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Wepreviously reported that plasminogen activator inhibitor (PAI)-1
deficiency prevents collagen deposition in the airways of ovalbumin
(OVA)-challenged mice. In this study, we explored the therapeutic
utility of blocking PAI-1 in preventing airway remodeling, using
a specificPAI-1 inhibitor, tiplaxtinin.C57BL/6Jmicewere immunized
with intraperitoneal injectionsofOVAonDays0,3,and6.Startingon
Day 11, mice were challenged with phosphate-buffered saline or
OVA by nebulization three times per week for 4 weeks. Tiplaxtinin
wasmixedwith chow and administered orally from 1 day before the
phosphate-buffered saline or OVA challenge. Lung tissues were
harvested after challenge and characterized histologically for infil-
trating inflammatory cells, mucus-secreting goblet cells, and colla-
gen deposition. Airway hyperresponsiveness was measured using
whole-body plethysmography. Tiplaxtinin treatment significantly
decreased levels of PAI-1 activity in bronchoalveolar lavage fluids,
which indicates successful blockage of PAI-1 activity in the airways.
The number of infiltrated inflammatory cells was reduced by tiplaxti-
nin treatment in the lungs of the OVA-challengedmice. Furthermore,
oral administration of tiplaxtinin significantly attenuated the degree
ofgobletcell hyperplasia andcollagendeposition in theairwaysof the
OVA-challenged mice, and methacholine-induced airway hyperres-
ponsiveness was effectively reduced by tiplaxtinin in these animals.
This study supports our previous findings that PAI-1 promotes airway
remodeling in a murine model of chronic asthma, and suggests that
PAI-1 may be a novel target of treatment of airway remodeling in
asthma.
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Allergic asthma is now the most common chronic disease of chil-
dren, and one of the most common respiratory diseases in adults.
The hallmark of asthma is chronic airway inflammation withmul-
tiple pulmonary pathologies, including airway hyperresponsive-
ness (AHR), eosinophilic infiltration, mucus hypersecretion, and
subepithelial fibrosis (1, 2).

Plasminogen activator inhibitor (PAI)-1 is a member of the
serine protease inhibitor gene family, and the major physiologic
inhibitor of the serine proteases, urokinase-type plasminogen ac-
tivator (uPA) and tissue-type plasminogen activator (tPA). Be-
cause uPA and tPA play important roles in damping tissue
matrix deposition, high levels of PAI-1 lead to excess extracellular

matrix formation (3). Under normal conditions, PAI-1 is present
in plasma and tissues at low concentrations. Elevated levels of
PAI-1 are often observed in a variety of pathologic conditions
and clinical settings, such as infection, stroke, myocardial infarc-
tion, diabetes, obesity, sepsis, and cancers (4, 5). We previously
reported that the levels of PAI-1 were elevated in the airways of
a murine model of chronic asthma, and that PAI-1 deficiency was
associated with reduced airway fibrosis in these mice (6). We also
demonstrated that PAI-1 expression was elevated in the airways
of patients with fatal asthma, and the 4G allele of PAI-1, which is
associated with high plasma levels of PAI-1, was preferentially
transmitted from parents with asthma to their children (7). In
addition, our recent data showed that elevated levels of plasma
PAI-1 were associated with a decline of lung function in subjects
with asthma (8). Other studies have also shown that PAI-1 levels
in induced sputum samples from subjects with asthma were in-
creased compared with healthy control subjects (9, 10). Further-
more, intra-airway administration of small interfering RNA
against PAI-1 attenuated not only AHR and airway remodeling,
but also the degree of eosinophilic airway inflammation, in murine
models of acute and chronic asthma (10). These studies suggest
that PAI-1 may play important roles in the pathogenesis of asthma
by promoting airway inflammation, remodeling, and AHR.

In this study, we treated ovalbumin (OVA)-challenged mice
with tiplaxtinin, a specific PAI-1 inhibitor, to test whether inhibi-
tion of PAI-1 is able to block antigen-induced airway fibrosis and
further test the role of PAI-1 in airway remodeling in asthma.

MATERIALS AND METHODS

Mice and Mouse Model of Chronic Allergic Asthma

C57BL/6mice (Jackson Laboratory, BarHarbor,ME)were divided into
four groups; phosphate-buffered saline (PBS) only (group 1); PBS 1
tiplaxtinin (group 2); OVA only (group 3); and OVA 1 tiplaxtinin
(group 4) (n ¼ 8 mice/group). Mice were sensitized via three intraper-
itoneal injections (on Days 0, 3, and 6) of 50 mg/0.1 ml chicken OVA
(grade V, >98% pure; Sigma, St. Louis, MO). After sensitization, the
mice were exposed to aerosolized PBS or OVA (10 mg/15 ml OVA in
PBS) for 20 min/d on 3 d/wk for 4 weeks, beginning from the 11th day
of the study (11). Tiplaxtinin (generously supplied by Wyeth Research
[Collegeville, PA]) was mixed with regular chow and administrated
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CLINICAL RELEVANCE

In this study, we show that a plasminogen activator inhibitor
(PAI)-1 inhibitor, tiplaxtinin, significantly reduced the
bronchoalveolar lavage fluid levels of active PAI-1, the
degree of inflammation, airway remodeling, and airway
hyperresponsiveness in a murine model of chronic asthma.
These data suggest that PAI-1 plays a key role in promoting
airway remodeling in mice, and may be a potential thera-
peutic target for treatment of airway remodeling in asthma.
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orally to groups 2 and 4 at a dose of 5 mg/day, from 1 day before
challenge until Day 36. At 24 hours after the last challenge, bronchoal-
veolar lavage (BAL) and lung tissues were collected. The whole exper-
imental process is summarized in Figure 1. All experimental procedures
were performed according to the requirements of the Animal Care and
Ethics Committee of Northwestern University.

Bronchoalveolar Lavage Fluid

BAL fluid (BALF) was collected by cannulating the upper part of the
trachea, followed by lavage with 1 ml of 1% BSA in PBS. Lavage sam-
ples from each mouse were kept on ice until they were centrifuged and
stored at 2808C.

Lung Histopathology and Morphometry

Lungs were fixed in 10% paraformaldehyde and embedded in paraffin.
Sections (5 mm) were stained with hematoxylin and eosin for evalua-
tion of lung inflammation and peribroncheal eosinophil infiltration or
periodic acid-Schiff (PAS) for enumeration of goblet cells (12). Goblet
cell hyperplasia was assessed by determining the percentage of PAS-
positive cells/bronchial basal lamina in 10 sites, as measured by ImageJ
image analysis software (http://rsbweb.nih.gov/ij; National Institutes of
Health, Bethesda, MD) (13). Gomori trichrome stain was used to eval-
uate collagen deposition. Histological assessments were made by an
investigator who was blinded to the treatment conditions.

PAI-1 Activity Assay

PAI-1 activity in BALF was determined by a commercial ELISA (Mo-
lecular Innovations, Southfield,MI). The lower limit of detection for this
assay was 0.02 ng/ml.

Measurement of AHR

AHRwas measured using whole-body plethysmography (Buxco, Wilming-
ton, NC), which has been recently validated for measuring lung function
in murine asthma models by other investigators (13, 14). The enhanced
minute pause (Penh) value was derived from bronchoconstriction-induced
changes in box pressure during expiration and changes in box pressure
during inspiration. Mice were exposed to nebulized PBS for 2 minutes, and
then to increasing concentrations of nebulized methacholine (0–20 mg/ml),
by use of an ultrasonic nebulizer. Penh values measured during this period
were averaged and expressed as absolute Penh values.

Statistical Analysis

All data points represent the mean (6SEM) for groups of individual
mice. Analyses were performed with GraphPad Instat software
(GraphPad, San Diego, CA). A two-tailed unpaired Student’s t test
was used to determine statistical significance. A P value less than
0.05 was considered significant.

RESULTS

Effect of Tiplaxtinin on Active PAI-1 Level

In a previous study, PAI-1 production was found to be increased
in lung tissue and BALF ofOVA-challengedmice, and knockout
of PAI-1 protected the mice from tissue remodeling (6, 10). In

parallel with a test of the ability of the inhibitor to prevent antigen-
induced remodeling (see subsequent text), we examined whether
orally administered tiplaxtinin would affect levels of active PAI-1
in BALF of OVA-challenged mice using ELISA. As shown in
Figure 2, levels of active PAI-1 in BALFs from OVA-challenged
mice were increased approximately 30% compared with those from
PBS-challenged mice (0.061 6 0.007 versus 0.091 6 0.011 ng/ml;
n ¼ 8 mice/group; P , 0.05). Tiplaxtinin treatment in OVA-
challenged mice reduced levels of active PAI-1 approximately
50% compared with untreated OVA-challenged mice (0.091 6
0.011 versus 0.043 versus 0.011 ng/ml; n ¼ 8 mice/group; P , 0.01).

Effect of Tiplaxtinin on Lung Inflammation

and Infiltrating Eosinophils

The inflammatory nature of asthma can be visualized in the
OVA-challenged lung, and is characterized by eosinophilia.
To determine whether tiplaxtinin reduces lung inflammation
and eosinophil infiltration, we evaluated the effect of tiplaxtinin
treatment inOVA-challengedmice on overall lung inflammation
histologically with hematoxylin and eosin staining (Figures 3A–
3D). The recruitment of inflammatory cells in OVA-challenged
mice was observed in the peribronchial and perivascular areas
(Figure 3C). Tiplaxtinin administration significantly reduced the
inflammatory cell recruitment (Figure 3D) and the number of

Figure 1. Experimental protocol for oral administration of

tiplaxtinin in chronic asthma model. Tiplaxtinin was ad-
ministered from Day 10 to Day 36 after the first ovalbumin

(OVA) sensitization. On Day 36, bronchoalveolar lavage

(BAL) was performed, airway hyperresponsiveness (AHR)
was measured, and lungs were removed. Detailed proce-

dures are described in MATERIALS AND METHODS.

Figure 2. Effect of tiplaxtinin treatment on levels of active plasminogen
activator inhibitor (PAI)-1 in BAL fluid (BALF) samples from phosphate-

buffered saline (PBS)– or OVA-challenged mice. OVA 1 tiplaxtinin mice

were treated with tiplaxtinin during OVA challenge and levels of active

PAI-1 were assessed by ELISA. Data are shown as mean 6 SEM (n ¼ 8
mice/group). *P , 0.05 and **P , 0.01 between groups.
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eosinophils (Figure 3E) in OVA-challenged mice (n ¼ 8; P ,
0.05). As shown in Figure 3E, the numbers of inflammatory cells
in lung tissues of OVA-challenged mice were significantly in-
creased compared with PBS-challenged mice (n ¼ 8; P, 0.005).
No significant effect of tiplaxtinin treatment in PBS-challenged
mice was observed.

Effect of Tiplaxtinin on Goblet Cell Hyperplasia

Airway tissue remodeling is thought to result from chronic repet-
itive injury to the airway wall caused by airway inflammation. It is
characterized by increased goblet cell hyperplasia. Lung sections
from mice were stained with PAS (Figures 4A–4D). The number
of goblet cells, which were quantified as a percentage of PAS-
positive cells per linear length of basement membrane, were
compared between PBS-challenged and OVA-challenged mice.
The number of goblet cells were significantly lower in OVA-
challenged mice with tiplaxtinin administration compared with
OVA-challenged mice without tiplaxtinin treatment (n ¼ 8
mice/group, P , 0.005) (Figure 4E).

Effect of Tiplaxtinin on Lung Collagen Deposition

Increased collagen deposition is a hallmark of airway remodeling
due to prolonged inflammation in chronic asthma. To evaluate
the degree of collagen deposition, lung sections from mice were
stained with Gomori trichrome (Figures 5A–5D). As shown in
Figure 5E, the accumulation of collagen in lung tissues was
markedly increased in the OVA-challenged mice compared
with PBS-challenged mice (n ¼ 8 mice/group; P , 0.005). Mice
treated with tiplaxtinin during the challenge phase demon-
strated remarkable inhibition of the collagen deposition com-
pared with OVA-challenged mice without tiplaxtinin treatment
(Figure 5E) (n ¼ 8 mice/group; P , 0.05).

Effect of Tiplaxtinin on AHR to Methacholine

The findings presented in Figures 2–4 suggest that the PAI-1
inhibitor, tiplaxtinin, suppresses allergic inflammation and
collagen deposition. Therefore, we further examined the phys-
iologic effect of tiplaxtinin on AHR. The Penh value of OVA-
challenged mice was increased, as assessed by methacholine

Figure 3. Effect of tiplaxtinin

treatment on histopathologic
changes in the lung tissues of

PBS- or OVA-challenged mice.

Lung tissues were fixed with

10% paraformaldehyde, sec-
tioned, and stained with hema-

toxylin and eosin (H&E) (A–D;

representative figures from

each group) (original magnifi-
cation: 2003). Mice were neb-

ulized with PBS (A and B) or

OVA (C and D), and treated with

tiplaxtinin during the nebuli-
zation (B and D). Arrows indi-

cate infiltrated inflammation

cells. To quantify peribroncheal
allergic inflammation, eosinophils

were counted by microscopy

(100 mm 3 100 mm area) (E).

The data in the histogram (E)
are means 6 SEM (n ¼ 8). *P,
0.05 between groups.

Figure 4. Effect of tiplaxtinin
treatment on goblet cell hyper-

plasia in the lung tissues of PBS-

or OVA-challenged mice (A–D;

representative figures from each
group). Goblet cell hyperplasia

was quantified in percentage of

periodic acid-Schiff (PAS)–positive
cells (indicated by arrows)/length

of bronchial basal membrane by

microscopy and Image J (E, right

panel). Mice were nebulized
with PBS (A and B) or OVA

(C and D), and treated with

tiplaxtinin during the nebuliza-

tion (B and D). The data in the
histogram (E) are means6 SEM

(n ¼ 8). *P , 0.005 between

groups.
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administration (20 mg/ml) (Figure 6). However, this increased
Penh response to methacholine challenge in OVA-challenged
mice was effectively reduced by tiplaxtinin administration (n ¼
8 mice/group; P , 0.05)

DISCUSSION

Previously, we and others demonstrated that deletion of PAI-1
reduced collagen deposition in the airways of a murine model of
chronic asthma (6, 10). In the present study, we confirmed that
PAI-1 plays an important role in airway remodeling in a murine
model of chronic asthma using a specific PAI-1 inhibitor. More-
over, this study suggests that PAI-1 could be a potential thera-
peutic target in a strategy to diminish the airway remodeling in
asthma.

Tiplaxtinin, the most studied small molecule PAI-1 inhibitor,
is an indole oxoacetic acid. The therapeutic potential of tiplax-
tinin has been reported in obesity, diabetes, and thrombosis
(15–18). Tiplaxtinin decreased the expression of peroxisome
proliferator–activated receptor-g and leptin in cultured adipo-
cytes (15). Acute oral administration of tiplaxtinin decreased
thrombosis in a rat carotid artery model (17) and it effectively
protected against L-NAME–induced thrombosis (18). However,
the antiasthmatic effects of tiplaxtinin have not yet been inves-
tigated. In the present study, we report that tiplaxtinin was ca-
pable of inhibiting airway PAI-1 activity, lung inflammation,
goblet cell hyperplasia, collagen deposition, and AHR in an
OVA-challenged murine model of chronic asthma. Although
the inhibitory effect of tiplaxtinin against all of these parameters
was partial, PAI-1 activity in vivo was completely shut off by
tiplaxtinin, such that levels of active PAI-1 in OVA-challenged
mice with tiplaxtinin treatment were lower than those in PBS-
challenged mice. This suggests that PAI-1 might not be the only
contributor to airway inflammation or remodeling.

Our study shows that PAI-1 inhibition by tiplaxtinin decreased
the degree of eosinophilic airway inflammation and AHR in an
OVA-challenged model of chronic asthma. Miyamoto and col-
leagues (10) reported that intra-airway administration of small
interfering RNA against PAI-1 reduced eosinophilic airway in-
flammation and AHR in a murine model of acute asthma. They
suggest that elevation of hepatocyte growth factor by PAI-1 in-
hibition may be a mechanism of attenuation in airway inflamma-
tion and AHR in their model of acute asthma. Sejima and
colleagues (19) also showed that deletion of PAI-1 shifted the

immune response from a T helper (Th) 2 to a Th1 type in an
OVA-challenged nasal allergy model. Based on these studies, we
speculate that inhibition of PAI-1 by tiplaxtinin may reduce eo-
sinophilic airway inflammation via attenuation of Th2 immune
response or increased hepatocyte growth factor production. To-
gether with decreased matrix deposition, reduction of airway
inflammation by tiplaxtinin may contribute to the attenuation
of AHR in our study. Interestingly, although tiplaxtinin modestly
inhibited leukocyte recruitment and matrix deposition, it com-
pletely inhibited the increase in airway reactivity, indicating
a nonlinear relationship between these parameters. This result
also suggests that PAI-1 may have some previously unsuspected
influence on the function of airway smooth muscle or nerves.

Goblet cell hyperplasia and collagen deposition, structural
changes in the airway wall, are now thought to be key compo-
nents in the pathophysiology of asthma (6, 20). Airway remod-
eling is characterized by thickening of the lamina reticularis,
with deposition of collagen and other extracellular matrix pro-
teins leading to subepithelial fibrosis, and increased airway
goblet cells causing mucus hypersecretion. Our results show that
tiplaxtinin significantly decreased OVA-induced collagen depo-
sition and hyperplasia of goblet cells in lung tissues of treated

Figure 5. Effect of tiplaxtinin
treatment on collagen deposi-

tion. For assessment of colla-

gen deposition, tissue sections

of lungs from mice were stain-
ed with Gomori trichrome (left

panels) and quantified in tri-

chrome-stained area/length of

bronchial basal membrane by
microscopy and Image J (E, right

panel). Mice were nebulized

with PBS (A and B) or OVA
(C and D), and treated with

tiplaxtinin during the nebuliza-

tion (B and D). The data in the

histogram (E) are means6 SEM
(n ¼ 8). *P , 0.05 between

groups.

Figure 6. Effect of tiplaxtinin on AHR in PBS- or OVA-challenged mice.

The AHR to methacholine was measured by use of the Buxco appara-
tus, and was reported as change in enhanced minute pause (Penh).

Data are means 6 SEM (n ¼ 8 mice/group). *P , 0.05 versus OVA-

challenged mice with tiplaxtinin treatment.
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mice, and these data are consistent with our previous data on
OVA treatment of PAI-1–deficient mice (6).

The current understanding of airway fibrosis is that chronic
inflammation injures the airways and generates fibrotic changes,
perhaps during an excessive repair response. Current asthma
therapies (e.g., corticosteroids) are successful in treating allergic
inflammation. However, there is a lack of supporting evidence of
reversal of airway fibrosis with optimal control of inflammation
by corticosteroids (21, 22). Moreover, despite widespread use of
anti-inflammatory treatments, recalcitrant asthma with airway
remodeling is a major, ongoing challenge in asthma manage-
ment. This suggests that there are noninflammatory mechanisms
that possibly coexist with inflammatory processes in generating
airway fibrosis, and may be important therapeutic targets in
patients with recalcitrant asthma.

In this study, we show that a PAI-1 inhibitor, tiplaxtinin, sig-
nificantly reduced the BALF levels of active PAI-1, the degree of
inflammation, airway remodeling, and AHR in a murine model
of chronic asthma. These data suggest that PAI-1 plays a key role
in promoting airway remodeling in mice, and may be a potential
therapeutic target for treatment of airway remodeling in asthma.

Author disclosures are available with the text of this article at www.atsjournals.org.
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