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Environmental tobacco smoke (ETS) can increase asthma symptoms and the frequency of asthma attacks. However, the contri-
bution of ETS to airway remodeling in asthma is at present unknown. In this study, we have used a mouse model of allergen-
induced airway remodeling to determine whether the combination of chronic exposure to ETS and chronic exposure to OVA
allergen induces greater levels of airway remodeling than exposure to either chronic ETS or chronic OVA allergen alone. Mice
exposed to chronic ETS alone did not develop significant eosinophilic airway inflammation, airway remodeling, or increased
airway hyperreactivity to methacholine. In contrast, mice exposed to chronic OVA allergen had significantly increased levels of
peribronchial fibrosis, increased thickening of the smooth muscle layer, increased mucus, and increased airway hyperreactivity
which was significantly enhanced by coexposure to the combination of chronic ETS and chronic OVA allergen. Mice coexposed
to chronic ETS and chronic OVA allergen had significantly increased levels of eotaxin-1 expression in airway epithelium which
was associated with increased numbers of peribronchial eosinophils, as well as increased numbers of peribronchial cells expressing
TGF-�1. These studies suggest that chronic coexposure to ETS significantly increases levels of allergen-induced airway remodeling
(in particular smooth muscle thickness) and airway responsiveness by up-regulating expression of chemokines such as eotaxin-1
in airway epithelium with resultant recruitment of cells expressing TGF-�1 to the airway and enhanced airway remodeling. The
Journal of Immunology, 2007, 178: 5321–5328.

S everal epidemiologic studies in asthmatics have reported
an association between environmental tobacco smoke
(ETS)4 exposure and asthma symptoms (1–8). In asth-

matic children, parental smoking increases levels of asthma symp-
toms and the frequency of asthma exacerbations (1–8). The En-
vironmental Protection Administration estimates that exposure to
ETS exacerbates asthma in up to a million children (1). Exposure
to ETS has been linked to several adverse asthma outcomes in-
cluding increased prevalence of asthma, increased severity of
asthma symptoms, increased frequency of asthma medication use,
and increased emergency room visits by asthmatic children (1, 3,
5). Although the results of epidemiological studies of ETS expo-
sure and asthma have predominantly been based on self-reported
passive smoke exposure (with potential recall bias of exposure to
ETS), some epidemiologic studies have also used personal nicotine
monitoring, hair nicotine, and cotinine assays to provide objective
measures of passive smoke exposure (2, 3, 8). In addition to these
epidemiologic studies of ETS exposure and asthma, experimental

ETS challenge studies in humans indicate that passive smoke ex-
posure has adverse effects on airflow and/or airway responsiveness
in asthma (9, 10).

Although these studies provide evidence for a role for ETS in
increasing asthma symptoms and the frequency of asthma exacer-
bations, much less is known about the ability of ETS to exacerbate
airway remodeling in asthma. Epidemiologic studies in asthma
demonstrate that asthmatics who smoke have a greater decline in
forced expiration volume in 1 s when followed over a 15-year
period compared with asthmatics who do not smoke (11), suggest-
ing that tobacco smoke may contribute to the decline in lung func-
tion and airway remodeling. However, no studies have directly
assessed levels of remodeling in the airway in asthmatics who are
exposed to ETS to determine whether exposure to ETS is associ-
ated with increased levels of airway remodeling. In this study, we
have used a mouse model of allergen-induced airway remodeling
to determine whether controlled chronic exposure of mice to the
combination of ETS and allergen induces greater levels of airway
remodeling than exposure to either stimulus alone. Insights from
this study are relevant to allergic children who are coexposed to
both indoor allergens and ETS from parents who smoke.

Materials and Methods
Mouse model of chronic OVA-induced airway remodeling

Eight- to 10-wk-old BALB/c mice (12 mice/group; The Jackson Labora-
tory) were immunized s.c. on days 0, 7, 14, and 21 with 25 �g of OVA
(grade V; Sigma-Aldrich) adsorbed to 1 mg of alum (Sigma-Aldrich) in
200 �l of normal saline as previously described (12, 13). Intranasal OVA
challenges were administered on days 27, 29, and 31 under isoflurane
(Vedco) anesthesia and then repeated twice a week for 1 mo (see Fig. 1).
Age- and sex-matched control mice were sensitized but not challenged
with OVA during the 1-mo study. Mice were sacrificed 24 h after the final
chronic OVA challenge and bronchoalveolar lavage (BAL) fluid and lungs
were analyzed. Lungs from the different experimental groups were pro-
cessed as a batch for either histologic staining or immunostaining under
identical conditions. Stained and immunostained slides were all quantified
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under identical light microscope conditions, including magnification
(�20), gain, camera position, and background illumination. The quantita-
tive histologic and image analysis of all coded slides was performed by
research associates blinded to the coding of all the slides.

Effect of chronic ETS exposure on allergen-induced airway
remodeling

To determine whether chronic ETS exposure would influence the devel-
opment of allergen-induced airway remodeling, different groups of mice
(12 mice/group) were exposed to either chronic ETS alone, chronic OVA
allergen alone, or the combination of chronic ETS and chronic OVA al-
lergen. ETS was first administered on day 33 after the mice had been
sensitized with OVA s.c. (see Fig. 1) and received intranasal OVA chal-
lenges on days 27, 29, and 31 (see Fig. 1). Chronic ETS was continued
daily for the subsequent duration of the 1-mo period of twice weekly in-
tranasal OVA challenges. Mice were subjected to chronic ETS (side stream
smoke from six cigarettes per day each administered over �5 min with a
15-min break between cigarettes, 5 days/wk) generated by burning 2R4F
reference cigarettes (2.45 mg of nicotine/cigarette; purchased from To-
bacco Research Institute, University of Kentucky, Lexington, KY) using a
smoking machine (McChesney-Jaeger CSM-SSM Single Cigarette Ma-
chine; CH Technologies) regulated by programmable controls provided
with JASPER Windows 9x/2000 software over RS-232 communication
ports (CH Technologies). Each smoldering cigarette is puffed for �2 s,
once every 25 s, for a total of 12 puffs/cigarette, at a flow rate of 5 L/min.
The outflow from the smoking machine was adjusted to mimic an exposure
to ETS by producing a mixture of room air (98%) and mainstream smoke
(2%). The mice were exposed to the ETS in a 12-port nose-only directed
flow inhalation exposure system (Jaeger-NYU 12 port). Nose ports were
monitored for total suspended particulates using a gravimetric method (14).
The concentration of total suspended particulates was 173 � 5.3 �g/m3.
All animal experimental protocols were approved by the University of
California-San Diego Animal Subjects Committee.

Measurement of smooth muscle layer thickness

The thickness of the airway smooth muscle layer was measured using an
image analysis system as previously described (12, 13). In brief, the thick-
ness of the smooth muscle layer (the transverse diameter) was measured
from the innermost aspect to the outermost aspect of the smooth muscle
layer. The smooth muscle layer thickness in at least 10 bronchioles of
similar size (150–200 �m) were counted on each slide.

Lung sections were also immunostained with an anti-�-smooth muscle
actin primary Ab (Sigma-Aldrich). The area of �-smooth muscle actin
staining was outlined and quantified using a light microscope attached to an
image analysis system as previously described (12, 13). Results are ex-
pressed as the area of �-smooth muscle actin staining per micrometer
length of basement membrane of bronchioles 150–200 �m of internal
diameter.

Effect of chronic ETS and chronic OVA allergen challenge on
airway hyperreactivity (AHR)

Airway hyperresponsiveness to methacholine (Mch) was assessed 24 h
after the final chronic OVA and/or chronic ETS challenge (after 1 mo

of repetitive OVA � ETS challenges) in intubated and ventilated mice
(flexiVent ventilator; Scireq) as previously described in this laboratory
(15). The frequency independent airway resistance was determined in mice
exposed to nebulized PBS and Mch (3, 24, 48 mg/ml) (15).

Effect of chronic ETS and chronic OVA allergen challenge on
the development of peribronchial fibrosis

Lungs in the different groups of mice were equivalently inflated with an
intratracheal injection of a similar volume of 4% paraformaldehyde solu-
tion (Sigma-Aldrich) to preserve the pulmonary architecture. The area of
peribronchial trichrome staining in the paraffin-embedded lung was out-
lined and quantified using a light microscope (Leica DMLS; Leica Micro-
systems) attached to an image analysis system (Image-Pro Plus; Media
Cybernetics) as previously described (12, 13). Results are expressed as the
area of trichrome staining per micrometer length of basement membrane of
bronchioles 150–200 �m of internal diameter.

Assessment of BAL eosinophils and peribronchial eosinophilic
inflammation

BAL total eosinophil counts and immunohistochemical detection of peri-
bronchial major basic protein (MBP)� cells were assessed as previously
described (12, 13). In brief, lung sections were processed for MBP immu-
nohistochemistry using an anti-mouse MBP Ab (provided by Dr. J. Lee,
Mayo Clinic, Scottsdale, AZ). The number of individual cells staining pos-
itive for MBP in the peribronchial space were counted using a light mi-
croscope. Results are expressed as the number of peribronchial cells stain-
ing positive for MBP per bronchiole with 150–200 �m of internal
diameter. At least 10 bronchioles were counted in each slide.

Quantitation of peribronchial TGF-�1 and connective tissue
growth factor (CTGF) expression

The number of peribronchial cells expressing TGF-�1 or CTGF were as-
sessed in lung sections processed for immunohistochemistry using either
an anti-TGF-�1 primary Ab (vendor code SC146; Santa Cruz Biotechnol-
ogy) or an anti-CTGF primary Ab (vendor code SC14939; Santa Cruz
Biotechnology), the immunoperoxidase method, and image analysis quan-
titation as previously described (12, 13). Results are expressed as the num-
ber of TGF-�1- or CTGF-positive cells/bronchus (12, 13).

BAL cytokine and chemokine levels

Levels of selected eosinophil active cytokines and chemokines (IL-5,
eotaxin-1) were assayed in BAL fluid using an IL-5 (vendor code DY405)
and eotaxin-1 (vendor code DY420) ELISA (R&D Systems).

Immunohistochemical localization of eotaxin-1 in lung sections

Lung sections were immunostained using the immunoperoxidase method
as previously described (12, 13) with an anti-eotaxin-1 primary Ab (Santa
Cruz Biotechnology), or a species- and isotype-matched control Ab, to
investigate the cellular source of eotaxin-1 expression. The area of airway
epithelial eotaxin-1 immunostaining was outlined and quantitated in bron-
chioles 150–200 �m of internal diameter by image analysis. Results are
expressed as the area of airway epithelial eotaxin-1 staining in micrometer
squared-per-micrometer length of airway epithelial basement membrane.

Quantitation of airway mucus expression

The number of periodic acid-Schiff (PAS)-positive and PAS-negative, as
well as the number of Alcian blue-positive (pH 2.5 to detect acid muco-
substances) and Alcian blue-negative, airway epithelial cells in individual
bronchioles was counted as previously described in this laboratory (12, 13).
At least 10 bronchioles were counted in each slide. Results are expressed
as the percentage of PAS-positive cells per bronchiole (or Alcian blue-
positive cells per bronchiole), which is calculated from the number of
PAS-positive epithelial cells per bronchus (or Alcian blue-positive cells per
bronchus) divided by the total number of epithelial cells of each
bronchiole.

Statistical analysis

Results in the different groups of mice were compared by ANOVA using
the nonparametric Kruskal-Wallis test followed by posttesting using
Dunn’s multiple comparison of means. All results are presented as mean �
SEM. A statistical software package (Graph Pad Prism) was used for the
analysis. Values of p � 0.05 were considered statistically significant.

FIGURE 1. The experimental protocol. Mice were immunized s.c. on
days 0, 7, 14, and 21 with OVA (arrows). Intranasal OVA challenges were
administered on days 27, 29, and 31 and then repeated twice a week for 1
mo (F). Different groups of mice were either administered ETS alone, or
ETS in combination with OVA challenges. ETS was started on day 33
(after mice had been sensitized and challenged on three occasions with
intranasal OVA). The ETS was continued 5 days/wk for 1 mo. Mice were
sacrificed 24 h after the final OVA challenge and BAL fluid and lungs were
analyzed.
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Results
Chronic ETS increases the thickness of the smooth muscle layer
and the area of peribronchial �-smooth muscle actin
immunostaining induced by chronic OVA

Exposure of mice to chronic ETS alone did not induce an increase
in thickness of the peribronchial smooth muscle layer compared
with non-ETS-exposed mice (2.2 � 0.08 vs 2.1 � 0.06 �m; ETS
plus no OVA vs no ETS plus no OVA; p � NS) (Fig. 2A). In
contrast, exposure of mice to chronic OVA alone induced an in-
crease in thickness of the peribronchial smooth muscle layer com-
pared with non-ETS-exposed mice (3.5 � 0.07 vs 2.1 � 0.06 �m;
no ETS plus OVA vs no ETS plus no OVA; p � 0.0001) (Fig. 2A).
The combination of chronic ETS and chronic OVA allergen ex-
posure induced significantly increased levels of thickness of the
peribronchial smooth muscle layer compared with chronic ETS
alone (ETS plus OVA vs ETS plus no OVA; p � 0.0001) (Fig.

2A), or compared with chronic OVA allergen alone (ETS plus
OVA vs no ETS plus OVA; p � 0.001) (Fig. 2A).

Exposure of mice to chronic ETS alone induced a slight but
statistically insignificant increase in the area of peribronchial
�-smooth muscle actin immunostaining compared with non-ETS-
exposed mice (ETS plus no OVA vs no ETS plus no OVA; p �
ns) (Fig. 2B). In contrast, exposure of mice to chronic OVA
challenge alone induced a significant increase in the area of
peribronchial �-smooth muscle actin immunostaining compared
with non-OVA-challenged mice (0.42 � 0.03 vs 0.14 � 0.02
�m2/�m circumference of bronchiole; no ETS plus OVA vs no
ETS plus no OVA; p � 0.001) (Fig. 2B). The combination of
chronic ETS and chronic OVA allergen exposure induced sig-
nificantly increased levels of peribronchial �-smooth muscle
actin immunostaining compared with either chronic ETS alone
(ETS plus OVA vs ETS plus no OVA; p � 0.001) (Fig. 2B), or
compared with chronic OVA allergen alone (ETS plus OVA vs
no ETS plus OVA; p � 0.01) (Fig. 2B).

Chronic ETS exposure increases levels of AHR in chronic
OVA-challenged mice

To determine whether the increased thickness of the smooth mus-
cle layer associated with exposure of mice to chronic ETS and
chronic OVA was associated with increased responsiveness of air-
way smooth muscle, we determined levels of airway responsive-
ness to Mch in mice exposed to chronic ETS and/or chronic OVA
allergen. Exposure of mice to chronic ETS alone did not induce a
change in AHR to Mch compared with non-ETS-exposed mice
(ETS plus no OVA vs no ETS plus no OVA; p � ns) (Fig. 3). In
contrast, exposure of mice to chronic OVA challenge alone in-
duced a significant increase in AHR compared with non-OVA-
challenged mice (OVA plus no ETS vs no-OVA plus no ETS; Mch
48 mg/ml, p � 0.001) (Fig. 3). The combination of chronic ETS
and chronic OVA allergen exposure induced a significantly greater
increase in AHR compared with chronic ETS alone (ETS plus
OVA vs ETS plus no OVA; Mch 48 mg/ml; p � 0.001) (Fig. 3),
or compared with chronic OVA allergen alone (ETS plus OVA vs
no ETS plus OVA; Mch 48 mg/ml; p � 0.05) (Fig. 3).

FIGURE 2. The thickness of the peribronchial smooth muscle layer in
micrometers was assessed by image analysis (A). Mice chronically chal-
lenged with OVA alone had a significant increase in thickness of the peri-
bronchial smooth muscle layer compared with control non-OVA-chal-
lenged mice (OVA plus no ETS vs no OVA plus no ETS; p � 0.0001). The
combination of chronic ETS and chronic OVA challenge increased the
thickness of the peribronchial smooth muscle layer to a greater degree than
either chronic OVA alone (OVA plus ETS vs OVA plus no ETS; p �
0.001), or chronic ETS alone (OVA plus ETS vs no OVA plus ETS; p �
0.001) (A). Mouse lungs were also immunostained with an �-smooth mus-
cle actin Ab and the area of peribronchial immunostaining quantitated in
micrometers squared-per-micrometer length of the basement membrane of
the bronchus by image analysis (B). Mice chronically challenged with
OVA alone had a significant increase in levels of peribronchial �-smooth
muscle actin immunostaining compared with control non-OVA-challenged
mice (OVA plus no ETS vs no OVA plus no ETS; p � 0.001). The com-
bination of chronic ETS and chronic OVA challenge increased the levels of
the peribronchial �-smooth muscle actin immunostaining to a greater de-
gree than either chronic OVA alone (OVA plus ETS vs OVA plus no ETS;
p � 0.01), or chronic ETS alone (OVA plus ETS vs no OVA plus ETS;
p � 0.001).

FIGURE 3. AHR to Mch was assessed 24 h after the final OVA and/or
ETS chronic challenge in intubated and ventilated mice. Results are ex-
pressed as airway resistance in mice exposed to nebulized Mch (3, 24, 48
mg/ml). Mice chronically challenged with OVA alone had a significant
increase in levels of AHR compared with control non-OVA-challenged
mice (OVA plus no ETS vs no OVA plus no ETS; p � 0.001, Mch 48
mg/ml). The combination of chronic ETS and chronic OVA challenge in-
creased the levels of the AHR to a greater degree than either chronic OVA
alone (OVA plus ETS vs OVA plus no ETS; p � 0.05, Mch 48 mg/ml) or
chronic ETS alone (OVA plus ETS vs no OVA plus ETS; p � 0.001, Mch
48 mg/ml).
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Chronic ETS increases levels of chronic OVA-induced
peribronchial collagen deposition

An increase in peribronchial trichrome staining was noted in
mice following exposure to chronic OVA alone compared with
non-OVA-exposed mice (0.32 � 0.04 vs 0.14 � 0.02 �m2/�m
circumference of bronchiole; no ETS plus no OVA vs no ETS
plus OVA; p � 0.01) (Fig. 4). However, the combination of
chronic ETS and chronic OVA allergen exposure induced a
significantly greater increase in levels of peribronchial
trichrome staining compared with chronic ETS alone (ETS plus
OVA vs ETS plus no OVA; p � 0.001) (Fig. 4), or compared
with chronic OVA allergen alone (ETS plus OVA vs no ETS
plus OVA; p � 0.001) (Fig. 4).

Chronic ETS exposure increases levels of peribronchial
eosinophilic inflammation in chronic OVA-challenged mice

Exposure of mice to chronic ETS alone did not induce an increase
in BAL eosinophils (Fig. 5A) or MBP� peribronchial eosinophils
(Fig. 5B) compared with non-ETS-exposed mice (ETS plus no
OVA vs no ETS plus no OVA; p � NS). In contrast, exposure of
mice to chronic OVA challenge alone induced a significant in-
crease in the number of BAL eosinophils compared with non-
OVA-challenged mice (12.8 � 3.2 � 104 vs 0.02 � 0.01 � 104

BAL eosinophils; OVA plus no ETS vs no OVA plus no ETS; p �
0.01) (Fig. 5A). A similar significant increase in the number of
MBP� peribronchial eosinophils was noted in mice exposed to
chronic OVA challenge alone compared with non-OVA-chal-
lenged mice (31.1 � 2.0 vs 0.2 � 0.1 peribronchial MBP� eosin-
ophils; OVA plus no ETS vs no OVA plus no ETS; p � 0.005)
(Fig. 5B).

The combination of chronic ETS and chronic OVA allergen
exposure induced significantly increased levels of BAL eosino-
phils compared with chronic ETS alone (ETS plus OVA vs ETS
plus no OVA; p � 0.001) (Fig. 5A), or compared with chronic
OVA allergen alone (ETS plus OVA vs no ETS plus OVA; p �
0.05) (Fig. 5A). Similarly, the combination of chronic ETS and
chronic OVA allergen exposure induced significantly increased
levels of peribronchial MBP� eosinophils compared with chronic
ETS alone (ETS plus OVA vs ETS plus no OVA; p � 0.001) (Fig.

5B), or compared with chronic OVA allergen alone (ETS plus
OVA vs no ETS plus OVA; p � 0.005) (Fig. 5B).

Chronic ETS exposure increases levels of peribronchial cells
expressing TGF-�1 in chronic OVA-challenged mice

Exposure of mice to chronic ETS alone did not induce an increase
in the number of peribronchial TGF-�1-positive cells (Fig. 6) com-
pared with non-ETS-exposed mice (ETS plus no OVA vs no ETS
plus no OVA; p � NS). In contrast, exposure of mice to chronic
OVA challenge alone induced a significant increase in the number
of peribronchial TGF-�1-positive cells compared with non-OVA-
challenged mice (12.1 � 2.0 vs 0.3 � 0.02 TGF-�1-positive cells/
bronchus; OVA plus no ETS vs no OVA plus no ETS; p � 0.01)
(Fig. 6). The combination of chronic ETS and chronic OVA al-
lergen exposure induced a significant increase in the number of
peribronchial TGF-�1-positive cells compared with chronic ETS
alone (ETS plus OVA vs ETS plus no OVA; p � 0.001) (Fig. 6),
or compared with chronic OVA allergen alone (ETS plus OVA vs
no ETS plus OVA; p � 0.005) (Fig. 6).

Chronic ETS exposure increases levels of peribronchial cells
expressing CTGF in chronic OVA-challenged mice

Exposure of mice to chronic ETS alone did not induce an increase
in the number of peribronchial CTGF-positive cells (Fig. 7) com-
pared with non-ETS-exposed mice (ETS plus no OVA vs no ETS
plus no OVA; p � NS). In contrast, exposure of mice to chronic

FIGURE 4. Mouse lungs were stained with trichrome and the area of
peribronchial trichrome staining was quantitated in micrometers squared-
per-micrometer length of bronchus by image analysis. Mice chronically
challenged with OVA alone had an increase in levels of peribronchial
trichrome staining compared with control non-OVA-challenged mice
(OVA plus no ETS vs no OVA plus no ETS; p � 0.01). The combination
of chronic ETS and chronic OVA challenge increased the levels of the
peribronchial trichrome staining to a greater degree than either chronic
OVA alone (OVA plus ETS vs OVA plus no ETS; p � 0.001), or chronic
ETS alone (OVA plus ETS vs no OVA plus ETS; p � 0.001).

FIGURE 5. The number of eosinophils in BAL fluid was quantitated by
Wright-Giemsa staining (A), and the number of peribronchial eosinophils
by immunostaining lung sections with an anti-MBP Ab (B). Mice chron-
ically challenged with OVA alone had a significant increase in levels of
BAL eosinophils (p � 0.01) and peribronchial eosinophils (p � 0.005)
compared with control non-OVA-challenged mice (OVA plus no ETS vs
no OVA plus no ETS). The combination of chronic ETS and chronic OVA
challenge increased the levels of BAL eosinophils (p � 0.001, vs ETS; p �
0.05, vs OVA) (A) and peribronchial eosinophils (p � 0.001, vs ETS; p �
0.005, vs OVA) (B) to a greater degree than either stimulus alone.
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OVA challenge alone induced a significant increase in the number
of peribronchial CTGF-positive cells compared with non-OVA-
challenged mice (4.9 � 0.4 vs 0.6 � 0.1 CTGF-positive cells/
bronchus; OVA plus no ETS vs no OVA plus no ETS; p � 0.001)
(Fig. 7). The combination of chronic ETS and chronic OVA al-
lergen exposure induced a significant increase in the number of
peribronchial CTGF-positive cells compared with chronic ETS
alone (ETS plus OVA vs ETS plus no OVA; p � 0.001) (Fig. 7),
or compared with chronic OVA allergen alone (ETS plus OVA vs
no ETS plus OVA; p � 0.01) (Fig. 7).

Effect of chronic ETS on chronic OVA-induced BAL IL-5 and
eotaxin-1 levels

As coexposure of mice to chronic OVA and chronic ETS induced
an increase in the number of peribronchial eosinophils, we evalu-

ated whether cytokines which induce eosinophil proliferation or
migration into tissues were modulated by coexposure of mice to
chronic OVA and chronic ETS. Chronic ETS exposure alone did
not induce either IL-5 or eotaxin-1, whereas chronic OVA chal-
lenge alone induced significantly increased levels of both BAL
IL-5 (74.4 � 8.8 vs 15.3 � 12.2 pg/ml IL-5; OVA plus no ETS vs
no OVA plus no ETS; p � 0.05), and BAL eotaxin-1 (68.5 � 15.2
vs 6.0 � 2.5 pg/ml eotaxin-1; OVA plus no ETS vs no OVA plus
no ETS; p � 0.05). The combination of chronic OVA and chronic
ETS coexposure induced significantly higher levels of BAL IL-5
(113.6 � 23.5 vs 2.2 � 2.2 pg/ml IL-5; p � 0.001, vs ETS) and
BAL eotaxin-1 (122.6 � 44.4 vs 9.3 � 2.0 pg/ml eotaxin-1; p �
0.001, vs ETS) compared with levels noted following chronic ETS
challenge alone. Although mice exposed to the combination of
chronic OVA and chronic ETS had higher levels of BAL IL-5
(113.6 � 23.5 vs 74.4 � 8.8 pg/ml IL-5)and BAL eotaxin-1
(122.6 � 44.4 vs 68.5 � 15.2 pg/ml eotaxin-1) compared with
levels noted following chronic OVA challenge alone, this did not
reach statistical significance.

Effect of chronic ETS exposure and chronic OVA coexposure on
airway epithelial eotaxin-1 immunostaining

Mouse lungs were immunostained with an anti-eotaxin-1 Ab (Fig.
8, A–D) and the area of airway epithelial eotaxin-1 immunostaining

FIGURE 6. Mouse lungs were immunostained with an anti-TGF-�1 Ab
and the number of peribronchial cells immunostaining positive for TGF-�1
quantitated by image analysis. Mice chronically challenged with OVA
alone had a significant increase in the numbers of peribronchial TGF-�1-
positive cells compared with control non-OVA-challenged mice (OVA
plus no ETS vs no OVA plus no ETS; p � 0.01). The combination of
chronic ETS and chronic OVA challenge increased the numbers of peri-
bronchial TGF-�1-positive cells to a greater degree than either chronic
OVA alone (OVA plus ETS vs OVA plus no ETS; p � 0.005), or chronic
ETS alone (OVA plus ETS vs no OVA plus ETS; p � 0.001).

FIGURE 7. Mouse lungs were immunostained with an anti-CTGF Ab
and the number of peribronchial cells immunostaining positive for CTGF
quantitated by image analysis. Mice chronically challenged with OVA
alone had a significant increase in the numbers of peribronchial CTGF-
positive cells compared with control non-OVA-challenged mice (OVA
plus no ETS vs no OVA plus no ETS; p � 0.001). The combination of
chronic ETS and chronic OVA challenge increased the numbers of peri-
bronchial TGF-�1-positive cells to a greater degree than either chronic
OVA alone (OVA plus ETS vs OVA plus no ETS; p � 0.01) or chronic
ETS alone (OVA plus ETS vs no OVA plus ETS; p � 0.001).

FIGURE 8. Mouse lungs were immunostained with an anti-eotaxin-1
Ab (A, no ETS plus no OVA; B, no ETS plus OVA; C, ETS plus no OVA;
D, ETS plus OVA) and the area of epithelial eotaxin-1 immunostaining
was quantitated by image analysis (E). Mice chronically exposed to OVA
alone had a significant increase in the area of epithelial eotaxin-1 immu-
nostaining compared with control non-OVA-exposed mice (OVA plus no
ETS vs no OVA plus no ETS; p � 0.001). The combination of chronic ETS
and chronic OVA coexposure increased the area of epithelial eotaxin-1
immunostaining to a greater degree than either chronic OVA alone (OVA
plus ETS vs OVA plus no ETS; p � 0.01), or chronic ETS alone (OVA
plus ETS vs no OVA plus ETS; p � 0.0001).
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quantitated by image analysis (Fig. 8E). Mice chronically chal-
lenged with OVA alone had a significant increase in the area of
airway epithelial eotaxin-1 immunostaining compared with control
non-OVA-challenged mice (1.82 � 0.21 vs 0.01 � 0.01 �m2/�m
circumference of bronchiole; OVA plus no ETS vs no OVA plus
no ETS; p � 0.001) (Fig. 8, A, B, and E). The combination of
chronic ETS and chronic OVA challenge increased the area of
epithelial eotaxin-1 immunostaining to a greater degree than either
chronic OVA alone (OVA plus ETS vs OVA plus no ETS; p �
0.01), or chronic ETS alone (OVA plus ETS vs no OVA plus ETS;
p � 0.001) (Fig. 8).

Effect of chronic ETS on chronic OVA-induced airway mucus
expression

Exposure of mice to chronic ETS alone did not induce a change in
the percentage of airway epithelium which stained positive with
PAS compared with non-ETS-exposed mice (ETS plus no OVA vs
no ETS plus no OVA; p � NS) (Fig. 9A). In contrast, exposure of
mice to chronic OVA challenge alone induced a significant in-
crease in the percentage of airway epithelium which stained pos-
itive with PAS compared with non-OVA-challenged mice (56.1 �
1.7 vs 0.6 � 0.6% PAS-positive cells/bronchus; OVA plus no ETS

vs no-OVA plus no ETS; p � 0.0005) (Fig. 9A). The combination
of chronic ETS and chronic OVA allergen exposure induced a
significant increase in the in the percentage of airway epithelium
which stained positive with PAS compared with chronic ETS
alone (ETS plus OVA vs ETS plus no OVA; p � 0.001) (Fig. 9A).
Although the combination of chronic ETS and chronic OVA in-
duced a statistically significant increase in the percentage of air-
way epithelium which stained positive with PAS compared with
chronic OVA allergen alone, the absolute level of increased PAS-
positive cells/bronchus was relatively small compared with
chronic OVA alone (63.2 � 2.0% vs 56.1 � 1.7% PAS-positive
cells/bronchus; ETS plus OVA vs no ETS plus OVA; p � 0.05)
(Fig. 9A).

Alcian blue staining was also used to detect acidic mucosub-
stances in airway epithelial cells. Results of Alcian blue staining
(Fig. 9B) demonstrated that OVA challenge induced a significant
increase in the percentage of airway epithelial cells which were
Alcian blue positive ( p � 0.001; OVA vs no OVA), and this
increase in the percentage of airway epithelial cells which were
Alcian blue positive was further increased by the combined expo-
sure of mice to OVA and ETS ( p � 0.01; OVA plus ETS
vs OVA).

Discussion
In this study, we have used a mouse model of allergen-induced
airway remodeling to demonstrate that chronic coexposure of mice
to the combination of ETS and allergen induces significantly in-
creased levels of airway remodeling compared with levels of air-
way remodeling noted in mice from chronic exposure to either
stimulus alone. In particular, the combination of chronic ETS and
chronic allergen coexposure significantly increased the thickness
of the peribronchial smooth muscle layer and this was associated
with a significant increase in AHR to Mch. As studies in mice
deficient in eosinophils have demonstrated that airway eosinophils
are important to the development of AHR (16), and also contribute
to the thickening of the peribronchial smooth muscle layer (12)
and airway remodeling (12), we determined whether mice exposed
to the combination of chronic ETS and chronic allergen had en-
hanced airway eosinophilic inflammation. Mice exposed to the
combination of chronic ETS and chronic OVA had significantly
increased numbers of BAL and peribronchial eosinophils com-
pared with mice exposed to chronic OVA alone. The increased
numbers of peribronchial eosinophils in mice exposed to chronic
ETS and chronic OVA was associated with a trend to increased
levels of eosinophil active cytokines and chemokines such as IL-5
and eotaxin-1. Increased expression of Th2 cytokines such as IL-5
have previously been noted in studies of mice exposed to ETS and
acute OVA allergen (17, 18). Increased expression of eotaxin-1 in
mice coexposed to ETS and OVA has not been previously re-
ported. Our immunostaining of lung sections demonstrated that
airway epithelial cells are the predominate source of eotaxin-1 in
mice exposed to chronic ETS and chronic OVA allergen.
Eotaxin-1 is a NF-�B-regulated chemokine (19) that can be stim-
ulated to be expressed from airway epithelial cells by stimuli in-
cluding cytokines and oxidant stress (20). The gas phase of ETS
contains free radicals such as superoxide radicals, hydroxyl radi-
cals, and H2O2 (21) that are known to activate redox-sensitive
transcription factors, such as NF-�B (22), a regulator of eotaxin-1
expression. Interestingly, mice exposed to chronic ETS alone ex-
press minimal eotaxin-1, suggesting that chronic ETS exposure
alone does not activate NF-�B sufficiently in airway epithelial cells
to detect measurable changes in eotaxin-1 in BAL fluid. The im-
portance of NF-�B-regulated genes in airway epithelial cells to

FIGURE 9. Mouse lungs were stained with either PAS (A) or Alcian
blue (B) and the percentage of bronchial epithelial cells staining positive
for either PAS or Alcian blue was quantitated by light microscopy. Mice
chronically challenged with OVA alone had a significant increase in levels
of bronchial epithelial staining with either PAS (p � 0.0005) (A) or Alcian
blue (p � 0.0001) (B) compared with control non-OVA-challenged mice
(OVA plus no ETS vs no OVA plus no ETS). The combination of chronic
ETS and chronic OVA coexposure increased the levels of the bronchial
epithelial PAS staining to a greater degree than either chronic OVA alone
(OVA plus ETS vs OVA plus no ETS; p � 0.05), or chronic ETS alone
(OVA plus ETS vs no OVA plus ETS; p � 0.0005) (A). Alcian blue
staining demonstrated that the combination of chronic ETS and chronic
OVA coexposure increased the levels of the bronchial epithelial Alcian
blue staining to a greater degree than either chronic OVA alone (p � 0.01)
or chronic ETS alone (p � 0.001) (B).
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airway remodeling is suggested from studies in which cre-lox mo-
lecular techniques have been used to selectively inactivate NF-�B
in airway epithelium (23). Mutant mice unable to activate NF-�B
in airway epithelial cells have reduced levels of expression of
eotaxin-1, reduced peribronchial expression of TGF-�1� eosino-
phils, and reduced levels of airway remodeling following chronic
OVA challenge (23).

Previous studies of allergen-induced airway remodeling in mice
(12) and in humans with asthma and airway remodeling (24) have
also demonstrated the importance of eosinophil expression of
TGF-�1 in mediating airway remodeling. Interestingly, in this
study, the combination of chronic ETS and chronic allergen coex-
posure induced an influx into the airway of eosinophils and TGF-
�1� cells that was significantly greater than that noted with expo-
sure to chronic allergen alone. In contrast, chronic ETS exposure
alone did not induce the recruitment of eosinophils or TGF-�1� cells
into the airway, or induce airway remodeling or increased AHR.
The degree to which either stimulus (ETS and/or OVA), alone or
combined, increased levels of peribronchial eosinophilic inflam-
mation and the number of peribronchial TGF-�1� cells correlated
well with levels of airway remodeling. For example, mice exposed
to chronic ETS alone had low levels of peribronchial eosinophils,
few TGF-�1� cells, and low levels of airway remodeling, whereas
mice exposed to chronic OVA alone had intermediate levels of
peribronchial eosinophils, numbers of TGF-�1� cells, and levels
of airway remodeling. The combination of chronic ETS and
chronic OVA coexposure induced the highest levels of peribron-
chial eosinophils, TGF-�1� cells, and airway remodeling. Prior
studies in murine models of allergen-induced airway remodeling
have demonstrated that either depletion of eosinophils (12), or neu-
tralization of TGF-� (25), significantly inhibits airway remodeling
underscoring the importance of eosinophils and TGF-� to airway
remodeling in this mouse model of exposure to chronic ETS and
chronic allergen. In addition to the increased levels of expression
of TGF-� in the remodeled airway, we also noted increased levels
of expression of CTGF in the remodeled airway. Although eosin-
ophils were a significant source of TGF-�, CTGF was not local-
ized to eosinophils and appeared to be localized to fibroblasts, a
known source of CTGF (26). As CTGF has been linked to fibrotic
disorders due to its ability to induce fibroblast proliferation as well
as induce expression of fibronectin, and collagen I (26), CTGF
may be an additional cytokine mediating the profibrotic effects
noted in mice exposed to ETS and OVA. In contrast to several
studies demonstrating expression of TGF-� in the remodeled air-
way in human asthma (24, 27), at present there is limited infor-
mation regarding the role of CTGF in airway remodeling in human
asthma. Thus, further studies are needed to determine the signifi-
cance to asthma of detection of CTGF in the remodeled airway
in mice.

Although several prior studies examining ETS exposure in com-
bination with allergen exposure in mice have demonstrated en-
hanced Th2 responses (17, 18, 28–30), other studies have demon-
strated that the combination of ETS exposure and OVA allergen
can inhibit Th2 responses and AHR (31–33). The differences in the
results in these studies may be due to differences in ETS and OVA
exposure protocols, differences in exposure to mainstream smoke
vs ETS, as well as differences in timing of ETS exposure during
the sensitization compared with the allergen challenge period. This
study differs from previous studies by examining the effect of co-
exposure to ETS and allergen on the development of airway re-
modeling end points which have not been previously studied.
Thus, the novel findings in this study include the demonstration
that chronic exposure to the combination of ETS and allergen in-
duces increased expression of eotaxin-1 by airway epithelial cells,

recruitment of TGF-�1� cells and eosinophils into the airway, and
that this is associated with increased airway remodeling, in par-
ticular, increased smooth muscle layer thickness and increased
AHR, as well as increased subepithelial fibrosis and mucus.

Although no chronic ETS challenge studies have been reported
in humans with asthma, acute ETS challenge studies in humans
have demonstrated that a significant percentage of smoke-sensitive
asthmatics who were challenged on one occasion with ETS for 4 h
developed increased AHR to Mch (10). Acute ETS exposure in-
creased AHR in 32% of smoke-sensitive asthmatics at 6 h, 29% at
24 h, and the increased AHR was sustained in up to 13% of asth-
matics to day 14 after ETS challenge (10). Our study in mice
suggests that more chronic exposure to ETS in combination with
chronic allergen exposure may increase levels of AHR further than
that induced by either stimulus alone. This may be particularly
relevant to the development of AHR in either allergic children or
adults exposed chronically indoors to both allergens and ETS.

Passive smoke consists of a complex mixture of �4000 different
chemicals (34) and thus the specific chemical ingredient(s) in ETS
responsible for interacting with allergen to induce increased air-
way remodeling are currently unknown. Interestingly, recent stud-
ies suggest that specific genes may exist that increase the suscep-
tibility to develop asthma in the presence of exposure to tobacco
smoke (35, 36). Linkage studies, which have stratified asthmatics
based on ETS exposure, have demonstrated that certain chromo-
somal regions which show strong linkage with asthma and airway
hyperresponsiveness (e.g., 1p, 3p, 5q, 9q) may harbor genes that
exert their effects mainly in combination with ETS exposure (35,
36). Thus, a gene environment interaction between passive smok-
ing and a genetic susceptibility may be causally involved in the
development of asthma in some, but not all, children with asthma.
Whether similar gene environment interactions between passive
smoking and a genetic susceptibility contribute to airway remod-
eling in a subset of asthmatics is at present unknown.

In summary, in this study, we have demonstrated that chronic
exposure to the combination of ETS and allergen induces greater
levels of airway remodeling than that noted with either stimulus
alone. If exposure to ETS and allergen in humans with asthma also
induced increased thickness of the smooth muscle layer and in-
creased AHR as noted in this study in a mouse model, this could
provide one potential explanation for the increased frequency of
asthma exacerbations (1–8), and emergency room visits (1, 3, 5) in
asthmatic children whose parents smoke. Our study also suggests
a potential mechanism by which mice chronically exposed to the
combination of ETS and allergen develop increased levels of air-
way remodeling and AHR. Constituents of ETS in combination
with allergen stimulate airway remodeling by inducing increased
expression of eosinophil chemoattractants such as eotaxin-1 by
airway epithelial cells, and increased Th2 cytokines (17, 18),
which recruit larger numbers of TGF-�1� eosinophils to the air-
way than that induced by allergen alone. The increased levels of
peribronchial eosinophils and cells expressing TGF-�1 are likely
to contribute to airway remodeling (12, 24, 25). Thus, reduced
exposure to ETS in allergic individuals with asthma may contrib-
ute to reductions in levels of airway remodeling and airway re-
sponsiveness in such subjects.
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