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Chronic obstructive pulmonary disease (COPD) is the fourth leading
cause of death in the United States, and cigarette smoking is the
major risk factor for COPD. Fibroblasts play an important role in
repair and lung homeostasis. Recent studies have demonstrated a
reduced growth rate for lung fibroblasts in patients with COPD. In
this study we examined the effect of cigarette smoke extract (CSE)
on fibroblast proliferative capacity. We found that cigarette smoke
stopped proliferation of lung fibroblasts and upregulated two path-
ways linked to cell senescence (a biological process associated with
cell longevity and an inability to replicate), p53 and p16-retino-
blastoma protein pathways. We compared a single exposure of
CSE to multiple exposures over an extended time course. A single
exposure to CSE led to cell growth inhibition at multiple phases of
the cell cycle without killing the cells. The decrease in proliferation
was accompanied by increased ATM, p53, and p21 activity. How-
ever, several important senescent markers were not present in the
cells at an earlier time point. When we examined multiple exposures
to CSE, we found that the cells had profound growth arrest, a
flat and enlarged morphology, upregulated p16, and senescence-
associated �-galactosidase activity, which is consistent with a classic
senescent phenotype. These observations suggest that while a sin-
gle exposure to cigarette smoke inhibits normal fibroblast prolifera-
tion (required for lung repair), multiple exposures to cigarette
smoke move cells into an irreversible state of senescence. This inabil-
ity to repair lung injury may be an essential feature of emphysema.
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Chronic obstructive pulmonary disease (COPD) is a heteroge-
nous collection of conditions associated with an irreversible ex-
piratory airflow limitation (1). COPD is a major public health
issue and is the fourth leading cause of death in the United
States (2). Cigarette smoking is a major risk factor for COPD
(3, 4).

Lung fibroblasts play a crucial role in maintaining the integrity
of the alveolar structures via repair of lung injury (5). Although
the pathogenesis of COPD appears to be complex (6), it is clear
that exposure to cigarette smoke causes lung injury (7–9). Recent
studies showed that lung fibroblasts from patients with COPD
have a reduced proliferation rate, a finding that suggests that
cigarette smoke may both injure the lung and impair healing
(10, 11). However, the mechanisms of cigarette smoke–induced
fibroblast growth inhibition are unclear. We hypothesized that ciga-
rette smoke induces fibroblast senescence, a biological state associ-
ated with cellular longevity but a reduced ability to proliferate (12).
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CLINICAL RELEVANCE

This study demonstrated that cigarette smoke induces cel-
lular senescence in lung fibroblasts with upregulation of p53
and p16 pathways. Cigarette smoke–induced senescence
may cause abnormal wound healing, contributing to the
pathogenesis of COPD.

Cellular senescence is defined as complete and irreversible
loss of replicative capacity occurring in primary somatic cells
(13). Normal human diploid fibroblasts can divide 50–70 times
in tissue culture and eventually stop dividing. This type of growth
arrest is referred to as replicative senescence (14). Telomeres
(at the end of DNA strands) play a crucial role in replicative
senescence because a loss of telomere length eventually limits
cell division (15–17). Cellular senescence can be also induced
by stress (stress-induced premature senescence). Exposures that
are known to trigger premature senescence are hydrogen per-
oxide, hyperoxia, ultraviolet light, �-irradiation (18), and onco-
genic stimulation (19, 20).

The other major characteristics of a senescent cell are the
following (21–23): (1) a distinct, flat, and enlarged cell morphol-
ogy; (2) resistance to apoptosis; (3) altered production of inflam-
matory and growth mediators; and (4) an increase in senescence-
associated �-galactosidase (SA �-gal) activity.

At the molecular level, cellular senescence may be induced
through either or both of two pathways, the ARF-p53 pathway
and p16-retinoblastoma protein (pRb) pathway (12, 24). The
ARF-p53 pathway is activated by DNA damage (18), dysfunc-
tional telomeres (25), and genotoxic stresses (26). Transcrip-
tional activation of the INK4a/ARF locus yields p16 or ARF
induction via an alternative splicing mechanism. ARF docks the
mouse double minutes (MDM2) protein and quenches MDM2-
dependent p53 degradation, leading to p53 accumulation. p53
accumulation also occurs downstream of ATM (27, 28). Subse-
quently, p53 induces proteins like p21 that cause cell cycle arrest.
This cell cycle arrest cannot be reversed by growth factors, but
is reversible by inactivating p53 (12).

The p16-Rb pathway is also linked to cell cycle arrest in
response to DNA damage and can be activated by oncogenes
or other stresses, such as suboptimal culture conditions (29).
p16, an activator of pRb, docks cyclin-dependent kinases (CDK),
including CDK4 and CDK6, and suppresses CDK activation
through inhibition of cyclin binding, resulting in Rb activation.
Activated Rb induces chromatin modifications that suppress
growth-promoting transcription factors, such as E2F. Rb-
induced senescence is irreversible (12).

Based on these observations, we evaluated the effects of
cigarette smoke extract (CSE) on cell cycle regulation in normal
lung fibroblasts. We show that a single exposure to CSE induced
cell cycle arrest at multiple phases of the cell cycle. Early on,
the cell cycle arrest is mediated by p53, but over time, after a
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single exposure of CSE, the p53 levels are lost and only hypophos-
phorylated Rb remains. In contrast, multiple exposures to CSE
results in marked upregulation of both the p53 and p16-pRb
pathways. It is also associated with a flattened cellular morphol-
ogy and markedly increased expression of SA �-gal activity. The
cellular senescence induced by CSE is independent of telomere
shortening. These data suggest that prolonged exposure to ciga-
rette smoke induces all of the classic features of telomere-
independent cellular senescence in lung fibroblasts.

MATERIALS AND METHODS

Reagents and Antibodies

Chemicals were obtained from Sigma Chemical (St. Louis, MO) and
Calbiochem (La Jolla, CA). Protease inhibitors were obtained from
Boehringer Mannheim (St. Louis, MO). Polyvinylidene difluoride
(PVDF) membranes were obtained from Bio-Rad (Hercules, CA). ECL
Plus was obtained from Amersham (Arlington Heights, IL). Antibodies
were obtained from various sources: Anti-p16 and anti-p21 was from
Santa Cruz Biotechnology (Santa Cruz, CA); anti-p53 and phosphoryla-
tion-specific antibodies for p53 and Rb were from Cell Signaling
(Beverly, MA); anti-heat shock protein90 was from Stressgen (Victoria,
BC, Canada); ATMs1981 was from Rockland (Gilbertsville, PA);
anti–�-actin was from Sigma Chemical. Developing antibodies (horse-
radish peroxidase–conjugated anti-rabbit or anti-mouse Ig) were ob-
tained from Santa Cruz Biotechnology. Tissue culture plates were
obtained from Corning (Corning, NY).

CSE Preparation

CSE solutions were prepared using a modification of the method of
Blue and Janoff (30). Through one opening of a stopcock, 10 ml of
sterile Dulbecco’s modified Eagle’s medium (DMEM) was drawn into
a 50-ml plastic syringe. Subsequently, 40 ml of cigarette smoke was
drawn into the syringe and mixed with the medium by vigorous shaking.
One cigarette was used for each 10 ml of medium. The generated CSE
solution was filtered (0.22 �m) to remove large particles (31–34). The
resulting solution was designated a 100% CSE solution. The CSE solu-
tion was used immediately after generation.

Cell Culture, Cell Count, and Cell Viability Assay

Normal human diploid lung fibroblasts, HFL-1 (American Type Culture
Collection, Manassas, VA) were cultured at 37�C and in DMEM with
10% fetal bovine serum (FBS), 1% sodium pyruvate, 1% L-glutamine,
and 40 �g/ml gentamicin (referred to herein as complete medium). The
medium was changed every 2 d, and the cells were subcultured every
4–5 d. The fibroblasts were used between the 3rd and 8th passage.
Experiments were performed in 12-well (20mm) Costar tissue culture
plates at the starting cell density of 0.15–0.20 � 106/ml. The cells were
incubated with or without CSE at various concentrations for various
periods up to 14 d. For long-term culture experiments, in a single
exposure group, fibroblasts were cultured in complete medium with
CSE 5% solution for initial 48 h, and washed out with serum-free
DMEM three times. The cells were then provided with complete me-
dium every 48 h. In a multiple-exposure group, fibroblasts were cultured
in complete medium with CSE 3.5% solution, and both complete me-
dium and CSE were replaced every 48 h. In the control group, the
serum media without CSE were replaced every 48 h. The cell counts
were performed by an electric particle counter (Coulter Electronics,
Hialeah, FL). Cell viability was analyzed by the Guava Personal Cyto-
meter (PC) (Guava Technologies, Hayward, CA). The Guava ViaCount
assay distinguishes between viable and nonviable cells based on the
differential permeability of DNA-binding dyes in the ViaCount Reagent
(Guava Technologies).

Senescence-Associated �-Galactosidase Activity

Senescence-associated �-galactosidase (SA �-gal) staining was per-
formed according to a previously described method (21). Cell samples
in 8-well chamber slides were fixed with 2% formaldehyde and 0.2%
glutaraldehyde in PBS for 5 min at room temperature. The slides were
rinsed with PBS and incubated with an SA �-gal staining solution

containing 40 mM sodium citrate (pH 6.0), 150 mM NaCl, 5 mM potas-
sium ferricyanide, 5 mM potassium ferrocyanide, 2 mM MgCl2, and
1 mg/ml of 5-bromo-4-chloro-3-indoyl �-D galactoside for 4 h. For a
long-term experiment, all the groups including a single exposure, multi-
ple exposures and control were analyzed at the same time. In the control
group, fibroblasts were subcultured when they became subconfluent.

Cell Cycle Synchronization with Serum Deprivation

HFL-1 cells were cultured in DMEM with 10% FBS, 1% sodium py-
ruvate, 1% L-glutamine and gentamicin (40 �g/ml) for 24 h. Then, the
cells were washed with serum-free DMEM three times and were cul-
tured in DMEM with 0.2% FBS, 1% sodium pyruvate, 1% L-glutamine
and gentamicin (40 �g/ml) for various periods of time.

Isolation of Whole Cell Extracts

HFL-1 cells were cultured in tissue culture dishes (100 mm) with or
without CSE solution of various concentrations. Whole cell protein was
obtained by lysing the cells on ice for 20 min in 300 �l of lysis buffer
(0.05 M Tris, pH 7.4, 0.15 M NaCl, 1% Nonidet P-40) supplemented
with Complete protease inhibitors (Roche Molecular Biochemicals,
Pleasanton, CA) and 1� phosphatase inhibitors (Calbiochem, La Jolla,
CA). The lysates were then sonicated for 20 s, incubated on ice for 30
min, and centrifuged at 15,000 � g for 10 min at 4�C. Protein was
quantified using a protein measurement kit (Protein Assay Kit 500–
0006; Bio-Rad, Hercules, CA). Cell lysates were stored at �70�C until
use.

Western Blot Analysis

Western blot analysis for the presence of particular proteins or for
phosphorylated forms of proteins was performed on whole cell lysates.
Protein (30–60 �g) was mixed 1:1 with 2� sample buffer (20% glycerol,
4% SDS, 10% �-mercaptoethanol, 0.05% bromphenol blue, and 1.25
M Tris, pH 6.8; all from Sigma Chemical) heated to 95�C for 5 min,
and fractionated on a 10% or 12.5% SDS-polyacrylamide gel run at
100 V for 90 min. Cell proteins were transferred to a PVDF membrane
by semidry transfer (Bio-Rad) at 25 V for 45 min. Equal loading of
the protein groups on the blots was evaluated by using anti–�-actin
antibody using a staining solution designed for staining proteins on
PVDF membranes. The membranes were dried completely after being
soaked with 100% methanol, and then incubated with the primary
antibody overnight. The blots were washed four times with Tris-
buffered saline, including Tween 20, and incubated for 1 h with horse-
radish peroxidase–conjugated anti-rabbit or anti-mouse IgG antibody.
Immunoreactive bands were developed using a chemiluminescent sub-
strate (ECL or ECL Plus). An autoradiograph was obtained, with
exposure times of 10 s to 2 min. For a long-term experiment, all the
groups (including a single exposure, multiple exposures, and control)
were harvested at the same time. In the control group, fibroblasts were
subcultured when they became subconfluent.

Flow Cytometry

HFL-1 cells were cultured with or without CSE solution of various
concentrations in regular tissue culture plates for 24 h. The cells were
washed twice in PBS. They then were removed with trypsin, suspended
in the original medium, and centrifuged at 300 � g. They then were
resuspended in PBS and fixed in cold 70% ethanol overnight. After
two washes in PBS, the cells were treated with 0.25 mg/ml of RNase
A (Roche Molecular Biochemicals) and stained with 100 �g/ml of
propidium iodide at 4�C for 30 min in the dark and analyzed for DNA
content. A total of 10,000 cells that satisfied a gate on forward and
side scatter to eliminate aggregates and debris were evaluated with a
FACScan flow cytometer (Becton Dickinson, Mountain View, CA).
Data analysis was performed with ModFit LT (Verity Software House
Inc, Topsham, ME).

Statistical Analysis

The results were expressed as the mean � SEM. The number of cells
in each condition with or without the CSE solution at various time
points was compared using an unpaired t test.
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RESULTS

A Short-Term Exposure to CSE Induces Growth Inhibition,
but Not All of the Classic Features of Cellular Senescence

Lung fibroblasts isolated from patients with emphysema show a
decreased proliferative capacity, suggesting cellular senescence due
to exposure to cigarette smoke (10, 11, 35). Senescent cells have
a markedly reduced proliferative capacity, but still maintain their
viability with an increase in senescence associated �-galactosidase
(SA �-gal) activity (21). To evaluate this, HFL-1 cells were
first cultured in the presence of various concentrations of CSE
solution, and the cell density, cell viability, and SA �-gal were
measured. We found that short-term exposure to CSE rapidly
decreased cell proliferation in a dose-dependent manner (P 	
0.05) (Figure 1A). We also found that the cells survived for 48 h

Figure 1. A short-term exposure to CSE induces growth inhibition, but
not all of the classic features of cellular senescence. (A ) HFL-1 cells were
cultured in regular tissue culture plates with or without CSE 2.5 and
5% solution for 48 h. The cell counts were measured at various time
points (0, 24, and 48 h). Data are expressed as mean � SEM for three
independent experiments (*P 	 0.01). (B ) HFL-1 cells were treated as
in A for 48 h. The cell viability was measured by the Guava ViaCount
Assay using a propidium iodide stain. Data are expressed as mean �

SEM for three independent experiments (*P 	 0.05). SA �-gal staining
was also performed at 48 h. The percentage of SA �-gal–positive cells/
total cell number is shown. Data are expressed as mean � SEM for three
independent experiments (*P 	 0.05). (C ) HFL-1 cells were cultured at
the starting cell density of 0.15 � 106/ml in regular tissue culture plates
with or without CSE 5% solution. CSE was prepared with or without
filtering (0.22 �m) for the immediate use, and filtered CSE solution was
kept at 4�C or �70�C for 24 h before use. The cell counts were measured
at 48 h. Data are expressed as mean � SEM for three independent
experiments (*P 	 0.05).

in the presence of up to CSE 5% solution (Figure 1B). However,
short-term exposure to CSE increased SA �-gal activity in only
a small percentage of fibroblasts (Figure 1B). These data suggest
that short-term exposure to CSE rapidly inhibits fibroblast
growth, but does not induce �-gal activity for up to 48 h. The
toxic activity of CSE should be labile over time as the volatile
components are dissipated. Thus, we used the fresh CSE solution
immediately after the generation of CSE. We also evaluated the
effects of CSE filter (0.22 �m) and storage conditions on growth
inhibition. Either CSE filtering or storage up to 24 h did not
significantly affect CSE-induced growth inhibition (Figure 1C).

A Single Exposure to CSE Induces Cell Cycle Arrest at
Multiple Phases of the Cell Cycle

The mechanisms by which CSE affects the fibroblast cell cycle
are not well elucidated. To evaluate this, we studied fibroblasts
at different cell cycle phases with propidium iodide staining for
DNA content and evaluated cell cycle by flow cytometry. We
found that fibroblasts synchronized by serum deprivation (accu-
mulation of cells in the G1 phase) did not respond to serum
restitution if they were exposed to CSE 5% solution (Figure
2A). In contrast, CSE treatment of asynchronous fibroblasts
resulted in accumulation of the cells in the S and G2 phases of
the cell cycle (Figure 2B). The asynchronous fibroblasts did not
increase in the cell number after CSE exposure (Figure 1A),
even with an increase in the cells in S and G2 phases. This
indicates that exposure to CSE induces G1 arrest in presynchro-
nized fibroblasts and S and G2 arrest in asynchronous fibroblasts.
In all of these conditions, there was no apparent increase in sub-
diploid (apoptotic) cells after exposure to CSE 5% solution up
to 48 h (data not shown). To confirm CSE-induced cell cycle
arrest in both presynchronized and asynchronous fibroblasts, we
also performed a cell proliferation assay using Carboxyfluores-
cein diacetate, succinimidyl ester (CFSE). A short-term expo-
sure to CSE inhibited fluorescent dilution of CFSE-labeled cells
at 48 hours (data not shown). Moreover, we evaluated the activ-
ity of a mitosis marker, phosphorylation of histone H3. Exposure
to CSE significantly decreased phosphorylation of histone H3
consistent with cell cycle arrest (Figure 2C). These observations
suggest that CSE is capable of blocking multiple phases of the
cell cycle.

A Single Exposure to CSE Causes an Early Activation of the
ATM-p53-p21-pRb Pathway

Kim and coworkers recently reported that exposure to CSE can
cause DNA damage in lung fibroblasts (34). It is known that
some oxidative stresses such as hyperoxia can damage DNA
and induce cell cycle arrest via ATM-p53-p21 pathway (36, 37).
The downstream target, a retinoblastoma protein (pRb) can
be activated (hypophosphorylated) through induction of cyclin-
dependent kinase inhibitors (CDKIs), such as p21, a transcrip-
tional target of p53, or p16 in response to DNA damage (38,
39). For this reason, we analyzed the effect of CSE on activity
of ATM, p53, and pRb and accumulation of p53, p21, and p16.
Fibroblasts were cultured in the presence of CSE 5% solution for
24 h. Western blot analysis was performed for phosphorylation
(active state) of ATM (serine 1981) and p53 (serine 15), hyper-
phosphorylation (inactive state) of pRb and the amount of p53,
p21, and p16. As shown in Figure 3A, exposure to CSE induced
activation of ATM, p53, and pRb, a marked increase in p53 and
p21, and a mild increase in p16 accumulation. These results
indicate that CSE-induced cell cycle arrest is linked at early time
points to an activation of ATM-p53-p21-Rb pathway and, to a
lesser extent, p16-Rb pathway. To examine whether these
changes were prolonged, we examined cells with a single CSE
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Figure 2. A single exposure to CSE induces cell cycle arrest at multiple
phases of the cell cycle. (A ) Cell cycle synchronization was induced
with serum deprivation. Then, HFL-1 cells were cultured with or without
CSE 5% solution in the presence of serum in regular tissue culture plates
for 24 h. The harvested cells were stained with propidium iodide and
were evaluated with a FACScan flow cytometer. The percentage of cells
at each cell cycle phase/total cells was shown. Data are expressed as
mean � SEM for three independent experiments (*P 	 0.05). (B ) HFL-1
cells were treated as in A, except that they were not synchronized by
prior exposure to serum deprivation. The percentage of cells at each
cell cycle phase/total cells is shown. Data are expressed as mean � SEM
for three independent experiments (*P 	 0.01; **P 	 0.05). (C) HFL-1
cells were cultured with or without CSE 5% solution for 24 h. Western
blot analysis was performed for phosphorylation of Histone 3 (Ser 10)
at 24 h. Equal loading was determined by stripping the blot and re-
probing with antibodies to �-actin. Western blotting data are represen-
tative of three experiments.

exposure up to 14 d. We found that a delayed response to CSE
was accompanied by significant p16 upregulation and persistent
pRb activation, while the increases in p53 disappeared by 14 d
after exposure (Figure 3B). Notably, the delayed response to a
single exposure to CSE was associated with a significant increase
in SA �-gal activity. As a composite, these data suggest that a
single exposure to CSE causes sequential activation from p53
to p16-pRb pathway with a moderate increase in SA �-gal activ-
ity for a prolonged period.

Multiple Exposures to CSE Induce Cellular Senescence

Patients with COPD are repetitively exposed to cigarette smoke.
Thus, multiple exposures to CSE should be more relevant, physi-
ologically. We hypothesized that multiple exposures to CSE
induce cellular senescence. To evaluate this, fibroblasts were
cultured with a single exposure to CSE 5% solution for 48 h
followed by washout, and incubation with a CSE-free complete
medium or multiple exposures to CSE 3.5% solution for up to
2 wk (the lower concentration of CSE was chosen for multiple
exposures in order to maintain fibroblast viability). The cell
density was measured on Days 0, 2, 4, 7, and 14. In a group
that had undergone single CSE exposure, the fibroblasts were
growing slowly; however, the growth rate was still slower com-
pared to the control group for up to 2 wk. In contrast, multiple
exposures to CSE almost completely inhibited cell growth (Fig-
ure 4A). The CSE-exposed cells were still viable (data not
shown). Next we measured SA �-gal activity in the cells that
underwent multiple CSE exposures. As shown on Figure 4B,
multiple exposures to CSE ultimately increased SA �-gal activity
and induced a flat and enlarged cell morphology. These data
suggest that multiple exposures more reliably induce senescence
in a majority of cells compared with a single exposure.

CSE-Induced Cellular Senescence Is Linked to Activation of
Both p16-pRb and p53 Pathways

Cellular senescence may be induced through either or both of
two pathways: (1) the p53 pathway, and/or (2) the pRb pathway
(12). It is known that stress-induced premature senescence is
associated with activation of both pathways (24). Thus, we
hypothesized that profound CSE-induced cellular senescence
should be accompanied by activation of both p53 and p16-pRb
pathways. To evaluate this, fibroblasts were cultured with multi-
ple exposures to CSE 3.5% solution for 2 wk. Western blot
analysis was performed for p53 and p16 accumulation and pRb
activity in the CSE-exposed fibroblasts on Days 7 and 14. As
shown in Figure 5, multiple exposures to CSE markedly in-
creased p53 and p16 accumulation and activated pRb. Chronic
exposure to cigarette smoke has been linked to the development
of p53 mutations (40). We evaluated the downstream effect of
p53 with p21 accumulation up to 2 wk. Exposure to CSE in-
creased p21 up to 2 wk (data not shown). This suggests that the
p53 function is intact for up to 2-wk of exposure to CSE. These
data suggest that multiple exposures to CSE reliably trigger all
of the classic features of stress-induced cellular senescence.

It is known that replicative senescence occurs through telo-
mere shortening (41). However, it has been reported that stress-
induced premature senescence can be independent of telomere
shortening (42). To determine if CSE causes telomere shorten-
ing, fibroblasts were cultured with continuous exposure to CSE
3.5% solution for up to 2 wk. The length of telomeres was deter-
mined as a relative telomere to single copy gene (36B4) (T/S) ratio
measured by RT-PCR. As expected, prolonged exposure to CSE
did not shorten telomere for up to 2 wk (data not shown). This
suggests that cigarette smoke–induced cellular senescence may oc-
cur through telomere-independent signals.

DISCUSSION

We show that, in normal human lung fibroblasts, prolonged
exposure (multiple exposures) to CSE induces cellular senes-
cence with a characteristic flattened cell morphology and a
marked increase in SA �-gal activity. This senescence phenotype
is accompanied by activation of both the p53 and p16 pathways.
Both of these pathways likely contribute to the cell cycle arrest
that is typical of cellular senescence. By contrast, a single exposure
to CSE induces only some of the features of cellular senescence.
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Figure 3. A single exposure to CSE causes
an early activation of the ATM-p53-p21-
pRb pathway. (A ) HFL-1 cells were cul-
tured with or without CSE 5% solution
for 24 h. Western blot analysis was per-
formed for phosphorylation of ATM (ser-
ine 1981), p53 (serine 15), and pRb (ser-
ine 807/811) and the amount of p53,
p21, and p16 at 24 h. Equal loading was
determined by stripping the blot and re-
probing with antibodies to �-actin. West-
ern blotting data are representative of
three experiments. (B ) HFL-1 cells were
cultured with or without CSE 5% solution
for 48 h, and were washed out, then were
cultured with a serum media for up to
2 wk. Western blot analysis was per-
formed for phosphorylation of pRb (inac-
tive state) and the amount of p53 and
p16. Equal loading was determined by
stripping the blot and reprobing with an-
tibodies to �-actin. Western blotting data
are representative of three experiments.
HFL-1 cells were treated as in B. SA �-gal
staining was performed at 7 d and at
14 d. The percentage of SA �-gal–positive
cells/total cell number is shown. Data are
expressed as mean � SEM for three inde-
pendent experiments (*P 	 0.01).

These data suggest that a prolonged and repeated use of cigarette
smoke induces cellular senescence, potentially contributing to
the pathogenesis of COPD. One important result of a lack of
proliferation of lung fibroblasts is an inability to repair the injury
induced by CSE.

Several studies have evaluated the effects of cigarette smoke
on cell proliferation in lung fibroblasts. An in vitro study has
shown that exposure to CSE significantly inhibits fibroblast pro-
liferation (43). Other studies have also demonstrated that fibro-
blasts isolated from patients with emphysema have a decreased
capacity for proliferation (10, 11, 35). None of these studies
provided a mechanism for the decreased fibroblast proliferation
associated with cigarette smoke exposure. Our data provide a
biological mechanism for this effect of CSE on lung fibroblasts.
We found that exposure to CSE induces cell cycle arrest at
multiple phases of the cell cycle (G0/1, S, and G2) in fibroblasts.
This appears to be mediated by activation of both the p53 and
p16 pathways, which have profound effects on the cell cycle.
In individuals who smoke, susceptibility of lung fibroblasts to
cigarette smoke–induced cellular senescence may be altered by
the genetic phenotype of the patient, explaining why some, but
not all, individuals who smoke develop emphysema.

It is known that exposure to CSE induces DNA damage
(34). Cells respond to DNA damage by activating checkpoint
pathways such as the p53 and p16 pathways to inhibit cell cycle
progression (12, 44). Cellular senescence can be induced by
either or both of these pathways. Although there is some cross-
talk between the two pathways, p53-dependent senescence is
primarily induced by oxidative stresses, DNA damage, and telo-
mere dysfunction. Recent in vitro studies showed that exposure
to some oxidant stresses induces p53-dependent senescence in
cultured fibroblasts (45) and endothelial progenitor cells (46).
The p16 pathway is often associated with senescence due to
oncogenes and various stresses, including suboptimal culture
conditions (19, 47). It is known, however, that DNA damage
can also activate the p16 pathway after transient p53 activation
to induce premature senescence (39). Moreover, p16 can be
upregulated in replicative senescence. In some cells, p16 gene
expression and protein accumulation are progressively increased
with cell divisions (48, 49). A recent animal study also supported
this, because the p16 gene expression was markedly increased
in almost all organs with aging (50). In our study, we found that
exposure to CSE increases the p16 protein in a time-dependent
manner (at least up to 7 d), even with a single exposure. Multiple
exposures to CSE also ultimately activate the p53 pathway, but
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Figure 4. Multiple exposures to CSE induce cellular senes-
cence. (A ) HFL-1 cells were cultured on regular tissue culture
plates with multiple exposures to CSE 3.5% solution or a single
exposure to CSE 5% solution (for 48 h followed by no exposure
to CSE for an additional 12 d) or without CSE for up to 14 d.
The cell counts were measured at various time points (Days
0, 2, 4, 7 and 14). Data are expressed as mean � SEM for
three independent experiments (*P 	 0.01). (B ) HFL-1 cells
were treated as in A. SA �-gal staining was performed for the
control and multiple CSE-exposed cells on Days 7 and 14. The
percentage of SA �-gal–positive cells/total cell number was
shown. Data are expressed as mean � SEM for three indepen-
dent experiments (*P 	 0.01). The digital photographs were
obtained on Day 14, and represent one of three identical
experiments.

with a single exposure p53 accumulation is gradually lost over
the following 2 wk. This coordinated activity of p16 and p53
correlates well with the growth rate in fibroblast cell density data
(Figure 4A), and both pathways likely contribute to a fibroblast
senescent phenotype, including cell cycle arrest, an increase in SA
�-gal activity, and a flat and enlarged morphology (Figure 6).

SA �-gal is a hydrolase located at the lysosomes (51, 52).
Lysosomal �-gal splits �-linked terminal galactosyl residues from
some substrates, such as gangliosides. However, the mechanisms
and roles of an increase in SA �-gal activity in senescent cells
remain to be elucidated (53). Some lack of specificity to senescent
cells limits the utility of SA �-gal, because some conditions such
as confluence (54) and serum deprivation (55) may increase the
activity. However, SA �-gal is still widely used for a biomarker
for cellular senescence (24). Both in vitro and in vivo studies
also support that SA �-gal activity correlates with p16 expression

Figure 5. CSE-induced cellular senescence is
linked to activation of both the p16 and p53
pathways. HFL-1 cells were cultured on regu-
lar tissue culture plates with multiple expo-
sures to CSE 3.5% solution for up to 14 d.
Western blot analysis was performed for ac-
cumulation of p53 and p16 and phosphory-
lation of pRb. Equal loading was determined
by stripping the blot and reprobing with anti-
bodies to �-actin. Western blotting data are
representative of three experiments.

(21, 50). In our study, SA �-gal activity appears to be upregulated
with both p16 and p53 accumulation.

Telomere shortening is responsible for replicative senescence.
Telomerase overexpression to extend short telomeres can pro-
long life-span in mortal somatic cells (17). In contrast, stress-
induced premature senescence may or may not be accompanied
by telomere shortening. Mild oxidative stresses, such as mild
hyperoxia, can rapidly shorten the telomere length in the stress-
induced senescent cells (56, 57). An in vitro study demonstrated
that the other oxidant stresses such as hydrogen peroxide, irradi-
ation, and ultraviolet light did not erode the telomeres in cultured
human fibroblasts (42). Consistent with this study finding, we
found that exposure to CSE did not shorten the telomere length
(data not shown). Whether or not stress-induced premature se-
nescence is accompanied by telomere attrition may be dependent
on the intensity of the oxidative stress. A mild oxidative stress
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Figure 6. A proposed pathway
for CSE-induced cellular senes-
cence. Repeated exposure to CSE
activates both the p53 and p16
pathways. Both pathways likely
contribute to a senescent pheno-
type, including cell cycle arrest,
an increase in SA �-gal activity,
and a flat and enlarged cellular
morphology.

that allows the cells to proliferate may rapidly shorten the telo-
mere length. In contrast, a strong oxidative stress may not erode
the telomere because the cells cannot proliferate.

Effects of cigarette smoke on cellular senescence do not ap-
pear to be specific to the cell type. Tsuji and colleagues showed
that exposure to cigarette smoke induces cellular senescence
in alveolar epithelial cells of both in vitro and animal models.
Interestingly, they showed that cigarette smoke induces epithe-
lial senescence before emphysema develops in a mouse model
(33). These data suggest that cellular senescence may contribute
to COPD pathogenesis. However, it is still unclear which cell
type is more sensitive to cigarette smoke–induced cellular senes-
cence, and which cell type of senescence is more significant for
COPD pathogenesis.

In conclusion, this study demonstrates that, in human lung
fibroblasts, prolonged (repeated) exposure to CSE induces a
senescent phenotype with cell cycle arrest, a flattened cell mor-
phology, and a marked increase in SA �-gal activity. Some of
these changes occurred with a single exposure to CSE; however,
full senescence required multiple exposures. This CSE induced
premature senescence was accompanied by activation of both
p53 and p16 pathways and was not associated with telomere
shortening. These data imply that a prolonged (or repeated) in
vivo exposure to cigarette smoke may trigger cellular senescence
in lung fibroblasts. Cigarette smoke–induced cellular senescence
may play a role in abnormal wound healing, preventing repair
of lung injury. This may contribute to the pathogenesis of COPD.
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