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Abstract
Protease activated receptor 2 (PAR2) is widely-distributed (lung, liver, kidney, etc.) and expressed
by variety of cells (i.e. leukocytes, epithelial cells, endothelial cells, and fibroblast). PAR2 may
participate in many pathological processes, such as, inflammation, injury, as well as fibrosis.
Therefore, in this study, we tested whether PAR2 would exert a role in acid-induced acute lung
injury, E. coli pneumonia, bleomycin-induced acute lung injury and fibrosis. Acid, E. coli, or
bleomycin were intratracheally instilled into the lungs of both wildtype and PAR2 knockout mice
to detect differences in pulmonary edema, lung vascular permeability, lung fibrosis, and other
parameters. Knockout of PAR2 did not affect the extent of pulmonary edema and lung vascular
permeability in acid-induced acute lung injury. Also, both activation of PAR2 in the airspaces of
the lung and deletion of PAR2 did not alter the magnitude of pulmonary edema and lung vascular
permeability in E. coli pneumonia. Finally, PAR2 deficiency did not affect the severity of lung
inflammation and lung fibrosis in bleomycin-induced acute lung injury and lung fibrosis models.
Thus, PAR2 does not appear to play a critical role in the pathogeneses of experimental acid-
induced acute lung injury, E. coli pneumonia, and bleomycin-induced acute lung injury and
pulmonary fibrosis in mice.
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INTRODUCTION
Acute lung injury (ALI) is a clinical syndrome of acute respiratory failure with a mortality
of approximately 40% (Rubenfeld, et al., 2005). The pathological features include severe
pulmonary edema in the acute stage and fibrotic lesions in the later phase in some patients
(Ware & Matthay, 2000). Considerable experimental and clinical evidence has linked
coagulation and inflammation (Coughlin, 2000; Su et al., 2005).

The rationale for testing the role of protease activated receptor 2 (PAR2) in acute lung injury
and lung fibrosis is based on several experimental studies. Leukocytes and endothelial cells
express PAR2 and activation of PAR2 increases vascular permeability (Kawabata et al.,
1998; Vergnolle et al., 1999a), activates NF-κB in microvascular endothelial cells (Nguyen
et al., 2003), and induces P-selectin-mediated leukocyte rolling (Lindner et al., 2000). PAR2
is also involved in the induction of serum IL-18 and IL-18-dependent liver injury (Ikawa et
al., 2005). Other studies have shown that airway epithelial cells express PAR2 and PAR2
activation inhibits recruitment of PMN into the airways after LPS challenge (Moffatt et al.,
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2002), protects rats from LPS-induced airway injury (Morello et al., 2005), decreases
synthesis of proinflammatory cytokines (IL-1β, IL-12, and IFN-γ) and reduces lethality in
colitis (Fiorucci et al., 2001). However, one study indicates that knockout of PAR2 does not
protect mice from the lethal effects of endotoxemia (Camerer et al., 2006). In chronic
inflammation, PAR2 expression is upregulated (Ferrell et al., 2003). PAR2 is expressed by
fibroblast and may involve in fibro-proliferative processes of delayed radiation enteropathy
(Wang et al., 2003) and the pathogenesis of IgA nephropathy (IgAN), which is characterized
by interstitial fibrosis (Grandaliano et al., 2003).

PAR2 is expressed by variety of cells and involve in many pathological process, such as,
inflammation, injury, as well as fibrosis, however, whether PAR2 exerts a role in acid-
induced acute lung injury, E. coli pneumonia, bleomycin-induced acute lung injury and
fibrosis has not been fully investigated. Therefore, in this study, acid, E. coli, or bleomycin
were instilled into the lungs of both wildtype and PAR2 knockout mice to compare the
differences in pulmonary edema, lung vascular permeability, lung fibrosis, and other
parameters.

MATERIALS AND METHODS
Transgenic mice

PAR2 knockout (ko) mice (PAR2−/−, background was greater than 97% C57BL6) and
wildtype (wt) mice (8–10 weeks) were generouly provided by Dr. Shaun Coughlin from
Univeristy of California San Francisco. Deficiency in PAR2 was generated by targeted gene
disruption as described previously (Lindner et al., 2000; Sambrano et al., 2001). The mice
had free access to water and food and were maintained in a standard air-filtered ventilated
animal house with 12 h light cycles. In all studies, the primary investigator (XS) was blinded
to the mouse genotype until completion of the data analysis. The genotypes of the mice were
double confirmed after the results came out. All protocols were approved by the University
of California, San Francisco Committee on Animal Research.

Chemicals and reagents
SLIGRL-NH2 (PAR2 activating peptide, PAR2-AP) was synthesized as carboxyl amides
and purified by reverse-phase high performance liquid chromatography (AnaSpec, San Jose,
CA). The PAR2-AP was dissolved in HEPES-buffered Hanks at concentration of 50 mM.
Bleomycin (Nippon Kayaku Co. Ltd., Tokyo, Japan) was dissolved in 0.9 % saline.

Direct visualized instillation (DVI)
To deliver different causative agents (acid, E. coli, and bleomycin) into airspaces, we used a
direct visualization instillation method as previously described (Su et al., 2004). Briefly,
mice were anesthetized by an ip of ketamine (90 mg/kg) and xylazine (10 mg/kg). The mice
were suspended with incisors attached to a ~60° wood support by 3/0 suture. A cold-light
source (Dolan-Jenner Industries Inc, Lawrence, MA) with two 25 inch flexible fiber-optic
arms allowed transillumination to visualize glottis and vocal cords to deliver the causative
agents into the airspaces based on the different animal models.

Acid-induced acute lung injury
An established acid-induced acute lung injury mouse model was used (Song et al., 2000).
Briefly, mice were intratracheally instilled with pH 1.0 hydrochloride acid (prepared in 2/3
saline, 1.25 ml/kg) by the DVI method. Before exposure to acid, mice were given an
injection of 0.05 μCi 125-I albumin via the right jugular vein. Mice were monitored for 4
hours and sacrificed to process for extravascular lung water and lung vascular permeability.
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Preparation of E. coli
E. coli serotype K1 was originally isolated from the blood of a patient with biliary sepsis.
The methods used to passage, store and amplify the bacteria have been described elsewhere
(Matute-Bello et al., 2001). To count E. coli, we measured the optical density (OD) of the
diluted E. coli solutions by a spectrophotometer. An equation Y = 4.2 × 108X0.864 was used
to calculate the counts of E. coli. Y represents the count of E. coli, and X is the OD value of
the diluted E. coli solution.

E. coli-induced acute pneumonia
As in our prior experiments (Su et al., 2006), mice were intratracheally instilled with 25 μl
of 107 cfu E. coli (prepared in 0.9 % saline) by the DVI method. Before exposure to E. coli,
mice were given an injection of 0.05 μCi 125I albumin via right jugular vein. Mice were
monitored for 4 hours and sacrificed to process lung water and lung vascular permeability.
Five minutes before the endpoint of the experiment, arterial blood was withdrawn via left
ventricle puncture under anesthesia of inhalation of halothane. The arterial blood gases
analyses were measured by a blood gas analyzer (Diamond Diagnostics Inc, Holliston, MA).

Bleomycin-induced acute lung injury and lung fibrosis
Established bleomycin-induced acute lung injury (Pittet et al., 2001) and lung fibrosis (Hao
et al., 2001) mouse models were used. The mice were intratracheally instilled with
bleomycin (prepared in 0.9 % saline; 2 unit/kg for acute lung injury; 1 unit/kg for lung
fibrosis; 1.25 ml/kg) by the DVI method. The mice were monitored for 7 days in acute lung
injury model and for 14 days in lung fibrosis model.

Extravascular lung water (ELW) and lung extravascular plasma equivalent (EPE)
The lungs were removed, counted in the γ-counter (Packard, Meriden, CT), weighed,
homogenized (after addition of 1 ml distilled water). The blood was collected through right
ventricle puncture. The homogenate was weighed and a portion was centrifuged (16,000 × g,
8 min) for assay of hemoglobin concentration in the supernatant. Some portion of
homogenate, supernatant and blood was weighed and then desiccated in an oven (60°C for
24 h) for gravimetric determination of extravascular lung water. The lung wet-to-dry weight
ratio (lung W/D ratio) was calculated by a standard formula (Su et al., 2005). ELW was
calculated by: (lung W/D ratioexperimental × Lung dry weightexperimental − lung W/D
rationormal × Lung dry weightnormal) × 1000 (μl). Lung extravascular plasma equivalents
(EPE) (index of lung vascular permeability to protein) were calculated as the counts of 125I-
albumin in the lung tissue divided by the counts of 125I-albumin in the plasma (Su et al.,
2005).

Bronchoalveolar lavage
We used the methods as previously described (Su et al., 2005). The white blood cells were
counted by a counter (Beckman Coulter Inc., Fullerton, CA). Protein concentration in the
BAL was determined by a Bio-Rad protein assay (Bio-Rad Laboratories, Hercules, CA).

Hydroxyproline assay
Hydroxyproline content in the lungs was measured by the method as previously described
(Reddy et al., 1996). The lung parenchyma was homogenized in 1.0 ml of deionized water.
Homogenete (25 μl) was mixed with 25 μl of 4 N NaOH, and hydrolyzed by autoclaving at
120°C for 30 min. Chloramine-T reagent (Sigma, St. Louis, MO, 0.056 M, 450 μl) was
added to the hydrolyzate, and oxidation was allowed to proceed for 25 min at room
temprature. Then, Ehrlich's solution (500 μl) was added and the samples were incubated at
65°C for 20 min. Absorbance was measured at 570 nm in a microplate reader (Dynex
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Technologies, Sunnyvale, CA). Standard curves were generated for each experiment using
reagent hydroxyproline (Sigma, St. Louis, MO) as a standard. The results were expressed as
micrograms of hydroxyproline contained per gram lung tissue.

Histology
After euthanasia by inhalation of halothane, the chest and abdomen were rapidly opened, the
base of the heart was clamped to prevent escape of the pulmonary blood volume. The
thoracic organs were removed en bloc, and 10% formalin was instilled through the trachea at
a pressure of 25 cm H2O. After 72 h fixation, lungs were Paraffin-embedded, and 5-μm
thick sections were cut and stained with hematoxylin and eosin.

Fibrin deposition in the lung
For fibrin immunostaining, 5 μm-thick sections of frozen lung were fixed in 10% buffered
formalin containing 2% acetic acid for 30 min at room temperature. Sections were blocked
with PBS containing 10% horse serum (i.e., blocking solution; Vector Laboratories) for 30
min, and this was followed by incubation overnight at 4°C with goat anti-mouse fibrinogen
diluted (1:1000, ICN Pharmaceuticals, Aurora, OH) in blocking solution. Next, sections
were incubated for 3 h with donkey antigoat secondary antibody in blocking solution for 3 h.

Specific experimental protocols
To test this hypothesis, PAR2−/− and wildtype mice were intratracheally exposed to acid, E.
coli or bleomycin. In PAR2−/− mice with acid or E. coli induced acute lung injury,
extravascular lung water and lung vascular permeability were measured at 4 h after
challenge. In PAR2−/− mice with bleomycin-induced acute lung injury, we carried out
histology, measured extravascular lung water, protein concentration and leukocyte counts in
the BAL, and hydroxyproline in the lung homogenate.

Statistical analysis
Student's t test or One-way analysis of variance (ANOVA) with post hoc Bonferroni test
was used (level set at P < 0.05). Results are presented as mean ± SD.

RESULTS
Effect of PAR2 deficiency on extravascular lung water and lung vascular permeability in
acid-induced acute lung injury (ALI)

To study whether PAR2 is involved in acid-induced ALI, acid was intratracheally (IT)
instilled into the lungs of wildtype (n = 11) and PAR2 knockout mice (n = 11). Wildtype
mice (n = 11) were IT instilled with 2/3 saline as control. Four hours later, extravascular
lung water and lung vascular permeability in wildtype mice receiving acid were about 3-fold
increased compared to wildtype mice receiving saline. However, there were no differences
in extravascular lung water and lung vascular permeability between the wildtype and PAR2
knockout mice challenged with acid (Figure 1).

Effect of pretreatment with PAR2 agonist on E. coli pneumonia
To study whether PAR2 activation alters lung injury in E. coli pneumonia, two groups of
wildtype mice (n = 7 each) were instilled with either Hanks or 25 μl of 50 mM PAR2-AP 10
min before exposed to 107 cfu of E. coli. The control wildtype mice (n = 5) were IT instilled
with Hanks before challenged with PBS. Four hours later, extravascular lung water and lung
vascular permeability were 10-fold increased in wildtype mice receiving E. coli compared to
wildtype mice receiving PBS. However, there were no differences in extravascular lung
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water and lung vascular permeability between wildtype mice receiving Hanks and PAR2-AP
challenged with E. coli (Figure 2).

Effect of PAR2 knockout on lung edema, lung vascular permeability, and arterial blood
gases in E. coli pneumonia

To investigate whether knockout of PAR2 would alter extravascular lung water and lung
vascular permeability in E. coli pneumonia, wildtype and PAR2 knockout mice (n = 5, each)
were instilled intratracheally with 107 cfu of E. coli. Wildtype mice (n = 3) were IT instilled
with PBS as control. Four hours later, extravascular lung water and lung vascular
permeability in wildtype mice receiving E. coli were 10~15 fold increased compared to
wildtype mice receiving PBS. However, there were no differences in extravascular lung
water and lung vascular permeability between the wildtype and PAR2 knockout mice
challenged with E. coli (Figure 3). In another set of experiments, wildtype mice receiving IT
E. coli developed severe acidosis, hypoxemia, and hypercapnia compared to wildtype mice
receiving IT PBS, but there were no differences in these parameters between wildtype and
PAR2 knockout mice challenged with E. coli (Figure 4). There were no differences in the
numbers of E. coli in the lung homogenate between the two groups of mice (data not
shown).

Effect of PAR2 deficiency on lung edema in bleomycin-induced acute lung injury
To test whether PAR2 deficiency would reduce extravascular lung water in bleomycin-
induced acute lung injury, PAR2 knockout (n = 5) and wildtype mice (n = 8) were instilled
with bleomycin (2 unit/kg). The wildtype mice (n = 3) receiving IT 0.9% saline were used as
control. Mice were monitored for 7 days. Mortality in the PAR2 knockout mice was 1/5
(20%) and in the wildtype group was 2/8 (25%). The right lung was removed to measure
extravascular lung water, and the left lung was used for histology. Extravascular lung water
was 6-fold increased in wildtype mice receiving bleomycin compared to wildtype mice
receiving saline. But there was no difference in extravascular lung water between wildtype
and PAR2 −/− mice receiving bleomycin (Figure 5A). The levels of hydroxyproline in the
lung homogenate were 3.5-fold increased in wildtype mice receiving bleomycin compared
to wildtype mice receiving saline. However, there was no difference in hydroxyproline of
the lung homogenate compared wildtype and PAR2 −/− mice receiving bleomycin (Figure
5B). The severity of pathological changes in the wildtype and PAR2 knockout mice
receiving bleomycin were similar (Figure 5C and 5D).

Effect of PAR2 knockout on bleomycin-induced lung fibrosis
To test whether PAR2 knockout would reduce lung fibrosis over a longer time period, PAR2
knockout (n = 5), and wildtype (n = 3) mice were instilled with bleomycin (1 unit/kg), and
then monitored for 14 days. The wildtype mice (n =3) receiving IT 0.9% saline were used as
control. Mortality in the PAR2 −/− group was 2/5 (40%) and no mice died in the wildtype.
The survivors (n = 3, in each group) were sacrificed at end of the experiment at 14 days. The
right lung was lavaged to measure protein concentration and to count leukocytes. After
lavage, the lungs were removed for measurement of hydroxyproline. Also, BAL protein
concentration and leukocytes were 6~10 fold increased in wildtype mice receiving
bleomycin compared to wildtype receiving saline. But, there were no differences in BAL
protein concentration and leukocytes between wildtype and PAR2 knockout mice
challenged with bleomycin (Figure 6A and 6B). Also, hydroxyproline in lung homogenate
was 4.5-fold increased in wildtype mice receiving bleomycin compared to wildtype
receiving saline. But, there was no difference in hydroxyproline of lung homogenate
between wildtype and PAR2 knockout mice challenged with bleomycin (Figure 6C). Fibrin
was prominently accumulated in the lung parenchyma, but the immunoreactivity did not
differ in both wildtype and PAR2 knockout mice challenged with bleomycin (Figure 6D, E).
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DISCUSSION
In this study, we tested three different clinically relevant experimental models of lung injury.
The main result was that PAR2 deficiency did not affect acid-induced acute lung injury, E.
coli pneumonia, or bleomycin-induced acute lung injury and lung fibrosis.

In this study, we have tested whether PAR2 plays a role in different lung injury models in
the development phase. Four hours after acid or E. coli challenge, acid-induced acute lung
injury and E. coli pneumonia developed. Different from acid-induced ALI and E. coli
pneumonia, bleomycin-induced acute lung injury and lung fibrosis models are relatively
slow to develop. It takes 7 days to develop severe pulmonary edema and 14 days to develop
prominent lung fibrosis.

Aspiration of gastric contents is reported to be associated with a 26–36% incidence of
ARDS (Hudson et al., 1995). Acid-induced lung injury is characterized by increased lung
vascular permeability and pulmonary edema in this study (Figure 1A and 1B). Aspirated
HCl may promote PMN adhesion, activation, and sequestration (Nagase et al., 1999;
Folkesson et al., 1995). We also found depletion of neutrophils with vinblastine prevented
acid-induced pulmonary edema and reduced lung vascular permeability (data not shown). It
has been reported PAR2 activation increases rolling and adherence of leukocytes, especially
neutrophils (Vergnolle et al. 1999b; Shpacovitch et al., 2004). Delayed onset of
inflammation occurred in PAR2 deficient mice (Lindner et al., 2000). Protease-activated
receptor-2 activation induces acute lung inflammation by neuropeptide-dependent
mechanisms (Su et al., 2005). However, we did not find an effect of PAR2 deficiency on
extravascular lung water and lung vascular permeability in acid-induced acute lung injury
compared to the wildtype to PAR2 −/− mice. Thus, PAR2 activation does not participate in
acid-induced acute lung injury.

There were several reasons to study E. coli pneumonia in PAR2 −/− mice. (i) Acute
bacterial pneumonia is the most common cause of clinical acute lung injury (Eisner et al.,
2001). (ii) PAR2 activators (tryptase, trypsin) are elevated in pneumonia, which increase
neutrophils recruitment (possibly due to tryptase cleaving PAR2) to combat bacterial
infections (Huang et al., 2001; Orlowski & Lesser 1989). (iii) Activation of coagulation
(high levels of thrombin-antithrombin complexes, soluble tissue factor and factor VIIa) was
detected in BALF from infected lungs (Choi, et al., 2004). Also, PAR2 may be activated
directly by TF/FVIIa and indirectly by TF/FVIIa-generated FXa (Camerer et al., 2000).
However, in the pneumonia model, neither pre-activated PAR2 (Figure 2) or PAR2
deficiency (Figure 3) altered extravascular lung water and lung vascular permeability. Also,
there were no differences in E. coli counts in the lung homogenate between the wildtype and
PAR2 −/− mice. Thus, PAR2 activation does not appear to determine the severity of gram
negative pneumonia. However, there is evidence that PAR2 involves in murine pulmonary
Pseudomonal infection (Moraes et al., 2008). In that study, mice were intratracheally
challenged with P. aeruginosa and followed for 24 h, a finding that may contribute to
different results compared to our studies.

Pulmonary fibrosis induced by intratracheal instillation of bleomycin is an acute lung injury
model followed by rapid development of pulmonary fibrosis, which eventually resolves in
five to six weeks (Miyazaki et al., 2004). Several prior studies provided evidence that
influenced us to study bleomycin-induced acute lung injury and fibrosis, including: (i) TGF-
β is a mediator of bleomycin-induced acute lung injury (Pittet et al. 2001), and PAR2
activation induces TGF-β expression (Grandaliano et al., 2003), (ii) the process of injury is
accompanied by neutrophil recruitment (Hayashi et al., 2002) and mast cells accumulation,
(iii) Tryptase from mast cells can activate PAR2 in the fibroblast to induce fibroproliferative
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actions (Akers et al., 2000; Frungieri et al., 2002). However, in the bleomycin-induced acute
lung injury model, PAR2 deficiency did not alter extravascular lung water (Figure 5A) and
hydroxyproline content in the lung homogenate (Figure 5B), and pathological changes
(Figure 5D). Moreover, in the bleomycin-induced lung fibrosis model, there were no
differences in protein (Figure 6A) and leukocyte counts in the bronchoalveolar lavage
(Figure 6B), and hydroxyproline content in the lung homogenate (Figure 6C) fibrin
deposition in the lung parenchyma (Figure 6E). These findings suggest that PAR2 activation
is not involved in bleomycin-induced acute lung injury and lung fibrosis.

Taken together, PAR2 is activated redundantly by proteases under physiological and
pathological conditions. However, based on studies in mice, PAR2 does not play a major
role in the pathogeneses of acid-induced acute lung injury, E. coli pneumonia, and
bleomycin-induced acute lung injury and pulmonary fibrosis.
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Figure 1.
PAR2 deficiency did not display effect on acid-induced acute lung injury in mouse model.
A. Extravascular lung water. B. Lung vascular permeability. Wildtype (n = 11) and PAR2 −/
− mice (n = 11) were IT instilled with pH 1.0 hydrochloride acid at dosage 1.25 ml/kg and
euthanized at 4 h. Wildtype mice (n = 11) were IT instilled with 2/3 saline as control. Data
were pooled in the 4 times of experiments. Data are mean ± SD.
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Figure 2.
Activation of PAR2 in the airspaces of the lung did not have impact on extravascular lung
water and lung vascular permeability in the E. coli pneumonia model in mice. A.
Extravascular lung water. B. Lung vascular permeability. Wildtype mice were IT instilled
either Hanks or 25 μl of 50 mM PAR2-AP before challenged with 107cfu E. coli. N = 7 in
each group. The control wildtype mice (n = 5) were IT instilled with Hanks before
challenged with PBS. Data were pooled in the 3 times of experiments. Data are mean ± SD.
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Figure 3.
PAR2 deficiency did not have an impact on E. coli pneumonia model in mice. A.
Extravascular lung water. B. Lung vascular permeability. Wildtype (n = 5) and PAR2 −/− (n
= 5) mice were instilled with 25 μl of 107 cfu E. coli and sacrificed at 4 h. Wildtype mice (n
= 3) receiving IT PBS were used as control. Data were pooled in the 3 times of experiments.
Data are mean ± SD.
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Figure 4.
PAR2 deficiency did not affect arterial blood gases in E. coli pneumonia model in mice. A.
pH. B. PaO2. C.PaCO2. Wildtype (n = 5) and PAR2 −/− (n = 5) mice were IT instilled with
25 μl of 107 cfu E. coli. Wildtype mice (n = 5) receiving IT PBS were used as control. Five
minutes before being sacrificed, the mice were anesthetized by inhalation of halothane. The
arterial blood was drawn by left ventricle puncture. Data were pooled in the 3 times of
experiments. Data are mean ± SD.
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Figure 5.
PAR2 deficiency did not show effect on bleomycin-induced acute lung injury (7 days) in
murine model. Wildtype (n = 8) and PAR2 −/− mice (n = 5) were IT exposed with
bleomycin at dosage of 2 units/kg. Wildtype (n = 3) receiving IT saline were used as control.
A. Extravascular lung water. The right lungs of the dead and the survival (sacrificed at 7
days) were removed to measure extravascular lung water. B. The level of hydroxyproline in
the lung homogenate. C, D. Representative histological changes of bleomycin-induced acute
lung injury. The left lungs were edematous, consolidate, hemorrhagic, and extensively
infiltrated with inflammatory cells. Data were pooled in the 2 times of experiments. Data are
mean ± SD.
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Figure 6.
PAR2 deficiency did not affect bleomycin-induced lung fibrosis. PAR2 −/− (n = 5) and
wildtype (n = 3) were IT instilled with bleomycin (1 unit/kg). The wildtype mice (n =3)
receiving IT 0.9% saline were used as control. A. Protein concentration in BAL. B.
leukocyte counts in BAL in the BAL. C. Hydroxyproline levels in the lung homogenate. D,
E. Representative microphotograph of immunohistochemistry staining for fibrin (arrows
indicate positive stain, original magnification × 63, scale bar 50 μm). N = 3 in each group.
Data were pooled in the 2 times of experiments. Data are mean ± SD.
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