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Generally, exposure to LPS in human airways occurs in the form
of aerosols and causes an acute inflammatory response or exacer-
bates existing chronic inflammatory conditions by enhancing
airway remodeling and associated pathologies. The present study
evaluated which inflammatory mediators may be responsible
for the expression of Bcl-2 and mucus cell metaplasia when mice
are exposed to aerosolized LPS. At 3 days after exposure, aerosol-
ized LPS (for 20-40 min) with the estimated lung deposited dosage
of 0, 0.02, 0.2, 1.4, and 20.2 ng showed a characteristic dose-
dependentincrease in polymorphonuclear neutrophils. Significant
increases of proinflammatory mediators, including IL-1$, TNF-c,
IL-6, growth-related oncogene or keratinocyte-derived cytokine,
IFN-y-induced protein-10, monocyte chemotactic protein-1, and
macrophage inflammatory protein-1a, were detected at the highest
doses. In addition to increased numbers of airway epithelial cells,
mucus cell numbers and mucus production were increased in a dose-
dependent manner. Hyperplastic epithelial cells expressed insulin-like
growth factor (IGF)-1 and, similar to previous studies, increased ex-
pression of the prosurvival protein Bcl-2 and induced expression of
Muc5ac. Suppression of IGF-1 expression using retroviral shRNA
blocked Bcl-2 expression in human and murine airway epithelial cells
and Muc5ac in primary murine airway epithelial cells. These findings
show that acute inflammation induces IGF-1 to mediate Bcl-2 and
Muc5ac expression in airway epithelial cells.
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Acute lung inflammation can alter the pulmonary function of
susceptible individuals and exacerbate the pathogenesis of chronic
inflammatory lung diseases, including chronic obstructive pul-
monary disease (COPD), cystic fibrosis (CF), and asthma (1).
Exposure to LPS or endotoxin, a constituent of outer cell mem-
brane of gram-negative bacteria, induces airway inflammation,
which is primarily characterized by increased polymorphonu-
clear neutrophils (PMNs) at early time points (2, 3). Because
LPS is present in a variety of occupational and home environ-
ments (4) and is an active constituent of cigarette smoke (5), it
is a risk factor for increasing the prevalence and severity of
nonoccupational COPD (6), adult-onset of asthma (7, 8), and
wheezing in children (9).
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CLINICAL RELEVANCE

The present study evaluated the inflammatory mediator
responsible for mucus cell metaplasia and the expression of
Bcl-2, a prosurvival protein that sustains hyperplastic mucus
cells. A mouse model of LPS aerosol exposure was used to
mimic human exposures. LPS-induced hyperplastic epithelial
cells showed coinduction of insulin-like growth factor (IGF)-
1, Bcl-2, and Muc5ac, the primary mucin component. More
importantly, suppression of IGF-1 expression blocked Bcl-2
and MUCSAC. Thus, targeting IGF-1 could provide a ra-
tional basis for alternative intervention strategies to reduce
aberrant mucus production and airway inflammation.

Exposure to LPS results in increased expression of several
proinflammatory mediators, such as IL-13 and TNF-a, through
activation of the NF-kB pathway (10, 11). In airway epithelial
cells, LPS stimulation increases mucin gene expression and mu-
cus production (12, 13). Hypersecretion of mucus overwhelms
the ciliary clearance and obstructs airways, causing morbidity
and mortality in chronic inflammatory respiratory lung diseases
(14). In addition, acute bacterial infection contributes to the
exacerbation of chronic airway diseases, specifically in patients
with advanced COPD and CF, leading to increased healthcare
burden and higher mortality (15).

Although 21 MUC genes have been identified (14, 16), the
airway epithelial cells predominantly express the major gel-
forming mucins, MUC5AC and MUC5B genes. In mice, Muc5ac
is highly inducible (17), and Muc5b is primarily expressed con-
stitutively (18). Specifically, overexpression of MUCSAC is as-
sociated with mucus cell metaplasia (MCM) and is expressed by
mucus-secreting or surface epithelial goblet cells (19-22). LPS-
induced Muc5ac expression involves several pathways, including
the epithelial growth factor receptor (EGFR), mitogen-activated
protein kinases, cyclic-AMP response element binding protein,
and NF-«kB pathways (21). The interplay of these pathways also
regulates pathogenesis of airway remodeling by modulating pro-
liferation and cell survival of airway epithelial cells. Bcl-2, a pro-
survival protein that inhibits cell death, plays a key role in normal
cellular homeostasis and regulates the integrity of the mitochon-
drial and endoplasmic reticulum membranes (23). Bcl-2, by inter-
acting with sarcoendoplasmic reticulum calcium ATPase, alters
apoptosis and calcium signaling in airway epithelial cells (24).
Gain- and loss-of-function studies showed that Bcl-2 expression
sustains hyperplastic epithelial cells, and Bcl-2 expression is ele-
vated in airway epithelial cells of subjects with cystic fibrosis (25)
and asthma (26).

Airway remodeling associated with airway inflammation is
mediated at least in part by growth factors such as insulin-like
growth factor (IGF)-I. IGF-1 levels are significantly elevated
in endobronchial biopsies from individuals with asthma and
are correlated with collagen thickening and an increased number
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Figure 1. Inflammatory cell numbers recovered by bronchoalveolar lavage (BAL) are increased in mice exposed to aerosolized LPS. Mice were
exposed to increasing doses of aerosolized LPS or filtered air, BAL was recovered at 72 hours after exposure using 1 ml saline (0.5 ml twice), and
cytospins prepared were analyzed after Wright-Giemsa staining. (A-D) Quantitative analyses of the number of total BAL cells (A), polymorphonu-
clear neutrophils (PMNs) (B), macrophages (C), and lymphocytes (D) in the lavage. (E) Changes in the percentages of PMNs, macrophages, and
lymphocytes over the range of LPS doses are shown. Data are shown as mean * SEM (n = 6 per group). *P < 0.05; **P < 0.01; ***P < 0.001.

of fibroblasts, suggesting that IGF-1 is one of the critical growth
factors in the pathogenesis of airway inflammation and remod-
eling (27, 28). This growth factor is produced by several cell
types in the lung, including bronchial epithelial cells, alveolar
macrophages, and fibroblasts (29, 30). IGF-1 predominantly sig-
nals through IGF-1 receptor (IGF-1R), but signaling through
transactivation of other receptor tyrosine kinases, such as
EGFR and insulin receptor (IR), has also been reported (31,
32). However, little is known about the role of epithelium-
derived IGF-1 in airway inflammation. IGF-1 and other inflam-
matory mediators regulate Bcl-2 expression in various types of
cells (33, 34). The present study investigated whether LPS-
induced MCM and Bcl-2 expression is mediated by IGF-1. In
addition, because human lungs are exposed to LPS in the form
of an aerosol, we examined the role of IGF-1 after exposure of
mice to aerosolized LPS by inhalation.

MATERIALS AND METHODS

Animals

Male pathogen-free C57BL/6 mice (Charles River Laboratories,
Wilmington, MA) aged 8 to 10 weeks were used in this study. Mice

were housed in groups under specific pathogen—free conditions and pro-
vided food and water ad libitum. Mice were exposed to a 12:12 hour light:
dark cycle and housed at 22.2°C with 30 to 40% humidity. Each mouse
was individually weighed and randomly assigned to an experimental
group. All experiments were approved by the Lovelace Respiratory Re-
search Institute Institutional Animal Care and Use Committee. Experi-
ments were performed at the Institute in facilities approved by the
Association for Assessment and Accreditation of Laboratory Animal
Care International.

Exposure to Aerosolized LPS

Mice were acclimated to the nose-only exposure tubes for 2 days before
LPS exposure. On the day of exposure, mice were transferred to the
nose-only exposure unit by placing them individually in exposure tubes.
Mice were exposed to filtered air or to LPS (Pseudomonas aeruginosa
serotype 10, 900,000 EU/mg; Sigma, St. Louis, MO) that was diluted
with deionized water at different doses by modifying the length of
exposure from 20 to 40 minutes. The exposures yielded a target dose
of 0.1, 0.01, 0.001, or 0.0001 mg of LPS by controlling exposure concen-
tration and exposure duration for each treatment group based on an
assumed deposition fraction that was dependent on the median particle
size of 0.1 pm. Atmospheric oxygen content, temperature, and relative
humidity were measured continuously to ensure that the environmental
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Figure 2. Inflammatory factors are increased in the BAL supernatant of mice exposed to aerosolized LPS. Levels of IL-18 (A), IL-6 (B), TNF-a (C), IL-12 (D),
growth-related oncogene or keratinocyte-derived cytokine (E), IFN-y-induced protein (IP)-10 (F), monocyte chemotactic protein-1 (MCP-1) (G), and
macrophage inflammatory protein-1a (MIP-1a) (H) in the BAL supernatant were analyzed by Luminex-based ELISA assay. Data are shown as mean = SEM
(n = 6 per group). *P < 0.05; ***P < 0.001.
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conditions were within acceptable limits. After exposure, animals were
returned to shoe-box type cages for 3 days.

Cell Culture and Treatments

AALEB cells, a cell line derived from human airway epithelial cells by
SV40 and hTERT transformation and immortalization as described pre-
viously (35), were maintained in submerged liquid culture using bron-
chial epithelial growth medium (Lonza, Walkersville, MD). Primary

CA). Grouped results were analyzed using two-way ANOVA. When
significant main effects were detected (P < 0.05), Fisher’s least signif-
icant difference test was used to determine differences between treat-
ment groups.

Additional methods describing generation of LPS aerosols, particle
size determination, bronchoalveolar lavage collection and cell counts,
histochemical staining and analysis, luminex analysis, Muc5ac ELISA,
immunofluorescent staining and image analysis, quantitative RT-PCR, and
Western blot analysis are available in the online supplement.

murine embryonic fibroblasts (MEFs) and mouse airway epithelial cells
(MAECGs) were harvested from 12-day-old embryos or from 8- to 14-
week-old mice, respectively, according to standard procedures and
were maintained in liquid culture as described (36, 37). The cells were
treated with human or murine recombinant IL-1B for 24 hours before
harvesting or fixing for further analysis.

RESULTS

Inflammatory Response in the Bronchoalveolar
Lavage Fluid

Mice were exposed to aerosolized LPS over a period of 20 to 40
minutes with the estimated lung-deposited dose of 0, 0.02, 0.2, 1.4,
and 20.2 g per mouse. At 3 days after exposure, the total num-
ber of inflammatory cells that was recovered in the bronchoal-
veolar lavage (BAL) fluid increased in a dose-dependent manner
(Figure 1A), reaching 19-fold higher compared with air-exposed
control mice at the highest dose. Cell differential analysis showed
that most of the BAL cells after LPS administration were neutro-
phils (Figure 1B). Alveolar macrophage numbers were increased
at 0.2 and 1.4 pg LPS dose but not at the highest dose tested
(Figure 1C). Similar to PMNSs, the number of lymphocytes also
showed a dose-dependent increase (Figure 1D). Analysis of the

IGF-1 Gene Silencing

Cells were transduced with retroviral expression vectors for IGF-1
shRNA or control shRNA (Origene Technologies, Inc., Rockville,
MD) as per the manufacturer’s instructions. After infection, cells were
treated with recombinant IL-1B, and 48 hours later cells were har-
vested or fixed for further analysis.

Statistical Analysis

Grouped results were expressed as means = SEM. Data were analyzed
using GraphPad Prism Software (GraphPad Software, Inc., San Diego,
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Figure 3. Aerosolized LPS induces mucos cell metaplasia. Paraffin-embedded lung sections (5 pwm) were stained with Alcian Blue (AB) and counter-
stained with hematoxylin and eosin (H&E), and the epithelial and mucus cells were quantified over the length of basal lamina (BL). (A) Represen-
tative photomicrographs of AB/H&E-stained axial airway epithelia from mice exposed to 0, 0.2, and 20.2 g of aerosolized LPS (scale bar, 10 uM).
(B) Number of airway epithelial cells per mm BL. (C) Number of mucus cells per mm BL over a range of LPS doses. (D) Muc5ac mRNA levels in lung
tissues of mice exposed to LPS as analyzed by qRT-PCR and the fold-change (279“T) calculated after normalizing to the respective CDKN1B levels.
(E) Relative quantitation of the BAL Muc5ac protein levels as analyzed by ELISA. The data are shown as fold-change over control mice (0 pg of LPS).
Data are shown as mean * SEM (n = 6 per group). *P < 0.05; **P < 0.01; ***P < 0.001. (F) Fluorescent immunostaining analysis for Muc5ac
expression in airway tissues from mice exposed to 0, 0.2, and 20.2 ng of aerosolized LPS. Representative micrographs show a dose-dependent
increase in the number of Muc5ac-immunopositive cells (red) in mice treated with 0.2 (middle panel) and 20.2 g (right panel) compared with 0 pg
(left panel) LPS. 4’,6-Diamidino-2-phenylindole was used as nuclear counter stain and is shown in blue (scale bar, 50 pM).
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total composition of BAL cells by calculating percentage of each
BAL cell type showed a dose-dependent increase and decrease in
neutrophils and macrophages, respectively (Figure 1E).

Luminex analysis of BAL supernatant showed a dose-
dependent increase in proinflammatory cytokines and chemo-
kines, including IL-1B, IL-6, TNF-a, growth-related oncogene or
keratinocyte-derived cytokine (GRO/KC), IFN-y—induced protein-
10, monocyte chemotactic protein-1, and macrophage inflamma-
tory protein-la (Figure 2), especially at 1.4 and 20.2 wg LPS doses.
A significant increase in the levels of a Tyl cytokine, IL-12, was
observed in BAL samples of mice exposed to 1.4 and 20.2 wg LPS
(Figure 2D). The levels of IFN-y and IL-9 were below detection
limits in all of the BAL samples tested (data not shown).

Airway Epithelial Cell Hyperplasia and Mucus
Cell Metaplasia

The lung sections were analyzed for changes in airway epithe-
lium as described previously (38) by analyzing the axial airway
epithelial cell and MC numbers in LPS-exposed mice (Figure
3A). Particularly, in mice exposed to 20.2 pg LPS, epithelial
cells were visibly taller than in control mice, with an average
height of 14 and 7 uM, respectively. The number of epithelial
cells of basal lamina (BL) increased with LPS dose from 119 = 3
to 142 = 2 cells per mm BL in mice exposed to 0 or 20.2 pg LPS,
respectively (Figure 3B). The number of MCs, as assessed by
Alcian blue staining, showed a trend toward increase even at
0.02 wg LPS but significantly increased by approximately 8-fold
at the highest dose (Figure 3C).

We next determined the expression levels of Muc5ac, the ma-
jor mucin component secreted by airway epithelial cells (22, 39).
Muc5ac mRNA levels increased by 2- to 3-fold in LPS-challenged
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mice compared with control mice (Figure 3D). However, Muc5b
mRNA levels were not significantly changed (see Figure E1 in the
online supplement).

Muc5ac protein levels in the BAL samples increased in
a dose-dependent manner with a 2-fold increase in mice exposed
to 20.2 wg LPS compared with control mice (Figure 3E). Immu-
nofluorescent staining showed that Muc5ac apoprotein expres-
sion was confined to airway epithelium (Figure 3F), and Muc5ac
positivity of airway epithelial cells was significantly increased
with LPS exposure.

Bcl-2 Expression in Airway Epithelial Cells

Exposure to LPS aerosols increased Bcl-2 mRNA (Figure 4A)
but not Bcl-X; mRNA levels in lung tissues (Figure 4B). Bcl-2
protein levels were increased in airway epithelial cells as assessed
by immunofluorescence staining (Figure 4C). Furthermore, coim-
munostaining with Muc5ac- and Bcl-2-specific antibodies showed
coexpression of Muc5ac apoprotein and Bcl-2 in airway epithe-
lium of mice exposed to 20.2 pg LPS (Figure 4D). High-
resolution images (Figure 4E) and capturing z-stack images
of 42-pM lung sections with 14 optical slices of 0.3 uM each
(Figure E1) in combination with the 3-D volume rendering view
(Figure E2) showed that all Muc5ac-positive cells are Bcl-2 pos-
itive, whereas some Bcl-2—positive cells are negative for Muc5ac.

IGF-1 Expression in Airway Epithelial Cells

Among the growth factors, IGF-1 has been shown to modulate
Bcl-2 expression (33, 34), and we have also observed an increase
in IGF-1 levels in rats after LPS challenge (unpublished obser-
vation). Therefore, we investigated the levels of IGF-1 in mice
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Figure 4. Aerosolized LPS increases expression of Bcl-2 mRNA and protein in airway epithelial cells. Bcl-2 (A) and Bcl-X, (B) mRNA levels in the lung
tissues of mice exposed to LPS as analyzed by quantitative RT-PCR. Data are shown as mean = SEM (n = 6 per group). *P < 0.05; **P < 0.01. (C)
Representative micrographs of lungs from mice exposed to 0.2 (middle panel) and 20.2 g (right panel) compared with 0 g (left panel) LPS showing
airway epithelial cells that are Bcl-2 immunopositive (green). 4’,6-Diamidino-2-phenylindole (DAPI) was used as nuclear counter stain and is shown
in blue (scale bar, 10 uM). (D) A representative photomicrograph of a lung section from mice exposed to 20.2 ng of aerosolized LPS showing Bcl-2
and Muc5ac coexpression in airway epithelial cells (scale bar, 50 wM). (E) High-magnification images of Bcl-2— and Muc5ac-immunostained lung
sections from mice exposed to 20.2 pg aerosolized LPS. The panels show DAPI-stained nuclei (blue), Muc5ac-positive (red), and Bcl-2—positive
(green) cells. The composite image shows colocalization of Muc5ac and Bcl-2 (yellow) (scale bar, 5 pM).
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exposed to aerosolized LPS. The IGF-1 mRNA levels were
increased 2-fold by LPS exposure compared with control mice
(Figure 5A). In the lung, IGF-1 is primarily produced by alve-
olar macrophages, fibroblasts, and bronchial epithelial cells (29,
30). Immunofluorescence staining showed that IGF-1 is primar-
ily expressed in the airway epithelial cells in lungs exposed
to LPS (Figure 5B). Similar to previous reports, we observed
IGF-1 expression in alveolar macrophages and fibroblasts, but
these findings were not analyzed in this study. In addition, coim-
munostaining analysis revealed that all of the IGF-1-positive
cells were Bcl-2 positive (Figure SC;Figures E3 and E4), sug-
gesting that IGF-1 plays a role in inducing Bcl-2 expression in
airway epithelial cells.

Suppression of IGF-1 Expression Blocks Bcl-2
and Muc5ac Expression

To understand the role of IGF-1, we investigated Bcl-2 and
MucSac expression by blocking IGF-1 expression using the
shRNA approach. We have investigated the effect of several
cytokines and observed that IL-1P is one of the cytokines that
consistently induced Bcl-2 and MUCSAC levels. In addition,
the role of IL-1B in inducing MUCS5AC has been reported pre-
viously (40, 41). Therefore, IL-1B was used to assess the effect
of blocking IGF-1 on Bcl-2 and Muc5ac expression. Compared
with cells transduced with control shRNA (shCTRL cells),
AALEB cells expressing shRNA-targeting IGF-1 (shIGF-1 cells)
suppressed IL-13—-mediated IGF-1 expression by 10-fold (Figure
6A). Also, the IL-1B-induced Bcl-2 levels were significantly
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reduced by shIGF-1- compared with shCTRL-infected cells
(Figure 6B).

MEFs are easier to culture and transduce with retroviral prep-
arations than MAECs; therefore, we first used MEFs to investi-
gate the effect of shIGF-1 transductions on IGF-1 suppression
and Bcl-2 levels. Similar to AALEBs, IL-1pB-induced IGF-1
levels were significantly reduced in MEFs by retroviral ex-
pression of shIGF-1 but not by shCTRL constructs after treat-
ment with IL-1B for 24 hours (Figure 6C). Bcl-2 mRNA levels
were also significantly suppressed in shIGF-1- compared with
shCTRL-infected MEFs (Figure 6D). Quantitative analysis of
MAECs immunostained for Bcl-2 and Muc5ac showed a 10- and
6-fold decrease in Bcl-2 and Muc5ac positivity, respectively, in
shIGF-1 compared with shCTRL-infected cells 24 hours after
IL-1B treatment (Figures 6E-6G).

DISCUSSION

The present study demonstrates that, in response to LPS-induced
acute inflammation, airway epithelial cells express IGF-1, which
mediates the induction of Bcl-2 and Muc5ac expression. IGF-1
expression was required for the Bcl-2 and Muc5ac expression in
airway epithelial cells because suppression of IGF-1 expression
reduced the IL-1B-induced Bcl-2 and Muc5ac expression. The
association between LPS-induced injury and IGF-1 has been
demonstrated in brain, liver, and cardiomyocytes (42-44),
whereas IGF-1 and IGF-1 binding proteins, especially IGF-1
binding protein 3, modulate fibrotic lung diseases and allergic
airway remodeling (30, 45). The present study demonstrates
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Figure 5. Expression of intracellular IGF-1 is increased in airway epithelial cells by exposure to aerosolized LPS. (A) IGF-1 mRNA levels in the lung
tissues of mice exposed to LPS as analyzed by quantitative RT-PCR. Data are shown as mean * SEM (n = 6 per group). *P < 0.05. (B) The IGF-1
expression in airway epithelial cells was analyzed by fluorescent immunostaining. Representative micrographs showing increased numbers of IGF-1-
immunopositive cells (red) in mice exposed to 0.2 (middle panel) and 20.2 g (right panel) compared with 0 pg (left panel) LPS. (C) Representative
high-magnification images of Bcl-2— and IGF-1-immunostained lung sections from mice exposed to 20.2 g aerosolized LPS. The panels show DAPI-
stained nuclei (blue), IGF-1-positive (red), and Bcl-2—positive (green) cells. The composite image shows colocalization of IGF-1 and Bcl-2 (yellow)

(scale bar, 5 pM).
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Figure 6. Suppression of IGF-1 expression reduces Bcl-2 and Muc5ac levels. (A) Suppression of IGF-1 using shIGF-1 in AALEB cells, a human airway
epithelial cell. A representative photomicrograph showing AALEB cells expressing shControl (shCTRL) or shIGF-1 after treatment with IL-18 (20 ng/
ml) for 24 hours. DAPI (blue) was used as a nuclear counterstain (scale bar, 10 pM). Quantitative analysis of IGF-1-positive cells in shIGF-1- and
shCTRL-transfected AALEB cells after 24 hours of IL-18 treatment. (B) Western blot analysis showing reduced Bcl-2 protein levels in AALEB cells
infected with retroviral vector expressing shIGF-1 compared with shCTRL after 24 hours of IL-1B treatment. Expression of B-actin was used as
loading control. (C) IGF-1 mRNA levels in mouse embryonic fibroblasts (MEFs) transfected with shCTRL and shIGF-1 as analyzed by quantitative RT-
PCR after 24 hours IL-1B treatment. (D) Bcl-2 mRNA levels in shCTRL- and shIGF-1-transfected MEFs 24 hours after IL-1B treatment. (E) Suppression
of IGF-1 using shIGF-1 in mouse airway epithelial cells (MAECs). A representative photomicrographs showing coinduction of Bcl-2 (green) and
Muc5ac (red) in MAECs 24 hours after IL-18 (20 ng/ml) treatment in MAECs infected with retroviruses expressing shCTRL-1 (left panel) or shIGF-1
(right panel). DAPI (blue) was used as nuclear counterstain (scale bar, 10 wM). (F) Quantitative analysis of Bcl-2—positive cells in shIGF-1-and shCTRL-
transfected cells 24 hours after IL-13 treatment. (G) Quantitative analysis of Muc5ac-positive cells in shIGF-1- and shCTRL-expressing cells 24 hours
after IL-1B treatment. Data are shown as mean = SEM (n = 5 with > 300 cells counted per treatment). *P < 0.05 and ***P < 0.001 compared with

IL-1B-treated shCTRL group. *P < 0.001 compared with untreated shCTRL group.

that IGF-1 is one of the main inducers of Muc5ac expression
by involving Bcl-2 expression.

Exposure of mice to aerosolized LPS that mimics the clini-
cally relevant route of human exposure causes an evenly distrib-
uted inflammation throughout the lung. Similar to what was
previously observed in rats, even low levels of deposited LPS,
when delivered as an aerosol, induced robust inflammation that
results in much higher numbers of PMNSs in the lavage fluid than
when LPS is administered by intranasal or intratracheal instilla-
tion (46, 47). These findings suggest that equal distribution of LPS
throughout the lung may cause more epithelial cells to secrete
neutrophil chemoattractants, which results in greater inflamma-
tion. This hypothesis is supported by the increased levels of sev-
eral inflammatory mediators detected as late as 72 hours after
LPS challenge. In addition, the number of recruited inflammatory
cells was still elevated at this time point, as shown by the number
of PMNs, macrophages, and lymphocytes in the BAL.

As expected from previous studies (3, 46, 48), the response to
aerosolized LPS challenge was primarily neutrophilic, although
at intermediate doses increased numbers of alveolar macro-
phages were also observed, suggesting a recruitment and/or dif-
ferentiation of monocytes. With increasing LPS doses, the
number of BAL neutrophils increased dramatically, whereas
the number of macrophages decreased. Approximately equal
numbers of PMNs and macrophages were present in the lungs
at the LPS-deposited dose of 0.02 to 0.2 pg. These findings are
consistent with previous observations from rats instilled with
varying doses of LPS (38).

Among the inflammatory mediators, we detected elevated
levels of cytokines and chemokines, which are implicated in
PMN recruitment and activation, including IL-1B3, TNF-a,

IL-6, GRO/KC, IP-10, monocyte chemotactic protein-1, and
MIP-1a in mice receiving 1.4 and 20.2 pg of LPS. The levels
of IL-12 were also elevated, indicating the activation of a Ty1-
type response, which results in the induction of IFN-y levels (49).
Although IFN-y was not detected in the BAL fluid, the IFN-
vy-induced chemokine IP-10 was significantly elevated by LPS
exposure. The lack of detection for IFN-y could stem from the
point when BAL was harvested or could be due to IFN-y remain-
ing in the lung tissue rather than being secreted into the pulmo-
nary airspaces that were sampled by the lavage.

At the lowest LPS dose (0.02 p.g), only the numbers of PMNs
and Bcl-2 mRNA were significantly modified. Because mRNA
for this study was isolated from the whole lung, it is possible that
this change reflects expression in cell types other than airway
epithelial cells. However, significant changes were observed in
airways, including the number of total epithelial cells and MCs
only at doses greater than 0.2 pg LPS. Along with these changes,
secreted mucus in the BAL fluid was significantly increased at the
0.2 g dose and was further increased with higher LPS doses.

To study the relationship of IGF-1 and expression of Muc5ac
and Bcl-2, we analyzed the airway epithelial cell responses in
mice exposed to the highest LPS dose. We observed that all
IGF-1-positive cells were Bcl-2 positive. The nature of epithe-
lial cells that are Bcl-2 and IGF-1 positive but Muc5ac negative
is unknown. We speculate that these cells may be in the process
of differentiating into MCs and have not expressed a sufficient
amount of Muc5ac to be detected but may present as MCs at
later time points. It is also possible that these cells are ciliated
epithelial cells that respond to LPS-induced inflammation by
inducing IGF-1 and Bcl-2 expression. Additional immunostain-
ing experiments using specific antibodies targeting cilia and
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Clara cells will address this question. Although Bcl-2 is a known
cytosolic or organelle-membrane-associated protein, IGF-1 is
a secretory protein. Whether this intracellularly induced IGF-
1 is an apoprotein or is sequestered by IGF-binding proteins
remains to be investigated. Nonetheless, the present data sug-
gest that IGF-1 and Bcl-2 are regulated by a common pathway,
with IGF-1 acting upstream of Bcl-2 because suppression of
IGF-1 down-regulated Bcl-2 expression. In contrast to IGF-1
and Bcl-2, costaining for Bcl-2 and Muc5ac showed that not
all Bcl-2—positive cells were Muc5ac positive. The presence of
Bcl-2—positive and MucSac-negative cells may suggest that Bcl-
2 is expressed earlier than Muc5ac or that Bcl-2 has a role in
sustaining nonmucus cells. Our previous studies showed that
Bcl-2 sustains metaplastic MCs (25) and that Bcl-2 was likely
not involved in the cell cycle of airway epithelial cells because
50% of the Bcl-2—positive MCs were BrdU negative and there-
fore derived from nonproliferating, preexisting cells (50). The
present findings suggest that Muc5ac and Bcl-2 expression are
regulated by a common pathway because suppression of IGF-1
expression equally blocked their induction. Possibly, one of the
redundant pathways could be mediated by EGFR because
Muc5Sac and Bcl-2 expression are modulated by EGFR-signaling
pathways (12, 19, 40). In addition, EGFR pathways are predomi-
nantly involved in proinflammatory responses, leading to epithelial
cell hyperplasia and MCM (41-43).

In conclusion, induced IGF-1 expression was required for the
Bcl-2 and Muc5ac expression; suppression of IGF-1 expression
reduced the inflammation associated increase in Bcl-2 and
Muc5Sac expression. Our findings may have relevance to patients
with cystic fibrosis who develop excessive inflammation, Bcl-2
expression (25), and MCM due to bacterial infections (51). Thus,
targeting IGF-1 expression in airway epithelial cells may provide
a useful alternative for developing novel intervention strategies
to reduce aberrant epithelial cell hyperplasia, mucus production,
and overall airway inflammation.

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