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Abstract
Introduction: Ventilator-induced lung injury (VILI) impacts clinical outcomes in acute respiratory distress syndrome (ARDS),
which is characterized by neutrophil-mediated inflammation and loss of alveolar barrier function. Recent epidemiological
studies suggest that smoking may be a risk factor for the development of ARDS. Because alveolar type II cells are central to
maintaining the alveolar epithelial barrier during oxidative stress, mediated in part by neutrophilic inflammation
and mechanical ventilation, we hypothesized that exposure to cigarette smoke and mechanical strain have interactive
effects leading to the activation of and damage to alveolar type II cells.
Methods: To determine if cigarette smoke increases susceptibility to VILI in vivo, a clinically relevant rat model was
established. Rats were exposed to three research cigarettes per day for two weeks. After this period, some rats were
mechanically ventilated for 4 hours. Bronchoalveolar lavage (BAL) and differential cell count was done and alveolar type
II cells were isolated. Proteomic analysis was performed on the isolated alveolar type II cells to discover alterations in
cellular pathways at the protein level that might contribute to injury. Effects on levels of proteins in pathways associated
with innate immunity, oxidative stress and apoptosis were evaluated in alveolar type II cell lysates by enzyme-linked
immunosorbent assay. Statistical comparisons were performed by t-tests, and the results were corrected for multiple
comparisons using the false discovery rate.
Results: Tobacco smoke exposure increased airspace neutrophil influx in response to mechanical ventilation. The
combined exposure to cigarette smoke and mechanical ventilation significantly increased BAL neutrophil count and
protein content. Neutrophils were significantly higher after smoke exposure and ventilation than after ventilation alone.
DNA fragments were significantly elevated in alveolar type II cells. Smoke exposure did not significantly alter other
protein-level markers of cell activation, including Toll-like receptor 4; caspases 3, 8 and 9; and heat shock protein 70.
Conclusions: Cigarette smoke exposure may impact ventilator-associated alveolar epithelial injury by augmenting
neutrophil influx. We found that cigarette smoke had less effect on other pathways previously associated with
VILI, including innate immunity, oxidative stress and apoptosis.

Introduction
Tobacco use, primarily in the form of cigarettes, and exposure to tobacco smoke pollution have caused the premature deaths of more than 14 million Americans since
1964 [1]. Although per capita consumption of tobacco
products has declined substantially since 1950, tobacco
smoke remains a significant contributor to adverse health
outcomes all over the world [2]. Cigarette smoke exposure
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contributes to a variety of chronic lung diseases, but less is
known about the possible contribution of smoking to
acute respiratory distress syndrome (ARDS). Recent epidemiological data suggest that smoking may be a risk factor affecting the incidence of acute lung injury and the
prognosis patients with acute lung injury [3-6] and other
acute respiratory complications [7,8], both in the ICU
[4,5] and in the perioperative setting [6-9]. The authors of
one large epidemiologic study [4] suggested this relationship with evidence of a dose–response effect between
cigarette smoking and ARDS, including approximately
50% of ARDS cases associated with cigarette smoking.
However, in a large study of 5,584 patients by Gajic and
coworkers [10], past or current smoking combined was
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not a statistically significant risk factor for the development of acute lung injury (P < 0.07). Therefore, additional
data are needed to substantiate the possibility that smoke
exposure alters alveolar epithelial cell function and predisposes cells to additional injury. Previously published experimental data show that lesions induced in rat lung by
chronic tobacco smoke inhalation include alveolar type II
(ATII) cell hyperplasia [11]. A direct inhibitory effect of
cigarette smoke constituents on surfactant secretion in
ATII cells has also been demonstrated [12]. Both cigarette
smoke and mechanical ventilation have been associated
with increased oxidative stress in the lung epithelium.
Therefore, distal lung epithelial dysfunction may be a potential contributor to the increased incidence of ARDS in
smokers.
Over the past decade, it has been established that mechanical ventilation can be a major contributor to the prognosis of ARDS patients [13], and substantial headway has
been made in understanding the pathophysiology of this
disease [14]. We previously described the impact of mechanical ventilation with different tidal volumes on the
proteome of ATII cells in a rat model [15]. On the basis of
these data, we postulated that smoke exposure and mechanical strain due to mechanical ventilation may have interactive effects leading to oxidative stress, inflammation and
epithelial barrier dysfunction in association with changes
in the ATII cell proteome.
We hypothesized that rats exposed to mainstream
cigarette smoke would develop more severe ventilatorinduced lung injury (VILI) compared to nonexposed animals. We further predicted that this susceptibility would
be reflected in measurable changes in ATII cell protein
content. Therefore, we performed ATII cell isolation
followed by labeling, multidimensional chromatographic
fractionation and isobaric tag for relative and absolute
quantitation liquid chromatography tandem mass spectrometry (iTRAQ LC-MS/MS) to discover markers for
cellular pathways of activation and injury and followed
up on the results using more sensitive immunological
methods.

Materials and methods
Animal model

All animal experiments were carried out at the research
laboratories of the San Francisco Veterans Affairs
Medical Center with the approval of the local ethics
committee, the San Francisco Veterans Affairs Committee on Animal Research (Institutional Animal Care and
Use Committee 07-062-01). We cared for the animals in
accordance with the National Institutes of Health (NIH)
guidelines for ethical research (NIH Publication 80-123,
revised 1985). Inbred male Sprague-Dawley rats (Harlan
Laboratories, Indianapolis, IN, USA) were used for this
study.
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To determine if cigarette smoke increases susceptibility
to VILI, a rat model was established. A total of 82 male
Sprague-Dawley rats were assigned to four groups by convenience sampling. Limitations in samples that could be
obtained from one rat and the amounts that were necessary to perform the assays made it necessary to perform
experiments not in the same rats, but in identically treated
animals.
Two groups of rats were exposed to the mainstream
smoke of three University of Kentucky 3R4F research
cigarettes per day over the course of 30 minutes, on 5 days
weekly, for 2 weeks (S) in a previously described smoke
exposure chamber [16]. The experimental setup is displayed in Additional file 1. Smoke exposure was titrated in
preliminary experiments to a carboxyhemoglobin level between 5% and 10% measured 30 minutes after exposure. It
is noteworthy, however, that carboxyhemoglobin levels
may vary significantly [17]. Two other groups of rats were
exposed to room air only (NS). At the end of the 2-week
smoke exposure period, one-half of the smoke-exposed
and control rats were anesthetized and placed on
mechanical ventilation (tidal volume 10 ml/kg, positive end-expiratory pressure (PEEP) 4 cm H 2O) (V)).
The ventilation settings were chosen to match the results of a survey on ICU ventilator settings after the
ARDS Network trial [18]. These settings are known to
induce a mild degree of lung injury in rats. Rats were
anesthetized with pentobarbital and mechanically
ventilated for 4 hours at 21% fraction of inspired oxygen using a rodent ventilator (Harvard Apparatus,
Holliston, MA, USA) [19]. The goals in administering
anesthesia were to avoid use of medication that might potentially change the results (ketamine → secretion and
bronchodilatation; anesthetic gases → bronchodilatation)
and to maintain ethical conduct by preventing awareness
by ensuring deep anesthesia without paralytics while constantly monitoring of ventilation parameters. Anesthesia
was confirmed by assessing movement and heart rate response to paw pinch in 30-minute intervals, with response
triggering an additional intraperitoneal injection of pentobarbital. Ventilation was monitored by constant monitoring and recording of ventilation pressures and volumes.
Rats were given subcutaneous injections of sterile normal
saline (3 ml) every 2 hours for volume replacement. The
respiratory rate was established in preliminary experiments using arterial blood gas samples to obtain normal
pH and partial pressure of carbon dioxide in arterial blood
values. The remaining rats did not undergo mechanical
ventilation (NV).
At the end of the experiments, anesthetized rats were
killed by transection of the abdominal aorta. Bronchoalveolar lavage (BAL) was performed in all animals with
7 ml of normal saline. ATII cells were isolated from
the lungs of all of the rats as previously described [20]
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by digesting lung tissue with elastase and panning the
resultant cell suspension on plates coated with immunoglobulin G to deplete other cell types, such as macrophages.
After the panning and washing steps, the recovered cells
were checked for purity and viability microscopically using
the trypan blue exclusion method.
Cell lysis and enrichment of subcellular fractions

Immediately after isolation, cells were counted and viability
was evaluated under the microscope using a hemocytometer
and the trypan blue exclusion method. We observed no significant differences in cell count or viability between the different groups. Overall viability was consistently above 95%
in all experiments. Cells were then collected by centrifugation (6 minutes at 1,000 × g) and rinsed in phosphatebuffered saline. The cells were resuspended in ice-cold lysis
buffer and washed two times by centrifugation and resuspension in lysis buffer. The lysis buffer consisted of ice-cold
isoosmolar ammonium bicarbonate solution containing
2 mM ethylenediaminetetraacetic acid, 2 mM ethylene
glycol tetraacetic acid, complete protease inhibitor cocktail (Sigma P2714; Sigma-Aldrich, St Louis, MO, USA)
and antiphosphatases (Sigma P2850 and P5726; SigmaAldrich). Cell lysis was performed on ice by short bursts
of sonication (approximately 1 to 4 seconds) at the lowest
setting of the sonicator under visual control with the
microscope until the cell membranes were broken up
while the majority of the nuclei were still intact.
The method of enrichment of subcellular fractions was
based on previous work [21-24]. Isolated ATII cells were
centrifuged at 1,000 average relative centrifugal force for
10 minutes to separate the nuclear fraction from the
postnuclear supernatant. The supernatant was centrifuged at an average of 10,000 × g for 10 minutes to
bring down the mitochondrial fraction, which was
stored at −80°C. The postmitochondrial supernatant
was centrifuged at an average of 50,000 × g for 100 minutes
(5 × 106 g/min) at 4°C to separate the membrane microsomal fraction from the cytosolic fraction. The resulting
fractions were frozen at −80°C for later analysis.
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reagent (AB SCIEX) were added and the tubes were incubated at 60°C for 1 hour. The tubes were spun, 1 μl of
cysteine blocking reagent (AB SCIEX) was added and the
tubes were incubated for 10 minutes at room temperature.
Tryptic digestion was initiated by the addition of 2% w/w
side-chain-modified, tosyl phenylalanyl chloromethyl ketone–treated porcine trypsin in double-distilled water
(ddH2O)). The reaction was allowed to proceed at 37°C
for 12 hours. The tubes were spun, iTRAQ reagent (AB
SCIEX) dissolved in 70 μl of ethanol was added to the
tube and the samples were incubated for 1 hour at room
temperature. The reaction was then quenched with 30 μl
of ddH2O. Labeling was checked by running an aliquot
of the samples on an QSTAR electrospray time of
flight mass spectrometer (AB SCIEX, Framingham, MA)
after purification with ZipTip C18 reversed-phase (RP) columns (EMD Millipore, Danvers, MA, USA). A 5% fraction
of the pooled samples was run in one initial RP and one
MS run. The overall the stable isotope peak intensities
were then compared to check for systematic errors in
labeling and protein concentration. Subsequently, the differentially labeled ischemia-treated and control samples
were pooled. Each of the quadruplets was then fractionated into 16 different fractions by cation exchange
chromatography. Cation exchange chromatography was performed using an Äkta system (GE Healthcare Life Sciences,
Piscataway, NJ, USA) with 35 nl of ultraviolet-visible cell
and a 1,000 μl injection loop). We used a 2.0- × 10-mm
PolySULFOETHYL A column (PolyLC, Columbia, MD,
USA) at a 200 μL/min flow rate. For solvent A, 25% acetonitrile and 0.075% formic acid (FA) and were used, and for
solvent B, solvent A and an additional 400 mM ammonium chloride were used. A gradient of 0% solvent B, 0
to 10 minutes, and 0% to 50% solvent B, 3 to 60 minutes, was set. Fractions were collected from the mixture. The samples were then dried in the SpeedVac
concentrator (Thermo Scientific, Pittsburgh, PA, USA)
and resuspended in 0.1% v/v FA. The fractions were
desalted in an automated fashion using the Äkta system
with a Jupiter high-performance liquid chromatography
C-18 column (Phenomenex, Torrance, CA, USA).

Mass spectrometry analysis

Samples taken from three rats from each group were
evaluated in three independent iTRAQ comparisons and
cation exchange chromatography runs. iTRAQ labeling
was performed using commercially available reagents
(AB SCIEX, Framingham, MA, USA) based on the
method described by Ross et al. [25]. Samples were purified by acetone precipitation as described previously
[26]. Twenty microliters of 100 mM triethylammonium
bicarbonate dissolution buffer (AB SCIEX) and 1 μl of
0.05% w/v SDS solution were added to each of the sample tubes containing 125 μg of protein. The tubes were
vortexed, 2 mM Tris-(2-carboxyethyl) phosphine reducing

Mass spectrometry measurements

Six fractions from each sample were further analyzed,
resulting in 72 fractions (4 groups × 3 samples × 6 fractions). These samples were further separated by RP chromatography. The separation of the peptides was achieved by a
gradient of increasing acetonitrile in water over 60 minutes
using 0.1% v/v FA as the ion-pairing agent on a 75-μm ID
Jupiter Proteo RP column (Phenomenex). Tryptic peptides were analyzed by LC-MS/MS on a QSTAR electrospray mass spectrometer (AB SCIEX) operating in
positive ion mode and connected in line with the chromatography unit as described elsewhere [27]. Samples
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were separated by nano–liquid chromatography using
a flow rate of 300 nl/min.
Individual protein content and activity measurements

The following commercially available assays were used
according to the manufacturers’ instructions: rat interleukin 1β (IL-1β) (ER2ILB; (Thermo Scientific); catalase
assay kit (219265; Calbiochem, San Diego, CA, USA);
Assay Designs caspase 3 assay (907-013), heat shock protein 70 (HSP70) (EKS 700B), caspase 8 (850-221-K101)
and caspase 9 (850-223-K101) (all from Enzo Life Sciences,
Farmingdale, NY, USA); cell death detection enzyme-linked
immunosorbent assay (ELISA) (11774425001; Roche
Applied Science, Indianapolis, IN, USA); nuclear factor
κB p65 (NFκB/p65) (IMK-503 (Imgenex, San Diego, CA,
USA); and rat Toll-like receptor 4 Rat TLR-4 # E0753R
(USCNL Life, Wuhan, China). Protein content was
determined using the Protein DC assay kit (500-0111;
Bio-Rad Laboratories, Hercules, CA, USA). The protein
data for caspase 3 and HSP70 were determined by ELISA
in both the nuclear and cytosolic fractions. Although there
were differences in total protein amount with enrichment,
there were identical protein patterns in both fractions
(data not shown). The choices of data points per experiment were made based on the availability of equal numbers of specimens and the size of the available assays.
Data analysis

The 72 peak lists from MS experiments were combined
and interrogated against the UniProt/SwissProt Rattus
norvegicus protein database [PR:P06761] using ProteinProspector 5.10 software package (University of California,
San Francisco; [28-30]). A minimal ProteinProspector
score of 22, a minimal peptide score of 15, a minimal
discriminant score of 0 and a maximal expectation
value of 1E-2 were used for identification criteria (see online
supplement). In order to estimate the false discovery rate
(FDR) for the results, the same search was performed
against a concatenated database of normal and decoy sequences, assuming that for every match to the decoy database at the employed acceptance criteria, there would also
be an incorrect match among the normal database sequences. Protein identification was cross-checked manually.
Quantification was determined by calculating the ratios of
the areas under the reporter peaks using the Search Compare tool in the ProteinProspector suite of programs. For
each identified protein, we calculated the means and standard deviations of the peak intensity ratios from all peptides
assigned to a given protein.
The results of the ELISA and BAL measurements were
compared by performing t-tests for independent samples
using SPSS version 16.0 for Windows software (IBM
SPSS, Chicago, IL, USA). A Kolmogorov-Smirnov goodnessof-fit test was performed against a normal distribution.
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There was no significant difference from a normal distribution, with the exception of some groups of basophil and eosinophil percentage data, for which no
statistical tests were performed. Therefore, the data
herein are described as means and standard deviations,
with parametric statistical tests used for comparisons.
A Levene test for homogeneity of variance was used in
all samples to test for heteroscedasticity, and P-values
were corrected accordingly using the algorithm in
SPSS. Because heteroscedasticity resilient to transformation precluded the use of analysis of variance, a total of
22 t-tests were performed and P-value thresholds were
established to correct for multiple comparisons as described by Benjamini and Hochberg [31] using the script
published by IBM for SPSS software [32]. P-values and
FDR threshold values are provided in Table 1.

Results
Bronchoalveolar lavage
Neutrophil cell count

To determine the inflammatory response to smoke exposure and mechanical ventilation, the number of neutrophils in the BAL fluid (BALF) was measured. Analysis
of cell percentages and overall numbers of different cell
populations (Figure 1 and Table 2) demonstrated an increase in neutrophils after both smoke exposure and
mechanical ventilation alone. The combination of both
conditions resulted in a more-than-additive, statistically
significant increase in neutrophils. There was a statistically significant difference between the BALF neutrophils from rats after ventilation alone and from rats after
ventilation and smoke exposure combined (Table 1).
Alveolar barrier permeability

To determine potential alterations in permeability to the
alveolar–vascular barrier, we measured alveolar protein
content in the BALF. After mechanical ventilation and
smoke exposure combined, protein content in the BALF, a
surrogate for macromolecular permeability, increased significantly (Figure 2 and Table 1), but there was no significant increase after mechanical ventilation alone. The
average protein contents were as follows: NSNV = 0.27 ±
0.1435 mg/ml, SNV = 0.20 ± 0.06 mg/ml, NSV = 0.49 ±
0.18 mg/ml and SV = 0.66 ± 0.30 mg/ml.
Interleukin 1β enzyme-linked immunosorbent assay

There was no significant difference in the IL-1β content in
BALF among the groups: NSNV = 68.20 ± 8.46 ng/ml,
SNV = 67.88 ± 9.42 ng/ml, NSV = 62.97 ± 8.73 ng/ml and
SV = 65.87 ± 10.93 ng/ml.
Mass spectrometry analysis

MS data were obtained for a total of 186 proteins (see
online supplement for a complete list). The total number
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Table 1 P-values obtained from statistical comparisons between the nonsmoke/nonventilated, ventilation-alone and
mechanical ventilation groupsa
Groups compared

Measurement

P-value

FDR rank

FDR threshold
P-value

Significance after
FDR correctionb

NSNV vs. SV

Total cell BAL

0.0006

1

0.0023

+

NSNV vs. SV

PMN cell total BAL

0.0013

2

0.0045

+

NSNV vs. SV

BAL Protein

0.0013

3

0.0068

+

NSNV vs. SV

Nuclear HSP70

0.0302

7

0.0159

−

NSNV vs. SV

Membrane TLR4

0.0392

9

0.0205

−

NSNV vs. SV

Cytosolic caspase 8

0.0502

10

0.0227

−

NSNV vs. SV

Nuclear NFκBp65

0.1151

13

0.0295

−

NSNV vs. SV

Cytosolic caspase 9

0.1167

14

0.0318

−

NSNV vs. SV

Nuclear caspase 3

0.1520

16

0.0364

−

NSNV vs. SV

Nuclear DNA fragments

0.3524

19

0.0432

−

NSNV vs. SV

Cytosolic catalase

0.7059

22

0.0500

−

NSV vs. SV

Nuclear DNA fragments

0.0082

4

0.0091

+

NSV vs. SV

PMN cell total BAL

0.0108

5

0.0114

+

NSV vs. SV

Membrane TLR4

0.0176

6

0.0136

−

NSV vs. SV

Cytosolic caspase 8

0.0352

8

0.0182

−

NSV vs. SV

BAL protein

0.0875

11

0.0250

−

NSV vs. SV

Nuclear NFκBp65

0.0897

12

0.0273

−

NSV vs. SV

Nuclear HSP70

0.1228

15

0.0341

−

NSV vs. SV

Nuclear caspase 3

0.1871

17

0.0386

−

NSV vs. SV

Cytosolic caspase 9

0.2767

18

0.0409

−

NSV vs. SV

Cytosolic catalase 8

0.4090

20

0.0455

−

NSV vs. SV

Total cells BAL

0.4549

21

0.0477

−

BAL: Bronchoalveolar lavage; FDR: False discovery rate; HSP: Heat shock protein; NSNV: Nonsmoke/nonventilated; NSV: Ventilation alone; NFκB: Nuclear factor κB;
PMN: Polymorphonuclear; SV: Mechanical ventilation; TLR4: Toll-like receptor 4. bThe right column indicates statistical significance after performing the FDR
calculation (+ signifies statistical significance after correction and − means no statistical significance after correction).
a

of decoy proteins was 1, resulting in an estimated FDR
of 0.53%. The resulting protein list was evaluated to discover vantage points for further analysis of the samples,
and a list of 20 proteins of interest was compiled (see
Table 3 and Additional file 2 for full qualitative and
quantitative MS data).
Oxidative pathways

We obtained quantitative information for the proteins catalase, peroxiredoxin 1, peroxiredoxin 2 and peroxiredoxin 6.
Heat shock proteins and mediators of apoptosis

Quantitative proteomics indicated content changes in
HSP70 and calmodulin, the former being an inhibitor of
apoptosis [33] and the latter being involved in proapoptotic pathways [34].
Innate immunity proteins

There was considerable variability in the content of lysozyme, an integral part of the innate immune response.
In addition, pulmonary surfactant protein B has been

shown to be potentially involved in innate immunity
pathways [35].
Immunochemical analysis

The results of our data measurements are provided in
Table 4.
For nuclear DNA fragments, an indicator of apoptotic
activity [36], a significantly higher content after smoke
exposure with mechanical ventilation compared to
mechanical ventilation alone was present (Table 1).
There was no statistically significant difference between normal control rats and rats exposed to both
smoke and ventilation. We used mouse monoclonal
antibodies directed against DNA and histones in the
assay to determine a potential endpoint of apoptotic
activity.
Catalase activity was measured to determine antioxidant
activity in the ATII cell cytoplasmic fraction [37]. When
we compared normal controls with the ventilation-alone
group, we found no significant difference after smoke exposure with or without mechanical ventilation (Table 1).
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Figure 1 Neutrophils in bronchoalveolar lavage fluid with and
without exposure to smoke and mechanical ventilation. The
four groups depicted are nonsmoke/nonventilation (NS-NV), smoke/
nonventilation (S-NV), nonsmoke/ventilation (NS-V) and smoke/
ventilation (S-V). To the right of the dot blots, mean ± SD values are
indicated by bars. The combination of the two stimuli resulted in a
significant increase in polymorphonuclear cells (P < 0.01) compared
to all other groups, including NS-V rats.

The cellular content of the lipopolysaccharide receptor
TLR4 [38] was determined in the ATII cell membrane
fraction to investigate innate immune activation via this
pathway. Compared to control and ventilation-alone animals, the increase in TLR4 content was not significantly
increased after smoke exposure and mechanical ventilation (Table 1 and Figure 3).

NFκBp65 was measured in the ATII cell nuclear fraction to determine activation of inflammatory and antioxidant activity via this pathway [39]. The cellular content
in nonexposed rats was not significantly different from the
content in smoke exposed and mechanically ventilated
rats (Table 1). Compared to mechanical ventilation alone,
there was no statistically significant change in cellular content after smoke exposure.
HSP70 content was measured in the nuclear fraction
to determine the activation state of the inflammasome of
ATII cells, particularly in response to oxidative stress
[40] (Figure 4). There was no significant difference between normal control rats and rats after smoke exposure
and mechanical ventilation (Table 1) or between mechanical ventilation alone and smoke exposure and mechanical ventilation combined. A very similar distribution
pattern was present for nonfractionated cells and the
cytosolic fraction (data not shown).
Caspases 3, 8 and 9 were measured to investigate potential contributions of their respective pathways of activation
in apoptosis [41]. Caspase 3 activity in the nuclear fraction
from normal rats was not statistically different from that
of rats exposed to smoke and mechanical ventilation
(Figure 5 and Table 1), and the content after mechanical ventilation alone was not significantly different
from that of rats exposed to smoke and mechanical
ventilation. An identical caspase 3 pattern was present
in the cytosolic fraction (n = 10 per group, data not
shown). Caspase 8 activity in the nuclear fraction was
not different after mechanical ventilation alone or after
mechanical ventilation in combination compared with
controls. Cytosolic caspase 9 activity in untreated animals was not different from that of rats exposed to

Table 2 Cell differential in the bronchoalveolar lavage fluida
Cell-type comparisons

NSNV

SNV

NSV

SV

Macrophages (%)

94.33 ± 3.58

64.75 ± 25.54

79.42 ± 4.91

42.08 ± 38.50

PMN cells (%)

2.75 ± 1.91

22.67 ± 15.36

18.50 ± 3.85

55.58 ± 38.67

Differentials

Lymphocytes (%)

1.58 ± 1.68

1.08 ± 1.08

1.08 ± 1.24

1.58 ± 2.94

Eosinophils (%)

1.25 ± 1.42

3.00 ± 5.48

0.67 ± 1.30

0.50 ± 0.80

Basophils (%)

0.08 ± 0.29

0.33 ± 0.65

0.33 ± 0.65

0.25 ± 0.45

Cell numbers
Macrophages

2.32 × 106 ± 9.48 × 105
4

2.15 × 106 ± 9.88 × 105
8.20 × 10 ± 6.83 × 10

7.05 × 10 ± 2.12 × 10

2.28 × 106 ± 1.78 × 106*+

Lymphocytes

5.07 × 104 ± 6.00 × 104

3.44 × 104 ± 3.93 × 104

3.81 × 104 ± 3.74 × 104

6.18 × 104 ± 1.16 × 105

1.40 × 10 ± 3.24 × 10

2.11 × 10 ± 4.02 × 10

2.04 × 104 ± 3.08 × 104

Basophils

2.10 × 103 ± 7.27 × 103

1.15 × 104 ± 2.28 × 104

1.41 × 104 ± 2.71 × 104

9.91 × 103 ± 1.86 × 104

Total cells
a

2.49 × 10 ± 1.08 × 10

6

6

3.36 × 10 ± 1.25 × 10

4

5

3.80 × 10 ± 5.64 × 10

6

5

5

Eosinophils

6

5

5

2.02 × 106 ± 2.05 × 106

7.74 × 10 ± 6.40 × 10

4

5

3.18 × 106 ± 1.37 × 106

PMN cells

4

4

6

4

6

3.96 × 10 ± 1.53 × 10

4.40 × 106 ± 1.25 × 106*

NSNV: Nonsmoke/nonventilated; NSV: Ventilation alone; PMN: Polymorphonuclear; SNV: Smoke/nonventilated; SV: Mechanical ventilation. Data presented are the
cell differentials (percentage of cells) and the absolute cell numbers in the bronchoalveolar lavage for all cells combined and among different cell types. *P < 0.05
vs. NSNV; +P < 0.05 vs. NSV.
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mechanical ventilation. The combination of the two stimuli resulted in a numerically higher caspase 9 activity level,
but this difference did not reach statistical significance.

Figure 2 Protein content in bronchoalveolar lavage fluid with
and without exposure to smoke and mechanical ventilation.
Mechanical ventilation plus smoke exposure (S-V) led to significant
increases in bronchiolar lavage (BAL) fluid protein content compared
to normal controls (P < 0.01). Even though the P-value is less than
0.01, the addition of cigarette smoke exposure to ventilated rats did
not lead to a significant further increase of BAL protein content after
correction for false discovery rate (NSV vs. SV). The bars to the right
of the data points indicate means ± SD. NS-NV: nonsmoke/nonventilated; NS-V: Ventilation alone; S-NV: Smoke/nonventilated.

Discussion
The results of this study indicate that the combination
of cigarette smoke exposure and mechanical ventilation
may interact to induce greater neutrophil influx and
may increase susceptibility to acute lung injury. In particular, the combination of smoke and mechanical ventilation significantly increased airspace neutrophils compared
to mechanical ventilation alone. In addition, we found less
pronounced alterations in ATII cell protein expression, including significantly increased levels of DNA fragmentation. Smaller but consistent increases that did not reach
statistical significance after correction for multiple comparisons were measured in the same groups for HSP70,
TLR4 and caspases (Table 1).
The combination of the two stimuli triggered a significant increase in BAL neutrophils and in overall cell numbers compared to normal controls and led to increased
cell differential variability between animals (Table 2).
These differences were likely caused by variability introduced by both ventilation and smoke exposure, resulting
in an interactive effect after combination of the two stimuli. Our findings after mechanical ventilation confirm
those of a previous study in mice exposed to mechanical

Table 3 A selection of proteins of interest from the mass spectrometry analyses
Accession no.

Protein name

MW

pI

[PR:P04762]

Catalase

59,757.70

7.10

[PR:Q63716]

Peroxiredoxin 1

22,109.60

8.30

[PR:P35704]

Peroxiredoxin 2

21,783.90

5.30

[PR:O35244]

Peroxiredoxin 6

24,818.80

5.60

[PR:P08010]

Glutathione S-transferase μ2

25,702.90

6.90

[PR:P34058]

Heat shock protein (HSP)90β

83,281.90

5.00

[PR:P82995]

Heat shock protein HSP90α

84,815.60

4.90

[PR:P63018]

Heat shock cognate 71-kDa protein

70,871.60

5.40

[PR:P14659]

Heat shock-related 70-kDa protein 2

69,642.20

5.50

[PR:P55063]

Heat shock 70-kDa protein 1-like

70,549.80

5.90

[PR:Q07439]

Heat shock 70-kDa protein 1A/1B

70,185.90

5.60

[PR:P42930]

Heat shock protein β1

22,892.80

6.10

[PR:P26772]

10-kDa heat shock protein, mitochondrial

10,901.80

8.90

[PR:P63039]

60-kDa heat shock protein, mitochondrial

60,956.00

5.90

[PR:P62161]

Calmodulin

16,837.70

4.10

[PR:P18418]

Calreticulin

47,995.80

4.30

[PR:P67779]

Prohibitin

29,820.30

5.60

[PR:P00697]

Lysozyme C1

16,729.30

9.30

[PR:P22355]

Pulmonary surfactant-associated protein B

41,590.40

6.20

The UniProt/SwissProt accession numbers and protein names, molecular weight (MW) in daltons and isoelectric point (pI) are provided. A complete protein list is
provided in the online supplement.
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Table 4 Results of immunochemical measurements in alveolar type II cellsa
Cell type

NSNV

SNV

NSV

SV

Catalase, nmol/min (n = 8 for
each group)

3.40 × 10

Toll-like receptor 4, μg/cell (n = 8
for each group)

3.82 × 10−7 ± 2.92 × 10−7

1.81 × 10−7 ± 1.28 × 10−7

6.94 × 10−7 ± 5.17 × 10−7

1.07 × 10-6 ± 8.14 × 10−7

NFκBp65, ng/cell (n = 8 for
each group)

4.20 × 10−6 ± 3.43 × 10−6

4.14 × 10−6 ± 1.89 × 10−6

5.08 × 10−6 ± 4.06 × 10−6

9.28 × 10−6 ± 7.25 × 10−6

HSP70, ng/cell (n = 8 for
each group)

1.75 × 10−7 ± 1.05 × 10−7

5.24 × 10−7 ± 2.27 × 10−7

6.37 × 10−7 ± 5.23 × 10−7

1.24 × 10−6 ± 1.11 × 10−6

Caspase 3, U/cell (n = 10 for
each group)

3.56 × 10−4 ± 3.22 × 10−4

4.14 × 10−4 ± 2.48 × 10−4

1.72 × 10−4 ± 1.11 × 10−4

1.01 × 10−3 ± 1.13 × 10−3

Caspase 8, U/cell (n = 7 for
each group)

5.13 × 10−8 ± 2.71 × 10−8

7.42 × 10−8 ± 4.71 × 10−8

3.85 × 10−8 ± 1.38 × 10−8

1.76 × 10−7 ± 1.11 × 10−7

Caspase 9, U/cell (n = 7 for
each group)

6.03 × 10−8 ± 3.71 × 10−8

1.65 × 10−7 ± 1.05 × 10−7

4.70 × 10−8 ± 1.39 × 10−8*

3.51 × 10−7 ± 4.20 × 10−7

DNA fragments, % absorbance
compared with NSNV (n = 8 for
each group)

100.00 ± 78.57

62.19 ± 108.49

15.73 ± 129.04

143.07 ± 69.43*

−5

−5

± 2.52 × 10

−6

8.01 × 10

−6

± 9.03 × 10

−5

8.93 × 10

−4

± 1.19 × 10

2.54−5 ± 5.72−5

a
HSP: Heat shock protein; NSNV: Nonsmoke/nonventilated; NSV: Ventilation alone; NFκB: Nuclear factor κB; SV: Mechanical ventilation. *P < 0.05 vs. NSNV; Data are
means ± SD.

ventilation for 6 hours with 10 ml/kg tidal volume and
PEEP of 3 cmH2O [42]. The results of that suggested
that ventilation induced low-level BALF neutrophilia
and proliferation of ATII cells, whereas ventilation did
not increase apoptosis in ATII cells, as measured by
terminal deoxynucleotidyl transferase deoxyuridine triphosphate nick-end labeling staining. In our previous

study in rats undergoing low and high tidal volume
ventilation, we found a similar small increase in BALF
neutrophils in the low tidal volume ventilation group
[15]. The results of our present study add to these previous studies the finding that cigarette smoke exposure
further increases neutrophil recruitment following mechanical ventilation.

Figure 3 Content in Toll-like receptor 4 in the membrane fraction
of rat alveolar type II cells with or without exposure to smoke and
mechanical ventilation. Smoke exposure and mechanical ventilation
alone did not lead to a significant increase in TLR4 compared to normal
controls. The combination of the two stimuli resulted in a nonsignificant
increase in TLR4 compared with both the nonsmoke/nonventilated
(NS-NV) and smoke/nonventilated (S-NV) groups (both P < 0.05, not
significant after correction for false discovery rate). ATII: alveolar type II
cells; NS-V: Nonsmoke/ventilated; S-V: Smoke/ventilated. Bars represent
mean and standard deviation of the data.

Figure 4 Content in heat shock protein 70 in the nuclear fraction of
rat alveolar type II cells with or without exposure to smoke and
mechanical ventilation. Smoke exposure and mechanical ventilation
alone did not lead to an appreciable increase in Toll-like receptor 4. The
combination of the two stimuli resulted in a nonsignificant increase in
nuclear fraction heat shock protein 70 (HSP70) compared to both the
nonsmoke/nonventilated (NS-NV) and the smoke/nonventilated (S-NV)
groups. AVII: alveolar type II cells; NS-V: nonsmoke/ventilated; S-V: smoke/
ventilated (P < 0.05 for NSNV vs. SV, not significant after correction for false
discovery rate). Bars represent mean and standard deviation of the data.
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Figure 5 Caspases 3, 8 and 9 activity in rat alveolar type II cells with or without exposure to smoke and mechanical ventilation. Smoke
exposure and mechanical ventilation alone did not lead to an increase. The combination of the two stimuli resulted in nonsignificant increases in
caspase activity compared to all other groups. ATII: Alveolar type II cells; NS-NV: nonsmoke/nonventilated; NS-V: nonsmoke/ventilated; S-NV:
smoke/nonventilated; S-V: smoke/ventilated. Bars represent mean and standard deviation of the data.

Compared to normal controls, the combination of
smoke exposure and mechanical ventilation was associated with significant increases in BALF protein content
in this 4-hour experiment. Ventilation pressures were
similar between the groups (data not shown). Therefore,
in this short-term experiment, differences in neutrophil
inflammation did not result in measurable differences in
alveolar barrier function. This observation may be due
to the duration of the model, but the data do not support the hypothesis that cigarette smoke interacts with
mechanical ventilation to compromise alveolar barrier
function.
A novel aspect of this study is the evaluation of ATII
cell protein content after the various exposures. Using
MS as a discovery tool to identify potential patterns of
changes in the proteome and to follow up on the results
using immune techniques, we found evidence for ATII
cell–specific changes in innate immune responses and
regulation of pathways central to apoptosis and inflammasome function.
Following up on the MS data using immunological
methods, we identified a pattern of increased levels of several markers of cell activation. However, these changes,
with the exception of DNA fragments, were not statically
significant after correcting for multiple comparisons.
Nevertheless, the parallel increases in markers of cellular activation appeared consistent. Markers of ATII cell
activation may be affected by an interaction between
cigarette smoke exposure and mechanical ventilation.
We identified numerical increases in TLR4 content
and HSP70 content, but these differences did not reach
statistical significance in our analysis. Therefore, these
data are consistent with a relatively modest interaction
between cigarette smoke and mechanical ventilation
on alveolar epithelial cell activation. In particular, the

significant increase in DNA fragments and the nonsignificant pattern of increases in caspases 3, 8 and 9 content
may indicate increased apoptotic activity in the alveolar
epithelium in the smoke plus ventilation group. However,
the amount and variability of the changes may indicate
that changes in protein content alone are not sufficient to
describe the cellular response to these stimuli. Future research may need to target alterations at the posttranslational level to obtain a more comprehensive picture of the
cellular response.
Previous clinical and experimental studies have identified IL-1β as an important mediator of lung injury in
VILI and ARDS [43]. Our data did not show a significant
increase in BALF IL-1β levels with the smoke exposure
and ventilation mode selected. One potential explanation
could be that the IL-1 production capacity of macrophages from alveolar lavage compared to blood macrophages is relatively limited [44] and that acute cigarette
smoke exposure can induce apoptosis of alveolar macrophages [45]. In addition, our exposure levels were selected on the basis of minimal effects on our endpoints
when used alone, such that interactive effects of the
combined exposures could be studied. Caspases 8 and 1
have been reported as activators of IL-1β via the inflammasome pathway [41,46]. The alterations in these enzymes were not very pronounced and were not statistically
significant after correction for multiple comparisons. These
data suggest that inflammasome activation in ATII cells is
not a major feature of the model in this study or that it
does not manifest itself by changes in protein content.
However, significant elevations in DNA fragments in ATII
cells are consistent with an increase in alveolar epithelial
cell apoptosis or injury and may reflect part of the inflammatory response driving the increase in neutrophil accumulation observed with the combination of cigarette
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smoke and mechanical ventilation [47-51]. The development of an oxidant/antioxidant imbalance in lung inflammation could result in cell injury and increased airspace
neutrophils. An increase in catalase in BALF after cigarette
smoke exposure has been described previously [37]. However, we did not find an increase in catalase in ATII cells
following smoke exposure and mechanical ventilation.
These data may provide some insight into the potential
cellular sources of catalase during lung injury. In past
studies, interactions between oxidative pathways and
apoptosis have been demonstrated in an alveolar epithelial cell line [52]. Although this may be true in primary
cells, our data do not support a major role for this
pathway in the increased lung inflammation induced
by the combination of smoke exposure and mechanical
ventilation [53-55].

Conclusions
In the samples taken from rats that had undergone a
combination of cigarette smoke exposure and mechanical ventilation, BAL cell counts were significantly elevated. This finding was especially pronounced in BAL
neutrophils. The increase in neutrophils in rats exposed
to smoke and ventilation was present in comparisons
with normal control rats and rats that had undergone
mechanical ventilation alone. There were numerical increases in some markers of alveolar epithelial inflammation with the combined intervention compared with
either intervention alone. However, these increases, though
consistent, were largely not statistically significant after the
rigorous testing for multiple comparisons that we used. This
discrepancy between the increase in BAL neutrophils and
cellular protein content may indicate that cellular protein
content changes are relatively modest in alveolar epithelial
cells. This may be because the interaction between smoke
and mechanical ventilation at the alveolar epithelial cell level
is small or because changes in protein content alone may
not be sufficient to describe the intracellular changes. Future
research may need to focus on the posttranslational level.
Cigarette smoking is a potential risk factor for ARDS
[3-6] and other respiratory complications [7,8] in ICU [4,5]
and perioperative settings [6-9]. Our data are consistent
with the hypothesis that cigarette smoke aggravates alveolar epithelial cell injury by increasing neutrophilic inflammation in VILI. Although additional direct investigations
are necessary, such an enhancing effect of prior smoke exposure on VILI could potentially contribute to the incidence of or disease course in ARDS patients who are
smokers.
Key messages
 The combination of cigarette smoke and mechanical

ventilation significantly increased BAL neutrophil
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count and alveolar protein content as markers of
lung inflammation and injury and DNR fragments as
a marker of apoptosis, which indicate alveolar
epithelial dysfunction.
 Our data are consistent with the hypothesis that
cigarette smoke potentiates alveolar epithelial cell
injury and stress responses in patients at risk for
ARDS.

Additional files
Additional file 1: This picture shows the smoking apparatus and
the smoking chamber.
Additional file 2: This table shows the mass spectrometry data. A
legend is provided at the end of the data.
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