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apoptosis in COPD remains despite

smoking cessation
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ABSTRACT: There is heterogeneity in the propensity of smokers to develop chronic obstructive

pulmonary disease (COPD), and improved treatment strategies are hindered by limited

understanding of COPD pathogenesis, especially as distinct from the effects of smoking per se.

Although apoptosis is essential for tissue homeostasis, increased apoptosis may cause tissue

damage and inflammation.

This study addressed whether airway T-lymphocytes and airway epithelial cells (AEC) show an

increased likelihood of undergoing apoptosis in COPD and if this was related to smoking.

Apoptosis (7-amino-actinomycin D, Annexin, single-stranded DNA and caspase), Bcl-2, Bax and

p53 were assessed in cells obtained from bronchial bushing and bronchoalveolar lavage from ex-

and continuing smokers with COPD, and nonsmoking controls, using flow cytometry.

A mean 87% increase in apoptosis of AEC and a 103% increase in T-lymphocyte apoptosis were

found in COPD. There were no significant differences in apoptosis of AEC between current and

ex-smokers with COPD.

Apoptosis may contribute to chronic obstructive pulmonary disease pathogenesis, and

continued excess apoptosis after smoking cessation may offer a new target for therapeutic

interventions. Whether the persistence of increased apoptosis after smoking cessation results

from changes in the pulmonary milleau after years of noxious insult, or whether some individuals

have a natural predisposition toward increased apoptosis and possible development of chronic

obstructive pulmonary disease remains to be determined.

KEYWORDS: Apoptosis, bronchial brushing, bronchoalveolar lavage, chronic obstructive

pulmonary disease, flow cytometry, smoking

C
hronic obstructive pulmonary disease
(COPD) arises as a result of noxious
injury to the lungs, most commonly due

to cigarette smoking. The overall impact of
pharmacological therapies on the long-term out-
look for patients with COPD is modest at best,
and new therapeutic options are needed, based
on improved knowledge of the underlying
pathogenic mechanisms.

Key to the development of improved therapies is
a greater understanding of the pathogenesis of
COPD, especially as distinct from the effects of
smoking per se. Therapies that address the
ongoing abnormalities remaining after smoking
cessation would be of great benefit. In this
regard, disorders of apoptosis (programmed cell
death) are increasingly recognised as having an
important role in disease pathogenesis. Disorders
in the apoptotic process associated with tissue
injury have been seen in several conditions

including emphysema [1–3], pulmonary fibrosis
[4, 5], cystic fibrosis [6] and obliterative bronch-
iolitis [7]. Limited studies have shown increased
lymphocyte and endothelial apoptosis in COPD
[1–3, 8], raising the possibility that unregulated
apoptosis may play a role in the pathogenesis of
this disease, but apoptosis of airway epithelial
cells has not been systematically examined.

Although apoptosis is important for eliminating
excess activated inflammatory cells, excess apop-
tosis of these cells and/or airway epithelial cells
may be counterproductive, resulting in dimin-
ished host defences. The current authors have
previously found that peripheral blood T-cells
from COPD patients have an increased propen-
sity to undergo apoptosis compared with cells
from healthy subjects [9]. The authors thus
sought to determine whether these peripheral
abnormalities may be reflected in T-cells derived
from the lungs where the pathological significance
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may be even greater. In addition, uncleared apoptotic cells
may undergo secondary necrosis with discharge of injurious
cell contents, tissue damage and chronic inflammation [10].
The current authors have previously shown that pulmonary
macrophages from COPD subjects have a defect in their
ability to phagocytose apoptotic airway epithelial cells in
ex vivo assays [11], which may thus predispose subjects
with COPD to an accumulation of apoptotic material in the
airways [12].

To the current authors’ knowledge there have been no studies
of apoptosis in discrete cell types from heterogeneous cell
populations obtained from bronchoalveolar lavage (BAL) and
bronchial brushing in COPD, especially with regard to the
possible effects of smoking status. In the current study,
apoptosis in well-characterised COPD subjects, including ex-
smokers and continuing smokers, and nonsmoking normal
controls was assessed.

MATERIALS AND METHODS
Immunological reagents
The following monoclonal antibodies (MAbs) and reagents
were employed: CD45(PE-CY5), CD3(PE-CY5) (Immunotech/
Coulter, Marseille, France), CD3(PE), p53(PE) (BD Biosciences,
CA, USA), Bcl-2(FITC) (Dako, Glostrup, Denmark), Bax
(unconjugated) (Oncogene Science, NY, USA), rabbit anti-
mouse immunoglobulin (Ig)G (RAM, PE; BD Biosciences),
IgG1(PE) (as negative control; BD Biosciences), Annexin
V(FITC) (BD Biosciences), 7-amino-actinomycin D (7-AAD)
(Sigma, Sydney, Australia), CaspACE FITC-VAD-FMK
(Promega, WI, USA), unconjugated antibody to single-
stranded DNA (ssDNA) (MAB3299 (F7-26); Chemicon, CA,
USA) and goat anti-mouse IgM(FITC) (Rockland, PA, USA).

Subject population
COPD patients undergoing fibreoptic bronchoscopy for diag-
nostic purposes (predominantly because of lesions suspicious
of carcinoma on chest radiograph) were invited to participate

in the study and fully informed consent was obtained. There
was no exacerbation of COPD for 6 weeks prior to involvement
in the study. Ethics approval was obtained from the Royal
Adelaide Hospital, Adelaide, Australia. The diagnosis of
moderate COPD was established using the Global Initiative
for Chronic Obstructive Lung Disease criteria [13] of a relevant
history and post-bronchodilator forced expiratory volume in
one second (FEV1) 30–80% of predicted and FEV1/forced vital
capacity ,70%.

Bronchial brushings were collected from 29 patients with
COPD (brushing group) (table 1). Sixteen patients were
ex-smokers (.1 yr abstinence) and 13 current smokers.

BAL was collected from 20 patients with COPD (BAL group)
(there was overlap between this group and the brushing group
due to unsuitability or unavailability of occasional specimens
of BAL or bronchial brushing) (table 1). In total, 13 patients
were ex-smokers (.1 yr abstinence) and seven current smokers.

Specimens were also obtained from 20 nonsmoking volunteers
(table 1). In total, 10 of these controls were healthy, recruited
volunteers with no history of airways disease and 10 were
undergoing bronchoscopy for other clinically indicated
reasons. Typically, these were patients with chronic cough,
which proved to be related to gastro-oesophageal reflux or
sinus disease, or with minor probable haemoptysis for which
no pulmonary cause could be found. These subjects enabled
the power of the study to be improved and fulfilled the criteria
for normal control (normal lung function, no evidence of any
lung disease, no history of asthma or allergy, nonsmokers,
normal bronchoscopy). Most of the controls were included in
both the BAL and brushing studies, apart from a few subjects
in whom either the BAL or brush was inadequate for technical
reasons. Importantly, there were no significant differences
between these two groups of controls for any of the parameters
investigated in this study. The first phase of the study
investigated apoptosis in brushing-derived epithelial cells

TABLE 1 Demographic characteristics of the population studied

Subjects Control COPD COPD ex-smokers COPD current smokers

Brushing group

Subjects n 20 29 16 13

Age yrs 60¡13 67¡9 69¡9 65¡10

Smoking pack-yr 0 60¡26 69¡30 47¡21

FEV1 % pred 104.2¡10.4 65.4¡18.3 57.3¡19.6 50.5¡16.2

FVC % pred 105.5¡14.5 77.2¡16.6 78.5¡11.6 75.2¡23.0

FEV1 % FVC 93.0¡18.9 58.7¡17.3 60.5¡18.9 56.0¡15.4

FVC BAL group

Subjects n 20 20 13 7

Age yr 61¡12 69¡8 70¡8 68¡8

Smoking pack-yr 0 66¡32 73¡31 33¡17

FEV1 % pred 102.1¡11.6 53.1¡17.3 50.3¡19.1 46.0¡8.4

FVC % pred 102.6¡15.4 79.4¡13.9 77.9¡14.1 73.5¡6.7

FEV1 % FVC 92.8¡18.0 56.7¡17.4 60.0¡21.3 51.5¡9.5

Data presented as mean¡SD. COPD: chronic obstructive pulmonary disease; FEV1: forced expiratory volume in one second; % pred: % predicted; FVC: forced vital

capacity; BAL: bronchoalveolar lavage.
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and BAL-derived T-cells. For this phase of the study the two
control groups were pooled into a single control group.

Bronchoscopy procedure
Fibreoptic bronchoscopy was performed as previously
described [11]. Brushings and BAL were obtained from the
right-sided airways, unless there was other pathology in this
area, when the left-sided airways were sampled. Particular
attention was given to use a minimal amount of lignocaine
(100 mg) in the airways in view of the adverse effect it has on
cell viability [14].

Preparation of ex vivo samples
Cells were prepared as previously described [11, 15] and re-
suspended to a cell count of 46105 cells?mL-1 with RPMI 1640
media. Investigation of apoptosis of airway T-cells and
epithelial cells was performed within 1 h. For investigation
of Bcl-2, Bax and p53 by BAL-derived T-cells, BAL samples
were stimulated with phytohaemagglutin for 18 h, as pre-
viously reported [9].

Measurement of LDH levels in BAL
When the cells of a tissue become damaged or necrotic, their
contents leak out into the extracellular fluid. Thus, the
existence of secondary necrosis in the airways can be inferred
by the presence of lactic dehydrogenase (LDH) in BAL. LDH
levels were measured in BAL from the 10 volunteer control
subjects and 10 of the COPD subjects (five smokers, five ex-
smokers) using a Beckman Synchron CXR System (Beckman
Instruments Brea, CA, USA), following instructions supplied
with the reagent kit.

Identification of cell types
Surface staining to identify cell types was carried out using
flow-cytometry, as previously described [16, 17] and is shown
in figures 1 and 2. Leukocytes were excluded from analysis of
airway epithelial cells based on bright staining with CD45 (fig.
1b). T-cells were gated based on known staining characteristics
with CD3 PC5 versus side scatter (fig. 2b). As both 7-AAD and
PC5 fluoresce in fluorescence channel 3 (FL3), CD3 PE (FL2)
versus side scatter was used for identification of T-cells prior to
staining with 7-AAD.

Apoptosis of BAL-derived leukocytes and brushing-derived
airway epithelial cells
Annexin V staining
Early in apoptosis, phosphatidylserine (PTS) is translocated to
the outer cell membrane and can be identified by binding of
Annexin V, a ligand for PTS. Staining with Annexin V was
performed as previously described [16, 18].

7-AAD staining
Staining with 7-AAD was used to quantify apoptosis as
previously described [18]. Absolute numbers of 7-AAD
positive cells were calculated then adjusted for differences in
lymphocyte or airway epithelial cell numbers for COPD and
control groups.

Staining of apoptotic cells with MAbs to ssDNA
To investigate the possibility that removal of airway epithelial
cells from the basement membrane caused membrane damage

during the bronchoscopy procedure, it was important to
establish alternative methods for assessing apoptosis that did
not rely on changes to the cell membrane. Antibody MAB3299
is specifically reactive with ssDNA (i.e. does not recognise
DNA in double stranded conformations). Staining was
performed following manufacturer’s instructions.

Staining of apoptotic cells for active caspases
Sequential activation of caspases plays a critical role in the
induction of apoptosis. CaspACE FITC-VAD-FMK is an FITC-
conjugate of the cell permeable caspase inhibitor VAD-FMK.
This structure allows delivery of the inhibitor into the cell
where it binds to caspase, serving as a marker for apoptosis.
Cells were stained with 100 mL, 10 mM CaspACE FITC-VAD-
FMK, followed by staining with surface markers for cell type
identification.

Effects of glucocorticosteroids on apoptosis of
airway-derived T-cells and epithelial cells
Glucocorticosteroids (GCS) have been reported to induce
apoptosis of airway epithelial cells and T-cells [19, 20]. To
investigate this possibility in a preliminary fashion, COPD
subjects with similar lung function were grouped based on GCS
or bronchodilator treatment, (brushing group: 13 GCS-treated
and 16 subjects using bronchodilator medication only; BAL
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FIGURE 1. Flow cytometry gating strategies for brushing-derived airway

epithelial cells. a) Red blood cells and debris were excluded from Region (R)1

based on forward scatter (FSC) and side scatter characteristics. All subsequent

analysis was carried out on cells from this region. b) Contaminating leukocytes

identified by bright staining with CD45 and excluded from airway epithelial cells in

R2. All subsequent analysis carried out on cells from R1 and R2. c and d) 7-AAD

staining of apoptotic brushing-derived airway epithelial cells. Representative dot

plots showing FSC versus 7-AAD staining to distinguish viable (7-AAD negative

staining) and apoptotic (7-AAD bright staining) epithelial cells. Control subject: 14%

apoptotic (c); chronic obstructive pulmonary disease subject: 32% apoptotic (d).
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group: 11 GCS-treated and nine subjects using bronchodilator
only). Apoptosis was assessed as described above, and results
compared for the two groups. However, the subjects were
heterogeneous with respect to the type of inhaled steroid being
used, the dose, and furthermore no guarantees could be given
as regard their compliance with medication. Thus, a more
definitive analysis of the effects of GCS on apoptosis in COPD
awaits further study.

Effect of age on apoptosis of airway-derived T-cells and
epithelial cells
There have been some reports of increased apoptosis of
peripheral blood T-cells with increasing age [21]. To investi-
gate this possibility the control group was divided into two age
categories, those aged ,50 yrs and those aged 55–70 yrs.
Apoptosis was calculated as described above, and results
compared for the two groups.

Effect of smoking on apoptosis of airway-derived T-cells
and epithelial cells
COPD subjects with similar lung function were grouped based
on smoking status (fig. 1), apoptosis of airway epithelial cells
and T-cells assessed as described above, and results compared
for the two groups.

Bax, Bcl-2 and p53 expression by airway-derived T-cells and
epithelial cells in COPD
Staining for cell type identification was carried out as
described above. Bax, Bcl-2 and p53 were stained using a
direct flow-cytometric staining technique. Aliquots of 16106

cells were washed with calcium and magnesium-free PBS and
200 mL of membrane permeabilising solution (0.5% Triton X-
100 (Sigma), 0.2 mg?mL-1 Na2EDTA, 2H2O (APS Chemicals,
NSW, Australia), 1% BSA in PBS) added to the cell pellet for
15 min. Cells were stained with MAbs to Bax (5 mL), Bcl-2 (10
mL) or p53 (5 mL). Irrelevant antibodies of the same isotypes
were used as negative controls. For Bcl-2 and p53, analysis
of unwashed, unfixed cells was carried out immediately by
flow-cytometry. For Bax, cells were further stained with 5 mL
PE-conjugated rat-anti-mouse Mab, washed and analysed by
flow-cytometry (fig. 1).

Statistical analysis
The Mann-Whitney U-test was used to analyse data. p-Values
,0.05 were considered significant.

RESULTS
Apoptosis of BAL-derived leukocytes and brushing-derived
airway epithelial cells
As previously reported for peripheral blood T-cells and
neutrophils [9, 18], there was good correlation between
Annexin V staining and 7-AAD staining for the detection of
apoptosis of brushing-derived epithelial cells (R250.8).

Typical scatter patterns of forward scatter versus 7-AAD are
presented in figure 1 and typical histograms presented in
figure 3. The percentage of apoptotic airway epithelial cells
was significantly higher for patients with COPD than controls
for each of the techniques used (table 2). The mean increase in
apoptosis across the techniques was 87% (calculated as
(COPD–control)/control). In agreement with results from
analysis of percentage changes, there were significantly more
absolute numbers of apoptotic airway epithelial cells in COPD
(control: 0.066109?L-1 versus COPD: 0.106109?L-1; p50.03).

Disruption of epithelial cells from the basement membrane has
been reported to induce apoptosis [22]. In addition, the local
anaesthetic, lignocaine, has been reported to diminish epithe-
lial cell viability, in vitro [14]. Staining with Annexin V and 7-
AAD relies on changes to the cell membrane, but it was
considered that any confounding factor due to technical issues
would similarly affect the COPD and control groups.
Nevertheless, to investigate whether cell removal or use of
lignocaine (used at a minimum dose, 100 mg) caused
artefactual membrane damage during the bronchoscopy
procedure, techniques were further applied to specifically
detect apoptosis, based on changes that did not involve the cell
membrane (ssDNA and caspase) (fig. 3). These again con-
firmed higher rates of apoptosis in COPD.

Consistent with findings for peripheral blood-derived T-cells
from COPD patients [9], BAL-derived T-cells showed
increased apoptosis, with a mean increase of 103% across the
techniques used (table 2). The absolute numbers of apoptotic
T-cells (adjusted for total lymphocte numbers) were signifi-
cantly increased in COPD (control: 0.0036109?L-1 versus
COPD: 0.026109?L-1; p50.01).

FIGURE 2. Flow cytometry gating strategies for bronchiolar lavage-derived T-

cells. a) Red blood cells and debris were excluded from Region (R)1 based on

forward scatter (FSC) and side scatter characteristics. All subsequent analysis

carried out on cells from this region. b) T-cells gated in R2 based on bright staining

with CD3 and low side scatter. All subsequent analysis carried out on cells from R1

and R2. (CD45 PE was also applied to confirm the gating (data not shown)). c and

d) 7-AAD staining of apoptotic brushing-derived airway epithelial cells.

Representative dot plots showing FSC versus 7-AAD staining to distinguish viable

(7-AAD negative staining) and apoptotic (7-AAD bright staining) epithelial cells.

Control subject: 5% apoptotic (c); chronic obstructive pulmonary disease subject:

18% apoptotic (d).
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Effects of age on apoptosis of airway-derived T-cells and
epithelial cells
There were no significant changes in apoptosis of airway
epithelial cells or BAL-derived T-cells with increasing age
(epithelial cells: controls aged ,50 yrs, 7-AAD 20.0¡11.6%
(mean¡SD) versus controls aged 55–75 yrs, 20.0¡14.6%; T-
cells: controls aged ,50 yrs, 7-AAD 19.9¡11.6% versus
controls aged 55–75 yrs 17.2¡12.6%). Annexin V staining
supported these findings (data not shown).

Effects of smoking on apoptosis of airway-derived T-cells
and epithelial cells
There were no significant differences in apoptosis of airway
epithelial cells or BAL-derived T-cells between smoking and
nonsmoking COPD subjects (fig. 4).

Bax, Bcl-2 and p53 expression by airway-derived T-cells and
epithelial cells in COPD
Expression of Bax, Bcl-2 and p53 was analysed by flow-
cytometry. There was no significant change in the percentage
of airway epithelial cells or T-cells expressing Bcl-2 or Bax in
COPD compared with controls (table 3). Similarly, the median
fluorescence intensity of staining was not significantly differ-
ent (data not shown). P53 expression by BAL-derived CD3+
T-cells and brushing-derived airway epithelial cells was sig-
nificantly increased in COPD compared with controls (table 3).

LDH levels in BAL in COPD
To determine if secondary necrosis of airway-derived cells was
apparent, LDH levels were measured in BAL from the 10
normal volunteer subjects and 10 COPD subjects (five of the
smokers and five of the ex-smokers). LDH levels were
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FIGURE 3. Apoptosis of brushing-derived airway epithelial cells measured by

different techniques. Representative histograms show: a) Annexin V staining of

phosphatidylserine on the cell membrane (20.0% apoptotic); b) 7-AAD staining due

to nonfunctional membrane pump action (22.3% apoptotic); c) staining of

intranuclear single-standed DNA in early apoptosis (27.3% apoptotic); and d)

staining of intracellular caspase activation in early apoptosis (37.6% apoptotic).

TABLE 2 Apoptosis of airway-derived T-cells and epithelial
cells in chronic obstructive pulmonary disease
(COPD)

Method Control COPD p-value

Epithelial cell

7-AAD 18.2¡12.1 33.2¡14.1 0.008#

Annexin 15.0¡8.6 31.0¡10.0 0.008#

ssDNA 14.0¡7.2 36.3¡15.8 0.001#

Caspase 37.6¡15.6 65.1¡6.2 0.004#

T-cell

7-AAD 9.1¡6.0 21.3¡9.7 0.001#

Annexin 11.7¡9.9 27.9¡12.4 0.002#

ssDNA 21.1¡13.0 51.0¡7.9 0.0005#

Caspase 17.8¡9.9 28.2¡13.5 0.042#

Data (% of cells exhibiting positive staining measured by flow cytometry)

presented as mean¡SD. ssDNA: single-stranded DNA. #: significant difference

from control group.
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FIGURE 4. Apoptosis of a) bronchoalveolar lavage-derived T-cells and b)

brushing-derived airway epithelial cells measured by 7-AAD staining and flow

cytometry in controls, chronic obstructive pulmonary disease (COPD) subjects

(total group), and smokers and ex-smokers with COPD. *: significant difference

between COPD and control groups pf0.05; #: no significant difference between

smokers and ex-smokers with COPD.
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significantly higher in BAL from COPD subjects compared
with controls (1.9¡2.9 IU?L-1 versus 0.1¡0.3 IU?L-1; p50.040).

DISCUSSION
Apoptosis of BAL-derived lymphocytes and brushing-derived
airway epithelial cells was significantly increased in COPD.
Apoptosis of airway epithelial cells was not affected by
increasing age or by smoking status among those with
COPD. By using a number of independent assays for apoptosis
the current authors are confident that all stages of apoptosis
were detected and that results were not confounded by the
inclusion of necrotic cells. To the current authors’ knowledge,
apoptosis has not previously been quantified in discrete
leukocyte subsets from heterogenous cell populations obtained
from the lungs of patients with COPD. However, a few studies
have reported increased apoptosis of alveolar or bronchial
epithelial cells and lymphocytes in bronchial biopsies from
patients with COPD [3, 8, 23]. Importantly, these studies
showed that apoptosis might at least partially account for the
loss of alveolar wall structures and formation of bullae in
emphysema.

Lung damage in COPD involves proximal and distal airways,
as well as alveoli. BAL is a useful technique, which samples the
inflammatory milieu of the most distal airways, and alveoli,
thus providing ideal samples of cells from a broader area than
is the case with small biopsies. In addition to BAL, bronchial
brushings were obtained from airways of 2–4 mm diameter. In
both cases the high sensitivity of the flow-cytometry technique
used in the current study allows for the acquisition of
meaningful data from several of the subsets of cells present,
even in the presence of a high predominance of any one
particular cell type (e.g. macrophages in BAL). Although the
entire airway tree is involved, these airways contribute
substantially to the airflow obstruction that is the physiological
hallmark of COPD.

Cigarette smoking has been shown to induce apoptosis of
airway epithelial cells [20]. However, in the present study,
cessation of smoking did not prevent the increased rates of
apoptosis in COPD. This may be a reflection of the ongoing
abnormalities remaining after smoking cessation in COPD,

rather than the effects of cigarette smoking per se. Several
studies have shown that inflammation of the airway mucosa of
COPD patients persist even after smoking cessation [24–27]. In
addition, alveolar destruction, emphysematous lung enlarge-
ment, permeability coefficient and pulmonary arterial pressure
are unchanged by cessation of cigarette smoking [28, 29].
Taken together with the current authors’ findings, these data
suggest that the trend toward normalisation of the natural
decline in lung function seen with smoking cessation [30, 31]
may not accurately reflect the persistent disordered apoptosis
and inflammation in the airways in COPD.

The increased apoptosis that persists despite smoking cessa-
tion suggests that factors other than cigarette smoke must play
a role once COPD disease is established. In this regard, factors
that relate to perpetuation of the chronic inflammatory
response in COPD may also contribute to increased apoptotis
in the airways. These include increased oxidative stress and
release of proteolytic enzymes as a result of increased numbers
of neutrophils, cytotoxic T-cells, activation of Fas, tumour
necrosis factor-a and transforming growth factor-b pathways,
and inflammatory responses to colonisation of the airways
with bacteria [4, 12, 20, 32]. GCS have been reported to induce
apoptosis of airway epithelial cells in vitro [19, 20]. However,
within the constraints of the present study no additional
epithelial cell apoptosis was observed for the group of COPD
subjects who were treated with inhaled GCS, although there
was a trend toward higher apoptosis of BAL-derived T cells in
the GCS group. Further study of greater numbers of patients
on defined steroid preparations and dosages is needed to fully
investigate the association between GCS and apoptosis.

Under normal conditions, apoptosis is followed by rapid
phagocytosis of apoptotic cells. The current authors have
previously reported that alveolar macrophages from COPD
subjects are deficient in their ability to phagocytose apoptotic
airway epithelial cells [11]. An increased rate of apoptosis of
epithelial cells in the airways has now been shown in the
current study. This may outweigh the phagocytic capacity of
alveolar macrophages and result in defective clearance and
accumulation of apoptotic cells, leading to secondary necrosis
with release of toxic cell contents, tissue damage and chronic
inflammation [12], leading to progression of the pathological
processes in COPD. Increased levels of LDH in BAL verified
the presence of secondary necrosis in the airways in COPD.
This increase was significant and possibly even an under-
estimate of the total amount of secondary necrosis, as some
necrotic cells may have been phagocytosed prior to complete
release of LDH to the lumen.

Apoptosis is accompanied by the activation of various death
pathways, including the mitochondrial-mediated pathway.
This pathway is regulated by the Bcl family of pro-apoptotic
proteins (e.g. p53, Bax), as well as some proteins (e.g. Bcl2) that
can inhibit apoptosis [33–35]. To further investigate the causes
of increased apoptosis in COPD, the current authors investi-
gated the expression of Bcl, Bax, p53 and caspases in airway-
derived T-cells and epithelial cells. Previous studies have
shown a good correlation between Western blot (the gold
standard) and flow-cytometry for the detection of these
apoptosis-related proteins [36]. Flow-cytometry was used
because of its unique ability to identify the specific cell types

TABLE 3 Expression of apoptosis-related proteins by
airway-derived T-cells and epithelial cells in
chronic obstructive pulmonary disease (COPD)

Cell type Control group COPD p-value

Epithelial cell

P53 18.4¡7.1 28.1¡8.5 0.005*

Bcl-2 22.3¡7.5 23.2¡8.7 NS

Bax 46.3¡9.4 52.4¡9.6 NS

T-cell

P53 23.9¡8.8 33.0¡9.2 0.045*

Bcl-2 26.6¡13.2 22.9¡7.9 NS

Bax 41.1¡20.7 40.2¡7.3 NS

Data (% of cells exhibiting positive staining measured by flow cytometry)

presented as mean values¡SD. NS: nonsignificant. *: significant difference from

control group.
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expressing these proteins. In the peripheral blood the current
authors have previously observed a significant decrease in
expression of Bcl-2 for T-cells from GCS-treated patients with
COPD (unpublished data). The lack of any significant
difference in expression of Bcl-2 or Bax by airway-derived T-
cells in the present study was, therefore, surprising. However,
the findings of increased expression of p53 and of caspases by
airway derived T-cells and epithelial cells have important
implications in COPD. P53-regulated apoptosis can be induced
by oxidative stress [37, 38]. Increased oxidative stress has been
reported in COPD [39] and may thus contribute to increased
p53, and subsequently increased apoptosis. Consistent with
these findings in patients with COPD, increased p53 expres-
sion has been associated with apoptosis in type II pneumocytes
in diffuse alveolar damage [40], in bronchial and alveolar
epithelial cells in bleomycin-induced pulmonary fibrosis in
mice, and interstitial pneumonia and idiopathic pulmonary
fibrosis in humans [41–43]. Further studies to determine the
levels of apoptosis-inducing cytokines in BAL will help to
further characterise the mechanisms involved.

In summary, increased apoptosis of airway-derived epithelial
cells associated with up-regulation of caspase activity and p53
expression suggests that apoptosis may play a significant role
in the chronic inflammation and defective repair processes that
are the hallmarks of chronic obstructive pulmonary disease
pathogenesis. Increased apoptosis of T-cells may lead to a
diminished immune response to infective organisms and
contribute to the increased frequencies of infection that are
associated with chronic obstructive pulmonary disease.
Importantly, the increase in apoptosis appears to persist even
after smoking cessation. Whether this continued abnormality
results from a phenotypic change in the pulmonary milieu
after years of noxious insult, or whether there is a subgroup of
the population with a natural predisposition toward increased
apoptosis and therefore the development of chronic obstruc-
tive pulmonary disease, remains to be determined. Either way,
the presence of this ongoing abnormality may provide a basis
for new therapeutic approaches aimed at reducing apoptosis.
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