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Abstract

Historically, it has been challenging to go beyond epidemiology to investigate the pathogenic changes caused
by tobacco smoking. The EpiAirway-100 (MatTek Corp., Ashland, MA) was employed to investigate the effects of
cigarette smoke components. Exposure at the air-liquid-interface represented particle and vapour phase components
of cigarette smoke. A proteomic study utilising iTRAQ labelling compared expression profiles. The correlative
histopathology revealed focal regions of hyperplasia, hypertrophy, cytolysis and necrosis. We identified 466 proteins,
250 with a parameter of two or more peptides. Four of these proteins are potential markers of lung injury and three

are related to mechanistic pathways of disease.
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Introduction

Cigarette smoking is a major public health concern
worldwide and is responsible for 5 million deaths each
year (Lancet, 2009). It is associated with a number of
pulmonary diseases, most notably chronic obstructive
pulmonary disease (COPD) and lung cancer, but is also
linked to cardiac and cerebrovascular diseases (Jemal
et al., 2010). Tobacco smoke contains numerous toxic
and carcinogenic compounds that interact with DNA, lip-
ids and proteins in multiple organs to alter their normal
physiological activities, and ultimately lead to adverse
health effects (Hoffmann et al., 2001). Therefore, it is of
primary importance to be able to characterise the insult
of cigarette smoking through molecular biomarkers that
can lead to better understanding of an individual’s sus-
ceptibility to harmful health effects.

Lung tissue samples represent the best choice for
understanding direct target organ effects. Alterations
of structure and/or expression of proteins in lung
cells/tissues can be very useful in providing diagnoses

to clinical conditions. With the advent of human tissue-
engineering, it is now possible to generate high-fidelity
tissue-constructs, based on the targeted interactions of
organ-specific cells, cultured in bioreactors that favour
growth and differentiation in the air-liquid-interface
(ALI); emulating the natural environment of the native
lung in vivo (Berube et al., 2010). The commercial respi-
ratory epithelial model EpiAirway™ (MatTek Corp.,
Ashland, MA), represents a fully-differentiated, 3 dimen-
sional (3D), muco-ciliary phenotype that mimics the in
situ, proximal, airway tissue found in humans (Bérubé
et al.,, 2006; Balharry et al., 2008; Sexton et al., 2008;
BéruBé et al., 2009).

The objective of this investigation was to assess the
effect of tobacco smoke components (TSC) on the global
expression of proteins in human respiratory epithelia
(EpiAirway™ lung constructs) for biomarker discovery
that may be of clinical value regarding tobacco-related
diseases. A select range of TSC were utilised as surro-
gates of tobacco smoke, and represented drivers of the
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Abbreviations

BCH, Basal cell hyperplasia

Ca, Calcium

CI, Confidence interval

COPD, Chronic obstructive pulmonary disease
ELM, EpiAirway lung model

FC, Fold change

GPS, Global proteome server

HRP, Horseradish peroxidase

Mg, Magnesium

MMTS, Methyl methane-thiosulfonate

Nano-LC, Nano-liquid chromatography
NHBE, Normal human bronchial epithelium
NHT/B, Normal human tracheal/bronchial
PVDE Polyvinylidenedifluoride

RH, Regional hypertrophy

RO, Reactive oxygen intermediates

SCX, Strong cation exchange

TB, Toluidine Blue

TCEP, Tris(2-carboxyethyl)phosphine

TD,,, Toxic dose 20% (dose required to kill 20% of cells)
TS, Tobacco smoke

TSC, Tobacco smoke components

differential pathways of lung toxicity: nicotine [thrombo-
genic], cadmium [cytotoxic], urethane and formaldehyde
[xenobiotic metabolism/mutagenic] (Balharry et al.,
2008; Sexton et al., 2008). Isobaric Tags for Relative and
Absolute Quantitation (iTRAQ) and nano-liquid chro-
matography (nano-LC) proteomic methodology and
matrix-assisted laser desorption/ionization tandem mass
spectrometry (MALDITOF/TOF) was utilised to identify
and quantify differentially expressed lung cell proteins
between TSC-exposed and non-exposed EpiAirway
lung constructs; select proteins were further confirmed
by immunoblot analysis. The correlative histopathol-
ogy of the EpiAirway™ cells, pre- and post-exposure to
TSC, provided a morphological assessment of toxicity.
A combination of conventional and ‘omic’-technologies
have enabled a better resolution of the pathogenesis of
lung injury following exposure to tobacco smoke and the
identification of associations between molecular changes
and clinical end-points.

Methods

Cells, culture and exposure conditions

The EpiAirway cell cultures were transported from MatTek
in the USA in a 24 well plate format. The cells were equili-
brated at37°Cwith4.5% CO,for 24 h. Followingthis culture
preconditioning, acute exposure (24 h) of the EpiAirway
lung model (ELM) to TSC solutions was carried out at the
air-liquid interface. TSC solutions were made up in ster-
ile PBS (+ Mg and Ca) and warmed to 37°C before dosing.
Each insert (surface area 1cm?) was apically dosed with
100 pl warm TSC solution. A concentration range for each
TSC was determined from previous studies described
in (Balharry et al., 2008). The concentrations (TD,; the
dose level at which a substance produces a toxic effect of
20%) required for the proteomic study were as follows:
Nicotine: 30 mM; Cadmium (cadmium chloride): 0.1 mM;
Urethane: 70 mM; Formaldehyde: 7mM. Each dose was
replicated (n=5). After 24 h the toxin (TSC) was removed
from the surface and the epithelial layer was stored as a
frozen pellet prior to processing for proteomics or fixed
in glutaraldehyde for semi-thin sectioning (see below).

Fixation of ELM for semi-thin sectioning
The ELM were excised from the Millicell plastic insert
and submerged in cold (4°C) glutaraldehyde (3%) fixative

for 15min. The ELM was then removed and immersed
in more fresh fixative for 1h at 4°C. The gluteraldehyde
fixative was replaced with phosphate buffer and washed
overnight (~12h), at 4°C.

Processing of ELM

Post-fixation was carried out by osmicating (1% osmium
tetroxide in phosphate buffer) for 60 min at 4°C. The epi-
thelial layer was then passed through a series of graded
alcohols. Once dehydrated, the lung epithelial layer
samples were immersed in propylene oxide for 30 min
(Glauert and Lewis, 1998). This was followed by overnight
rotation in a 50/50 mix of propylene oxide and Araldite
CY212. The epithelial layer was finally infiltrated with
Araldite and polymerised at 60°C for 48 h.

Sectioning and toluidine blue staining

Semi-thin survey sections (2 pm) were taken using a
diamond knife and mounted onto glass slides, and the
epithelial layer stained with Toluidine blue (TB). TB
staining was performed by drying the sections; when the
slides were dry, several drops of staining solution were
placed onto the sections for 1-2 min depending on depth
of colour required. Excess stain was removed by gently
rinsing the slide with distilled water, the slides were then
air dried and mounted in DPX.

Protein digestion and peptide labelling with

iTRAQ reagents

Frozen cell pellets were resuspended in 10mM trieth-
ylammonium bicarbonate with 1% (v/v) Nonidet P40
(NP®-40) and 10mM phenylmethylsulfonyl fluoride
(PMSF) and incubated for 15min on ice. Lysates were
clarified by centrifugation (10,000g, 5 min) and quantified
using the Bradford assay (Bradford, 1976). Equal amounts
of proteins (10 pg) were digested and labeled with iTRAQ
reagent using the method and reagents supplied in the
Applied Biosystems iTRAQ reagent multiplex kit. Briefly,
the proteins were reduced with 5 mM tris (2-carboxyethyl)
phosphine (TCEP) at 60°C for 60 min. Post-incubation
the samples were alkylated with 10 mM methyl methane-
thiosulfonate (MMTS) for 10 min. Proteins were digested
with 4 pg of porcine trypsin (Promega, UK) and incubated
at 37°C overnight. One iTRAQ reagent vial was added
to each sample and incubated at room temperature for
60min (Brennan et al., 2009).
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LC-MALDI

Equal volumes of the digested peptides labeled with
different iTRAQ reagents were mixed, and peptides cor-
responding to 2 nug of undigested protein were separated
on a nano-LC system (Ultimate 3000, Diones, Sunnyvale,
USA) using a two-dimensional (2-D) salt plug method
(Brennan et al., 2009). MS was performed using a MALDI
TOF/TOF mass spectrometer (Applied Biosystems 4800
MALDI TOF/TOF Analyzer) as previously described
(Brennan et al., 2009).

Data and statistical analysis

The MS/MS data was used to search the Swiss-Prot data-
base (version 57.3; 468851 sequences; human taxonomy)
using the MASCOT Database search engine version
2.1.04 (Matrix Science Ltd., London, UK), embedded
into GPS-Explorer software version 3.6 Build 327
(Applied Biosystems; default GPS parameters, 1 missed
cleavage allowed, fixed modification of MMTS(C), vari-
able modifications of oxidation (M), pyro-glu (N-term E)
and pyro-glu (N-term Q), 150 ppm mass tolerance in MS
and 0.3 Da mass tolerance for MS/MS which are recom-
mended published tolerances for LC-MALDI; Brennan
et al., 2009.

Fold-changes (FC) between the treated samples
and the reference control samples were calculated by
the software for each of the quantified peptides of the
same protein. Search results were evaluated by protein
and peptide score confidence intervals % (CI%) were
calculated in the GPS-Explorer software and based on
the MASCOT score (Gluckmann et al., 2007). In order
for a protein to be accepted there needed to be a mini-
mum of two peptides with MASCOT e-values less than
0.05. Protein identification results with CI% score above
95 were accepted, and all the identifications in Table 1
were additionally manually inspected for correctness.
Data from three independent biological replicates were
examined for consistent protein changes that were
altered by more than 1.5-fold.

1D SDS-PAGE, western blotting and

antibody detection

Following protein quantification, an equal volume of 2x
gel sample buffer (2x GSB: 0.1M Tris HCI pH 6.8, 0.2M
DTT, 4% SDS, 20% glycerol, 0.1% bromophenol blue) was
added and samples heated at 100°C for 5min. Proteins
were then separated by SDS-PAGE and transferred onto
polyvinylidenedifluoride(PVDF)membrane(Amersham)
before incubation with primary antibodies (Actin Sigma;
A-2066 and Cystatin-A Santa Cruz; sc-32803) overnight at
4°C. Post-incubation, blots were washed three times and
then incubated for 1h with an appropriate horseradish
peroxidise (HRP)-conjugated secondary antibody (Goat
Anti-Rabbit IgG, HRP-linked Antibody Cell Signaling;
7074 and Goat Anti-Mouse IgG, HRP-linked Antibody
Cell Signaling; 7076). Following this, the blots were
washed and then incubated with Immobilon Western
HRP Substrate (Millipore) for 5min and then exposed to

© 2011 Informa UK, Ltd.
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autoradiograph film. Following exposure each section of
the blot was stripped and incubated in a sealed polyeth-
ylene bag with approximately 15-20 ml of MESNA strip-
ping buffer for 30 min at 50°C.

Results

Quantitative proteomics

Quantitative proteomics was performed following treat-
ments of the EpiAirway™ cells with the surrogate vapour
and particulate phase components of tobacco smoke. A
broad range of classes of protein were identified. Utilising
iTRAQ technology, three technical replicates were gener-
ated and samples were lysed with 1% NP40 in a buffer.
Protein was assayed and equal amounts were digested
with trypsin and labeled with the iTRAQ reagents. The
peptide mixtures were separated by nano-LC and eluted
peptides were mixed with matrix and placed on a MALDI
target plate. Protein identification and quantification was
achieved by analysis of peptides by MALDI TOF/TOF
mass spectrometry.

Seven different runs with different mixtures of the bio-
logical replicates were performed. Protein identifications
were generated using the ABI Global Proteome System
with MASCOT embedded in it. Using a threshold of a
Total Ion Score of greater than forty, 466 different proteins
were identified across all the runs with an average of 276
proteins identified in each run (see supporting informa-
tion, Excel Sheet). These were made up of a wide variety
of gene ontology groups when analysed for molecular
function or biological process using GeneCoDis. Within
the biological process ontology, the largest group of pro-
teins was entitled “cellular biopolymer metabolic pro-
cess” (GO:0034960) which described 154 protein IDs. For
molecular function, 276 proteins were within the “protein
binding” gene ontology group (G0:0005515). The top ten
of both analyses are illustrated in Figure 1.

The data was analysed to determine which treatment
caused the most changes outside of the 95% confidence
interval for that particular treatment. The dataset for
each treatment was used to calculate the Z-score and
the number of samples with a Z-score greater than 1.96
or less than —1.96 was determined. The average number
of protein changes across all the treatments and experi-
ments was 11 proteins with 10 proteins increasing and
only 1 protein decreasing in expression. None of the four
TSC treatments altered significantly more proteins than
another treatment, demonstrating a common magnitude
of the numbers of proteins altered in response to the
distinct agents in tobacco smoke.

Given the similar number of proteins altered by the
different treatments, we investigated whether the over-
lap in the identity of the proteins altered, with a view to
identifying common molecules that were “biomarkers”
of the changes induced by tobacco smoke components.
As very few proteins were down-regulated, we focused
on proteins that were increased in expression. The aver-
age value of relative protein expression was calculated
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Table 1. Overview of the proteomic expression data from exposed cell cultures. Proteins that were identified by parameters set out in the
methods. Protein names and abbreviations from the Swiss-Prot database are indicated.

Ave Ave Total

Pep Ion Pep
Protein Name

Accession No Cnt Score Count

Nicotine Cadmium Formaldehyde Urethane

Rel Exp p-val RelExp p-val RelExp p-val RelExp p-val

Aldo-keto reductase family AK1C1_HUMAN 6 298 19
1 member C1

Beta-2-microglobulin B2MG_HUMAN 1 87 7
Calmodulin CALM_HUMAN 4 234 21
Dipeptidyl-peptidase 1 CATC_HUMAN 2 135 12
CD9 antigen CD9_HUMAN 2 94 10
Complement C3 C03_HUMAN 4 178 21

Cytochrome c oxidase

subunit 7C,

mitochondrial COX7C_HUMAN 1 62 4
Cystatin-A CYTA_HUMAN 3 192 17
Filamin-A FLNA_HUMAN 1 51 4
ATP-dependent DNA KU86_HUMAN 1 98 4

helicase 2 subunit 2
Myristoylated alanine-rich

C-kinase

substrate MARCS_HUMAN 2 102 8
Histone H1.2 H12_HUMAN 2 132 7
Myb-related protein A MYBA_HUMAN 2 57 3
Neutrophil gelatinase- NGAL_HUMAN 5 347 27

associated lipocalin
Polymeric immunoglobulin PIGR_HUMAN 3 142 16
receptor

Protein Plunc PLUNC_HUMAN 3 184 18

Cytochrome b-d complex QCR7_HUMAN 1 81 5
subunit 7

Heterogeneous nuclear

ribonucleoprotein

AO ROA0_HUMAN 1 59 4
Protein S100-A2 S10A2_HUMAN 5 285 31
Cornifin-B SPR1IB_HUMAN 2 93 9
Putative tropomyosin

alpha-3 chain-like

protein TPM3L_HUMAN 1 61 3
Ubiquitin UBIQ_HUMAN 6 355 33

Cytochrome b-d complex
subunit Rieske,

mitochondrial UCRI HUMAN 2 84 5

1.30 1.79 0.99 1.53 <0.05
1.86 <0.05 1.21 1.04 0.91
1.74 2.20 <0.05 1.77 <0.05 1.75 <0.01
1.56 1.57 0.95 1.55 <0.05
2.25 <0.01 2.44 <0.01 2.29 <0.01 1.72 <0.01
2.04 <0.01 1.69 0.91 1.20
1.56 2.11 <0.05 1.41 1.52 <0.05
3.40 <0.01 3.69 <0.01 3.04 <0.01 3.22 <0.01
1.26 2.59 <0.01 1.31 0.00
1.78 <0.05 0.75 1.67 0.00
1.93 <0.05 1.03 1.85 <0.05 0.84
0.53 0.87 0.21 1.91 <0.01
1.69 2.54 <0.01 1.27 1.53 <0.05
1.87 <0.05 1.51 1.19 1.36
2.61 <0.01 1.88 1.19 1.23
2.07 <0.01 1.44 1.68 1.09
2.15 <0.01 1.42 2.42 <0.01 0.94

2.00 <0.01 3.53 <0.01 2.34 <0.01 2.25 <0.01

1.63 1.13 1.73 0.05 1.29
2.22 <0.01 0.71 4.21 <0.01 0.80
1.96 <0.01 1.08 1.99 <0.01 0.81

2.37 <0.01 2.33 <0.01 2.81 <0.01 2.03 <0.01

1.30 2.61 <0.01 0.95 N/D

for each treatment from both the biological and techni-
cal replicates. A Z-score was calculated for each of these
using the mean and standard deviation of each treatment.
Only proteins that were identified in two or all of the bio-
logical replicates were used. A list was generated of the
23 proteins that were altered by one or more TSC. The
average relative expression for these was calculated and
the p-value was determined using the Z-score. This list is
shown in Table 1 and the supporting information Excel
Sheet. The average peptide count, ion score and the total
peptide count was determined for each peptide ID. Our
analysis revealed 4 proteins that were altered by all four
TSC treatments: CD9 antigen, cystatin-A, heterogeneous
nuclear ribonucleoprotein A0, and ubiquitin. We also
identified three proteins associated with atherosclerosis,
adisease associated with tobacco smoking. Furthermore,

each treatment also caused unique changes in protein
expression. We confirmed the expression of cystatin-A
was increased by immunoblotting (Table 2).

Histopathology
Alterations in lung biochemistry and expression profil-
ing are linked in biological context to histopathology. In
order to relate the protein changes to a clinical end-point,
semi-thin survey sections of resin-embedded EpiAirway”
samples, from all TSC exposures (versus controls), were
stained with Toluidine Blue to enable visual confirmation
of morphological changes in the epithelial layer architec-
ture (Figures 2-6).

Cadmium treatment with 80 uM yielded focal regions
of damage denoted by chromatin condensation and
cytosolic retractions. A concentration of 160 M induced
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Figure 1. Gene ontology data for all tobacco smoke components.
Genecodis was used to obtain the gene ontology for all proteins
that were identified. All proteins, regardless of fold-change, were
used in this analysis to identify: A) Biological processes and B)
Molecular functions.

Table 2. Quantification of increased expression of cystatin-A
by immunoblotting. Western blots were scanned and the bands
quantified by densitometry using Genetools software (n=3).
The cystatin-A induction result concurs with the data from the
iTRAQ, experiment.

TSC Fold increase of cystatin-A expression
Cadmium 4.2
Formaldehyde 3.1
Nicotine 2.5
Urethane 4.0

© 2011 Informa UK, Ltd.

Biomarkers of tobacco component exposure 571

Apical
Layer

Suprabasal
Region

Basal Layer

Figure 2. Semi-thin (2 pm) section of ELM stained with toluidine
blue. ELM exposed to PBS maintained the pseudo-stratified,
highly differentiated multi-layered model supported on a collagen
membrane (M). Toluidine blue staining confirmed the presence of
basal cells (BC), intermediate cells (IC), ciliated cells (CC), Goblet
cells (GC), cilia on the apical surface (CI).

basal cell hyperplasia (BCH) and further decomposition
of the cellular integrity. At 240 uM of cadmium, BCH
was markedly increased. The epithelial layer exhibited a
non-viable architecture (disrupted cellular junctions) at
320 uM (Figure 3). A 1mM concentration of formalde-
hyde created regional hypertrophy (RH) with evidence
of changes in cellular morphology/swelling (Figure 4).
A concentration of 5mM initiated early degradation of
the epithelial layer along with reactive cell synthesis,
depicted by a larger nucleus and expansion of cytoplasm
(Figure 4). Further increased challenges caused changes
in early cellular development, cell swelling and disrup-
tion of the plasma membrane. At the 10 mM dose, there
was evidence of vacuolations leading to cytoplasmic
blebbing, thinning of the epithelial layer and eventual
sloughing-off of the cells (Figure 4). A 25 mM concentra-
tion of nicotine induced cytolysis of the cell components
and a loss of cellular organisation. Epithelial layer degen-
eration was denoted by disruption of the intracellular
junctions, presence of vacuoles and disordered epithelial
layer architecture. This form of decomposition continued
with further increments of nicotine treatments affecting
diffuse lipid vacuolation and thickening of membranes
(Figure 5). Diffuse cellular swelling and regional epithe-
lial layer degeneration occurred with a 100mM urethane
concentration. Increased concentrations generated
region-specific (basal region only) alterations in cells.
Quantitative observations of the epithelial layer histopa-
thology suggested that the nucleus-to-cytoplasmic ratios
were enlarged when compared to ratios at the lower ure-
thane concentrations (Figure 6).

Discussion

A major factor driving the increased burden of lung
disease, especially COPD, is the human habit of smok-
ing tobacco. Tobacco smoking, and the development
of related pulmonary disease in humans, has been
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Figure 3. Semi-thin (2 um) section of ELM stained with toluidine blue treated with increasing concentrations of cadmium. 80 uM: Black
circle—focal regions of damage observed (chromatin condensation and cytosolic retractions); 160 uM: grey circle—basal cell hyperplasia;
240 uM: black circle—area of necrosis, dashed circle—areas of hyperplasia; 320 pM: complete loss viable architecture. scale bar 10 um.
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Figure 4. Semi-thin (2 pm) section of ELM stained with toluidine blue treated with increasing concentrations of formaldehyde. 1 mM: Black
circle—area of regional hypertrophy; 5 mM: dashed circle—area of reactive cell synthesis, black circle—area epithelial layer degradation;
7.5 mM: Black circle—changes in early cellular development, cell swelling and disruption of the plasma membrane leading to early
necrosis, Dashed circles—progression of cytoplasmic blebbing with increased dose; 10 mM: Black circle—vacuolation. Scale bar 10 pm.
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100mM

opm

Figure 5. Semi-thin (2 pm) section of ELM stained with toluidine blue treated with increasing concentrations of nicotine. 25 mM: Black
circle—(evidence of burst cells due to an osmotic imbalance) cytolysis further increases in nicotine induced disruption of the intracellular
junctions and diffuse lipid vacuolation leading to thickening of membranes. Scale bar 10 pm.

historically assessed by epidemiological studies (Sexton
et al., 2008). However, the number of chemicals used
in tobacco approximately 4700; (Roberts, 1988; Green
and Rodgman, 1996), and an individual’s smoking hab-
its i.e. different volumes of inhalation (Gowadia et al.,
2009) confound these studies. In order to provide bet-
ter resolution of the mechanisms of tobacco smoke
toxicity, compounds with known mechanisms of action
(i.e. thrombogenesis, carcinogenesis, mutagenesis and
cytotoxicity), were selected from the particle phase (e.g.
cadmium and nicotine) and vapour phase (e.g. formal-
dehyde and urethane) of tobacco smoke (TS). Recent
advances in mass spectrometry have helped comple-
ment traditional protein-chemistry methods in detection
and identification of proteins. New proteomic strategies
based on isotope-coded affinity tags can accurately
quantify individual proteins in complex mixtures, a
capability that has been lacking in the past, and can also
provide sequence information linking descriptive and
quantitative proteomics (Gygi and Aebersold, 2000; Karp
et al., 2010). Proteomic analysis of TSC from the vapour
and particle phases may be useful in establishing bio-
markers indicative of injury and disease patterns that are
characteristic for a given constituent of tobacco smoke.
This holds great potential for diagnostic, prognostic, and
therapeutic applications through integration of basic and
clinical data in a translational fashion.

© 2011 Informa UK, Ltd.

Evolving proteomic technologies have the potential
to identify each protein expressed in isolated cells or in
complex tissues (e.g. EpiAirway ™), and also to determine
post-translational modifications, protein-protein inter-
actions, and other critical features that define phenotype
and regulate cellular function (Gygi and Aebersold, 2000).
Proteomic approaches provide physiologic relevance that
is notinherent in measuring transcript levels and profiles
(Pradet-Balade et al., 2001). The proteome reflects both
theintrinsic genetic programme of the cell and the impact
of its immediate environment, and is therefore valuable
in biomarker discovery. Post-translational modifications
of proteins, not detected through RNA analysis, may
occur at different stages of lung injury/disease to provide
fingerprints or intelligent biomarkers of exposure and
harm to a toxicant (Matthay et al., 2003). The analysis of
these biomarker patterns provides a means of classifying
injury and disease heterogeneity, whereby specific pro-
teomic profiles can be correlated with mechanistic quali-
ties of tobacco smoke components. In addition, the most
effective use of proteomic strategies, as with genomic
technology e.g. Sexton et al., 2008, is in combination with
conventional toxicology and pathology to determine the
functions of key proteins and their effects on cell and
tissue behavior.

Advances in ‘omic technologies are also dramati-
cally increasing the need to evaluate large numbers of
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Figure 6. Semi-thin (2 pm) section of ELM stained with toluidine blue treated with increasing concentrations of urethane. 250 mM: Black
circle—indicates diffuse cellular swelling with regional hypertrophy; 500 mM: Changes in basal cellular development characterised by
expansion of the cytoplasm and enlargement of the cell nucleus. Scale bar 10 pm.

molecular targets for their diagnostic, predictive or prog-
nostic value. Conventional toxicology techniques are
often tedious, time-consuming, and require consider-
able amounts of tissue (animal or human), thereby limit-
ing both the number of tissues and the number of targets
that can be evaluated. Here, we demonstrate the power of
our previously described work with the EpiAirway ™ lung
construct e.g. (Balharry et al., 2008; Sexton et al., 2008), in
conjunction with a combination of iTRAQ, nano-LC and
MALDI TOF/TOF technologies, that overcomes these
caveats. This work represents the first quantitative pro-
teomic investigation of the effects of TSC on a complex
airway epithelial model, used to replicate in vivo-like
exposures, in the human lung.

There have been two recent studies that have utilised
human lung samples to investigate the proteomic profiles
of smokers compared to non-smokers (Lee et al., 2009;
Steiling et al., 2009), the latter concentrating on COPD. In
particular, similarities have been shown between these
studies, and this is at least in part due to the range of com-
plex techniques that can be employed for proteomic pro-
filing. However, the ontology results between one of these
studies (Steiling et al., 2009) and this current investigation
do show some similarities, in that erythrocyte contami-
nation was evident in the primary tissue; a common
complication of harvesting cells from a living donor.

Our study demonstrated that the proteomic analysis
of the EpiAirway™ multi-cellular in vitro lung model

can be successful and can provide an alternative to
animal testing. The morphological changes induced by
TSC were similar to the changes shown to occur in vivo
(Innes et al., 2006) and many of the molecules identi-
fied by this investigation have a relevance to lung biol-
ogy. Through this study, we have identified both shared
and unique changes for the 4 types of TSC investigated.
This epithelial layer model presented three important
advantages. First, the use of an in vitro model allowed a
reduction in animal numbers required for in vivo stud-
ies. Importantly, some of the lung changes observed in
vitro mimicked those seen in vivo, demonstrating the
validity of the model (Balharry et al., 2008). Second, the
in vitro model was composed of human cells, meaning
that there was a direct relevance to pathogenic changes
seen following smoking. This also allowed comparisons
with pathogenic samples from human subjects. From a
bioinformatics point-of-view, the study of human tissue
was advantageous because the human protein database
was well-annotated. The third advantage was that it per-
mitted a detailed investigation of lung pathology, one
of the most important tissues altered during smoking
(Caminati et al., 2010).

Because of these advantages, it was critical to inves-
tigate this model using the current technology of quan-
titative proteomics. A unique facet of this study was the
use of a lung model that was comprised of different cell
types. In this way, it reflected the lung better than a single
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cell line. Furthermore, each of the cell types was pri-
mary human tissue and not an immortalised malignant
cell line, again making the comparison to in vivo lung
more relevant. The quality of the data and the number
of protein identifications achieved was similar to a study
on human bronchial airway epithelium (Steiling et al.,
2009), demonstrating that the proteomic approach can
be applied to a multi-cell type in vitro model.

One of the most interesting parts of this study was
the proteins that were shared by all 4 of the TSC. These
molecules were cystatin-A, CD9 antigen, heterogeneous
nuclear ribonucleoprotein A0 (ROA0) and ubiquitin.
Interestingly, these proteins also showed the largest
magnitude change, albeit not in the cases of all the treat-
ments. Examples included: ROA0O which had a 3.5-fold
increase in response to cadmium; and cystatin-A which
had a greater than 3-fold change in response to all TSC.
Because it showed the largest change in expression, cys-
tatin-A expression was also measured with specific anti-
bodies, and was shown to be increased by each treatment.
There was evidence for a role for three of these proteins in
cancer. Cystatin-A has been shown to be elevated in lung
cancer (Leinonen et al., 2007) and cystatin function has
been proposed as a novel cancer therapeutic target. Thus,
the increase of cystatin, in particular, may have relevance
both as a biomarker and as a therapeutic (Keppler, 2006).
CD9 expression has been measured in breast cancer and
non-small cell lung cancer. However, decreased expres-
sion indicated poor prognosis, perhaps due to the role of
CD9 in adhesion (Higashiyama et al., 1995; Miyake et al.,
1996; Funakoshi et al., 2003). Mouse studies suggested
CD9 played a role in lung inflammation; therefore the
increase in our model may be an inflammatory rather
than malignant change (Suzuki et al., 2009). Ubiquitin
ligases, which utilise ubiquitin have altered expression in
cancer (Confalonieri et al., 2009). Thus, up-regulation of
their substrate, ubiquitin, would be expected to be nec-
essary for function of these ligases.

In contrast, ROAO, has not been studied in cancer,
but has been shown to regulate cytokine gene expres-
sion in inflammatory conditions (Rousseau et al., 2002).
Interestingly, we have previously identified the pro-
inflammatory cytokines IL-1 and IL-6 as being elevated
in this lung model by the same four TSC (Balharry et al.,
2008). ROAO has been demonstrated to be involved in
the regulation of IL-6 mRNA stability. Thus, an increase
in ROAO may be a molecular mechanism that contrib-
utes to inflammation of the lung by TSC.

Tobacco smoking initiates a number of mechanisms
such as thrombosis and vascular inflammation pre-
disposing to atherosclerosis (Lee and Cooke, 2011).
Nicotine is a compound that has been identified as
contributing to these atherogenesis factors (Benowitz,
2003). This study identified three proteins associated
with atherosclerosis (complement C3, calmodulin and
CD9). Studies have shown that atherosclerosis is an
inflammatory disease and the protein C3 is a media-
tor in the inflammatory process (Szeplaki et al., 2004).

© 2011 Informa UK, Ltd.
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Another aspect of the disease is the presence of ather-
omatous plaques (Gamble, 2006); induction of the pro-
tein calmodulin up-regulates plaque precursor matrix
which initiates this disease process. CD9 is a cell surface
protein and has been implicated in platelet activation
and aggregation events (Jennings et al., 1990). CD9 has
also been shown to enhance the juxtacrine mitogenic
activity, which in turn, can lead to the development of
atherosclerosis (Ouchi et al., 1997).

The majority of changes were unique to each of the
TSC: 11 proteins were only significantly altered by one of
the TSC. While our data did not suggest that any single
component was more active than others, in general,
there would appear to be pathogenic changes that were
unique to each treatment. Interestingly, nicotine had the
most unique changes, 6 proteins altered as compared
to 3 or less in each of the other components. Nicotine
also altered a distinct set of genes in our gene expres-
sion analysis of these components in this epithelial layer
model (Sexton et al., 2008). As we only measured a subset
of genes, we saw no overlap with our proteomic data but
both data sets suggested that nicotine functions differ-
ently to the other TSC.

Conclusions

In summary, we report a quantitative proteomic analy-
sis of an EpiAirway epithelial layer model upon the
exposure to four different tobacco smoke components:
nicotine, cadmium, formaldehyde and urethane. Four
proteins were altered by all TSC components and we
validated the most increased protein: cystatin-A. Three
of these proteins have been implicated in lung cancer
while the third was involved in regulating inflammatory
gene expression. These may be useful markers of tissue
damage in the lung.

Epidemiological studies have clearly established that
tobacco products cause a variety of diseases, especially
in the lung and heart, and improving our understanding
of the relevant molecular mechanisms will lead to new
approaches for their prevention. The challenges of dis-
covering the mechanisms behind cigarette smoking-re-
lated diseases remains substantial, and modern evolving
approaches in fundamental science, such as proteomics,
provides substantial opportunities to improve our under-
standing. Integration of molecular biomarkers into epi-
demiological studies could provide crucial mechanistic
information about the effects of exposures (intentional
or unintentional), leading to new approaches for disease
detection and prevention.
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