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Abstract

Background

Epidemiologic studies have demonstrated important links between air pollution and asthma.

Amongst these pollutants, environmental cigarette smoke is a risk factor both for asthma

pathogenesis and exacerbation. As the barrier to the inhaled environment, the bronchial ep-

ithelium is a key structure that is exposed to cigarette smoke.

Objectives

Since primary bronchial epithelial cells (PBECs) from asthmatic donors are more suscepti-

ble to oxidant-induced apoptosis, we hypothesized that they would be susceptible to ciga-

rette smoke-induced cell death.

Methods

PBECs from normal and asthmatic donors were exposed to cigarette smoke extract (CSE);

cell survival and apoptosis were assessed by fluorescence-activated cell sorting, and pro-

tective effects of antioxidants evaluated. The mechanism of cell death was evaluated using

caspase inhibitors and immunofluorescent staining for apoptosis-inducing factor (AIF).

Results

Exposure of PBEC cultures to CSE resulted in a dose-dependent increase in cell death. At

20% CSE, PBECs from asthmatic donors exhibited significantly more apoptosis than cells

from non-asthmatic controls. Reduced glutathione (GSH), but not ascorbic acid (AA), pro-

tected against CSE-induced apoptosis. To investigate mechanisms of CSE-induced
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apoptosis, caspase-3 or -9 inhibitors were tested, but these failed to prevent apoptosis; in

contrast, CSE promoted nuclear translocation of AIF from the mitochondria. GSH reduced

the number of nuclear-AIF positive cells whereas AA was ineffective.

Conclusion

Our results show that PBECs from asthmatic donors are more susceptible to CSE-induced

apoptosis. This response involves AIF, which has been implicated in DNA damage and

ROS-mediated cell-death. Epithelial susceptibility to CSE may contribute to the impact of

environmental tobacco smoke in asthma.

Introduction
Asthma is a chronic inflammatory disorder superimposed on remodeled airways leading to
bronchial hyperresponsiveness (BHR) and variable airflow obstruction and symptoms [1]. The
increased prevalence of asthma over the last 30 years is likely to be due to changes in the envi-
ronment acting on a susceptible genotype both in disease induction and worsening of estab-
lished disease. This proposal is supported by epidemiological studies identifying multiple
interacting risk factors, including inhaled pollutants (eg. environmental tobacco smoke (ETS),
particulate matter (PM10), oxides of nitrogen (NOx) and ozone (O3)) and respiratory virus ex-
posure [2]. Since these agents impact on the surface of the airway, their interaction with the
bronchial epithelium may translate key gene-environment effects to lead to altered inflamma-
tion, injury and repair responses in asthma [2].

The bronchial epithelium provides physical, chemical, and immunological barriers to the
inhaled environment [3]. These barriers play a role in maintaining tissue homeostasis, and
under appropriate conditions (eg. infection or injury) the immunological barrier becomes ac-
tivated to protect the internal milieu of the lung. However, current evidence suggests that dys-
regulation of epithelial homeostasis can contribute to disease pathogenesis by enabling
chronic activation of inflammatory and remodeling pathways. In asthma there is evidence
that epithelial injury and repair is abnormal. Several studies have reported increased suscepti-
bility to injury [4–6], and abnormal repair responses including increased expression of the
epidermal growth factor receptor (EGFR) in bronchial biopsies from asthmatic adults [7] and
children [8] as well as expression of the cyclin dependent kinase inhibitor, p21waf [8,9]. Most
recently, we have shown that the bronchial epithelial barrier is disrupted in asthma with loss
of tight junctions with a consequent increase in paracellular permeability to ions and macro-
molecules [6]. In cultures of bronchial epithelial cells (BECs) from children, the asthmatic air-
way epithelium expresses more vascular endothelial growth factor at baseline [10] displays a
dysregulated repair response taking longer to repair mechanically induced wounds [11] and
undergoing a more extensive epithelial-mesenchymal transition in response to transforming
growth factor-beta than cultures from non-asthmatic donors [12]. In adults, in vitro studies
have identified differences between BECs from normal and asthmatic subjects in terms of epi-
thelial repair following scrape wounding [11], their responses to respiratory virus infection
[5,13] and oxidant stress [4].

The principal sources of oxidants in the bronchial airways are represented by environmental
pollution and endogenously produced oxidants due to local inflammation [14]. A number of
studies have indicated roles for reactive oxygen (ROS) and reactive nitrogen (RNS) species in
the pathology of asthma both in terms of increased burden and decreased antioxidant defences
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[15] [16]. Airway responses have been shown to correlate with oxidant generation by eosino-
phils after antigen challenge in vivo [17] and neutrophil superoxide generation correlates with
BHR [18]. Airway lining fluid from subjects with asthma has a lower antioxidant capacity than
fluid from normal subjects [19] and the key antioxidant enzymes, superoxide dismutase (SOD)
and catalase are reduced in asthma as compared to healthy individuals, with lowest levels in
those patients with the most severe asthma [20]. Furthermore, reduced SOD has been found in
bronchial epithelial brushings from patients with asthma and this was shown to strongly corre-
late with BHR [21,22].

In addition to endogenously produced ROS, environmental agents are a potent source of ox-
idative stress. Epidemiologic studies have demonstrated important links between air pollutants,
such as diesel exhaust particles, O3, and ETS in asthma pathogenesis and exacerbation [23,24];
others have shown a strong link between diets low in antioxidants and asthma [25]. Exposure
to cigarette smoke (CS) represents a considerable oxidant burden on the respiratory epitheli-
um. Cigarette smoking is common in asthma and associated with poor symptom control [26].
CS facilitates allergen penetration across respiratory epithelium [27] and it activates an inflam-
matory cascade in the airway epithelium resulting in the production of a number of potent cy-
tokines and chemokines, with accompanying damage to the lung epithelium, increased
permeability, and recruitment of macrophages and neutrophils to the airway [28].

CS is a complex mixture of over 4,000 different compounds and high levels of oxidants and
ROS have been detected in both mainstream and sidestream smoke [29]. High toxicity has
been observed for at least 52 components of CS: 18 phenols, 14 aldehydes, eight N-heterocy-
clics, seven alcohols, and five hydrocarbons [30]. Most of these compounds are capable of gen-
erating ROS during their metabolism. Some lipophilic components can enter airway epithelial
cells increasing intracellular ROS production by disturbing mitochondrial activity [31]. The
mechanism of cigarette smoke-induced cytotoxicity is thought to incorporate oxidative stress
leading to oxidative DNA damage and cell death via apoptosis and/or necrosis [32]. However
failure to induce programmed cell death can result in uncontrolled cell proliferation and trans-
formation [29].

CS is considered a major risk factor for chronic inflammatory pulmonary diseases, includ-
ing asthma pathogenesis and exacerbation [28]. Furthermore, smoking is common in asthmat-
ic individuals and it has been found to contribute to poor symptom control [26]. Since BECs
from asthmatic donors are more susceptible to hydrogen peroxide-induced apoptosis [4], we
hypothesized that exposure to cigarette smoke extract (CSE) would lead to increased apoptosis
of BECs from asthmatic donors compared with BECs from non-asthmatic controls. We also
characterized the apoptotic effects of CS, including the ability of antioxidants to protect the
cells from CSE-induced apoptosis and the involvement of caspase-dependent and caspase-
independent pathways.

Materials and Methods

Patient Characterization, Fiberoptic Bronchoscopy and Primary
Bronchial Epithelial Cell Culture (PBEC)
To compare responses of PBECs from normal and asthmatic subjects, 20 subjects (10 non-
asthmatic controls and 10 asthmatics) were recruited and clinically characterized (Tables 1 and
2), following ethical approval from Southampton and South West Hampshire Local Research
Ethics Committee and written informed consent. Bronchial epithelial brushings were obtained
by bronchoscopy using a fiberoptic bronchoscope (FB-20D; Olympus, Tokyo, Japan) in accor-
dance with standard published guidelines (Hurd, 1991). Bronchial epithelial cells were har-
vested and cultured in Bronchial Epithelial Growth Medium (BEGM, Lonza, Wokingham,
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UK) containing 50 IU/ml penicillin and 50μg/ml streptomycin (Invitrogen, Paisley, UK), as
previously described [4]. Cells were used for experimentation at passage (p)2 or 3. Control ex-
periments confirmed that there was no significant difference between the responses of the cells
at p2 or p3; the epithelial nature of cells was assessed by immunocytochemistry using a pan-
cytokeratin (CK) antibody and antibodies specific for CK13 and CK18.

Prior to each treatment, PBECs were starved with Bronchial Epithelial Basal Medium
(BEBM; Clonetics) containing insulin, transferrin and sodium selenite supplement (ITS;
Sigma) and 1mg/ml bovine serum albumin (BSA, Invitrogen) for 24h. PBECs were treated
with CSE or H2O2 (Sigma, Poole, UK) at the concentrations indicated. CSE was prepared by a
modification of the method of Carp and Janoff [33]. Briefly, smoke from two Kentucky 1R4F
research cigarettes (University of Kentucky, Lexington, KY) whose filters were removed was
bubbled through 50 ml of BEBM for 60–70s. The resulting suspension was adjusted to pH 7.4
with concentrated NaOH, filtered through a 0.22-μMMillex-GS (Millipore, Watford, UK) fil-
ter and used immediately. When required, PBECs were pretreated with reduced glutathione
(GSH, 1mM) or ascorbic acid (AA, 250nM) (both from Sigma, Poole, UK) for 30 minutes prior
to the addition of CSE or H2O2. The involvement of caspases in the induction of apoptotic cell
death was evaluated using the caspase-3 inhibitor, Ac-DEVD-CHO, and the caspase-9 inhibi-
tor, Z-LEHD-FMK (both used at 120nM and obtained from BD Biosciences, Oxford, UK).

Cells were routinely photographed before and after treatment to record any morphological
changes occurring in the cells.

Analysis of Apoptosis by Fluorescence Activated cell Sorting (FACS)
Apoptosis and necrosis were measured using annexin V (AxV) and propidium iodide (PI), as
previously described [4]. Briefly, after challenge PBECs were then harvested by trypsinization
and combined with non-adherent cells for analysis. After washing twice in cold phosphate

Table 1. Characteristics of all subjects used in the study.

Disease status Asthma Normal P values

Number 10 10 NA

Sex (% male) 69% 60% P = 0.6

Mean age (range) 32 (21–58) 29 (24–38) P = 0.4

Mean (sd) FEV1% predicted1 77.3 (15.5) 110.3 (13.6) P< 0.001

1Values for Forced Expiratory Volume in 1 second (FEV1) as a percentage of the predicted FEV1 are given

as a mean and standard deviation (sd).

doi:10.1371/journal.pone.0120510.t001

Table 2. Characteristics of subjects with asthma.

Asthma severity Mild intermittent Mild persistent Moderate persistent

Number 2 5 3

Inhaled steroid use 0 4 (80%) 3 (100%)

Mean (sd) Dose ICS/day1 0 300 (115) 617 (256)

Mean (sd) FEV1% predicted2 92.4 (6.2) 86.9 (6.6) 77.7 (17.9)

1Inhaled corticosteroid (ICS) dose is given as μg of beclomethasone (BDP) used per day, expressed as the mean (sd).
2Values for FEV1 as a percentage of the predicted FEV1 are given as a mean and standard deviation (sd).

doi:10.1371/journal.pone.0120510.t002
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buffered saline (PBS), the cells were resuspended at a density of 1 x 105 cells/100 μl of binding
buffer (10 mMHEPES pH 7.4, 140 mMNaCl, 2.5 mM CaCl2) in 5 ml propylene FACS tubes.
Fluorescein isothiocyanate (FITC)-conjugated AxV (1 μg/ml) and PI (2.5 μg/ml) were added to
the tubes and incubated in the dark for 15 min, after which 400 μl of cold binding buffer was
added and cells analyzed using a FACScan flow cytometer (Becton and Dickinson, Oxford,
UK). Control tubes lacking AxV-FITC, PI, or both were included for the acquisition. Analysis
of dotplots of FL1(AxV-FITC) versus FL2 (PI) was performed using WinMDI 2.8. The degree
of early apoptosis was expressed as the number of AxV+/PI- cells shown as a percentage of
total cells.

Apoptosis-inducing factor (AIF) immunofluorescent staining
After challenge with CSE ± antioxidants as described above, PBEC were fixed in situ in 500 μl/
well of ice-cold absolute methanol and then air dried. Cells were permeabilised using 0.1% Tri-
ton X-100 (Sigma, Poole, UK) in PBS, blocked with 250μl/well of Dulbecco’s Modified Eagle’s
Medium (DMEM) containing 10% foetal bovine serum (FBS) and then stained with rabbit
anti-(AIF) polyclonal antibody (Ab) (clone H-300, working dilution 1:100), (Santa Cruz Bio-
technology, USA). Primary Ab binding was detected using a secondary Alexa Fluor546–conju-
gated goat anti-rabbit Ab (1:500; Molecular Probes, USA); after washing cells were mounted
with MOWIOL1 containing 2.5% 1,4-diazabicyclo-octane (DABCO) anti-fade reagent and
viewed using of a LEICA inverted fluorescent microscope.

Statistical Analysis
Data were analyzed using SPSS version 11.5 for Windows (SPSS Inc, Chicago, USA). As the
data were not normally distributed, the differences between the groups were analysed using
non-parametric tests: differences between two dependent variables were analysed using the
Wilcoxon signed rank test, differences between two independent variables using the Mann
Whitney U test and for multiple comparisons, the Kruskal Wallis test. Correlations between
two variables were assessed using Spearmans’ rank correlation. p< 0.05 was
considered significant.

Results

Evaluation of the sensitivity of PBECs from normal and asthma donors to
CSE
In a pilot experiment, PBEC were challenged with 20% CSE and morphological changes exam-
ined using phase contrast microscopy. This showed that after 24h, CSE caused many character-
istic signs of necrotic and apoptotic cell death (Fig. 1a). To further characterize the cell death
and the dose-dependency on these effects, PBEC obtained from 8 subjects (4 non-asthmatic
and 4 asthmatic) were treated with increasing concentrations of CSE (0–30%) for 24h and ad-
herent and non-adherent cells combined for Ax-V FACS analysis (Fig. 1b). Between 5 and 20%
CSE there was a significant decline in cell viability in association with an increase in early apo-
ptotic cells (AxV+/PI-); from these data, a dose of 20% CSE was selected for the following ex-
periments, as it caused a significant decrease in cell viability and a significant increase in early
apoptosis (EA).

To compare responses of PBECs from normal and asthmatic subjects, 20 subjects (10 non-
asthmatics and 10 asthmatics) were recruited (Tables 1 and 2). Cultured PBECs were chal-
lenged with 20% CSE for 24h followed by analysis of apoptosis by FACS. As shown in Fig. 2a,
there was no significant difference in baseline viability between PBECs from asthmatic and
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non-asthmatic donors, however after treatment with 20% CSE PBECs from asthmatic donors
showed an increased susceptibility to the CSE treatment compared with cells from non-asth-
matic controls (% viable cells = 24.3±9.6 vs 48.5±11.9 respectively, p = 0.003). Similarly, when
EA was evaluated (Fig. 2b), there was a significant increase of EA cells in the asthma PBEC
group treated with CSE compared to non-asthmatic control PBECs (33.1±10.4 vs 16.7±6.9 re-
spectively, p<0.05).

The effect of antioxidants on CSE-induced cell death
To assess the protective effects of antioxidants, PBECs were treated with 250nM AA or 1mM
GSH, alone or in combination with 20% CSE; in addition, 400μMH2O2 was used as a positive
control for oxidant stress. Fig. 3 shows the effects of either antioxidant during CSE treatment.
AA failed to protect PBECs from either non-asthmatic or asthmatic donors from CSE-induced

Fig 1. Effect of Increasing Doses of CSE on PBEC cultures. Panel A: PBEC were serum starved for 24h
before being treated with serum free medium (a) or 20% CSE (b) for a further 24h. Arrows indicate
condensed apoptotic cells; arrowheads swollen necrotic cells; bar = 100μm. Panel B: PBEC obtained from 4
non-asthmatic and 4 asthmatic volunteers were treated with increasing doses of CSE for 24h. Viability and
EA were assessed with AxV staining. The single curve points represent median ±SD in all 8 subjects for both
viability (●) and early apoptosis (�). * = (p<0.05) according to Wilcoxon Signed Rank test comparing CSE
treatment with untreated control.

doi:10.1371/journal.pone.0120510.g001
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cell death, as revealed by measures of both viability (Fig. 3a) and EA (Fig. 3b). In contrast
PBECs from either healthy or asthmatic donors were significantly protected from CSE-induced
cell death by GSH. Thus, GSH caused a significant increase cell viability (p = 0.005 in non-
asthmatic cells and p = 0.003 in asthmatic cells) when compared to CSE alone (Fig. 3a) and, at
the same time, EA levels dropped significantly (p<0.05 in non-asthmatic and p = 0.003 in asth-
matic cells) (Fig. 3b). Moreover, GSH treatment caused a significantly larger (p = 0.002) overall
fold-increase in viability in the asthma group when compared to the non-asthma group
(Fig. 3a); this relative effect was mainly due to the larger decrease in viability caused by CSE in
the PBECs from the asthmatic donors. Fig. 4 shows that in contrast with CSE treatment, both

Fig 2. Effect of CSE on PBEC Viability and Apoptosis. PBEC obtained from non-asthmatic and asthmatic
donors were treated for 24h with 20% CSE. Cell viability (a) and early apoptosis (b) were then evaluated with
AnnexinV staining. The results are displayed as a box plot showing median, interquartile range and 5–95%
confidence intervals using PBECs from 10 non-asthmatic (�) and 10 asthmatic (Δ) volunteers. * represents
significance (p<0.05) according to Wilcoxon Signed Rank tests comparing treatment with untreated control.
1 represents significance (p = 0.003) according to a MannWhitney U test comparing CSE treatment
between PBECs from non-asthmatic and asthmatic donors.

doi:10.1371/journal.pone.0120510.g002
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GSH and AA were able to protect the PBECs from H2O2-induced cell death. In particular, both
antioxidants caused a significant (p<0.01) increase in cell viability when compared to H2O2

alone (Fig. 4a) with a concomitant decrease (p = 0.003) in early apoptosis levels in PBECs from
the non-asthmatic donors (Fig. 4b); there was also a trend for a decrease in number of EA cells
in PBECs from asthmatic donors, but this failed to reach statistical significance. There were no
significant differences between responses of PBECs from non-asthmatic or asthmatic donors
with either antioxidant.

Fig 3. Ability of GSH, but not AA, to protect against CSE-induced cell death. PBEC obtained from non-
asthmatic or asthmatic donors were treated for 24h with 20% CSE alone or in the presence of GSH (1mM) or
AA (250nM). Changes in cell viability (a) and EA (b) were then evaluated with AxV staining. The results are
displayed as a box plot showing median, interquartile range and 5–95% confidence intervals of fold changes
from CSE alone using PBECs from 10 non-asthmatic (�) and 10 asthmatic (Δ) donors. * = p<0.05 according
to Wilcoxon Signed Rank tests comparing GSH+CSE with CSE only.1 = p<0.05 according to a Mann
Whitney U test comparing CSE+GSH treatment between PBECs from non-asthmatic and asthmatic donors.

doi:10.1371/journal.pone.0120510.g003
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The role of caspases 3 and 9 in CSE-induced apoptosis
To study the molecular pathways involved in CSE-induced PBEC apoptosis, PBECs obtained
from 8 subjects (4 non-asthmatics and 4 asthmatics) were treated with two specific cell perme-
able inhibitors of caspase-3 (Ac-DEVD-CHO) and caspase-9 (Z-LEHD-FMK), two of the most
relevant members of the caspase family. Before use of the inhibitor peptides, their efficacy was

Fig 4. Ability of GSH and AA to protect against H2O2-induced cell death. PBEC obtained from non-
asthmatic or asthmatic donors were treated for 24h with 400μMH2O2 alone or in the presence of GSH (1mM)
or AA (250nM). Changes in cell viability (a) and EA (b) were then evaluated with AxV staining. The results are
displayed as a box plot showing median, interquartile range and 5–95% confidence intervals of fold changes
from H2O2 alone for PBECs from 10 non-asthmatic (�) and 10 asthmatic (Δ) donors. * = p<0.02 according to
Wilcoxon Signed Rank tests comparing antioxidants with H2O2 only. There was no statistical difference
comparing antioxidants treatment between PBECs from non-asthmatic or asthmatic donors according to a
MannWhitney U test.

doi:10.1371/journal.pone.0120510.g004
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tested on peripheral blood lymphocytes that were stimulated to undergo apoptosis with 500nM
staurosporine. Under these experimental conditions both caspase inhibitors had a significant
protective effect (data not shown). PBECs were pre-treated with either caspase inhibitor 30
minutes prior the treatment with CSE, and the inhibitors were replenished after the treatment
with CSE. However, as shown in Fig. 5a, b, the specific inhibition of either caspase failed to in-
duce any significant protection from CSE-induced apoptosis in PBECs from either non-asth-
matic or asthmatic donors.

Involvement of AIF in CSE-induced Apoptosis
As we had no evidence of caspase involvement in CSE-induced cell death, we investigated the
involvement of AIF, a cell death effector molecule which operates independently of the caspase

Fig 5. Effect of Caspase Inhibitors on CSE-Induced Apoptosis. PBEC obtained from 4 non-asthmatic and
4 asthmatic donors were treated for 24h with 20%CSE alone or in combination with Ac-DEVD-CHO (C3i) (a)
or Z-LEHD-FMK (C9i) (b). Changes in EA were evaluated with AxV staining. The results are displayed as a
box plot showing median and 5–95% confidence intervals of fold changes from CSE only in both groups.

doi:10.1371/journal.pone.0120510.g005
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cascade and which has been implicated in DNA damage and ROS-mediated cell death [34].
Using immunofluorescent staining, AIF was detected in mitochondria under basal conditions
(Fig. 6A) while CSE treatment caused its nuclear translocation (Fig. 6B). Consistent with its
pro-survival effects in the presence of CSE, GSH was more effective than AA in reducing the
number of nuclear-AIF positive cells (Fig. 6C and D).

Discussion
Although many studies have demonstrated altered oxidant defenses in asthma, most appear to
be a consequence of the inflammatory process. However, previous experiments carried out in
our laboratory showed that PBECs from asthmatic volunteers are more susceptible to oxidant-
induced apoptosis than PBECs from non-asthmatic control subjects [4]. This sensitivity of
asthmatic epithelial cells to oxidant-induced apoptosis may be a key triggering mechanism that
facilitates the induction and establishment of chronic inflammatory responses. Therefore, un-
derstanding more about the underlying susceptibility of epithelial cells from asthmatic subjects
to environmental stress, may help to explain the why asthmatic subjects are more prone to the
effects of components of the inhaled environment.

In the present study, PBECs were treated with a 20% CSE as a source of oxidative stress.
After 24h of treatment with CSE, PBEC showed many characteristic signs of necrotic and apo-
ptotic cell death. Although there was no significant difference in basal viability between PBECs
from asthmatic and non-asthmatic controls, after treatment with 20% CSE, PBECs from asth-
matic donors showed a significant increase in EA cells in the asthmatic group treated with CSE
compared to CSE-treated non-asthmatic control cells. These findings are consistent with

Fig 6. Involvement of AIF in CSE-induced Apoptosis. PBECs were left untreated (A), or were treated for
24h with 20% CSE alone (B), or with a combination of CSE and GSH (1mM) (C) or AA (250nM) (D). Cells
were then washed, fixed and stained with a primary antibody directed towards AIF, followed by a secondary
FITC-conjugated antibody. The figure shows that in basal conditions, PBEC expressed AIF in their cytoplasm
especially inside their mitochondria (A, insert); CSE treatment caused translocation of AIF from the
mitochondria to inside the nuclei (B, green arrows and insert); GSH pre-treatment caused a significant
decrease in the number of nuclear-AIF positive cells whereas AA was not so effective. Bar = 30μm. Data are
representative of experiments performed with PBECs from 2 donors.

doi:10.1371/journal.pone.0120510.g006
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previous studies using fully differentiated epithelial cells from asthmatic donors, which we
have shown to be more susceptible to the barrier disrupting effects of CSE [6]. In the present
paper, we chose to use undifferentiated cells to evaluate the pro-apoptotic effects of CSE, as this
simple model is not confounded by the additional variables of barrier integrity and altered lev-
els of anti-oxidants in the epithelial secretions that cover fully differentiated cultures.

Microarray analysis has also shown that exposure to CSE results in up-regulation of many
genes involved in oxidative stress [35]. Furthermore, applying a systems biology approach to
three harmful constituents of cigarette smoke (acrolein, formaldehyde and catechol), the most
prevalent toxicity mechanisms observed were DNA damage/growth arrest, oxidative stress, mi-
tochondrial stress, and apoptosis/necrosis [36]. In order to evaluate the role of oxidative stress,
we treated PBECs with AA or reduced GSH and exposed them to 20% CSE, or H2O2 as a posi-
tive control for oxidant-injury. Ax-V staining showed that the presence of AA failed to signifi-
cantly protect PBECs from CSE induced apoptosis, even though it protected PBECs from
normal donors against apoptosis induced by H2O2. In contrast, GSH significantly increased
cell viability with a concomitant decrease in apoptosis; this protective effect against CSE was
evident in PBECs from either non-asthmatic or asthmatic donors.

Free radical interactions of ROS with nucleic acids, proteins, and lipids are a major cause of
cell injury because they result in a chain of free radical reactions. Ascorbate has the ability to
terminate these reactions, acting as a stable donor in free radical-ROS interactions, converting
into "semidehydroascorbate", a radical ion, and subsequently to dehydroascorbate both of
which are relatively unreactive, and not capable of causing cellular damage [37]. GSH is a cyste-
ine-containing tripeptide (γ-L-Glutamyl-L-cysteinylglycine); it is one of the key players in sev-
eral enzymatic and non-enzymatic reactions necessary for protecting tissues against oxidative
stress. The thiol portion of cysteine, in its reduced state, can donate a reducing equivalent
(H++ e-) to other unstable molecules (e.g. reactive oxygen compounds). Following such inter-
action, glutathione becomes reactive itself and creates glutathione disulfide (GSSG) by readily
reacting with another reduced glutathione; this process is possible because of the relatively high
concentration of glutathione in cells) [37]. The enzyme glutathione reductase regenerates GSH
from GSSG. The GSH tripeptide is directly involved in the neutralization of free radicals and
reactive oxygen species, as well as being able to detoxify various xenobiotics through direct
conjugation. While some data suggest that the protective effect of GSH may reflect its ability to
inactivate toxic substances in CSE, results obtained using A549 cells would seem to imply that
volatile substances that trigger ROS generation are important contributors to the cytotoxic ef-
fects of CSE [38]. Our findings of a preferential protective effect of GSH versus AA on CSE-
induced epithelial cell death are consistent with other studies showing that that CSE leads an
increase in intracellular ROS and glutathione depletion however, in this previous study, cell
death was apoptosis-independent, perhaps due to use of the 16HBE cell line rather than prima-
ry cells or to differences in toxicity of the CSE used [39]. Furthermore, although AA has some
attenuating effects on inflammatory processes in the lungs, it is ineffective towards CS-induced
symptoms [40].

Based on data using inhibitors, canonical caspase pathways were not activated in PBECs
treated with either CSE or H2O2. Thus, specific inhibition of caspase-3 or-9 with Ac-DEVD-
CHO or Z-LEHD-FMK respectively failed to induce any significant protection from CSE-
induced apoptosis in PBECs from either non-asthmatic or asthmatic donors. This is consistent
with previous studies where we demonstrated that oxidative stress induced by H2O2 triggered
apoptosis in a caspase- and calpain-independent manner [41]. Furthermore, we found the pro-
apoptotic effects of H2O2 involved mitochondrial release of AIF and its migration into the nu-
cleus, as observed in the present study with CSE. AIF is a flavin-binding mitochondrial inter-
membrane space protein that is implicated in diverse but intertwined processes that include
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maintenance of electron transport chain function, reactive oxygen species regulation, cell
death, and neurodegeneration. AIF is involved in acute neurotoxicity provoked by trauma, hy-
poglycemia, transient ischemia and chronic neurodegenerative diseases [34]. It was first shown
to be translocated from the mitochondria to the nucleus in response to DNA damage and ex-
cessive activation of the nuclear enzyme poly(ADP-ribose) polymerase-1 (PARP-1; EC
2.4.2.30) leading to caspase-independent cell death [42]. Similar effects have been seen in
ischemia-reperfusion injury where ROS-induced DNA strand breaks lead to over-activation of
PARP-1 causing depletion of NAD(+) and caspase independent cell death [43]. In non-
apoptotic cells, the 67 kDa AIF precursor is cleaved by local peptidases to form a mature 57
kDa AIF molecule which is confined to the mitochondrial inter-membrane space, where it
functions as an oxidoreductase. Upon induction of cell death, it migrates to the nucleus, where
it contributes to chromatin condensation and the apoptotic fragmentation of DNA. In addition
to this nuclear effect, cytoplasmic AIF accelerates the release of other pro-apoptotic proteins,
such as cytochrome c and procaspase-9, by targeting the mitochondria. Previous studies have
shown that CSE causes single-strand DNA damage in human bronchial epithelial cells and ac-
tivation of PARP, but did not activate caspase 3 or cleave PARP [44]. Based on these previous
observations and our current results, we postulate that in PBECs, oxidative stress-induced apo-
ptosis does not follow the canonical caspase pathways, but rather depends on a more direct mi-
tochondrial damage pathway; further and more detailed studies on AIF are necessary to better
analyse this alternative pathway.

In conclusion, we have shown that PBECs from asthmatic donors are more susceptible to
CSE-induced apoptosis and that this response involves AIF, which has been implicated in
DNA damage and ROS-mediated cell-death. In view of the evidence that oxidant-antioxidant
imbalance may play an important role in the pathogenesis of asthma [45] these findings may
help explain the impact of environmental tobacco smoke in asthma.

Author Contributions
Conceived and designed the experiments: DED FB STH PHH GZ AMG. Performed the experi-
ments: FB AP AF FF. Analyzed the data: DED FB AP AF. Contributed reagents/materials/anal-
ysis tools: PHH. Wrote the paper: DED FB STH PHH GZ.

References
1. Davies DE, Wicks J, Powell RM, Puddicombe SM, Holgate ST. Airway remodelling in asthma—New in-

sights. J Allergy Clin Immunol. 2003; 111: 215–225. PMID: 12589337

2. Holgate ST, Davies DE. Rethinking the pathogenesis of asthma. Immunity. 2009; 31: 362–367. doi: 10.
1016/j.immuni.2009.08.013 PMID: 19766079

3. Swindle EJ, Collins JE, Davies DE. Breakdown in epithelial barrier function in patients with asthma:
identification of novel therapeutic approaches. J Allergy Clin Immunol. 2009; 124: 23–34. doi: 10.1016/
j.jaci.2009.05.037 PMID: 19560576

4. Bucchieri F, Puddicombe SM, Lordan JL, Richter A, Buchanan D, Wilson SJ, et al. Asthmatic bronchi-
al epithelium is more susceptible to oxidant-induced apoptosis. Am J Respir Cell Mol Biol. 2002; 27:
179–185. PMID: 12151309

5. Wark PAB, Johnston SL, Bucchieri F, Powell RM, Puddicombe SM, Laza-Stanca V, et al. Asthmatic
bronchial epithelial cells have a deficient innate immune response to infection with rhinovirus. J Exp
Med. 2004; 201: 937–947.

6. Xiao C, Puddicombe SM, Field S, Haywood J, Broughton-Head V, Puxeddu I, et al. Defective epithelial
barrier function in asthma. J Allergy Clin Immunol. 2011; 128: 549–556. doi: 10.1016/j.jaci.2011.05.038
PMID: 21752437

7. Puddicombe SM, Polosa R, Richter A, Krishna MT, Howarth PH, Holgate ST, et al. Involvement of the
epidermal growth factor receptor in epithelial repair in asthma. FASEB J. 2000; 14: 1362–1374. PMID:
10877829

Cigarette Smoke Causes Caspase-Independent Apoptosis

PLOS ONE | DOI:10.1371/journal.pone.0120510 March 20, 2015 13 / 15

http://www.ncbi.nlm.nih.gov/pubmed/12589337
http://dx.doi.org/10.1016/j.immuni.2009.08.013
http://dx.doi.org/10.1016/j.immuni.2009.08.013
http://www.ncbi.nlm.nih.gov/pubmed/19766079
http://dx.doi.org/10.1016/j.jaci.2009.05.037
http://dx.doi.org/10.1016/j.jaci.2009.05.037
http://www.ncbi.nlm.nih.gov/pubmed/19560576
http://www.ncbi.nlm.nih.gov/pubmed/12151309
http://dx.doi.org/10.1016/j.jaci.2011.05.038
http://www.ncbi.nlm.nih.gov/pubmed/21752437
http://www.ncbi.nlm.nih.gov/pubmed/10877829


8. Fedorov IA, Wilson SJ, Davies DE, Holgate ST. Epithelial stress and structural remodelling in childhood
asthma. Thorax. 2005; 60: 389–394. PMID: 15860714

9. Puddicombe SM, Torres-Lozano C, Richter A, Bucchieri F, Lordan JL, Howarth PH, et al. Increased ex-
pression of p21(waf) cyclin dependent kinase inhibitor in asthmatic bronchial epithelium. Am J Respir
Cell Mol Biol. 2003; 28: 61–68. PMID: 12495933

10. Iwanaga K, Elliott MS, Vedal S, Debley JS. Urban particulate matter induces pro-remodeling factors by
airway epithelial cells from healthy and asthmatic children. Inhal Toxicol. 2013; 25: 653–660. doi: 10.
3109/08958378.2013.827283 PMID: 24102466

11. Freishtat RJ,Watson AM, Benton AS, Iqbal SF, Pillai DK, RoseMC, et al. Asthmatic airway epithelium is
intrinsically inflammatory and mitotically dyssynchronous. Am J Respir Cell Mol Biol. 2011; 44: 863–869.
doi: 10.1165/rcmb.2010-0029OC PMID: 20705942

12. Hackett TL, Warner SM, Stefanowicz D, Shaheen F, Pechkovsky DV, Murray LA, et al. Induction of epi-
thelial-mesenchymal transition in primary airway epithelial cells from patients with asthma by transform-
ing growth factor-beta1. Am J Respir Crit Care Med. 2009; 180: 122–133. doi: 10.1164/rccm.200811-
1730OC PMID: 19406982

13. Contoli M, Message SD, Laza-Stanca V, Edwards MR,Wark PA, Bartlett NW, et al. Role of deficient
type III interferon-lambda production in asthma exacerbations. Nat Med. 2006; 12: 1023–1026. PMID:
16906156

14. Wood LG, Wark PA, Garg ML. Antioxidant and anti-inflammatory effects of resveratrol in airway dis-
ease. Antioxid Redox Signal. 2010; 13: 1535–1548. doi: 10.1089/ars.2009.3064 PMID: 20214495

15. Kirkham P, Rahman I. Oxidative stress in asthma and COPD: antioxidants as a therapeutic strategy.
Pharmacol Ther. 2006; 111: 476–494. PMID: 16458359

16. Sugiura H, Ichinose M. Oxidative and nitrative stress in bronchial asthma. Antioxid Redox Signal. 2008;
10: 785–797. doi: 10.1089/ars.2007.1937 PMID: 18177234

17. Sedgwick JB, CalhounWJ, Vrtis RF, Bates ME, McAllister PK, BusseWW. Comparison of airway and
blood eosinophil function after in vivo antigen challenge. J Immunol. 1992; 149: 3710–3718. PMID:
1358975

18. Postma DS, Renkema TE, Noordhoek JA, Faber H, Sluiter HJ, Kauffman H. Association between non-
specific bronchial hyperreactivity and superoxide anion production by polymorphonuclear leukocytes in
chronic air-flow obstruction. Am Rev Respir Dis. 1988; 137: 57–61. PMID: 2827548

19. Gumral N, Naziroglu M, Ongel K, Beydilli ED, Ozguner F, Sutcu R, et al. Antioxidant enzymes and mel-
atonin levels in patients with bronchial asthma and chronic obstructive pulmonary disease during stable
and exacerbation periods. Cell Biochem Funct. 2009; 27: 276–283. doi: 10.1002/cbf.1569 PMID:
19475625

20. Comhair SA, Erzurum SC. Redox control of asthma: molecular mechanisms and therapeutic opportuni-
ties. Antioxid Redox Signal. 2010; 12: 93–124. doi: 10.1089/ARS.2008.2425 PMID: 19634987

21. Smith LJ, Shamsuddin M, Sporn PH, Denenberg M, Anderson J. Reduced superoxide dismutase in
lung cells of patients with asthma. Free Radic Biol Med. 1997; 22: 1301–1307. PMID: 9098106

22. Siedlinski M, van Deimen CC, Postma DS, Vonk JM, Boezen HM. Superoxide dismutases, lung func-
tion and bronchial responsiveness in a general population. Eur Resp J. 2009; 33: 986–992.

23. Bergren DR. Environmental tobacco smoke exposure and airway hyperresponsiveness. Inflamm Aller-
gy Drug Targets. 2009; 8: 340–347. PMID: 20025580

24. Aubier M. Traffic-related pollutants and their impact on allergic respiratory diseases. Bull Acad Natl
Med. 2009; 193: 1303–1313. PMID: 20120161

25. Wood LG, Gibson PG. Reduced circulating antioxidant defences are associated with airway hyper-
responsiveness, poor control and severe disease pattern in asthma. Br J Nutr. 2010; 103: 735–741.
doi: 10.1017/S0007114509992376 PMID: 19874635

26. To T, Daly C, Feldman R, McLimont S. Results from a community-based program evaluating the effect
of changing smoking status on asthma symptom control. BMC Public Health 2012; 12: 293. doi: 10.
1186/1471-2458-12-293 PMID: 22520046

27. Gangl K, Reininger R, Bernhard D, Campana R, Pree I, Reisinger J, et al. Cigarette smoke facilitates al-
lergen penetration across respiratory epithelium. Allergy. 2009; 64: 398–405. doi: 10.1111/j.1398-
9995.2008.01861.x PMID: 19120070

28. Hellermann GR, Nagy SB, Kong X, Lockey RF, Mohapatra SS. Mechanism of cigarette smoke
condensate-induced acute inflammatory response in human bronchial epithelial cells. Respir Res.
2002; 3: 22. PMID: 12204101

29. Faux SP, Tai T, Thorne D, Xu Y, Breheny D, Gaca M. The role of oxidative stress in the biological re-
sponses of lung epithelial cells to cigarette smoke. Biomarkers. 2009; 14 Suppl 1: 90–96. doi: 10.1080/
13547500902965047 PMID: 19604067

Cigarette Smoke Causes Caspase-Independent Apoptosis

PLOS ONE | DOI:10.1371/journal.pone.0120510 March 20, 2015 14 / 15

http://www.ncbi.nlm.nih.gov/pubmed/15860714
http://www.ncbi.nlm.nih.gov/pubmed/12495933
http://dx.doi.org/10.3109/08958378.2013.827283
http://dx.doi.org/10.3109/08958378.2013.827283
http://www.ncbi.nlm.nih.gov/pubmed/24102466
http://dx.doi.org/10.1165/rcmb.2010-0029OC
http://www.ncbi.nlm.nih.gov/pubmed/20705942
http://dx.doi.org/10.1164/rccm.200811-1730OC
http://dx.doi.org/10.1164/rccm.200811-1730OC
http://www.ncbi.nlm.nih.gov/pubmed/19406982
http://www.ncbi.nlm.nih.gov/pubmed/16906156
http://dx.doi.org/10.1089/ars.2009.3064
http://www.ncbi.nlm.nih.gov/pubmed/20214495
http://www.ncbi.nlm.nih.gov/pubmed/16458359
http://dx.doi.org/10.1089/ars.2007.1937
http://www.ncbi.nlm.nih.gov/pubmed/18177234
http://www.ncbi.nlm.nih.gov/pubmed/1358975
http://www.ncbi.nlm.nih.gov/pubmed/2827548
http://dx.doi.org/10.1002/cbf.1569
http://www.ncbi.nlm.nih.gov/pubmed/19475625
http://dx.doi.org/10.1089/ARS.2008.2425
http://www.ncbi.nlm.nih.gov/pubmed/19634987
http://www.ncbi.nlm.nih.gov/pubmed/9098106
http://www.ncbi.nlm.nih.gov/pubmed/20025580
http://www.ncbi.nlm.nih.gov/pubmed/20120161
http://dx.doi.org/10.1017/S0007114509992376
http://www.ncbi.nlm.nih.gov/pubmed/19874635
http://dx.doi.org/10.1186/1471-2458-12-293
http://dx.doi.org/10.1186/1471-2458-12-293
http://www.ncbi.nlm.nih.gov/pubmed/22520046
http://dx.doi.org/10.1111/j.1398-9995.2008.01861.x
http://dx.doi.org/10.1111/j.1398-9995.2008.01861.x
http://www.ncbi.nlm.nih.gov/pubmed/19120070
http://www.ncbi.nlm.nih.gov/pubmed/12204101
http://dx.doi.org/10.1080/13547500902965047
http://dx.doi.org/10.1080/13547500902965047
http://www.ncbi.nlm.nih.gov/pubmed/19604067


30. Curvall M, Enzell CR, Pettersson B. An evaluation of the utility of four in vitro short term tests for predict-
ing the cytotoxicity of individual compounds derived from tobacco smoke. Cell Biol Toxicol. 1984; 1:
173–193. PMID: 6400922

31. van der Toorn M, Rezayat D, Kauffman HF, Bakker SJ, Gans RO, Koeter GH, et al. Lipid-soluble com-
ponents in cigarette smoke induce mitochondrial production of reactive oxygen species in lung epitheli-
al cells. Am J Physiol Lung Cell Mol Physiol. 2009; 297: L109–L114. doi: 10.1152/ajplung.90461.2008
PMID: 19411310

32. Stone KK, Bermudez E, Pryor WA. Aqueous extracts of cigarette tar containing the tar free radical
cause DNA nicks in mammalian cells. Environ Health Perspect. 1994; 102 Suppl 10: 173–178. PMID:
7705294

33. Carp H, Janoff A. Possible mechanisms of emphysema in smokers. In vitro suppression of serum elas-
tase-inhibitory capacity by fresh cigarette smoke and its prevention by antioxidants. Am Rev Respir
Dis. 1978; 118: 617–621. PMID: 101105

34. Galluzzi L, Kepp O, Krautwald S, Kroemer G, Linkermann A. Molecular mechanisms of regulated ne-
crosis. Semin Cell Dev Biol. 2014; 35:24–32. doi: 10.1016/j.semcdb.2014.02.006 PMID: 24582829

35. Pierrou S, Broberg P, O'Donnell RA, Pawlowski K, Virtala R, Lindqvist E, et al. Expression of genes in-
volved in oxidative stress responses in airway epithelial cells of smokers with chronic obstructive pul-
monary disease. Am J Respir Crit Care Med. 2007; 175: 577–586. PMID: 17158281

36. Gonzalez-Suarez I, Sewer A, Walker P, Mathis C, Ellis S, Woodhouse H, et al. Systems biology ap-
proach for evaluating the biological impact of environmental toxicants in vitro. Chem Res Toxicol. 2014;
27: 367–376. doi: 10.1021/tx400405s PMID: 24428674

37. Halliwell B. The role of oxygen radicals in human disease, with particular reference to the vascular sys-
tem. Haemostasis. 1993; 23 Suppl 1: 118–126. PMID: 8495863

38. Kovacs K, Erdelyi K, Hegedus C, Lakatos P, Regdon Z, Bai P, et al. Poly(ADP-ribosyl)ation is a survival
mechanism in cigarette smoke-induced and hydrogen peroxide-mediated cell death. Free Radic Biol
Med. 2012; 53: 1680–1688. doi: 10.1016/j.freeradbiomed.2012.08.579 PMID: 22964577

39. Bazzini C, Rossetti V, Civello DA, Sassone F, Vezzoli V, Persani L, et al. Short- and long- term effects
of cigarette smoke exposure on glutathione homeostasis in human bronchial epithelial cells. Cell Phy-
siol Biochem. 2013; 32: 129–145. doi: 10.1159/000356633 PMID: 24429820

40. Olatunji-Bello II, Olayemi SO, Daramola AO, Ogungbemi AO. Ascorbic acid and the effect of cigarette
smoke on tissues-a preliminary report. West Afr J Med 2008; 27: 78–81. PMID: 19025019

41. Merendino AM, Bucchieri F, Gagliardo R, Daryadel A, Pompeo F, Chiappara G, et al. CD40 ligation pro-
tects bronchial epithelium against oxidant-induced caspase-independent cell death. Am J Respir Cell
Mol Biol. 2006; 35: 155–164. PMID: 16543604

42. Yu SW,Wang H, Poitras MF, Coombs C, BowersWJ, Federoff HJ, et al. Mediation of poly(ADP-ribose)
polymerase-1-dependent cell death by apoptosis-inducing factor. Science. 2002; 297: 259–263. PMID:
12114629

43. vanWijk SJ, Hageman GJ. Poly(ADP-ribose) polymerase-1 mediated caspase-independent cell death
after ischemia/reperfusion. Free Radic Biol Med. 2005; 39: 81–90. PMID: 15925280

44. Liu X, Conner H, Kobayashi T, Kim H,Wen F, Abe S, et al. Cigarette smoke extract induces DNA dam-
age but not apoptosis in human bronchial epithelial cells. Am J Respir Cell Mol Biol. 2005; 33: 121–129.
PMID: 15845867

45. Nadeem A, Siddiqui N, Alharbi NO, Alharbi MM. Airway and systemic oxidant-antioxidant dysregulation
in asthma: a possible scenario of oxidants spill over from lung into blood. Pulm Pharmacol Ther. 2014;
29: 31–40. doi: 10.1016/j.pupt.2014.06.001 PMID: 24929073

Cigarette Smoke Causes Caspase-Independent Apoptosis

PLOS ONE | DOI:10.1371/journal.pone.0120510 March 20, 2015 15 / 15

http://www.ncbi.nlm.nih.gov/pubmed/6400922
http://dx.doi.org/10.1152/ajplung.90461.2008
http://www.ncbi.nlm.nih.gov/pubmed/19411310
http://www.ncbi.nlm.nih.gov/pubmed/7705294
http://www.ncbi.nlm.nih.gov/pubmed/101105
http://dx.doi.org/10.1016/j.semcdb.2014.02.006
http://www.ncbi.nlm.nih.gov/pubmed/24582829
http://www.ncbi.nlm.nih.gov/pubmed/17158281
http://dx.doi.org/10.1021/tx400405s
http://www.ncbi.nlm.nih.gov/pubmed/24428674
http://www.ncbi.nlm.nih.gov/pubmed/8495863
http://dx.doi.org/10.1016/j.freeradbiomed.2012.08.579
http://www.ncbi.nlm.nih.gov/pubmed/22964577
http://dx.doi.org/10.1159/000356633
http://www.ncbi.nlm.nih.gov/pubmed/24429820
http://www.ncbi.nlm.nih.gov/pubmed/19025019
http://www.ncbi.nlm.nih.gov/pubmed/16543604
http://www.ncbi.nlm.nih.gov/pubmed/12114629
http://www.ncbi.nlm.nih.gov/pubmed/15925280
http://www.ncbi.nlm.nih.gov/pubmed/15845867
http://dx.doi.org/10.1016/j.pupt.2014.06.001
http://www.ncbi.nlm.nih.gov/pubmed/24929073

