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The cyclin-dependent kinase inhibitor p21CIP1/WAF1/SDI1 (p21) is an
important inhibitory checkpoint regulatorof cell cycleprogression in
response to oxidative and genotoxic stresses. It is known that p21
potentiates inflammatory response and inhibits apoptosis and pro-
liferation, leading to cellular senescence. However, the role of
endogenous p21 in regulation of lung inflammatory and injurious
responsesby cigarette smoke (CS) or other pro-inflammatory stimuli
is not known. We hypothesized that p21 is an important modifier
of lung inflammation and injury, and genetic ablation of p21 will
confer protection against CS and other pro-inflammatory stimuli
(lipopolysacchride [LPS] and N-formyl-methionyl-leucyl-phenylala-
nine [fMLP])-mediated lung inflammation and injury. To test this
hypothesis, p21-deficient (p212/2) and wild-type mice were ex-
posed to CS, LPS, or fMLP, and the lung oxidative stress and
inflammatory responses as well as airspace enlargement were
assessed. We found that targeted disruption of p21 attenuated CS-,
LPS-, or fMLP-mediated lung inflammatory responses in mice. CS-
mediated oxidative stress and fMLP-induced airspace enlargement
were also decreased in lungs of p212/2 mice compared with wild-
type mice. The mechanism underlying this finding was associated
with decreased NF-kB activation, and reactive oxygen species
generation by decreased phosphorylation of p47phox and down-
modulating the activation of p21-activated kinase. Our data provide
insight into the mechanism of pro-inflammatory effect of p21, and
the loss of p21 protects against lung oxidative and inflammatory
responses, and airspace enlargement in response to multiple pro-
inflammatory stimuli. These data may have ramifications in CS-
induced senescence in the pathogenesis of chronic obstructive
pulmonary disease/emphysema.
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Chronic obstructive pulmonary disease (COPD) is the fourth
leading cause of chronic morbidity and mortality in the United
States, and is characterized by chronic inflammation and distinct
structural alterations of the small airways (airway remodeling)
(1–3). Cigarette smoke (CS) is the major risk factor for the
development of COPD. It contains an estimated 1015 to 1017

oxidants/free radicals and approximately 4,700 different chem-
ical compounds, including reactive aldehydes and quinones, per
puff (4). We, and others, have shown that CS exposure causes
lung inflammation due to the influx of macrophages, neutro-
phils, dendritic cells, and CD81 T lymphocytes, leading to in-
creased levels of pro-inflammatory mediators (5–11). However,
the cellular and molecular mechanisms underlying CS-mediated

abnormal lung inflammation and airspace enlargement in the
development of COPD are not well understood. Recently, it has
been postulated that cellular senescence and proliferation/
apoptosis are involved in the pathophysiology of emphysema/
COPD (12–14).

Cell division is a highly regulated process, with checkpoints to
ensure that DNA is faithfully copied and that identical chromo-
somal copies are distributed equally to each daughter cell (15).
These checkpoints also respond to damage, enabling the cell cycle
to be arrested to provide time for transcription and activation of
genes that facilitate repair. Passage through the restriction point
and entry into S phase is controlled by cyclin/cyclin-dependent
kinase (CDK) complexes (16, 17). Active cyclin/CDK complexes
phosphorylate and inactivate members of the retinoblastoma
protein family that are negative regulators of G1 and S-phase
progression, leading to induction of E2F-regulated gene expres-
sion and cell proliferation. CDK inhibitors bind and inhibit the
activity of cyclin/CDK complexes and negatively regulate cell
cycle progression (16, 18). These proteins play important roles in
regulating proliferation during normal development and differ-
entiation and after genotoxic stress. p21CIP1/WAF1/SDI1 (p21) is
a member of a family of cell cycle inhibitors that includes p27 and
p57 (19), and is capable of inhibiting a broad range of cyclin/CDK
complexes and hence cell proliferation so as to allow cells to
repair the DNA damage (20).

It has also been shown that p21 potentiates inflammatory
response and inhibits apoptosis and proliferation, leading to
cellular senescence (21, 22). This is supported by the observa-
tions that p21-deficient (p212/2) mice are resistant to serum
transfer–induced inflammatory arthritis (23), and peritoneal
macrophages from p212/2 mice exhibit a higher phagocytotic
capacity and lower expression of cytokines such as IL-1b,
macrophage inflammatory protein (MIP)-1, and MIP-2 than
do their wild-type (WT) counterparts (24). Moreover, genetic
knockout of p21 attenuated angiotensin II–induced NF-kB
activation by decreasing the production of reactive oxygen
species (ROS) in vitro and in vivo (25). Similarly, p21 has been
shown to stimulate NF-kB activity through its effect on the
CBP/p300 transcription cofactor family (26), and targeted dis-
ruption of p21 was associated with decreased NF-kB activation
in glial cells in response to lipopolysaccharide (LPS) (27). All of
these findings highlighted an important role of p21 in modifying
inflammatory response and ROS production. Most importantly,
recent studies showed that p21 expression was increased in
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alveolar macrophages from smokers (28), and in lung epithelial
cells as well as in fibroblasts in response to CS (29–31). In ad-
dition, oxidant-induced DNA damage prolonged the expression
of p21 (32). Thus, it is possible that oxidative stress induced
by CS may contribute to the prolonged induction of p21 (cell
cycle arrest), which leads to propagation of lung inflammatory
response by activation of NF-kB. However, the role of endog-
enous p21 in regulation of lung oxidative, inflammatory, and
injurious (emphysematous) responses by CS exposure or by any
inflammatory agents is not known.

It has been shown that 5 to 6 months of CS exposure is
usually required to induce emphysema in C57BL/6J mice.
Therefore, we used an N-formyl-methionyl-leucyl-phenylalanine
(fMLP)-induced airspace enlargement model, which induces
emphysema in only 21 days and mimics chronic CS-induced
emphysema (33–35), and investigated the role of p21 in airspace
enlargement. We hypothesized that targeted disruption of p21
protects lungs against detrimental effect of CS and other pro-
inflammatory agents, such as LPS and fMLP. To test this
hypothesis, p21-deficient (p212/2, defective in G1 checkpoint
control) and WT mice were exposed to CS, LPS, or fMLP, and
the lung oxidative and inflammatory responses as well as
airspace enlargement/emphysema were assessed.

MATERIALS AND METHODS

Mice

Male C57BL/6J WT mice (7–9 wk old) were purchased from the Jackson
Laboratory (Bar Harbor, ME), and p212/2 mice (36) were obtained
from Dr. Philip Leder at Harvard Medical School (Boston, MA), and
backcrossed 10 generations onto C57BL/6J strain and housed in the
Vivarium Facility of the University of Rochester before being exposed
to CS, LPS, or fMLP. All p212/2 mice used in the present study were
homozygous. All animal procedures were approved by the Univer-
sity Committee on Animal Research of the University of Rochester.

CS Exposure

Eight- to ten-week-old mice (6–8 mice per group) were used for CS
exposure. In brief, mice were housed in an individual wire cage
compartment, which was placed inside an aerated plastic box con-
nected to the smoke source. Research-grade cigarettes (2R4F [total
particulate matter fTPMg concentration 11.7 mg/cigarette, tar 9.7 mg/
cigarette, nicotine 0.85 mg/cigarette]; University of Kentucky, Lexing-
ton, KY) were used to generate smoke, and mice were exposed to CS
according to the Federal Trade Commission protocol (1 puff/min of 2-s
duration and 35-ml volume) using a Baumgartner-Jaeger CSM2072i
automatic CS-generating machine (CH Technologies, Westwood, NJ).
Mainstream CS was diluted with filtered air and directed into the
exposure chamber. The smoke exposure (TPM in per cubic meter of
air) was monitored in real time with a MicroDust Pro-aerosol monitor
(Casella CEL, Bedford, UK) and verified daily by gravimetric sampling
(5, 6, 37, 38). The smoke concentration was set at a nominal value of
approximately 300 mg/m3 TPM by adjusting the flow rate of the diluted
medical air (5, 37–40), and the level of carbon monoxide in the
chamber was 350 ppm. The level of carboxyhemoglobin (COHb) in
blood was 15%, which was consistent with previous studies (39, 41).
Mice received two 1-hour exposures, 1 hour apart, for 3 consecutive
days, and killed 24 hours after the last exposure. Control mice were
exposed to filtered air in an identical chamber according to the same
protocol described for CS exposure.

LPS Aerosolization

Age-matched C57BL/6L WT and p21-deficient mice were exposed
to an aerosol of saline alone or saline containing Escherichia coli LPS
(1 mg/ml; Sigma, St. Louis, MO) for 8 minutes as described previously
(5). Twenty-four hours after LPS aerosolization, mice were anesthe-
tized and killed.

fMLP Aerosolization

Age-matched WT and p212/2 mice were exposed to aerosolized
saline alone or saline containing fMLP (5 mg/ml; Sigma) for 8 minutes
as described previously (33–35). At Day 3, the same dose of fMLP was
exposed again to make sure that all the mice received fMLP. Twenty-
one days after the first aerosolization, animals from all groups were
anesthetized and killed. This dose and duration of fMLP are known to
induce increased airspace enlargement in mice (33–35).

Bronchoalveolar Lavage

Mice were injected with 100 mg/kg (body weight) of pentobarbiturate
(Abbott laboratories, Abbott Park, IL) intraperitoneally and killed by
exsanguination. The heart and lungs were removed en bloc, and the
lungs were lavaged three times with 0.5 ml of 0.9% sodium chloride.
The lavage fluid was centrifuged, and the cell-free supernatants were
frozen at 2808C for later analysis. The bronchoalveolar lavage (BAL)
cell pellet was resuspended in 1 ml of 0.9% sodium chloride, and the
total cell number was determined by counting on a hemocytometer.
Differential cell counts (minimum of 400 cells per slide) were
performed on cytospin-prepared slides (Thermo Shandon, Pittsburgh,
PA) stained with Diff-Quik (Dade Behring, Newark, DE).

Histologic Analysis

Mouse lungs (which had not been lavaged) were inflated with 1% low
melt agarose at a pressure of 25 cm H2O and then fixed with 4%
neutral buffered paraformaldehyde. Tissues were embedded in paraf-
fin, sectioned (4 mm), and stained with hematoxylin and eosin (H&E).
Alveolar size was estimated from the mean linear intercept (Lm) of the
airspace as described (42–45). In brief, mid-saggital sections were
obtained from the left lung and stained with H&E. Digital photo-
micrographs were taken across the widest transect of each section and
a grid was superimposed. Mean linear intercept was calculated using
the formula Lm 5 2LT/IW, where LT is the total length of the grid in
microns, and Iw is the number of times the grid intersects an alveolar
wall for each sample based on 10 random fields observed at a magni-
fication of 3200 using a cross-line.

For macrophage immunohistochemistry, lung sections were depar-
affinized and hydrated by passing through a series of xylene and graded
alcohol. Endogenous peroxidase activity was quenched by exposure to
3% H2O2 in methanol for 30 minutes. Nonspecific binding of anti-
bodies to the tissues was blocked by incubating the tissue with 5%
normal goat serum in 0.5% BSA in PBS for 30 minutes. For the
detection of macrophages, rat anti-mouse Mac-3 monoclonal antibody
(BD Pharmingen, San Diego, CA) at a titer of 1:50 was used. A
biotinylated goat anti-mouse/rabbit Ig (DAKO Corp., Santa Barbara,
CA) was used at a titer of 1:100. Tissues were incubated with primary
antibodies overnight at 48C. After being washed, tissues were incu-
bated with secondary antibody for 30 minutes. 3,39-diaminobenzidine
(DAKO Corp.) was used as peroxidase substrate. In each instance,
sections from different time points were processed together with equal
time for color development. Tissues were counterstained with hema-
toxylin. The number of Mac-3–positive cells in the lung sections (5
random microscopic fields per lung section in three different sections)
were counted manually in blinded manner under 3200 magnification
and averaged (39, 45, 46).

Myeloperoxidase Assay

Myeloperoxidase (MPO) activity was determined in lung homogenates
as described previously (5, 47), with slight modification. In brief, the
lung tissues were homogenized in 10 vols of 100 mM phosphate buffer
(pH 7.4) containing protease inhibitors. To determine the MPO
activity in enzymatic extract, we used a spectrophotometric method
with tetramethylbenzidine (TMB; Sigma). Briefly, the assay mixture
consisted of 400 ml of phosphate buffer (100 mM, pH 5.4) with 0.5%
hexadecyltrimethylammonium bromide (Sigma-Aldrich, MO), 40 ml
TMB (20 mM in dimethyl sulfoxide, prepared fresh and protected from
light) and H2O (23 ml). To this assay mixture, 20 ml of enzyme extract
was added, the mixture was incubated at 378C for 3 minutes, and finally
17 ml of H2O2 (0.03%) was added. The mixture was further incubated
for 3 minutes. The reaction was stopped by adding 2 ml of acetate
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buffer (0.2 M, pH 3.2). The tubes were kept on ice and the absorbance
was read at 655 nm. The appropriate reagent blank was prepared by
using a buffer instead of the tissue extract. The activity was expressed
in the samples as Units/mg protein.

Lipid Peroxidation Products Assay in Lung Homogenate

Lung tissues were homogenized with ice-cold 20 mM Tris-HCl (pH 7.4)
and diluted to approximately 10% (wt/vol). The homogenates were
centrifuged at 3,000 rpm for 10 minutes at 48C and the supernatants
were collected. Butylated hydroxytoluene (5 mM; Sigma) was added to
the supernatant to prevent further peroxidation and the samples were
immediately frozen in liquid nitrogen. Lipid peroxidation products
(malondialdehyde [MDA] and 4-hydroxy-2-nonenal [4-HNE]) were
measured using a lipid peroxidation kit (Calbiochem, San Diego, CA).
For MDA and 4-HNE assays, 200 ml of supernatant was added to
650 ml of 10.3 mM N-methyl-2-phenylindole in acetonitrile, vortexed,
150 ml of 15.4 mM methanesulfonic acid was added, and the whole was
incubated at 458C for 40 minutes. The samples were cooled on ice and
absorbance was measured at 586 nm using a microplate reader (Bio-
Rad, San Diego, CA).

Measurement of Superoxide Anion Release in BAL Cells

ROS release of BAL cells was quantified using a spectrophotometric
method based on the superoxide dismutase (SOD)-inhibitable reduc-
tion of ferricytochrome c as described by Johnston (48). Each tube
contained 105 cells, and 80 mmol of ferricytochrome c from equine
heart (Sigma) in phosphate-buffered saline (PBS). Superoxide anion
release was measured under two conditions, spontaneously and after
phorbol myristate acetate (PMA) stimulation for 80 minutes at 378C.
PMA was freshly prepared by diluting a stock solution in PBS to a final
concentration of 1.6 mM. Paired tubes were established with and
without SOD from bovine erythrocytes (240 IU�ml-1 final concentra-
tion; Sigma) to assess the specificity of cytochrome c reduction as
control. Optical density was then determined with absorbance at 550
nm. The resulting change in absorbance between the experimental
group and its control (same sample supplemented with SOD) was used
to calculate the nanomoles of superoxide anion produced by applica-
tion of the molar extinction coefficient (+550) of cytochrome c (21 3

103 M-1 � cm-1) in the following formula: Dabsorbance/+550 3 light
path 5 concentration.

ROS Determination by 29,79-Dichlorofluorescein-Diacetate

Staining in BAL Cells

ROS release was determined using 29,79-dichlorofluorescein-diacetate
(DCF-DA), which is an oxidant-sensitive fluorescent probe. Inside the
cell, the probe is deacetylated by esterases and formed H2DCF which is
oxidized by ROS to DCF, a highly fluorescent compound (49). ROS
generation in BAL cells was assessed using the probe DCF-DA.
Briefly, the cytospin slides were incubated with 10 mM DCF-DA
(Molecular Probes, Eugene, OR) for 15 minutes at room temperature.
After being rinsed with PBS, the slides were observed under the
fluorescent microscope and assessed with a score between 1 and 3
based on the following criteria: 1, weak staining; 2, moderate staining;
3, intense staining.

Extraction of Cytoplasmic and Nuclear Proteins from Lung

Tissue Samples

One hundred milligram of lung tissue was mechanically homogenized
in 0.5 ml of ice-cold buffer A (10 mM HEPES [pH 7.8], 10 mM KCl,
2 mM MgCl2, 1 mM DTT, 0.1 M EDTA, 0.2 mM NaF, 0.2 mM Na
orthovandate, 1% [vol/vol] NP-40, 0.4 mM phenylmethylsulfonyl fluo-
ride, and 1 mg/ml leupeptin). The homogenate was centrifuged at 2,000
rpm in a benchtop centrifuge for 30 seconds at 48C to remove cellular
debris. The supernatant was then transferred to a 1.7 ml ice-cold
Eppendorf tube and further centrifuged for 30 seconds at 13,000 rpm at
48C. The supernatant was collected as a cytoplasmic extract. The pellet
was resuspended in 200 ml of buffer C (50 mM HEPES [pH 7.8], 50 mM
KCl, 300 mM NaCl, 0.1 M EDTA, 1 mM DTT, 10% [vol/vol] glycerol,
0.2 mM NaF, 0.2 mM Na orthovandate, and 0.6 mM phenylmethylsul-
fonyl fluoride) and placed on the roller in the cold room for 30 minutes.
After centrifugation at 13,000 rpm in an Eppendorf tube for 5 minutes,

the supernatant was collected as the nuclear extract, and stored
at 2808C until use.

Assay of Pro-Inflammatory Mediators

The levels of pro-inflammatory mediators (keratinocyte chemoattrac-
tant [KC], IL-6, monocyte chemotactic protein [MCP]-1, IL-1b, and
TNF-a) in lung homogenates were measured by the Luminex 100 using
the beadlyte mouse multi-cytokine beadmaster kit (Upstate, NY)
according to the manufacturer’s instructions. The assays permit simul-
taneous cytometric quantitation of multiple chemokines/cytokines with
minimal sample volume. The assays use microspheres as the solid
support for immunoassays. The results were expressed in the samples
as pg/mg protein.

In peritoneal macrophages, the culture medium was collected after
treatment and centrifuged at 2,500 rpm for 5 minutes to pellet the cells.
The levels of MCP-1 and KC in the supernatant were determined by
enzyme-linked immunosorbent assay from respective duo-antibody kits
(R&D Systems, Minneapolis, MN) according to the manufacturer’s
instructions.

Protein Assay

Protein level was measured with a BCA kit (Pierce, Rockford, IL).
Protein standards were obtained by diluting a stock solution of BSA.
Linear regression was used to determine the actual protein concentra-
tion of the samples.

Western Blot Analysis

Lung tissue homogenate samples, including cytoplasmic and nuclear
proteins, were separated on a 7.5 to 12% SDS-PAGE. Separated
proteins were electroblotted onto nitrocellulose membranes (Amer-
sham, Arlington Heights, IL), and blocked for 1 hour at room tem-
perature with 5% nonfat dry milk. The membranes were then probed
with 1:400 to 1:1,000 diluted antibodies of anti-phospho-NF-kB p65
(ser276 or ser536) (Cell Signaling Technology, Beverly, MA) and anti-
RelA/p65 (Santa Cruz Biotechnology, Santa Cruz, CA) to determine
respective proteins and anti-gp21-activated kinase (gPAK; Santa Cruz
Biotechnology) and anti-pS141-PAK (Biosource International, Inc.,
Carlsbad, CA) to detect respective cytoplasmic protein. After three
washing steps (10 min each), the levels of protein were detected using
second antibody (1:5,000 dilution in 2.5% nonfat dry milk in PBS
containing 0.1% Tween 20 [vol/vol] for 1 h) linked to horseradish
peroxidase (Dako, Santa Barbara, CA), and bound complexes were
detected using enhanced chemiluminescence method (PerkinElmer,
Waltham, MA). Equal loading of the sample was determined by
quantitation of protein as well as by reprobing membranes for b-actin.

IKKb Activity Assay in Lung Tissue

Lung tissue was homogenized in lysis buffer (50 mM HEPES, 150 mM
NaCl, 1 mM EDTA, 1.5 mM MgCl2, 10% glycerol, 1% Triton X-100,
1 mM Na3VO4, 10 mM NaF, 1 mg of leupeptin/ml, 1 mg of aprotinin/ml,
and 400 mM PMSF). After incubation on ice for 20 minutes, cell debris
was removed by centrifugation at 48C (13,000 rpm, 15 min). The protein
concentration was determined as described above, and samples were
kept frozen in aliquots at 2708C. The lung homogenates were then
immunoprecipitated with 2 mg of anti-IKKb antibody (Santa Cruz
Biotechnology) in the presence of 20 ml of Sepharose-protein A beads
(Sigma) overnight at 48C. The beads were washed three times with lysis
buffer and two times with kinase assay buffer (20 mM HEPES, 20 mM
MgCl2, and 2 mM DTT). The kinase reaction was performed in 40 ml
ATP-master buffer (20 mM of ATP, 10 mCi of [32P]ATP and 4.0 mg of
GST-IkBa in kinase buffer). The reaction was incubated at 308C for
30 minutes and was terminated by addition of 10 ml of 53 SDS-PAGE
sample buffer. Incorporation of 32P into the substrate was visualized by
autoradiography after electrophoresis. Western blotting for IKKb was
performed as a loading control by using anti-IKKb antibody.

Preparation of CS Extract

Research-grade cigarettes (1R3F) were obtained from the Kentucky
Tobacco Research and Development Center at the University of
Kentucky. The composition of 1R3F/cigarettes was: TPM, 17.1 mg;
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tar, 15 mg; and nicotine, 1.16 mg. CS extract (CSE, 10%) was prepared
by bubbling smoke from one cigarette into 10 ml of culture media at
a rate of one cigarette/2 minutes as described previously (6, 10), using
a modification of the method described earlier by Carp and Janoff (50).
The pH of the CSE was adjusted to 7.4, and was sterile filtered through
a 0.45-mm filter (25 mm Acrodisc; Pall Corporation, Ann Arbor, MI).
CSE preparation was standardized by measuring the absorbance
(OD 0.74 6 0.05) at a wavelength of 320 nm. The pattern of absorbance
(spectrogram) observed at l320 showed a very little variation between
different preparations of CSE. CSE was freshly prepared for each
experiment and diluted with culture media supplemented with 1% fetal
bovine serum (FBS) immediately before use. Control medium was
prepared by bubbling air through 20 ml of serum-free RPMI, adjusting
pH to 7.4, and sterile filtering as described above.

Elicitation and Culture of Peritoneal Macrophages

The mice were subjected to peritoneal lavage with PBS 4 days after
injection with 2 ml of 4% autoclaved aged thioglycollate broth (Sigma).
The peritoneal macrophages were washed with PBS and were grown in 6-
well plates with RPMI 1640 medium (Life Technologies, Gaithersburg,
MD) supplemented with 10% FBS (HyClone Laboratories, Logan, UT),
2 mM L-glutamine, 100 mg/ml penicillin, 100 U/ml streptomycin, 1%
nonessential amino acids, 1% sodium pyruvate, 1 mg/ml human holo-
transferrin, and 1 mM oxaloacetic acid at 378C in a humidified atmo-
sphere containing 5% CO2. After 2 hours of incubation, wells were gently
pipetted to remove nonadherent cells, and adherent cells were contin-
uously cultured overnight before treatment.

Treatment of Peritoneal Macrophages

After starvation for 6 hours with RPMI 1640 medium containing 1%
FBS before treatment, the cells were treated with CSE (0.1, 0.2, 0.4%)
for 24 hours at 378C with 5% CO2. All treatments were performed in
duplicate. Culture media from these peritoneal macrophages were
collected and stored at 2808C for KC and MCP-1 assay.

Statistical Analysis

The results are shown as the mean 6 SEM. Statistical analysis of
significance was calculated using one-way Analysis of Variance

(ANOVA) followed by Tukey’s post hoc test for multigroup compar-
isons using STATVIEW.

RESULTS

Inflammatory Cell Influx into the Lung and Airspace

Enlargement Was Decreased in p212/2 Mice in Response

to CS Exposure, LPS, or fMLP Aerosolization

To determine the role of p21 in CS-mediated lung inflammatory
response, WT C57BL/6J and p212/2 mice were exposed to CS,
and neutrophil influx into BAL fluid and lung tissue was
assessed by Diff-Quick and H&E staining, respectively. CS
exposure resulted in significant influx of neutrophils in BAL
fluid of WT mice, which was attenuated in p212/2 mice (Figure
1A). The total number of macrophages in BAL fluid was not
altered in response to acute CS exposure in WT and p212/2
mice (Figure 1D). Similarly, neutrophils influx into BAL fluid
was significantly decreased in p212/2 mice compared with WT
mice, whereas the total number of macrophages in BAL fluid
remained unchanged in WT and p212/2 mice in response to
LPS and fMLP aerosolization (Figures 1B, 1C, 1E, and 1F).
Genetic ablation of p21 significantly decreased the inflamma-
tory cells influx into the lungs in response to CS exposure or
LPS aerosolization, as shown by H&E staining (Figures 2A and
2B). Twenty-one days after the first fMLP aerosolization, the
lungs from WT mice showed enlargement of airspace with
destruction of alveolar septa as reflected by increased Lm in
WT mice (Figure 2C). However, no injurious response was
observed in lungs of p212/2 mice in response to fMLP aero-
solization (Figure 2C). Macrophage infiltration, which was
stained with Mac-3 immunohistochemistry, was also signifi-
cantly reduced in the lungs of p212/2 mice as compared with
WT mice in response to CS exposure (Figure 3). These results
suggested that targeted disruption of p21 attenuated lung
inflammatory cell influx and airspace enlargement in response
to CS exposure, LPS, or fMLP aerosolization.

Figure 1. The number of neutrophils, but not macrophages, was decreased in bronchoalveolar lavage (BAL) fluid of p212/2 mice in response to

cigarette smoke (CS) exposure, lipopolysaccharide (LPS), or N-formyl-methionyl-leucyl-phenylalanine (fMLP) aerosolization. Mice were exposed to

CS, LPS, or fMLP as described in MATERIALS AND METHODS. After killing, the lungs were lavaged and cytospin slides were prepared. Total cells in BAL fluid
were counted using a hemocytometer. At least 400 cells were counted in a blinded manner to determine the differential cell count using cytospin

slides stained with Diff-Quick. The number of neutrophils in BAL fluid was decreased in p212/2 mice in response to (A) CS exposure, (B) LPS, or (C)

fMLP aerosolization compared with respective wild-type (WT) mice. However, the number of macrophages in BAL fluid was not altered in p212/2

mice compared with WT mice in response to (D) CS exposure, (E ) LPS, or (F ) fMLP aerosolization. Data are shown as mean 6 SEM (n 5 4–5 per
group). *P , 0.05, ***P , 0.001, significant compared with respective air- or saline-exposed groups; 1P , 0.05, 11P , 0.01, significant compared

with CS-, LPS-, or fMLP-exposed WT mice.
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MPO Activity and Phosphorylation of p21-Activated Kinase

on ser141 Residue Were Decreased in Lungs of p212/2 Mice

in Response to CS Exposure or LPS Aerosolization

The activity of MPO is used to estimate the level of neutrophilic
inflammation in the tissue (5, 47). We assessed the activity of

MPO in lungs of WT and p212/2 mice to further determine the

pro-inflammatory role of p21 in response to CS exposure. CS

exposure led to an increase in MPO activity in the lungs of WT

mice that was reduced in p212/2 mice (Figure 4A). Similarly,

genetic ablation of p21 significantly decreased lung MPO activity

Figure 2. Reduced in-

flammatory cell influx

or injurious response in
lungs of p212/2 mice

exposed to CS, LPS, or

fMLP aerosolization.
Mice were exposed to

CS, LPS, or fMLP as de-

scribed in MATERIALS AND

METHODS. After sacrific-
ing, the left lung was

fixed, embedded in par-

affin, and stained with

hematoxylin and eosin
(H&E). Genetic ablation

of p21 decreased inflam-

matory cell influx into
the lungs in response to

(A) CS exposure or (B)

LPS aerosolization. In

addition, fMLP-induced
enlargement of airspace

and destruction of alve-

olar septa were attenu-

ated in p212/2 mice as
compared with WT mice

(C ). The H&E-stained

pictures represent three

separate experiments.
Solid arrows indicate in-

flammatory cells, and

open arrows indicate en-
largement of airspace

with destruction of alve-

olar septa. Original mag-

nification: A and B,
3200; C, 3100. **P ,

0.01, significant com-

pared with respective

saline-exposed groups;
1P , 0.05, significant

compared with fMLP-

exposed WT mice.

Figure 3. Macrophage influx into the

lungs was reduced in p212/2 mice

exposed to CS. Macrophages were
detected with immunohistochemical

staining using anti-mouse Mac-3 an-

tibody in lung sections from CS-ex-
posed mice. The number of

macrophages in the lungs was de-

creased in p212/2 mice compared

with WT mice exposed to CS. The
pictures represent at least three stain-

ing experiments (n 5 4–5 per group).

Arrows indicate macrophages. Original

magnification: 3200. **P , 0.01, ***P
, 0.001, significant compared with

respective air-exposed groups; 1P ,

0.05, significant compared with CS-

exposed WT mice.
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in response to LPS aerosolization (Figure 4B). PAK activation
due to its phosphorylation are known to cause neutrophil
migration into lung interstitial and alveolar space in response to
LPS inhalation (51). The level of phosphorylated PAK on ser141
residue was significantly reduced in the lungs of p212/2 mice
compared with WT mice in response to CS exposure (Figures 5A
and 5B), corroborating with decreased neutrophil infiltration into
the lungs of p212/2 mice exposed to CS.

Levels of Pro-Inflammatory Mediators Were Decreased in

Lungs of p212/2 Mice in Response to CS exposure, LPS, or

fMLP Aerosolization

CS is a strong inflammatory stimulus that induces the release of
pro-inflammatory mediators such as IL-6, KC, and MCP-1, and
recruits macrophages and neutrophils into the lung tissue (6, 37,
38). Therefore, we investigated whether p212/2 mice exhibited
an altered level of representative cytokines/chemokines in the
lungs in response to CS exposure. Our data showed that CS
exposure increased the levels of KC, MCP-1, IL-6, and TNF-a
in the lungs and that these levels were significantly decreased in
p212/2 mice (Figure 6A). The levels of KC, MCP-1, IL-6 and
IL-1b were also significantly reduced in the lungs of p212/2
mice compared with WT mice exposed to aerosolized LPS
(Figure 6B). Furthermore, targeted disruption of p21 reduced
the release of KC and MCP-1 in lungs in response to fMLP
aerosolization (Figure 6C). These results further demonstrated
the attenuation of inflammatory response induced by CS
exposure, LPS, and fMLP aerosolization in the lung of p212/2
mice.

ROS Release in BAL Cells and Levels of Lipid Peroxidation

Products Were Decreased in Lung Tissue of p212/2 Mice

Exposed to CS

It has been shown that macrophages and neutrophils obtained
from peripheral blood or lungs of smokers release increased
levels of ROS (52). To demonstrate the regulatory effect of p21
on ROS release, the levels of ROS in BAL cells were assessed
with a method based on SOD-inhibitable reduction of ferricy-
tochrome c in WT and p212/2 mice exposed to CS. CS
exposure led to increased release of ROS in BAL cells, but
the levels were decreased in p212/2 mice compared with WT
mice exposed to CS (Figure 7A). Similarly, DCF-DA staining
showing that targeted disruption of p21 attenuated the release
of ROS in BAL cells in response to CS exposure (Figure 7C).
Furthermore, genetic knockout of p21 decreased the levels of
lung lipid peroxidation products (4-HNE and MDA) in re-
sponse to CS exposure (Figure 7B). These results suggested that
CS-induced ROS release and lipid peroxidation were depen-
dent, at least in part, on p21 level in the lungs, and genetic
knockout of p21 reduced the oxidative burden particularly
caused by CS.

Phosphorylated and Total Levels of NF-kB RelA/p65

Were Decreased in Lungs of p212/2 Mice in Response

to CS Exposure

NF-kB activation plays an important role in CS-mediated lung
inflammation (5, 6, 8, 10, 53). In light of our data showing reduced
lung inflammatory in lungs of p212/2 mice exposed to CS, we
determined the nuclear levels of RelA/p65 and its phosphorylation
on ser276 and ser536 residues in lungs of WT and p212/2 mice
with or without CS exposure. Western blot analysis showed that
CS exposure led to an increase in RelA/p65 and its phosphoryla-
tion at ser276 and ser536 residues in lung nuclear fraction in WT
mice (Figures 8A and 8B). Targeted disruption of p21 decreased
the levels of both phosphorylated and total RelA/p65 (ser276 and
ser526) in the lungs in response to CS exposure (Figures 8A and
8B). These results suggested that decreased phosphorylation of
RelA/p65 might contribute to reduced level of RelA/p65 leading
to decreased release of NF-kB–dependent pro-inflammatory
mediators in lungs of p212/2 mice exposed to CS.

IKKb Activity Was Decreased in Lungs of p212/2 Mice in

Response to CS Exposure

It has been shown that IKKb is directly involved in phos-
phorylation and degradation of inhibitory IkBa, leading to
subsequent NF-kB activation in response to a variety of in-
flammatory stimuli. Moreover, RelA/p65 can also be phosphor-
ylated by IKKb at the residues of ser536 and ser468 (54, 55).
Based on the reduced activation of NF-kB in lungs of p212/2
mice exposed to CS, we determined the IKKb activity in lungs
of both WT and p212/2 mice. As shown in Figures 9A and 9B,
the IKKb activity was decreased in lungs of p212/2 mice
compared with WT mice exposed to CS, suggesting that genetic
ablation of p21 resulted in reduction of IKKb–NF-kB signals in
response to CS exposure.

Decreased Release of MCP-1 and KC in Peritoneal

Macrophages from p212/2 Mice

To further investigate whether decreased NF-kB activation is
one of the mechanisms underlying decreased inflammatory
response in lungs of these KO mice in response to CS exposure,
peritoneal macrophages from WT and p21-deficient mice were
isolated and treated with CSE. Consistent with the in vivo
results, NF-kB–dependent pro-inflammatory mediators such as
MCP-1 and KC were significantly increased in response to CSE
(0.1%, 0.2%, and 0.4%) in peritoneal macrophages derived
from WT mice. However, this response was significantly de-
creased in peritoneal macrophages obtained from p212/2 mice
compared with WT mice in response to CSE treatment (Figure
10). These data suggest that reduced inflammatory response was
associated with decreased NF-kB activation in p212/2 mice in
response to CS exposure.

Figure 4. Myeloperoxidase (MPO) activity was decreased

in lungs of p212/2 mice exposed to CS or aerosolized to
LPS. Lung sections from mice exposed to CS (A) or

aerosolized to LPS (B) were homogenized, and the MPO

activity was determined spectrophotometrically. Targeted

ablation of p21 decreased the MPO activity in the lungs in
response to CS and LPS exposure. Data are shown as mean

6 SEM (n 5 3–4 per group). *P , 0.05, **P , 0.01, ***P ,

0.001, significant compared with respective air- or saline-
exposed group; 1P , 0.05, 111P , 0.001, significant

compared with CS- or LPS-exposed WT mice.
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DISCUSSION

Cigarette smoke is a strong pro-inflammatory stimulus that
induces the release of pro-inflammatory mediators by recruiting
macrophages and neutrophils into the lung tissue (6, 11, 37, 38,

45, 56). We, and others, have shown that p21 expression was
increased in alveolar macrophages from smokers (28) and in
lung epithelial cells and fibroblasts in response to CS (29–31). In
addition, oxidant-induced DNA damage prolonged the expres-
sion of p21 (32). Most importantly, p21 is also involved in

Figure 6. Levels of pro-inflammatory mediators were de-

creased in lungs of p212/2 mice in response to CS

exposure, LPS, and fMLP aerosolization. Mice were ex-

posed to CS, LPS, and fMLP as described in MATERIALS AND

METHODS. Pro-inflammatory mediators in the lungs were

measured by luminex assay in response to (A) CS expo-

sure, (B) LPS, and (C ) fMLP aerosolization. The levels of

pro-inflammatory mediators in the lungs were increased in
WT mice, but were decreased in p212/2 mice as com-

pared to WT mice exposed to CS, LPS, and fMLP. Data are

shown as mean 6 SEM (n 5 3–4 per group). *P , 0.05,
**P , 0.01, ***P , 0.001, significant compared with

respective air- or saline-exposed group; 1P , 0.05, 11P

, 0.01, 111P , 0.001, significant compared with CS-,

LPS-, or fMLP-exposed WT mice.

Figure 5. Phosphorylated level of p21-activated kinase (PAK) was decreased in lung cytosolic protein of p212/2 mice in response to CS exposure.

The protein levels of g-PAK and its phosphorylation on ser141 residue from air- and CS-exposed mice were analyzed by Western blotting as

described in MATERIALS AND METHODS, and b-actin was used as an indicator for equal protein loading. (A) Representative blotting bands. (B) Graphic
summary of densitometric analysis of Western blotting bands from three independent experiments (n 5 3–4 per group). The level of

phosphorylated PAK was decreased in lung cytosolic protein of p212/2 mice exposed to CS. ***P , 0.001, significant compared with respective

air-exposed group; 111P , 0.001, significant compared with CS-exposed WT mice.
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inflammatory response in the model of atherosclerosis (24) in
addition to its regulatory effect on cell cycle. Recent evidence
suggested that cellular senescence and proliferation/apoptosis,
which are regulated by p21, are involved in pathophysiology
of emphysema/COPD (12). However, the role of p21 in CS-
induced lung inflammatory and injurious responses is not
known. We hypothesized that targeted ablation of p21 protects
the lungs against detrimental effect of CS. Consistent with its
pro-inflammatory effect of p21 seen in vivo and in vitro (24, 25,
27), genetic knockout of p21 attenuated the lung inflammatory
response, such as inflammatory cell influx, release of pro-

inflammatory mediators, and MPO activity, in the lungs of mice
exposed to CS. Recent studies showed that phosphorylation of
PAK is the key step in activation of PAK leading to neutrophil
influx into the lungs in response to LPS inhalation (51). Our
data show that genetic ablation of p21 decreased phosphoryla-
tion of PAK by CS exposure, implying that this may be the
mechanism for reduced pro-inflammatory effects of CS in the
lungs of these mice. In addition, to confirm the role of p21 in
pro-inflammatory response, we used the bacterial endotoxin
and fMLP to induce lung inflammation and injury, particularly
fMLP to induce airspace enlargement (emphysema) in mice (5,

Figure 7. Levels of oxidative stress markers (reactive oxy-

gen species [ROS] release in BAL cells and lipid peroxidation

products in lungs) were reduced in p212/2 mice in re-
sponse to CS exposure. (A) BAL cells from air- or CS-exposed

mice were incubated with or without PMA. Release of

superoxide anion was determined by the reduction of
ferricytochrome c after 80 minutes of stimulation as de-

scribed in MATERIALS AND METHODS. (B) Mice were exposed to

CS and levels of 4-HNE plus MDA were measured spectro-

photometrically in the lungs as described in MATERIALS AND

METHODS. Data are shown as mean 6 SEM (n 5 3–4 per

group). (C ) BAL cells on the cytospin slides from CS-exposed

mice were incubated with DCF-DA. After being rinsed with

PBS, the slides were observed under fluorescent micro-
scope. The figures are representative of three independent

staining experiments (n 5 3–4 per group). Arrows indicate

ROS in BAL cells. Original magnification: 3400. Genetic
ablation of p21 attenuated ROS release in BAL cells and lipid

peroxidation products in lungs in response to CS exposure.

*P , 0.05, **P , 0.01, ***P , 0.001, significant compared

with respective air-exposed mice; 1P , 0.05, 111P , 0.001,
significant compared with CS-exposed WT mice; #P , 0.05,

compared with air-exposed WT mice.

Figure 8. Phosphorylated and total levels of RelA/p65 were decreased in lung nuclear protein of p212/2 mice in response to CS exposure. The

levels of RelA/p65 and its phosphorylation on ser276 and ser536 residues in the lungs from air- and CS-exposed mice were analyzed by Western

blotting as described in MATERIALS AND METHODS, and b-actin was used as an indicator for equal protein loading. (A) Representative blotting bands. (B)

Graphic summary of densitometric analysis of Western blotting bands from three independent experiments (n 5 3–4 per group). The levels of
phosphorylated and total RelA/p65 were reduced in the lungs of p212/2 mice compared with WT mice in response to CS. **P , 0.01, ***P ,

0.001, significant compared with respective air-exposed mice; 1P , 0.05, 11P , 0.01, significant compared with CS-exposed WT mice.
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33–35, 47). It was interesting to observe that inflammatory cell
influx into the lungs was significantly reduced in lungs of p21-
deficient mice as compared with WT mice in response to
aerosolized LPS or fMLP. Furthermore, the MPO activity in
lungs was also decreased in p212/2 mice in response to LPS
aerosolization. Mostly importantly, to show protection against
airspace enlargement, we used the fMLP-induced airspace
enlargement, which mimics chronic CS-induced emphysema
(33, 34). It is interesting to note that genetic knockout of p21
decreased fMLP-mediated airspace enlargement. These results
suggested that knockout of p21 gene leads to protection against
pro-inflammatory and injurious effects of CS, LPS, and fMLP in
lungs of these mice.

Our preliminary data showed that the levels of chemokines in
BAL fluid were lower than these in lung homogenate, although
the levels of chemokines were increased in both BAL fluid and
lung homogenate of WT and p212/2 in response to CS exposure
(H. Yao and coworkers, unpublished observations). It is possible
that the chemokines gradient between BAL fluid and lung tissue
will attract more macrophages into the lungs (interstitium),
which may be one of the reasons why there was no change in
number of macrophages in the BAL fluid whereas the number of
macrophages in lung interstitium was increased in both WT and
p212/2 mice in response to CS exposure. Therefore, a signifi-
cantly decreased level of chemokines in lung homogenate of
p212/2 mice may contribute to the decreased number of
macrophages in lung interstitium of p212/2 mice compared
with WT mice in response to acute CS exposure.

Although the number of neutrophils in BAL fluid in fMLP
groups was very low compared with LPS- and CS-exposed
groups in WT and p212/2 mice, we could not exclude the

possibility that fMLP induced a continuous recruitment of
neutrophils into the lung interstitium that is not reflected by
the number of neutrophils in BAL fluid. Indeed, elastase
derived from neutrophils is long-lived in lung septa, which
contributes to alveolar destruction induced by fMLP (33, 34).
Furthermore, the level of KC, a potent neutrophil chemokine,
in lung homogenate of fMLP-exposed mice was comparable to
that of CS- or LPS-exposed mice. These data suggested that
neutrophils are continuously recruited into the lung interstitium
in response to fMLP. This may be the reason for our observa-
tion that the level of KC was comparable whereas the number
of neutrophils in BAL fluid is low compared with LPS- and CS-
exposed groups in response to fMLP aerosolization.

CS induces endogenous production of ROS such as super-
oxide anions, hydrogen peroxide, and hydroxyl radicals. We
have shown that leukocytes isolated from smokers and from
patients with COPD release elevated levels of superoxide
anions (56, 57), which was associated with increased systemic
levels of inflammatory mediators (9, 58). Consistent with the
previous study (39), CS exposure resulted in an increase in ROS
release and lipid peroxidation products, as shown by release of
superoxide anion and DCF-DA staining in BAL cells, and 4-
HNE and MDA contents in lung homogenates of WT mice.
Targeted disruption of p21 decreased the release of ROS and
products of lipid peroxidation in the lungs in response to CS
exposure. Phosphorylation of p47phox is a key step in the
translocation of the cytoplasmic components of NADPH oxi-
dase into the cell membrane, where they form the active
NADPH oxidase, thus generating cellular ROS (59). Recent
studies show that PAK activity is required for efficient ROS
generation in human neutrophils by phosphorylating p47phox on
serine residues at ser141 and thr423 (60, 61). We observed that
CS exposure led to an increased phosphorylation of PAK
(ser141) and p47phox (serine residues) in WT mice, which was
decreased in p212/2 mice (data not shown). Therefore, the
reduced ROS release seen in genetically ablated p21 mice in

Figure 10. Decreased levels of monocyte chemotactic protein (MCP)-

1 and keratinocyte chemoattractant (KC) in peritoneal macrophages

from p212/2 mice in response to CSE treatment. Peritoneal macro-
phages were isolated from WT and p212/2 mice, and treated with

CSE (0.1, 0.2, and 0.4%). CSE induced the release of MCP-1 and KC

from peritoneal macrophages of WT mice; this release was attenuated

in peritoneal macrophages from p212/2 mice. Data are shown as
mean 6 SEM (n 5 4–5 per group). *P , 0.05, ***P , 0.001, significant

compared with respective control group; 1P , 0.05, significant

compared with respective CSE-treated peritoneal macrophages from

WT mice.

Figure 9. IKKb activity was attenuated in lungs of p212/2 mice in

response to CS exposure. Whole cell extracts from mouse lung tissue

were immunoprecipitated with an antibody against IKKb, and the
immunoprecipitates were subjected to kinase assay (KA) using GST-

IkBa as substrate. The samples were subjected to SDS-PAGE and

transferred onto PVDF membranes and were exposed to a film. Equal
amount of the immunoprecipitated kinase complex were confirmed by

immunoblotting (IB) for IKKb. (A) Representative blotting bands. (B)

Graphic summary of densitometric analysis of blotting bands from

three independent experiments (n 5 3–4 per group). The IKKb activity
was attenuated in lungs of p212/2 mice in response to CS. **P , 0.01,

***P , 0.001, significant compared with respective air-exposed group;
1P , 0.05, significant compared with CS-exposed WT mice.
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response to CS exposure may be associated with the decreased
phosphorylation of p47phox by inactivating PAK compared with
WT mice in response to CS exposure. Recently, it has been
shown that inhibition of p21-mediated ROS accumulation can
rescue p21-induced senescence (21). Therefore, reduced levels
of ROS in p212/2 mice may rescue CS-induced senescence of
lung cells, and explain the attenuation of lung inflammatory
response induced by CS and other pro-inflammatory agents.

In quiescent cells, NF-kB activity is mainly controlled by its
tight association with the IkB protein, which prevents NF-kB
from entering into the nucleus (53, 62). It has been shown that
IKKb activates NF-kB by regulating the phosphorylation,
ubiquitination, and degradation of IkB in response to diverse
stimuli. Furthermore, RelA/p65 can also be phosphorylated by
IKKb at the residues of ser536 and ser468 (54, 55). Our data
show that the IKKb activity and total nuclear level of RelA/p65
were decreased in lungs of p212/2 mice compared with WT
mice in response to CS exposure. Furthermore, the release of
NF-kB–dependent pro-inflammatory mediators, such as KC
and MCP-1, was also reduced from peritoneal macrophages of
p212/2 mice compared with WT mice in response to CSE
treatment. Therefore, these data demonstrated the reduced
activation of NF-kB in lungs of p212/2 mice in response to
CS exposure. Post-translational modification of NF-kB mem-
bers is believed to represent a second level of regulating NF-kB
activity (62–64). Several different phosphorylation sites have
been mapped for activating NF-kB RelA/p65 subunit (62, 64).
In our study, we observed an increased level of phosphorylation
in RelA/p65 on ser276 and ser536 residues in lung nuclear
proteins of WT mice in response to CS exposure, and this phos-
phorylation pattern was reduced in p212/2 mice. Previous
studies demonstrated that phosphorylation of RelA/p65 on
ser276 residue is required for association with CBP and NF-kB
transcriptional activity (65, 66). Therefore, our data showing
reduced phosphorylation of RelA/p65 expression will lead to
decreased interaction of RelA/p65 with co-activator CBP in
p212/2 mice. This observation is corroborated by studies
showing that p21 stimulate NF-kB activity through its effect
on the CBP/p300 transcription cofactor family, and genetic
ablation was associated with attenuation of NF-kB activation in
response to LPS in glial cells (27). Furthermore, it is known that
phosphorylation of ser536 on RelA/p65 is a prerequisite for
acetylation of lysine 310 on RelA/p65, which is required for full
and sustained transactivation by NF-kB–transactivator complex
leading to sustained pro-inflammatory gene expression (6, 67).
Recently, we have shown that acetylation of RelA/p65 plays an
important role in sustained inflammatory gene transcription in
the lungs of rats exposed to CS (6). Thus, reduced phosphor-
ylation of RelA/p65 on ser536 might contribute to decreased
acetylation of RelA/p65 and subsequent decreased inflamma-
tory response in p212/2 mice exposed to CS. However, further
studies are required to determine the mechanism of RelA/p65
regulation and chromatin remodeling by CBP in p212/2 mice
exposed to CS.

Previous studies showed that ROS is not necessarily directly
related to NF-kB activation (68, 69). However, a direct or
indirect link between ROS release and NF-kB activation is not
clear in the present system, although both of these parameters
were decreased in lungs of p212/2 mice compared with WT
mice in response to CS exposure. Nevertheless, based on our
in vivo and in vitro data, the reduced lung inflammatory
response was associated with decreased NF-kB activation in
peritoneal macrophages and ROS release from BAL cells
obtained from p212/2 mice in response to CS.

Cellular senescence is a state of irreversible growth
arrest induced either by telomere shortening or by telomere-

independent signals, such as DNA damage and oxidative stress.
CS-derived ROS are known to induce cellular senescence in
alveolar epithelial cells and lung fibroblasts in vitro and in vivo
(29, 30), which contribute to impaired re-epithelialization. Re-
cently, a new concept was proposed on cellular senescence/
proliferation and apoptosis in the pathogenesis of COPD
(emphysema) (12–14, 70). It is well known that p21 is an
important protein involved in cellular senescence (29, 30).
Our preliminary data showed that the reduced cell senescence
and redressing the imbalance of apoptosis/proliferation in lung
cells might confer the protection against detrimental effects of
CS in lungs of p21 ablated mice (H. Yao and colleagues,
unpublished observations). In the present study, the data
showing protection of oxidative, inflammatory, and injurious
responses in p212/2 mice (defective in G1 checkpoint control)
suggests a key role of p21 in underlying abnormal inflammation
in susceptible smokers. Further studies are in progress to
understand the mechanism of protection of p212/2 against
CS-induced airspace enlargement, oxidative (ROS generation)
and pro-inflammatory responses (NF-kB-CBP chromatin re-
modeling on pro-inflammatory gene promoters), and identifica-
tion of cell types involved in senescence, proliferation, and
apoptosis in lungs of p212/2 mice in response to chronic CS
exposure.

In summary, our data show that targeted disruption of p21
attenuates CS-, LPS-, or fMLP-mediated lung inflammatory
responses. CS-mediated oxidative stress, and fMLP-induced
airspace enlargement, are also decreased in lungs of p212/2
mice compared with WT mice. These findings are associated
with decreased NF-kB activation and ROS release. The possible
molecular mechanism of down-regulation of ROS release is due
to decreased phosphorylation of p47phox by down-modulating
the activation of PAK in p212/2 mice in response to CS expo-
sure. Reduction in inflammatory responses and oxidative stress
in p212/2 mice in response to CS exposure may have an effect
on redressing the imbalance of cell senescence/proliferation and
hence conferring protection against airspace enlargement.
Overall, our data may have ramifications in CS-induced senes-
cence/apoptosis in the pathogenesis of COPD/emphysema.
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