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Smoking is strongly associated with the development of lung 
cancer,1 chronic obstructive pulmonary diseases (COPD) such as 
chronic bronchitis and asthma,2 and pulmonary Langerhans cell 
histiocytosis.3 Many studies have also reported that smoking 
causes small airway diseases including chronic bronchiolitis.4,5

The effects of passive smoking on human health are of great 
interest from both social and medical viewpoints. Passive smok-
ing is considered an important risk factor for ischemic heart dis-
ease and lung cancer in non-smoking women,6,7 and it has also 
been reported to induce respiratory diseases in children of smok-
ers.8 Brownson et al.9 reported that environmental tobacco smoke 
includes several thousand harmful chemical substances includ-
ing 43 carcinogens. In addition, these authors also reported that 
non-smokers who live with heavy smokers have an increased 
risk of lung cancer. In a recent study, there was an increase in 
asthma-related morbidity in children whose caregiver’s smoke.10 
Pang et al.11 reported that decreased levels of nitrogen oxide and 
increased levels of interleukin (IL)-6 and IL-8 in bronchoalveo-
lar lavage fluid can cause adverse effects in the lungs of passive 
smokers. To date, however, there have been no studies describ-
ing cytokine expression or molecular changes in alveolar and 

bronchiolar cell injury caused by passive smoking. Similarly, 
there are few in vivo experimental studies about the effects of 
passive smoking on lung parenchyma and small airways.12,13

In this study, we examined the changes in bronchiolar and al-
veolar cells in rats exposed for short or long periods to side-stream 
smoke. We used light microscopy (LM) and electron microsco-
py (EM) to assess the morphologic changes of the lungs and to 
analyze the expression of tumor necrosis factor α (TNF-α), tu-
mor growth factor β1 (TGF-β1), IL-1α, IL-1β, Ki-67, and cy-
tokeratin 14 (CK14) in bronchiolar and alveolar cells. We also 
performed LM and EM terminal deoxynucleotidyl transferase 
dUTP nick end labeling (TUNEL) staining to evaluate apopto-
sis in the small airway and lung parenchyma. Finally, we used a 
second assay to detect apoptosis in the respiratory epithelial cells, 
by western blotting of the cleaved form of poly (ADP-ribose) 
polymerase (PARP).

MATERIALS AND METHODS

Animal model 

Thirty-five male Sprague-Dawley rats weighing 200-250 g 
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were used for this study. Animals were provided with commer-
cially available rat feed and drinking water, and were subjected 
to a 1-week accommodation period prior to the experimental 
procedure. Rats were divided into two groups: the control group 
and the experimental group, each of which comprises five rats. 
Rats of the experimental group were exposed to sidestream smoke 
in smoking chambers that we have designed ourselves. We made 
a model of sidestream smoke using plastic chambers where ex-
perimental rats can inhale the sidestream smoke from the ciga-
rette end rather than can direct aspirate the mainstream smoke 
of cigarettes after the cigarette was lighted. Rats of the control 
group were only provided with commercial rat feed and drink-
ing water, but not exposed to the cigarette smoke. Rats of the 
experimental groups were exposed to the sidestream smoke as 
follows: 

1) Group 1: a 1-month exposure to three cigarettes a day
2) Group 2: a 1-month exposure to five cigarettes a day 
3) Group 3: a 1-month exposure to seven cigarettes a day
4) Group 4: a 3-month exposure to five cigarettes a day 
5) Group 5: a 6-month exposure to five cigarettes a day 
Morphologic changes of the bronchioles and alveolar cells were 

examined on the LM and the EM after both short- and long-
term exposure to cigarette smoke. Tissue specimens were pre-
pared for the LM, transmission EM (TEM) and scanning EM 
(SEM) with the routine procedures. EM findings were analyzed 
semi-quantitatively and then assessed by a relative comparison 
with the control group based on the following criteria: minimal 
(+/-) (similar to slight change as compared with the control 
group), mild (+) (focal and mild change on EM at a magnifica-
tion of ×10,000), moderate (++) (focal but distinct change on 
EM at a magnification of ×5,000) and prominent (+++) (dif-
fuse and prominent change on EM at a magnification of ×5,000).

Immunohistochemistry

We performed immunohistochemical stainings of TNF-α, 
TGF-β1, IL-1α, IL-1β, Ki-67, and CK14 in bronchioles and 

alveolar cells. Formalin-fixed, paraffin-embedded lung tissue 
sections (5-μm thick) were placed in a 60˚C oven for 30 min-
utes and then were deparaffinized in xylene three times for 20 
minutes each. The deparaffinized sections were then rehydrated 
by passage through a graded series of ethanol to water. The sec-
tions were then heated for 25 minutes in citrate-buffered saline 
(pH 6.0) for antigen retrieval. Endogenous peroxidases were 
blocked with a solution of 3% H2O2 in water for ten minutes. 
The tissue sections were incubated with primary antibodies 
against TNF-α, TGF-β1, IL-1α, IL-1β, CK14, and Ki-67 (Ta-
ble 1). Diaminobenzidine (DAB, Dako, Carpinteria, CA, USA) 
was used as the chromogen. In addition, sections were counter-
stained with Mayer’s hematoxylin. We analyzed the immuno-
histochemical expressions of available slides for interpretation 
in each group, and evaluated using a 5-point scoring system 
based on the percentage of cells expressing antigen with 0, ≤
5%; 1, 6-20%; 2, 21-40%; 3, 41-70%; and 4, >70% where 
5% was set at the cut-off value for positivity. The CK14 and 
Ki-67 antigens are expressed in the nuclei of bronchiolar basal 
cells and alveolar epithelial cells. 

In situ TUNEL staining

We examined apoptosis in bronchiolar and alveolar cells on 
the LM and EM to detect the DNA fragments by the TUNEL 
technique. This method is based on the ability of terminal de-
oxynucleotidyl transferase (TdT) to catalyze the template-inde-
pendent addition of biotinylated dUTP to the 3´-OH ends of 
double- or single-stranded DNA. In addition, we used the Apop-
Tag peroxidase in situ apoptosis detection kit (Intergen, New 
York, NY, USA) to detect apoptosis in situ. 

LM TUNEL staining

Paraffin-embedded tissue sections were cut into sections 5-μm 
thick, mounted on silane-coated glass slides and incubated for 
an hour at 60˚C. The slides were deparaffinized in xylene three 
times for five minutes each, and then rehydrated through a grad-

Table 1. Primary antibodies used for immunohistochemical staining

Antibody Source Catalog No. Dilution Pretreatment Detection kit Company City/State, Country

TNF-α Rabbit, PA NBP1-19532 ×300 Proteinase- K K4003 NOVUS Littleton, CO, USA
TGF-β1 Rabbit, PA SC146 ×300 Citrate K4003 Santa Cruz Biotechnology, Inc. Santa Cruz, CA, USA
IL-1α Mouse, MA SC9983 ×20 EDTA D58 Santa Cruz Biotechnology, Inc. Santa Cruz, CA, USA
IL-1β Rabbit, PA SC7884 ×100 EDTA D39 Santa Cruz Biotechnology, Inc. Santa Cruz, CA, USA
CK14 Mouse, MA SC53253 ×50 EDTA D58 Santa Cruz Biotechnology, Inc. Santa Cruz, CA, USA
Ki-67 Rabbit, PA AB16667 ×200 Tris-EDTA D39 Abcam Cambridge, UK

TNF-α, tumor necrosis factor α; PA, polyclonal antibody; TGF-β1, tumor growth factor β1; MA, mono clonal antibody; IL, interleukin; EDTA, ethylenediamine-
tetraacetic acid; CK, cytokeratin.
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ed alcohol series (100%, 95%, 70%, and 50%) for five minutes 
each. After washing with 0.01 M phosphate buffered saline (PBS) 
for five minutes, we digested the sections with proteinase K (20 
μg/mL) at room temperature for 20 minutes, and washed them 
twice with distilled water for two minutes each. Endogenous 
peroxidase activity was blocked with 3% H2O2 in PBS for five 
minutes. The slides were rinsed twice with PBS for five min-
utes. For positive controls, sections were treated with 3% H2O2 
and reacted with DNase I (1 or 2 U) at 37˚C for 30 minutes. 
Then, the sections were washed twice with PBS. The slides were 
covered with TdT buffer 75 μL and TdT/dUTP 50 μL and then 
left undisturbed for ten minutes. The sections were covered with 
plastic cover slips and incubated in a humidified chamber at 
37˚C for 1.5 hours. For negative controls, sections were covered 
with reaction buffer alone and incubated under the same condi-
tions. The slides were dipped into Coplin jars containing the 
stop buffer, agitated for 15 seconds and incubated for ten min-
utes at 37˚C. Then the slides washed three times with PBS for 
five minutes each. The sections were covered with a peroxidase-
coupled anti-digoxigenin antibody and incubated for 30 min-
utes at 37˚C in a humidified chamber. The slides were washed 
three times with PBS for two minutes each, and covered with 
100 μL of DAB solution. The sections were counterstained with 
hematoxylin for one minute, washed with tap water, and dehy-
drated with a graded ethanol series. The sections were cleared 
with xylene and mounted with Permount. Five high-power 
fields were randomly selected for each slide. Non-parenchymal 
cells, including interstitial cells, were not analyzed. The total 
number of alveolar cells, TUNEL-positive alveolar cells, total 
bronchiolar epithelial cells and TUNEL-positive bronchiolar 
epithelial cells were counted. The percentage of TUNEL-posi-
tive cells was calculated for each slide, of which mean values 
were obtained for each experimental group. 

EM TUNEL staining 

The lung tissues were removed from rats of the experimental 
groups, sliced into small pieces (4×4×1 mm), and were fixed 
in periodate lysine paraformaldehyde solution at 4˚C overnight. 
After washing with 0.01 M PBS, we immersed the lung tissues 
in graded concentrations of sucrose in PBS (10% for an hour, 
15% for two hours, and 20% for four hours) at 4˚C. The tissues 
were then embedded in optimal cutting temperature (OCT) 
compound and frozen in a dry ice/acetone bath. The OCT-em-
bedded tissue blocks were stored at -80˚C, and then cut into 6 
μm sections in a cryostat and mounted on silane-coated glass 
slides. The sections were air-dried and stored at -20˚C until for 

further laboratory procedure. After washing in 0.01 M PBS for 
five minutes, we incubated the sections with proteinase K (20 
μg/mL) at room temperature for 15 minutes, and then washed 
them with distilled water (DW) five times, for two minutes 
each. Endogenous peroxidase activity was blocked with 3% 
H2O2 in methanol for 25 minutes. The slides were rinsed five 
times with DW for two minutes each, and incubated with 50 
μL TdT reaction solution for three hours. The reaction was 
stopped by addition of 2×  saline-sodium citrate for 15 minutes 
at room temperature. The sections were washed five times with 
0.01 M PBS for two minutes each and then incubated with 
blocking solution containing 1% bovine serum albumin in 
PBS at room temperature for 20 minutes. Then the sections 
were treated with peroxidase-conjugated streptavidin for an 
hour at 37˚C. The slides were washed in six changes of 0.01 M 
PBS for five minutes each. The sections were reacted with Tris-
HCl solution for five minutes. Then, a 100 μL of DAB solution 
was added to each section. This was followed by the incubation 
of slides in the dark at room temperature for 3-5 minutes. The 
slides were placed in a Coplin jar and washed in 0.01 M PBS 
five times for two minutes each. For LM TUNEL staining, the 
sections were counterstained lightly with hematoxylin for one 
minute and washed with tap water. Following this, paraffin-
embedded tissue samples were prepar ed in a stepwise manner. 
For EM TUNEL staining, the sections were reacted with 1% 
OsO4 in 0.01 M cacodylate buffer for an hour in a humidified 
chamber, and washed in three changes of 0.01M PBS for five 
minutes each. Then, the sections were dehydrated completely 
in a graded ethanol series, and embedded in inverted polyethyl-
ene embedding capsules filled with PolyBed mix resin (Poly/
Bed 812, Polysciences Inc., Warrington, PA, USA). This was 
followed by a 3-day polymerization at 60˚C. The gelatin cap-
sules were removed from the glass slide, which was followed by 
the LM examination. Then we selected a portion for the EM ex-
amination. After trimming the PolyBed mix resin blocks, we 
performed ultrathin sections (100 nm) and examined the grids 
on a Hitachi H-7100 electron microscope (To kyo, Japan) at 75 
kV without routine double stains of uranyl acetate and lead ci-
trate (Fig. 1).

Western blot analysis of proform-PARP in apoptotic cells 

Lung tissues were homogenized in cell lysis buffer (0.05 M 
Tris, 0.15 M NaCl, 0.05 M ethylenediaminetetraacetic acid, 
0.5% NP-40, 1 M dithiothreitol, 10 μg leupeptin, and 10 μg 
aprotinin; all from Sigma, St. Louis, MO, USA). The homoge-
nate was incubated for 30 minutes on ice and centrifuged at 
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12,000 ×g for 30 minutes. The protein content of the superna-
tant was determined using the Bradford protein assay (Bio-Rad, 
Hercules, CA, USA). Samples were denatured by boiling with 
4×  sodium dodecyl sulfate (SDS) sample buffer for ten min-
utes. Proteins (50 μg per lane) were resolved by electrophoresis 
on an 8-12% SDS-polyacrylamide gel electrophoresis gradient 
gel at 100 V for three hours and transferred to nitrocellulose 
membrane (Millipore Co., Bedford, MA, USA). The membrane 
was further incubated with primary antibodies such as a poly-
clonal rabbit anti-PARP antibody (Santa Cruz Biotechnology, 
Santa Cruz, CA, USA) and β-actin (Santa Cruz Biotechnology). 
The membrane was subsequently incubated with appropriate 
secondary antibodies conjugated to horseradish peroxidase and 
developed in the ECL western detection reagents (Amersham 
Pharmacia Biotech, Piscataway, NJ, USA)

RESULTS

Gross and microscopic features

On gross examination, there were mild patchy discoloration 
and congestion on the lung surface in rats of groups 1 and 2. In 
group 3, the lungs showed multifocal discoloration and conges-
tion. In rats of groups 4 and 5, however, there were a patchy 
pale brown discoloration and a centrilobular patchy consolida-
tion (Fig. 2A-C).

Correlation of bronchiolar and alveolar cell changes with the 
volume of smoke exposure 

After a 1-month exposure to sidestream smoke, rats of group 
1 showed a mild bronchiolar luminal dilatation, an irregular ar-
rangement of the bronchiolar epithelial cell cilia and a patchy 
peribronchiolar inflammatory infiltrates. In rats of groups 2 and 
3, there were more distinct changes in the bronchiolar cells as 

compared with the control group. In rats of groups 1, 2, and 3, 
there were patchy inflammatory infiltrates in the alveolar walls 
and air spaces around the respiratory bronchioles. But there were 
no notable differences in these findings between the three groups. 
In rats of group 2 and 3, there were a focal alveolar collapse and 
patchy emphysematous changes in the lung parenchyma (Fig. 
2D-F).

Correlation of bronchiolar and alveolar cell changes with the 
duration of smoke exposure 

As shown in Fig. 2G-I, there were morphological changes in 
the bronchiolar and alveolar cells after a 1-month exposure to 
sidestream smoke in group 2, after a 3-month exposure in group 
4 and after a 6-month exposure in group 5. In rats of group 2, 
there was a bronchiolar dilatation with a mild proliferation of 

Fragmented DNA
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EM

Terminal deoxynucleotidyl
transferase (TdT)

X ( biotin, digoxigenin, 
fluorescence)

Y ( streptavidin, 
antidigoxigenin)
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OsO4

X-dUTP

Fig. 1. Schematic drawing of terminal deoxynucleotidyl transferase 
dUTP nick end labeling staining on the light microscopy (LM) and 
electron microscopic (EM). DAB, diaminobenzidine.

Fig. 2. Gross (A-C) and microscopic (D-I) features of lungs expos-
ed to sidestream smoke. (A) Group 1 (1-mo exposure to three cig-
arettes a day). (B) Group 3 (1-mo exposure to seven cigarettes a 
day). (C) Group 4 (3-mo exposure to five cigarettes a day). (D-F) 
Groups 2 (E) and 3 (F) show more prominent alveolar collapse and 
focal emphysematous change than the group 1 (D). (G-I) Group 2 
(G) shows mild bronchiolar epithelial proliferation. Group 4 (H) shows 
bronchiolar epithelial cell proliferation, peribronchiolar inflammatory 
cell infiltration, and focal emphysematous change. Group 5 (I) shows 
peribronchiolar inflammatory thickening, and adjacent alveolar pat-
chy emphysematous change. 
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the bronchiolar epithelial cells accompanied by a focal, alveolar 
emphysematous change. In rats of group 4, there was a mild 
proliferation of the bronchiolar epithelial cells and this was ac-
companied by a peribronchiolar mild inflammatory infiltrate 
and a focal emphysematous change. In rats of group 5, there 
were a mild peribronchiolar thickening due to inflammation, 
multiple patchy areas of alveolar collapse and an emphysema-
tous change.

Ultrastructural changes in the cilia of the bronchiolar 
epithelial cells, Clara cells, alveolar epithelial cells, and 
alveolar endothelial cells 

The ultrastructural changes following an exposure to the smoke 
in the cilia of the bronchiolar epithelial cells, Clara cells, and al-
veolar epithelial cells are summarized in Tables 2 and 3. There 
were fewer terminal and respiratory bronchial mucosal cells, 
which was accompanied by the shortening or loss of the cilia of 
the epithelial cells. Clara cells were reduced in number, which 
showed an irregular distribution and a loss of surface microvilli. 
These findings were more prominent in rats of groups 4 and 5 
which were exposed to a long-term sidestream smoke as com-
pared with those of groups 1 to 3 which were exposed to a short-
term one (Fig. 3A-C). 

In rats of groups 2 and 3, on the TEM examination of the 
lung parenchyma, there were an alveolar wall collapse with type 
I and type II epithelial cell injury, cytoplasmic bleb formation, 
free-floating cellular debris and mild endothelial cell swelling 
(Fig. 3D-F). In addition, on the SEM examination, there were a 
dilatation of the respiratory bronchiole and alveolar duct lumi-
na, irregular dilatation of the pores of Kohn and the alveolar 

wall collapse and thickening. The SEM findings were more pro-
minent in rats of group 3 as compared with those of group 1 
(Fig. 3G-I). In rats of groups 4 and 5, there was an irregular dil-
atation of the alveolar structures and this was accompanied by 
the wall thickening and a focal emphysematous change.

Immunohistochemical expression of cytokines and protein 
molecules

The focal expression of TNF-α was found in the alveolar epi-
thelial cells of rats of groups 2 and 3 (score, 1). Besides, there 
were the multiple patchy expression in group 4 (score, 3) and the 
diffuse expression along the alveolar epithelial cells in group 5 
(score, 4) (Fig. 4A-C). There were no expression in rats of groups 
1 and 3 and the weak expression of TNF-α in the bronchiolar 
epithelial cells of those of groups 4 and 5. The expression of 
TGF-β1 was found in the alveolar macrophages but was not 
seen in the alveolar cells of rats of group 1. In rats of groups 2 
and 3, there was a multifocal expression (score, 2) of TGF-β1 in 
the alveolar endothelial and epithelial cells. In rats of groups 4 
and 5, there was a diffuse expression of TGF-β1 (score, 4) in the 
alveolar endothelial and epithelial cells (Fig. 4D-F). The expres-
sion of TGF-β1 is not generally seen in the bronchiolar epithe-
lial cells and Clara cells. The degree of the expression of IL-1α 
was not notable in the experimental groups. There were posi-
tive findings for the expression of IL-1β in the alveolar macro-
phages of groups 2, 3, 4, and 5, there was a diffuse expression of 
CK14 (score, 3 and 4) mainly in the bronchiolar epithelial cells 
and basal cells and a focal expression in the alveolar cells. How-
ever, the bronchiolar expression of CK14 did not vary among 
the groups (Fig. 4G, H). There was only a focal expression of 

Table 2. Ultrastructural changes in bronchiolar and alveolar cells 
depending on the volume of smoke exposure 

Findings Group 1 Group 2 Group 3

Bronchioles
Peribronchiolar patchy thickening +/- + ++
Clara cells

Irregular arrangement +/- + ++
Decreased number +/- + ++
Loss of microvilli +/- ++ +/++
Decreased secretory granules +/- +/++ ++

Alveoli
I and II epithelial cell injury Unremarkable +/- +
Alveolar wall collapse +/- + +/++, multiple
Dilatation of pores of Kohn + +/++ ++/+++
Alveolar wall thickening and edema + +/++ ++
Alveolar endothelial cell swelling + +/++ ++

Exposure to side-stream smoke: group 1, 3 cigarettes/day for 1 mo; group 
2, 5 cigarettes/day for 1 mo; group 3, 7 cigarettes/day for 1 mo; +/-, mini-
mal; +, mild; ++, moderate; +++, prominent.

Table 3. Ultrastructural changes in bronchiolar and alveolar cells 
depending on the duration of smoke exposure

Findings Group 2 Group 4 Group 5

Bronchioles
   Clara cells
      Irregular arrangement +/- + ++
      Decreased number +/- +/- +
      Loss of microvilli +/- ++ +/++
   Cilia 
      Shortened + +/++ ++
      Decreased number +/- + ++
Alveoli
   I and II epithelial cell injury + +/++ +/++
   Alveolar wall collapse + +/++ ++, multiple
   Dilatation of pores of Kohn +/++ +/++ ++/+++
   Alveolar wall thickening and edema + +/++ ++

Exposure to side-stream smoke: group 2, 5 cigarettes/day for 1 mo; group 
4, 5 cigarettes/day for 3 mo; group 5, 5 cigarettes/day for 6 mo; +/-, mini-
mal; +, mild; ++, moderate; +++, prominent. 
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Ki-67 (score, 1) in the bronchiolar cells of groups 3, 4, and 5 
(Fig. 4I) (Table 4).

Evaluation of TUNEL staining in bronchiolar and alveolar 
cells

In rats of groups 1 and 2, on the LM TUNEL staining, there 
was evidence demonstrating that a few alveolar epithelial and 
endothelial cells, as well as alveolar macrophages, were scattered 
to undergo apoptosis. In the alveolar cells of groups 3, 4, and 5, 
the number of apoptotic cells was increased. The alveolar mac-
rophages with cytoplasmic TUNEL staining were observed in 
rats of groups 4 and 5. But, there was no significant difference 

in the number of TUNEL-positive cells between groups 3, 4, 
and 5 (Fig. 5A-C). On the EM TUNEL staining, there were 
moderately electron dense apoptotic nuclei in the bronchiolar 
cells, alveolar epithelial cells, alveolar capillary endothelial cells, 
and in some scattered interstitial cells. On the EM TUNEL 
staining, there was also cytoplasmic expression in the alveolar 
macrophages. Apoptotic nuclei were occasionally seen in rats of 
group 2 but were frequently seen in those of groups 3 and 4 
(Fig. 5D-F).

Decreased expression of proform-PARP in apoptotic cells

We examined the protein expression of anti-PARP on the 

Fig. 3. Ultrastructural changes in lungs exposed to sidestream smoke. (A-C) Scanning electron microscopy (SEM) of the bronchiolar mucosa 
shows a marked destruction and a loss of the cilia of the epithelial cells, and an irregular distribution of the Clara cells in groups 4 (B) and 5 
(C), compared to group 1 (A). (D-F) Transmission electron microscopy of the alveolar regions shows more prominent alveolar wall destruction 
with epithelial cell injury, cytoplasmic bleb formation (black arrow), and free-floating cellular debris (white arrows) in groups 2 (E) and 3 (F), com-
pared to group 1 (D). (G-I) SEM of the alveolar walls shows more patchy collapse, irregular dilatation and wall thickening in groups 2 (H) and 
3 (I) than group 1 (G) (A-C, ×25,000; D, ×3,000; E, F, ×8,000; G-I, ×25,000). 
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western blot analysis. This showed that the expression of pro-
form-PARP was decreased in groups 1, 2, and 3. Besides, there 
was a correlation between the decreased expression of proform-
PARP and the volume of smoke exposure. In groups 4 and 5 
where the experimental rats were exposed to a long-term side-
stream smoke, the degree of the expression of proform-PARP 
was lower as compared with the control group (Fig. 6). 

DISCUSSION

COPD is defined as chronic inflammation of the airways and 
progressive destruction of lung parenchyma.2 Its pathogenesis 
is characterized by the abnormal enlargement of airspaces of the 
lung accompanied by destruction of the walls.14 Cigarette smok-

ing is the main etiologic factor in COPD, of which emphysema 
and small airway disease are important pathologic manifesta-
tions.15 Oxidative stress caused by cigarette smoking is thought 
to induce a chronic inflammatory response in the lungs, which 
destroys the alveolar walls and induces emphysema. The alveo-
lar cell damage and loss are caused by a mechanism that involves 
inhibition of cell proliferation and/or induction of cell death 
(apoptosis).16

Sidestream smoke originates directly from the cigarette, and 
it has the same deleterious health effects as direct smoke. This 
causes both a medical and environmental concern.6,7 Sidestream 
smoke is associated with bronchial asthma, sudden infant death 
syndrome, chronic lung disease, lung cancer, ischemic heart 
disease and many other health problems.7-9,17 Despite the docu-
mented adverse effects of sidestream smoke on the lungs, only a 
limited number of objective methods and studies have analyzed 
the airway damage due to sidestream smoke. Similarly, there 
are few in vivo studies on the effects of passive smoking on the 
lung parenchyma and small airway.12,13 To date, however, no 
studies have reported the cytokine and protein molecular chang-
es are associated with alveolar and bronchiolar cell injuries fol-
lowing an exposure to sidestream smoke. In the current study, 
we observed morphologic changes in bronchiolar and alveolar 
cells following an exposure to sidestream smoke. In addition, 
these findings were correlated the degree of damage with the 
duration and volume of an exposure to sidestream smoke in a 
vivo setting. We also analyzed the expression of TNF-α, TGF-β1, 
IL-1α, IL-1β, CK14, and Ki-67 in the current study. 

Microscopically, the more prominent morphological changes 

Fig. 4. Immunohistochemical expression of tumor necrosis factor 
α (TNF-α), tumor growth factor β1 (TGF-β1), cytokeratin 14 (CK14), 
and Ki-67 in rats which are exposed to sidestream smoke. TNF-α 
is not expressed in lungs of group 1 (A). But there is a multiple pat-
chy expression of TNF-α in group 4 (B) and a diffuse expression 
along the alveolar epithelium in group 5 (C). TGF-β1 is expressed 
in alveolar macrophages but not in alveolar cells in group 1 (D). In 
group 2, there is a multi-focal expression of TGF-β1 in the alveolar 
endothelial and epithelial cells (E). In group 4, there is a diffuse ex-
pression of TGF-β1 along the alveolar endothelial and epithelial cells 
(F). CK14 staining is diffuse in the bronchiolar epithelial and basal 
cells of groups 1 (G) and 4 (H). Ki-67 is focally expressed in the al-
veolar epithelial cells in group 4 (I). 
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Table 4. Scoring of immunohistochemical expression of alveolar 
and bronchiolar cells 

Scoring of positive expression

Control Group 1 Group 2 Group 3 Group 4 Group 5 

TNF-α 0 0 1 1 3 4
TGF-β1 0 1 2 2 4 4
TGF-β 0 0 0 0 0 0
IL-1α 0 1 1 1 0 0
IL-1β 0 1 1 2 1 1
CK14 A 0 1 1 1 1 1

B 2 3 3 3 4 3
Ki-67a A 1 1 1 2 2 1

B 0 0 0 1 1 1

Exposure to side-stream smoke: group 1, 3 cigarettes/day for 1 mo; group 
2, 5 cigarettes/day for 1 mo; group 3, 7 cigarettes/day for 1 mo; group 4, 5 
cigarettes/day for 3 mo; group 5, 5 cigarettes/day for 6 mo.
TNF-α, tumor necrosis factor α; TGF-β1, tumor growth factor β1; IL, inter-
leukin; CK, cytokeratin; A, alveolar cells; B, bronchiolar cells.
aNuclear expression: scoring 0, positive expression ≤5%; 1, 6-20%; 2, 21- 
40%; 3, 41-70%; 4, >70%.
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in the respiratory bronchioles and alveolar structure were pres-
ent in the animals that were exposed to greater quantities of 
smoke and for longer duration. The animals exposed to smoke 
for only one month showed mainly dilatation of the respiratory 
bronchioles and alveolar ducts, with patchy alveolar wall col-
lapse. In contrast, the animals exposed to smoke for three and 
six months showed a peribronchiolar patchy inflammatory thick-
ening, as well as irregularity and expansion of the alveolar ducts 
and alveolar spaces. Such microscopic changes were similar to 
our previous findings with passive smoking.13 Our results there-

fore suggest that sidestream smoke induces remodeling of the 
respiratory bronchioles and alveolar parenchymal structure and 
this leads to early phase bronchiolocentric emphysematous 
change. 

There were characteristic ultrastructural findings in the ani-
mals exposed to sidestream smoke. The bronchioles showed an 
epithelial cell injury with an irregular arrangement, which was 
accompanied by the shortening and loss of cilia and the abnor-
malities of Clara cells. In the Clara cells whose number was re-
duced, there were an irregular distribution and a lack of the 
surface microvilli. As we have expected, our results showed that 
these bronchiolar changes were more prominent in the animals 
exposed to the sidestream smoke for longer periods. The alveo-
lar cell damage included alveolar wall collapse with type I and 
type II epithelial cell injuries, endothelial cell swelling, and dil-
atation of the alveolar ducts and pores of Kohn. In the animals 
exposed to smoke for one month, these alveolar injuries were 
more prominent as the volume of smoke was increased. Rats 
exposed to smoke for longer times showed irregularly patchy 
dilatation of the alveolar spaces with wall thickening and de-
struction. Damages to the bronchiolar cilia and Clara cells were 
identified on the ultrastructural examination, which may ad-

Fig. 5. Light microscopy (LM) and electron microscopic (EM) terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) staining 
for apoptotic cells. (A-C) LM TUNEL stains show a few scattered apoptotic nuclei in group 1 (A), more scattered apoptotic nuclei in group 3 
(B), and frequent apoptotic alveolar macrophages (arrows) in group 4 (C). (D-F) EM TUNEL stains show moderately electron dense apoptotic 
nuclei in the alveolar epithelial and endothelial cells. Apoptotic nuclei are seen more frequently in groups 3 (E) and 4 (F) than group 2 (D). (D, 
×12,000; E, ×18,000; F, ×11,000) 

A

D

B

E

C

F

1 2 3 4 5 6 7

PARP

Actin

Fig. 6. Western blot analysis of proform-poly (ADP-ribose) poly-
merase (PARP). Expression of proform-PARP is correlated with the 
volume of exposure to sidestream smoke in groups 1, 2, and 3. 
The degree of the expression of proform-PARP is also decreased 
following a long-term exposure to sidestream smoke in groups 4 
and 5 as compared with the control group. PARP, proform-PARP; 
lane 1 and 5, control group; lane 2, group 1; lane 3, group 2; lane 
4, group 3; lane 6, group 4; lane 7, group 5. 
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versely affect the defense mechanism in the lungs and then lead 
to development of small airway and lung parenchymal diseas-
es.13,18

On immunohistochemistry, little or no expression of TNF-α 
was detected in rats of groups 1, 2, and 3. In rats of group 4, 
the multifocal patchy expression was increased. In rats of group 
5, there was a diffuse expression along the alveolar walls. Wata-
nabe et al.19 reported that smoke has pro-inflammatory effects 
and stimulates TNF-α release by alveolar macrophages and pos-
sibly by pulmonary alveolar cells. The smoke-induced activa-
tion of TNF-α secretion usually requires a significant amount 
of smoke exposure.19 This is consistent with the reports made 
by Zoppini et al.20 who showed markedly increased levels of 
TNF-α in response to increased or long-term cigarette smok-
ing. As a pro-inflammatory cytokine, TNF-α is believed to play 
a central role in the induction and maintenance of airway in-
flammation in COPD.21 Zhang et al.15 reported that alveolar 
cell damage mediated by TNF-α may have an important role in 
the development of emphysema, and TNF inhibitors such as 
rhTNFR:Fc can reduce the level of alveolar cell apoptosis in 
smoking rats.

In the current study, there was a multifocal expression of TGF- 
β1 (40%) in groups 2 and 3 where the experimental rats were 
subjected to a short-term exposure to sidestream smoke. In ad-
dition, in groups 4 and 5 where the experimental rats were sub-
jected to a long-term exposure to sidestream smoke, there was a 
more diffuse expression of TGF-β1 (80%) in the alveolar endo-
thelial and epithelial cells. The expression of TGF-β1 is gener-
ally seen in the bronchiolar epithelial cells and Clara cells. TGF- 
β1 inhibits cell proliferation by inducing growth arrest in the 
G1 phase of cell cycle and regulating the activities of several in-
hibitors of cyclin-dependent kinases (CDKs).22 In addition, TGF- 
β1 induces oxidative stress that may regulate cell proliferation 
and the cell cycle.22 TGF-β1 gene expression is increased in the 
alveolar walls of smokers, particularly those who develop COPD.22 
Marwick et al.16 reported that cigarette smoke-induced oxida-
tive stress and TGF-β1 may inhibit cellular proliferation by the 
CDK inhibitor p21Waf1/Cip1 in human alveolar epithelial type II 
cells, and this may be relevant to the loss of alveolar cells in em-
physema. Despite the known effects of direct tobacco smoke on 
the expressions of TNF-α and TGF-β1, no previous in vivo stu-
dies have shown that long-term sidestream smoking can induce 
activation of TNF-α and TGF-β1 in pulmonary alveolar and 
bronchiolar epithelial cells.

Our results also showed that there was a focal expression of 
CK14 (40%) in the bronchiolar epithelial cells but no expres-

sion in the alveolar cells of the control rats. In the experimental 
rats which were not exposed to sidestream smoke, there were a 
multifocal expression of CK14 in the alveolar epithelial cells 
(15-20%) and a diffuse expression in the bronchiolar epithelial 
and basal cells (60-80%). Singh et al.23 reported that CK14 se-
lectively labeled the basal cells of the normal esophageal epithe-
lium and all the esophageal squamous carcinoma cells and adja-
cent carcinoma in situ. Xue et al.24 reported that CK14 was ex-
pressed in the mild to moderate dysplastic areas, and was dif-
fusely expressed in the areas of carcinoma in situ and squamous 
cell carcinoma. In the current study, there were no dysplastic 
changes in the proliferated bronchiolar epithelial cells. Lee et 
al.25 have reported not only that the Ki-67 labeling index is 
strongly associated with heavy smoking or a long-term expo-
sure to smoke but also that it is abnormally higher in the bron-
chioles of smokers despite a lack of the squamous metaplasia or 
dysplasia. Our results showed that the Ki-67 labeling index 
was slightly increased in the alveolar cells in the experimental 
groups (20-30%) compared to the control group (10%). But 
there was no significant difference in the degree of the expres-
sion of Ki-67 among the experimental groups. 

In rats of groups 1 and 2, on the LM TUNEL staining, there 
was evidence demonstrating that a few alveolar epithelial and 
endothelial cells, as well as alveolar macrophages, were scattered 
to undergo apoptosis. In the alveolar cells of groups 3, 4, and 5, 
apoptotic nuclei were seen in the bronchiolar and alveolar epi-
thelial cells. In groups 4 and 5, the LM TUNEL stain also re-
vealed cytoplasmic expression of the alveolar macrophages, sug-
gesting an active phagocytosis of the apoptotic nuclear debris. 
Moreover, on the EM TUNEL staining, there were moderately 
electron dense apoptotic nuclei in groups 2, 3, and 4. The apop-
totic nuclei were more easily seen on EM TUNEL staining. This 
clarified the equivocal appearances of TUNEL-positive cells in 
rats of group 2 on the LM. On the EM TUNEL staining, the 
early phase of apoptosis was also observed. Chronic exposure of 
rats to mainstream cigarette smoke induces a significant and 
time-dependent increase in the appearance of apoptotic cells in 
the bronchial, bronchiolar epithelium, and alveolar macropha-
ges.26 It has also been reported that cigarette smoking-induced 
oxidative stress is associated with apoptosis of lung epithelial 
cells in vitro.27 Oxidative damage from cigarette smoke is likely 
the initial insult, which is then followed by inflammation, apo-
ptosis, and enlarged air space indicating emphysematous chan-
ge.28 To date, many studies have reported that mainstream ciga-
rette smoking induces apoptosis of bronchiolar and alveolar epi-
thelial cells. But there are no reports about the relationship be-
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tween the sidestream smoke and apoptosis. Our results estab-
lished that sidestream smoke induces apoptosis in bronchiolar 
and alveolar epithelial cells on the LM and EM TUNEL stain-
ing.

Cleavage of PARP protein is a marker that is commonly found 
to detect the apoptosis. In addition, it has also been reported 
that levels of cleaved PARP are significantly higher in smokers 
than in ex-smokers or non-smoking glaucomatous groups of 
the same gender.29 Our results showed that the increased levels 
of PARP cleavages were associated with the increased volume 
of an exposure to sidestream smoke in groups 1, 2, and 3. In 
groups 4 and 5 where the experimental rats were subjected to a 
long-term sidestream smoke, the level of PARP cleavage were 
increased compared to the control group on the western blot 
analysis. 

In conclusion, our results indicate that sidestream smoke cau-
ses bronchiolar and alveolar epithelial cell injury and this leads 
to alterations in bronchiolar mucosal cells as well as the early 
bronchiolocentric emphysematous change. Moreover, it was also 
shown that the severity of bronchiolar and alveolar damage was 
correlated with the volume and the duration of exposure to side-
stream smoke.
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