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Trefoil factor 2 (TFF2) is a small peptide with an important role in
mucosal repair. TFF2 is up-regulated in asthma, suggesting a role in
asthma pathogenesis. Given its known biological role in promoting
epithelial repair, TFF2 might be expected to exert a protective
function in limiting theprogression of airway remodeling in asthma.
The contribution of TFF2 to airway remodeling in asthma was
investigated by examining the expression of TFF2 in the airway
and lung, and evaluating the effects of recombinant TFF2 treatment
on established airway remodeling in a murine model of chronic
allergic airways disease (AAD). BALB/c mice were sensitized and
challenged with ovalbumin (OVA) or saline for 9 weeks, whereas
mice with established OVA-induced AAD were treated with TFF2 or
vehicle control (intranasally for 14 d). Effects on airway remodeling,
airway inflammation, and airway hyperresponsiveness were then
assessed, whereas TFF2 expression was determined by immunohis-
tochemistry. TFF2 expression was significantly increased in the
airwaysofmicewithAAD,comparedwithexpression levels incontrol
mice. TFF2 treatment resulted in reduced epithelial thickening,
subepithelial collagen deposition, goblet-cell metaplasia, bronchial
epithelium apoptosis, and airway hyperresponsiveness (all P, 0.05,
versus vehicle control), but TFF2 treatment did not influence airway
inflammation. The increased expression of endogenous TFF2 in
response to chronic allergic inflammation is insufficient to prevent
the progression of airway inflammation and remodeling in amurine
model of chronic AAD.However, exogenous TFF2 treatment is effec-
tive in reversing aspects of established airway remodeling. TFF2 has
potential as a novel treatment for airway remodeling in asthma.
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Asthma is characterized by allergic airway inflammation, airway
remodeling, and airway hyperresponsiveness (AHR). In the ma-
jority of patients with asthma, bronchodilators and corticosteroids
effectively control airway inflammation and AHR, allowing good
symptom control. However, some patients experience persistent
symptoms because of sustained AHR, despite optimal steroid
treatment. In these individuals, airway remodeling is the major
factor contributing to continuingAHR and irreversible airway ob-
struction (1, 2).

The major changes of airway remodeling include goblet-cell
metaplasia, increased epithelial thickness, subepithelial fibrosis,
smooth muscle hyperplasia, and neovascularization (3, 4). All of
these are directly linked with AHR and reduced airway caliber.
Remodeling changes in asthma were suggested to be initiated

and propagated by epithelial damage and inherent defects in
epithelial repair (5). Furthermore, airway epithelial remodeling
may drive other airway remodeling changes (6). These findings
suggest that treatments to prevent or reverse airway epithelial
damage and remodeling may be effective in minimizing airway
remodeling, the resultant AHR, and loss of lung function.

Trefoil factor–2 (TFF2) is one of three related peptides, each
characterized by three disulfide-linked cysteine pairs in a com-
mon structural element called the trefoil motif. Trefoil factors
play major roles in epithelial repair and homeostasis, parti-
cularly in the gut and lung (7–9). In the gastrointestinal tract
they have been shown to be induced after epithelial damage,
and facilitate short-term restitution and long-term glandular
re-epithelialization during the repair process (10). Studies have
documented TFF2 expression by epithelial cells in the human
and murine lung (11, 12). Furthermore, TFF2 expression was
shown to be increased in human asthma and murine models of
allergic airway disease (AAD), whereas genome-wide linkage
studies identified an association between Tff2 gene polymor-
phisms and AHR in mice (13, 14), suggesting a role for TFF2
in the pathogenesis of asthma. TFF2 was shown to be rapidly
induced but not contributory in the regulation of airway inflam-
mation in a murine model of acute airway inflammation (12,
15). In addition, TFF2 deficiency resulted in increased goblet-
cell metaplasia and epithelial thickening in models of short-
term AAD (16). The role of exogenous TFF2 treatment in
the regulation of airway remodeling and AHR, and the expres-
sion of TFF2 in the setting of chronic airway inflammation and
remodeling (which more closely mimics human asthma), have
not been investigated previously, to the best of our knowledge.

We aimed to delineate further the contributions of TFF2 to the
pathogenesis of asthma. We determined the protein expression
and tissue distribution of TFF2 in the airway and lung in a chronic
model of AAD associated with airway remodeling andAHR, and
evaluated the effects of intranasal TFF2 treatment on established
changes of airway remodeling in a murine model of AAD.

MATERIALS AND METHODS

Animals

Six-week-old female BALB/c mice were used in these studies (17–19).
Experimental procedures were approved by the Animal Ethics Com-
mittee of Murdoch Children’s Research Institute, and followed the
Australian Guidelines for the Care and Use of Laboratory Animals
for Scientific Purposes.

Murine Model of Chronic AAD

An established model of ovalbumin (OVA)–induced chronic AAD was
used as previously described (1, 4, 20, 21). Mice were sensitized with
OVA (Sigma Chemical, St. Louis, MO) on Day 0 and Day 14, and were
then challenged with OVA 3 days per week for 6 weeks. OVA-exposed
mice were then treated with either glycosylated human recombinant
TFF2 (OVA TFF2) vehicle control (OVA vehicle), or were left untreated
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(OVA). Mice exposed to saline instead of OVA served as additional
controls (SAL). For treatment experiments, 12 mice were included in
each of the four experimental groups: OVA mice treated with TFF2
(TFF2), OVA mice treated with vehicle (vehicle), OVA mice not trea-
ted (OVA), and saline mice not treated (saline). For TFF2 expression
experiments, 15 mice in each of the OVA and saline groups were
examined.

Intranasal TFF2 Treatment

Fifty microliters of human glycosylated recombinant TFF2 peptide (0.5
mg/ml) (22) or vehicle (PBS) were administered to OVA-sensitized mice
once daily for 2 weeks fromDays 64–78 (n¼ 12). Briefly, mice were lightly
anesthetized with isoflurane and held in a supine position, and 50 ml of
TFF2 or vehicle were administered intranasally, using an autopipette.

Methacholine-Induced AHR

Twenty-four hours after TFF2 or vehicle treatment, AHRwasmeasured
by invasive plethysmography, using a murine plethysmograph (Buxco
Electronics, Troy, NY) as described previously (20).

Bronchoalveolar Lavage

After measurements of airway reactivity, bronchoalveolar lavage (BAL)
was performed, and differential cell counts of BAL cells were determined
(20, 23). Total viable cell counts were determined using a hemocytometer
with trypan blue exclusion. Differential cell counts were determined on
cytospin smears of BAL samples (4 3 105 cells) from individual mice
stained with Diff-Quik (Life Technologies, Auckland, New Zealand) and
identified by standard morphological criteria after counting 300 cells.

Quantitation of Serum OVA-Specific IgE Concentrations

Serum was obtained by the lethal cardiac puncture of anesthetized mice
after AHR measurement, and stored at 2708C for the measurement of
OVA-specific IgE by ELISA (1, 20, 24). OVA-specific IgE concentra-
tions were expressed as arbitrary units (AUs), where 1 AU ¼ optical
density of 1:50 dilution of positive control serum.

Tissue Collection

Lung tissues were weighed (i.e., total lung weight) and then separated
into individual lobes for hydroxyproline analysis and histological anal-
ysis (1, 20, 25).

Lung Histopathology

The right lung lobe and trachea were fixed in formalin, embedded in par-
affin, and routinely processed (1, 20, 25). Sections were stained with
Masson trichrome for the assessment of epithelial and subepithelial col-
lagen thickness, or with Alcian blue–periodic acid Schiff (AB-PAS) for
the assessment of goblet cells.

Morphometric Analysis of Structural Changes

Morphometric evaluation of lung tissue sections was determined as de-
scribed previously (1, 20, 26). At least five bronchi measuring 150 to 350
mm in luminal diameter were analyzed per mouse.

Hydroxyproline Analysis of Lung Collagen

A portion of each lung sample was treated as described previously to de-
termine hydroxyproline content (27). Total hydroxyproline contents (in
micrograms) were converted by comparison with a linear standard curve
of 4-hydroxyproline (Sigma-Aldrich, Sydney, New SouthWales, Australia).

Figure 1. Trefoil factor–2 (TFF2) protein expression and localization in

chronic allergic airways disease (AAD). Saline (A) and ovalbumin (OVA)–
sensitized and challenged (C) murine airways were stained for TFF2 by

immunohistochemistry, using a rabbit polyclonal anti-human TFF2 anti-

body, and were scored for staining intensity. TFF2 expression was found

mainly in bronchial epithelial cells (arrows). Staining intensity was scored
from 0 (no staining) to 3 (intense staining). (E) Significantly more staining

was observed in OVA-sensitized and challenged mice, compared with

saline mice. Negative control sections from saline (B) and OVA (D) mice

are also shown. Scale bar ¼ 50 mm. **P , 0.01, versus saline group.

TABLE 1. EVALUATION OF ALLERGIC RESPONSE BY BAL DIFFERENTIAL COUNT (3 104 CELLS/ML)
AND OVA-SPECIFIC IGE ELISA

Mouse Group: Saline OVA* Vehicle TFF2

Total cells* 12. 33 6 1.89 25 6 2.74† 24.5 6 4.10† 31 6 7.65†

Eosinophils* 0.08 6 0.31 0.69 6 0.48† 0.71 6 0.33‡ 0.78 60.48‡

Neutrophils* 0.28 6 0.56 0.63 6 0.29 0.716 0.75 0.65 6 0.23

Lymphocytes* 2.38 6 2.04 5.316 1.31 5.53 6 2.35 7.01 6 1.19

Monocytes* 9.56 6 2.61 18.38 61.44 17.5 6 2.06 22.69 6 1.38

OVA-specific IgE (AU)a 0 6 0.01 0.286 0.08‡ 0.32 6 0.05‡ 0.43 6 0.06‡

* Values are means 6 SE.
y P , 0.03 when compared with its saline control.
z P , 0.005 when compared with its saline control.
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Zymography Assay of Gelatinases

Gelatin zymography was performed on a portion of lung as previously
described (28). Bands on the zymograph, indicative of matrix metal-
loprotease (MMP)-9 and MMP-2 concentrations, were then analyzed
by densitometry, using a GS 710 densitometer (Bio-Rad Laboratories,
Richmond, CA) and Quantity-One software (Bio-Rad Laboratories).
The average density of each sample was expressed as a relative ratio to
saline control concentrations.

Immunohistochemistry

For TFF2 localization, antigen retrieval with citrate buffer (pH 6.0)
was performed before incubation with rabbit anti-human recombinant
TFF2 polyclonal antibody, which cross-reacts with murine TFF2 (29).

Bound TFF2 antibody was detected using a horseradish peroxidase
conjugated anti-rabbit secondary antibody. Epidermal growth factor
receptor (EGF-R) was detected with a polyclonal antibody (SC-03;
Santa Cruz Biotechnology, Santa Cruz, CA) with EDTA antigen
retrieval. Transforming growth factor (TGF)–b was detected with
a polyclonal antibody (SC-146; Santa Cruz). a–Smooth muscle actin
(SMA) was detected with a monoclonal antibody and the Animal
Research Kit (1A4; DAKO, Carpinteria, CA). Staining intensity
was scored from 0 (no staining) to 3 (intense staining). a-SMA muscle
thickness was measured by morphometry.

Immunofluorescence of Apoptotic Staining

Immunofluorescence staining for annexin Vwas performed as described
previously (30). Fluorescence associated with the membrane of epithe-
lial cells was quantitated using Fiji Image J, version 1.46a.

Statistical Analysis

Lung function studies were analyzed using two-way ANOVA, with the
Bonferroni post hoc test. Morphometry was expressed as mean values with
95% confidence intervals, and analyzed using the Mann-Whitney test.

RESULTS

Expression of TFF2 Protein in a Murine Model

of Chronic AAD

TFF2 protein expression was localized to occasional bronchial
epithelial cells in control mice (saline group) (Figures 1A and
1E). TFF2 protein expression was markedly increased in mice
with AAD (OVA) compared with saline mice (P ¼ 0.0003), and
staining was localized to the cytoplasm and mucous vacuoles of
bronchial epithelial cells (Figure 1C). No epithelial staining was
observed in negative control sections stained with an irrelevant
rabbit primary antibody or with no primary antibody (Figures
1B and 1D, respectively).

Validation of the Chronic Model of AAD

The chronic AADmodel used in the present study showed airway
inflammation changes consistent with those reported previously (1,
4). IgE concentrations in OVA-sensitized mice were significantly
increased, compared with saline control mice (P , 0.01; Table 1).
Numbers of eosinophils in lung washouts were significantly in-
creased in OVA-sensitized mice, compared with saline control
mice (P , 0.05; Table 1), indicative of allergic sensitization. This
model of chronic AAD manifests many of the pathological fea-
tures of human asthma, including increased OVA-specific IgE,
airway inflammation, AHR, and airway remodeling changes such
as epithelial thickening, goblet-cell hyperplasia, subepithelial fi-
brosis, and neovascularization. However, it does not display
smooth muscle thickening (4, 20).

Effects of TFF2 Treatment on Airway Inflammation, Airway

Remodeling, and AHR in a Murine Model of Chronic AAD

Airway inflammation. OVA-sensitizedmice that were untreated,
vehicle-treated, or TFF2-treated all showed significantly higher
total cell counts in BAL, compared with saline control mice
(all P , 0.01, versus saline group). The numbers of eosinophils,
neutrophils, lymphocytes, and monocytes were all significantly
higher in the untreated, vehicle-treated, and TFF2-treated OVA-
sensitized groups, compared with the saline control group. How-
ever, no differences were evident in inflammatory cell counts
between the untreated, vehicle-treated, and TFF2-treated OVA-
sensitized groups (Table 1).

Significantly higher numbers of inflammatory cells were present
in hematoxylin and eosin–stained lung sections from untreated,

Figure 2. Effect of TFF2 intranasal treatment on overall lung inflamma-

tion in chronic AAD. (A) Sections from saline and OVA-sensitized and

challenged mice (treated with TFF2 or vehicle) were stained with he-
matoxylin and eosin (H&E), and scored for numbers and distribution of

inflammatory aggregates on a scale of 0 (no apparent inflammation) to

4 (severe inflammation). *P, 0.05 and **P, 0.01, versus saline group.

Hematoxylin and eosin–stained sections show effects of TFF2 intranasal
treatment on overall lung inflammation in chronic AAD. Sections from

saline, OVA vehicle, and TFF2-treated mice were stained with hema-

toxylin and eosin. No inflammatory infiltrate is seen in saline mice (B),
but aggregates of inflammatory cells are present peribronchially in OVA

mice (C), vehicle-treated mice (D), and TFF2-treated mice (E) (arrows).

Scale bar ¼ 100 mm.
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vehicle-treated, and TFF2-treated OVA groups, compared with
the saline control group (P , 0.05, P , 0.01, and P , 0.05 versus
the saline group, respectively; Figure 2). Again, no significant dif-
ference was evident in the inflammation score between the un-
treated, vehicle-treated, and TFF2-treated OVA groups.

Epithelial thickening. Airway epithelial thickness was signif-
icantly elevated in the untreated and vehicle-treatedOVAmice
compared with the saline control mice, consistent with previous
findings (both P , 0.01, versus saline group; Figure 3) (1, 4).
However, TFF2-treated OVA mice had substantially reduced
airway epithelial thickness, compared with vehicle-treated and
untreated OVA mice (P , 0.01, versus both OVA and vehicle-
treated groups; Figure 3), with TFF2 treatment reducing air-
way epithelial thickness to that observed in the saline control
mice.

Goblet-cell metaplasia. Goblet-cell numbers were significantly
elevated in the untreated, vehicle-treated, and TFF2-treatedOVA

mice, compared with the saline control mice, consistent with pre-
vious findings (all P , 0.05, versus saline group) (1, 4). TFF2-
treated OVA mice had substantially reduced goblet-cell numbers
compared with vehicle-treated and untreated OVA mice (P ,
0.01 and P , 0.001, versus OVA and vehicle-treated groups,
respectively; Figure 3).

Subepithelial thickening. Airway subepithelial collagen thick-
ness was significantly elevated in the untreated and vehicle-
treated OVA mice compared with the saline mice, consistent
with previous findings (both P , 0.01, versus the saline group;
Figure 4) (1, 4). TFF2-treated OVA mice demonstrated signif-
icantly reduced subepithelial fibrosis compared with the vehicle-
treated and untreated OVA mice (P , 0.05, versus both OVA
and vehicle-treated groups; Figure 4). However, subepithelial
collagen thickness in TFF2-treated mice remained significantly
higher than in the saline control mice (P , 0.05, versus saline
group).

Figure 3. Effect of TFF2 intranasal treat-

ment on airway epithelia in chronic AAD.

(A) Airway epithelial thicknesses of Mas-
son trichrome–stained sections from

saline, OVA, vehicle-treated, and TFF2-

treated mice were measured by morpho-

metric image analysis and assessed for
thickness of epithelia. **P , 0.01, be-

tween groups. (B–F) Sections from saline,

OVA, vehicle, or TFF2 mice were stained

with Alcian blue–periodic acid Schiff (AB-
PAS) and assessed for goblet-cell num-

bers. Numbers in parentheses represent

number of mice in each experimental

group. **P , 0.01, ***P , 0.001 versus
the saline group. (C–F) Representative

photomicrographs of AB-PAS–stained air-

ways from saline (C), OVA (D), vehicle-
treated (E), and TFF2-treated mice (F).

OVA–sensitized challenged mice had in-

creased goblet cell numbers (arrows),

compared with saline mice. Scale bar ¼
50 mm.
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Total lung collagen estimation. Hydroxyproline estimation of
total lung collagen content showed elevated collagen concentra-
tions in untreated, vehicle-treated, and TFF2-treated OVAmice
compared with saline control mice (P, 0.05), with no significant
differences between the OVA mice that were untreated or trea-
ted with TFF2 or vehicle (Figure 4).

Active MMP concentrations in the lung. Gelatin zymography
was performed on a portion of lung tissue. The resultant bands
on the zymograph, indicative of activeMMP-9 andMMP-2 concen-
trations, were analyzed by densitometry (Figure 5). Concentrations
of active MMP-9 and MMP-2 were significantly increased in all
treatment groups of OVA-sensitized mice, compared with saline
control mice (P , 0.01). No significant differences in active MMP-
9 and MMP-2 concentrations were seen between any of the treat-
ment groups.
TGF-b1 immunohistochemistry. Little constitutive staining for

TGF-b1 was observed in the saline mice (Figures 6A and 6B). In

untreated (Figure 6C), vehicle-treated (Figure 6D), and TFF2-
treated (Figure 6E) OVA mice, staining for TGF-b1 was mark-
edly increased compared with saline control mice (all P , 0.001,
versus saline group). Strong cytoplasmic staining was localized to
bronchial epithelial cells, connective tissue cells of the lamina
propria and adventitia, and smooth muscle cells (Figures 6C–6E).
a-SMA immunohistochemistry. No significant difference was

evident in a-SMA staining between that found in saline mice
(Figures 6F and 6G) and that found in untreated (Figure 6H),
vehicle-treated (Figure 6I), and TFF2-treated (Figure 6J) OVA
mice in the smooth muscle layer, as assessed by immunohisto-
chemistry and morphometry. Thus, TFF2 treatment did not ap-
pear to affect smooth muscle thickness.

EGF-R immunohistochemistry. In untreated (Figures 6K and
6M) and vehicle-treated (Figure 6N) OVA mice, staining for
EGF-R was markedly increased compared with saline control
mice (Figure 6L) (both P, 0.01, versus saline group). However,

Figure 4. Effect of TFF2 intranasal treat-

ment on subepithelial fibrosis. (A) Masson

trichrome–stained airways from saline,

OVA, vehicle-treated, or TFF2-treated mice
were analyzed for subepithelial thickening

attributable to collagen. *P , 0.05 and

**P , 0.01, between groups. (B) Effect of

TFF2 intranasal treatment on total lung col-
lagen content. Collagen from lung lobes

of saline, OVA, vehicle-treated, and TFF2-

treated mice was extracted and analyzed
by hydroxyproline assay. Total collagen

content was calculated from hydroxypro-

line, and expressed as a percentage of

lung dry weight. *P, 0.05. Representative
photomicrographs of Masson trichrome–

stained airways from saline (C), OVA (D),

vehicle-treated (E), and TFF2-treated (F)

mice show effects of TFF2 treatment on
epithelial and subepithelial thickness. TFF2-

treated mice demonstrated a significant

reduction in airway epithelial and subepi-

thelial thickness, compared with OVA and
vehicle-treated mice. Scale bar ¼ 50 mm.
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no statistically significant difference was evident in EGF-R
staining between TFF2-treated (Figures 6K and 6O) OVA mice
and saline mice, or between TFF2-treated OVA mice and un-
treated or vehicle-treated OVA mice. Staining was localized
mainly to the airway epithelial cells (Figures 6M–6O).
Annexin V immunofluorescence. Annexin V immunofluores-

cence staining was used to detect bronchial epithelium apopto-
sis in saline and OVA-induced AAD mice (Figure 7). Strong
staining of annexin V was observed in the bronchial epithelia
of mice treated with OVA (Figure 7B). On the other hand,
annexin V staining was not observed in the bronchial epithelia
of saline control mice (Figure 7A), and was minimal in mice trea-
ted with OVA-TFF2 (Figure 7C). Weak staining of annexin V was
observed in the peribronchial inflammatory cells within all treat-
ment groups, and weak background staining was evident in the
subepithelial layer of OVA-TFF2 treated mice (Figure 7).
Airway hyperresponsiveness. Untreated, vehicle-treated, and

TFF2-treated OVA mice showed significantly increased
methacholine-induced AHR compared with saline control mice
at the four highest doses of methacholine (Figure 8) (all P ,
0.05, versus the saline group). However, airway resistance in
TFF2-treated mice was significantly reduced compared with
that in vehicle-treated and untreated OVA mice at the highest
three doses of methacholine (at least P , 0.05, versus OVA and
vehicle-treated groups).

DISCUSSION

In this study, we demonstrated that TFF2 expression was signifi-
cantly increased inmicewith chronicAAD,which is associatedwith
airway inflammation, remodeling, andAHR.Moreover, exogenous
TFF2 was effective at reversing the established remodeling changes
of epithelial thickening, goblet-cell hyperplasia, subepithelial fi-
brosis, bronchial epithelial apoptosis, and AHR. These findings
have important implications. First, the relative increase in TFF2
expression in the AAD-affected airway and lung suggests that
TFF2 expression is increased in response to epithelial injury,
and that this increased TFF2 expression may contribute to air-
way epithelial protection or repair in asthma. Nevertheless, the

increased endogenous expression of TFF2 failed to prevent the
progression of airway inflammation and epithelial remodeling
changes in a murine model of AAD, suggesting that the host
up-regulation of TFF2 is insufficient to prevent epithelial injuries
caused by continued exposure to OVA, or else that other over-
riding proinflammatory and pro-remodeling mechanisms are
also up-regulated in AAD. Third, exogenous TFF2 treatment
was shown to reverse established airway epithelial thickening
and goblet-cell hyperplasia, and remarkably to reverse airway
fibrosis and bronchial epithelial apoptosis inmurineAAD,which
contributed to the ability of TFF2 to suppress AHR. This high-
lights the important role of TFF2 in promoting reparative epithe-
lial processes in the airway and lung, along with the central role
of epithelial damage/repair in the progression of airway remodeling
in AAD. Importantly, these dramatic, beneficial effects of TFF2
treatment in our murine model of AAD indicate the exciting po-
tential for exogenous TFF2 to be applied as an anti-remodeling
therapy in human asthma.

TFF2 is a major peptide product of the gut epithelium, where
it plays a reparative and cytoprotective role in maintaining local
mucosal homeostasis. It promotes epithelial restitution (cell mi-
gration), and is antiapoptotic in the context of epithelial repair
(31). A recent analysis of TFF2 function in the gut suggests that
it exerts focal anti-inflammatory actions (31), and inhibits met-
astatic and neoplastic cell proliferation (32). Much of the pub-
lished research on TFF2 concerns the gut, where the importance
of epithelial repair in ulceration is well characterized, whereas
the role of TFF2 in the lung was not, to the best of our knowl-
edge, studied in detail previously. With attention now focused
on the epithelial mesenchymal trophic unit (EMTU) and epi-
thelial damage as a major etiology in asthma and airway remod-
eling (33), the potential roles of mediators in airway epithelial
defense and remodeling have emerged as important areas for
research.

Recent studies have suggested a role for TFF2 in human
asthma. TFF2 has been shown to exert motogenic actions on hu-
man bronchial epithelial cells, mediated via the extracellular
signal-regulated kinases/p42/p44 (ERK1/2), p38 MAPK, and c-Jun
N-terminal kinase (JNK) pathway (34). This may be consistent

Figure 5. Effects of TFF2 on active matrix metal-

loprotease (MMP) concentrations in lungs of
OVA-sensitized mice. (A) Representative image

of MMP gelatin zymography. (B and C) Concen-

trations of MMP in a portion of lung were deter-

mined by gelatin zymography. MMP-9 and
MMP-2 have a latent (L) (92 kD and 72 kD, re-

spectively) and an active (A) form that can be

visualized as separate bands. (B) Concentrations

of active MMP-9 were significantly increased in
all OVA-sensitized mice, compared with saline

control mice (P , 0.01). No significant difference

in active MMP-9 concentrations was evident be-

tween treatment groups. The average density of
each sample was expressed as the relative ratio to

saline control samples. Data are presented as

mean 6 standard error. **P , 0.01, versus saline
group. (C) Effects of TFF2 treatment on active

MMP-2 concentrations in lungs of OVA-sensi-

tized mice. Concentrations of active MMP-2

were significantly increased in all OVA-
sensitized mice, compared with saline control

mice (P , 0.01). No significant difference in in-

active MMP-2 concentrations was evident be-

tween treatment groups. The average density of each sample was expressed as the relative ratio to saline control samples. Data are
presented as mean 6 standard error. **P , 0.01, versus group. Scale bar ¼ 50 mm. **P , 0.01 and ***P , 0.001, compared with saline mice.
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with the repair function of TFF2 in the gastrointestinal tract,
and may be of particular relevance in asthma, where epithelial
injury and the EMTU play major roles in the progression of airway
inflammation and remodeling (35). Furthermore, epithelial barrier
function protects against allergen entry and therefore host immune
responses to allergens (35). Kuperman and colleagues (11), in
a functional genomic study, showed that TFF2 is strongly up-
regulated in epithelial cells from patients with asthma compared
with control subjects. This observation has been mirrored in
three different murine AAD models (12, 36, 37). TFF2 expression
was increased in a short-termmurine OVAmodel (12), and the Tff2
gene was one of only five genes to increase by twofold or
greater in OVA, trimellitic anhydride, and aspergillus models
of AAD (36, 37). Using antibodies that recognize TFF2 but
not other trefoil factors, we have demonstrated the strong up-
regulation of protein staining in lung epithelial cells from mice
with chronic AAD, compared with control mice. Strong cytoplas-
mic staining was localized to occasional cells or groups of cells in
the airway surface epithelium. This suggests an up-regulation of

endogenous TFF2 production in response to epithelial injuries
caused by airway inflammation. Endogenous TFF2 likely acts to
promote epithelial repair and inhibit airway inflammation lo-
cally, but the expression levels are insufficient to prevent the
progression of airway inflammation as well as epithelial and
other remodeling changes. Consistent with our present findings,
Nikolaidis and colleagues reported that TFF2 was rapidly in-
duced by allergen exposure (12). However, TFF2 deficiency did
not alter tissue inflammation in an acute (short-term allergen
exposure) murine model of AAD (15). Further research is re-
quired to elucidate the mechanisms limiting the ability for endog-
enous TFF2 to protect against epithelial injury, inflammation,
and remodeling in asthma, and to establish how this peptide acts
in the lung.

Our study contained the exciting finding that exogenous TFF2
dramatically reversed established epithelial thickening, goblet-
cell hyperplasia, and subepithelial fibrosis in a murine model
of AAD. In asthma, epithelial hyperplasia is believed to develop
as a result of chronic inflammatory insult, mediated by the increased

Figure 6. Immunohistochemical staining of

transforming growth factor (TGF)–b1 (A–E),
a–smooth muscle actin (SMA) (F–J), and epider-

mal growth factor receptor (EGF-R) (K–O). (B) Lit-

tle constitutive staining for TGF-b1 was observed

in saline mice. In OVA (C), vehicle-treated (D), and
TFF2-treated OVA (E) mice, staining for TGFb1

was markedly increased compared with saline

control mice (P , 0.001). Strong cytoplasmic
staining was localized to bronchial epithelial cells,

connective tissue cells of the lamina propria and

adventitia, and smooth muscle cells. (F–J) No sig-

nificant difference was evident between saline
mice, and untreated, vehicle-treated, and TFF2-

treated OVA mice in smooth muscle thickness as

assessed by a-SMA immunohistochemistry and

morphometry. TFF2 treatment exerted no effect
on smooth muscle thickness. (K–O) EGF-R immu-

nohistochemistry. In untreated and vehicle-treated

OVA mice, staining for EGF-R was markedly in-
creased compared with saline control mice (P ,
0.01). No statistically significant difference was ev-

ident between TFF2-treated OVA mice and saline

mice, or between TFF2-treated OVA mice and
untreated or vehicle-treated OVA mice. Staining

was localizedmainly to airway epithelial cells. Scale

bar ¼ 50 mm. **P , 0.01 and ***P , 0.001,

compared with saline mice.
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proliferative capacity or inhibition of apoptosis. The airway ep-
ithelium of asthma sufferers may present increased susceptibility
to damage, and reduced epithelial integrity leads to shedding
(33). Based on these observations and the known actions of
TFF2 in promoting epithelial repair/restitution and inhibiting
focal inflammation in the intestinal epithelium, our finding that
exogenous TFF2 reduced airway epithelial thickening was not
unexpected. TFF2 has also been shown to exert antiprolifera-
tive effects in the context of gastric cancer in mice (32), which
may involve relevance to epithelial cell proliferation and
remodeling in the airway (38). Interestingly, however, we did
not identify increased epithelial cell proliferation in Ki-67–
stained lung tissue sections from OVA-sensitized mice, because
Ki-67 staining was similar in TFF2-treated, vehicle-treated, and
untreated OVA mice (data not shown). This suggests that epi-
thelial thickening in AAD does not relate to proliferation, and
that the reduced epithelial thickness associated with TFF2 treat-
ment was not the result of attenuated proliferation. Increased
goblet-cell numbers in asthma and AAD are now recognized as
attributable to metaplasia, rather than cell proliferation or hy-
perplasia (39). Goblet-cell metaplasia will result in epithelial
thickening. Cells producing large quantities of mucin will ex-
hibit an enlarged mucigen vacuole. The correlation between
epithelial thickness and goblet-cell number has been established
in human biopsies (40). Our morphometric evaluation of goblet
cells in AB-PAS–stained sections was consistent with this. TFF2
has been shown to regulate epithelial repair via binding to
EGF-R, and has been shown to increase EGF-R expression in
cancer cells (41). EGF-R plays an important role in the regula-
tion of epithelial proliferation, and EGF-R–deficient mice have
reduced AHR and airway smooth muscle thickening in a model
of AAD (42). EGF-R is also involved in the regulation of mucin
production and goblet-cell metaplasia (43). In the current study,
EGF-R was increased significantly in mice with AAD, but was
unaltered by TFF2 treatment, suggesting that EGF-R was not

involved in the TFF2-mediated effects demonstrated in airway/
epithelial remodeling.

Another important observation indicated that TFF2 treat-
ment reversed subepithelial collagen deposition in chronic
AAD (without necessarily affecting total collagen concentra-
tions). No evidence demonstrates that TFF2 can directly regulate
fibrosis or directly act on lung fibroblasts or profibrotic factors to
inhibit fibrosis progression. We therefore believe that exogenous
TFF2 may have indirectly influenced airway fibrosis via its pro-
tective effects in promoting epithelial repair. Damage to the air-
way epithelium is associated with the release of growth factors
and cytokines from epithelial cells that contribute to the prolif-
eration and differentiation of fibroblasts and the deposition of
extracellular matrix in the subepithelial basement membrane re-
gion, whereas epithelial injury and dysfunction constitute an im-
portant driver of airway remodeling (33). Hence, TFF2 may
indirectly prevent the progression of subepithelial fibrosis by
limiting the release of secondary repair signals from the dam-
aged epithelium. In the present study, we showed reduced bron-
chial epithelial apoptosis in mice treated with TFF2. Antiapoptosis
is a known property of TFF2 (44), and is very important in AAD
and asthma, where apoptosis is a feature of biopsies from asthma
sufferers (45). Our findings strongly support the current paradigm
of asthma pathogenesis, which suggests that initial epithelial injury
or a primary defect of epithelial repair is the fundamental driver of
chronic inflammation, in turn leading to the activation of secondary
tissue repair processes and ensuing structural changes. In this par-
adigm, strategies that promote epithelial repair and restitution may
be expected to limit epithelial injury, and limit the progression of
airway remodeling. In the present study, we examined three impor-
tant factors released from the epithelium that are known to mod-
ulate fibrosis. The expressions of TGF-b (a profibrotic factor) and
of MMP-9 and MMP-2 (collagen-degrading enzymes) were unal-
tered by TFF2 treatment, suggesting that TFF2 acts directly on the
epithelium, and that the decreased subepithelial fibrosis measured

Figure 7. Immunofluorescence staining

for annexin V, a membrane marker of
apoptosis. Annexin V (red) is shown in

representative murine tissue sections

from saline control (A), OVA-PBS (B),

and OVA-TFF2 (C) mice. Mouse mono-
clonal anti-histone deacetylase 8

(HDAC8; green) was used to highlight

tissue structure. Strong staining of

annexin V was found largely in bron-
chial epithelia among mice treated

with OVA-vehicle, representing apo-

ptotic effects in the chronic model ofc

AAD. Annexin V staining was absent in
the bronchial epithelia of mice treated

with OVA-TFF2 and in saline control

mice. Weak staining is observed in
the subepithelial layer of OVA-TFF2

mice and in the peribronchial inflam-

matory cells of all treatment groups.

Merged image: Nucleus stained with
DAPI (54), annexin V (red ), and

HDAC8 (green). Images were acquired

with an Olympus BX61 fluorescence

microscope with an automated FVII
camera (Olympus, Center Valley, PA).

Bar ¼ 100 mm. (D) Immunofluores-

cence analysis of annexin V was used
to highlight statistically significant

strong staining in OVA-PBS mice, compared with OVA-TFF2 and saline control mice. Analysis was performed using Image J (Fiji). Values

represent the mean 6 SD (n ¼ 3). Statistical analysis was performed using one-way ANOVA (P , 0.001). FL, fluorescence.
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in TFF2-treated mice resulted indirectly from the ability of TFF to
reduce apoptosis, enhance healing, and repair the epithelium.

In the present study, the reduction in airway subepithelial
thickness was not associated with a reduction in total lung col-
lagen. According to one explanation for this, TFF2 is expected to
exert actions locally within the airway mucosa, because TFF2
was shown to be expressed selectively by airway epithelial cells.
Furthermore, TFF2 was administered to mice intranasally, and
would therefore be expected to exert actions primarily in the
large and medium airways. Because the majority of collagen
and extracellular matrix is present within the distal lung paren-
chyma, we are not surprised that the local delivery of TFF2 into
the airway lumen would not affect total lung collagen content.

Importantly, in the present study, TFF2 treatment suppressed
AHR.We previously demonstrated a strong association between
AHR and both epithelial thickness and subepithelial collagen
thickness (1, 46, 47). Furthermore, we demonstrated that treat-
ment with the anti-remodeling and antifibrotic hormone relaxin
resulted in reduced epithelial and subepithelial thickness and
the attenuation of AHR (21). Mathematical models have shown
that increased thicknesses in each component of the airway
wall, both internal and external to the smooth muscle layer,
contribute to AHR (48–50), resulting in a cumulative impact
of airway wall thickening on AHR. In the present study, the
reduction in epithelial and subepithelial thickness achieved with
TFF2 treatment translated to a suppression of AHR.

The goal of asthma therapy is to obtain long-term control of
asthma symptoms, to prevent exacerbations, and to obtain the
best possible lung function for patients (50). Corticosteroids
exert limited efficacy in the prevention and reversal of airway
remodeling (51). The present study provides evidence of a novel
anti-remodeling therapy that can reverse established airway
remodeling in AAD.

We have demonstrated that TFF2 protein expression was in-
creased and more widely distributed in lung tissue from mice
with chronic AAD, compared with control mice. However, this
increased expression of TFF2 was insufficient to prevent the pro-
gression of airway remodeling. Importantly, we have shown for
the first time, to the best of our knowledge, that intranasal TFF2
was able to reverse established airway remodeling changes of
epithelial remodeling and subepithelial fibrosis in an experi-
mental model of AAD (when repeatedly applied over a 2-week
period). These results provide strong evidence for an important
protective role of exogenous TFF2 in airway epithelial homeo-
stasis and in the prevention or reversal of airway fibrosis in
a murine model of chronic AAD. Other investigators have

suggested that trefoil peptides could be used in short-term ther-
apeutic interventions for acute lung injury and acute respiratory
distress syndrome (52). A TFF2 therapy for asthma could poten-
tially slow disease progression, particularly if used as an adjunct
therapy in conjunction with inhaled corticosteroids. Further pre-
clinical studies evaluating the dosage, delivery, and potential ben-
efits of TFF2 therapy are warranted.

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

References

1. Locke NR, Royce SG, Wainewright JS, Samuel CS, Tang ML. Comparison

of airway remodeling in acute, subacute, and chronic models of allergic

airways disease. Am J Respir Cell Mol Biol 2007;36:625–632.

2. James AL, Wenzel S. Clinical relevance of airway remodelling in airway

diseases. Eur Respir J 2007;30:134–155.

3. Ordonez C, Khashayar R, Wong H, Ferrando R, Wu R, Hyde D,

Hotchckiss J, Zhang Y, Novikov A, Dolganov G, et al. Mild and

moderate asthma is associated with airway goblet cell hyperplasia and

abnormalities in mucin gene expression. Am J Respir Crit Care Med

2001;163:517–523.

4. Temelkovski J, Hogan SP, Shepherd DP, Foster PS, Kumar RK. An

improved murine model of asthma: selective airway inflammation,

epithelial lesions and increased methacholine responsiveness follow-

ing chronic exposure to aerosolised allergen. Thorax 1998;53:849–856.

5. Knight DA, Holgate ST. The airway epithelium: structural and func-

tional properties in health and disease. Respirology 2003;8:432–446.

6. Zhang HY, Phan SH. Inhibition of myofibroblast apoptosis by trans-

forming growth factor beta(1). Am J Respir Cell Mol Biol 1999;21:

658–665.

7. dos Santos Silva E, Ulrich M, Doring G, Botzenhart K, Gott P. Trefoil

factor family domain peptides in the human respiratory tract. J Pathol

2000;190:133–142.

8. Kjellev S. The trefoil factor family: small peptides with multiple func-

tionalities. Cell Mol Life Sci 2009;66:1350–1369.

9. Hoffmann W. TFF (trefoil factor family) peptides and their potential

roles for differentiation processes during airway remodeling. Curr

Med Chem 2007;14:2716–2719.

10. Wright NA. Aspects of the biology of regeneration and repair in the

human gastrointestinal tract. Philos Trans R Soc Lond B Biol Sci 1998;

353:925–933.

11. Kuperman DA, Lewis CC, Woodruff PG, Rodriguez MW, Yang YH,

Dolganov GM, Fahy JV, Erle DJ. Dissecting asthma using focused

transgenic modeling and functional genomics. J Allergy Clin Immunol

2005;116:305–311.

12. Nikolaidis NM, Zimmermann N, King NE, Mishra A, Pope SM,

Finkelman FD, Rothenberg ME. Trefoil factor–2 is an allergen-

induced gene regulated by Th2 cytokines and STAT6 in the lung.

Am J Respir Cell Mol Biol 2003;29:458–464.

13. Ganguly K, Stoeger T, Wesselkamper SC, Reinhard C, Sartor MA,

Medvedovic M, Tomlinson CR, Bolle I, Mason JM, Leikauf GD, et al.

Candidate genes controlling pulmonary function in mice: transcript

profiling and predicted protein structure. Physiol Genomics 2007;31:

410–421.

14. Reinhard C, Meyer B, Fuchs H, Stoeger T, Eder G, Ruschendorf F,

Heyder J, Nurnberg P, de Angelis MH, Schulz H. Genomewide

linkage analysis identifies novel genetic loci for lung function in mice.

Am J Respir Crit Care Med 2005;171:880–888.

15. Nikolaidis NM, Wang TC, Hogan SP, Rothenberg ME. Allergen in-

duced TFF2 is expressed by mucus-producing airway epithelial cells

but is not a major regulator of inflammatory responses in the murine

lung. Exp Lung Res 2006;32:483–497.

16. Royce SG, Lim C, Muljadi RC, TangML. Trefoil factor 2 regulates airway

remodeling in animal models of asthma. J Asthma 2011;48:653–659.

17. Melgert BN, Postma DS, Kuipers I, Geerlings M, Luinge MA, van der

Strate BW, Kerstjens HA, Timens W, Hylkema MN. Female mice are

more susceptible to the development of allergic airway inflammation

than male mice. Clin Exp Allergy 2005;35:1496–1503.

18. Corteling R, Trifilieff A. Gender comparison in a murine model of

allergen-driven airway inflammation and the response to budesonide

treatment. BMC Pharmacol 2004;4:4.

Figure 8. Effect of TFF2 intranasal treatment on airway hyperrespon-

siveness (AHR). Increasing concentration of B-methacholine was ad-
ministered to TFF2-treated, TFF2 vehicle-treated, and saline mice by

invasive plethysmography, and airway resistance (as a measure of

AHR) was evaluated. *P , 0.05 and **P , 0.01, compared with the
vehicle-treated OVA group. ##P , 0.01 and ###P , 0.001, compared

with the OVA-alone group.

Royce, Lim, Muljadi, et al.: TFF2 for Treatment of Airway Remodeling 143

http://ajrccm.atsjournals.org/cgi/data/48/1/135/DC1/1
http://www.atsjournals.org
http://ajrcmb.atsjournals.org/cgi/data/48/1/135/DC1/1


19. Hayashi T, Adachi Y, Hasegawa K, Morimoto M. Less sensitivity for

late airway inflammation in males than females in BALB/c mice.

Scand J Immunol 2003;57:562–567.

20. Mookerjee I, Solly NR, Royce SG, Tregear GW, Samuel CS, Tang ML.

Endogenous relaxin regulates collagen deposition in an animal model

of allergic airway disease. Endocrinology 2006;147:754–761.

21. Royce SG, Miao YR, Lee M, Samuel CS, Tregear GW, Tang ML. Re-

laxin reverses airway remodeling and airway dysfunction in allergic

airways disease. Endocrinology 2009;150:2692–2699.

22. Thim L, Norris K, Norris F, Nielsen PF, Bjorn SE, Christensen M,

Petersen J. Purification and characterization of the trefoil peptide

human spasmolytic polypeptide (HSP) produced in yeast. FEBS Lett

1993;318:345–352.

23. Fiscus LC, Van Herpen J, Steeber DA, Tedder TF, Tang ML. L-selectin

is required for the development of airway hyperresponsiveness but

not airway inflammation in a murine model of asthma. J Allergy Clin

Immunol 2001;107:1019–1024.

24. Keramidaris E, Merson TD, Steeber DA, Tedder TF, Tang ML. L-

selectin and intercellular adhesion molecule 1 mediate lymphocyte

migration to the inflamed airway/lung during an allergic inflammatory

response in an animal model of asthma. J Allergy Clin Immunol 2001;

107:734–738.

25. Samuel CS, Zhao C, Bathgate RA, Bond CP, Burton MD, Parry LJ,

Summers RJ, Tang ML, Amento EP, Tregear GW. Relaxin deficiency

in mice is associated with an age-related progression of pulmonary

fibrosis. FASEB J 2003;17:121–123.

26. Samuel CS, Royce SG, Burton MD, Zhao C, Tregear GW, Tang ML.

Relaxin plays an important role in the regulation of airway structure

and function. Endocrinology 2007;148:4259–4266.

27. Samuel CS, Butkus A, Coghlan JP, Bateman JF. The effect of relaxin on

collagen metabolism in the nonpregnant rat pubic symphysis: the in-

fluence of estrogen and progesterone in regulating relaxin activity.

Endocrinology 1996;137:3884–3890.

28. Woessner JF Jr. Quantification of matrix metalloproteinases in tissue

samples. Methods Enzymol 1995;248:510–528.

29. Srivatsa G, Giraud AS, Ulaganathan M, Yeomans ND, Dow C, Nicoll

AJ. Biliary epithelial trefoil peptide expression is increased in biliary

diseases. Histopathology 2002;40:261–268.

30. Royce SG, Dang W, Ververis K, De Sampayo N, El-Osta A, Tang ML,

Karagiannis TC. Protective effects of valproic acid against airway

hyperresponsiveness and airway remodeling in a mouse model of al-

lergic airways disease. Epigenetics 2011;6:1463–1470.

31. Hoffmann W, Jagla W, Wiede A. Molecular medicine of TFF-peptides:

from gut to brain. Histol Histopathol 2001;16:319–334.

32. Peterson AJ, Menheniott TR, O’Connor L, Walduck AK, Fox JG,

Kawakami K, Minamoto T, Ong EK, Wang TC, Judd LM, et al.

Helicobacter pylori infection promotes methylation and silencing of

trefoil factor 2, leading to gastric tumor development in mice and

humans. Gastroenterology 2010;139:2005–2017.

33. Holgate ST. Epithelium dysfunction in asthma. J Allergy Clin Immunol

2007;120:1233–1244.

34. Chwieralski CE, Schnurra I, Thim L, Hoffmann W. Epidermal growth

factor and trefoil factor family 2 synergistically trigger chemotaxis on

BEAS-2B cells via different signaling cascades. Am J Respir Cell Mol

Biol 2004;31:528–537.

35. Holgate ST, Polosa R. Treatment strategies for allergy and asthma. Nat

Rev Immunol 2008;8:218–230.

36. Greene AL, Rutherford MS, Regal RR, Flickinger GH, Hendrickson

JA, Giulivi C, Mohrman ME, Fraser DG, Regal JF. Arginase activ-

ity differs with allergen in the effector phase of ovalbumin- versus

trimellitic anhydride–induced asthma. Toxicol Sci 2005;88:420–433.

37. Zimmermann N, King NE, Laporte J, Yang M, Mishra A, Pope SM,

Muntel EE, Witte DP, Pegg AA, Foster PS, et al. Dissection of ex-

perimental asthma with DNA microarray analysis identifies arginase

in asthma pathogenesis. J Clin Invest 2003;111:1863–1874.

38. Bai TR, Knight DA. Structural changes in the airways in asthma: obser-

vations and consequences. Clin Sci (Lond) 2005;108:463–477.

39. Chen G, Korfhagen TR, Xu Y, Kitzmiller J, Wert SE, Maeda Y,

Gregorieff A, Clevers H, Whitsett JA. SPDEF is required for mouse

pulmonary goblet cell differentiation and regulates a network of genes

associated with mucus production. J Clin Invest 2009;119:2914–2924.

40. Broekema M, ten Hacken NH, Volbeda F, Lodewijk ME, Hylkema MN,

Postma DS, Timens W. Airway epithelial changes in smokers but not

in ex-smokers with asthma. Am J Respir Crit Care Med 2009;180:

1170–1178.

41. Kosriwong K, Menheniott TR, Giraud AS, Jearanaikoon P, Sripa B,

Limpaiboon T. Trefoil factors: tumor progression markers and

mitogens via EGFR/MAPK activation in cholangiocarcinoma. World

J Gastroenterol 2011;17:1631–1641.

42. Le Cras TD, Acciani TH, Mushaben EM, Kramer EL, Pastura PA,

Hardie WD, Korfhagen TR, Sivaprasad U, Ericksen M, Gibson AM,

et al. Epithelial EGF receptor signaling mediates airway hyperreac-

tivity and remodeling in a mouse model of chronic asthma. Am J

Physiol Lung Cell Mol Physiol 2011;300:L414–L421.

43. Takeyama K, Dabbagh K, Lee HM, Agusti C, Lausier JA, Ueki IF,

Grattan KM, Nadel JA. Epidermal growth factor system regulates

mucin production in airways. Proc Natl Acad Sci USA 1999;96:3081–

3086.

44. Siu LS, Romanska H, Abel PD, Baus-Loncar M, Kayademir T, Stamp

GW, Lalani EN. TFF2 (trefoil family factor2) inhibits apoptosis in

breast and colorectal cancer cell lines. Peptides 2004;25:855–863.

45. White SR, Dorscheid DR. Corticosteroid-induced apoptosis of airway

epithelium: a potential mechanism for chronic airway epithelial damage

in asthma. Chest 2002;122(Suppl. 6)278S–284S.

46. Royce SG, Tan L, Koek AA, Tang ML. Effect of extracellular matrix

composition on airway epithelial cell and fibroblast structure: impli-

cations for airway remodeling in asthma. Ann Allergy Asthma

Immunol 2009;102:238–246.

47. Tang ML, Samuel CS, Royce SG. Role of relaxin in regulation of fibrosis

in the lung. Ann N Y Acad Sci 2009;1160:342–347.

48. Macklem PT. Theoretical basis of airway instability: Roger S. Mitchell

lecture. Chest 1995;107(Suppl. 3)87S–88S.

49. Wiggs BR, Bosken C, Pare PD, James A, Hogg JC. A model of airway

narrowing in asthma and in chronic obstructive pulmonary disease.

Am Rev Respir Dis 1992;145:1251–1258.

50. Tang ML, Wilson JW, Stewart AG, Royce SG. Airway remodelling in

asthma: current understanding and implications for future therapies.

Pharmacol Ther 2006;112:474–488.

51. O’Byrne PM, Pedersen S, Busse WW, Tan WC, Chen YZ, Ohlsson SV,

Ullman A, Lamm CJ, Pauwels RA. Effects of early intervention with

inhaled budesonide on lung function in newly diagnosed asthma.

Chest 2006;129:1478–1485.

52. Lindsay CD. Novel therapeutic strategies for acute lung injury induced

by lung damaging agents: the potential role of growth factors as

treatment options. Hum Exp Toxicol 2011;30:701–724.

53. Fisher C, Berry C, Blue L, Morton JJ, McMurray J. N-terminal pro B

type natriuretic peptide, but not the new putative cardiac hormone

relaxin, predicts prognosis in patients with chronic heart failure.Heart

2003;89:879–881.

144 AMERICAN JOURNAL OF RESPIRATORY CELL AND MOLECULAR BIOLOGY VOL 48 2013


	link2external
	link2external
	link2external

