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ABSTRACT
Rationale Cigarette smoke exposure is associated with
an increased risk of the acute respiratory distress
syndrome (ARDS); however, the mechanisms underlying
this relationship remain largely unknown.
Objective To assess pathways of lung injury and
inflammation in smokers and non-smokers with and
without lipopolysaccharide (LPS) inhalation using
established biomarkers.
Methods We measured plasma and bronchoalveolar
lavage (BAL) biomarkers of inflammation and lung injury
in smokers and non-smokers in two distinct cohorts of
healthy volunteers, one unstimulated (n=20) and one
undergoing 50 μg LPS inhalation (n=30).
Measurements and main results After LPS
inhalation, cigarette smokers had increased alveolar-
capillary membrane permeability as measured by BAL
total protein, compared with non-smokers (median 274
vs 208 μg/mL, p=0.04). Smokers had exaggerated
inflammation compared with non-smokers, with
increased BAL interleukin-1β ( p=0.002), neutrophils
(p=0.02), plasma interleukin-8 (p=0.003), and plasma
matrix metalloproteinase-8 (p=0.006). Alveolar epithelial
injury after LPS was more severe in smokers than non-
smokers, with increased plasma (p=0.04) and decreased
BAL (p=0.02) surfactant protein D. Finally, smokers had
decreased BAL vascular endothelial growth factor (VEGF)
(p<0.0001) with increased soluble VEGF receptor-1
(p=0.0001).
Conclusions Cigarette smoke exposure may predispose
to ARDS through an abnormal response to a ‘second
hit,’ with increased alveolar-capillary membrane
permeability, exaggerated inflammation, increased
epithelial injury and endothelial dysfunction. LPS
inhalation may serve as a useful experimental model for
evaluation of the acute pulmonary effects of existing and
new tobacco products.

INTRODUCTION
Although many harmful effects of tobacco have
been known for decades, cigarette smoke exposure
has only recently been identified as a risk factor for
acute respiratory distress syndrome (ARDS). Over
the past several years, studies in a variety of popula-
tions have found an increased risk of ARDS among
smokers. In critically ill patients with blunt trauma,
active and passive cigarette smoke exposure have

been associated with an increased risk of ARDS;1

likewise, smoking is associated with an increased
risk of ARDS in non-pulmonary sepsis2 and follow-
ing blood transfusion,3 as well as with primary
graft dysfunction,4 a form of ARDS that occurs
within 72 h of lung transplant. Furthermore, cigar-
ette smokers who develop ARDS do so with fewer
comorbidities and at a younger age,5 suggesting
that smokers may be more prone to developing
ARDS when they are less severely ill. However, the
mechanisms underlying the relationship between
cigarette smoke and ARDS remain poorly
characterised.
Potential mechanisms by which cigarette

smoking may predispose patients to develop ARDS
have largely been extrapolated from other experi-
mental settings. Cigarette smoke has numerous
acute effects on the lung, several of which are
implicated in ARDS pathogenesis, including alveo-
lar inflammation,6 increased alveolar epithelial per-
meability,7 increased pulmonary endothelial
permeability8 and platelet dysfunction.9 In a recent
study of ex vivo human lungs rejected for organ
transplantation, donor smoking was associated with
increased pulmonary oedema, with evidence of

Key messages

What is the key question?
▸ How does cigarette smoke exposure predispose

patients to develop acute respiratory distress
syndrome (ARDS)?

What is the bottom line?
▸ After lipopolysaccharide exposure, smokers

have exaggerated alveolar-capillary barrier
permeability, inflammation and epithelial injury,
suggesting that priming of these pathways may
contribute to the increased risk of ARDS found
in smokers.

Why read on?
▸ To our knowledge, this study is the first to use

a human experimental model to focus on
directly investigating the mechanisms through
which cigarette smoke exposure predisposes
patients to develop ARDS.
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inflammation and epithelial injury in bronchoalveolar lavage
(BAL), whereas heavy smoking was associated with impaired
alveolar fluid clearance.10 Another study found that cigarette
smokers with ARDS had higher oedema fluid to plasma protein
ratios, reflecting increased alveolar-capillary barrier permeabil-
ity.11 Additional human clinical studies with direct relevance to
ARDS are needed to obtain a better understanding of the
mechanisms through which cigarette smoke predisposes patients
to ARDS, with the ultimate goal of developing new preventative
and therapeutic strategies for this frequently fatal syndrome as
well as identifying biomarkers that might become the basis for
regulation of existing and new tobacco products.

In this study, we compared the association of cigarette smoke
exposure with plasma and BAL biomarkers of lung injury and
inflammation, chosen a priori, in two groups to (1) test if cigar-
ette smoke increases alveolar-capillary membrane permeability
in response to a ‘second hit’, and (2) study mechanistic biomar-
kers that might help to explain differences in alveolar-capillary
permeability between smokers and non-smokers. We hypothe-
sised that cigarette smoke exposure primes the lung to develop
increased alveolar-capillary membrane permeability, and ultim-
ately ARDS, through an exaggerated inflammatory and injurious
response to a ‘second-hit,’ which we modelled with inhaled
lipopolysaccharide (LPS). Some of the results of this study have
been previously reported in the form of an abstract.

SUBJECTS AND METHODS
Subjects
Samples from two previously enrolled cohorts were analysed in
this study. The first cohort comprised healthy outpatients
enrolled in an elective bronchoscopy study at the University of
Colorado.6 Subjects, who had no history of cardiac, lung, liver
or renal dysfunction, underwent bronchoscopy with BAL.
Details of the bronchoscopy are available in the online supple-
mentary data. We used BAL samples from 20 healthy subjects
without a history of alcohol use disorders. Of these 20 subjects,
10 were active smokers by self-report. The study was approved
by the University of Colorado institutional review board. All
subjects provided consent for participation, including for the
use of samples in future studies.

The second cohort consisted of healthy non-alcoholic volun-
teers enrolled in a study at Queen’s University, Belfast, UK.12

This study was originally designed to assess the anti-
inflammatory effects of simvastatin in humans exposed to LPS.
Of the 30 enrolled subjects, nine were active smokers by self-
report. Subjects were randomised to either simvastatin or
placebo for 4 days and then exposed to 50 μg inhaled LPS
(Escherichia coli serotype O26:B6; Sigma Chemicals, Poole,
Dorset, UK). Bronchoscopy with BAL was performed 6 h after
LPS inhalation. Details of the LPS inhalation and bronchoscopy
are available in the online supplementary data. Plasma was
obtained both before LPS administration and 24 h afterwards.
After the conclusion of this study, four additional smokers were
enrolled at Queen’s University, Belfast; although recruitment
was similar to the initial 30 Belfast subjects, these four subjects
did not receive statins or placebo. Additionally, these four sub-
jects underwent two bronchoscopies—first, without LPS stimu-
lation (with plasma drawn before the procedure and 24 h later),
and then 4 weeks later, LPS inhalation followed by bronchos-
copy with BAL 6 h later (with plasma drawn according to the
previous studies). The study was approved by the local research
ethics committee. All subjects provided consent for participa-
tion, including for the use of samples in future studies.

Measurements
Total protein
Total protein was measured in BAL samples only by the
Bradford assay (Bio-Rad Laboratories, Hercules, California,
USA).

Inflammatory biomarkers
Interleukin (IL)-8 and IL-1β were measured in plasma and BAL
by ELISA (R&D Systems, Minneapolis, Minnesota, USA).
Matrix metalloproteinases (MMP)-1, -2, -3, -7, -8 and -9 were
measured in LPS stimulated plasma by cytometric bead array
(R&D systems). Only MMP-8 was measured in baseline plasma
(ELISA, R&D Systems). Polymorphonuclear neutrophils
(PMNs) were measured in BAL only by manual count.

Surfactant protein D
Surfactant protein D (SP-D) was measured in plasma and BAL
using ELISA (Yamasa Corporation, Tokyo, Japan).

Vascular endothelial growth factor and receptor
Vascular endothelial growth factor (VEGF) was measured in
plasma and BAL using ELISA (R&D systems). Soluble VEGF
receptor-1 (sVEGFr-1) was measured in BAL alone using ELISA
(R&D systems).

Statistical analysis
Normally distributed variables were compared using a Student’s
t test and displayed as mean±SD. Non-normally distributed
variables were compared using the Mann–Whitney U test and
displayed as median with IQR. In the Belfast cohort, linear
regression was performed to assess whether the differences in
biomarkers between smokers and non-smokers were independ-
ent of statin exposure. Regression with an interaction term was
used to compare the mean difference in each biomarker
between smokers and non-smokers at baseline and after LPS
inhalation; this analysis formally tests the hypothesis that the
association between LPS administration and the biomarker of
interest differs in smokers as compared with non-smokers.
Interaction was adjusted for age as a possible confounder. Log
transformation was used, as needed, to fulfil all assumptions
required for linear regression testing. A p value ≤0.05 was con-
sidered statistically significant. Statistical analyses were per-
formed with STATA V.13.1 (StataCorp LP, College Station,
Texas, USA).

RESULTS
Demographics
All subjects were healthy without comorbidities. There was no
difference in sex distribution between cohorts. The Colorado
cohort was older than the Belfast cohort (mean age 40 vs
26 years, p<0.0001). There was no significant difference in age
or gender distribution between smokers and non-smokers, both
within each cohort and including all subjects. The additional
four Belfast subjects did not differ in age (26 vs 26 years,
p=0.95) or gender distribution (25% vs 47% male, p=0.41)
from the initial Belfast cohort.

Alveolar-capillary membrane permeability
Alveolar-capillary membrane permeability was assessed by BAL
total protein. In unstimulated BAL from the Colorado cohort,
there was no significant difference in total protein between
non-smokers and smokers (figure 1, see online supplementary
table S1). In the Belfast cohort, after LPS inhalation, smokers
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had increased total protein compared with non-smokers
(median: 274 vs 208 μg/mL, p=0.04) (figure 1). Linear regres-
sion demonstrated an interaction between cigarette smoking and
LPS (p=0.04), indicating that cigarette smokers develop exag-
gerated alveolar-capillary membrane permeability compared
with non-smokers in response to inhaled LPS.

Inflammatory biomarkers in plasma
In the Belfast cohort before LPS inhalation, there was no signifi-
cant difference in plasma IL-8, IL-1β or MMP-8 in smokers
compared with non-smokers. After LPS, plasma IL-8 and
MMP-8 increased in both smokers and non-smokers; however,
levels were higher in smokers than in non-smokers (median IL-8
level 3 vs 2 pg/mL p=0.003; median MMP-8 level 11 vs
6 ng/mL, p=0.006) (figure 2, see online supplementary table
S2). There were no significant associations between smoking
and plasma IL-1β or MMP-1, -2, -3, -7, or -9. Linear regression
showed statistically significant interactions between cigarette
smoking and LPS when examining plasma MMP-8 (p=0.045)
and IL-8 (p=0.002).

Inflammatory biomarkers in BAL
In unstimulated BAL from the Colorado cohort, there was no
significant difference in PMNs between smokers and non-
smokers, but IL-1β was higher in smokers than in non-smokers
(median: 1 vs 0 pg/mL, p=0.007) (figure 3, see online supple-
mentary table S1). In the Belfast cohort after LPS inhalation,
cigarette smokers had increased BAL IL-1β (median 108 vs
37 pg/mL, p=0.002), percentage PMNs (median 42% vs 31%,
p=0.02) and total PMNs (median 9 vs 3×105 cells, p=0.02)
compared with non-smokers (figure 3, see online supplementary
table S1). BAL IL-8 levels after LPS were similar between
smokers and non-smokers. Linear regression identified signifi-
cant interactions between cigarette smoking and LPS for IL-1β
(p<0.001) and percentage PMNs (p=0.01), indicating that the
response of these markers to LPS was significantly different in
smokers compared with non-smokers.

SP-D in plasma
In the Belfast cohort at baseline, there was no significant
difference in plasma SP-D between smokers and non-smokers.
After LPS inhalation, plasma SP-D was higher (median 130 vs

96 ng/mL, p=0.04) in smokers than in non-smokers (figure 4,
see online supplementary table S2). However, linear regression
did not detect an interaction between LPS and smoking for
plasma SP-D (p=0.31).

SP-D in BAL
In unstimulated BAL from the Colorado cohort, there was no
significant difference in SP-D between smokers and non-smokers
(figure 4, see online supplementary table S1). In the Belfast
cohort, after LPS inhalation, BAL SP-D was lower (median 724
vs 1347 ng/mL, p=0.02) in smokers than in non-smokers
(figure 4). Linear regression demonstrated no interaction
between cigarette smoking and LPS for BAL SP-D (p=0.13).

VEGF and receptor in plasma and BAL
There was no significant difference in plasma VEGF levels
between smokers and non-smokers either at baseline or after
LPS inhalation. In unstimulated BAL from the Colorado cohort,
cigarette smoking was associated with decreased BAL VEGF
(p=0.001) and a trend toward increased sVEGFr-1 (p=0.08)
(figure 5, see online supplementary table S1). After LPS inhal-
ation, in the Belfast cohort, cigarette smoke was associated with
decreased VEGF (median 1 vs 219 pg/mL, p<0.0001) and
increased sVEGFr-1 (median 99 vs 31 pg/mL, p=0.0001) in the
BAL (figure 5). A test for interaction between cigarette smoke
and LPS exposure was significant for both VEGF (p<0.001)
and sVEGFr-1 (p<0.001), indicating that these biomarkers
respond differently to LPS in smokers versus non-smokers.

Figure 2 Inflammatory biomarkers in plasma in smokers versus
non-smokers from the Belfast cohort at baseline and 24 h after 50 μg
lipopolysaccharide (LPS) inhalation. (A) Plasma interleukin (IL)-8; (B)
plasma matrix metalloproteinase (MMP)-8. Individual data points and
the median value (short white bar) are shown. p, p value from a
Mann–Whitney U test; p*, p value from linear regression with
interaction testing between LPS and smoking for the biomarker of
interest.

Figure 1 Bronchoalveolar lavage (BAL) total protein in smokers
versus non-smokers in an unstimulated state (Colorado) and 6 h after
50 μg lipopolysaccharide (LPS) inhalation (Belfast). Individual data
points and the median value (short white bar) are shown. p, p value
from a Mann–Whitney U test; p*, p value from linear regression with
interaction testing between LPS and smoking for log-transformed BAL
total protein.
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Effect of statins and age on analyses
Since some subjects in the Belfast cohort were randomised to a
statin, linear regression was used to determine whether findings
were independent of statin exposure. This analysis confirmed
that all findings were independent of statin use (see online sup-
plementary tables S3 and S5). Additionally, since the Belfast and
Colorado cohorts differed in age, we adjusted for age when per-
forming interaction testing between the cohorts, and all findings
were independent of age and statin use (see online supplemen-
tary tables S4 and S6).

Cohort comparison
To ensure that differences identified above were due to smoking
status and not unmeasured differences in patients enrolled by

the two sites, we enrolled a separate small cohort of smokers
who underwent bronchoscopy both with and without LPS
exposure, as described in ‘Subjects and methods’. Baseline levels
of BAL biomarkers in these subjects did not significantly differ
from those of the smokers from our Colorado cohort, with the
exception of sVEGRr-1, which was raised in comparison with
our Colorado cohort (median 21 vs 1 pg/mL, p=0.01).

Next, we compared BAL biomarkers from the four additional
Belfast subjects’ first bronchoscopy (baseline) with those
obtained during their second bronchoscopy (post-LPS). From
baseline to post-LPS, these subjects showed dramatic increases
in BAL IL-1β, IL-8 and total protein with less dramatic changes
in SP-D, sVEGFr-1 and VEGF levels (see online supplementary
figure S1, table S7). This pattern of changes closely mirrored
those we observed in comparing smokers from our Colorado
cohort with our Belfast cohort.

DISCUSSION
This study indicates that healthy cigarette smokers have an
altered response to inhaled LPS that is remarkably similar to the
pattern of findings in patients with ARDS, including altered
alveolar-capillary permeability to protein, as well as acute
inflammation and lung epithelial cell injury. The finding that
smokers are more prone than non-smokers to the development
of alveolar-capillary barrier dysfunction in the presence of an
inflammatory stimulus provides a key potential explanation for
the epidemiological links between smoking and the develop-
ment of human ARDS.

Figure 4 Surfactant protein D (SP-D) in smokers versus non-smokers.
(A) Plasma SP-D from the Belfast cohort at baseline and 24 h after
50 μg lipopolysaccharide (LPS) inhalation; (B) bronchoalveolar lavage
(BAL) SP-D in smokers versus non-smokers in an unstimulated state
(Colorado) and 6 h after 50 μg LPS inhalation (Belfast). Individual data
points and the median value (short white bar) are shown. p, p value
from a Mann–Whitney U test; p*, p value from linear regression with
interaction testing between LPS and smoking for plasma SP-D and
log-transformed BAL SP-D.

Figure 3 Inflammatory biomarkers in bronchoalveolar lavage (BAL)
fluid of smokers versus non-smokers in an unstimulated state
(Colorado) and 6 h after 50 μg lipopolysaccharide (LPS) inhalation
(Belfast). (A) BAL interleukin (IL)-1β; (B) BAL polymorphonuclear
neutrophil (PMN) (%); (C) BAL PMN (×105 cells). Individual data points
and the median value (short white bar) are shown. p, p value from a
Mann–Whitney U test; p*, p value from linear regression with
interaction testing between LPS and smoking for the biomarker of
interest.
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Increased alveolar-capillary membrane permeability is the fun-
damental pathophysiological hallmark of ARDS. The disruption
of the alveolar-capillary membrane, due to endothelial and/or
alveolar epithelial injury, results in the influx of protein-rich
oedema fluid into the alveolar space. Patients with ARDS have
raised total protein levels in oedema fluid and BAL compared
with those with cardiogenic oedema.13 14 Furthermore,
increased BAL total protein levels in patients with ARDS have
been associated with poor outcomes.15 In this study, cigarette
smokers developed increased alveolar-capillary membrane
permeability to protein after LPS inhalation compared with
non-smokers, suggesting that smokers may be more prone to
developing increased barrier permeability in the presence of a
‘second hit,’ such as pneumonia or sepsis.

The remaining biomarkers in this study were selected a priori
based on previous studies in patients with ARDS to determine
whether the mechanisms they represent may mediate the rela-
tionship between cigarette smoke exposure and ARDS. In
humans, BAL IL-1β peaks at ARDS onset16 and remains high in
non-survivors.17 Similarly, IL-8 has been identified as an import-
ant mediator of lung injury in ARDS18 and is predictive of
ARDS onset and associated with clinical outcomes.19 IL-1β and
IL-8 are critical to the endothelial adhesion and recruitment of
neutrophils into the lung airspaces, and neutrophils play a key
role in the dysregulated inflammation implicated in ARDS
pathogenesis.20 Neutrophils act through a variety of mechan-
isms, including the formation of neutrophil-extracellular traps
and the release of reactive oxygen species and proteinases,

including MMPs, which participate in basement membrane
breakdown and are raised in patients with ARDS21 and predict-
ive of outcomes.22

Previous studies suggest that cigarette smoke is associated
with alveolar inflammation. In healthy volunteers, cigarette
smoke has been associated with increased alveolar macrophages
and BAL proinflammatory cytokines such as IL-1ß,6 although
the association with IL-8 is more controversial.6 23

Furthermore, in a previous study, healthy smokers had increased
BAL IL-1β and PMNs but not IL-8 compared with non-smokers
after LPS inhalation,24 although no interaction testing was per-
formed. In our study, cigarette smokers had a statistically signifi-
cant exaggerated inflammatory response, as determined by
interaction testing, compared with non-smokers. This finding
implies that smokers respond differently to an inflammatory
stimulus than non-smokers, and this exaggerated inflammatory
response may contribute to the increased alveolar-capillary
membrane permeability that was seen in our study. Given the
importance of inflammation in ARDS pathogenesis, this exag-
gerated inflammatory response may play a significant role in
increasing the risk of ARDS in cigarette smokers.

SP-D is a biomarker of type II epithelial cell injury. Plasma
SP-D is increased in patients with ARDS25 and associated with
increased mortality and fewer ventilator-free days.26 Decreased
BAL SP-D is associated with increased mortality in patients with
ARDS.25 Low tidal volume ventilation attenuated the rise of
plasma SP-D, indicating that alveolar epithelial injury is funda-
mental to ARDS pathogenesis.26 In our study, smokers had
more severe alveolar epithelial injury after LPS inhalation, as
measured by SP-D, than non-smokers. Similar changes have also
been seen in critical illness, as donor smoking was associated
with decreased BAL SP-D in ex vivo human lungs rejected for
organ transplantation.10 Taken together, these findings indicate
that cigarette smoking is associated with early alveolar epithelial
injury that may be identifiable only in the presence of a ‘second
hit’. Furthermore, given the importance of the alveolar epithe-
lium to alveolar-capillary membrane integrity, this finding may,
in part, explain both the increased barrier permeability after
LPS inhalation and the increased risk of ARDS in smokers.

VEGF is important for endothelial cell survival, regulating
permeability and angiogenesis. In previous studies, BAL VEGF
was decreased in healthy smokers,6 although plasma VEGF was
unchanged.27 These effects of smoking on VEGF are thought to
play a key mechanistic role in a variety of diseases, such as
COPD.28 In ARDS, patients have raised plasma VEGF,29 and
plasma from patients with ARDS increases permeability across
endothelial cell monolayers, an effect prevented by the addition
of VEGF inhibitors,29 suggesting a role for VEGF in ARDS
pathogenesis. In BAL, decreased VEGF has been associated with
ARDS, while a rise is associated with ARDS recovery,30 although
a different study reported equivalent levels in hydrostatic and
permeability oedema.31 sVEGFr-1 inhibits VEGF, and is
increased in alveolar fluid from patients with ARDS.32 Our
study confirms baseline VEGF homoeostatic abnormalities in
the lungs of smokers, and also implies that smokers have a dif-
ferent response to LPS than non-smokers as regards VEGF and
its natural inhibitor. As this pattern of abnormalities is similar to
that of patients with ARDS, the abnormal VEGF homoeostasis
in smokers may promote ARDS in the presence of a less severe
stimulus, echoing clinical observations.5

This study has several strengths. By studying healthy volun-
teers using an experimental model of ARDS, we were able to
test the effect of cigarette smoke on pathways of interest
without the comorbidities and confounders typical of cohort

Figure 5 Bronchoalveolar lavage (BAL) vascular endothelial growth
factor (VEGF) and a soluble form of VEGF-1 receptor (sVEGFr-1) in
smokers versus non-smokers in an unstimulated state (Colorado) and
6 h after 50 μg lipopolysaccharide (LPS) inhalation (Belfast). (A) BAL
VEGF; (B) BAL sVEGFr-1. Individual data points and the median value
(short white bar) are shown. p, p value from a Mann–Whitney U test;
p*, p value from linear regression with interaction testing between LPS
and smoking for log-transformed VEGF and sVEGFR-1.
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studies. Furthermore, since chronic alcohol use is associated
with an increased risk of ARDS,33 and chronic alcohol use and
cigarette smoking often coexist, the exclusion of chronic alcohol
users from our study eliminates a key confounder. A second
strength of this study was interaction testing between cigarette
smoke and LPS. Whereas previous studies have noted a variety
of differences between smokers and non-smokers, our study
design and use of interaction testing found that the response of
cigarette smokers to LPS is statistically different from that of
non-smokers. Finally, results from the four additional smokers
who underwent bronchoscopy both before and after LPS sup-
ported the findings that we identified in the smokers in our two
cohorts, although the small sample size of this group does limit
statistical validation.

This study also has limitations. First, cigarette smoking
history was obtained by self-report. Previous studies suggest that
biomarkers of cigarette smoke exposure provide a more accurate
assessment of true exposure in critically ill populations.34

However, since subjects in this study were healthy young volun-
teers, both self-reported smoking status and alcohol use should
be accurate.35 36 Second, the modest sample size limited our
power to detect differences in biomarkers between smokers and
non-smokers. However, even with this sample size, the magni-
tude of the differences in biomarkers between smokers and non-
smokers was large and statistically significant, supporting our
initial hypothesis. Third, some patients in the Belfast cohort
received a statin. Although we adjusted for statin use with linear
regression and identified no substantive effects on our main ana-
lyses, future studies should consider eliminating this potential
confounder. Finally, owing to the logistical difficulties of enrol-
ling large numbers of subjects in a study with multiple bron-
choscopy procedures, we used two cohorts to compare BAL
biomarkers. Although there are potential differences between
these two cohorts, we used linear regression to adjust for age
and statin use, and all subjects were young and without major
comorbidities. Furthermore, BAL biomarkers from the
Colorado cohort were similar to those in several previous
studies of healthy smokers and non-smokers,37–39 supporting
our decision to use this cohort as a baseline comparison group.
Lastly, BAL biomarkers before LPS exposure in the four add-
itional Belfast smokers who underwent bronchoscopy both
before and after LPS did not differ significantly from those of
the Colorado cohort, with the exception of BAL sVEGFr-1. In
all smokers, unstimulated BAL sVEGFr-1 levels were near the
minimum detectable level of our assay. In the Colorado cohort,
5/10 smokers had undetectable levels. BAL sVEGFr-1 in the five
subjects with detectable levels did not differ from unstimulated
levels in the additional four Belfast subjects. These findings
suggest that our decision to compare two different cohorts was
reasonable but do not exclude the possibility of additional
unmeasured confounders.

In conclusion, this study suggests that cigarette smoke primes
the lungs to develop ARDS by promoting an abnormal response
to a ‘second hit,’ with increased alveolar-membrane capillary
permeability, exaggerated inflammation, alveolar epithelial
injury and endothelial dysfunction. The identification of key
mechanisms that may predispose smokers to the development of
ARDS lays the foundation for preventative strategies that could
be beneficial for smokers clinically at risk for ARDS or thera-
peutic strategies in smokers with ARDS. In addition, since the
pattern of biomarker abnormalities in the LPS model mirrors
that in ARDS and we observed smoking-associated changes in
these biomarkers, LPS inhalation may serve as a new model for
the identification of acute pulmonary toxicities of existing and

new tobacco products, including e-cigarettes. The use of this
model and the identification of biomarkers of harm associated
with tobacco products may inform the risk evaluation and regu-
lation of tobacco products. Although further research is needed
to validate our findings in critically ill subjects, this study fills an
important gap in our understanding of the mechanistic relation-
ship between cigarette smoke exposure and ARDS.
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Methods: 

The first cohort was comprised of healthy outpatients enrolled in an 

elective bronchoscopy study at the University of Colorado.1  Subjects underwent 

bronchoscopy with BAL.  The bronchoscope was wedged into a subsegment of 

either the right middle lobe or the lingula. Three to four 50 mL aliquots of 0.9% 

saline were then instilled and aspirated with low suction. The first aspirated 

aliquot was discarded, while the second and subsequent aliquots were combined 

and used in experiments as representative of the distal airspaces.  BAL fluid was 

immediately centrifuged (900 g, 5 min) after collection to separate cellular and 

acellular components. Specimens were aliquoted and stored at -80°C.   

The second cohort consisted of healthy non-alcoholic volunteers enrolled 

in a study at Queen’s University, Belfast, United Kingdom.2  Subjects were 

randomized to either simvastatin or placebo for 4 days and then exposed to 50 

µg inhaled LPS (Escherichia coli serotype O26:B6; Sigma Chemicals, Poole, 

Dorset, UK). LPS was dissolved in sterile 0.9% saline and inhaled via an 

automatic inhalation–synchronized dosimeter nebuliser (Spira, Hameenlinna, 

Finland). This technique delivers particles of a mass median aerodynamic 



diameter (MMAD) of 10 µm as described previously.3 Each subject performed 

five successive inhalations of the LPS solution (1.25 mg/mL) through a 

mouthpiece with a nose clip in place, for a total inhaled dose of 50 µg.  The 

bronchoscope was wedged into a subsegment of the right middle lobe, followed 

by three 60 ml aliquots of 0.9% saline, which was aspirated immediately with low 

suction.  BAL fluid was immediately placed on ice and transferred to the 

laboratory for processing. BAL fluid was centrifuged (900g, 5 minutes) and the 

supernatant was removed and stored at - 80oC for subsequent analysis.   

 

 

 

 

 

 

 

 

 



Table S1: Bronchoalveolar lavage biomarkers of lung injury and inflammation in unstimulated subjects and after LPS 
inhalation  
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Biomarker Unstimulated – Colorado Cohort Post-LPS – Belfast Cohort 
Nonsmokers 

(n=10) 
(Median, IQR) 

Smokers 
(n = 10) 

(Median, IQR) 

P-
value* 

Nonsmokers 
(n = 21) 

(Median, IQR) 

Smokers 
(n = 9) 

(Median, IQR) 

P-
value* 

Neutrophils 
(%) 

1 (0 – 2) 1 (0 – 2) 0.79 31 (24 – 48) 42 (41 – 59) 0.02 

Neutrophils 
(x 105 cells) 

1 (1 – 2) 4 (1 – 7) 0.14 3 (2 – 8) 9 (6 – 16) 0.02 

Total Protein 
(μg/mL) 

72 (52 – 176) 81 (38 – 101) 0.41 208 (177 – 264) 274 (246 – 326) 0.04 

VEGF 
(pg/mL) 

294 (190 – 400) 38 (20 – 61) 0.001 219 (167 – 308) 1 (1 – 7) <0.0001 

sVEGFr-1 
(pg/mL) 

0 (0 – 0) 1 (0 – 13) 0.08 31 (19 – 34) 99 (84 – 129) 0.0001 

IL-1β  
(pg/mL) 

0 (0 – 0) 1 (0 – 1) 0.007 37 (25 – 58) 108 (52 – 136) 0.002 

IL-8  
(pg/mL) 

n/a n/a n/a 349 (219 – 467) 346 (287 – 415) 0.57 

SP-D  
(ng/mL) 

413 (373 – 447) 331 (203 – 477) 0.82 1347 (675 – 3104) 724 (483 – 737) 0.02 

* p value from Mann Whitney U test  



Table S2: Plasma biomarkers of lung injury and inflammation in unstimulated subjects and after LPS inhalation 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Biomarker Unstimulated – Belfast Cohort Post-LPS – Belfast Cohort 
Nonsmokers 

(n = 21) 
(Median, IQR) 

Smokers 
(n = 9) 

(Median, IQR) 

P-
value* 

Nonsmokers 
(n = 21) 

(Median, IQR) 

Smokers 
(n = 9) 

(Median, IQR) 

P-
value* 

MMP-8 
(ng/mL) 

1 (1 – 2) 1 (1 – 2) 0.61 6 (4 – 10) 11 (9 – 22) 0.006 

IL-1β  
(pg/mL) 

0 (0 – 0) 0 (0 – 0) 1.0 0 (0 – 0) 0 (0 – 0) 0.23 

SP-D  
(ng/mL) 

104 (66 – 124) 108 (76 – 136) 0.54 96 (69 – 128) 130 (114 – 201) 0.04 

IL-8  
(pg/mL) 

0 (0 – 0) 0 (0 – 0) 1.0 2 (1 – 2) 2 (0 – 3) 0.003 

* p value from Mann Whitney U test  



Table S3: Linear regression coefficients of smoking for bronchoalveolar lavage biomarkers of lung injury and 
inflammation after LPS inhalation (Belfast cohort) 

 

Biomarker Unadjusted 
Coefficient 

P value Coefficient 
Adjusted for 

Statin 

P value 

Total Protein*  
(log units) 

0.23 0.07 0.21 0.09 

IL-1β 
(pg/mL) 

63 < 0.001 61 < 0.001 

Neutrophils  
(x 105 cells) 

8 0.02 7 0.03 

Neutrophils 
 (%) 

19 0.006 19 0.009 

SP-D* 
(log units) 

-0.49 0.03 -0.51 0.03 

VEGF* 
(log units) 

- 1.9 < 0.001 -1.9 <0.001 

sVEGFr-1 
(pg/mL) 

80 <0.001 77 <0.001 

   * log transformed 

 

 



Table S4: Linear regression coefficients of interaction between smoking and LPS for bronchoalveolar lavage biomarkers 
of lung injury and inflammation  

 

Biomarker Unadjusted 
Coefficient For 

Interaction 
Between 

Smoking and 
LPS 

P value for 
interaction 

Coefficient 
Adjusted for 
Statin + Age 

P value for 
interaction, 

Adjusted for 
Statin + Age 

Total Protein*  
(log units) 

0.56 0.04 0.54 0.047 

IL-1β 
(pg/mL) 

62 < 0.001 58 0.001 

Neutrophils  
(x 105 cells) 

5 0.15 5 0.18 

Neutrophils  
(%) 

19 0.01 18 0.02 

SP-D* 
(log units) 

-0.41 0.13 -0.46 0.09 

VEGF* 
(log units) 

- 1.1 < 0.001 -1.1 <0.001 

sVEGFr-1 
(pg/mL) 

77 <0.001 73 <0.001 

                                     * log transformed 

 



Table S5: Linear regression coefficients of smoking for plasma biomarkers of lung injury and inflammation after 
LPS inhalation (Belfast cohort) 

 

Biomarker Unadjusted 
Coefficient 

P value Coefficient 
Adjusted for 

Statin  

P value 

MMP-8 (ng/mL) 7431 0.008 6480 0.01 

IL-1β (pg/mL) 0 0.27 0 0.30 

SP-D (ng/mL) 58 0.049 59 0.05 

IL-8 (pg/mL) 1 0.003 1 0.001 

 

 

 

 

 

 

 

 

 



Table S6: Linear regression coefficients of interaction between smoking and LPS for plasma biomarkers of lung injury 
and inflammation  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Biomarker Unadjusted 
Coefficient for 

Interaction between 
Smoking and LPS 

P value for 
interaction 

Coefficient 
Adjusted for Statin  

P value for 
interaction, 
adjusted for 

Statin 

MMP-8 (ng/mL) 6329 0.045 6864 0.03 

IL-1β (pg/mL) 0 0.26 0 0.26 

SP-D (ng/mL) 36 0.31 36 0.31 

IL-8 (pg/mL) 1 0.002 1 0.002 



Table S7: Bronchoalveolar lavage biomarkers of lung injury and inflammation in 4 additional smoking Belfast subjects 
before and after LPS inhalation  

 

Biomarker Pre-LPS 
(median, IQR) 

Post-LPS 
(median, IQR) 

Total Protein (μg/mL) 37 (19 – 59) 104 (42 – 163) 

IL-1β (pg/mL) 0 (0 – 3) 38 (27 – 63) 

SP-D (ng/mL) 260 (219 – 296) 293 (225 – 351) 

VEGF (pg/mL) 72 (19 – 130) 81 (13 – 156) 

sVEGFr-1 (pg/mL) 19 (15 – 25) 28 (23 – 34) 

IL-8 (ng/mL) 0 (0 – 3) 151 (96 – 178) 

 

 

 

 

 

 

 

 



Figure S1: BAL biomarkers in 4 additional Belfast smokers that underwent bronchoscopy both before and 6 hours after 
50 μg LPS inhalation.  A) BAL IL-8, B) BAL IL-1β, C) BAL VEGF, D) BAL sVEGFr-1, E) BAL SP-D, F) BAL Total Protein.  
Each line connects individual data points from a single subject.  " = median value.  
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