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We investigated the therapeutic potential of a newly developed
antifibrotic agent, pirfenidone, to regulate airway remodeling and
the development of allergic airway inflammation and airway hyper-
responsiveness after chronic allergen challenge. Administration of
pirfenidone after sensitization but during the period of ovalbumin
challenge significantly prevented the development of airway hyper-
responsiveness and prevented eosinophil and lymphocyte accumu-
lation in the airways. IL-4, IL-5, and IL-13 levels in bronchoalveolar
lavage fluid and ovalbumin-specific serum IgE antibody levels were
also significantly reduced. Treatment with pirfenidone significantly
reduced transforming growth factor-p 1 and platelet-derived growth
factor levels in bronchoalveolar lavage fluid. Pirfenidone reduced the
expression of transforming growth factor-g1, the development of
goblet cell hyperplasia and subepithelial collagenization, and the
increases in contractile elements in the lung. These data indicate
that pirfenidone may play an important role in the treatment of
asthma and has the potential reduce or prevent airway remodeling.
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Bronchial asthma is a syndrome associated with allergen-induced
chronic airway inflammation and airway hyperresponsiveness
(AHR). The pathophysiology of AHR is complex, and many
factors contribute to its development. Airway mucosal inflam-
mation is characterized by an influx of activated eosinophils and
T lymphocytes (1), and numerous investigations have shown that
Th2 cytokines (particularly IL-4, IL-5, and IL-13) play critical
roles in orchestrating the allergic inflammatory response leading
to AHR (2-6). Airway structural changes occur in response to
persistent inflammation and include subepithelial fibrosis, hyper-
plasia of mucus glands, myofibroblast and smooth muscle prolif-
eration, and vascular changes (7). Collectively, these responses
are termed airway remodeling, which is thought to occur as a
result of an imbalance in the mechanism of regeneration and
repair. Transforming growth factor (TGF)-B1, which accelerates
fibrotic changes through the accumulation of extracellular
matrix, may play a key role in this airway remodeling process.
TGF-B1 expression correlates with basement membrane
thickness and fibroblast number (7, 8). Furthermore, although
TGF-B1 is reported to be an important factor in the regulation
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of acute pulmonary inflammation, as in pneumonia (9), its role
in asthma remains to be defined.

Pirfenidone (5 methyl-1-phenyl-2-(1H)-pyridone) (PFD), a
newly developed antifibrotic agent, has proven effective in pre-
venting and resolving the accumulation of fibrous tissue in ex-
perimental models of lung (10, 11), kidney (12, 13), and hepatic
fibrosis (14, 15). In patients with end-stage pulmonary fibrosis,
pirfenidone improved survival and restored pulmonary function
(16). Furthermore, pirfenidone attenuated ischemia-reperfusion
injury in rat small intestine (17), staphylococcal enterotoxin
B-induced cytokines levels (e.g., IL-6, IFN-y, and TNF-«a) (18),
and amiodarone-induced over-expression of pulmonary TGF-
B1 (19). In this context, pirfenidone may have potential as a
treatment in asthma where airway structural changes occur in
response to persistent inflammation. This possibility was tested
in sensitized mice exposed to repeated allergen challenge.

MATERIALS AND METHODS

Animals

Female BALB/c mice (8-10 wk of age) were purchased from Charles
River Japan, Inc. (Yokohama, Japan). The mice were maintained on
diets free of ovalbumin (OVA). All experimental animals used in this
study were housed under constant temperature and light cycles and
under a protocol approved by the Institutional Animal Care and Use
Committee of Okayama University Medical School.

Sensitization and Airway Challenge

Mice (four mice/group/experiment) receiving the following treatments
were studied: (/) nonsensitized and OVA airway-challenged mice and
(2) OVA-sensitized and OVA airway-challenged mice. Mice were im-
munized by intraperitoneal injection of 20 pg of OVA (Grade V)
(Sigma, St. Louis, MO) emulsified in 2.25 mg alum (AlumImuject;
Pierce, Rockford, IL) in a total volume of 100 wl on Days 0 and 14.
Mice were challenged via the airways with OVA (1% in saline) for 20
min on Days 28, 29, and 30 by ultrasonic nebulization (Figure 1). AHR
was assessed 48 h after the last challenge, and tissues and cells were
obtained for further assays (20, 21).

In a repeated-exposure model, mice were further exposed to
aerosolized 1% OVA for 20 min, 3 d per week for an additional 4 wk
(Figure 1). AHR and immunologic examinations were assessed 48 h
after the last challenge.

Administration of Pirfenidone

Mice received subcutaneous injections of pirfenidone (Shionogi, Tokyo,
Japan) (125, 250, or 500 mg/kg daily versus saline as vehicle) from Days
26 to 31 in the short exposure model (Figure 1) (14, 15, 22). In the
repeated exposure model, mice received subcutaneous injections of
pirfenidone (500 mg/kg/d) from Days 26 to 59. As controls, mice were
administered saline subcutaneously (Figure 1).

Determination of Airway Responsiveness

Airway responsiveness was assessed as a change in airway function
after challenge with aerosolized methacholine (MCh) using barometric
plethysmography (Buxco Electronics Inc., Troy, NY) as described (23).
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Figure 1. Experimental protocols. (A) Mice were nonsensitized and received 3 consecutive days of aerosolized OVA challenge (nonsensitized/OVA).
(B) Mice were sensitized by two intraperitoneal injections of OVA/alum and then received three consecutive days of aerosolized 1% OVA challenge
(OVA/OVA). To evaluate the effect of pirfenidone on AHR and airway inflammation, mice received subcutaneous injections of pirfenidone (125,
250, or 500 mg/kg/d versus saline as vehicle) from Days 26 to 31. (C) To define the effect of pirfenidone on the airways after repeated OVA
challenge, mice were exposed to aerosolized 1% OVA for 20 min 3 d per week for 4 wk (4 wk-OVA/OVA) and received subcutaneous injections

of pirfenidone (500 mg/kg/d) from Days 26 to 59.

Pressure differences were measured between the main chamber of
the plethysmograph, containing conscious, spontaneously breathing
animals, and the reference chamber (box pressure signal). Mice were
challenged with aerosolized saline (for baseline measurements) or MCh
(3.125-25 mg/ml) for 3 min, and readings were taken and averaged for
3 min after each nebulization. Data were expressed using the dimen-
sionless parameter, enhanced pause (Penh) as described (24).

Cell Preparation and Assessment of Peribronchial Lymph
Node Mononuclear Cell Proliferation

After OVA sensitization and airway challenge, peribronchial lymph
nodes (PBLN) were removed aseptically. PBLN mononuclear cells
were purified by passing the tissue through a stainless steel mesh, fol-
lowed by density-gradient centrifugation (Sigma Diagnostics, St. Louis,
MO). Cells were washed three times with PBS and resuspended in
culture medium (GIBCO, Grand Island, NY). Mononuclear cells were
cultured for 72 h in 96-well, round-bottom plates at a concentration of
1 X 10° cells/well in the presence or absence of OVA (1, 10, or 100 pg/ml)
in proliferation assays. *H-thymidine (0.5 pnCi/well) was added to the
wells before harvesting, and incorporation was measured in a liquid
scintillation counter. PBLN mononuclear cell proliferation was ana-
lyzed in the presence or absence of pirfenidone (0.1 mg/ml). Results
were expressed as mean counts per minute of triplicate cultures.

Measurement of Bronchoalveolar Lavage Fluid Cytokines and
In Vitro Cytokine Production

After assessment of Penh, lungs were lavaged via the tracheal tube
with saline (2 X 1 ml, 37°C). The volume of the collected bronchoal-
veolar lavage fluid (BALF) was measured in each sample, and the
number of cells in the BALF was counted. Cytospin slides were stained
and differentiated in a blinded fashion by counting at least 300 cells
under light microscopy. Cytokine concentrations in the BALF and
cytokine levels in OV A-stimulated (10 wg/ml) culture supernatants in

the presence or absence of pirfenidone (0.1 mg/ml) were measured
by ELISA according to the manufacturer’s instructions. The limits of
detection were 4 pg/ml for IL-4, IL-5, IL-12, IL-13, IFN-y, and platelet-
derived growth factor (PDGF) (R&D Systems, Minneapolis, MN).
TGF-B1 levels in the BALF were assayed using a TGF-B1 ELISA kit
(TGF-B1 E max ImmunoAssay System; Promega, Madison, WI). The
assay detects only the active form of TGF-B1. Each sample was directly
measured for the detection of the active form or was activated before
measuring, according to the manufacturer’s recommendations, for
the detection of total amount of TGF-B1. The limit of detection was
10 pg/ml for TGF-B1.

Measurement of Serum Anti-OVA Antibody

Anti-OVA IgE and IgG1 antibody levels were measured by ELISA
48 h after the last airway challenge as previously described (25). The
antibody titers of samples were related to pooled standards that were
generated in the laboratory and expressed as ELISA units per milliliter
(EU/ml).

Histologic and Immunohistochemistry Studies

After obtaining the BALF, right lungs were inflated through the tra-
cheal tube with 2 ml air and fixed in 10% formalin. The transpulmonary
pressure at which the lungs were fixed inflated was 25 cm H,O static
pressure by intratracheal instillation (26). Blocks of lung tissue were
cut around the main bronchus and embedded in paraffin blocks. Tissue
sections 4 wm thick were affixed to microscope slides and deparaffinized.
The slides were stained with hematoxylin-eosin and periodic acid Schiff
(PAS) for identification of mucus-containing cells and examined under
light microscopy. In hematoxylin and eosin-stained lung sections, the
numbers of total leukocytes and eosinophils per square millimeter in
the peribronchial and perivascular tissue were analyzed using the NIH
Image Analysis system (National Institutes of Health, Bethesda, MD).
Bronchioles < 200 pm, 200-400 wm, and > 400 pm in diameter were
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selected (27). The slides were randomly examined in more than 30 ing a light microscope attached to an image-analysis system as described
bronchioles in a minimum of 10 fields in a blinded fashion. To quantitate previously (31). Results are expressed as the area of a-SMA immuno-
the level of mucus expression in the airway, the PAS-positive and staining per millimeter length of basement membrane of bronchioles.
PAS-negative epithelial cells in individual bronchioles were counted as The thickness of the airway smooth muscle layer (the transverse diame-
previously described in our laboratory (21, 28). The numbers of mucus- ter) was measured from the innermost aspect to the outermost aspect
containing, PAS-positive cells (goblet cells) were counted in at least using an image-analysis system. The smooth muscle layer thickness was
30 bronchioles in a minimum of 10 fields by measuring the length of assessed at four predetermined bronchiole sites (12, 3, 6, and 9 o’clock)
epithelium defined along the 1-mm basement membrane and luminal in at least 10 bronchioles of similar size (400-600 wm) on each slide
area using the NIH Image Analysis system. Bronchioles < 200 pm, (32).
200-400 pm, and > 400 pm in diameter that demonstrated mucus- The NIH Image Program allows for manual outlining of the trichrome-
containing cells were selected. stained collagen layer or a-SMA-stained smooth muscle layer and
Left lung tissues were fixed with ethanol for 12 h, dehydrated, and computes the area within the outlined ring of tissue; the perimeter was
embedded in paraffin. Each section was cut to a thickness of 4 pm. defined as the airway basement membrane circumference. The slides
Masson’s trichrome-stained sections were used for assessment of sub- were randomly examined in more than 30 bronchioles in a minimum

epithelial fibrosis as described previously (29-31). Briefly, two to four of 10 fields in a blinded fashion.
specimens of the Masson’s trichrome-stained histologic preparations of
the left lobe, in which the total length of the epithelial basement mem- Measurement of Hydroxyproline Content in the Right Lungs
brane of the bronchioles (< 200 pwm, 200-400 pm, and > 400 wm in
diameter) was 1.0-2.5 mm, were selected, and the fibrotic area (stained
in blue) beneath the basement membrane at 50-100 um depth (de-
pending on the size of bronchioles) was measured. The mean scores of
the fibrotic area divided by basement membrane length in two to four
preparations of one mouse were calculated, and the mean scores of
subepithelial fibrosis were calculated in each group. Results are ex-
pressed as the area of trichrome staining per millimeter length of base-
ment membrane of bronchioles.

To identify myofibroblasts, a direct technique using a kit of peroxidase- ... .
conjugated mouse monoclonal IgG against human a-smooth muscle Statistical Analysis
actin (a-SMA) (DAKO, Grostrup, Denmark) was used. The area of All results are expressed as the mean = SEM. ANOVA was used to

Whole collagen content of the right lung was evaluated by determining
hydroxyproline (HP) content as described previously (33, 34). Briefly,
the right lung lobes were removed and cut into sections (1 mm thick).
The chopped lungs were dried with acetone. The dried lung samples
were hydrolyzed with 2 ml of 6N HCI at 120°C for 24 h in sealed glass
tubes. The amount of HP in the hydrolysate was measured according
to Kivirikko and coworkers (35). Authentic HP (hydroxy-L-proline)
was used to establish a standard curve.
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Figure 2. Treatment with pirfenidone in a dose-dependent manner prevents the development of AHR (A) and inflammatory cell accumulation in
BALF (B). Penh values to increasing concentrations of inhaled MCh were measured as described in MATERIALS AND METHODS in nonsensitized/
challenged mice receiving saline, OVA-sensitized/OVA-challenged mice receiving saline, nonsensitized/challenged mice receiving pirfenidone, and
OVA-sensitized/OVA-challenged mice receiving pirfenidone. Results for each group are expressed as the mean = SD. n = 16 in each group.
#Significant differences (P < 0.05) between nonsensitized/OVA-challenged mice (Non-sensitized/OVA/Control) and OVA-sensitized/OVA-challenged
mice (OVA/OVA/Control). *Significant differences (P < 0.05) between OVA-sensitized/OVA-challenged control mice (receiving saline) (OVA/OVA/
Control) and pirfenidone-treated mice (OVA/OVA/PFD).
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IL-4 IL-5 IL-13 IL-12 IFN-y TGF-B1 PDGF
Groups (pg/ml) (pg/ml) (pg/ml) (pg/ml) — (pg/ml) (pg/ml) (pg/ml)
Nonsensitized/OVA/Control 3.9 +09 88 +36 42+11 12+06 04*01 224+163 43+09
Nonsensitized/OVA/PFD 41+08 92+18 3607 09=04 03+02 41=10 4.6+ 1.1
OVA/OVA/Control 172 £1.9% 322 +29* 435+57* 14+06 07 +04 183.6=50.7* 328 + 0.8*
OVA/OVA/PFD 8.6 +22" 157 +28 234+65 17+04 06+03 425+11.8 252+3.9

Definition of abbreviations: BALF, bronchoalveolar lavage fluid; OVA, ovalbumin; PFD, pirfenidone; TGF-B1, transforming growth

factor-beta 1; PDGF, platelet-derived growth factor.

* Significant differences (P < 0.05) between OVA-sensitized/OVA-challenged control mice (receiving saline) (OVA/OVA/Control)
and pirfenidone-treated mice (OVA/OVA/PFD). The results for each group are expressed as mean + SD. n = 16 in each group.
# Significant differences (P < 0.05) between nonsensitized/challenged mice (Nonsensitized/OVA/Control) and OVA-sensitized/

OVA-challenged mice (OVA/OVA/Control).

were compared with unpaired two-tailed Student’s ¢ test or the Tukey-
Kramer honest significant difference test. Statistical significance was
set at P < 0.05.

RESULTS

Treatment with Pirfenidone Attenuates AHR and
Inflammatory Cell Accumulation in BALF

To determine the effects of pirfenidone on the development of
altered airway function to inhaled MCh after OV A sensitization
and challenge, mice received subcutaneous injections of pirfeni-
done (125, 250, or 500 mg/kg/d) or saline, from Days 26 to 31,
and AHR was assessed on Day 32. There were no significant
differences in baseline Penh values between nonsensitized and
OVA-challenged mice receiving saline (0.50 *= 0.07) and OVA-
sensitized and OV A-challenged mice receiving saline (0.58 *
0.11). After OVA sensitization and challenge, AHR to inhaled
MCh significantly increased in a dose-dependent manner com-
pared with nonsensitized and challenged mice. Administration
of pirfenidone daily from 2 d before the first OVA challenge
to 24 h after the last challenge to OV A-sensitized and OVA-
challenged mice significantly prevented the increases in AHR
throughout the MCh dose-response curve (Figure 2A) in a dose-
dependent manner (7.11 = 0.25, 6.22 = 0.33, and 5.31 = 0.34
fold increase in Penh at 25 mg/ml by the treatment with pirfeni-
done 125, 250, or 500 mg/kg, respectively).

The numbers and types of inflammatory cells in the airways
were determined in BALF 48 h after the last of the three consecu-
tive allergen challenges (Day 32). In nonsensitized and chal-
lenged mice, over 95% of the detected cells were macrophages.
Sensitization and challenge with OVA resulted in a marked
increase in the number of eosinophils and lymphocytes in BALF.
Treatment with pirfenidone significantly suppressed the number
of eosinophils and lymphocytes and the total cell numbers in
BALF (Figure 2B) in a dose-dependent manner (eosinophils: a
25.6%, 42.5%, and 50.2% decrease compared with OV A-sensi-
tized and OV A-challenged control mice after treatment with
pirfenidone 125, 250, or 500 mg/kg, respectively). These findings

Administration of pirfenidone daily from 2 d before the first
OVA challenge to 24 h after the last challenge significantly
reduced IL-4, IL-5, and IL-13, TGF-B1, and PDGEF levels in
BALF compared with control mice. Pirfenidone showed no sig-
nificant effect on BALF IL-12 and IFN-vy levels (Table 1).

Treatment with Pirfenidone Inhibits Serum Anti-OVA IgE
Antibody Levels

After OV A sensitization and airway challenge, serum anti-OVA
IgE and IgG1 levels were significantly increased compared with
nonsensitized and OV A-challenged mice. Treatment with pir-
fenidone daily from 2 d before the first OVA challenge to 24 h
after the last challenge significantly reduced serum OV A-specific
IgE levels compared with control mice (Table 2).

Effect of Pirfenidone on Mononuclear Cell Proliferation and
Cytokine Production In Vitro

To investigate whether T cells from OV A-sensitized and airway-
challenged mice could respond to the antigen, proliferation of
local PBLN mononuclear cells was measured. PBLN mononu-
clear cells showed a dose-dependent proliferative response to
OVA. Treatment with pirfenidone (0.1 mg/ml) significantly in-
hibited the proliferation of PBLN mononuclear cells (Figure
3A). There was no evidence of drug-induced cytotoxicity, as
determined by trypan blue exclusion, with > 95% viability during
these experiments.

IL-4, IL-5, and IFN-y were detected in the culture superna-
tant of OVA (10 pg/ml)-stimulated PBLN from OV A-sensitized
and OV A-challenged mice (Figures 3B and 3D). Treatment with
pirfenidone significantly suppressed IL-4 and IL-5 but not IFN-y
in culture supernates.

TABLE 2. SERUM OVA-SPECIFIC ANTIBODY LEVELS

OVA-specific IgE Levels OVA-specific IgG1 Levels

. : X ! Groups (EU/ml) (EU/ml)
suggest that administration of pirfenidone can suppress the de-
velopment of AHR and airway inflammation. Nonsensitized/OVA/Control 31.4 =11.7 18.2 = 8.1
Nonsensitized/OVA/PFD 26.2 = 10.4 16.7 = 9.5
Treatment with Pirfenidone Decreases Cytokine and Growth OVA/OVA/Control 1046.8 + 158.9* 418.0 + 60.6*
OVA/OVA/PFD 582.7 + 94.0¢ 267.2 = 35.5

Factor Levels in BALF

Concentrations of cytokines (IL-4, IL-5,TL-13,TL-12, and IFN-vy)
and growth factors (TGF-B1 and PDGF) in BALF were mea-
sured by ELISA. In sensitized and challenged mice, the levels
of Th2 cytokines, IL-4, IL-5, and IL-13, and growth factors such
as TGF-B1 and PDGF in BALF were significantly increased
compared with nonsensitized and challenged mice. In contrast,
IL-12 and IFN-y levels were not significantly changed (Table 1).

Definition of abbreviations: OVA, ovalbumin; PFD, pirfenidone.

* Significant differences (P < 0.05) between OVA-sensitized/OVA-challenged
control mice (receiving saline) (OVA/OVA/Control) and pirfenidone-treated mice
(OVA/OVA/PFD). The results for each group are expressed as mean + SD. n = 16
in each group.

# Significant differences (P < 0.05) between nonsensitized/challenged mice
(Nonsensitized/OVA/Control) and OVA-sensitized/OVA-challenged mice (OVA/
QOVA/Control).
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Figure 3. Treatment with pirfenidone suppresses mononuclear cell proliferation and in vitro cytokine production. OVA-stimulated PBLN mononuclear
cell proliferation (A) and IL-4 (B), IL-5 (C), and IFN-y (D) supernatant levels in mice after OVA sensitization and airway challenge were measured
as described in MATErIALS AND METHODs. The results for each group are expressed as the mean = SD. n = 16 in each group. *Significant differences
(P < 0.05) in treated PBLN mononuclear cell proliferation between the saline group and the pirfenidone-treated group. *Significant differences
(P < 0.05) between the control group and the pirfenidone-treated group.
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Figure 4. Treatment with pirfenidone prevents the development of AHR (A) and inflammatory cell accumulation (B) in BALF in chronically exposed
mice with OVA. Data represent the mean = SD. n = 16 in each group. *Significant differences (P < 0.05) between nonsensitized/OVA-challenged
mice (Non-sensitized/OVA/Control) and OVA-sensitized/OVA-challenged mice after repeated OVA exposure (receiving saline) (4 wk-OVA/OVA/
Control). *Significant differences (P < 0.05) between OVA-sensitized/OVA-challenged mice after repeated OVA exposure (4 wk-OVA/OVA/Control)
and pirfenidone-treated chronically OVA-exposed mice (4 wk-OVA/OVA/PFD).
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Figure 5. Effect of pirfenidone on inflammatory cell accumulation in peribronchial and perivascular tissue in nonsensitized/OVA-challenged mice
(Non-sensitized/OVA), OVA-sensitized/OVA-challenged mice (OVA/OVA), and OVA-sensitized/OVA-challenged mice after repeated OVA exposure
(4 wk-OVA/OVA). Evidence of inflammatory cell infiltration was investigated by histologic examination of hematoxylin-eosin—stained tissue as
described in MaTerIALs AND METHODS (final magnification: X400; inset: X1,000). Bronchioles < 200 um, 200-400 um, and > 400 pm in diameter
were selected. *Significant differences (P < 0.05) in the number of total cells, eosinophils, and lymphocytes in peribronchial and perivascular tissue

between the saline-treated control group and the pirfenidone-treated group.

Treatment with Pirfenidone Attenuates AHR, Inflammatory
Cell Infiltrates, and Cytokine and Growth Factor Levels in
BALF of Chronically Exposed Mice

In OVA-sensitized and OV A-challenged mice after 4 wk of
additional allergen exposure, baseline (saline) Penh values re-
mained low (0.55 *+ 0.08) on Day 60, but the responses to inhaled
MCh were still significantly increased (Figure 4A). The number
of eosinophils in the BALF also remained high (Figure 4B). In
contrast, the number of lymphocytes was significantly increased
when compared with OV A-sensitized mice that received only
three challenges (Figures 2 and 4B).

To determine whether pirfenidone remained effective in
modifying AHR and inflammatory cell accumulation after 4 wk
of additional allergen exposure, mice received subcutaneous
injections of pirfenidone from Days 26 to 59 (500 mg/kg/d or
saline) (Figure 1). Administration of pirfenidone to repeatedly
challenged mice significantly prevented the development of AHR
(Figure 4A) and reduced the number of eosinophils and lympho-
cytes in BALF compared with the control groups (Figure 4B).

The effects of pirfenidone on inflammatory cell accumulation
were further investigated by histologic examination of hematoxy-
lin-eosin—stained slides. In nonsensitized and OV A-challenged
mice, few eosinophils or lymphocytes were detected in the peri-
bronchial and perivascular areas. Sensitization and subsequent
challenge with OVA via the airways increased the numbers
of eosinophils and lymphocytes. Examination of tissue sections
showed that treatment with pirfenidone significantly reduced
eosinophil and lymphocyte infiltration around all sizes of bron-
chioles in sensitized mice subject to three or repeated OVA
challenges (Figure 5).

In OV A-sensitized and repeatedly challenged mice, the levels
of IL-4, IL-5, and IL-13 in BALF remained elevated, and

TGF-B1 and PDGF levels were increased compared with short-
term—challenged mice (Table 1, Figures 6A—6E). IL-12 and
IFN-y were not detected. Pirfenidone significantly reduced
TGF-B1, PDGF, IL-4,IL-5, and IL-13 levels in BALF compared
with control mice (Figure 6).

Treatment with Pirfenidone Inhibits Airway Remodeling
after Chronic Allergen Exposure

Lung sections were stained with PAS to identify mucus-
containing cells in the airway epithelium (Figures 6F and 6G).
A significant increase in numbers of PAS+ cells was found in OVA-
sensitized and OV A-challenged mice compared with nonsensitized
and challenged mice. The number of cells staining positive for
mucus increased with increasing allergen exposure, and treat-
ment with pirfenidone daily from Days 26 to 31 or from Days
26 to 59 significantly reduced the number of PAS+ cells.

The areas of a-SMA-stained smooth muscle layer (Figures
7A and 7B) and Masson’s trichrome-positive peribronchiolar
collagen layer (Figures 7D and 7E) in OV A-sensitized and
OV A-challenged mice after 4 wk of additional allergen exposure
were also increased. Treatment with pirfenidone significantly
inhibited the increase of thickness in the smooth muscle layer
in all bronchioles (Figure 7A) and collagen deposition/fibrosis
surrounding the airways in bronchioles > 200 wm in diameter
(Figure 7D) after the additional allergen exposure. The thickness
of the peribronchial smooth muscle layer in OV A-sensitized and
repeatedly challenged control mice was significantly greater
than in nonsensitized and challenged control mice. Pirfenidone
significantly reduced the thickness of the peribronchial smooth
muscle layer in mice repeatedly challenged with OV A compared
with control mice (Figure 7C). Treatment with pirfenidone
significantly reduced the total lung hydroxyproline content
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compared with control group in OV A-sensitized and OVA-
challenged mice after 4 wk of additional allergen exposure
(Figure 7F).

DISCUSSION

Pirfenidone is a recently developed broad spectrum antifibrotic
agent with efficacy in preventing and resolving several kinds of
fibrotic disease, including lung (11) and renal fibrosis (13), liver
cirrhosis (15), cardiac remodeling, and increased cardiac stiffness
(36). Several recent studies have been published about the effi-
cacy of pirfenidone on idiopathic pulmonary fibrosis (IPF). Al-
though their study design and methodologic issues are controver-
sial, Azuma and colleagues demonstrated that treatment with
pirfenidone improved vital capacity and prevented acute exacer-
bation of IPF during the 9 mo of follow-up in a double-blind,
placebo-controlled, multicenter trial Japanese patients with
IPF (phase II clinical study) (37-40). Adverse events, such as
skin photosensitivity associated with pirfenidone, were similar
to those of a previous report (16, 41, 42); however, most of the
events disappeared when the dosage was decreased or when the
medication was stopped temporarily, and readministration of
pirfenidone at a lower dose based on the prespecified protocol
was well tolerated (37). Because IPF is a progressive and fatal
disorder and because some studies have suggested that no treat-
ment exists that modifies its course (43, 44), it is hoped that the
results of an ongoing placebo-controlled phase III clinical trial
of pirfenidone will clarify the overall safety and efficacy in IPF.

The mechanism of action of pirfenidone remains unclear.
Experimental and clinical studies have shown that pirfenidone
reduces fibroblast proliferation and synthesis of collagen (45)
and reduces the formation and accumulation of fibrotic matrix
(12). Shihab and coworkers demonstrated that pirfenidone treat-
ment decreased TGF-B1 protein expression in chronic, cyclospo-
rine-induced nephrotoxicity (13). Garcia and coworkers demon-
strated that gene expression of collagens I, III, and IV, TGF-B1,
Smad7, and TIMP-1 decreased in pirfenidone-treated cirrhotic
rats (15). On the other hand, in LPS-induced acute lung injury,
pretreatment of mice with pirfenidone reduced neutrophil
recruitment, TNF-o« and TGF-B levels, and matrix
metalloproteinase-9 secretion in the BALF (46). Hale and co-
workers reported that pirfenidone reduced staphylococcal en-
terotoxin B—induced cytokine levels and T-cell proliferation in
a murine shock model and in vitro human peripheral blood
lymphocyte assays (18). Moreover, pirfenidone induced intracel-
lular adhesion molecule-1 downregulation on cultured human
synovial fibroblasts (47). These results suggest that pirfenidone
may be promising as a new therapeutic strategy for patients with
asthma who have airway structural changes and remodeling in
response to persistent inflammation.

A key question is whether the airway structural changes in
patients with asthma are reversible by drug intervention. Thera-
peutic approaches to reverse allergic airway remodeling have
been examined in animal models of asthma and airway remodel-
ing. Henderson and coworkers demonstrated that cysteinyl leu-
kotriene 1 receptor antagonist significantly reduced the eosino-
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phil infiltration, mucus plugging, smooth muscle hyperplasia, and
subepithelial fibrosis in the OV A-sensitized/challenged chronic
asthma model, whereas it had no effect on airway hyperreactivity
to aerosolized MCh or intravenous MCh as determined by nonin-
vasive and invasive plethysmography, respectively (30). Christie
and coworkers reported that treatment of OV A-sensitized/chal-
lenged mice with dexamethasone reduced airway expression of
laminin and laminin-1 receptor in OV A-treated mice but not
AHR to MCh by noninvasive plethysmography (48). In a rat
chronic asthma model with development of airway wall thick-
ening, the increased fibronectin deposition persisted after the
final OV A challenge and was not reversed by fluticasone treat-
ment (49). Thus, the relationship of airway inflammation, remod-
eling, and lung function is complex. The clinical relevance of
remodeling and the therapeutic modalities controlling these fea-
tures of asthma remain to be defined. In the present study, we
showed that in short-term airway challenge and after repeated
airway challenge of sensitized BALB/c mice, treatment with
pirfenidone significantly reduces the numbers of eosinophils and
lymphocytes; decreases IL-4, IL-5, and IL-13 levels in the BALF;
and alters airway function in airway challenge of sensitized
BALB/c mice and airway remodeling mice. Furthermore, in
short-term OV A-challenged mice, pirfenidone significantly
reduced the serum levels of OV A-specific IgE but showed no
significant effect on IL-12 and IFN-y production in the BALF.

The pathophysiology of asthma is complex, with allergens
triggering a cascade of cellular interactions and the release of
cytokines and mediators in sensitized individuals, resulting
in acute and late or delayed symptoms. Th2 cells, through the
release of cytokines and chemokines, regulate inflammatory cell
recruitment to the lung, leading to AHR. Airway inflammation
is a fundamental characteristic of asthma and over time may
lead to airway remodeling. The structural alterations induced
during remodeling may play an important role in eliciting the
airway functional changes. Subepithelial fibrosis, goblet cell hy-
perplasia, mucus hypersecretion, and myofibroblast hypertrophy
are components of the remodeling response (7). Recent studies
suggest that inhibition of IL-5 or IL-13 significantly suppressed
AHR, eosinophil infiltration in the airways, and airway remodel-
ing in a mouse model (29, 50). On the contrary, treatment with
an IL-5-blocking monoclonal antibody in patients with mild
asthma was effective in inhibiting sputum and blood eosinophilia
but had no effects on the late-phase response to allergen chal-
lenge or AHR to MCh (51). Accordingly, many factors play
crucial roles in the development of AHR and remodeling.

In the present study, we showed that OV A-sensitized and
short-term airway—challenged BALB/c mice showed increases
in airway responsiveness to inhaled MCh in a dose-dependent
manner. Eosinophil and lymphocyte accumulation in BALF and
lung tissue and concentrations of I1L-4, IL-5, and IL-13 levels in
BALF were increased when compared with nonsensitized and
challenged mice. After 4 wk of additional allergen exposure,
altered airway function persisted, the number of eosinophils in
the BALF remained increased, and lymphocyte numbers were
significantly increased. The levels of IL-4, IL-5, and IL-13 re-
mained increased after 4 wk of repeated OV A challenges when
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Figure 6. Treatment with pirfenidone reduces cytokine and growth factor levels in BALF of chronically exposed mice to OVA. The levels IL-4 (A),
IL-5 (B), IL-13 (C), TGF-B1 (D), and PDGF (E) in BALF and goblet cell numbers (F) were determined as described in MATERIALS AND METHODS.
(G) PAS staining: (a) Nonsensitized/OVA/Control, (b) Nonsensitized/OVA/PFD, (c) OVA/OVA/Control, (d) OVA/OVA/PFD, (e) 4 wk-OVA/OVA/
Control, and (f) 4 wk-OVA/OVA/PFD. The results for each group are expressed as mean * SD. n = 16 in each group. *Significant differences
(P < 0.05) between OVA-sensitized/OVA-challenged, saline-treated control mice (OVA/OVA/Control; solid bars) and pirfenidone-treated mice (OVA/
OVA/PED; striped bars). **Significant differences (P < 0.05) between OVA-sensitized/OVA-challenged mice after repeated OVA exposure (receiving
saline) (4 wk-OVA/OVA/Control) and pirfenidone-treated, chronically OVA-exposed mice (4 wk-OVA/OVA/PED).
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compared with nonsensitized and OV A-challenged mice. Com-
pared with OV A-sensitized and short-term challenged mice, IL-5
levels in BALF were significantly increased, but IL-13 levels
were significantly decreased.

In contrast to defining the role of cytokines in allergic in-
flammation, the function of growth factors in asthma has been
less fully delineated, and the results have not been consistent.
Richter and coworkers demonstrated that stimulation of human
fibroblasts with IL-4 or IL-13 resulted in proliferation and an
increase in eotaxin and MCP-1 release (52). Furthermore, it
has been shown that IL-13 induces tissue fibrosis by selectively
stimulating and activating TGF-B1 and that IL-13 acting in con-
cert with TGF-B1 may increase the release of eotaxin from
human fibroblasts (53, 54). Minshall and coworkers demon-
strated that TGF-B1 may play a role in the fibrotic changes
occurring within asthmatic airways, and that activated eosino-
phils are a major source of this cytokine (55). TGF-1, which
accelerates fibrotic changes through the accumulation of extra-
cellular matrix, may play an important role in this airway re-
modeling process; TGF-B1 expression correlates with basement
membrane thickness and fibroblast number (7, 8). PDGF was
also involved in the augmentation of airway responsiveness
through remodeling of airways in diesel exhaust particulate-
exposed mice (56). Consequently, IL-4 and IL-13 produced after
the acute phase may stimulate the production of growth factors,
especially TGF-B1, which may contribute to the collagen deposi-
tion observed during chronic allergen challenge. In this study,
we demonstrated that growth factors, especially TGF-B1 levels
in BALF, in OV A-sensitized and OV A-challenged mice after
4 wk of additional allergen exposure were significantly increased
compared with nonsensitized and OV A-challenged mice and
OV A-sensitized and OV A-challenged mice, even though IL-13
levels were significantly decreased. Histologic studies revealed
that the numbers of cells staining positive for mucus, collagen
deposition and fibrosis, and the thickness of the smooth muscle
layer surrounding the airway increased in sensitized mice ex-
posed to repeated OV A challenge. These results show that not
only do the levels of Th2 cytokines increase, but also a number
of growth factors that have the potential to contribute to the
pathogenesis of altered airway function are increased. We
previously demonstrated that not only Th2 cytokines, but also
growth factors such as TGF-B1 have the potential contribution
to the pathogenesis of altered airway function. Another growth
factor, hepatocyte growth factor, seems to be an important regu-
lator of allergic airway inflammation, hyperresponsiveness, and
remodeling (57). Consequently, to control and cure chronic se-
vere asthma, we have to regulate airway inflammation, including
Th2 cytokines and growth factors, and airway remodeling leading
to AHR. Current medications to reverse established structural
airway changes have had limited effect in animal asthma models
and in patients with asthma (58, 59).

We demonstrate for the first time that administration of
pirfenidone daily from Days 26 to 59 significantly suppressed
TGF-B1 and PDGF levels, which significantly increased in BALF
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after repeated allergen challenge. In addition, the expression of
TGF-B1, the development of goblet cell hyperplasia, subepithel-
ial collagenization, and the increases in contractile elements
in the lung were significantly reduced by pirfenidone in OVA-
sensitized and chronically challenged mice. Given its purported
mechanism of action, it was surprising that treatment with pirfen-
idone significantly prevented AHR and eosinophil and lympho-
cyte accumulation in the airways in sensitized and chronically
challenged mice. Furthermore, IL-4, IL-5, and IL-13 levels in
the BALF and OV A-specific serum IgE levels were significantly
reduced. To investigate whether T cells from sensitized and
challenged mice could respond to OV A, we measured the prolif-
erative responses in PBLN mononuclear cells and IL-4, IL-5,
and IFN-y production in the culture supernatants of OV A-stimu-
lated PBLN mononuclear cells. PBLN mononuclear cells showed
a dose-dependent proliferative response to OVA. Treatment
with pirfenidone significantly inhibited antigen-specific prolifer-
ation of PBLN cells. We showed that administration of pirfeni-
done significantly suppressed OV A-stimulated IL-4 and IL-5
levels, whereas there was no significant change of IFN-y levels
in cell culture supernatants. These data suggest that the potential
mechanisms underlying pirfenidone activities may be not only
the immunomodulatory effects on the augmented Th2 cytokine
and TGF-B1 response in the pathogenesis of key features of
allergen—induced asthma, but also the inhibitory effects on the
development of goblet cell hyperplasia, subepithelial collageni-
zation, and the increases in contractile elements in the lung,
which is thought to occur as a result of an imbalance in the
mechanism of regeneration and repair caused by chronic allergic
airway inflammation in patients with persistent asthma.

In summary, these studies identify the potential of pirfeni-
done to interfere with the development of allergic inflammation
and AHR. Repeated allergen challenge is associated with an
increase in TGF-B1. We demonstrate that administration of pir-
fenidone significantly suppressed TGF-B1 levels in BALF. Pir-
fenidone significantly attenuated the development of goblet cell
hyperplasia, subepithelial collagenization, and the increases in
contractile elements in the airways. A number of these inhibitory
activities seemed to be the consequence of inhibiting allergen-
specific T-cell responses and cytokine and growth factor responses.
Although additional studies are needed to further elucidate the
mechanism(s), the data presented here show that pirfenidone
exhibits potent antifibrotic effects, which may protect the airways
by reducing inflammation, AHR, and airway remodeling.
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