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Innovative Medicine and Early Development Unit AstraZeneca R&D Mölndal, Mölndal, Sweden; and 3Department of Pulmonary and
Critical Care Medicine, School of Medicine, University of California, Davis, California

ORCID ID: 0000-0001-9047-0353 (K.E.P.).

Abstract

Airway remodeling is strongly correlated with the progression of
chronic obstructive pulmonary disease (COPD). In this study, our
goalwas to characterize progressive structural changes in site-specific
airways, along with the temporal and spatial expression of
transforming growth factor (TGF)-b in the lungs of male
spontaneously hypertensive rats exposed to tobacco smoke (TS).
Our studies demonstrated that TS-induced changes of the airways is
dependent on airway generation and exposure duration for proximal,
midlevel, and distal airways. Stratified squamous epithelial cell
metaplasia was evident in the most proximal airways after 4 and
12 weeks but with minimal levels of TGF-b–positive epithelial
cells after only 4 weeks of exposure. In contrast, epithelial cells in
midlevel and distal airways were strongly TGF-b positive at both
4 and 12 weeks of TS exposure. Airway smooth muscle volume
increased significantly at 4 and 12 weeks in midlevel airways.

Immunohistochemistry of TGF-b was also found to be significantly
increased at 4 and 12 weeks in lymphoid tissues and alveolar
macrophages. ELISA of whole-lung homogenate demonstrated that
TGF-b2 was increased after 4 and 12 weeks of TS exposure, whereas
TGF-b1 was decreased at 12 weeks of TS exposure. Airway levels of
messenger RNA for TGF-b2, as well as platelet-derived growth
factor-A, granulocyte-macrophage colony–stimulating factor, and
vascular endothelial growth factor-a, growth factors regulated by
TGF-b, were significantly decreased in animals after 12 weeks of TS
exposure. Our data indicate that TS increases TGF-b in epithelial and
inflammatory cells in connection with airway remodeling, although
the specific role of each TGF-b isoform remains to be defined in
TS-induced airway injury and disease.

Keywords: chronic obstructive pulmonary disease; transforming
growth factor-b; tobacco smoke; airway epithelium; spontaneously
hypertensive rats

Chronic obstructive pulmonary disease
(COPD) is the third leading cause of death
in the United States, with the majority of
COPD cases attributed to smoking (1).
In fact, tobacco smoke (TS) is the most
common risk factor for COPD. The disease
is characterized by progressive and poorly
reversible airflow limitation, due to the
loss of alveolar septal tissues and

remodeling of the airways in connection
with airway inflammation, epithelial cell
metaplasia, mucus hypersecretion, and
airway wall thickening. Many of the
molecular mechanisms involved in the
genesis and progression of COPD-like
characteristics are not yet understood,
but may hold promise for therapeutic
intervention.

Researchers over the years have
gained considerable knowledge about
how the parenchyma is injured by TS via
protease–antiprotease imbalance and
oxidative stress (2). Clinical studies have
shown strong correlations between the
progression of COPD and airway
remodeling. The progression of COPD, as
defined by the Global Initiative for Chronic
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Obstructive Lung Disease, is strongly
associated with increased wall thickening
and inflammatory mucous exudates in the
lumen of the small airways, suggesting that
small airways are major sites for airflow
limitation in COPD (3, 4). However, the
genesis of these changes still remains
poorly understood, and is thus the focus
of this study.

In response to TS exposure, epithelial
cells of the airways and alveoli, as well as
inflammatory cells recruited to the lungs,
release a plethora of cytokines that contribute
to airway epithelial damage and airspace
enlargement. Among these cytokines,
transforming growth factor (TGF)-bmay

play a critical role in mediating TS-induced
lung injury. This multifunctional cytokine
has the remarkable ability to mediate
numerous cellular behaviors, including cell
proliferation, differentiation, immune
modulation, carcinogenesis, and extracellular
matrix production (5, 6). There are three
known mammalian TGF-b isoforms:
TGF-b1, TGF-b2, and TGF-b3. Each
isoform shares 60–80% sequence
homology (7). Among them, TGF-b1 is
the most highly expressed TGF-b isoform
in the human lung, which regulates
various aspects of respiratory physiology
and pathology (8). TGF-b1 knockout
mice die in utero due to extensive
inflammation in multiple organs (9). In
studies of pulmonary fibrosis, TGF-b1
is a well known profibrotic factor that
regulates the expression of extracellular
matrix proteins, such as procollagen I and
III, fibronectin, versican, and tenascin.
An abnormal level of TGF-b1 in the lungs
is associated with pulmonary fibrosis and
is characterized by an excessive amount of
extracellular matrix proteins in the lungs.

Compared with TGF-b1, the roles
of TGF-b2 and TGF-b3 are less-well
understood. TGF-b2 knockout mice die
shortly after birth, due to respiratory
failure, and exhibit collapsed distal airways
in the presence of dilated proximal
conducting airways (10). TGF-b2, but
not TGF-b1, is implicated in bronchial
epithelial mucin expression in asthma (11).
TGF-b2 is also up-regulated in eosinophils
found in subjects with severe asthma and
is associated with increased profibrotic

responses (12). TGF-b3 plays an essential
role in lung development, as noted in
TGF-b3 knockout mice, which die shortly
after birth, due to insufficient pulmonary
growth, including alveolar hypoplasia and
the lack of alveolar septal formation (13).

Variation in the TGF-b1–encoding
gene has been suggested to be one of the
genetic determinants of COPD (14).
Previous reports have also shown that
TGF-b1 expression is increased in airway
epithelium, airway smooth muscle, and
macrophages in lungs of patients with
COPD (15–17). However, very little is
known regarding the temporal or spatial
expression of TGF-b1 during the genesis
of COPD. Moreover, TGF-b type II
receptor expression is decreased in the
bronchial glands of smokers with COPD
(18). Some studies have reported an
up-regulation of TGF-b1 expression in the
lungs of TS-exposed animals. Previously,
Bracke and colleagues (19) reported
increased levels of TGF-b1 protein in the
lung lavage of C57BL/6 mice exposed
to TS for 1 month. Moreover, in vitro
exposure of rat tracheal explants to TS
caused an increase in mRNA levels of
TGF-b1 (20). TGF-bs could be critical
in the development of COPD, due to its
ability to regulate both immune cells and
airway structural cells in the lungs.
However, to date, there are no studies that
have specifically investigated the temporal
and spatial distribution of TGF-bs in the
lungs with progressive exposure to TS in
either animals or humans during the
genesis of COPD.

Table 1. Genes and Primers Selected for RT-PCR

Gene Forward Primer Reverse Primer

b-actin AGCCATGTACGTAGCCATCC CTCTCAGCTGTGGTGGTGAA
TGF-b1 CGAGGTGACCTGGGCACCATCCATGAC CTGCTCCACCTTGGGCTTGCGACCCAC
TGF-b2 CTCCACATATGCCAGTGGTG CTAAAGCAATAGGCGGCATC
TGF-b3 GCAACTTGGAGGAGAACTGC GTCAGAGGCTCCAGGTCTTG
FGF 2 GAACCGGTACCTGGCTATGA CCGTTTTGGATCCGAGTTTA
PDGF-A ATGCCTTGGAGACAAACCTG GTCAAGAAGTTGGCCGATGT
CTGF TAGCAAGAGCTGGGTGTGTG TTCACTTGCCACAAGCTGTC
Insulin-like GF 1 GCTGAAGCCGTTCATTTAGC GAGGAGGCCAAATTCAACAA
TGF-a GCAAGTTCTGCCTGTTCCTC GCACTGAACCAACCCACTTT
EGF ACACCGAAGGTGGCTATGTC TAGAGTCAGGGCAAGGCAGT
GM-CSF TCCTAAATGACATGCGTGCT GCCATTGAGTTTGGTGAGGT
VEGF-a GCCCATGAAGTGGTGAAGTT ACTCCAGGGCTTCATCATTG
Neurotrophin 3 GATCCAGGCGGATATCTTGA AGCGTCTCTGTTGCCGTAGT

Definition of abbreviations: CTGF, connective tissue growth factor; EGF, epidermal growth factor; FGF, fibroblast growth factor; GF, growth factor;
GM-CSF, granulocyte-macrophage colony-stimulating factor; PDGF-A, platelet-derived growth factor a chain; TGF, transforming growth factor; VEGF,
vascular endothelial growth factor.

Clinical Relevance

The temporal and spatial expression of
transforming growth factor-b during
airway remodeling in a rodent model
of chronic obstructive pulmonary
disease (COPD) with progressive
exposure to tobacco smoke (TS) can
provide unique insights to better
understanding COPD in humans. The
study of the genesis and progression of
TS-induced airway injury through the
examination of site-specific airway
epithelial, smooth muscle, and
extracellular matrx (collagen) changes
can provide new insights into the
complex interactions between
epithelial/mesenchymal target cells for
potential therapeutic intervention in
humans suffering from COPD.
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Exposure of spontaneously
hypertensive (SH) rats to TS has been
shown to produce many of the classic
pathophysiological features found in
patients with COPD, including chronic lung
inflammation with significant increases in
neutrophil number, pulmonary cytokines,
squamous and mucous metaplasia of the
airways, alveolar airspace enlargement, and
weight loss (21–23). These past studies
show SH rats to be an ideal model for
COPD research. Therefore, we exposed SH
rats to progressive TS and examined the
lungs at acute (3 d), subchronic (4 wk), and
chronic (12 wk) time points as a means to
study the distribution of TGF-bs, which
have been implicated to be important in
the pathogenesis of COPD, as well as
other selected growth factors that may
be regulated by TGF-bs. Therapeutic
interventions designed to target TGF-bs
have been considered as a means to reduce
airway remodeling caused by inflammation
and fibrosis. Minagawa and colleagues
(24) reported that inhibition of TGF-b
activation in transgenic mice, using an
antibody to human avb8, blocks
fibroinflammatory responses induced by TS.
Therefore, we hypothesize that TS increases
TGF-bs and associated growth factors in
epithelial and inflammatory cells in highly
site-specific regions of the lungs, as noted in
the lungs of patients with COPD.

Materials and Methods

See the online supplement for method
details.

Animals
Male SH rats (12 wk old) were purchased
from Charles River Laboratories (Portage,
MI). Animals were handled according to the
standards established by the U.S. Animal
Welfare Acts. Procedures were approved by
the University of California, Davis (Davis,
CA), Animal Care and Use Committee.

Exposure
Rats were exposed to filtered air (FA) or TS
(90 mg/m3 total suspended particulate)
at 6 h/d, 3 d/wk, for 3 days, 4 weeks, or
12 weeks (n = 6/time point). Whole-body
TS exposure occurred in a smoking system
(25) that combusted 2R4F research cigarettes
(Tobacco and Health Research Institute,
University of Kentucky, Lexington, KY).
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Figure 1. Histopathological evaluation of tobacco smoke (TS)–associated injuries in pulmonary
airways. (A) Representative lung sections depicting changes in volume of airway epithelium, smooth
muscle, and collagen; quantitative analysis of (B) epithelium volume, (C) airway smooth muscle
volume, and (D) collagen volume at 3 days, 4 weeks, and 12 weeks of TS exposure in proximal and
midlevel airways. Data are expressed as mean (6SEM) for six animals per group. Scale bar: 50 mm.
*P, 0.05, **P, 0.001, ANOVA with Bonferroni’s post hoc test. FA, filtered air.
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Tissue Preparation
After killing of the rats, the right lung was
lavaged and frozen in liquid nitrogen for
protein isolation and analysis. The left lung
was fixed with 4% paraformaldehyde and
cut into transverse serial slices to capture
the different intrapulmonary airway
generations, with proximal as the third to
fourth generation, midlevel as eighth to tenth,
and distal as the level of the terminal
bronchiole, when using the trachea as the first
airway generation for the tracheobronchial
tree. Each slice was embedded in paraffin and
cut into 5-mm sections.

Histopathology
Lung tissue sections containing the first,
second, and third intrapulmonary airway
generations were deparaffinized and stained
to detect mucosubstances (Alcian blue
[AB]/periodic acid–Schiff [PAS]),
squamous metaplasia (hematoxylin and
eosin), and airway smooth muscle fiber and
connective tissue (Masson’s trichrome).

Immunohistochemistry for TGF-b
Immunohistochemistry was performed for
TGF-b protein using a rabbit anti-rat
polyclonal antibody that stains all three
isoforms of TGF-b (catalog number
ab66043, stock concentration 0.5 mg/ml;
Abcam, San Francisco, CA).

Morphometric Assessment of
Epithelium, Smooth Muscle, and
Collagen Volume
Tomeasure the volume of epithelium, smooth
muscle, and collagen for the proximal and
midlevel airways, four images for each airway
level were captured and used to determine
the volume per basal lamina surface for each
of these tissue compartments using Imagine
J software (National Institutes of Health,
Bethesda, MD).

Quantification of TGF-b–Positive Cells
The area of all TGF-b–positive epithelial
cells and the length of the corresponding
basal lamina for each airway were measured
using ImageJ software. TGF-b was
measured in sections containing proximal
midlevel and distal (terminal) airways. The
expression of TGF-b in lymphoid aggregates
was scored using a semiquantitative system
that considers both frequency and staining
intensity ranging from 0 (no staining) to 5
(intense, dark staining).

Determination of Whole-Lung TGF-b
Protein by ELISA
ELISA was performed on right accessory lung
lobes for TGF-b1, -b2, and -b3 to determine
protein expression for the entire lung lobe.

Quantitative RT-PCR for the Airways
after 12-Week TS Exposure
The airways from the right caudal lung lobe
of male SH rats exposed to FA or TS
for 12 weeks (n = 5) were isolated by
microdissection to determine mRNA
expression in the airways. These isolated
airways were generations 4–10 relative to
the trachea identified as generation 1.
Total RNA was purified and quantitative
RT-PCR was performed. Primer sequences
for each gene are listed in Table 1.
Results are presented as ratios of

target mRNA normalized to b-actin
mRNA.

Statistical Analysis
Data are expressed as mean (6SEM). Effects
of TS and exposure time point were
assessed by two-way ANOVA. Differences
among experimental groups were examined
by one-way ANOVA followed by
Bonferroni’s post hoc test. A P value of less
than 0.05 was considered significant.

Results

Histopathological Evaluation of
TS-Associated Remodeling in
Pulmonary Airways
Although not shown, 3 days of smoke
exposure induced epithelial cell injury in the
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Figure 2. Mucosubstance in the airway epithelium. (A) Representative lung sections depicting changes in
mucosubstance in the epithelial cells of proximal and midlevel airways. Distal airway epithelium does not
stain positive for Alcian blue (AB)/periodic acid–Schiff (PAS). Arrows indicate epithelium stained positive for
mucosubstance using AB/PAS. (B) Volume fraction analyses for mucosubstance with AB/PAS. Data are
expressed as mean (6SEM). Scale bars: 50 mm. *P,0.05, ANOVA with Bonferroni’s post hoc test.
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proximal airways, with loss of ciliated
epithelial cells and sloughing of airway
epithelium. After 4 and 12 weeks of TS
exposure, large areas of stratified squamous
epithelial metaplasia along the proximal
airways were noted. The midlevel airways of
4- and 12-week TS–exposed rats exhibited
hypertrophic epithelial cells (Figure 1A).
The significance of this hypertrophic state
in the epithelium in response to smoke
exposure was not known. The distal
airways continued to demonstrate simple
cuboidal epithelia, regardless of TS
exposure. FA-exposed animals did not
show squamation in the airway epithelium
at any time point (Figure 1A).

Quantitative measurement of epithelial
volume shows that there was a significant
increase in response to TS exposure
compared with FA group at 4 and 12 weeks
in both proximal and midlevel airways
(Figure 1B). The volume of smooth muscle
was significantly increased in the proximal
airways after 4 weeks, but not 12 weeks.
In contrast, the midlevel airways showed
a significant increase in smooth muscle
volume at both 4 and 12 weeks (Figure 1C).
The volume of collagen showed a
significant increase only at 4 weeks in the
proximal airway. A trend for increased
collagen volume was noted at 4 and 12
weeks for the midlevel airway, but not to a
statistically significant level (Figure 1D).
There was no significant change in
epithelial, smooth muscle, or collagen
volume in response to smoke exposure
at 3 days in proximal and midlevel
airways.

Intraepithelial mucosubstances were
unaffected after 3 days of TS exposure. In
contrast, after 4 and 12 weeks of TS exposure,
SH rats demonstrated a significant increase in
AB/PAS–stained epithelial cells in both
proximal and midlevel airways compared
with corresponding FA controls (Figures 2A
and 2B). Staining for AB/PAS was not found
in distal airways of rats exposed to TS at any
time point (Figure 2A).

TGF-b Expression in the Airway
Epithelium
TGF-b staining for all isoforms (TGF-b1,
-b2, and -b3) was used to determine the
temporal and spatial distribution of TGF-b
in airway epithelium. After 3 days of
TS exposure, TGF-b protein was not
significantly up-regulated at any airway
level. By 4 weeks, and again at 12 weeks, of
TS exposure, TGF-b staining was increased

in airway epithelium (e.g., ciliated cells,
Clara cells, and basal cells) and found in
all airway levels, including proximal,
midlevel, and distal airways (Figure 3A).
Quantitative measurement of TGF-b
expression demonstrated that, at 4 and
12 weeks, epithelial cells in midlevel and
distal airways had a significant elevation
(Figure 3B). There was no change in TGF-
b expression in the epithelial cells in the
proximal airways at 4 weeks; however,
proximal airways showed a significant
elevation in TGF-b staining compared
with the FA group at 12 weeks.

TGF-b Expression in Airway
Lymphoid Aggregates
Clusters or aggregates of lymphoid cells in
the airway wall of rats exposed to 4 or
12 weeks of smoke were present in the
proximal and midlevel airways, and had
significantly increased levels of TGF-bs
compared with rats exposed to FA
(Figure 4). TGF-b staining was found
within the extracellular matrix of
lymphoid aggregates, as well as inside the
lymphocytes (Figure 4A). When scored for
TGF-b–positive lymphoid aggregates,
animals exposed to TS for 4 or 12 weeks
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*P, 0.001, ANOVA with Bonferroni’s post hoc test.
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had significantly higher scores than
animals exposed to 3 days of TS
(Figure 4B). The frequency of
lymphoid aggregates was noted to
increase at 4 weeks (FA:TS = 1:1.5) and
to a statistically significant level by 12
weeks of TS exposure (FA:TS = 1:3.0,
P, 0.05).

TGF-b Expression in the Alveolar
Macrophages
Terminal bronchioles and adjacent alveolar
structures in TS-exposed rats contained
numerous clusters of activated macrophages
in the airspaces that stained positively for
TGF-b protein (Figure 5). Compared
with 4 weeks of smoke exposure, rats
exposed to TS for 12 weeks showed more
intense staining for TGF-b protein in alveolar
macrophages (Figure 5A). Similar to its
temporal expression in the epithelium and
lymphoid aggregates, TGF-b was not
significantly increased after 3 days of
smoke exposure. However, TGF-b
expression was significantly increased in
alveolar macrophages after both 4 and
12 weeks of TS exposure (Figure 5B).
Animals exposed to TS for 4 and 12 weeks
had a significantly higher frequency of
TGF-b–positive macrophages compared
with the FA control. In addition, with
prolonged smoke exposure, the frequency
of positive alveolar macrophages increased
significantly (Figure 5B).

Lung Protein Levels Specific for
TGF-b1, TGF-b2, and TGF-b3
To observe how the protein levels of TGF-b1,
-b2, and -b3 change over time with
progressive exposure to TS, we performed
an ELISA to measure the protein levels in
right accessory lobe homogenates of the
same animals in which TGF-bs
immunohistochemistry was performed
on lung sections. TGF-b1 was not
significantly changed after 3 days or
4 weeks of TS exposure (Figure 6A). In
contrast, TGF-b1 was significantly
reduced after 12 weeks of TS exposure.
Interestingly, endogenous TGF-b1
appeared to increase with time in
FA-treated animals (Figure 6A). Similar
to TGF-b1, TGF-b2 was unchanged after
3-day acute smoke exposure (Figure 6B).
However, TGF-b2 was significantly
increased after 4 or 12 weeks of TS exposure.
TGF-b3 was not changed after 3 days,
4 weeks, or 12 weeks of smoke exposure
(Figure 6C).
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Airway-Specific Gene Expression of
Growth Factors after 12 Weeks of
Smoke Exposure in SH Rats
After 12 weeks of smoke exposure, exposed
rats from this time point, along with matched
FA controls, were used to analyze the gene
expression of growth factors implicated in the
process of airway remodeling in isolated,
microdissected airways from the right caudal

lobe (Figure 7). There was a significant
trend for TS exposure to reduce mRNA
levels for a number of growth factors, with
significant decreases in TGF-b2, platelet-
derived growth factor (PDGF)-A,
granulocyte-macrophage colony–stimulating
factor (GM-CSF), and vascular endothelial
growth factor (VEGF)-a. Only insulin-like
growth factor (IGF) 1 and TGF-a were
up-regulated by smoke; however, the
increase was not statistically significant.

Discussion

The airway remodeling process in the
present study is consistent with that seen in
human lung tissues as COPD severity
increases. In the study by Hogg and
colleagues (4), it was shown that, as COPD
progresses, there was a significant increase
in epithelial and smooth muscle volume per
unit of surface area of basal lamina. In
addition, the study by Hogg and colleagues
showed that the progression of COPD was
strongly correlated with an increase of
macrophages and lymphoid aggregate
frequency, consistent with what we
observed in the present study. We also
observed the thickening of the airways, as
evidenced by a significant increase in
epithelial and smooth muscle volume.
The increase in collagen volume found in
the proximal airways at 4 weeks also
contributes to the airway thickening
process.

Lung epithelial cells are the first cells to
come into contact with toxic inhalants.
Upon exposure to smoke, lung epithelial
cells release inflammatory cytokines and
chemokines to stimulate the recruitment
of inflammatory leukocytes. These
inflammatory mediators can potentially alter
the interactions between the epithelium and
mesenchymal tissues. For example, injury
to the airway epithelium can influence the
growth of fibroblasts and turnover of
matrix proteins present in mesenchymal
tissues. One study found that integrin
avb8–mediated TGF-b activation in the
epithelium caused IL-1b–dependent
fibrosis in mesenchymal tissues, associated
with small airway wall thickening in lung
samples of patients with COPD (26).
We found that TGF-b was present in the
epithelium of midlevel and distal airways
after 4 weeks of smoke exposure, and in
proximal, midlevel, and distal airways after
12 weeks of smoke exposure.

Although evident at multiple levels of
the airways, the effect of TGF-b has been
most recognized in medium-sized and
small airways (16). Morphological lesions
induced in the airway epithelium by TS
included stratified squamous epithelial cell
differentiation and mucus metaplasia.
These changes in airway epithelium are also
found in the lungs of patients with COPD,
and can be correlated with increased
severity of COPD (26). The work of
Araya and colleagues (26) suggested that
integrin avb8–mediated TGF-b activation
enhances squamous differentiation.
Moreover, TGF-b2 has been shown to
induce mucin production in cultured
epithelial cells obtained from subjects with
asthma (11). In patients with COPD,
TGF-b contributes to the production of
the extracellular matrix, epithelial-to-
mesenchymal transition, fibroblast
differentiation, and smooth muscle
dysfunction (14, 27). Future investigations
are needed to further unravel the role of
TGF-bs in epithelial/mesenchymal cell
injury caused by exposure to TS.

Lymphoid aggregates, also known as
bronchus-associated lymphoid tissues, are
typically found at bifurcations of the
bronchial airways. These regions of the
airways are most susceptible to injury
caused by toxic inhalants, because of their
anatomical location as sites of highest
particle deposition. An excess number of
lymphocytes is one of the hallmarks of
COPD (4). Animals exposed to TS have
increased numbers of lymphoid aggregates
compared with animals exposed to FA, as
noted in this study and others (28).
Lymphoid aggregates contain numerous
lymphocytes, including B lymphocytes,
natural killer cells, and T lymphocytes.
The effects of TGF-b on lymphocytes in
COPD pathogenesis are not yet understood.
However, TGF-b1 has been shown to
exert a variety of regulatory roles on
T lymphocytes. For example, TGF-b1
stimulates the proliferation of T cells
(29) and induces human T lymphocyte
migration in vitro (30). Our study
demonstrates the expression of TGF-b in
lymphoid tissues containing an excess
number of lymphocytes in TS-exposed
animals, but we did not determine the
lymphocyte phenotype present, suggesting
that TGF-b may either play an important
role in regulating the activities of
lymphocytes or simply be a reflection of
T lymphocyte differentiation during TS
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Figure 6. Whole accessory lobe–specific
TGF-b1, -b2, and -b3 protein levels. (A)
TGF-b1, (B) TGF-b2, and (C) TGF-b3 protein levels
measured by ELISA in accessory lobe
homogenates are reported. TGF-b1 protein
was significantly reduced after 12 weeks of
TS exposure. By contrast, TGF-b2 protein in
lung homogenates was significantly elevated
after 4 and 12 weeks of exposure to TS.
TGF-b3 protein was not significantly
changed in response to TS exposure at any
time point. Data are expressed as mean
(6SEM) for five to six animals per group.
*P, 0.01, **P, 0.001, ANOVA with
Bonferroni’s post hoc test.
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exposure. The mechanisms underlying this
interaction between TGF-b and TS-induced
lymphocyte activity is not yet known.

In addition to the epithelium and
lymphoid aggregates, macrophages were
also found to be a source of TGF-b
production. Terminal bronchioles and
adjacent alveolar structures in TS-exposed
rats contained numerous clusters of
activated macrophages in the airspaces that
stained positive for TGF-b; very few
macrophages were negative for TGF-b.
Macrophages can account for up to 98% of
inflammatory cells in the lungs of mice
exposed to TS (31), and they produce
high levels of matrix metalloproteinases
(MMPs) 2, 9, and 12, which degrade the
extracellular matrix and lead to emphysema
(32). Mice lacking macrophage elastase
(MMP-12) are protected against
emphysema (33). It is unknown if TS-
induced TGF-b1 modulates production of
MMPs in alveolar macrophages. However,
investigations using mice deficient in the b6
subunit of the epithelial integrin avb6–null
mice and SMAD 3–null mice have shown
interesting results. Morris and colleagues
(34) showed that activation of TGF-b1 by

epithelial-restricted integrin avb6 reduced
MMP-12 expression. Bonniaud and
colleagues (35) found that SMAD 3–null
mice developed airspace enlargement along
with up-regulated levels of MMP9 and
MMP12. Animals were not exposed to
smoke in these two studies. Feinberg and
colleagues (36) showed that TGF-b1
inhibited MMP12 expression in alveolar
macrophages in vitro. In addition to
affecting MMPs, TGF-b1 was found to
impair macrophage function by down-
regulating its production of nitric oxide
synthase and prostaglandin synthase (37,
38). It would be interesting to know if
TGF-bs had the same effect on the
macrophages of TS-exposed animals.

This study shows that TS had reduced
TGF-b1 and increased TGF-b2 after
12 weeks of exposure. Up-regulation of
TGF-b2 may be relevant to COPD
pathogenesis, but its mechanism remains
unknown. TGF-b1 and -b2 could play
nonoverlapping roles in smoke-induced
lung injury. Functions of TGF-b1 and
-b2 may not be interchangeable; Yu and
colleagues (39) reported that different
TGF-bs may have distinctive activities

depending on cell types and environment.
There is no overlapping phenotype between
TGF-b1 and -b2 knockout mice, indicating
their mutually exclusive functions (10).
Their functional difference suggests that a
better understanding of TGF-b1 and -b2
activities in COPD is important.

Many cell types express receptors for
TGF-b1 and -b2 (40). TGF-b activity is
dependent on the relative expression of
TGF-b receptors on the cells and the
binding preference of the receptors that are
on airway fibroblasts, smooth muscle, and
epithelial cells. Previously, it was shown
that TGF-b receptors on rat lung
fibroblasts have higher affinity for TGF-b1
than TGF-b2 (40). The TGF-b receptors
and TGF-b activity could play an
important role in the airway remodeling
process seen in the present study by
mediating airway myofibroblasts to
produce more collagen and causing smooth
muscle cells to thicken, as well as causing
airway epithelial cells to undergo mucous
cell metaplasia.

A previous study by Gosselink and
colleagues (41) found a pattern of
expression of many tissue repair genes
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associated with emphysema. Furthermore,
Campbell and colleagues (42) identified
various changes in gene expression
associated with emphysema to understand
the processes underlying COPD. In our
study, we looked at many growth factors
that are associated with the growth of
cellular components involved in the airway
remodeling process. For example, the
growth factors, PDGF-A and fibroblast
growth factor 2, have been shown to
influence the growth of fibroblasts and to
regulate smooth muscle cell growth (43);
GM-CSF induces the recruitment of
neutrophils, monocytes, and lymphocytes
(44), and VEGF-a controls angiogenesis
and is a chemotactic factor for granulocytes
(45). Connective tissue growth factor
activates the synthesis of the extracellular
matrix proteins (46). Neurotrophin 3 is
involved in the regulation of neurogenesis
(47). IGF1 is a stimulator of cell growth and
proliferation, and a potent inhibitor of
programmed cell death (48). Epidermal
growth factor contributes to the
proliferation of smooth muscle cell and
mucus hypersecretion (49). TGF-a
contributes to mucus hypersecretion (2).
Because we saw that TS increased the
expression of TGF-b in the airways, we
asked whether TS also up-regulates other
growth factors that may potentially lead
to airway remodeling, as in extracellular
matrix deposition, smooth muscle
hyperplasia, and mucus hypersecretion.
Therefore, mRNA levels were measured
for PDGF-A, fibroblast growth factor 2,
GM-CSF, VEGF-a, connective tissue
growth factor, neurotrophin 3, IGF1,

epidermal growth factor, and TGF-a in the
airways of rats exposed to 12 weeks of
smoke. In contrast to our hypothesis, and
much to our surprise, TS reduced gene
expression of most growth factors that may
be implicated in the airway remodeling
process. This disparity between TGF-b2
protein concentration and mRNA
expression of TGF-b2 could be due to a
difference in the half-life of cellular
molecules at the time of measurement or
missing the critical window of its
expression. A further possibility might be a
negative feedback control mechanism to
reduce TGF-b1 protein, leading to
decreased growth factor mRNA levels
as an attempt to reduce further changes
in cells and matrix, while resulting in a
negative effect on epithelial repair.

Conclusions
Exposure to TS in SH rats induced extensive
damage to the pulmonary airways, as
indicated by significant elevations in
epithelial mucosubstances, squamous
metaplasia, and smooth muscle; airway
extracellular matrix also showed an increase,
but did not achieve a level of statistical
significance. Airway injury varied by
exposure duration and airway level. The
present study evaluated the cellular
distribution and time-dependent expression
of TGF-b in the lungs. Based on
immunohistochemical findings, the
expression of TGF-bs is up-regulated in
the epithelium of the airways, bronchial-
associated lymphoid aggregates, and
alveolar macrophages of SH rats after
4 and 12 weeks of TS exposure. TGF-b

was not changed after 3 days of TS
exposure compared with control lung
tissues.

The disparity in TGF-b isoform
expression in lung homogenates after 4 and
12 weeks of TS exposure suggests that
TGF-b1 and -b2 are likely to play
nonoverlapping roles in TS-induced
lung injury. Up-regulation of TGF-b2
may be relevant to COPD pathogenesis,
but its mechanism remains unknown.
Furthermore, TS reduced mRNA levels for
a number of growth factors implicated in
the airway remodeling process, possibly
reflecting a negative-feedback control
mechanism to minimize further
change. However, the potential for
changes in the expression of specific
TGF-b isoforms to drive the progression
of changes in the lungs after TS
exposure merits further investigation.
Such studies may provide a better
understanding of the molecular
mechanisms of COPD in the small
airways of the lungs, along with
identifying whether TGF-b could serve
as a potential pharmaceutical target for
the treatment of COPD. n
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47. Gómez-Palacio-Schjetnan A, Escobar ML. Neurotrophins and synaptic
plasticity. Curr Top Behav Neurosci 2013;15:117–136.

48. Galvan V, Logvinova A, Sperandio S, Ichijo H, Bredesen DE. Type 1
insulin-like growth factor receptor (IGF-IR) signaling inhibits
apoptosis signal-regulating kinase 1 (ASK1). J Biol Chem 2003;278:
13325–13332.

49. Chung KF. Cytokines in chronic obstructive pulmonary disease.
Eur Respir J Suppl 2001;34(34 suppl):50s–59s.

ORIGINAL RESEARCH
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