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Cigarette smoke (CS) is a risk factor for pulmonary fibrosis and lipopolysaccharides (LPS) are associated with
human occupational lung diseases; however, their combined role in pulmonary fibrosis remains unknown.
Therefore, we investigated whether CS combined with LPS induces pulmonary fibrosis in mice. C57BL/6 mice
were exposed to CS or normal air for 21 or 35 days, followed by LPS or saline instillation on day 14, 21, and 28.
Lung function was tested, and lung tissues were harvested for histological and molecular analyses. Compared to
the control, CS and LPS groups, the CS + LPS group showed reduced body weight and survival rate, increased

respiratory resistance, decreased lung compliance, marked alveolar structure destruction, and fibrotic lesion
formation. Lung tissues showed a considerable increase in IL-6, TNF-a, IL-1p, a-SMA, and TGF-f levels and
collagen content. Our results indicate that cigarette smoke exposure followed by LPS in mice induces pulmonary
fibrosis with pathophysiology consistent with that of human pulmonary fibrosis.

1. Introduction

Pulmonary fibrosis is a chronic, progressive, and irreversible lung-
restricted disease. It is the most common outcome of interstitial lung
disease (Liu et al., 2016), which is characterized by alveolar epithelial
cell damage and hyperplasia, accumulation of inflammatory cells, fi-
broblast hyperplasia, extracellular matrix deposition, and scar forma-
tion (Moore and Hogaboam, 2008).

The aetiology of pulmonary fibrosis is complex, and it is believed to
be caused by genetic and various environmental factors such as tobacco
smoke, metal, drugs, and contact with infectious substances (King et al.,
2011; Raghu et al., 2011; Selman and Pardo, 2014). It is well known
that cigarette smoking induces chronic obstructive pulmonary disease
(COPD), and in some heavy smokers, COPD disease manifests as both
pulmonary emphysema (upper lobe of the lung) and pulmonary fibrosis
(lower lobe of the lung) (Cottin et al., 2005; Grubstein et al., 2005).
Smoking is also believed to be a high-risk factor for pulmonary fibrosis,
and smoking-induced pulmonary epithelial cell injury may persist for
several years even after quitting smoking (Baumgartner et al., 1997).
Such epithelial cell damage plays a key role in the activation of fi-
brogenesis, thereby contributing to the pathogenesis of pulmonary
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fibrosis. In vivo studies have shown that nicotine directly affects the
ionic homeostasis of lung epithelial cells and provokes an inflammatory
response that contributes to cellular damage (Roomans et al., 2002;
Jensen et al., 2012).

Lipopolysaccharides (LPS) are important cell wall components in
gram-negative bacteria. LPS are ubiquitous in the environment and
associated with many human occupational lung diseases, most of which
are associated with organic dust exposure (Thorn, 2001). LPS promote
the activation and aggregation of inflammatory cells and the produc-
tion and release of other inflammatory mediators, resulting in diffuse
lung tissue damage (Maniatis et al., 2008; Sebai et al., 2009).

LPS activate the mononuclear macrophage system to produce a
several fibrogenic cytokines such as transforming growth factor beta 1
(TGF-p1), which act on pulmonary fibroblasts via different direct or
indirect pathways (Olman et al., 2004). Following this LPS-induced
damage, the fibroblasts induce chemotaxis and activate pulmonary
macrophages through inflammatory factors such as interleukin-6 (IL-6),
thus participating in the lung fibrosis process with other cells (Vancheri
et al., 1996; Seki et al., 2007). In fact, it has been confirmed that LPS
directly activate fibroblasts and promote collagen synthesis and secre-
tion, eventually causing diffuse interstitial pulmonary fibrosis (He et al.,
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2009). Furthermore, rapid pulmonary fibrosis could be induced by
acute lung injury via the LPS three-hit regimen (Li et al., 2009; He et al.,
2010).

It is known that LPS are associated with many occupational lung
diseases in humans and that smoking is a high-risk factor for the de-
velopment of pulmonary fibrosis. However, there is no direct evidence
to show the strong link between smoke exposure and pulmonary fi-
brosis in patients with LPS-induced lung injury. Therefore, in this study,
we investigated pulmonary fibrosis in mice exposed to cigarette smoke
and subjected to LPS-induced lung injury. This study provides a theo-
retical foundation for the development of animal models for in-
vestigating and testing novel approaches for the clinical treatment of
pulmonary fibrosis.

2. Material and methods
2.1. Experimental animals

Male C57BL/6 mice aged 8-10 weeks (weighing 20-25g) were
purchased from the Animal Center of Central South University,
Changsha, China. The mice were housed in a controlled environment:
22°C temperature, 12:12h light/dark cycle, and ad libitum access to
food and water. All in vivo experimental protocols were approved by
the local Ethics Committee and were performed strictly in accordance
with the NIH Guide for the Care and Use of Laboratory Animals.

The mice were randomly divided into four groups (n = 8-15 per
group): (1) Control: Norm + intratracheal saline injection of saline; (2)
CS: cigarette smoke exposure; (3) LPS: intratracheal LPS injection; and
(4) CS + LPS: intratracheal LPS injection + cigarette smoke exposure.

The commercial filtered cigarettes (Xiangsiniao from the Hunan
Tobacco Industrial Co., Ltd., China), characterized by smoke containing
11 mg tar, 13 mg carbon monoxide, and 0.9 mg nicotine per cigarette,
were used in this study. Mice in the CS and CS + LPS groups were
placed in a Plexiglass whole-body exposure chamber
(60 X 60 x 70cm) and exposed to successive periods of cigarette
smoke for 2h/day for 7 days/week. The animals were sacrificed under
anaesthesia at D35.

The amount of cigarette was increased as showed in Fig. 1. To allow
adaptation, mice were exposed to gradually increasing concentration of
smoke. First, mice habituated for 7 days with 6 cigarettes a day, and
then were successively exposed to 8 or 10 cigarettes until the end of the
study.

At D14, D21, and D28, 0.9 mg/kg LPS (Sigma, USA) was adminis-
tered in 50 L saline by direct tracheal instillation. High LPS dose is
usually used in acute lung injury animal models, and the objective of
this study was to observe inflammatory factor-mediated pulmonary fi-
brosis induced by cigarette smoke exposure; therefore, a relatively low
LPS dose was adopted in this study.

The particle concentration (mg/m?) in the exposure chamber was
measured by a medium-flow intelligent dust sampler (Qingdao Lubo
Environmental Technology Co., Ltd, China), and the carbox-
yhaemoglobin (HbCO) level was determined by spectrophotometry
(Table 1).
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Table 1
Particle concentration and HbCO level.

Amount of Particle HbCO level(%, mean *+ SEM)
cigarettes concentration
(mg/m?®, 0h after CS exposure 24 h after CS
mean * SEM) exposure
6 170.78 + 4.88 27.91 = 1.85 4.32 = 1.23
206.71 * 7.30 40.45 + 2.63 6.45 + 1.56
10 258.78 = 8.21 47.95 + 2.34 7.95 = 1.41

2.2. Measurement of dynamic lung compliance (Cdyn) and airway
respiratory resistance (RL)

To determine the effect of cigarette exposure and LPS injections on
lung function, we tested Cdyn (ml/cmH20) and RL (cmH20-s/ml) using
the pulmonary function equipment from Buxco Research Systems (Buxco,
USA).

2.3. Pathological changes in lung tissue

Animals were sacrificed under anaesthesia, and the lung tissues
were collected. For morphometric analysis, the right upper lobe tissues
from non-lavaged lungs were harvested and fixed in 4% paraf-
ormaldehyde for at least 24 h and embedded in paraffin. Five-micron-
thick sections were cut and stained with haematoxylin/eosin and
Masson’s trichrome according to standard methods and then examined
under a light microscope. The degree of alveolar inflammation was
evaluated by methods previously described by Szapiel et al. (1979), and
the severity of pulmonary fibrosis was evaluated in terms of the Ash-
croft score (Ashcroft et al., 1988). Details about the evaluation of de-
gree of alveolar inflammation and pulmonary fibrosis are provided in
Tables 2 and 3.

2.4. Lung hydroxyproline assays

Hydroxyproline is a collagen-specific amino acid and is one of the
main components of collagen. Therefore, the lung collagen content was
estimated by measuring the hydroxyproline levels (Akhmetshina et al.,
2012; Dohi et al., 2000). Hydroxyproline content was measured using a
hydroxyproline detection kit (Jiancheng Biotechnology Institute,
Nanjing, China) according to the manufacturer’s protocol. Absorbance
at 550 nm was measured using Microplate Reader (Thermo Fisher Sci-
entific, USA), and hydroxyproline content was calculated per the kit
manufacturer’s instructions.

2.5. ELISA for cytokine measurements

The lungs were homogenized in phosphate-buffered saline (PBS, pH
7.4) containing protease inhibitors (Roche Applied Sciences, Germany)
and centrifuged at 10,000 X g to remove insoluble debris. IL-1(3, TNF-a,
and IL-6 levels in the lung tissue homogenate were determined using
the respective mouse ELISA kits (Invitrogen, USA), according to the
D35
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Fig. 1. A schematic depicting the smoke exposure protocol. Mice were exposed to room air or increasing concentrations of cigarette smoke during the study period.
Then, the mice were subjected to tracheal instillation of LPS or saline on the indicated days. At D35, the mice were sacrificed, and lung samples were collected for

further analysis.
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Table 2
Criteria for grading alveolar inflammation.
Grade of alveolitis Histological features
0 No alveolitis occurred
1 Mild alveolitis, alveolar septum widened slightly, mononuclear
cell infiltration and adjacent to the pleura or localized, lesion size
less than 20%, without alveolar structure destruction
2 Moderate alveolitis, the lesion ranges from 20% to 50% and is
relatively severe near the pleura
3 Severe alveolitis with diffuse distribution, the lesion range is more
than 50%, occasionally lung consolidation is seen
Table 3 2.8. Immunohistochemistry

Criteria for grading pulmonary fibrosis.

Grade of Histological features

fibrosis

0 Normal lung

1 Minimal fibrous thickening of alveolar or bronchiolar walls

>

3 Moderate thickening of walls without obvious damage to lung
architecture

&

5 Increased fibrosis with definite damage to lung structure and
formation of fibrous bands or small fibrous masses

6

7 Severe distortion of structure and large fibrous areas; "honeycomb
lung" is placed in this category

8 Total fibrous obliteration of the field

* the severity is between the former and the latter.

manufacturers’ protocols.

2.6. Western blot analysis

Protein lysates from lung tissues were prepared in RIPA lysis buffer
plus protease inhibitor cocktail, and the total protein concentration was
determined using the Pierce™ BCA Protein Assay Kit (Thermo Fisher
Scientific, USA). The proteins were then separated by 10% sodium
dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) and
transferred to a polyvinylidene fluoride (PVDF) membrane (Millipore,
USA). After blocking with 5% non-fat powdered milk diluted in Tris-
buffered saline containing 0.1% Tween-20 (1X TBST), the membranes
were incubated overnight at 4 °C with primary antibodies against -
actin (Sigma), GAPDH (Yeasen, China), TGF-} (Santa Cruz
Biotechnology Inc., USA), a-SMA (Proteintech, China), and Collagen III
(Cell Signaling Technology, USA). The membranes were washed three
times (10 min per wash) with 1X TBST buffer and incubated with
horseradish peroxidase-conjugated secondary antibody for 2 h at room
temperature. Immunoreactive bands were detected using chemilumi-
nescence reagents (Millipore, USA) and the Molecular Imager
ChemiDoc XRS System (Bio-Rad, USA). The abundance of the targeted
protein was analysed using the ImageJ software. All the experiments
were repeated three times.

2.7. Reverse transcription-quantitative polymerase chain reaction (RT-
gPCR) analysis

Total RNA was extracted from lung tissues with TRIzol reagent
(Takara, Japan) and was reverse transcribed into cDNA using a
PrimeScript RT reagent Kit (Takara, Japan), following the manu-
facturer’s instructions. RT-qPCR was performed using the CFX96 Touch
real-time PCR detection system (Bio-Rad). The primers used have been
listed in Table 4.
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Paraffin sections were deparaffinized, dehydrated, and incubated
with 3% hydrogen peroxide to block endogenous peroxidase activity.
Then, the sections were incubated with a blocking buffer to block
nonspecific staining and incubated overnight at 4°C with an a-SMA
antibody (Abcam, USA). Subsequently, the sections were incubated
with the secondary antibody at 37°C for 1h, followed by incubation
with 0.05% diaminobenzidine. The sections were counterstained,
rinsed with PBS to terminate the reaction, and protected with coverslips
before microscopic examination.

2.9. Statistical analysis

All data were tested for normal distribution. The normally dis-
tributed data were presented as mean = SEM, and one-way ANOVA
was used for statistical analysis. Other data were described as median
and inter-quartile range, and a nonparametric test (Kruskal-Wallis test)
was applied. Survival rates were evaluated with a log-rank test over a
period of 35 days. GraphPad Prism software was used for all analyses.
Differences with p < 0.05 were considered statistically significant.

3. Results
3.1. Changes in body weight, survival rate, and pulmonary function

During the experiment, we monitored the changes in body weight
and survival rate, as these parameters can indirectly reflect the health
status of mice. At the D35, the mice in the CS + LPS group showed
significant decrease in body weight, compared with that of mice in the
control and LPS groups (##P < 0.01); however, no significant body
weight changes were observed between the CS and CS + LPS groups
(Fig. 2A). We also monitored the survival rate weekly and found that
the survival rate in the CS + LPS group (80%) was lower than that in
the C group (100%), CS group (100%), and LPS group (100%); how-
ever, the differences were not statistically significant (Fig. 2B).

Next, we assessed the changes in lung function in terms of Cdyn and
RL. Cdyn reflects the change in pulmonary elastic resistance and is used
in assessing various types of lung diseases such as pulmonary fibrosis
and pleural fibrosis. In contrast, RL can better reflect the airway ob-
struction and bronchial asthma, emphysema, and obstructive ventila-
tion dysfunction cause increased airway resistance. Our study suggested
that the RL of mice from the CS + LPS group was significantly higher
than that of mice from the control group (Fig. 2C), and the Cdyn of mice
from CS + LPS group was lower than that of mice from the control
group (Fig. 2D); however, no significant difference was observed in the
Cdyn and RL of mice from the CS + LPS group and the CS or LPS
groups. Overall, cigarette smoke exposure combined with LPS-induced
lung function changes in mice corresponded to clinical pulmonary fi-
brosis.
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Table 4

Primers sequence for RT-qPCR.
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Gene Forward primer Reverse primer

B-actin GGCTGTATTCCCCTCCAT CCAGTTGGTAACAATGCCATGT
I-18 GCCCATCCTCTGTGACTCAT AGGCCACAGGTATTTTGTCG
TNF-a ACAGCAAGGGACTAGCCAGGAG GGAGTGCCTCTTCTGCCAGTT
IL-6 AGTTGCCTTCTTGGGACTGA TCCACGATTTCCCAGAGAAC
Collagen III GCTCCTCTTAGGGGCCACT CCACGTCTCACCATTGGGG
TGF-$ TCAGACATTCGGGAAGCAGT GCTAAAGCCCTGTATTCCGT
a-SMA CTTCGCTGGTGATGATGCTC GTTGGTGATGATGCCGTGTT

3.2. Histopathology of the lung tissues

We examined the histopathology of lung tissues after the third and
fifth week. After 3 weeks, smoke exposure alone, LPS administration
alone, or CS exposure combined with LPS administration resulted in a
certain degree of disorder in the alveolar structure and caused alveolar
sepal thickening (Fig. 3A, B). Inflammation scores between the groups
were not significantly different (Fig. 3E). After 5 weeks, the CS and LPS
groups showed damage and disorder in a small part of the alveolar
structure, infiltration of inflammatory cells, and further thickening of
alveolar intervals. In the CS + LPS group, the alveolar cavities were
damaged or disappeared in most regions of the lung tissue, and the
alveolar sepal thickened significantly, inflammatory cell infiltration
increased, fibroblast proliferation resulting in the formation of fibrotic
lesions, and the inflammation score was significantly increased, com-
pared with the normal group (Fig. 3C, D, F). Overall, cigarette smoke
exposure combined with LPS instillation caused severe damage to the
lung structure and resulted in formation of fibrotic foci.

3.3. Collagen deposition in mouse lung tissues

Increased collagen deposition in the lung is a characteristic marker
of lung fibrosis. Therefore, we used Masson’s trichrome staining to
evaluate collagen deposition in the lung tissues of mice exposed to CS
for 3 weeks (Fig. 4A, B) and 5 weeks (Fig. 4C, D). High amount of
collagen deposition was observed in the lung tissues of mice from the
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CS + LPS group, compared with that of mice from the other groups, and
the collagen deposition was more obvious at 5 weeks than at 3 weeks.
Furthermore, Ashcroft scores showed that the degree of fibrosis was
severe in the CS + LPS group, compared with that in the control group
(Fig. 4E, F). As hydroxyproline can indirectly reflect the content of
collagen, we also measured the hydroxyproline content in the lung
tissues of mice exposed to CS for 5 weeks. The hydroxyproline content
in the CS + LPS group was significantly higher than that in the other
three groups (Fig. 4G). Moreover, the protein expression and mRNA
expression of type III collagen in the lung tissues of the CS + LPS group
was significantly higher than that of the control group; however, there
was no significant difference compared with the CS and LPS groups
(Fig. 4H, I). Thus, cigarette smoke exposure combined with LPS in-
stillation increased the secretion and deposition of collagen in lung
tissues, which is an important indicator of pulmonary fibrosis.

3.4. Production of inflammatory cytokines in mouse lung tissues

We measured the levels of IL-1f, TNF-a, and IL-6 in the super-
natants of lung tissue homogenates. The levels of TNF-a (Fig. 5A), IL-13
(Fig. 5C), and IL-6 (Fig. 5E) in the CS + LPS group were significantly
higher than those in the control group. Moreover, the mRNA expression
of IL-1f3, TNF-a, and IL-6 in the lung tissues of CS + LPS mice were also
found to be increased (Fig. 5B, D, F). Overall, the inflammatory re-
sponse was enhanced in the CS + LPS group of mice.

Fig. 2. Changes in body weight, survival rate,
and lung function of mice exposed to cigarette
smoke (CS) and lipopolysaccharide (LPS) in-
stillation for 5 weeks. At D35, the body weights
of mice exposed CS + LPS were significantly
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tested using the Buxco system. A significant
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CS+LPS Fig. 3. Haematoxylin and eosin-stained lung
histology images from mice exposed to cigar-
ette smoke (CS) and lipopolysaccharide (LPS)
instillation. The lung tissues of mice were har-

A vested, and the degree of alveolar inflamma-
tion was evaluated in the third week(A, B, E)
and the fifth week (C, D, F). The alveolar
structure damage and inflammatory cell in-
filtration were severe in the CS + LPS mice
with prolonged exposure to smoke, whereas the

B CS and LPS groups showed only mild alveolar
structure destruction and inflammatory cell
infiltration. Representative images of each
group have been shown at a magnification of
200X (B, D) or 1X (A, C). Data were presented
as median and inter-quartile range, and a
nonparametric test (Kruskal-Wallis test) was
used for statistical analysis; n = 4-10;
#P < 0.05.
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3.5. Expression of TGF-3 and a-SMA in mouse lung tissues

TGF-B and a-SMA are relevant factors associated with the devel-
opment of fibrosis. TGF-B is an important factor in the promotion of
fibrosis and a-SMA is involved in fibroblast transdifferentiation. We
found that the protein and mRNA expression of TGF-3 and a-SMA in the
lung tissues from the CS + LPS group were significantly higher than
those in the control group but did not differ significantly from those of
the other groups (Fig. 6A-D). Moreover, immunohistochemistry ana-
lysis revealed an increased expression of a-SMA, especially in tissues
around the airway and the fibrotic lesions (Fig. 6E, F).

4. Discussion

Smoking is a risk factor for pulmonary fibrosis (Liu et al., 2016), and
LPS is a common infectious factor (Thorn, 2001). Therefore, in this
study, we investigated whether systemic exposure to cigarette smoke
combined with LPS administration can induce pulmonary fibrosis in
mice. We found marked alveolar structural disorders, fibrotic lesion
formation, and collagen deposition in the lung tissues of mice exposed
to CS and subjected to LPS administration. The levels of cytokines such
as IL-1B, TNF-a, and IL-6 were also increased in the lung tissues of these
mice. Furthermore, lung function analysis revealed significant increase

13

in airway respiratory resistance and a sharp decline in dynamic lung
compliance in mice exposed to cigarette smoke and subjected to LPS
administration. Overall, this study successfully induced pulmonary fi-
brosis in mice by CS exposure combined with LPS application, and the
resultant pathophysiology was more consistent with that of human
pulmonary fibrosis.

Previous studies have shown that intermittent intraperitoneal in-
jection of 5 mg/kg LPS for 3 consecutive days led to endotoxin-induced
acute lung injury and fibrosis in mice with the fourth week being the
peak period of fibrosis (He et al., 2010). In the present study, we used
an LPS concentration of 0.9 mg/kg, and the mice were intermittently
(week 2, week 3, week 4) administered intratracheal LPS injections,
thereby resulting in minor damage only. This indicates that LPS alone
did not result in lesion formation and that smoke exposure may play an
important role in lesion formation.

A previous study has shown that cigarette smoke aggravates the
severity of acute lung injury caused by LPS and that lung IL-6, which is
significantly higher in LPS-injured mice previously exposed to cigarette
smoke, may be considered as a tobacco-related lung injury biomarker
(Gotts et al., 2017). The results of our study are consistent with this
previous result, as we found significantly high IL-6 levels in the CS +
LPS group. Furthermore, exposure to cigarette smoke in guinea pigs has
been reported to aggravate pulmonary fibrosis caused by bleomycin,
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CS+LPS Fig. 4. Collagen deposition in the lung tissues
of mice. The degree of collagen deposition was
assessed by Masson’s trichrome staining. The
lung tissues of mice were harvested after the
third week(A, B)and the fifth week (C,D).
Ashcroft score was used to evaluate the degree
of fibrosis in the third week (E) and fifth week
(F). Hydroxyproline content in lung was mea-
sured by the hydroxyproline assay (G).
Expression of collagen III in the lung was
measured by western blot (H) and reverse
transcription-quantitative polymerase chain
reaction (RT-qPCR) (I). Mice in CS + LPS
group showed significantly increased collagen
deposition and severe fibrosis. Representative
images of each group have been shown at a
magnification of 200X (B, D) or 1X (A, C). Data
were presented as median and inter-quartile
range, and a nonparametric test (Kruskal-
Wallis test) was used for statistical analysis (E,
F, H); data were presented as mean *+ SEM,
and a parametric test (one-way ANOVA) was
used for statistical analysis (G, I); n = 3-6;
#P < 0.05; ##P < 0.01.
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suggesting that tobacco smoke creates a profibrotic microenvironment
in the lungs (Cisneros-Lira et al., 2003).

Alveolar epithelial injury is one of the pathogenesis mechanisms of
pulmonary fibrosis (Sisson et al., 2010; King et al., 2011). Cigarette
smoke has a complex composition, and it contains several strong oxi-
dants that generate reactive oxygen species (ROS) via a series of reac-
tions (Pryor and Stone, 1993; Jiao et al., 2006). The damage to alveolar
type II epithelial cell (AECII) is mainly mediated by oxidative stress

14

(Faux et al., 2009) resulting from ROS accumulation.

Oxidative stress can damage cellular lipids, sugars, proteins, and
DNA via ROS, thus causing cell damage (Bargagli et al., 2009). A pre-
vious study on the role of cigarette smoke-induced oxidative stress in
AECII injury, showed that the combined effect of oxidative stress and
inflammatory response is one of the mechanisms underlying AECII
damage. Numerous other studies showed that oxidative stress and in-
flammatory response form a vicious circle. Oxidative stress promotes
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A B Fig. 5. Production of cytokines in lung tissue
after cigarette smoke exposure (CS) and lipo-
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the expression of inflammatory factors by activating certain kinases or
transcription factors such as nuclear factor-kappa B (NF-xB) and acti-
vator protein 1 (AP-1) (Rahman and Adcock, 2006), thereby ag-
gravating the inflammatory response. In contrast, the inflammatory
mediators such as IL-1, IL-6, and TNF-a can stimulate the release of ROS
and intensify oxidative stress (Thannickal and Fanburg, 2000; Park
et al., 2009). In our study, the expression of IL-6 and TNF-a in lung
tissues was increased, suggesting that the pathological changes in pul-
monary fibrosis are related to alveolar epithelial injury caused by ci-
garette smoke-induced oxidative stress.

In order to elucidate the pathogenesis of pulmonary fibrosis and
identify effective treatment methods, animal models of pulmonary fi-
brosis have been established using hyperoxia (Chen et al., 2014), irra-
diation (McDonald et al., 1993), silica dust (Fazzi et al., 2014), bleo-
mycin (Mouratis and Aidinis, 2011), paraquat (Greenberg et al., 1978),
and fluorescein isothiocyanate (Roberts et al., 1995). Hyperoxia-in-
duced pulmonary fibrosis model is mainly used to simulate acute lung
injury and pulmonary fibrosis caused by clinical oxygen therapy. Irra-
diation-induced pulmonary fibrosis model can accurately imitate the
pathophysiological changes of pulmonary fibrosis caused by exposure
to radioactive sources in clinical practice; however, developing this
model is time consuming (20-30 weeks) and expensive. Silica-induced
pulmonary fibrosis models can be developed in 12-16 weeks; however,
Balb/c mice are resistant and special equipment is needed for aerosol-
based delivery. Bleomycin-induced pulmonary fibrosis is reported to be
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self-limiting after 28 days and development of fibrosis is limited in
Balb/c mice. Lung injury caused by paraquat poisoning usually occurs
within 5-9 days after poisoning and reaches its peak within 2-3 weeks;
the disease is severe and progresses rapidly. In the fluorescein iso-
thiocyanate-induced models, the response can vary depending on lot of
the fluorescein isothiocyanate, and the model is not clinically relevant.
As the pathological process of human pulmonary fibrosis is complex,
and the formation and development of this disease is affected by ge-
netic, biochemical, and environmental factors, animal models cannot
fully simulate the process of human pulmonary fibrosis. In our study,
smoking, a behaviour closely related to human lifestyle, was used to
induce pulmonary fibrosis. Subsequent LPS stimulation during CS ex-
posure accelerated the inflammatory response and fibrosis progression.
Therefore, the resulting pathophysiological changes observed in these
mouse models are more consistent with those in human pulmonary fi-
brosis. Therefore, this method serves as a better approach to develop
animal models for investigating the mechanisms underlying the pa-
thogenesis of pulmonary fibrosis as well as for identifying and testing
novel clinical treatments for pulmonary fibrosis.

In this study, we successfully induced pathological changes mani-
fested in pulmonary fibrosis in mice. This study may serve as a foun-
dation for the creation of new animal models for pulmonary fibrosis and
help to improve the diagnosis of clinical pulmonary fibrosis. However,
we did not investigate the dynamic changes during the development of
such models and the underlying mechanisms; for example, the
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Fig. 6. Expression of TGF-B and a-SMA in the
lung tissues of mice exposed to cigarette smoke
and lipopolysaccharide instillation (CS + LPS).
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pathological changes in pulmonary fibrosis may be related to alveolar
epithelial injury caused by cigarette smoke-induced oxidative stress.
Thus, further studies are warranted to investigate these aspects.

5. Conclusions
This study indicates that cigarette exposure and LPS-induced lung

16

injury induce pulmonary fibrosis in mice. It leads to alveolar structural
disorders, fibrotic lesion formation, collagen deposition, increased in-
flammatory cytokine levels, increased airway respiratory resistance,
and declined dynamic lung compliance in the lung tissues of mice.
Overall, this study successfully developed mouse pulmonary fibrosis
models with pathophysiology highly similar to that observed in human
pulmonary fibrosis.
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