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Abstract
Cigarette smoking is the primary cause of the irreversible lung disease emphysema. Historically,
inflammatory cells such as macrophages and neutrophils have been studied for their role in
emphysema pathology. However, recent studies indicate that the lung epithelium is an active
participant in emphysema pathogenesis and plays a critical role in the lung’s response to cigarette
smoke. Tobacco smoke increases protease production and alters cytokine expression in isolated
epithelial cells, suggesting that these cells respond potently even in the absence of a complete
inflammatory program. Tobacco smoke also acts as an immunosuppressant, reducing the defense
function of airway epithelial cells and enhancing colonization of the lower airways. Thus, the
paradigm that emphysema is strictly an inflammatory-cell based disease is shifting to consider the
involvement of resident epithelial cells. Here we review the role of epithelial cells in lung
development and emphysema. To better understand tobacco-epithelial interactions we performed
microarray analyses of RNA from human airway epithelial cells exposed to smoke extract for 24
hours. These studies identified differential regulation of 425 genes involved in diverse biological
processes, such as apoptosis, immune function, cell cycle, signal transduction, proliferation, and
antioxidants. Some of these genes, including VEGF, glutathione peroxidase, IL-13 receptor, and
cytochrome P450, have been previously reported to be altered in the lungs of smokers. Others, such
as pirin, cathepsin L, STAT1, and BMP2, are shown here for the first time to have a potential role
in smoke-associated injury. These data broaden our understanding of the importance of epithelial
cells in lung health and cigarette smoke-induced emphysema.
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DISTINCT LINEAGES OF LUNG EPITHELIAL CELLS
Large air-breathing mammals must efficiently extract oxygen from the environment to provide
fuel for metabolic needs. This physiologic requirement is met through the development of
highly branched respiratory units which comprise the large alveolar surface area in the lungs
essential for gas exchange (70m2 in adult humans). The distinct functions of the upper and
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lower airways and alveoli include gas exchange and mucus production, while prohibiting entry
of water, small particulates, and microbes. As a result, the epithelium of the lung consists of
cells of a variety of lineages, organized by location along the pulmonary tree, allowing each
cell to be influenced by the level of oxygenation, inflammatory cell milieu, and proximity to
the vasculature. The uppermost portion of the respiratory tree consists of the larynx, trachea,
and upper airways; the former is lined with squamous epithelium and the latter is lined with
ciliated columnar and mucus-secreting epithelial cells [1] Goblet cells are located on the surface
epithelium of upper and lower airways, and produce mucus to coat the airways and trap
particulates to be cleared [2]. The more distal airways are lined with non-ciliated Clara cells,
which secrete mature surfactant proteins A, B, D, and several detoxifying enzymes. Several
reports have shown that Clara cells can be induced to generate ciliated cells, implicating this
cell type, as has been shown for basal cells in large airways [3], as airway “stem cells” [4,5].
Moving further down the lung, the alveoli are covered by types 1 and 2 epithelial cells [1]. The
flat type I epithelial cells cover 95% of the peripheral lung surface. This cell type resides in
close proximity to capillary beds and thus is the site of gas exchange. Importantly, expansion
of the lung epithelium during alveolar branching occurs concurrently with the development of
the pulmonary vasculature (during the late embryonic and postnatal stage in rodents and
humans). Type II epithelial cells (type II pneumocytes) are precursors of type I epithelial cells.
These cells secrete components of surfactant proteins and regulate lung fluid balance. In
addition, type II cells play important repair and anti-inflammatory roles by phagocytosing
apoptotic neighbor cells [6,7].

The epithelial cell types of the lung are varied and numerous. Together they provide structural
integrity, are a physical barrier against environmental insults, allow gas exchange, enhance ion
and fluid transport, secrete growth factors, chemoattractants, antimicrobials, and express
adhesion receptors, oxidant species, and lipid mediators for neighboring cell communication
and matrix attachment [1,8,9]. Interruption of the creation of the specialized epithelial cell
types negatively impacts on lung morphogenesis. For example, infant rhesus monkeys exposed
to allergen or ozone demonstrate impaired formation of the tracheal epithelium and basement
membrane [10]. Similarly, genetically modified mouse models reveal key roles for growth
factors, transcription factors, and morphogenic molecules in determining the branching pattern
and cellular composition of the lung [1,11,12]. Of particular interest is the importance of early
lung patterning to the proper function of the adult lung. During fetal lung branching, signaling
between epithelial and mesenchymal cells stimulate epithelial cell proliferation and
differentiation, and creation of an epithelial-mesenchyme trophic unit is reported to drive
aberrant repair of epithelial injury and the subsequent mesenchymal response [1,13]. These
interactions may play a role in the pathology of chronic obstructive pulmonary disease (COPD).
For instance, damaged epithelial cells secrete repair molecules, including growth factors such
as EGF, PDGF, endothelin, FGF2, TGF-β, and cytokines such as TGF-α which stimulate lung
myofibroblasts under the epithelial layer in the lamina reticularis to migrate, proliferate,
differentiate, and alter matrix production, particularly fibronectin and collagens type I and III
[9].

CIGARETTE SMOKING AND THE OXIDANT BURDEN ON LUNG EPITHELIUM
Cigarette smoking is the most common cause of preventable death in the U.S. [14], and even
occasional tobacco use and sidestream smoke exposure impact negatively on health [15–18].
Further, tobacco smoke exposes the immune system to numerous primary and secondary insults
[19], and causes significant financial, societal, and public health losses as a result of
hospitalization, premature death, and reduced work productivity [20]. A leading disorder
caused by smoking is COPD [21]. COPD, which includes emphysema and chronic bronchitis,
is a major contributor to morbidity and mortality in all countries, and is the fourth largest cause
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of death in the United States [21,22]. As rates of cigarette smoking increase in world
populations, morbidity and mortality rates for COPD will also increase [23].

The airway epithelium is exposed to high levels of environmental oxidants. In addition, the
airway epithelial cell must quench endogenous intracellular oxidants produced through normal
mitochondrial electron transport and oxidants produced by inflammatory cells. As
approximately 10 reactive oxygen species are present in each puff of a cigarette [19,24,25],
the oxidant burden on the airways and lung tissue of a chronic smoker is significant (Fig. 1).
Epithelial cell injury and oxidative stress may influence disease risk. For instance, smoke-
derived oxidants can inhibit α1-antitrypsin (α1-AT) [26–28], and chronic cigarette smoke
exposure induces formation of DNA adducts in lung tissue of rats [29]. We hypothesized that
exposure of cultured human small airway epithelial cells (SAECs) to cigarette smoke extract
(CSE) would induce genes relevant to smoking-associated lung disease, particularly
emphysema. Here, using Affymetrix Hu95Av2 microarrays we examined expression of over
12,000 genes in SAECs after 24 hours of exposure to 5% CSE, prepared as previously reported
[30]. Significant alterations in expression (t-test p < 0.05) were detected for over 400 genes,
listed according to Gene Ontology (GO) Biological Process/Molecular Function (Table 1).
These analyses suggest that CSE exposure increases expression of 210 genes and decreases
expression of 215 genes in these cells.

i. Production of Mucus by Lung Epithelial Cells
Epithelial goblet cells are more numerous in lung tissue from COPD patients compared to
normal subsets [8], and airway goblet cells become hyerplastic following cigarette smoke
exposure [31,32]. Metaplasia of goblet cells and smooth muscle cell hypertrophy are thought
to result from the increased inflammatory cell numbers in the lung tissue following smoke
exposure. One often overlooked feature of inflammation is the central role of resident epithelial
cells in recruiting circulating neutrophils and macrophages into the tissue. The mechanism in
part involves cytokine production, since epithelial cells produce various cytokines which are
chemoattractant for neutrophils.

The enhanced goblet cell population stimulates mucin gene synthesis and hypersecretion,
resulting in thickened mucus [2,33]. In fact, cigarette smoke alone induces MUC5A expression
[34]. The result of this series of events impairs mucociliary function and increases susceptibility
to viral and bacterial infection.

The molecular mechanisms for increased mucin expression have been examined. Elevations
in EGF receptor (EGFR) signaling are detected in the lungs of chronic smokers [35]. EGFR is
a transmembrane receptor tyrosine kinase activated by extracellular binding of ligands such as
EGF and TNF-α [36]. It is unclear whether cigarette smoke enhances ligand-receptor binding
per se, or whether smoke itself directly modifies the ligand outside the cell. However, increased
levels of downstream targets of EGFR signaling are found in the lungs of smokers, and in the
lungs of patients with emphysema [30,35]. Our laboratory demonstrated elevated
phosphorylation of one EGFR downstream effector, ERK1/2 MAP kinase, in the lung tissue
of emphysema patients [30]. Cigarette smoke activates airway epithelial MUC5AC gene
transcription, via an EGFR kinase dependent pathway, and TNF-α has also been shown to
induce mucin gene expression [37]. In COPD and asthma, excess mucin production contributes
to airway obstruction and infection. Other important contributors to airway mucin regulation
are TGF-β2 [38], VEGF [39], IL-16 and IL-17 (through ERK) [40], and IL-13. IL-13 and
VEGF have been studied extensively, and are produced by epithelial cells in response to
inflammatory stimuli, but their induction by smoke in lung epithelial cells is less clear. Our
microarray data suggest that 5% CSE induces both VEGF (Table 2) and interleukin-13 receptor
(Table 3) in SAECs. Directed transgenic overexpression of VEGF in the lung induces an
asthma-like phenotype, with mucus metaplasia through IL-13–dependent and IL-13–
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independent mechanisms [39]. However, depending on the system and concentrations, IL-13
has been shown to stimulate [41,42] or abrogate [43] mucin expression, often by a MAPK
dependent pathway [42]. Many studies have examined the role of IL-13 in the asthmatic airway
and will not be reviewed here.

ii. Vitamins, Antioxidants and Epithelial Lining Fluid
A key protective measure against oxidant injury is the expression of antioxidant and
detoxification genes. The bronchial epithelial cells and epithelial lining fluid provide a first
line of defense during tobacco smoke exposure. One important contribution is the rich network
of antioxidants that these cells produce, including superoxide dismutase (SOD), catalase,
glutathione peroxidase, thioredoxin, and glutaredoxin [44]. Specific markers of oxidant-
induced cell damage, such as DNA modification, lipid peroxidation and adduct accumulation
have been demonstrated in lungs of patients with COPD [45,46]. In fact, several studies suggest
that antioxidants may have a positive impact on lung function [47–49].

The antioxidant vitamins A, C, E, and selenium protect cells from the burden of free radicals.
There are numerous studies on the effects of vitamin A on the lung. These reports likely arose
as a result of an understanding of the importance of vitamin A on developing lung epithelium
[50], and of the demonstration that vitamin A deficiency causes emphysema in rats [51,52].
The vitamin A metabolite, all trans retinoic acid (atRA), was found by several investigators
to restore alveolar tissue destroyed by elastase instillation in rats [52,53] and in dexamethasone-
treated mice [52]. Other groups, however, reported that atRA could not restore alveolar damage
in elastase-treated or TNF-alpha transgenic mouse models [54]. Importantly, a three month
trial of atRA in human COPD patients demonstrated no reversal of emphysema [55]. Large
scale human studies such as the Beta-Carotene and Retinol Efficacy Trial (CARET) [56] and
the Alpha-Tocopherol, Beta-Carotene (ATBC) Lung Cancer Prevention Study [57], have
brought to light the potential effects of retinoids on lung cell proliferation and tumorigenesis
[58]. The evidence supports a procarcinogenic biological activity of these micronutrients. An
ATBC follow-up study found that 5–8 years of supplementation with either alpha-tocopherol
(vitamin E) or beta carotene did not prevent cough, phlegm, or dyspnea in male smokers
[59]. However, one follow-up study to the CARET trial reported that an increase in serum beta-
carotene levels was associated with lung function protection in a cohort of 816 heavy smokers
exposed to asbestos [60].

Vitamin C (ascorbic acid) is required in the diet of humans and guinea pigs, and is essential
for the synthesis of collagen [61,62], the major structural matrix protein of the lung. Vitamin
C is able to prevent oxidation of lung lipids induced by cigarette smoke [61]. Although serum
levels of vitamin C are lower in patients with stable and exacerbations of COPD [63], few
studies have examined the role of vitamin C in emphysema. The Dutch MORGEN study found
a positive association between high dietary intakes of either beta carotene or vitamin C with
FEV1 and FVC [49]. Vitamin C intake was inversely correlated with cough in this study [49].
Vitamin E is a potent antioxidant shown to prevent DNA damage induced in human umbilical
vein endothelial cells following cigarette smoke exposure [64], and can prevent the oxidation
of lipids in the lung following smoke exposure [61]. However, studies have demonstrated that
although vitamin E plasma levels are low in patients with COPD, dietary supplementation has
no effect on lung function [65]. The MORGEN study reported that high vitamin E intakes were
positively associated with cough, with no effect on lung function [49]. Vitamin E also failed
to reduce the cytotoxicity of alveolar macrophages from smokers [66]. Studies on vitamin
antioxidants must be pursued with caution, as these micronutrients can produce secondary
radicals and additional injury when interacting with tissue oxidants [67,68]. Importantly,
although epidemiologic studies report positive associations between lung function with serum
antioxidant levels and intakes of antioxidant-containing fruits and vegetables [69], studies
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using individual supplements have not consistently demonstrated significant lung function
improvements. The greatest benefit from antioxidants may best be obtained from a nutrient-
rich, balanced diet and not from individual vitamin supplements [70,71], since fruits and
vegetables provide a variety of antioxidant polyphenols, flavenoids, catechins, and other
micronutrients. Nonetheless, airway epithelial cells and the epithelial lining fluid are essential
for airway antioxidant production and transport.

Cellular antioxidants include not only the vitamins, but also thiols and enzymes such as
dismutase, glutathione, glutathione peroxidase, and catalase [72]. Increased levels of
manganese SOD are detected in the bronchial epithelium of smokers with COPD [73], but not
in healthy smokers [74], suggesting that the lung’s defense against cigarette smoke-derived
oxidants may influence the COPD development. Animal models provide direct evidence for
antioxidants’ role in COPD. Recently, it was shown in mice that genetic ablation of the oxidant
responsive transcription factor Nuclear factor, erythroid-derived 2, like 2 (Nrf2) leads to
enhanced inflammation, lung cell apoptosis, and development of smoke-induced emphysema
[75]. The mechanism for emphysema susceptibility, as suggested by the authors, is that loss
of Nrf2 transcriptional action leads to failure to induce expression of cytoprotective,
antioxidant genes [75]. Further evidence for the protective role of antioxidants in emphysema
susceptibility is suggested by differences in antioxidant gene expression between airway
epithelial brushings from smokers and nonsmokers [74]. This study showed that many critical
antioxidants, including SOD, were not induced in healthy smokers. Although it is remains
unclear how expression differences ultimately affect disease susceptibility, failure to induce
expression of these enzymes may be a potential marker of disease risk. Our laboratory recently
determined that overexpression of EC-SOD prevents smoke-induced inflammation and
emphysema in mice [76], suggesting that there is a role for antioxidants in the early
pathogenesis of inflammation and tissue destruction of emphysema.

In addition, the cytochrome P450 family genes CYP1A1 and CYP1B1 were all suggested to
be increased by CSE (Table 4). Cytochrome P450 genes have been shown to be induced by
cigarette smoke [77]. One epidemiologic study suggested that a genetic deletion polymorphism
of CYP2A6, the main gene responsible for nicotine metabolism, may influence nicotine
dependence, smoking habit, and emphysema development [78]. A role for glutathione in
epithelial cytoprotection is shown in Clara cells, which develop resistance to injury from
naphthalene, a component in cigarette smoke, through continued glutathione production [79].
In correlation with these data, our microarray analyses suggest increased expression of
glutathione S transferase (p= 0.039) and glutathione peroxidase (p = 0.013) in SAECs. The
microarray data also suggest that CSE induces a different xenobiotic enzyme, epoxide
hydrolase 1 (Table 4), which hydrolyzes anti-inflammatory epoxyeicosatrienoic acids [80].
We further found potentially reduced expression of nicotinamide nucleotide transhydrogenase
(Table 5), which has been shown using C. elegans mutants to be involved in defense against
mitochondrial oxidant stress [81].

Glutathione is part of an enzymatic metabolic pathway that protects cellular proteins and DNA
from oxidation caused by cigarette smoking. Glutathione levels in epithelial lining fluid are
typically higher than levels in plasma [44]. Our array suggests that smoke extract increased
airway epithelial cell expression of glutathione peroxidases-2 and −4 (Table 4). Several earlier
studies have measured antioxidant expression or activity in lung tissue from COPD patients,
and have compared how airway epithelial cells from never-smokers, normal smokers, and
patients with COPD respond to oxidant stress [74,82–84]. Our microarray data suggest that
expression of SAEC genes involved in electron transport (Table 5) and DNA repair (Table 6)
is changed by CSE exposure.
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Cigarette smoke has been shown to induce senescence of cultured A549 cells, a rapidly growing
type II epithelial cell isolated from lung adenocarcinoma [85]. Treating these cells with
antioxidants, such as catalase, ascorbic acid, or N-acetylcysteine (a cellular antioxidant that is
a glutathione precursor) has distinct effects on the senescence associated with smoke exposure.
Catalase has little effect on the induction of the senescence-associated marker β-galactosidase
by smoke exposure, while reductions are observed in the presence of either ascorbic acid or
N-acetylcysteine [85]. The specificity of the response to antioxidants in these studies hints that
the particular antioxidant expressed by epithelial cells may be critical in modulating pulmonary
damage resulting from smoke and oxidant exposure. Additionally, it suggests that interactions
among individual antioxidants are critical: an isolated increase in one antioxidant may actually
augment oxidative injury if there is not an increase in downstream antioxidants/enzymes to
detoxify reactive intermediates.

iii. Apoptosis and Epithelial Cells of the Lung
During lung development populations of epithelial and mesenchymal cells participate in
reciprocal interactions that result in the formation of functioning respiratory units. The
mesenchymal tissue is required for proper lung branching morphogenesis, as it has been shown
that isolated lung epithelium fails to branch when cultured in the absence of mesenchyme
[86]. As the early lung grows the ratio of epithelial to mesenchymal cells increases due to loss
of mesenchymal cells through apoptosis [87]. Although apoptosis is generally difficult to detect
because of efficient clearance mechanisms, mesenchymal cell loss is observed in early lung
development, including embryonic, pseudo-glandular, and canalicular stages [88]. After this
period of development, apoptosis of both mesenchymal and epithelial cell types occurs [89–
92].

Apoptosis occurs throughout normal organ development and branching morphogenesis, and
is an important component of controlling inflammation, but it is uncommon in healthy adult
lung [88,90]. However, several studies demonstrate ongoing apoptosis in human COPD and
emphysema [93–97], and in animal models of airspace enlargement (emphysema) [98,99].
While animal studies have detected emphysema- or smoke-associated apoptosis in the range
of 1% to 16%, data from human lung tissue appears to be much lower [93,97]. Segura-Valdez
et al. demonstrated apoptosis of alveolar epithelial, endothelial and inflammatory cells in
human COPD lungs [93]. Yokohori found increased apoptosis of alveolar epithelial cells in
COPD lung compared to normal lung tissue [96]. Our laboratory reported an inverse correlation
between pulmonary cell apoptosis in human COPD and lung tissue surface area [97]. The
SAEC microarray data propose that changes in expression of several key apoptosis-related
genes may occur during CSE exposure (Table 7). The mechanisms are not known, but work
in mice and humans suggest that various factors, such as circulating TNF-α [98], placental
growth factor [100], and loss of vascular endothelial growth factor (VEGF) signaling [99,
101] may each be involved [102]. Importantly, the microarray data suggest that SAEC VEGFb
expression is increased by CSE exposure at 24 hours (Table 2). Increased VEGFb expression
so soon following smoke exposure suggests that VEGF ligand induction may be a protective
response.

Direct induction of lung cell apoptosis using intratracheal instillation of active caspase-3 led
to rapid onset of airspace enlargement in mice [103]. Although apoptosis is increased in the
lung in COPD, there is evidence that proliferation is also enhanced [96,97], perhaps in an
attempt to replace cells that have been lost. Depending on the cell type involved, the result of
even modest cell loss can be significant, and may contribute to reduced surfactant production,
loss of surface area for gas exchange, tissue necrosis, vascular effects and inflammation
[102,103]. Cigarette smoke has been shown to increase lung epithelial cell proliferation in
vivo [104,105] and to induce apoptosis in a variety of lung cell types in vitro, including

Mercer et al. Page 6

Curr Respir Med Rev. Author manuscript; available in PMC 2009 August 5.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



macrophages [106], fibroblasts (reduced proliferation) [107], and neutrophils. In vitro cigarette
smoke exposure leads to loss of glutathione and subsequent apoptosis of fibroblasts [24]. In
addition, apoptosis of cultured bronchial cells is influenced by cell adhesion [108], and not all
epithelial cells demonstrate the same apoptotic response to smoke. For example, although
normal human bronchial epithelial cells (NHBEs) can undergo significant (20%) apoptosis
upon smoke exposure, A549 adenocarcinoma cells are resistant to apoptosis after a CSE
exposure time of 30 minutes [109]. Others have found that very high levels of CSE do lead to
20% apoptosis of A549 cells [110]. We found that exposure to 24–48 hours of CSE had little
effect on total numbers of A549 and SAEC in culture (Fig. 2).

In vivo data suggest that cigarette smoke induces lung cell apoptosis in mice [32,75,111], but
strain differences have a potent influence on the extent of cell loss and resulting emphysema
pathology [32,75,104,111–113]. A net increase in apoptotic cell counts in emphysema has been
proposed to result in part from insufficient phagocytosis, which can contribute to local
inflammation. Lavage macrophages from COPD patients demonstrate a reduced capacity to
phagocytose apoptotic epithelial cells [114]. Oxidants may be indirectly involved, as
macrophages exposed to matrix proteins that have been modified by smoke extract demonstrate
impaired phagocytosis of apoptotic neutrophils [115]. Cultured human SAECs can specifically
phagocytose apoptotic eosinophils in vitro using an integrin-dependent mechanism [116].
Further, epithelial cells produce anti-bacterial compounds which help to reduce inflammation,
and are capable of selective phagocytosis, as demonstrated by phagocytosis of apoptotic
eosinophils but not neutrophils [117]. In vivo evidence for the importance of phagocytosis of
apoptotic cells in the lung has been demonstrated using mice with genetic ablation of the
phosphatidylserine receptor (PSR) [118]. This cell surface receptor recognizes exposed
phosphatidylserine residues on the plasma membrane of apoptotic cells, leading to engagement
of the dying cell and phagocyte, and removal of the apoptotic cell remnant. These PSR knockout
mice have severe lung defects and die at birth due to cyanotic respiratory failure. Levels of
surfactant are normal. There is currently no evidence for altered PSR expression or function
in COPD.

iv. Signal Transduction Pathways and Transcription Factors Activated by Tobacco Smoke
Cigarette smoke impairs epithelial and fibroblast repair processes [107,119], and alters the
phosphorylation state and expression of various signal transduction mediators. Our laboratory
previously demonstrated rapid and lasting cigarette smoke-induced phosphorylation of
ERK-1/2 MAP kinase in cultured SAECs, with no detectable activation of p38 or JNK kinases
[30]. The microarray data here suggest increased expression of STAT1 (Table 8), a molecule
recently shown to be activated by carbon monoxide, a component of tobacco smoke [120].
STAT1 is involved in diverse signaling pathways and changes in its expression could have
broader cellular effects, including IFNγ -mediated growth arrest. Similar smoke-induced
changes in other transcriptional regulators are reported not only in cultured cells, but also in
lung tissue of human subjects and animal models. We detected elevated pulmonary ERK-1/2
phosphorylation in mice smoke-exposed and in airway and alveolar epithelial cells of patients
with COPD, compared to non-emphysematous controls [30]. In vitro studies of A549 cells and
in vivo studies with rats demonstrate tobacco smoke induction of c-Fos, MEK1, and ERK2
MAP kinase [109,121]. In contrast, there appears to be no effect of cigarette smoke treatment
on oxidant-sensitive NFκB signaling in A549 cells [122], although activation does occur in
NHBE cells [109], revealing the importance of cell type and treatment conditions such as
duration of smoke exposure and extract concentration when interpreting in vitro studies. These
changes in the phosphorylation state of signal transduction molecules can activate pro-
proliferative or proinflammatory transcription factors such as c-fos and c-myc, AP-1, and Elk-1
[123], which translocate to the nucleus and enhance gene expression. Targets include several
genes involved in emphysema pathogenesis, such as MMP1, MMP9, and MUC5. Interestingly,
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our microarray data suggest that smoke increases histone deacetylase-3 (HDAC3), an enzyme
involved in chromatin remodeling and, typically, silencing of gene expression (Table 7).
Previous in vitro studies with A549 cells have demonstrated a CSE-mediated decrease in
HDAC activity after CSE treatment, contributing to unwinding of nuclear chromatin and
enhanced gene expression [122].

v. Growth Factors and Inflammation Production by Lung Epithelial Cells
Many researchers prepare their own primary cell cultures from airway explants of guinea pigs,
rats, or humans who have undergone lobectomy or pneumonectomy [124,125]. These in
vitro studies provide valuable information with regard to the response of epithelial cells to
cigarette smoke apart from the complex inflammatory milieu of the lung, under controlled
treatment conditions. Even in culture isolated epithelial cells produce inflammatory and
remodeling molecules, including IL-1 [125], IL-6, IL-8 [126], GM-CSF [126], as well as IL-1
β, RANTES, MIP1-α [127], MCP-1 [127], and TNF-α [128]. Importantly, following cigarette
smoke exposure NHBE cells can rapidly increase expression of IL-1β, RANTES, IL-6, IL-8,
and GM-CSF [109].

The ability of epithelial cells to recruit neutrophils (by secretion of the aforementioned
cytokines) has significance to COPD pathology, as neutrophil numbers correlate with airflow
limitation [129]. Lung epithelial cells express a variety of cytokines, and can be stimulated to
increase cytokine production [83,127,129]. HBE cells from COPD patients have lower levels
of basal and smoke-inducible IL-8 and TNF-α than normal smokers [130]. However, the
response to TNF-a was the opposite, with HBEs from COPD patients exhibiting higher levels
of IL-8 [130]. These data suggest that bronchial epithelial cells from individuals with COPD
are altered in their ability to be activated and recruit neutrophils. These changes impair
epithelial adhesion and permit neutrophils to transit into the airway lumen [131]. The epithelial
cell also produces anti-inflammatory cytokines such as IL-11 [132,133]. Our array data suggest
that various several inflammatory molecules may be directly affected by smoke exposure.
These include increased expression of the gene for IL-13 receptor, and decreased expression
of IL-7 receptor and IL-6 genes (Table 3). Together, these data propose a role for the airway
epithelium in lung remodeling, signaling, and repair during smoke exposure.

Various growth factors are critical for lung morphogenesis or epithelial differentiation [1,6,
134]. These include EGF [135] and KGF [136], which promote branching; sonic hedgehog,
FGF1, FGF2, FGF7, FGF9, FGF10, and FGF11, noncanonical Wnt5a [137], epithelial Wnt7b
[138], Wnt-10b, mesenchymal Wnt-2, −2b and −11 [139]; TGFβ (which limits branching)
[136], BMP2 and BMP4, VEGF, PDGF, and IGF. The microarray data suggest that BMP2
expression is increased by smoke extract exposure (Table 9). In addition, several Wnt pathway
genes are potentially affected by smoke extract exposure, including increased expression of
casein kinase 1 (Table 6), amino-terminal enhancer of split (Table 10), and LRP6 (Table 10),
and reduced expression of frizzled receptor homolog 6 (Table 12). The data also suggest a
smoke-induced increase in expression of pirin (Table 10), a recently identified metal-binding
protein believed to be involved in redox reactions. Pirin interacts with nuclear Bcl-3 and
regulates NFκB signaling [140].

Recent research has identified impaired VEGF signaling in emphysema. VEGF levels are lower
in COPD lung tissue than normal lung, and mice who have lost VEGF signaling develop rapid
emphysema-like lesions due to apoptosis of both endothelial and epithelial cells [141]. The
microarray data suggest that VEGFb expression is increased by smoke exposure (Table 2),
which may indicate that VEGF induction is an acute response to smoke injury, for survival of
not only endothelial cells, but also epithelial cells. In fact, type II epithelial cells are a
predominant source of VEGF in the lung, and the epithelial lining fluid levels of VEGF are
higher than levels in plasma [142].
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vi. Proteolytic Enzyme Production by Airway Epithelium
The tissue destruction in emphysema is proposed to result from a net imbalance in the activities
of proteases and their inhibitors. The production of proteolytic enzymes, such as MMPs, by
epithelial cells of the lung parenchyma and airways is normally low. However, exposure to
tobacco smoke increases several proteases implicated in COPD pathogenesis. In addition,
inflammation induces secondary increases in MMPs [143]. Primary type II epithelial cells from
rat lung explants increase production of MMP-2 and MMP-9 after LPS stimulation [144]. We
have shown expression of MMP-1, MMP-2, and MMP-9 in human SAECs, with significant
increases in MMP-1 expression and activity following smoke exposure [30]. MMP-12
expression has recently been detected in human COPD [145,146]. In vitro studies demonstrate
production of MMP-12 by cultured bronchial epithelial cells [147] and its induction following
cigarette smoke exposure [148]. Further, MMP-12 knockout mice are protected from smoke-
induced airspace enlargement [149].

Direct evidence of MMP-1, MMP-2, and MMP-9 production by airway and parenchymal
epithelial cells has been demonstrated in several human COPD studies [93,146,150]. In
addition to cleavage of lung collagen, elastin, and fibronectin matrix proteins, MMPs cleave
cell surface receptors, activate growth factors, chemoattractants molecules, and other MMP
proenzymes [151]. Therefore, the increase in MMP activity can contribute to altered epithelial
repair, reduced adhesion to provisional matrix, and enlarged alveolar airspaces. Although
several MMPs were elevated in the initial microarray analysis, none were significant altered
after the statistical normalization. The arrays did reveal the potential for CSE to induce
expression of cathepsin L (Table 11), a cysteine proteinase with elastolytic activity previously
detected in alveolar macrophages of smokers [152], and in patients with emphysema [153].
We also detected putative changes in expression of less well-studied proteases during SAEC
exposure to CSE (Table 11), including decreased expression of an ubiquitin-specific protease.
The involvement of this particular enzyme in emphysema is not yet known. However, the
creation of databases of relevant smoke-associated and COPD-associated gene expression
changes in lung epithelial cells of smokers, never-smokers, and former smokers [82,83] will
enhance our understanding of the distinct epithelial responses induced by acute and chronic
smoke exposures.

CONCLUSION
Historically, the airway epithelium was considered to be a tight localization of cells whose
main purpose was to act as a physical barrier from inhaled pollutants and microbes. However,
research has confirmed that the epithelial cell is an active participant in the defense of the lung.
The airway epithelium contributes to the integrity of the structure of the lung through
production of inflammatory mediators, mucus, defensins, matrix proteins, lipid molecules,
antioxidants, and cell surface receptors. In particular, the airway epithelial cells have immediate
responses to tobacco smoke. For example, the protective barrier of the epithelium is disrupted
by cigarette smoke exposure, increasing permeability [155]. This type of injury leads to
increased inflammatory cell influx into the epithelial layer of the airway [156].

In summary, the potential of epithelial cells to be damaged by cigarette smoke exposure results
from their repeated exposures to the insult. Once exposed, these varied cells initiate repair
mechanisms to reduce oxidant injury and prevent extensive inflammation [72], [156]. Chronic
exposure to cigarette smoke, however, may overwhelm some of these early defense
mechanisms, and actually enhance injury through activation of signal transduction pathways
and induction of cytokines, growth factors, and chemoattractant molecules [157], [158]. The
previous paradigm of COPD pathology centered on the increased inflammatory cell influx is
evolving to consider the potent role of the epithelial cell. A role for the epithelial cell in alveolar
destruction and airspace enlargement is demonstrated by several reports which show increased
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epithelial expression of MMPs in lung tissue from patients with COPD [93,146,150]. Thus the
epithelial cell should be considered an important mediator of the destructive process. Cells of
the bronchial epithelium can signal to inflammatory cells through expression of cell surface
adhesion molecules, and by production of chemokines that stimulate the adaptive and innate
immune systems. Included in this collection of chemoattractants are MCP-1 and MIP-1α
[127]. Our microarray studies suggest that extensive numbers of SAEC genes are affected by
CSE. These were not specifically discussed due to space limitations, but are listed in various
tables based on their primary function. These genes belong to diverse Gene Ontology (GO)
biological process groups, including cell cycle regulation (Table 9), G protein signaling (Table
12), lipid metabolism (Table 13), ATP binding (Table 14) , GTPase/GTP binding (Table 15),
RNA processing (Table 16) , DNA replication (Table 17), carbohydrate metabolism (Table
18), cell-cell signaling (Table 19), protein modification (Table 20), cell adhesion/motility
(Table 21), and genes with presently unclassified function (Table 22). Together, impaired
oxidant metabolism and cell signaling, accompanied by elevated mucus, cytokine, and protease
production, contribute to cigarette smoke-induced epithelial injury. Evidence for the diverse
functions of airway epithelial cells reveals that these cells are involved in the recruitment of
macrophages and neutrophils, and in the clearance of damage cells and inhaled particulates.
These functions are critical for lung health, and may play a direct role in COPD, where the
epithelial cell itself is affected.

MATERIALS AND METHODS
In Vitro Smoke Exposure Studies

Two independent smoke exposure studies were performed and analyzed in triplicate. Human
SAECs were purchased from Clonetics (Cambrex Bio Sciences, Baltimore, MD) and cultured
according to manufacturer’s instructions. A549 human lung adenocarcinoma cells from
American Type Culture Collection (Manassas, VA) were cultured in DMEM containing 10%
FBS with penicillin and streptomycin. Fresh CSE was prepared as previously reported [30].
The apoptosis inducer staurosporine was from Biomol (Plymouth Meeting, PA) and bacterial
LPS was from Sigma (St. Louis, MO). Human A549 cells were treated for 40 hours and primary
SAECs for 24 hours with CSE at the indicated concentrations. Cells were washed with PBS,
collected by trypsinization, and aliquots were counted in triplicate using a hemocytomer.

RNA Isolation and Microarray Analyses
A separate series of CSE-exposure experiments was performed using SAECs for microarray
studies. Preparation of cRNA for microarray analyses was conducted following the Affymetrix
(Santa Clara, CA) GeneChip expression analysis technical manual. Total RNA from SAECs
was isolated with Trizol (Invitrogen). Five micrograms of total RNA were used to synthesize
first strand cDNA, using a T7-(dT)24 oligonucleotide primer (Genset) and Superscript II
reverse transcriptase (Invitrogen). Second strand cDNA was synthesized using DNA
polymerase I, and the resulting double-stranded cDNA was purified by phenol/chloroform
extraction and ethanol precipitation. The BioArray RNA transcript labeling kit (ENZO, New
York, NY) was used to synthesize biotinylated cRNA using the double-stranded cDNA as a
template, following manufacturer’s instructions. The cRNA was cleaned up with QIAGEN
RNeasy columns, ethanol-precipitated, fragmented, and used for Affymetrix GeneChip
analyses. Each sample was hybridized onto U95Av2 DNA arrays containing probes for
approximately 12,600 human genes, and scanned following the Affymetrix protocol as
described [159].

Statistical Analyses
Probe-level analyses were performed according to the robust multiarray algorithm [16] (Gene-
Traffic; Iobion, La Jolla, CA). Differentially expressed genes were identified using a paired
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T-test within BRB ArrayTools (version 3.01; R. Simon and A. P. Lam, National Cancer
Institute, Bethesda, MD) [17,18]. These criteria identified a final list of 425 genes. Of these,
210 were increased and 215 were decreased by 24-hours exposure to 5% CSE.
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Fig. (1).
Exposure to cigarette smoke induces distinct responses by the varied cells of the airways. The
bronchial airway epithelial cells are the first to encounter toxins and oxidants in smoke, and
influence, through the production of cytokines such as IL-8 and TNF-α, neighboring cells such
as fibroblasts and smooth muscle cells. Epithelial and inflammatory cells produce proteolytic
matrix metalloproteinases (MMPs) leading to damage to the airway and more distal lung
matrix. (NNK, nitrosamine 4-methylnitrosamino-1-(3-pyridyl)-1-butanone). See text for
details.
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Fig. (2).
Fig. (2A). A549 lung adenocarcinoma cell numbers are not reduced by 48 hours of exposure
to CSE or lipopolysaccharide (LPS). However, treatment with increasing doses of the known
apoptosis inducer staurosporine (stauro) significantly reduces cell numbers. *p < 0.05 or **p
< 0.01, using Student’s t test from two independent experiments.
Fig. (2B). SAEC numbers are not reduced by 24 hours of exposure to 5% CSE. The p value
for Student’s t test is 0.82, control versus 5% CSE.
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Table 1
SAEC Genes Differentially Expressed Following 24 Hours Exposure to Cigarette Smoke Extract (5% CSE)

GO Biological Process/ Molecular Function % of Total Genes Detected # Genes # Increased (%) # Decreased (%)

Protein Modification 12.7 54 29 (53.7) 25 (46.3)

Transport (Electron, Ion, Protein) 8.2 35 20 (57.1) 15 (42.9)

Transcription/DNA Binding 6.6 28 19 (67.9) 9 (32.1)

Adhesion/Motility 6.4 27 9 (33.3) 18 (66.7)

Cell Cycle 5.2 22 7 (31.8) 15 (68.2)

Inflammation/Cell Defense 4.7 20 8 (40.0) 12 (60.0)

ATP Binding 4.2 18 11 (61.1) 7 (38.9)

Lipid Metabolism 4.2 18 5 (27.8) 13 (72.2)

Carbohydrate Metabolism 4.2 18 9 (50.0) 9 (50.0)

DNA Replication/Nucleotide Metabolism 4.0 17 10 (58.8) 7 (41.2)

Xenobiotic/Antioxidant 4.0 17 9 (52.9) 8 (47.1)

Signal Transduction 3.1 13 9 (69.2) 4 (30.8)

RNA Processing 3.1 13 8 (61.5) 5 (38.5)

DNA Repair 2.8 12 7 (58.3) 5 (41.7)

Apoptosis 2.6 11 9 (81.8) 2 (18.2)

Cell Proliferation 2.1 9 4 (44.4) 5 (55.6)

Proteolysis 1.9 8 2 (25.0) 6 (75.0)

G protein Related 1.6 7 2 (28.6) 5 (71.4)

Cell-Cell Signaling 0.9 4 1 (25.0) 3 (75.0)

GTPase/GTP Binding 0.9 4 2 (50.0) 2 (50.0)

Unclassified 16.5 70 30(42.9) 40 (57.1)

TOTAL 425 210 (49.4) 215 (50.6)
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