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INTRODUCTION

Chronic obstructive pulmonary disease (COPD) is a 
common, preventable, and treatable disease, charac-
terized by limited airflow that is persistent, typically 
progressive, and associated with chronic pulmonary 
inflammatory responses to noxious particles and gas-

es [1]. The incidence of COPD has increased in recent 
decades and is estimated to become the third leading 
cause of death by 2020 [2]. Of the Korean population 
older than 45 years, 17.2% have some degree of airway 
obstruction; i.e., their forced expiratory volume in 1 sec-
onds/forced vital capacity ratio is < 0.7, emphasizing the 
clinical importance of COPD [3]. A previous cross-sec-
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Background/Aims: Acute exacerbations in chronic obstructive pulmonary dis-
ease may be related to air pollution, of which ozone is an important constituent. 
In this study, we investigated the protein profiles associated with ozone-induced 
exacerbations in a smoking-induced emphysema model.
Methods: Mice were divided into the following groups: group I, no smoking and 
no ozone (NS + NO); group II, no smoking and ozone (NS + O); group III, smoking 
and no ozone (S + NO); and group IV, smoking and ozone (S + O). Bronchoalveolar 
lavage, the mean linear intercept (MLI) on hematoxylin and eosin staining, na-
no-liquid chromatography-tandem mass spectrometry (LC-MS/MS), and Western 
blotting analyses were performed.
Results: The MLIs of groups III (S + NO) and IV (S + O) (45 ± 2 and 44 ± 3 μm, re-
spectively) were significantly higher than those of groups I (NS + NO) and II (NS 
+ O) (26 ± 2 and 23 ± 2 μm, respectively; p < 0.05). Fourteen spots that showed sig-
nificantly different intensities on image analyses of two-dimensional (2D) protein 
electrophoresis in group I (NS + NO) were identified by LC-MS/MS. The levels of 
six proteins were higher in group IV (S + O). The levels of vimentin, lactate de-
hydrogenase A, and triose phosphate isomerase were decreased by both smoking 
and ozone treatment in Western blotting and proteomic analyses. In contrast, 
TBC1 domain family 5 (TBC1D5) and lamin A were increased by both smoking 
and ozone treatment.
Conclusions: TBC1D5 could be a biomarker of ozone-induced lung injury in em-
physema.

Keywords: Proteomics; Pulmonary disease, chronic obstructive; Ozone; Chroma-
tography, liquid; Mass spectrometry
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tional study reported that the mortality rate increased 
to 2.5% in COPD patients with acute exacerbations of 
COPD (AECOPD) [4]. Additionally, acute exacerbations 
can reduce long-term survival in patients with COPD 
[5,6]. Two known common causes of AECOPD are re-
spiratory infections and air pollution [1]. Among the air 
pollution causes of AECOPD, ozone is an important fac-
tor. One study found that the 2-day cumulative effect of 
a 5 ppb increase in ozone increased the hospital admis-
sions of patients with COPD [7]. Other studies have also 
shown that an elevated level of ozone is associated with 
COPD-related hospital admissions [8,9].

Exogenous reactive oxygen species (ROS), from ciga-
rette smoking, and endogenous ROS, from inflammato-
ry cells, contribute to the pathogenesis of COPD [10,11]. 
However, no clear explanation of ozone-induced COPD 
exacerbations exists. We suggest that additive oxygen 
toxicity may play a pivotal role in the pathogenesis of 
COPD exacerbations, based on reports of elevated levels 
of hydrogen peroxide in exhaled air and interleukin 8 
(IL-8) and soluble intercellular adhesion molecule-1 in 
the serum of patients with COPD exacerbations [12].

If biomarkers of COPD exacerbations due to ozone 
could be identified, the causative factors of COPD exac-
erbations and their early detection may be facilitated. To 
this end, biomarkers should be identified, as do the un-
derlying mechanisms of this ailment. Several markers, 
including serum surfactant protein A, have been evalu-
ated in patients with AECOPD, but, to date, no marker 
that can differentiate between COPD and AECOPD has 
been identified [13,14].

Identifying respiratory disease-specific proteins in 
the airway and alveolar lining fluids is important be-
cause such proteins will enable early detection, prog-
nostic assessment, and treatment. Thus, large-scale, 
high-throughput, and whole-proteome studies of bron-
choalveolar lavage (BAL) fluids using two-dimensional 
electrophoresis (2DE) and matrix-assisted laser desorp-
tion/ionization-time of flight mass spectrometry have 
been conducted to determine the proteomic contribu-
tion to asthma and idiopathic pulmonary fibrosis [15,16]. 
In the present study, we sought to identify proteins spe-
cific to ozone-induced AECOPD in lung tissues using 
differential-display proteomics.

To our knowledge, few reports have described ex-
perimental models of AECOPD. In particular, a study 

of ozone-induced lung damage in a smoking-induced 
emphysema model represented the first report related 
to AECOPD. In the present study, we identified AE-
COPD-specific proteins in a novel model of AECOPD, 
based on smoking and ozone.

METHODS 

Animals
Male BALB/c mice, at 7 weeks of age, were purchased 
from Central Lab Animal Inc. (Seoul, Korea). The ani-
mals were housed in a temperature- and humidity-con-
trolled room with free access to water and standard 
laboratory food. The animals were assigned randomly 
to four groups, for exposure to filtered air (group I, no 
smoking and no ozone, NS + NO), ozone (group II, no 
smoking and ozone, NS + O), smoking (group III, smok-
ing and no ozone, S + NO), and smoking followed by 
ozone (group IV, smoking and ozone, S + O). Each group 
consisted of six animals.

Cigarette smoke exposure
Mice in the smoking groups were exposed to five cig-
arettes per day for 5 days per week for 6 months (‘This’ 
cigarettes, 6.5-mg tar and 0.65-mg nicotine; KT&G, Dae-
jeon, Korea). On each day of exposure, animals were 
placed individually inside a Plexiglass cabinet (850 × 350 
× 300 mm). Cigarette smoke was delivered into the cabi-
net through air inflow at a rate of 1.7 mL/sec with a burn-
ing cigarette using an automatic machine (Threeshine 
Co., Daejeon, Korea); the combustion time of the ciga-
rette was less than 4 minutes. A fan inside the cabinet 
ensured rapid and equal distribution of the smoke. 
Fresh air was then delivered to the cabinet to remove 
the smoke. During exposure, animals, including control 
animals, did not receive food or water but were allowed 
free access to both after exposure.

Ozone exposure
Ozone exposure was performed 2 days after the last 
day of cigarette smoke inhalation. The ozone system 
delivered ozone concentrations of 0.1 to 3 ppm, gener-
ated by an electric discharge ozone generator (SW-OG-
MD-L001, Swater Inc., Bucheon, Korea). The concen-
trations of ozone were monitored continuously with an 
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ozone monitor (IN2000-L2-LC, IN USA Inc., Needham, 
MA, USA), which can detect ozone concentrations be-
tween 0 and 3 ppm. On the day of the experiment, six 
mice were placed into the exposure chamber simultane-
ously and were exposed to 3 ppm for 2 hours. The mice 
were sacrificed 6 hours after ozone exposure.

Bronchoalveolar lavage 
BAL was performed 3 hours after exposure to ozone as 
described previously [17]. Briefly, BAL fluid was obtained 
by instilling saline into the lungs three times through 
a tracheal tube using a total volume of 1.5 mL. The BAL 
fluid was centrifuged (150 ×g, 10 minutes, 4°C), and the 
cell pellet was resuspended in 1-mL phosphate-buff-
ered saline. Then, 100 μL of cell suspension were mixed 
with the same volume of 4% trypan blue to determine 
cell counts and viability. To determine differential cell 
counts in BAL fluid, 5 × 103 cells were mounted on a slide 
by cytocentrifugation and stained with Diff-Quik (Bax-
ter Healthcare, Miami, FL, USA).

Tissue preparation and fixation
Following BAL, the chest wall was opened. The right 
lungs were snap-frozen in liquid nitrogen and stored for 
protein analysis (Western blot and proteomic analysis). 
The left lungs were inflated with 10% phosphate-buff-
ered formalin at a transpulmonary pressure of 25 cm-
H2O for 1 hour. The tissues were embedded in paraffin 
wax blocks and were cut for hematoxylin and eosin 
staining and immunohistochemistry for matrix metal-
loproteinase-12 (MMP-12).

Mean linear intercept
To calculate the change in alveolar destruction, we mea-
sured the air space size using the mean linear intercept 
(MLI) according to a modified version of a method de-
scribed previously [18]. Briefly, after paraffin wax em-
bedding, 5-μm sections were cut and stained with he-
matoxylin and eosin according to standard methods. 
Ten randomly selected fields at a magnification of ×100 
from each lung were assessed. Fifteen lines were placed 
randomly on the lung sections, and the number of in-
tercepts crossing the alveolar wall was determined. The 
MLI was calculated from the length of the lines multi-
plied by the number of the lines divided by the sum of 
all counted intercepts.

Sample preparation, two-dimensional electrophore-
sis, and image analysis
Protein (200 μg) from each group of lung tissue was used 
for the 2DE analysis. First, 1 mg of protein from each 
lung sample was precipitated with 10% trichloroacetic 
acid in acetone and resuspended in the sample solution. 
Immobiline Dry Strips (Amersham Biosciences, Little 
Chalfont, UK) were used for isoelectric focusing, which 
was carried out using 1 mg of the extracted protein in 
a MultiPhor II system (GE Healthcare, Little Chalfont, 
UK). After isoelectric focusing separation, the proteins 
were separated in the second dimension by sodium do-
decyl sulfate-polyacrylamide gel electrophoresis. For 
image analysis, the gels were visualized with Coomassie 
Brilliant Blue G-250 according to the manufacturer’s 
instructions. The 2D gels were scanned with an Ima-
geScanner (Bio-Rad Laboratories Inc., Hercules, CA, 
USA) in transmission mode. Spot detection and match-
ing were performed using ImageMaster 2D version 5.0 
(Amersham Biosciences). Digitized images were ana-
lyzed using the ImageMaster software to calculate the 
2D spot intensity by integrating the optical density over 
the spot area (the spot “volume”); the images were then 
normalized [19].

Protein identification by nano liquid chromatog-
raphy-tandem mass spectrometry and database 
searching
Differentially expressed protein spots were excised from 
the 2D gels, cut into smaller pieces, and digested with 
trypsin (Promega, Madison, WI, USA) as described pre-
viously [20]. All nano liquid chromatography-tandem 
mass spectrometry (LC-MS/MS) experiments were per-
formed using an Agilent Nanoflow Proteomics Solution 
featuring an Agilent 1100 Series nano-LC system (Agi-
lent Technologies, Santa Clara, CA, USA) for MS/MS 
coupled through an orthogonal nanospray ion source to 
an Agilent 1100 Series LC/mass selective detector (MSD) 
Trap XCT ion trap mass spectrometer.

The nano-LC system was operated in the sample en-
richment/desalting mode with a Zorbax 300SB-C18 en-
richment column (0.3 × 50 mm; 5 μm). Chromatography 
was performed using a Zorbax 300SB-C18 (75 μm × 150 
mm) nanocolumn. The column was eluted with a gra-
dient beginning with isocratic application of 3% solvent 
B (0.1% formic acid in acetonitrile) and 97% solvent 
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A (0.1% formic acid in water) for 5 minutes. Then, the 
gradient mixture was changed to 10% B over 5 minutes 
(from 5 to 10), 45% B over 40 minutes (10 to 50), 90% B 
(isocratic) for 5 minutes (55 to 60), and 3% B over 1 min-
ute (60 to 61); finally, the column was washed with 3% B 
for 10 minutes.

The LC/MSD Trap XCT was operated in the unique 
peptide scan Auto-MS/MS mode. The ionization mode 
was positive nanoelectrospray with an Agilent orthogo-
nal source. The drying gas flowed at 5 L/min at a tem-
perature of 300°C. Vcap was typically 1,800 to 1,900 V 
with skim 1 at 30 V, and the capillary exit was offset at 75 
V. The trap drive was set at 85 V with averages of one or 
two. The ion charge control was on with a maximum ac-
cumulation time of 150 ms, the smart target was 125,000, 
and the MS scan range was 300 to 2,200. Automatic MS/
MS was performed in the ultrascan mode with the num-
ber of parents at 2, averages of 2, a fragmentation am-
plitude of 1.15 V, SmartFrag on (30% to 200%), active ex-
clusion on (after two spectra for 1 minute), prefer +2 on, 
an MS/MS scan range of 100 to 1,800, and ultrascan on. 
Each acquired MS/MS spectrum was searched against 
the non-redundant protein sequence database using the 
Spectrum Mill software [20].

Immunohistochemistry
A VectaStatin rabbit ABC Elite kit (Vector Laboratories, 
Burlingame, CA, USA) was used for immunostaining. 
Tissue sections (5 μm) were deparaffinized, endogenous 
peroxidase was blocked with 1.4% H2O2 in methyl alco-
hol for 30 minutes, and nonspecific binding was blocked 
with 1.5% normal rabbit serum for 30 minutes. The sec-
tions were incubated with rabbit polyclonal anti-mouse 
MMP-12 antibody (1:100; Abcam, Cambridge, UK) at 4°C 
for 16 hours. After washing with Tris-buffered saline 
(TBS), the sections were sequentially incubated with bi-
otinylated rabbit anti-rabbit immunoglobulin G (H + L; 
1:200, Vector Laboratories) and avidin-biotin peroxidase 
complex (1:50, ABC kit, Vector Laboratories) for 30 min-
utes. The color reaction was developed with 3,3’-diami-
no-benzidine tetrachloride (Zymed Laboratories, San 
Francisco, CA, USA), and Harris hematoxylin was used 
as a counterstain.

Western blotting
First, 20-μg protein from each lung tissue sample were 

electrophoresed on 15% polyacrylamide gels using a 
discontinuous gel. The proteins were transferred to ni-
trocellulose membranes at 120 V for 40 minutes. After 
blocking in 5% skim milk and 0.1% NP40 in TBS for 
2 hours at room temperature, the membranes were in-
cubated with the following primary antibodies: rabbit 
polyclonal antibody to vimentin (Cell Signaling, Bev-
erly, MA, USA), rabbit polyclonal antibody to lactate 
dehydrogenase A (LDHA; Novus Biologicals, Littleton, 
CO, USA), mouse monoclonal antibody to TBC1 domain 
family 5 (TBC1D5, Santa Cruz Biotechnology, CA, USA), 
goat polyclonal to triose phosphate isomerase (TPI; Ab-
cam), rabbit polyclonal antibody to gelsolin (Abcam), 
and rabbit polyclonal antibody to lamin A (Abcam). The 
membrane was then incubated with horseradish per-
oxidase-conjugated anti-rabbit IgG (1:5,000 dilution) 
for 1 hour at room temperature. The target protein was 
detected using enhanced chemiluminescence solution 
(Amersham Pharmacia Biotech).

Statistics
Kruskal-Wallis nonparametric tests were used to com-
pare the number of cells in the BAL fluid and MLIs 
across the four groups. The Mann-Whitney U test was 
used for comparisons between each group, and then 
Bonferroni correction was applied to counteract the 
problem of multiple comparisons if the overall p value 
comparing all four groups was less than 0.05. All analy-
ses were performed using the SPSS version 21 (IBM Co., 
Armonk, NY, USA).

RESULTS

Cellular profiles in BAL fluid
In group IV (S + O), significant increases were noted in 
the total cell count and number of macrophages com-
pared with the other groups. The total cell counts and 
number of macrophages were higher in group II (NS 
+ O) and III (S + NO) than in group I (NS + NO) (Fig. 
1A and 1B). The number of macrophages was lower in 
group III (S + NO) than in group II (NS + O) (Fig. 1B). Sig-
nificantly higher numbers of neutrophils and lympho-
cytes were found in group IV (S + O) than in the other 
groups. There were also significantly more neutrophils 
and lymphocytes in groups II (NS + O) and III (S + NO) 
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than in group I (NS + NO). No difference was observed in 
the number of eosinophils among the groups (Fig. 1C).

Histology and morphometric analysis
In groups I and II, the architecture of the alveolar septa 
and spaces were well preserved; however, in group III (S 
+ NO) and IV (S + O), the alveoli were confluent and en-
larged (Fig. 2). In group II (NS + O), more inflammatory 
cells had infiltrated into the interstitium than in group 
I (NS + NO) (small rectangle). The number of infiltrated 
cells was not different between groups III (S + NO) and 
IV (S + O).

Immunohistochemical staining for MMP-12 showed 
no difference in the number of MMP-12-positive cells 
between groups I and II; additionally, no difference was 

noted in the number of MMP-12-positive cells between 
groups III (S + NO) and IV (S + O) (Fig. 3).

Alveolar destruction was quantified using the MLI, 
which was significantly higher in groups III (S + NO) 
and IV (S + O) (45 ± 2 and 44 ± 3 μm, respectively) com-
pared with in groups I and II (26 ± 2 and 23 ± 2 μm, re-
spectively) (Fig. 4).

Two-dimensional electrophoresis and protein analysis
The differential expression of proteins in 1-mg total 
lung protein from each group was evaluated using 2DE 
(Fig. 5) and Coomassie blue staining. All of the identified 
spots were localized at a pH of 4 to 10 in the molecu-
lar mass range of 5 to 150 kDa. Fourteen spots that had 
significantly higher optical densities in group I (NS + 
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Figure 1. Total cell count (A), and macrophage (B), and 
neutrophil, lymphocyte, and eosinophil counts (C) in 
bronchoalveolar lavage f luid. There were signif icant 
increases in the total cell count and number of macrophages 
in group IV smoking and ozone (S + O) versus the other 
groups. In groups II no smoking and ozone (NS + O) and 
III smoking and no ozone (S + NO), the total cell count 
and number of macrophages were higher compared to 
those in group I no smoking and no ozone (NS + NO) (A, 
B). The number of macrophages was lower in group III (S 
+ NO) than in group II (NS + O) (B). There were significant 
increases in the number of neutrophils and lymphocytes 
in group IV (S + O) versus the other groups. The numbers 
of neutrophils and lymphocytes were significantly higher 
in groups II (NS + O) and III (S + NO) than in group I (NS 
+ NO). No difference was found in the eosinophil count 
among the groups (C). ap < 0.05, bp < 0.01, cp < 0.001 vs. I, dp < 
0.05, ep < 0.001, vs. II, fp < 0.01, gp < 0.001, vs. III.
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NO) compared with the other groups, and six spots that 
had significantly lower optical densities in group I (NS + 
NO) compared with the other groups, were selected for 
analysis. The relative intensities of the spots are listed 

in Table 1, and the locations of the identified spots are 
shown in a master image (Fig. 5). The proteins of interest 
were analyzed by LC/MSD Trap XCT MS after tryptic 
digestion.

Spot 1 (inositol triphosphate receptor) showed a sig-
nificantly higher relative intensity in group I (NS + NO) 
than in the other groups. Similar to spot 1, the 13 other 
proteins also showed higher relative intensities (Table 
1). These proteins were involved in signaling, cytoskele-
ton, immunity, metabolism, and enzymatic activity.

We identified six proteins the levels of which were 
higher in groups II (NS + O), III (S + NO), and IV (S + 
O). These proteins were in spots 15 (TATA box-binding 
protein), 16 (novel protein), 17 (TBC1 domain family), 
18 (SOX-5), 19 (Lamin A), and 20 (aminodipate semial-
dehyde dehydrogenase) and were involved in signaling, 
immunity, cytoskeleton, and enzymatic activity (Table 1).

Western blotting
The higher expression levels of the proteins inositol 
triphosphate receptor, gelsolin, vimentin, fatty acid syn-
thase (FAS), LDHA, TPI, IL-24, and NOP56 in group I 
(NS + NO) versus the other groups (Table 1) were validat-
ed by Western blotting. Similar to the proteomics data, 
the densities of vimentin, LDHA, and TPI were higher 
in group I (NS + NO) (Fig. 6A). However, the densities of 
gelsolin were higher in groups I (NS + NO) and IV (S + 
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Figure 2. (A-D) Hematoxylin  and eosin staining of the lung 
(×100) and magnified images (rectangle, ×400). In groups I 
(A) and II (B), the architecture of the alveolar septa and space 
was well preserved; however, in groups III (C) smoking and 
no ozone (S + NO) and (D) IV smoking and ozone (S + O), the 
alveoli were confluent and enlarged. In group II no smoking 
and ozone (NS + O), more inflammatory cells had infiltrated 
in the interstitium than in group I no smoking and no 
ozone (NS + NO) (rectangle). The numbers of infiltrated cells 
were not different between groups III (S + NO) and IV (S + O).  
Scale bar = 20 μm.

Figure 3. (A-D) Immunohistochemical staining for matrix 
metalloproteinase-12 (×400). MMP-12-positive cells are 
stained red (arrows). Group I, no smoking and no ozone; 
group II, no smoking and ozone; group III, smoking and no 
ozone; and group IV, smoking and ozone.

Figure 4. Mean linear intercept (MLI) in each group. MLI 
was signif icantly higher in groups III (smoking and no 
ozone, S + NO) and IV (smoking and ozone, S + O; 45 ± 2 and 
44 ± 3 μm, respectively) compared with those in groups I (no 
smoking and no ozone, NS + NO) and II (no smoking and 
ozone, NS + O; 26 ± 2 and 23 ± 2 μm, respectively). Values are 
presented as means ± standard error of the mean. ap < 0.05 
vs. groups I and II.
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O). No differences were found in the levels of inositol 
triphosphate receptor, FAS, IL-24, or NOP56 among the 
four groups by Western blotting (data not shown).

To determine whether TBC1D5 and lamin A were 
specific to group IV (S + O), Western blotting was per-
formed for each group. The densities of TBC1D5 and 
lamin A were significantly higher in groups III (S + NO) 
and IV. In particular, the expression of TBC1D5 was in-
creased in group IV (S + O) compared with group III (S 
+ NO) (Fig. 6B).

DISCUSSION

We sought to identify proteins specific to ozone-induced 
exacerbations in an emphysema model. We found that 
the levels of several proteins in ozone-treated emphyse-
ma lungs were unusually high or low, and these results 
were validated by Western blotting. However, wheth-
er these proteins are pathogenic or end-products is 
unknown. We expect their roles to be involved in the 
pathogenesis of the ozone-induced exacerbation model 
and so they may be used biomarkers for diagnosis. To 

identify a biomarker of AECOPD, these proteins should 
be evaluated in human samples, such as sputa from pa-
tients with COPD and AECOPD.

We used ozone as an exacerbating factor in the em-
physema model. Clinically, tracheal bronchitis due to 
bacterial infection is the most important cause of AE-
COPD; air pollution is also a causative factor of AECOPD 
[1]. A previously proposed animal model of COPD was 
not fully validated because it was established by only one 
study using Haemophilus influenzae as the exacerbating 
factor in elastin-induced emphysema [21]. In contrast, 
ozone has been used in many studies and is an estab-
lished exacerbating factor. Furthermore, as described 
above, ozone has been reported to be related to AECOPD 
in clinical studies [7-9]. The amount of, and duration 
of exposure to, ozone depend on the objectives of the 
study. Multiple ozone exposures for 3 hours at 2.5 ppm 
for 6 weeks were used to generate chronic inflammation 
and pulmonary emphysema [22]. In contrast to multiple 
exposures, exposure for 3.0 ppm for 2 hours was used 
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Figure 5. Two-dimensional electrophoresis of lung proteins. 
Spots identif ied by liquid chromatography-tandem mass 
spectrometry are labeled with numbers. Group I, no 
smoking and no ozone; group II, no smoking and ozone; 
group III, smoking and no ozone; and group IV, smoking 
and ozone.

Figure 6. Western blot analysis of proteins the expression 
of which was higher in group I no smoking and no ozone 
(NS + NO) (A) and group IV smoking and ozone (S + O) (B) 
by proteomic analysis. Expression levels of vimentin, lactic 
dehydrogenase A (LDHA), and triose phosphate isomerase 
(TPI) were higher in group I (NS + NO). Gelsolin expression 
was higher in groups I (NS + NO) and IV (S + O). Expression 
levels of TBC1 domain family 5 (TBC1D5) and lamin A were 
higher in groups III smoking and no ozone (S + NO) and IV 
(S + O). Expression of TBC1D5 increased in group IV (S + O) 
compared with group III (S + NO).
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to induce lung inflammation related to pulmonary sur-
factant D [23], and 3.0 ppm for 3 hours to induce airway 
hyper-responsiveness [24]. In the present study, 3.0 ppm 
ozone exposure for 2 hours was used to produce lung 
and airway inflammation similar to AECOPD.

The function of TBC1D5, a member of the Rab GT-
Pase-activating protein family, is unknown. Seaman et 
al. [25] reported that TBC1D5 released Rab7, resulting in 
the regulation of fusion of endosomes with lysosomes. 
However, the relevance of these properties in the ozone 
and smoking groups is unclear. In fact, the elevated TB-
C1D5 levels may represent end-products of the stimu-
lation by ozone and smoking. Lamin A is a component 
of the fibrous layer on the nucleoplasmic side of the 
inner nuclear membrane, which is thought to provide 
a framework for the nuclear envelope and may also in-
teract with chromatin [26]. Like TBC1D5, we suggest 
that the elevated levels of this protein may represent an 
end-product of stimulation by ozone and smoking. The 
densities of vimentin, LDHA, TPI, and gelsolin were 
lower following ozone and cigarette smoke exposure 
(group IV, S + O) (Fig. 5). Thus, TBC1D5 could be a bio-
marker in ozone-induced AECOPD, as illustrated by the 
finding of an elevated protein level. In contrast, lamin 
A is likely not a biomarker of ozone-induced AECOPD 
because the levels increased in both groups III (S + NO) 
and IV (S + O).

TPI is involved in glucose metabolism and energy 
production. LDHA catalyzes the conversion of L-lactate 
to pyruvate in anaerobic glycolysis. Unfortunately, we 
are unable to explain the decrease in the levels of these 
proteins in group IV (S + O). Gelsolin inhibits apoptosis 
by stabilizing mitochondria. The density of gelsolin by 
Western blot analysis differed from that determined in 
the proteomics analysis. We have at present no explana-
tion for this.

We performed MMP-12 immunohistochemical stain-
ing to assess whether the infiltrating cells shown in Fig. 
2 were MMP-12-secreting macrophages based on a pre-
vious report that these cells were increased in the lungs 
after 30 days of cigarette smoke exposure [27]. According 
to the immunohistochemical findings, the infiltrating 
cells were primarily macrophages.

The discrepancy between the BAL cellular profiles and 
lung histology and immunohistochemical staining may 
be due to conducting BAL prior to tissue fixation. To 

overcome this, BAL should not be performed in animals 
that are to be used to provide lungs for tissue fixation. 
However, in the present study, the change in cellular 
profiles was not a major focus, and it was challenging 
to maintain more than seven mice in each group for 6 
months. Thus, we performed BAL before tissue fixation.

The main limitations of the current study were as 
follows. First, the COPD stage was different between 
patients with AECOPD and the animal model. Clinical-
ly, AECOPD is often observed in stage III or IV COPD; 
however, in the smoking-induced animal COPD model, 
the degree of COPD was equivalent to stage I or II of hu-
man COPD [28]. Second, we did not measure airway me-
chanics to confirm the smoking-induced COPD model, 
which has been performed in mouse and rat models by 
other researchers [29,30]. However, in the present study, 
the smoking-induced COPD model was appropriate 
because the MLIs were comparable to those in other 
studies [31,32]. Others have reported the MLI to be more 
than 30 μm; however, in the current study, the MLI in-
creased to more than 40 μm in the smoking-induced 
COPD model in mice. Third, we used commercially 
available cigarettes instead of the “Kentucky cigarette” 
(Cigarette Laboratory, University of Kentucky), which 
has been used in much research on smoking-induced 
emphysema [33-35]. We described the contents of the cig-
arettes used in the present study, and the final emphyse-
ma models were appropriate, as confirmed by the MLI. 
Fourth, we sought to develop a mouse AECOPD model 
that resembled the human AECOPD situation. The defi-
nition of AECOPD in humans is acute aggravation of 
dyspnea, coughing, and/or sputum requiring a change 
of medication [1]. This definition cannot be applied 
fully to an animal model of AECOPD because clinical 
symptoms cannot be quantified in this way in an animal 
model. Thus, the present study model should be consid-
ered an ozone-induced toxicity model in an emphysema 
lung instead of true AECOPD. Fifth, lymphocytes, rath-
er than neutrophils, increased in bronchoalveolar lavage 
fluid after ozone exposure in this study, which is similar 
to another study that used exposure to 2.0 ppm ozone 
in mice [36]. During AECOPD, there was a further in-
crease in the neutrophil to lymphocyte ratio compared 
with the stable period [37]. Thus, strictly, ozone exposure 
to smoking-induced emphysema model is not an ideal 
model of AECOPD.
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In conclusion, we developed an ozone-induced exac-
erbation model in a smoking-induced emphysema lung, 
and TBC1D5 was identified as a potential biomarker of 
ozone-induced lung injury in emphysema.
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