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Aruna Kode, Irfan Rahman, Patricia J. Sime, and Richard P.
Phipps. Differential induction of apoptosis by cigarette smoke extract
in primary human lung fibroblast strains: implications for emphysema.
Am J Physiol Lung Cell Mol Physiol 291: L19–L29, 2006. First
published January 27, 2006; doi:10.1152/ajplung.00306.2005.—Cig-
arette smoke is the principal cause of emphysema. Recent attention
has focused on the loss of alveolar fibroblasts in the development of
emphysema. Fibroblasts may become damaged by oxidative stress
and undergo apoptosis as a result of cigarette smoke exposure. Not all
smokers develop lung diseases associated with tobacco smoke, a fact
that may reflect individual variation among human fibroblast strains.
We hypothesize that fibroblasts from different human beings vary in
their ability to undergo apoptosis after cigarette smoke exposure. This
could account for emphysematous changes that occur in the lungs of
some but not all smokers. Primary human lung fibroblast strains were
exposed to cigarette smoke extract (CSE) and assessed for viability,
morphological changes, and mitochondrial transmembrane potential
as indicators of apoptosis. We also examined the generation of
intracellular reactive oxygen species (ROS), 4-hydroxy-2-nonenal,
and changes in glutathione (GSH) and glutathione disulfide (GSSG)
levels. Each human lung fibroblast strain exhibited a differential
sensitivity to CSE as judged by changes in mitochondrial membrane
potential, viability, ROS generation, and glutathione production. In-
terestingly, the thiol antioxidants N-acetyl-L-cysteine and GSH elim-
inated CSE-induced changes in fibroblast morphology such as mem-
brane blebbing, nuclear condensation, and cell size and prevented
alterations in mitochondrial membrane potential and the generation of
ROS. These findings support the concept that oxidative stress and
apoptosis are responsible for fibroblast death associated with exposure
to tobacco smoke. Variations in the sensitivity of fibroblasts to
cigarette smoke may account for the fact that only some smokers
develop emphysema.

mitochondrial membrane potential; reactive oxygen species; glutathi-
one; 4-hydroxy-2-nonenal

CHRONIC OBSTRUCTIVE PULMONARY disease (COPD) is the fourth
leading cause of death in the United States (43). Emphysema,
an important component of COPD, is an irreversible lung
disorder characterized by inflammation and the permanent,
destructive enlargement of respiratory bronchioles and sur-
rounding alveoli (55). Although there are numerous risk factors
associated with developing COPD, the most prominent factor
is cigarette smoking, which is linked to 95% of all cases of
emphysema (43).

Cigarette smoke is a complex mixture containing over 4,800
compounds and is a potent oxidant (8), yielding an estimated
1 � 1017 oxidant molecules per puff. Oxidative stress caused
by cigarette smoking can result in destruction of the alveolar
wall (21, 32), leading to airway enlargement, a central feature
in the development of emphysema, by triggering the apoptotic
pathway (58). Apoptosis is a form of death whereby cells are
removed from a tissue in a controlled manner. Apoptosis plays
an important role in embryonic development and tissue ho-
meostasis, as well as in pathological conditions such as cancer
(44). Cells that are undergoing apoptosis exhibit characteristics
such as membrane blebbing, cell shrinkage, formation of apop-
totic bodies (4), and changes in mitochondrial membrane
potential (��m) (2, 29, 42).

Cigarette smoke causes apoptosis in the human monocytic
cell line U-937 (61), human umbilical vein endothelial cells
(64), alveolar macrophages (1), and the HFL-1 fibroblast strain
(4, 22). Fibroblasts are key structural cells within the lung
whose primary function is the production of extracellular
matrix for tissue maintenance and repair. Fibroblasts are a
target for cigarette smoke-induced damage; loss of fibroblasts
due to smoke-induced apoptosis represents a potential mecha-
nism for the development of COPD and emphysema. Further-
more, fibroblasts are thought to be targets of the water-soluble
components of cigarette smoke that pass through the basement
membrane (22). Curiously, only 15–20% of smokers develop
COPD (53), a factor that may reflect individual genetic differ-
ences. We hypothesize that human lung fibroblast strains
isolated from different human beings vary in their sensitivity to
cigarette smoke. With the use of markers of viability, oxidative
stress, and apoptosis, the results presented here reveal that
human lung fibroblast strains differ greatly in their sensitivity
to cigarette smoke.

MATERIALS AND METHODS

Chemicals. N-acetyl-L-cysteine (NAC), glutathione reduced ethyl
ester, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT), 5,5�-dithiobis[2-nitrobenzoic acid] (DTNB), �-nicotinamide
adenine dinucleotide phosphate (�-NADPH), glutathione reductase,
sulfosalicylic acid, Mayer’s hematoxylin solution, and Eosin Y were
obtained from Sigma (St. Louis, MO). 5-(-6)-Carboxy-2�,7�-dichlo-
rodihydrofluorescein diacetate (H2DCFDA) and 3,3�-dihexyloxacar-
bocyanine iodide (DiOC6) were obtained from Molecular Probes
(Eugene, OR).
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Cell culture. Human fetal lung fibroblasts (HFL-1) were purchased
from American Type Culture Collection (Manassas, VA). The pri-
mary human lung fibroblast strains CH1, LZZ, CH2, and L828 were
established as previously described (12) from lung biopsies of mor-
phologically normal lung by a tissue explant technique. These cells
were identified as fibroblasts by their morphology, adherent nature,
expression of vimentin and type I and III collagen, and lack of
expression of cytokeratin, �-smooth muscle actin, factor VIII, and
CD45. All experiments were conducted with minimum essential
medium (MEM) supplemented with 2 mM glutamine (Invitrogen,
Carlsbad, CA) and 10% FBS (Hyclone Labs, Logan, UT) unless
otherwise indicated. Cells were maintained at 37°C and incubated in
humidified 5% CO2-95% air. Fibroblasts were used before passage 14.

Preparation of cigarette smoke extract. Research-grade cigarettes
(1R3F) with a filter were obtained from the Kentucky Tobacco
Research Council (Lexington, KY) and smoked to 0.5 cm above the
filter with a modification of the method developed by Carp and Janoff
(5). Briefly, cigarette smoke extract (CSE) was prepared by bubbling
smoke from 2 cigarettes into 20 ml of serum-free MEM at a rate of 1
cigarette/min as previously described (37, 38). The pH of the MEM
was adjusted to 7.4, and the medium was sterile filtered with a
0.45-�m filter (25-mm Acrodisc; Pall, Ann Arbor, MI). The CSE
(called 100%) was prepared no more than 24 h in advance and stored
at 4°C. To ensure consistency in the CSE between experiments,
measurements of optical density were taken at a wavelength of 320
nm immediately after preparation of the CSE. The CSE was diluted to
the appropriate concentration in serum-free MEM; all experiments
were conducted with this medium.

Histochemistry. To assess morphological changes following smoke
exposure, cells were seeded onto eight-well chamber slides (BD
Biosciences, San Diego, CA) at a density of 5,000 cells/well and left
undisturbed for 24 h. Cells were then switched to serum-free medium
for 24 h and treated with 10% CSE or medium alone (control) for 6 h.
In parallel experiments, some wells were pretreated with 1 mM NAC
for 1 h, followed by coincubation with 10% CSE for 6 h. Hematoxylin
and eosin staining was performed according to standard histological
protocols. Briefly, the cells were washed once with PBS and fixed in
4% paraformaldehyde with 0.5% Tween 20 for 10 min. Slides were
then rinsed with water and stained with hematoxylin. After several
rinses with water, slides were dipped in ammonia water, rinsed, and
stained with eosin. Finally, cells were rinsed in water and cover-
slipped in Immu-mount (Shandon, Pittsburgh, PA). Cells were viewed
with an Olympus BX51 microscope (New Hyde Park, NY) and
photographed with a SPOT camera with SPOT RT software (New
Hyde Park, NY).

Viability. MTT assay was performed to assess cell viability after
cigarette smoke exposure. MTT is reduced to a colored product in
metabolically active, living cells with a functional mitochondria (20),
producing the typical purple product, and is therefore indicative of cell
viability. Equivalent numbers of fibroblasts were cultured in triplicate
in flat-bottomed 96-well plates (Falcon, Becton-Dickinson, Lincoln
Park, NJ) until they reached 70% confluence. Fibroblasts were serum
starved for 24 h before treatment with 140 �l/well of varying con-
centrations of CSE for 3, 6, 24, and 48 h. After this, 10 �l of a 5 mg
MTT in PBS solution was added to each well. After incubating for 4 h
at 37°C, the plate was centrifuged, the medium was removed, and the
insoluble precipitate was dissolved by adding 200 �l of DMSO to
each well. The plates were read with a BioRad microplate reader at
510 nm.

Measurement of reactive oxygen species and apoptosis by flow
cytometry. Oxidative stress was measured in lung fibroblasts with
CSE by using H2DCFDA, a cell-permeant indicator for reactive
oxygen species (ROS) that is nonfluorescent until oxidation occurs
within the cell (11, 54). Flow cytometric analysis of apoptosis in-
cluded assessment of mitochondrial activity with DiOC6, a dye that
strongly labels active mitochondria in living cells. Changes in cell size
and granularity were determined by forward and side scatter profiles.

For these experiments, equivalent numbers of cells were grown to
confluence in 25-cm2 cell culture flasks, serum starved for 24 h, and
then treated with 5% and 10% CSE for either 3 (ROS) or 6 (apoptosis)
h. Some flasks were treated with 1 mM NAC for 1 h before and during
treatment with CSE or with 5 mM GSH reduced ethyl ester for 2 h
before treatment with CSE. Controls included incubation with NAC
only or incubation with serum-free medium alone with and without
H2DCFDA or DiOC6. For DiOC6, after treatment DiOC6 was added
at a final concentration of 40 nM for 15 min at 37°C. Cells were then
harvested by trypsinization, washed, and resuspended in 0.5 ml of
PBS. For H2DCFDA, after treatment cells were washed with PBS and
H2DCFDA (10 �M) was added for 20 min at 37°C. Cells were then
trypsinized, washed, and resuspended in PBS. Flow cytometric anal-
ysis was performed with a Becton-Dickinson FACSCalibur flow
cytometer (BD Biosciences, Mountain View, CA). A minimum of
10,000 events were acquired for each sample. Debris was gated out,
and analysis was performed only on the fibroblast population.

Immunocytochemistry. Fibroblasts were seeded on eight-well glass
chamber slides at a density of 5 � 103 cells/well and allowed to
adhere for �72 h. After this, cells were treated with 5% or 10% CSE
for 3 h. Cells maintained in serum-free MEM were used as negative
control. After being treated, cells were washed once with PBS, fixed
with 3% H2O2 for 15 min, and blocked with 5% normal horse serum.
The antibody against 4-hydroxy-2-nonenal (4-HNE) (OxisResearch,
Portland, OR) was diluted in PBS-BSA to 10 �g/ml and incubated
overnight at 4°C. To assess the level of nonspecific staining, cells
were incubated under the same conditions with the mouse IgG1
isotype antibody. Biotinylated anti-mouse IgG antibody was used for
secondary binding (1:200) and incubated for 1 h at room temperature
before being incubated with streptavidin-horseradish peroxidase. An-
tibody binding was visualized with the substrate aminoethylcarbazole
(Zymed, South San Francisco, CA).

Measurement of intracellular GSH and GSSG levels. Human lung
fibroblast strains grown to confluence in 25-cm2 cell culture flasks
were treated either with control medium or with 5% CSE for 3, 6, and
24 h. To determine whether GSH was increased after treatment with
the GSH ethyl ester, confluent flasks of fibroblast strains HFL-1,
L828, and CH2 were treated with 5 mM GSH reduced ethyl ester for
2 h. After treatments, monolayers of fibroblasts were washed with 2
ml of ice-cold PBS and scraped into 300 �l of ice-cold extraction
buffer (0.1% Triton X-100, 0.6% sulfosalicylic acid in 0.1 M phos-
phate buffer with 5 mM EDTA, pH 7.5). Cells were vortexed for 20 s,
followed by sonication (30 s) and centrifugation (2,000 rpm for 5 min
at 4°C). Determination of total intracellular levels of GSH was
performed as originally described by Tietze (57) with DTNB-GSSG/
glutathione reductase recycling (23). For the GSSG assay, the super-
natant was treated with 2-vinylpyridine and triethanolamine as previ-
ously described (13, 51). Results are expressed in nanomoles of GSSG
per microgram of protein.

Statistical analysis. Statistical analysis was performed with Stat-
view V5.0 (SAS Institute, Cary, NC), and ANOVA with Fisher’s post
hoc test was used to assess differences between multiple treatment
groups.

RESULTS

CSE differentially reduces viability in normal human lung
fibroblast strains. To determine the effect of CSE on viability
of lung fibroblasts established from different human beings,
normal human lung fibroblast strains were treated with increas-
ing concentrations of CSE for 3, 6, 24, and 48 h and cell
viability was assessed with the colorimetric MTT assay. Via-
bility was not significantly reduced by incubation with CSE (to
20%) for 3 or 6 h. Changes in viability were observed with
incubation with increasing concentrations of CSE for 24 h, and
reductions in viability were maximum at 48 h. At this time
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point, lower concentrations of CSE induced an apparent rise in
mitochondrial activity in the fibroblast strains HFL-1 and L828
(Fig. 1, A and B), but not CH2 (Fig. 1C), that was not indicative
of an increase in cell number. CSE reduced cell viability in a
dose-dependent manner in all human lung fibroblast strains
tested (Fig. 1). There was no further reduction in viability in
the L828 and CH2 fibroblast strains beyond exposure to 4%
(Fig. 1B) and 8% (Fig. 1C) CSE, respectively. Viability was
significantly reduced (compared with untreated cells) when
fibroblasts were exposed to 8% (HFL-1, Fig. 1A), 4% (L828,
Fig. 1B), and 1% (CH2, Fig. 1C) CSE.

The reduction in viability was also significantly different
among fibroblast strains when two additional strains (LZZ and
CH1) were evaluated and exposed to 5% CSE (Fig. 2). The
decrease in viability was significantly different among the

normal human lung fibroblast strains CH2, CH1, and LZZ
compared with HFL-1. Furthermore, in the most sensitive
fibroblast strain, CH2, there was a significant difference in
viability compared with the CH1 and LZZ strains. Collectively,
these data strongly suggest that fibroblasts established from
different human beings vary in their sensitivity to cigarette
smoke. Because viability of human lung fibroblasts was sig-
nificantly reduced by exposure of some strains to 5% CSE
whereas others showed a reduction in viability to concentra-
tions approaching 10% CSE, further experiments were con-
ducted with CSE at both 5% and 10%.

CSE induces morphological changes characteristic of apop-
tosis in normal human lung fibroblasts. Apoptosis is charac-
terized by morphological parameters such as cellular shrinkage
and membrane blebbing (34, 62). To assess whether CSE
induced membrane blebbing in human lung fibroblasts, fibro-
blast strains were exposed to CSE and changes in cell archi-
tecture were assessed by light microscopy. After 6 h of incu-
bation, 10% CSE induced apoptotic morphological changes in
human lung fibroblasts (Fig. 3). In both HFL-1 (Fig. 3, A and
C) and L828 (Fig. 3, B and D) fibroblast strains treated with
10% CSE, membrane blebbing and nuclear condensation were
evident, suggesting apoptotic cell death.

Cells that are undergoing apoptosis have a reduction in cell
volume (41), an early prerequisite hallmark that eventually
leads to cell death (36, 44). Therefore, to further assess apop-
tosis following CSE exposure, fibroblasts were exposed to 10%
CSE for 6 h and their size and granularity were assessed by
flow cytometry. A minimum of 10,000 cells were acquired and
analyzed per sample. Fibroblasts that were untreated were
uniform in size and granularity and were evident as a single
population of cells based on their dot plot profiles of forward
and side scatter (Fig. 4, left, R3). It was also evident in all dot
plot profiles of untreated fibroblasts that there were two addi-
tional regions, R1 and R2 (Fig. 4, left). These two regions likely
consisted of cellular debris (R1) and fibroblasts of slightly
smaller size (R2). In all fibroblast strains tested, exposure of the
cells to 10% CSE caused a dramatic decrease in cell size, as
evidenced by a decrease in the forward scatter (Fig. 4, right),

Fig. 1. Cigarette smoke extract (CSE) significantly reduces viability in human
lung fibroblasts. Fibroblast strains generated from different individuals were
exposed to increasing concentrations of CSE, and viability was assessed by
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay as
described in MATERIALS AND METHODS. There was a significant increase in
mitochondrial activity in the fibroblast strains HFL-1 (A) and L828 (B) at low
CSE concentrations. In the 3 human lung fibroblast strains tested, viability was
significantly reduced when fibroblasts were incubated with 8% (HFL-1, A), 4%
(L828, B), and 1% (CH2, C) CSE. *P 	 0.05 compared with untreated
fibroblasts.

Fig. 2. Human lung fibroblast strains exhibit differential viability in response
to CSE. Four normal human lung fibroblast strains from different individuals
were exposed to 5% CSE, and viability was assessed by MTT assay. The
reduction in viability caused by exposure to 5% CSE was significantly
different among the fibroblast strains. The reduced viability exhibited by
fibroblast strains CH1 (54.4 
 5.6%), CH2 (33.3 
 2.1%), and LZZ (48.7 

2.8%) was significantly different compared with the HFL-1 fibroblast strain
(89.8 
 4.2%) (***P 	 0.0001). The reduction in viability exhibited by the
most sensitive fibroblast strain, CH2, was also significantly different compared
with the fibroblast strains LZZ and CH1 (*P 	 0.05). Values are expressed as
mean 
 SE % of control.
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indicative of cigarette smoke-induced apoptosis. This reduc-
tion in cell size dramatically decreased the percentage of cells
within region R3. Here, the decline in the percentage of
fibroblasts varied, ranging from �32.3% to �51.5% (Fig. 4,
right, R3). This decrease in cell size also caused a correspond-
ing increase in the percentage of fibroblasts with regions R1
and R2. This increase in the percentage of cells within the
intermediate region R2 ranged from �6.7% to �9.6% (Fig. 4,
right, R2). The percentage of apoptotic fibroblasts in region R1
also exhibited a corresponding increase on exposure to 10%
CSE, indicating CSE-induced apoptosis. Here, this increase
ranged from �24.1% to �41.1% (Fig. 4, right, R1). The
fibroblast strain CH2 had the highest percentage (41.1%) of
apoptotic cells after exposure to 10% CSE, indicating that
fibroblast strains vary in their sensitivity to CSE.

CSE reduces mitochondrial ��m and generates ROS. Mi-
tochondrial membrane permeabilization is an essential step
leading to apoptosis. Disruption of ��m irreversibly commits
cells to undergo death (29) and is an early marker of apoptosis
(42). Furthermore, cigarette smoke was previously shown to
induce mitochondrial depolarization in human monocytes (2).
Therefore, reduced ��m, as measured by diminished incorpo-
ration of the fluorescent dye DiOC6, was used as an early
indicator for CSE-induced apoptosis. Fibroblasts were cultured
in the presence of CSE or control medium for 6 h, and DiOC6

incorporation was measured by flow cytometry. Although CH2
had a slightly lower baseline fluorescence when untreated cells
were incubated with the dye alone, there was no significant
difference in baseline fluorescence (mean fluorescence inten-
sity) among the three fibroblast strains (HFL-1: 884.8 
 170;
L828: 747.6 
 429; CH2 390.7 
 163). When fibroblasts were
exposed to 5% CSE, there was a slight reduction in ��m in all
strains tested (Fig. 5A). For two strains of fibroblasts, HFL-1
and L828, this percentage of CSE reduced ��m to 78.5 

9.0% and 68.6 
 26.5%, respectively, compared with un-

treated cells. Of the three fibroblast strains tested, CH2 fibro-
blasts exhibited the least decrease, 87.9 
 11.8% (Fig. 5A).
However, when exposed to 10% CSE, HFL-1 and L828 fibro-
blasts exhibited a significant reduction in ��m (Fig. 5B, P 	
0.05), as indicated by reduced incorporation of DiOC6, sup-
porting CSE-induced apoptosis in human lung fibroblasts. In
addition, this decrease in ��m exhibited by L828 fibroblasts
was significantly different compared with the fibroblast strain
HFL-1 (P 	 0.05), indicating that fibroblast strains vary in
their apoptotic response to cigarette smoke.

At moderate concentrations, ROS are classic signals for
death by apoptosis (2). We therefore tested the ability of 5%
and 10% CSE to induce the generation of ROS in human lung
fibroblasts, using flow cytometry to measure the oxidation of
the chemical probe H2DCFDA (see Fig. 6). Fluorescein deriv-
atives such as H2DCFDA can be oxidized by a variety of
oxidants, including reactive nitrogen species, and are widely
referenced indicators of oxidative stress and ROS production
(4, 6, 14). Basal ROS production (mean fluorescence intensity)
was not significantly different among the fibroblast strains
(HFL-1: 7.1 
 0.9; L828: 8.9 
 2.3; CH2: 7.6 
 1.5). At 5%
CSE, however, there was a significant increase in the produc-
tion of ROS in the human lung fibroblast strains CH2 and L828
(134 
 5.6% and 130.2 
 14.3%, respectively; P 	 0.05) but
not HFL-1 (Fig. 6A). However, when fibroblasts were cultured
in the presence of 10% CSE, a significant increase in the
generation of ROS occurred in all fibroblast strains tested, with
the greatest increase occurring in the CH2 strain (Fig. 6B; P 	
0.05). In the CH2 strain, 10% CSE induced nearly an 80%
increase in ROS levels. This increase in ROS was significantly
different compared with all other fibroblast strains (Fig. 6B;
P 	 0.05).

CSE induces lipid peroxidation in human lung fibroblast
strains. Membrane lipid peroxidation is a consequence of
oxidative stress (52). 4-HNE, a specific product of lipid per-

Fig. 3. CSE-induced morphological changes,
characteristic of apoptosis, in 2 strains of human
lung fibroblasts, HFL-1 and L828. Human lung
fibroblast strains HFL-1 and L828 were treated
with 10% CSE for 6 h, and morphology was
assessed by hematoxylin and eosin staining as
described in MATERIALS AND METHODS. Un-
treated fibroblasts exhibit typical fibroblastic
morphology (A and B), whereas those treated
with 10% CSE display morphological features
of apoptosis including membrane blebbing
(solid arrow) and nuclear condensation (open
arrows in C and D) (magnification �60). Data
are representative of 3 separate experiments.
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oxidation, is generated in response to oxidative stress and is
elevated in the lungs of patients with COPD (52). Thus we
examined the ability of CSE to induce lipid peroxidation by
assessing the intensity of 4-HNE staining in human lung
fibroblasts that were exposed to control medium or to 5% or
10% CSE for 3 h. No cellular staining was observed in the
isotype controls (data not shown). In both lung fibroblast
strains tested, HFL-1 and CH2, diffuse staining (red color) was
evident in the cytoplasm of cells that were exposed to control
medium. Staining in the nucleus and nuclear membrane of
these control-treated fibroblasts was minimal (Fig. 7, top).
However, with exposure to both 5% and 10% CSE, there was
an increase in the intensity of cytoplasmic staining (Fig. 7,
middle and bottom, closed arrows) in both fibroblast strains,
indicative of an increase in 4-HNE. These was also an increase
in 4-HNE in both the nucleus and the nuclear membrane, as
evidenced by the heightened staining (Fig. 7, middle and
bottom, open arrows). These data suggest that CSE increases
4-HNE production as a consequence of oxidative stress.

CSE reduces GSH levels in human lung fibroblast strains.
GSH, an important antioxidant in the lung (49), has been

implicated in various cellular process, including apoptosis (27).
We therefore examined GSH levels in human lung fibroblast
strains exposed to 5% CSE for 3, 6, and 24 h. Baseline GSH
values (nmol GSH/�g protein) were similar among the three
fibroblast strains (HFL-1: 9.7 
 0.43; CH2: 8.9 
 0.13; L828:
10.2 
 0.27). All fibroblast strains exhibited an initial decrease
in intracellular GSH levels when exposed to 5% CSE for 3 h
(Fig. 8), with the CH2 fibroblast strain exhibiting the largest
decline in GSH levels (29.9 
 14.25%) compared with control
levels. By 24 h, GSH returned to near-baseline levels in the more
CSE-resistant HFL-1 fibroblast strain (90.9 
 2.3%). However,
GSH levels in the other two CSE-treated fibroblast strains failed to
return to baseline, only recovering to between 69.8% and 66.7%
(L828 and CH2, respectively) of untreated cells.

To ascertain whether the decrease in GSH levels occurred with
a concomitant increase in GSSG, we assayed for GSSG levels in
two human lung fibroblast strains that were cultured in the
presence or absence of 5% CSE. Cells that were untreated had
baseline GSSG levels (nmol/�g protein) of 0.78 
 0.28 for the
CH2 fibroblast strain and 0.58 
 0.01 for the HFL-1 fibroblast
strain. Treatment with 5% CSE for 3, 6, or 24 h did not signifi-

Fig. 4. CSE alters human lung fibroblast cell size.
Three strains of human lung fibroblasts were un-
treated (left) or cultured in the presence of 10%
CSE (right) for 6 h, and change in cell size was
assessed by flow cytometry as described in MATE-
RIALS AND METHODS. Ten thousand cells per sam-
ple were acquired. Changes in the percentage of
cells within regions R1, R2, and R3 of the dot plots
on exposure to 10% CSE, indicative of CSE-
induced apoptosis, were determined. Treatment
with 10% CSE induced a decrease in the percent-
age of cells within region R3 in fibroblast strains
HFL-1, L828, and CH2 as determined by a de-
crease in the forward scatter (FSC). A correspond-
ing increase in the percentage of apoptotic fibro-
blasts occurred in both intermediate region R2 as
well as region R1. Note the variability in the
sensitivity of the fibroblast strains. SSC, side scat-
ter.
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cantly change GSSG levels in CH2 (0.60 
 0.1, 0.63 
 0.07, and
0.86 
 0.02 nmol/�g protein, respectively) or HFL-1 (0.43 

0.02, 0.31 
 0.23, and 0.6 
 0.04 nmol/�g protein, respectively)
fibroblasts. These data indicate that CSE does not alter the levels
of GSSG in human lung fibroblast strains.

Prevention of CSE-induced apoptosis by antioxidants NAC
and GSH. NAC, also an antioxidant, can serve as a precursor
to GSH synthesis (27). Because CSE can induce the generation
of ROS and induce apoptosis in human fibroblast strains, we
examined the role of antioxidants in CSE-induced apoptosis.
To determine whether the effects of CSE could be ablated by
treatment with the antioxidant NAC, we pretreated fibroblasts
with NAC in the presence or absence of CSE and assessed
morphological parameters, ��m, and the production of ROS as
described above. Histological assessment of human lung fibro-
blast strains HFL-1 and L828 revealed that pretreatment with 1
mM NAC ablated the morphological indicators of apoptosis
including cell shrinkage and membrane blebbing (data not
shown) that were evident when cells were incubated with 10%
CSE alone (see also Fig. 3, C and D). Here, treatment with
NAC resulted in fibroblast morphology that was not different
from controls (data not shown).

NAC was also able to prevent the CSE-induced loss of ��m

and generation of ROS. Incubation of cells with NAC alone did

not affect ��m compared with cells incubated with medium.
Pretreatment with 1 mM NAC abrogated the CSE-induced loss
of fluorescence intensity of DiOC6 at both 5% CSE (data not
shown) and 10% CSE in fibroblast strains HFL-1 (Fig. 9A),
L828 (Fig. 9B), and CH2 (data not shown), indicating that
NAC prevented the ability of CSE to alter ��m. In addition to
the preventative effects on mitochondrial function, NAC also
dramatically attenuated the production of ROS in all human
lung fibroblast strains tested (Fig. 10, left). Here, pretreatment
with 1 mM NAC reduced the CSE-induced generation of ROS.

In separate experiments, fibroblast strains were also pre-
treated with 5 mM GSH followed by treatment with 5% or 10%
CSE. GSH is not readily transported into most cells. Instead,
we used a GSH reduced ethyl ester, which is more lipophilic
and passes readily into cells and is hydrolyzed to GSH by
nonspecific esterases (35). Incubation of lung fibroblast strains
with the GSH reduced ethyl ester increased intracellular GSH
levels by as much as 57% (data not shown). Exogenously
administrated GSH completely prevented the generation of
ROS by both 5% CSE (data not shown) and 10% CSE (Fig. 10,
right) in all of the fibroblast strains. Here, the flow cytometry

Fig. 5. CSE differentially reduces mitochondrial transmembrane potential
(��m) in human lung fibroblasts. Three strains of human lung fibroblasts were
untreated or were cultured in the presence of 5% or 10% CSE for 6 h, and
changes in the mitochondrial ��m were assessed by flow cytometry as
described in MATERIALS AND METHODS. A: a slight reduction in 3,3�-dihexylox-
acarbocyanine iodide (DiOC6) incorporation, as indicated by decreased fluo-
rescence intensity, was evident in human lung fibroblast strains HFL-1 (78.5 

9.0%), L828 (68.6 
 26.4%), and CH2 (87.9 
 11.8%) when these cells were
exposed to 5% CSE. B: exposure of fibroblast strains HFL-1 and L828 to 10%
CSE resulted in a significant decrease in ��m (*P 	 0.005 compared with
control). The decrease in ��m exhibited by the strain L828 was significantly
lower compared with HFL-1 (**P 	 0.05). Results are presented as means 

SE fluorescent intensity (n  2–8).

Fig. 6. CSE differentially induces the generation of reactive oxygen species
(ROS) in human lung fibroblast strains. Fibroblast strains HFL-1, L828, and
CH2 were incubated with 5% or 10% CSE for 3 h and examined for the
generation of ROS by the oxidation of 5-(-6)-carboxy-2�,7�-dichlorodihy-
drofluorescein diacetate (H2DCFDA) as described in MATERIALS AND METHODS.
A: on exposure to 5% CSE, there was a significant increase in the generation
of ROS in fibroblast strains L828 and CH2 compared with untreated and
fibroblast strain HFL-1 (*P 	 0.05) but not in HFL-1 compared with untreated.
B: exposure to 10% CSE caused a significant increase in ROS production in all
fibroblast strains tested (*P 	 0.05) compared with untreated controls. The
amount of ROS generation by the fibroblast strain CH2 was significantly
greater (�77%) compared with L828 and HFL-1 fibroblast strains (**P 	
0.05). Results are expressed as means 
 SE fluorescent intensity (n  2–5).

L24 CSE INDUCES APOPTOSIS IN HUMAN LUNG FIBROBLAST STRAINS

AJP-Lung Cell Mol Physiol • VOL 291 • JULY 2006 • www.ajplung.org

 on January 11, 2010 
ajplung.physiology.org

D
ow

nloaded from
 

http://ajplung.physiology.org


histograms of untreated and GSH-treated fibroblasts could be
superimposed. Collectively, these data indicate that CSE is
able to differentially induce apoptosis in human lung fibroblast
strains, likely through the generation of ROS.

DISCUSSION

We report here the differential induction of apoptosis in
normal human lung fibroblasts established from different hu-
man beings, a novel finding that reflects individual genetic
diversity in sensitivity to cigarette smoke. Moreover, we used
markers of apoptosis such as viability, morphological param-
eters, changes in cell size, alterations in ��m, and ROS
generation to demonstrate that the fibroblast strain HFL-1
appears to be the least sensitive to CSE. HFL-1 is an easy-to-
grow and commercially available fibroblast strain that is com-
monly used to assess the affects of CSE on fibroblasts (4, 22,
26, 40). Our results are consistent with a recent study by
Carnevali and colleagues (4), who established that HFL-1 cells
do apoptose and exhibit signs of oxidative stress after exposure
to CSE. However, in our study, HFL-1 exhibited significantly
lower sensitivity to CSE compared with other primary lung
fibroblast strains that were established from different individ-
uals. Although all of the fibroblasts strains exhibited signs of
apoptosis, HFL-1 were the least sensitive (Fig. 2), requiring a
higher percentage of CSE to reduce viability to 50% (Fig. 1),
had a significantly smaller change in ��m (Fig. 5), and
generated significantly less ROS (Fig. 6). In contrast, CH2 and
L828 fibroblasts are very sensitive to CSE-induced apoptosis,
highlighting the different susceptibilities of fibroblast strains
from different human beings.

Fig. 7. Production of 4-hydroxy-2-nonenal (4-
HNE) is induced by CSE in human lung fibro-
blasts. Fibroblast strains HFL-1 and CH2 were
exposed to 5% and 10% CSE for 3 h, and lipid
peroxidation was assessed by immunocyto-
chemical staining with an antibody against
4-HNE as described in MATERIALS AND METH-
ODS. Cells that were treated with control me-
dium had light cytoplasmic and nuclear stain-
ing (top) that was remarkably increased when
the fibroblasts were exposed to 5% or 10%
CSE (middle and bottom, respectively). Stain-
ing of the nuclear membrane was also in-
creased in the CSE-treated fibroblasts (middle
and bottom, open arrows).

Fig. 8. CSE reduces glutathione (GSH) levels in human lung fibroblast strains.
Human lung fibroblast strains were untreated or exposed to 5% CSE for 3, 6, or
24 h, and intracellular GSH levels were measured as described in MATERIALS AND

METHODS. Baseline GSH values were similar among the 3 fibroblast strains (8.9 

0.13 to 10.2 
 0.27 nmol GSH/�g protein). GSH initially decreased in all
fibroblast strains when exposed to 5% CSE (3 h) (% of control: 29.95 
 14.25 to
52.63 
 0.18) but recovered by 24 h in the CSE-resistant HFL-1 fibroblast strain
(90.9 
 2.7). Although GSH levels increased over time in the CH2 and L828
strains, they failed to return to control values in these 2 fibroblast strains (66.7 

2.72 and 69.79 
 3.9, respectively). Values are expressed as means 
 SE (n  2).
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Fibroblasts are the main cell type in the lung interstitium, are
involved in tissue repair and remodeling (63), provide struc-
tural support to the alveolar compartment, and are believed to
be an important target of cigarette smoke-induced damage (4,
7, 19, 22, 26, 38). We previously showed (38) that low doses
of CSE (i.e., nonapoptotic) elicit inflammatory mediators such
as Cox-2, mPGES-1, and the prostaglandin PGE2 from human
lung fibroblasts, thereby contributing to the inflammatory mi-
lieu observed in the lungs of smokers. Chronic inflammation,
resulting in the destruction of alveolar walls and development
of emphysema (39, 55), may involve the depletion of alveolar
structural cells through oxidative stress. Oxidative stress is
increased in smokers and patients with COPD (35, 45, 48),
initiates the early events in inflammation in the lung (35), and
can directly trigger apoptosis (56, 58). Cigarette smoke con-
tains an estimated 1017 oxidant molecules per puff (8), includ-
ing aldehydes, quinones, nitric oxide, hydroxyl radical, and
hydrogen peroxide and other free radicals (8, 35, 50). We have
used H2DCFDA, a nonfluorescent compound that is incorpo-
rated into the cell and oxidized to a fluorescent dye in the
presence of ROS (11), to demonstrate that CSE induces ROS
production in human lung fibroblasts, with the CH2 fibroblast
strain exhibiting the highest levels of ROS after CSE exposure
(Fig. 6). This increase in the oxidant burden to the lung may

contribute significantly to the induction of apoptosis and loss of
structural cells characteristic of emphysema. Furthermore, fi-
broblasts that have increased levels of ROS can release factors
that induce apoptosis in overlying epithelial cells, which may
result in further airway damage (56, 59).

A consequence of ROS production and the increased oxida-
tive stress response associated with cigarette smoke is lipid
peroxidation in the lungs. A specific end product of lipid
peroxidation is 4-HNE, which can react with DNA and pro-
teins to generate various adducts that can induce cellular
responses, including apoptosis (52). 4-HNE has been shown to
induce oxidative stress and apoptosis in 3T3 fibroblasts (31).
Furthermore, 4-HNE adducts are increased in the lungs of
subjects with COPD compared with those without (52). Thus
we speculated that the oxidative stress we observed in CSE-
treated fibroblasts would increase 4-HNE levels. Using immu-
nocytochemistry, we have demonstrated for the first time that
treatment with CSE increased 4-HNE levels in human lung
fibroblasts (Fig. 7). Using an antibody against 4-HNE, we
observed intense staining in the cytoplasm, nuclear membrane,
and nucleus of smoke-treated fibroblasts, consistent with the
ability of 4-HNE to diffuse within the cells and form adducts
with cysteine, lysine, and histidine residues (27, 52). Thus
membrane lipid peroxidation associated with increased ROS
production may be contributing to the cigarette smoke-induced
lung fibroblast apoptosis.

GSH is the principal antioxidant in the lung (23, 47), and we
measured intracellular GSH levels in response to CSE. We
show that GSH levels initially decrease in response to 5% CSE
but are able to recover to control levels in some but not all
fibroblast strains (Fig. 8). This indicates that lung fibroblasts
from different individuals have intrinsically diverse capabili-
ties to recover from acute exposure to an environmental pol-
lutant such as cigarette smoke. Furthermore, the ability to
recover GSH levels in the HFL-1 fibroblast strain correlates
well with the resistance of this fibroblast strain to CSE-induced
apoptosis. GSH depletion can induce apoptosis (17) through
endogenously produced ROS (16). ROS can damage chromo-
somal DNA and other cellular components, leading to apopto-
sis (15). The ability of the HFL-1 fibroblast strain to recover
GSH levels to near baseline correlates well with our observa-
tions that this fibroblast strain produced less ROS (Fig. 6) and
was the least sensitive in terms of viability (Fig. 1). In contrast,
the most sensitive fibroblast strain, CH2, exhibited a dramatic
decline in viability at lower percentages of CSE and generated
significantly more ROS compared with the other fibroblast
strains, despite the fact that this strain did not exhibit signifi-
cant changes in mitochondrial ��m (Fig. 5). CH2 fibroblasts
were also unable to recover GSH levels (Fig. 8). Thus the
enhanced sensitivity of this human lung fibroblast strain, but
not the HFL-1 strain, to CSE may be the result of ROS-induced
cellular damage caused by GSH depletion and not alterations in
mitochondrial ��m.

An increase in oxidative stress can lead to the oxidation of
GSH to GSSG. CSE initiated an oxidative stress response in
human lung fibroblasts, as determined by ROS production (Fig.
6) and lipid peroxidation (Fig. 7). Despite the decrease in GSH
levels after CSE exposure to human lung fibroblasts, there was
no concurrent increase in GSSG. Our results are in agreement
with a previous study that demonstrated that both in vivo and
in vitro exposure to cigarette smoke condensate deplete intra-

Fig. 9. CSE-induced loss of ��m is attenuated by treatment with 1 mM
N-acetyl-L-cysteine (NAC). Human lung fibroblasts were untreated or cultured
in the presence of 10% CSE for 6 h, and changes in mitochondrial ��m were
assessed by flow cytometry as described in MATERIALS AND METHODS. At the
highest concentration of CSE used, 10%, pretreatment with 1 mM NAC
dramatically attenuated the loss of DiOC6 incorporation as assessed by flow
cytometry in human lung fibroblast strains HFL-1 (A) and L828 (B).
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cellular GSH without an elevation in GSSG, suggesting that
the GSH depletion by cigarette smoke was not the result of
direct oxidation (46). Rahman and colleagues (46) also dem-
onstrated in the A549 alveolar epithelial cell line that there was
an elevation in the level of GSH-conjugate formation and
inhibition of activity of glutamate-cysteine ligase (GCL, for-
merly referred to as �-glutamylcysteine synthetase), a key
enzyme involved in GSH synthesis. Thus the depletion of GSH
in CSE-treated human lung fibroblasts may be due to alter-
ations in GSH biosynthesis.

The protective effects of exogenous GSH have been ob-
served in vitro for H2O2-induced apoptosis and necrosis (56)
and CSE-induced apoptosis in HFL-1 human lung fibroblasts
(4). Furthermore, long-term administration of NAC to patients
with COPD reduced H2O2 formation in the airways (25) and
lowered the exacerbation rate in patients with chronic bronchi-
tis (3). Here we report that CSE-induced ROS production and
induction of apoptosis were dramatically attenuated with both
GSH and the GSH precursor NAC (Figs. 9 and 10) in three
different human lung fibroblast strains. Augmenting the levels
of intracellular GSH may be therapeutically appropriate to treat
patients with COPD by reducing the severity of oxidant-
induced inflammation and alveolar wall cell apoptosis.

Oxidative stress and ROS are important inducers of the
apoptotic pathway that involves changes in ��m (2, 18, 24).
Mitochondria and thus ��m are required for cell survival, and
an alteration in ��m is an early, irreversible, and universal

event in the cell death process (10, 29, 62). Mitochondrial
depolarization in response to cigarette smoke has been dem-
onstrated for human mononuclear cells (2). We measured ��m

with DiOC6, a fluorescent dye that strongly labels mitochon-
dria; a decrease in ��m is associated with reduced DiOC6

uptake (42) and is thus indicative of apoptosis. In all fibroblast
strains, cigarette smoke induced a reduction in ��m (Fig. 5).
We also measured mitochondrial activity/viability with MTT.
In all cases, there was a dramatic reduction in response to CSE
(Figs. 1 and 2). At lower concentrations (i.e., concentrations
that did not reduce viability), however, there was an increase in
mitochondrial activity in fibroblast strains L828 (Fig. 1B) and
HFL-1 (Fig. 1A), indicating mitochondrial hyperpolarization.
In the CH2 fibroblast strain, viability steadily decreased at
these lower concentrations (Fig. 1C), indicating greater sensi-
tivity in this fibroblast strain. A transient increase in ��m after
the induction of apoptosis has been observed in HeLa cells
(33), retinal pigment epithelial cells (28), and Jurkat T cells
(24, 60). Although the mechanism leading to this hyperpolar-
ization is unknown, it appears to be an early event in the
apoptotic cascade (33).

Apoptosis is also characterized by changes in the physical
characteristics of a cell, which include nuclear condensation,
membrane blebbing, and cell shrinkage. Conversely, necrosis
is the result of cell injury and typically leads to an increase in
cell volume because the membrane does not remain intact.
Apoptosis can be distinguished from necrosis on the basis of

Fig. 10. CSE-induced generation of ROS is
completely prevented by NAC and GSH es-
ter. Fibroblast strains HFL-1, L828, and CH2
were preincubated with 1 mM NAC (left) or
5 mM GSH ester (right) followed by treat-
ment with 10% CSE and analyzed by flow
cytometry as described in MATERIALS AND

METHODS. Fibroblasts that were exposed to
10% CSE exhibited an increase in ROS com-
pared with control cells. The addition of both
NAC and GSH ester prevented this increase
in ROS to levels that were similar to fibro-
blasts that were untreated. Note the variabil-
ity of CSE-induced ROS generation among
the fibroblast strains.

L27CSE INDUCES APOPTOSIS IN HUMAN LUNG FIBROBLAST STRAINS

AJP-Lung Cell Mol Physiol • VOL 291 • JULY 2006 • www.ajplung.org

 on January 11, 2010 
ajplung.physiology.org

D
ow

nloaded from
 

http://ajplung.physiology.org


light scatter profiles measured by flow cytometry (62). We
observed dramatic changes in fibroblast morphology after ex-
posure to 10% CSE, including changes in cell size (Fig. 4). All
fibroblast strains exhibited a clear decrease in forward scatter
profiles, whereas the side scatter profile remained unchanged,
indicative of a reduction in cell volume typical of the early
stages of apoptosis (9, 62). Reduction in cell size based on
forward scatter flow cytometric profile has also been observed
in apoptotic human gingival fibroblasts treated with con-
canavalin A (30).

It has been proposed that genetic variability may account for
the reason that only a proportion (�20%) of smokers develop
COPD. Fibroblasts are an important target of cigarette smoke-
induced lung disease, and their differential sensitivity to CSE-
induced apoptosis may contribute to the development of COPD
in some but not all patients. The results presented here clearly
indicate that although all three fibroblast strains underwent
CSE-induced apoptosis, there was significant variability in
their sensitivity to CSE, as judged by viability, ROS produc-
tion, and ��m. Different fibroblast strains may have intrinsi-
cally diverse endogenous antioxidant capabilities and hence
may be better able to deal with the increased oxidant burden to
the lung that occurs as a result of cigarette smoking. Therapies
aimed at increasing antioxidant levels by augmenting GSH
levels may prove useful in combating CSE-related diseases
such as emphysema.
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