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Chronic obstructive pulmonary disease (COPD) is a disease common in elderly people, characterized by progressive
destruction of lung parenchyma and chronic inflammation of the airways. The pathogenesis of COPD remains unclear, but
recent studies suggest that oxidative stress-induced apoptosis in alveolar cells contributes to emphysematous lung
destruction. The proteasome is a multicatalytic enzyme complex that plays a critical role in proteostasis by rapidly
destroying misfolded and modified proteins generated by oxidative and other stresses. Proteasome activity decreases
with aging in many organs including lungs, and an age-related decline in proteasomal function has been implicated in
various age-related pathologies. However, the role of the proteasome system in the pathogenesis of COPD has not been
investigated. Recently, we have established a transgenic (Tg) mouse model with decreased proteasomal chymotrypsin-like
activity, showing age-related phenotypes. Using this model, we demonstrate here that decreased proteasomal function
accelerates cigarette smoke (CS)-induced pulmonary emphysema. CS-exposed Tg mice showed remarkable airspace
enlargement and increased foci of inflammation compared with wild-type controls. Importantly, apoptotic cells were
found in the alveolar walls of the affected lungs. Impaired proteasomal activity also enhanced apoptosis in cigarette
smoke extract (CSE)-exposed fibroblastic cells derived from mice and humans in vitro. Notably, aggresome formation and
prominent nuclear translocation of apoptosis-inducing factor were observed in CSE-exposed fibroblastic cells isolated
from Tg mice. Collective evidence suggests that CS exposure and impaired proteasomal activity coordinately enhance
apoptotic cell death in the alveolar walls that may be involved in the development and progression of emphysema in
susceptible individuals such as the elderly.
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Chronic obstructive pulmonary disease (COPD) involves
progressive airflow obstruction and airway inflammation, and
represents one of the leading causes of morbidity and mortality
throughout the world.1,2 The primary risk factor for COPD is
chronic cigarette smoke (CS) exposure; other risk factors for
COPD include wood fuel smoke, environmental air pollutants,
respiratory infection, and aging.3 The pathogenesis of COPD
remains poorly understood, but involves persistent inflamma-
tion, oxidative stress, impaired cell repair and cell death, and
destruction of extracellular matrix.4,5 In addition, recent
studies have suggested additional mechanisms involving altered
protein homeostasis (proteostasis),6,7 such as endoplasmic
reticulum (ER) stress, inhibition of the ubiquitin–proteasome
system, and autophagy.8–12

The proteasome is a multicatalytic enzyme complex
responsible for the maintenance of cellular homeostasis and
plays an essential role in numerous biologic processes such as
cell proliferation, cell cycling, gene transcription, apoptosis,
antioxidant responses, and immune reactions.13 In addition,
the proteasome serves as a protein quality control system by
rapidly destroying misfolded and oxidatively modified
proteins.14 Therefore, impaired proteasome function can
result in the accumulation of ubiquitinated and altered
proteins, resulting in cellular dysfunction and cell death.15

Physiologically, proteasomal activity is decreased with
age,16,17 and an age-associated decline in proteasome function
is widely assumed to contribute to the development of age-
related pathology and to the aging process itself.17 In COPD
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patients, an age-associated decline in proteasomal activity
and subunit expression has been found to inversely correlate
with lung function.9 However, the role of the proteasome in
the pathogenesis of COPD has not been experimentally
addressed.

Recently, we have established a transgenic (Tg) mouse
model with decreased proteasomal chymotrypsin-like
activity.18 Tg mice exhibited a shortened lifespan and age-
related phenotypes with the accumulation of polyubiquitinated
and oxidized proteins. Tg mice o12 weeks of age displayed no
apparent histological abnormality. However, after 24 weeks of
age, they exhibited lordokyphosis (curvature of the spinal
column) and a loss of subcutaneous adipose tissue and skeletal
muscle mass, both prominent features of normal aging. Tg
mice died without any gross pathological changes including
emphysema, cancer, and cardiovascular diseases. Interestingly,
Tg mice were susceptible to obesity induced by high-fat diet
and hepatic steatosis, similar to metabolic abnormalities
typically seen in aged mice.18 Using this model, we provide
in vivo evidence that decreased proteasomal function accel-
erates CS-induced pulmonary emphysema. Moreover, we
provide in vitro evidence that impaired proteasomal activity
promotes cigarette smoke extract (CSE)-induced aggresome
formation and increases apoptotic cell death mediated by
apoptosis-inducing factor (AIF).

MATERIALS AND METHODS
Mice and CS Exposure Experiments
Tg mice with decreased proteasomal chymotrypsin-like
activity were established as previously described.18 C57BL/6
mice were used as wild-type (WT) controls. Tg and WT mice
were housed on a 12-h light/dark cycle in climate-controlled,
pathogen-free barrier facilities. Using the SIS-CS system
(Shibata Scientific Technology, Tokyo, Japan), 9-week-old Tg
and WT mice were exposed to mainstream CS (5% CS,
60 min/day for 10 consecutive days or 5 days/week for
12 weeks), as previously reported.19 CS was generated from
commercially available filtered cigarettes (Marlboro, 12 mg
tar/1.0 mg nicotine; Philip Morris, Richmond, VA, USA).
Age-matched, nontreated control mice were exposed to room
air. All animal experiments were done according to the
Guidelines for the Care and Use of Laboratory Animals at
Hokkaido University Graduate School of Medicine.

Cell Isolation and Cell Culture
Primary lung fibroblastic cells (LFCs) and alveolar epithelial
cells (AECs) from C57BL/6 mice were purchased from Cell
Biologics (Chicago, IL, USA). Normal human lung fibroblastic
cells (NHLFs) were purchased from Lonza Japan (Tokyo,
Japan). Primary mouse fibroblastic cells (FCs) were isolated
from abdominal subcutaneous tissues of Tg or WT mice using
collagenase digestion. LFCs, AECs, and NHLFs were grown in
media recommended by the manufacturers, and FCs from Tg
or WT mice were grown in DMEM supplemented with 20%
fetal bovine serum, 100 U/ml penicillin, and 100 U/ml

streptomycin in an atmosphere of 5% CO2 and 95% O2 at
37 °C, and assayed during passages 3 to 4. An equivalent
number of cells (4.0 × 104/well in a 12 multiwell plate)
suspended in DMEM medium supplemented with 10% fetal
bovine serum, 100 U/ml penicillin, and 100 U/ml streptomycin
were treated with CSE (1.0 to 3.0%) for 16 h or PS-341 (10 to
100 nM) for 48 h. The concentration of CSE or PS-341 was
adjusted for each fibroblast strain to yield ∼ 10–30% annexin
V-positive cells after a single administration. For treatment
with both reagents, cells were incubated with PS-341 for 32 h,
and then CSE was added to the plates for 16 h. For nontreated
controls, we used PBS and DMEM medium for CSE and
PS-341, respectively.

Histological Analysis
The lungs were fixed with buffered 10% formalin via
endotracheal instillation at a pressure of 25 cmH2O. After
paraffin embedding, 4 μm sections were stained with
hematoxylin and eosin (H&E). Alveolar size of the lung was
assessed by the determination of the mean linear intercepts
(Lm). Lm was calculated based on 20 randomly selected fields
in each section (in total 50 fields/mouse) at × 200 magnifica-
tion with two crossed test lines.19 The intercepts of alveolar
walls with these lines were counted. Fields with airways or
blood vessels were not used for morphometry. To evaluate the
extent of inflammation in the lungs, the inflammatory foci in
which 450 lymphocytes formed an aggregate were counted.
TdT-mediated dUTP nick-end labeling (TUNEL) staining
was performed using the In situ Apoptosis Detection Kit
(Takara, Shiga, Japan) according to the manufacturer’s
protocol. To detect aggresomes, FCs were cultured in
chamber slides, and the slides were stained according to the
manufacturer’s instructions (Proteostat Aggresome Detection
Kit, Enzo Life Sciences, Lausen, Switzerland). For immuno-
fluorescence staining for AIF, FCs on chamber slides were
washed twice in PBS, fixed with 4% paraformaldehyde for
30 min, and permeabilized with 0.1% Triton-X in PBS for
5 min. After washing, the slides were incubated in PBS with
10% goat serum for 1 h at room temperature, followed by
overnight incubation with anti-AIF antibody (Ab) (Cell
Signaling Technology, Tokyo, Japan) at 4 °C. Sections were
labeled with Alexa 488-conjugated anti-rabbit IgG (Invitro-
gen) and mounted with DAPI-containing mounting medium
(Vector Laboratories, Burlingame, CA, USA) for nuclear
staining. Nuclear translocation of AIF was quantitated by
counting the percentage of cells with nuclear AIF in 10
randomly selected fields.

Preparation of CSE
CS exposure was modeled in vitro by preparing CSE according
to the published method.20,21 Briefly, one cigarette per trial
was fixed horizontally to be burned, and the main stream of
the smoke was aspirated at a flow rate of 1.050 l/min that was
strictly regulated by the KOFLOC mass flow controller
(MODEL 8300 series, Kojima Instruments, Kyoto, Japan).
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The main stream of the smoke was passed through a
Cambridge glass fiber filter to remove the tar phase and
nicotine from the CS, and the remaining gas phase of the
smoke was directly collected in a cooled vessel at − 80 °C with
dry ice–acetone and stored at − 80 °C.

Flow Cytometry
For the detection of aggresomes, cells were stained according
to the manufacturer’s instructions (Proteostat Aggresome
Detection Kit). Data were evaluated by relative values, setting
the mean fluorescence intensity (MFI) of WT controls as 1.
Surface exposure of phosphatidylserine in apoptotic cells was
quantitatively detected using the annexin V-FITC Apoptosis
Kit (BioVision, Mountain View, CA, USA). Flow cytometric
analysis was performed using FACSCalibur and CellQuest
software (BD Bioscience, Tokyo, Japan).

Western Blot Analysis
FCs were lysed in a buffer containing 150mM NaCl, 20 mM
Tris-HCl (pH 7.5), 0.2% NP-40, and 1mM DTT, and
centrifuged at 15 000 g for 10 min. The supernatants (10 μg
aliquot of total protein) were subjected to SDS-PAGE and
blotted to nitrocellulose membranes. The blots were probed
with Abs, and reacted with horseradish peroxidase-conjugated
anti-rabbit IgG (Jackson ImmunoResearch, West Grove, PA,
USA) for immunodetection. The immune complexes were
visualized by enhanced chemiluminescence (Amersham, Pis-
cataway, NJ, USA) and analyzed by Image Gauge software
(Fujifilm, Tokyo, Japan). Abs for GRP78 and actin were
purchased from Abcam Japan (Tokyo, Japan). Abs for caspase-
3 and AIF were purchased from Cell Signaling Technology.

Statistical Analysis
We performed statistical analyses for two unmatched groups
with the unpaired two-tail Student’s t-test. For the analysis of
three or more unmatched groups, one-way ANOVA with
multiple comparisons/post hoc tests was performed. P-values
of o0.05 were considered significant.

RESULTS
Decreased Proteasomal Function Accelerates CS-Induced
Pulmonary Emphysema In Vivo
To investigate the involvement of proteasomal function in the
pathogenesis of COPD, Tg mice with decreased proteasomal
chymotrypsin-like activity were exposed to CS. Although a
slight increase in the airspace was observed in the lung tissue
of CS-exposed WT mice, the airspace was remarkably
enlarged in CS-exposed Tg mice. Lm was significantly
increased in CS-exposed Tg mice (Figures 1a and b). In

addition, the number of foci with inflammatory cell
infiltration was increased in CS-exposed Tg mice (Figures
1a and c). As recent studies from both animal models and
COPD patients suggest that apoptosis may represent an
important factor in the pathogenesis of COPD,22–24 we next
performed TUNEL staining to detect apoptotic cells in the
lungs of CS-exposed mice. As shown in Figures 1d and e,
apoptotic cells were abundantly found in the affected lungs of
CS-exposed Tg mice. These results suggest that decreased
proteasomal function accelerates CS-induced apoptotic cell
death in the lungs that then leads to morphologic features
characteristic of pulmonary emphysema such as airspace
enlargement and destruction of alveolar walls.

CSE-Induced Apoptotic Cell Death Is Increased in
Fibroblastic Cells with Impaired Proteasomal Function
Fibroblasts are the main cell type in the lung interstitium, and
play a pivotal role in the repair, remodeling, and maintenance
of alveolar structure.25 To examine whether decreased protea-
somal activity aggravates CSE-induced apoptosis, we performed
in vitro experiments using primary cells derived from mouse
lungs. First, we examined the induction of apoptosis by
CSE and/or PS-341 in LFCs and AECs. As shown in
Figure 2a, PS-341 treatment increased annexin V-positive
cells to a similar extent in LFCs and AECs. However, CSE
treatment did not induce cell death in AECs in the
concentrations tested.

Next, LFCs and AECs were incubated in CSE-containing
medium (1.0%) for 16 h with or without prior treatment with
proteasome inhibitor PS-341 (50 nM) for 32 h. When LFCs
were treated with both CSE and PS-341, the number of
annexin V-positive cells was significantly increased in
comparison with control and cells treated with CSE or
PS-341 alone (Figure 2b). The proportion of propidium
iodide (PI)-positive cells in annexin V-positive cells was also
significantly increased, indicating that either late apoptotic or
necrotic cells were induced in CSE-exposed LFCs with
decreased proteasomal function. In contrast, consistent with
the observation that CSE failed to induce apoptosis in AECs,
the number of annexin V-positive cells and PI-positive cells
was almost the same in cells treated with PS-341 alone and
those treated with both PS-341 and CSE (Figure 2c). When
we used human NHLFs, apoptotic cell death was significantly
increased in cells treated with both CSE and PS-341, in
comparison with control and cells treated with CSE or PS-341
alone (Figure 2d). Similar results were obtained with mouse
FCs derived from subcutaneous tissues (Figure 2e), suggesting
that fibroblasts are sensitive to CSE- and PS-341-induced

Figure 1 CS-induced pulmonary emphysema in mice with decreased proteasomal function. (a) Representative photographs of lung tissues in WT and
Tg mice exposed or not exposed to CS. (b) Mean linear intercept (Lm) of the lung. (c) Number of inflammatory foci in the lung. Foci with the infiltration
of 450 lymphocytes were counted. HPF, high-power field. (d) Apoptotic cells in the lung of CS-exposed mice. Apoptotic cells (arrows) were identified
with TUNEL staining. (e) Number of apoptotic cells in the lung of CS-exposed mice. TUNEL-positive cells were counted in square 200 μm. All data are
presented as means ± s.d. (n= 10). *Po0.05; **Po0.01.
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apoptosis in both humans and mice, and presumably
regardless of their tissue origin. It appears that CS exposure
and impaired proteasomal activity coordinately induce
apoptotic cell death in fibroblasts.

Finally, we exposed FCs from WT or Tg mice to 1% CSE
for 16 h. As shown in Figure 2f, the number of annexin
V-positive cells was significantly increased in FCs from both
WT and Tg mice compared with non-CSE-exposed FCs.

Figure 2 CSE-induced apoptotic cell death in fibroblastic cells with impaired proteasomal function. (a) Sensitivity to CSE and PS-341 in LFCs and AECs.
(b–d) Apoptotic cell death in CSE- and/or PS-341-exposed LFCs (b), AECs (c), NHLFs (d), and primary mouse FCs derived from subcutaneous tissues (e).
Cells were incubated in culture medium containing indicated concentrations of PS-341 and/or CSE. (f) Apoptotic cell death in CSE-exposed FCs from WT
and Tg mice. FCs from WT and Tg mice were exposed to 1% CSE for 16 h. All data are presented as means ± s.d. from three independent experiments
(n= 5 per group). *Po0.05; **Po0.01; ***Po0.001.
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Interestingly, annexin V-positive cells were more abundant
in Tg mice-derived FCs than in WT mice-derived FCs
(Figure 2f, upper panel). The proportion of PI-positive cells
in annexin V-positive cells was also significantly increased in
CSE-exposed FCs from Tg mice (Figure 2f, lower panel).
Taken together, these results indicate that the impairment of
proteasomal function potentiates CSE-induced cell death in
FCs, regardless of whether it is induced by genetic manipula-
tion or by a specific inhibitor.

CSE-Induced Aggresome Formation Is Enhanced in FCs
with Impaired Proteasomal Function
Each CS contains 41014 free radicals, including reactive
oxygen species (ROS), that impose strong oxidative stress
resulting in the formation of misfolded and aggregated
proteins.26,27 Misfolded or abnormal proteins are either
refolded by chaperones or degraded by proteasomes. However,
when proteasomal function is impaired, misfolded proteins
form aggresomes, resulting in cellular toxicity.28,29 Consistent
with these observations, we have previously demonstrated that
FCs from Tg mice with impaired proteasomal function show
enhanced aggresome formation.18

We therefore examined the effect of CSE exposure on
aggresome formation in FCs from WT and Tg mice (Figure 3).
When FCs were incubated in CSE-containing medium,
aggresome formation occurred in FCs from both WT and Tg
mice. However, aggresome formation was much more
prominent in FCs from Tg mice, indicating that decreased
proteasomal activity enhances aggresome formation induced by
oxidative stress.

Expression of ER Stress and Apoptosis-Related Molecules
in CSE-Exposed FCs with Impaired Proteasomal Function
Oxidative stress causes the accumulation of misfolded and
unfolded proteins in the ER.30 The resultant ER stress induces
expression of ER chaperones, inhibits translation, and
promotes the retrograde transport of misfolded proteins to
the cytosol for degradation by the proteasome (a process
known as ER-associated degradation (ERAD)),31 thus restor-
ing protein homeostasis. Impaired proteasomal activity
disrupts ERAD, resulting in increased ER stress, and when
stress persists and becomes more severe, it can trigger
apoptosis.15,32 In addition, oxidative stress can induce the
disintegration of mitochondrial membrane, leading to
mitochondria-associated events such as apoptosis.33

To examine the apoptosis pathways involved in CSE-
induced cell death prominently observed in FCs with
decreased proteasomal function, we analyzed the expression
of the following molecules involved in ER stress and apop-
tosis: glucose-regulated protein 78 (GRP78), a major ER-
resident chaperone; caspase-3 and cleaved caspase-3, key
executioners of apoptosis wherein mitochondrial and ER
stress pathways converge; and AIF.34–36 Expression of
GRP78 was upregulated in CSE-exposed FCs from Tg
mice (Figure 4a). However, cleaved caspase-3 showed no

significant increase in CSE-exposed FCs from WT or Tg
mice (Figure 4a), indicating that apoptosis was mainly
induced by a caspase-independent mechanism. Notably,
expression of AIF was increased, and prominent nuclear
translocation of AIF was frequently observed in CSE-exposed
FCs from Tg mice compared with those from WT mice
(Figure 4b).

DISCUSSION
Recent studies from both animal models and patients suggest
that oxidative stress-induced apoptosis is an important factor
in the pathogenesis of COPD and contributes to emphyse-
matous lung destruction in response to CS.22–24 On the other
hand, a significant increase in the prevalence of COPD among

Figure 3 CSE-induced aggresomes in FCs with impaired proteasomal
function. Aggresome formation was detected by immunohistochemistry
(a) and flow cytometry (b). FCs from WT and Tg mice were cultured in
CSE-containing medium (1.0%) and subjected to the experiments. (a)
Representative photographs. Red, aggresomes; blue, nuclear DAPI stain.
(b) Flow cytometry data were evaluated by relative values, setting the
MFI of WT controls as 1. Data were from three independent experiments.
*Po0.05.
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the elderly is assumed to be attributable to age-associated
changes in the lung.37 Decreased proteasomal activity
with aging has been widely documented in many organs
including lungs.16,38,39 An age-related decrease in proteasome
activity weakens cellular capacity to remove damaged proteins
and favors the development of diseases.38 In this study,
taking advantage of the mouse model developed in our
laboratory,18 we provided direct in vivo evidence for the first
time that decreased proteasomal function accelerates
CS-induced pulmonary emphysema (Figure 1). Moreover,
FCs with impaired proteasomal activity showed increased
susceptibility to CS-induced apoptotic cell death in vitro
(Figures 2 and 4). These observations indicate strongly that an
age-related decrease in proteasomal function contributes to
CS-induced alveolar wall damages and to the development
of COPD.

Oxidative stress elicits ER stress that triggers the unfolded
protein response (UPR) to restore protein homeostasis.
GRP78 acts as a master regulator in this response to protect
cells against the toxic buildup of misfolded proteins.35,40

Misfolded proteins are then degraded by proteasomes via
ERAD.31,41 Thus, impaired proteasomal activity disrupts
UPR, causing aggregation and accumulation of misfolded
proteins, G2/M cell cycle arrest, and eventually cell death.15,28

It has been reported that CS causes ER stress in the lungs
of patients with COPD, implicating ER stress in its

pathogenesis.42,43 CSE-exposed FCs from Tg mice showed
increased expression of GRP78 and aggresome formation
(Figures 3 and 4a). These results suggest that CS exposure and
decreased proteasomal function additively or possibly even
synergistically cause strong ER stress in the lung, over-
whelming the capacity of the proteostasis system and
ultimately leading to cell death and tissue destruction.

Along with the ER, mitochondria are prime targets of
oxidative stress; they play an important role in both caspase-
dependent and -independent apoptotic pathways.36,44 A major
caspase-independent mechanism of cell death is regulated by
AIF, a flavoprotein normally localized in the outer mitochon-
drial membrane.36 Upon release from the mitochondria, AIF
translocates to the nucleus where it induces DNA fragmenta-
tion and chromatin condensation.45 In the present study, there
was no significant activation of caspase-3 in CSE-exposed FCs
(Figure 4a). Instead, we found increased expression of AIF and
its nuclear translocation in CSE-exposed FCs from Tg mice
(Figure 4b). This is consistent with the previous observation
that proteasomal inhibition reduces AIF ubiquitination,46 alters
mitochondrial membrane potentials, and induces the nuclear
translocation of AIF through downregulation of ERK and Akt/
mTOR pathways.47

Increased alveolar cell apoptosis is observed in the
emphysematous lung.48–51 The loss of alveolar wall structure
associated with emphysema may be precipitated by an
imbalance of cell proliferation and death, with excessive
apoptosis leading to emphysematous lesions.52 Many cells
within the alveolar wall are sensitive to CS, including immune
cells, endothelial and epithelial cells, and fibroblasts.53–57 Both
epithelial cells and fibroblasts rapidly undergo apoptosis after
CS exposure.56–58 Thus, the coordinated loss of structural and
repair cells in alveoli coupled with chronic inflammation
presumably constitutes the central events during the devel-
opment and progression of emphysema.23,59 Interestingly,
CSE-induced apoptosis was observed in LFCs, but not in
AECs, in this study (Figure 2). The observation that AECs
were not sensitive to CSE-induced apoptosis may appear
inconsistent with previous studies. However, experimental
designs including the source of cells, CSE concentrations, and
incubation time vary greatly among individual reports.58,60–62

To our knowledge, few studies have addressed a cell type-
specific difference in sensitivity to CSE-induced apoptosis. In
this study, we compared the sensitivity to CSE and PS-341
using mouse primary cells with the same C57BL/6-back-
ground, revealing that LFCs exhibit higher sensitivity to
CSE than AECs in the concentrations tested. Fibroblasts
are the main cell type in the lung interstitium and
provide structural support to the alveolar compartment;
they are believed to be an important target of CS-induced
damage.57,63–65

Failure to maintain protein homeostasis causes many
human diseases.66 In addition, aging is accompanied by a
gradual, yet progressive, decrease in proteasomal function.
Our findings provide important insights into the pathogenesis

Figure 4 Expression of ER stress and apoptosis-related molecules in CSE-
exposed FCs with impaired proteasomal function. (a) Western blot
analysis of GRP78, caspase-3, cleaved caspase-3, and AIF in CSE-exposed
and -nonexposed FCs. Analysis was performed for FCs from WT and Tg
mice. (b) Nuclear translocation of AIF was detected by
immunofluorescence staining. Dense accumulation of AIF was observed in
CSE-exposed FCs from Tg mice (arrow). Nuclear translocation of AIF was
quantitated by counting the percentage of cells with nuclear AIF in 10
randomly selected fields. *Po0.05; **Po0.01.
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of age-related emphysema, and should contribute to the
development of a new approach to the prevention and
treatment of COPD.
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