HGF (69 kDa), and nonglycosylated �-chain (54 kDa) were
detected. As shown in Fig. 4Aa, both single-chain (precursor)
and �-chain (active) HGF bands were increased in the WT-
OVA�uPA and PAI-OVA groups compared with WT-OVA
mice.

We also measured HGF concentration in BAL fluid by
ELISA (Fig. 4Ab). HGF concentrations in the mouse groups
with upregulated fibrinolytic activity (WT-OVA�uPA and
PAI-OVA 0.471 � 0.023 and 0.511 � 0.062 ng/ml, respec-
tively) were significantly higher compared with the other
groups (WT-OVA 0.304 � 0.028, P 
 0.05; WT-PBS 0.114 �

0.016, PAI-PBS 0.149 � 0.031 ng/ml, P 
 0.01). In the acute
asthma models (experiment 1), the expression of HGF was
relatively lower than in the chronic model (experiment 2).

We then examined the localization of phosphorylated c-Met
as a marker of HGF activity. In WT-PBS and WT-OVA
groups, phosphorylated c-Met was not detected (Fig. 4A, c and
d). On the other hand, in WT-OVA�uPA mice phosphorylated
c-Met was strongly expressed in the cytoplasm of bronchial
epithelial cells (Fig. 4Ae). In PAI-1�/� mice, phosphorylated
c-Met was also induced compared with WT-OVA mice (data
not shown).

Next, we examined TGF-�1 release in BAL fluid by ELISA
(Fig. 4B). Total TGF-�1 concentration from the mouse groups
with upregulated fibrinolytic activity (WT-OVA�uPA and
PAI-OVA) was significantly lower compared with WT-OVA
mice (Fig. 4B; WT-OVA�uPA 23.47 � 7.22, PAI-OVA
11.08 � 3.04, WT-OVA 57.86 � 3.26 pg/ml; P 
 0.05). We
also measured the concentrations of active TGF-�1 in BAL
fluids by ELISA; however, the levels in all groups were below
the lower limit of detection of the assay (data not shown).

Effect of plasmin activity on TGF-�-mediated myofibroblast
differentiation in cultured lung fibroblasts. Myofibroblast dif-
ferentiation is a hallmark of the tissue fibrosis that occurs in the
subepithelium of asthma-induced airway remodeling. To ex-
amine the role of the uPA/plasmin system in myofibroblast
differentiation, we studied the human lung fibroblast cell line
WI-38. The cells were pretreated for 30 min with two different
plasmin-specific inhibitors, tranexamic acid (TXA) and ε-ami-
nocaproic acid (EACA), in the presence of plasminogen before
TGF-�1 stimulation. As shown in Fig. 5A, TGF-�1 upregu-
lated �-SMA protein expression (in arbitrary units) (lane 2;

Fig. 6. A: therapeutic experimental protocol
(experiment 3). B: Masson trichrome-stained
lung sections in wild-type mice treated with
PBS (a) or uPA (b) after OVA challenge.
Original magnification: � 200.
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2.90 � 0.29). Both plasmin inhibitors, TXA and EACA,
caused a significant increase of �-SMA expression [lane 6
4.64 � 0.36, lane 8 4.84 � 0.29, lane 9 4.84 � 0.82 (P 
 0.05)
vs. lane 2]. Treatment with only EACA (lane 7) or TXA (lane
3) did not show any changes. On the other hand, uPA pretreat-
ment (5 IU/ml) resulted in a significant inhibition of �-SMA
expression [lane 10 1.63 � 0.54 (P 
 0.05) vs. lane 2]. Higher
concentrations of uPA (20 IU/ml) pretreatment had a tendency
to reduce �-SMA expression (lane 11 1.95 � 0.34; P � 0.058).
In the absence of plasminogen, TGF-�-induced �-SMA ex-
pression was not significantly reduced by uPA pretreatment
(lanes 12–14).

uPA and PAI-1 expression induced by TGF-� in normal
human bronchial epithelial cells. To examine the effect of
TGF-� on bronchial epithelial cells, we cultured NHBE cells
and measured uPA and PAI-1 expression by real-time PCR.
TGF-�1 stimulation increased PAI-1 mRNA expression (arbi-
trary units) in a dose-dependent manner [0.1 �g/ml TGF-�1
1.54 � 0.03 (P 
 0.05), 1.0 �g/ml TGF-�1 1.99 � 0.03, and
10 �g/ml TGF-�1 4.90 � 0.42 (P 
 0.01) vs. control] (Fig. 5Bb),
whereas uPA mRNA expression was not changed (Fig. 5Ba).

Effect of nebulized uPA on airway remodeling and subepi-
thelial fibrosis in established asthma. We next investigated the
effect of uPA nebulization on the fate of established asthma
(Fig. 6A, experiment 3). After 3 wk of daily OVA treatment,
uPA or PBS was administered for 1 wk. Masson trichrome
staining showed that fibrotic changes were significantly atten-
uated by treatment with uPA in wild-type mice (OVA/uPA,
Fig. 6Ba) compared with PBS treatment (OVA/PBS, Fig. 6Bb).
The Ae ratio was increased in OVA/PBS mice compared with
PBS control mice, and treatment with uPA reduced the Ae ratio
(PBS 0.07 � 0.01, OVA/PBS 0.20 � 0.04, OVA/uPA 0.07 �
0.01; P 
 0.05) (Fig. 7A). Similarly, the lung hydroxyproline
content of OVA/uPA mice was significantly reduced compared
with the OVA/PBS group (PBS 106.2 � 38.8, OVA/PBS
201.3 � 21.7, OVA/uPA 142.6 � 16.6 �g/lung; P 
 0.05)
(Fig. 7B). Finally, uPA treatment reduced methacholine-in-
duced AHR in OVA-challenged mice at a dose of 50 mg/ml
methacholine (OVA/uPA 2.63 � 0.41, OVA/PBS 6.87 � 1.56;
P 
 0.05) (Fig. 7C).

DISCUSSION

Several reports have demonstrated that the activity of the
uPA/plasmin system affects the development of lung fibrosis.
For example, mice with impaired fibrinolysis caused either by
overexpression of a PAI-1 transgene (7) or by targeted deletion
of the plasminogen gene (33) develop increased fibrosis after
lung injury. In contrast, increasing the activity of the uPA/
plasmin system by the targeted deletion of the PAI-1 gene or
by upregulating uPA protects against lung fibrosis following a
pulmonary insult (7, 32). Only a few studies have investigated
the role of the uPA/plasmin system in the development of
chronic asthma. In this study we have demonstrated that exogenous
uPA treatment with an ultrasonic nebulizer can reduce multiple
features of the asthmatic response.

Our previous study (26) revealed that uPA activity was
strongly expressed in bronchial epithelial cells by in situ
zymography. We also determined that basal uPA activity in the
lung was not different between wild-type and PAI-1�/� mice.
After bleomycin treatment, however, PAI-1 was significantly

induced in wild-type animals, and this resulted in a complete
abrogation of fibrinolytic activity in the lung. In the same way,
OVA treatment increased PAI-1 expression, especially around
bronchial walls in wild-type mice. We found that fibrinolytic
activity was not significantly altered in OVA-challenged wild-
type mice compared with PBS-treated animals. However, in
PAI-1�/� mice, OVA treatment did lead to an increase in
fibrinolysis compared with the PBS-treated PAI-1 group. To
explain these findings, we hypothesize that in the wild-type
animals a concurrent OVA-induced upregulation of PAI-1 and
uPA within the bronchial wall resulted in no net change in
fibrinolytic activity. In PAI-1�/� mice, however, there is no
PAI-1 to counteract the OVA-induced increase in uPA, and
therefore fibrinolytic activity is enhanced. It is clear that
through the nebulization of uPA we were able to change the
uPA/PAI-1 balance in the wild-type animals, and the modifi-
cation of fibrinolytic activity in the airways reduced airway
remodeling.

In our chronic asthmatic model, we found that enhanced
fibrinolytic activity reduced airway fibrosis. It has been re-
ported that the Th2 response was downregulated and the
immune response shifted from a Th2-dominant to a Th1-
dominant reaction in PAI-1�/� mice (30). The reduction of
airway inflammation that occurs with increased fibrinolysis
may be one mechanism by which the uPA/plasmin system
reduces airway remodeling and fibrogenic factors such as
TGF-�. Both inflammatory cell infiltration and airway remod-

Fig. 7. Subepithelial area fibrosis and bronchial hyperresponsiveness in ther-
apeutic experimental protocol. A: subepithelial area ratio in uPA-treated mice
after OVA challenge (OVA/uPA) compared with PBS treatment (OVA/PBS)
(n � 6/group). B: hydroxyproline content of lung tissue after OVA challenge
in uPA-treated (OVA/uPA) compared with PBS-treated (OVA/PBS) mice
(n � 6/group). C: dose-response curves of methacholine-induced bronchocon-
striction in PBS-, OVA/PBS-, and OVA/uPA-treated animals. Values are
expressed as fold increase in Penh for each concentration of methacholine and
compared with Penh value after PBS challenge (n � 6/group).
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eling can contribute to AHR, but airway fibrosis may lead to
the greatest increase in AHR (22).

Hattori et al. (11) reported that an important mechanism by
which uPA protects the lung from bleomycin-induced fibrosis
is its effects on HGF. The major sources of HGF in the alveolar
space are thought to be alveolar macrophages and interstitial
fibroblasts (36), and fibroblasts are another potential source of
plasminogen activation (35a). Another report demonstrated
that fibroblasts use the uPA/plasmin system to cleave pro-HGF
to its active two-chain form and to release it from the ECM.
Therefore, the plasminogen activation system may reduce lung
fibrosis by enhancing HGF activity (24).

We noted that HGF levels in the BAL fluid of mice exposed
to OVA were increased over those of control mice. This
increase is likely the net effect of multiple complex interactions
that affect HGF synthesis, release, activation, and degradation.
Although increased PAI-1 by itself would be expected to
reduce the release of HGF from ECM, the observed increase in
BAL HGF following antigen challenge is undoubtedly driven
by other mechanisms. Similar increases in HGF content in
BAL fluid have been seen after bleomycin injury [Hattori et al.
(11)] and OVA inhalation [Ito et al. (16)]. Relevant to the
present study, our data clearly demonstrate that PA activity
modulates HGF level in BAL fluid. In particular, HGF levels in
BAL fluid increase when PA activity is increased either by
administration of exogenous uPA or by ablation of PAI-1
(PAI-1-null mice).

TGF-� can induce multiple cellular responses and has been
implicated in the development of bronchial asthma (23). As
demonstrated by Redington et al. (29) that allergen challenge
increased TGF-� expression in BAL fluid from atopic asth-
matic subjects, our asthma model showed that OVA inhalation
caused a significant increase of total TGF-� in BAL fluid. This
increase was suppressed by upregulated uPA activity. Reduc-
tion of TGF-� production and control of TGF-� effects would
be beneficial in the development of therapeutic interventions
for airway remodeling in chronic asthma (23). Ito et al. (15)
also reported that the modulation of HGF controls the expres-
sions of TGF-� and Th2 cytokines in BAL fluid in a murine
model. In our experiments, although OVA inhalation caused
TGF-� release and airway remodeling despite increase of HGF
expression, a further increase of HGF and a decrease of TGF-�
by uPA treatment protected against airway remodeling. Since
the reduction of TGF-� activity and/or supplementation of
HGF is believed to reduce fibrotic processes (21), our data also
support the hypothesis that upregulated uPA activity can mod-
ify the balance of HGF and TGF-�, and thereby decrease
airway remodeling.

Accumulation of myofibroblasts in fibrotic lesions increases
ECM deposition and collagen synthetic capacity, resulting in
structural remodeling and destruction of capillary/alveolar
units after lung injury. Myofibroblasts are commonly identified
by their expression of �-SMA and by phenotypic features that
are intermediate between smooth muscle cells and fibroblasts
(27). Kelly et al. (18) reported that the gene expression of
�-SMA, TGF-�1, and PAI-1 in microdissected airway walls
were significantly increased 2 wk after final chronic allergen
exposure compared with saline control. In the present study,
we examined �-SMA expression in lung tissues by immuno-
histochemistry after 3 wk of OVA challenge in order to assess
the presence of myofibroblasts in regions of subepithelial

fibrosis. Immunohistochemical analysis showed that �-SMA
expression was increased after OVA challenge, but the upregu-
lation of fibrinolytic activity significantly attenuated �-SMA
staining. In vitro studies also showed that �-SMA protein
levels were upregulated by TGF-�1 stimulation. This expres-
sion was further increased by the plasmin inhibitor, and these
changes were reversed by uPA treatment. These results dem-
onstrate that uPA activation affects myofibroblast differentia-
tion in the airway remodeling process.

Moreover, we also revealed that PAI-1 is strongly expressed
around peribronchial areas by OVA inhalation. As shown in a
previous report (8), PAI-1 was significantly induced by TGF-�
stimulation in a dose-dependent manner, whereas uPA expres-
sion was not changed. These observations suggested that the
uPA/PAI-1 system has a tight connection with TGF-� activity,
which caused airway remodeling.

There are limitations in the animal models used to study
chronic asthma. Previous reports showed that the development
of AHR and airway remodeling are more marked when animals
are challenged for longer periods (6–12 wk) (19). The most
striking change in the chronic asthmatic model was an increase
in subepithelial collagen. We used a shorter period (3 wk) of
challenge for our chronic asthma protocol. The subepithelial
wall thickness was relatively similar by morphometric study to
our previous studies in which we used a longer challenge
protocol (6–8 wk) (34).

In our experiments, we administered 500 IU of uPA (20,000
IU/kg) to each mouse, which was approximately fourfold
higher per body weight than the dose of uPA used in a
previously reported rabbit lung fibrosis study (9). However, in
the rabbit model treatment was administrated with a tight-
fitting mask. Therefore, to compensate for our inability to
deliver nebulized uPA to the mice by this mechanism, we
administered a larger dose. No side effects such as bleeding
were noted in these studies. Further investigation is required to
determine the optimal dose, delivery method, and time course
of uPA administration to best modulate the physiological,
inflammatory, and airway remodeling alterations that occur in
asthma.

In summary, we have shown that the uPA/plasmin system
plays a significant role in the pathogenesis of airway remod-
eling in asthma and that the influence of the fibrinolytic system
on asthma may be mediated through the activation of growth
factors. Our results suggest that a therapeutic strategy of
exogenous uPA administration may provide an effective means
for the treatment of chronic asthma.
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