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Comparative study on mouse models of acute
exacerbation of pulmonary fibrosis
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Abstract. The etiology and underlying mechanisms of acute
exacerbation of idiopathic pulmonary fibrosis (AE-IPF)
remain poorly understood. Although several animal models
have been developed to study AE-IPF, a systematic evaluation
and comparison of these models has not yet been reported.
In the present study, PF was induced in mice by a single
intratracheal administration of bleomycin (BLM). On day 14
after the initial BLM challenge, AE-PF in mice was induced
by intratracheal re-challenge with replication-deficient adeno-
viral vectors (ADV), lipopolysaccharide (LPS) or a second
dose of BLM. Micro-chest computed tomography (CT) was
performed on day 20, and blood, bronchoalveolar lavage fluid
(BALF) and lung tissue samples were collected after sacrifice
on day 21. Compared with mice receiving a single dose of
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BLM alone, all three AE-PF groups exhibited significant body
weight loss and increased mortality (with the highest mortality
in the LPS group), as well as more extensive lung injury on
CT. Histopathological scores for inflammation and fibrosis,
hydroxyproline content and expression levels of fibrotic
markers (fibronectin, collagen I, a-smooth muscle actin and
MMP7) were significantly elevated in the AE-PF groups.
Inflammatory cytokines (IL-6, IL-1p and TNF-o) were mark-
edly increased in both serum and BALF. Furthermore, the
AE-PF models showed downregulation of alveolar epithelial
cell markers (E-cadherin and pro-surfactant protein C) and
a significant increase in apoptotic activity. Notably, fibrosis
progression was more severe in the ADV and two-dose BLM
groups than in the LPS group. Taken together, these findings
indicate that all three triggers can induce AE-PF through
enhanced apoptosis, inflammation and fibrosis. These results
support the use of day 14 re-challenge as a standardized model
for AE-PF. Among the three models, the ADV-induced AE-PF
model may serve as a particularly suitable platform for inves-
tigating the pathogenesis of acute exacerbations in idiopathic
pulmonary fibrosis.

Introduction

Idiopathic pulmonary fibrosis (IPF) is a chronic, fibrosing
interstitial pneumonia of unknown etiology (1). A subset of
patients with IPF may experience acute exacerbations (AE),
diagnosed based on established clinical criteria: A previous
or concurrent diagnosis of IPF; acute worsening of dyspnea
(typically over <1 month); high-resolution computed tomog-
raphy findings of new bilateral ground-glass opacities and/or
consolidation superimposed on a usual interstitial pneumonia
pattern; and exclusion of cardiac failure or fluid overload (2).
These exacerbations lead to acute and clinically notable respi-
ratory deterioration. The annual incidence of AE-IPF ranges
from 5 to 10% (3.,4), with mortality rates between 56 and
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100% (5). Without lung transplantation, the median survival
time after an AE is 3-4 months (6,7). Current international
guidelines provide only a weak recommendation for gluco-
corticoid therapy in AE-IPF, and lung transplantation remains
the only effective long-term treatment for these critically ill
patients (1,8-10).

The etiology of AE-IPF is multifactorial, including bacte-
rial or viral infections, drug toxicity, aspiration, intrinsic
defects and surgical-related injuries (10-12). Viral infection
often serves as an initiating event (13). Research suggests that
latent viruses can modify the secretory phenotype of lung
cells, promoting a pro-fibrotic environment even when the
latent viral load is low or after mRNA COVID-19 vaccina-
tion (14-16). Other studies have shown that the bacterial load
in bronchoalveolar lavage fluid (BALF) from patients with
AE-IPF is considerably higher when compared with that from
stable patients (13). Nevertheless, the exact pathogenesis of
AE-IPF remains unclear. Studies indicate that it may involve
increased epithelial cell apoptosis and excessive inflamma-
tory responses (17-19). Notably, type 2 alveolar epithelial
cells (AEC2s), which function as alveolar stem cells, exhibit
heightened apoptosis and loss of self-renewal capacity, playing
a pivotal role in pulmonary fibrosis progression (20-22).

To investigate the mechanisms of AE-IPF, several animal
models have been established. These models typically involve
initial treatment with bleomycin (BLM) or other toxic agents
to induce pulmonary fibrosis via alveolar epithelial cell
injury (23,24); alternatively, TGF-f1 transgenic mice are used
to directly establish pulmonary fibrosis (25). Subsequently,
mice are challenged with bacterial, viral or chemical agents
to trigger an AE of pulmonary fibrosis (AE-PF) (18,19,23,26).
This approach leads to notable alveolar damage, including
epithelial cell shedding, widening of the alveolar septa,
extensive inflammatory cell infiltration and increased collagen
deposition (18,19,27). However, published AE-PF models
vary considerably in the choice of agents and the timing of
the AE-inducing challenge (17). For example, some models
use more toxic agents (24,26), and in certain studies, the AE
trigger is administered as early as day 7 after BLM treatment,
when lung inflammation is most pronounced but clear fibrosis
has not yet developed (27,28). In other studies, AE is induced
on day 21, when the fibrotic changes are fully established, a
reasonable approach. Nevertheless, fibrosis in the BLM model
begins to resolve spontaneously around day 28, so observa-
tion at day 35 may yield inaccurate results because natural
resolution could confound the assessment of AE effects (29).
Moreover, the pathological changes in lung tissue across these
models are inconsistent; some show marked destruction of
alveolar architecture and significant fibrosis, while others
predominantly exhibit inflammation (30,31).

Because the intratracheal BLM mouse model remains the
most widely used model of pulmonary fibrosis according to
international guidelines published in 2017 (7), the present study
established pulmonary fibrosis by intratracheal BLM injection
on day 0. On day 14 after the initial BLM treatment, when
fibrotic changes are more evident, mice were rechallenged
with replication-deficient adenoviral vectors (ADV), lipo-
polysaccharide (LPS) or a second dose of BLM. The present
study systematically compared the pathophysiological features
of these three AE-PF models and evaluated their suitability

as experimental platforms for investigating the mechanisms
underlying acute exacerbations in patients with IPF.

Materials and methods

Animals. Wild-type male C57BL/6 mice (aged 6-8 weeks;
weighing 22.3-25.1 g) were obtained from Jiangsu
Gempharmatech Co., Ltd. The animals were housed under a
12-h light/dark cycle with controlled humidity (50+15%) and
temperature (22+2°C), with food and water provided ad libitum.
Animal health and behavior were assessed twice daily (9:00
AM and 5:00 PM) throughout the study. Humane endpoints
were predefined as: i) Body weight loss >30% of initial weight,
ii) hunched posture, iii) piloerection, iv) labored breathing or
v) inability to reach food or water. Humane endpoints were
predefined; however, no animals met these criteria during the
study and were euthanized accordingly. All surviving animals
were euthanized at the experimental endpoint for tissue collec-
tion. All efforts were made to minimize suffering and distress.
No analgesics or anesthetics were used during the disease
course to avoid interference with inflammatory and fibrotic
responses, except for the intratracheal instillation procedure.

A total of 75 mice (15 per group) were initially assigned
to the five groups: control (Ctrl), BLM, BLM+ADV,
BLM+LPS and BLM+BLM. On day 0, mice in the Ctrl group
received an intratracheal injection of 50 ul PBS, whereas
mice in the four BLM-treated groups received intratracheal
BLM (3 mg/kg in 50 ul PBS; Nippon Kayaku Co., Ltd.). For
intratracheal instillations, mice were briefly anesthetized
with isoflurane (3% for induction; 1.5% for maintenance)
delivered via a nose cone. During the first 14 days following
BLM administration, three mice died in each of the four
BLM-treated groups, leaving 12 mice per group prior to
the second challenge on day 14. On day 14, mice in the Ctrl
and BLM groups received an intratracheal injection of 50 ul
PBS. Mice in the AE groups (BLM+ADV, BLM+LPS and
BLM+BLM) received, respectively: ADV (1x10® PFU in
50 ul PBS; cat. no. OP0524; OBiO Technology (Shanghai)
Corp.), LPS (I mg/kg in 50 pl PBS; cat. no. L2880-10 MG;
Escherichia coli O55:B5; MilliporeSigma) or a second dose
of BLM (3 mg/kg in 50 ul PBS). No further mortality was
observed in the BLM group after day 14 (12 mice survived
to day 21). By contrast, mortality occurred in all three AE
groups, with final survival numbers of 8 (BLM+ADV),
6 (BLM+LPS) and 8 (BLM+BLM) mice, respectively, as
shown in Fig. 1C. All mortalities were attributed to respira-
tory distress secondary to exacerbated lung injury.

On day 20, mice underwent chest micro-computed tomog-
raphy (micro-CT) imaging. On day 21, the animals were
euthanized by intraperitoneal injection of sodium pentobar-
bital (150 mg/kg). Mortality was confirmed by cessation of
heartbeat and respiration, as well as lack of response to toe
pinch. Samples of lung tissue, BALF and peripheral blood
were then collected (Fig. 1A). All experimental protocols were
approved by the Ethics Committee of Nanjing Drum Tower
Hospital, Nanjing University Medical School (Nanjing, China;
approval no. 2016-160-01).

Assays of hydroxyproline content of lung tissue. Lung tissue
samples (50 mg) were precisely weighed and recorded.
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Figure 1. Mouse models of AE-PF. (A) Flow chart of AE-PF mouse models. An intratracheal injection of BLM was performed on day 0, followed by a second
intratracheal injection of ADV, LPS or an additional dose of BLM on day 14. (The mice were randomly divided into Ctrl group, BLM group and three AE
groups. AE groups include three subgroups: BLM+ADV group, BLM+LPS group and BLM+BLM group. (B) The weight changes over 21 days. The weights
of mice in three AE groups were significantly reduced in comparison with the BLM group at Day 21. (C) The survival of mice from day 14 to day 21 in BLM,
BLM+ADV, BLM+LPS and BLM+BLM groups were 100% (12/12), 66.7% (8/12), 50.0% (6/12) and 66.7% (8/12), respectively. “P<0.05, “P<0.01, "“P<0.001.
AE, acute exacerbation; Ctrl, control; BLM, bleomycin; ADV, replication-defective adenoviral vectors; LPS, lipopolysaccharide.

Hydroxyproline content was measured using alkaline
hydrolysis according to the manufacturer's instructions (cat.
no. A030-2-1; Nanjing Jiancheng Bioengineering Institute).
The absorbance was measured at 550 nm, and the hydroxy-
proline concentration in lung tissues was calculated using the
formula provided in the kit instructions.

Histology and immunofluorescence. Paraffin-embedded lung
tissue specimens were cut into 5-ym-thick sections. Sections
were stained with H&E for histopathological evaluation.
The severity of lung injury was assessed using a modified
Ashcroft scale (32). All scoring was performed by three
independent certified pathologists blinded to group allocation
and the average score was used for analysis. Lung fibrosis
was evaluated on sections stained with Masson's trichrome.
For apoptosis detection, tissue sections were subjected to
TUNEL staining according to the manufacturer's instruc-
tions (cat. no. KTA2011; Abbkine Scientific Co., Ltd.) and
visualized using a fluorescence microscope (Thunder; Leica
Microsystems GmbH). For immunofluorescence staining of
alveolar epithelial cells, sections were incubated overnight
at 4°C with a pro-surfactant protein C (SPC) antibody (cat.
no. ab211326; Abcam). Antigens were visualized using
FITC-conjugated secondary antibodies (cat. no. 33112ES60;
Shanghai Yeasen Biotechnology Co., Ltd.) incubated for 1 h at
room temperature. Nuclei were counterstained with DAPI (cat.
no. KGA215; Jiangsu KeyGen Biotech Co., Ltd.).

BALF cytospin and semi-quantitative cell analysis. BALF was
centrifuged at 500 x g for 5 min at4°C. The cell pellet was resus-
pended in 200 pl of PBS. A 50 ul aliquot of the cell suspension
was used for cytospin preparation. The slides were air-dried

and stained with Giemsa stain (cat. no. CO131; Beyotime
Biotechnology) according to the manufacturer's instructions.
For each mouse, five representative microscopic fields (x400
magnification) were randomly selected and captured. In each
field, the total number of nucleated cells was counted, and cells
were classified into macrophages, lymphocytes and neutro-
phils based on standard morphological criteria: Macrophages
by their large size, irregular nuclei and abundant cytoplasm;
lymphocytes by their small size, round nuclei and scant cyto-
plasm; neutrophils by their segmented nuclei and pale pink
cytoplasm. For each field, the relative proportion of each cell
type was calculated as: Proportion of cell type=(number of
that cell type in the field)/(total cells in the same field). These
proportions are expressed as decimals (range 0-1). The data
from the five fields per mouse were averaged for subsequent
statistical analysis. Total cell count per mouse was defined as
the average total nucleated cells per 400x field. All counting
was performed by three independent investigators blinded to
group allocation and the average values were used for analysis.

Micro-CT imaging and scoring. Chest radiological assess-
ment was performed using a micro-CT system (Hiscan
Micro CT; Suzhou Hiscan Information Technology Co.,
Ltd.). Image acquisition was standardized by positioning at
three anatomical landmarks: The tracheal bifurcation, the
level of the maximum cardiothoracic ratio and 1 mm above
the diaphragmatic apex. Lung abnormalities were assessed
using a modified Miiller scoring system (33). At each of the
three standardized levels, ground-glass opacities were scored
on a 0-5 scale as follows: 0, no abnormality; 1, <5% affected
area; 2, 5-25; 3, 25-50; 4, 50-75; 5, >75%. The scores from the
three levels were averaged to obtain the mean micro-CT score
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(range 0-5) for each animal. All scoring was performed by
three independent investigators blinded to group allocation,
and the average score was used for analysis.

ELISA. Serum and BALF supernatants were centrifuged at
1,500 x g for 5 min at 4°C, and the pellets were discarded.
Levels of IL-1B, IL-6 and TNF-o were determined using
ELISA kits according to the manufacturer's instructions (cat.
nos. MM-0040M1; MM-0163M1 and MM-0132M1; Jiangsu
Enzyme Immunoassay Co., Ltd.). Absorbance was measured
at 450 nm using a microplate reader and cytokine concentra-
tions were calculated from standard curves.

Reverse transcription-quantitative PCR (RT-gPCR). Total
RNA was extracted from lung tissues using TRIzol® reagent
(Invitrogen; Thermo Fisher Scientific, Inc.) and reverse-tran-
scribed into complementary DNA (cDNA) using the HiScript
II Reverse Transcriptase kit (cat. no. R323-01; Vazyme Biotech
Co., Ltd.). The thermocycling conditions for reverse transcrip-
tion were as follows: 37°C for 30 min and 85°C for 5 sec.
qPCR was performed using ChamQ Universal SYBR qPCR
Master Mix (cat. no. Q711-02; Vazyme Biotech Co., Ltd.) on
a QuantStudio 6 Flex Real-Time PCR System (Thermo Fisher
Scientific, Inc.). The thermocycling conditions for gPCR were
as follows: Initial denaturation at 95°C for 20 sec, followed
by 40 cycles of 95°C for 10 sec and 60°C for 30 sec, with a
final melt curve analysis step to verify amplicon specificity.
GAPDH was used as the internal reference gene, and its
expression was confirmed to be stable across all experimental
groups. Target gene mRNA levels were quantified using the
comparative 222 method (34), with all samples normalized
to the internal control GAPDH and calibrated to the average
Ct value of the control group. Data were analyzed using
QuantStudio™ Real-Time PCR Software (version 1.3; Thermo
Fisher Scientific, Inc.). The primer sequences used for amplifi-
cation are provided in Table SI.

Western blotting. Proteins were extracted from lung tissues
using lysis buffer (cat. no. KGP2100; Jiangsu KeyGen Biotech
Co., Ltd.). Protein concentration was determined using the
bicinchoninic acid (BCA) method with a BCA protein assay
kit (cat. no. PO012; Beyotime Biotechnology). Equal amounts
of protein (10 ug per lane) were separated by SDS-PAGE using
12% gels, then transferred onto PVDF membranes. After
blocking with Tris-buffered saline containing 0.1% Tween-20
(TBST) and 5% non-fat milk for 1 h at room temperature, the
membranes were incubated with primary antibodies over-
night at 4°C. Subsequently, the membranes were incubated
with HRP-conjugated secondary antibodies for 1 h at room
temperature. The dilutions of all antibodies are provided in
Table SII. Protein signals were visualized using a Tanon 5200
chemiluminescence imaging system. The antibodies used for
western blotting are listed in Table SII.

Statistical analysis. All data are presented as mean + SEM.
Normality of distribution was assessed using the Shapiro-Wilk
test (0=0.05) and visual inspection of Q-Q plots. For datasets
meeting normality assumptions, comparisons between two
groups were analyzed using an unpaired two-tailed Student's
t-test, and comparisons among more than two groups were

analyzed using one-way ANOVA followed by Dunnett's post
hoc test for multiple comparisons (comparing each AE group
to the BLM-only control). For data not meeting normality
assumptions, the Kruskal-Wallis test with Dunn's post hoc
correction was used. Outliers were identified using Grubbs' test
(0=0.05) and confirmed by reviewing experimental records.
No outliers were excluded from the final analysis. Post hoc
power analysis was performed to confirm that the sample sizes
were adequate to detect meaningful differences (power >0.99
for the primary outcome measure). P<0.05 was considered to
indicate a statistically significant difference. Exact P-values are
reported for P=0.01, while P<0.01 and P<0.001 are indicated
as such. The western blotting images were analyzed by ImageJ
software (National Institutes of Health). Statistical analyses
were performed by GraphPad Prism version 8 (Dotmatics).

Results

Weights and survival of AE-PF mice. Mice in the BLM group
exhibited a gradual decrease in body weight compared with
the control group. Following intratracheal rechallenge with
ADV, LPS or a second dose of BLM on day 14 after the
initial BLM treatment, mice in all three AE groups showed
more pronounced weight loss and lower survival rates
when compared with mice receiving a single dose of BLM
(Fig. 1B and C).

On day 21, the mean body weights of the ADV group
(17.41£1.59 g; n=8), LPS group (16.52+0.61 g; n=6) and
two-dose BLM group (16.83+1.30 g; n=8) were significantly
reduced compared with that of the single-dose BLM group
(20.96+2.23 g; n=12; all P<0.01; Fig. 1B).

Following administration of the AE-inducing agents, the
survival rate of the BLM+LPS group (50.0%) was significantly
lower when compared with that of the BLM group (100%;
P=0.019). Although the survival rates of the BLM+ADV group
(66.7%) and the BLM+BLM group (66.7%) were lower when
compared with that of the BLM group, the differences did
not reach statistical significance. No significant differences in
survival rates were observed among the three AE subgroups
(Fig. 1C).

Chest Micro-CT and lung histopathology of AE-PF mouse
models. Micro-CT scans were performed on day 20 in
BLM-treated mice. Compared with the BLM group, mice in all
three AE groups exhibited larger areas of ground-glass opaci-
ties in the lungs. According to the modified Miiller scoring
criteria (33), the mean CT lesion scores in the BLM+ADV
(4.67+0.41), BLM+LPS (4.56+0.19) and BLM+BLM
(4.20+0.30) groups were significantly higher when compared
with those in the BLM group (2.78+0.84; all P<0.01). No
significant differences were observed among the three AE
subgroups (Fig. 2A and B).

Gross lung tissue specimens from the Ctrl group exhib-
ited normal morphology, soft texture and no congestion or
edema. By contrast, lungs from the BLM group showed focal
injury characterized by congestion, edema and consolidation.
Importantly, lung injury was more severe in all three AE
groups, as evidenced by larger lesional areas and, in some
cases, complete lung consolidation (Fig. 2C). Histopathological
examination of lung tissues with H&E staining revealed
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Figure 3. The pulmonary fibrosis of three AE group mice was significantly aggravated compared with the BLM group. (A) The hydroxyproline contents in
both BLM+ADV and BLM+BLM groups of mice were higher than in the BLM+LPS group animals (each group, n=6). (B) Western blotting analysis revealed
that the expressions of fibrosis markers Fibronectin, MMP-7, TGF-1, Collagen I and a-SMA in the AE groups were significantly upregulated compared with
the BLM group. (C) Semi-quantification of Fibronectin protein expression relative to GAPDH. (D) Semi-quantification of MMP-7 protein expression relative
to GAPDH. (E) Semi-quantification of TGF-f1 protein expression relative to GAPDH. (F) Semi-quantification of Collagen I protein expression relative to
GAPDH. (G) Semi-quantification of a-SMA protein expression relative to GAPDH (each group, n=6). The relative mRNA expressions of fibrosis markers
(H) Fibronectin, (I) MMP-7, (J) TGF-f1, (K) Collagen I and (L) a-SMA in the AE groups were significantly increased compared with the BLM group by gPCR
(each group, n=6). ‘P<0.05, “P<0.01, “"P<0.001, “**P<0.0001. Scale bar, 50 um. AE, acute exacerbation; BLM, bleomycin; ADV, adenoviral vectors; LPS,

lipopolysaccharide; a-SMA: a-smooth muscle actin.

alveolar septal congestion and edema, excessive inflammatory
cell infiltration and alveolar epithelial cell damage in AE mice.
In comparison, the BLM group showed less inflammatory
cell infiltration and a smaller extent of damage (Fig. 2D). The
modified Ashcroft scores (32) in the BLM+ADV (6.87+0.61),
BLM+LPS (6.27+0.28) and BLM+BLM (6.47+0.51) groups
were significantly higher when compared with those in the
single-dose BLM group (3.93+0.60; all P<0.0001). No signifi-
cant differences were observed among the three AE subgroups
(Fig. 2E).

Masson's trichrome staining showed mild collagen deposi-
tion around the trachea or blood vessels in the control group
and more extensive deposition in the single-dose BLM group.
Compared with both control and single-dose BLM groups,

all three AE groups exhibited markedly increased collagen
deposition surrounding the bronchi, within the alveolar septa
and in remodeled lung regions (Fig. 2D). Quantitative analysis
revealed that the proportion of Masson's staining area was
significantly higher in each AE group when compared with in
the single-dose BLM group (P<0.0001 for ADV and two-dose
BLM groups; P=0.017 for LPS group). Furthermore, among
the AE subgroups, both the BLM+ADV and BLM+BLM
groups had significantly higher scores when compared with the
BLM+LPS group (P<0.01 and P=0.011, respectively; Fig. 2F).

The expressions of fibrotic markers are significantly upregu-
lated in the lungs of AE-PF mouse models. The present study
observed a significant increase in total collagen content, as
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Figure 4. The levels of inflammatory cytokines in BALF and serum were significantly elevated in AE-PF mice by ELISA. The levels of (A) IL-1f, (B) TNF-a
and (C) IL-6 in BALF were significantly elevated in three AE-PF group mice compared with BLM group. The findings of the BLM group were significantly
increased when compared with the Ctrl group (each group, n=6). The levels of (D) IL-1f, (E) TNF-a and (F) IL-6 in serum were significantly elevated in three
AE-PF groups of mice compared with BLM group. The findings of the BLM group were significantly increased when compared with the Ctrl group (each
group, n=6). "P<0.05, “P<0.01, “"P<0.001, """P<0.0001. AE, acute exacerbation; BALF, bronchoalveolar lavage fluid; Ctrl, control; BLM, bleomycin; ADV,

adenoviral vectors; LPS, lipopolysaccharide.

determined by hydroxyproline assay, in the BLM+ADV group
(0.75+£0.09 pg/mg), BLM+LPS group (0.59+0.07 pg/mg) and
BLM+BLM group (0.77+0.06 ug/mg) compared with the
single-dose BLM group (0.29+0.04 pg/mg; P<0.001; P<0.01
and P<0.001, respectively). The BLM+ADV and BLM+BLM
groups showed significantly higher hydroxyproline levels when
compared with the BLM+LPS group (P=0.041 and P=0.044,
respectively; Fig. 3A).

Similarly, western blotting revealed that the expression
levels of the profibrotic markers fibronectin, MMP7, TGF-f31,
collagen I and a-smooth muscle action (a-SMA) were signifi-
cantly upregulated in all three AE subgroups compared with
the single-dose BLM group. Collagen I expression in the
lungs of the BLM+ADV group was significantly higher when
compared with that in the BLM+LPS group (P<0.01) and the
BLM+BLM group (P=0.026), respectively. Likewise, a-SMA

protein expression in lung tissue was significantly higher in the
BLM+ADV group when compared with that in the BLM+LPS
group (P<0.01). No significant differences in other indices
were observed among the three AE-PF subgroups (Fig. 3B-G).

RT-qPCR showed that the mRNA expression levels of
fibronectin, MMP7, TGF-p1, collagen I and a-SMA were
significantly increased in the BLM group compared with the
control group. All three AE groups had significantly higher
mRNA levels of these markers when compared with the BLM
group. No significant differences in fibronectin mRNA levels
were detected among the three AE subgroups. The mRNA level
of MMP7 was significantly higher in the BLM+BLM group
when compared with that in the BLM+LPS group (P<0.01).
The mRNA levels of TGF-B1 were significantly higher in
the BLM+ADV group (P<0.0001) and the BLM+BLM group
(P<0.0001) compared with the BLM+LPS group. Collagen
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Figure 5. Apoptosis was significantly enhanced in AE-PF mice, particularly in the BLM+ADV group. (A) Representative TUNEL staining images of lung
tissues from each group. (B) Quantification of TUNEL-positive cells showed that the percentages in the AE groups were significantly higher than in the BLM
group, particularly in the BLM+ADV group (each group, n=6). (C) Quantification of the Bax/Bcl2 ratio revealed a significant increase in the BLM+ADYV group
compared with both the BLM+LPS and BLM+BLM groups (each group, n=6). (D) Representative western blotting bands showing the protein expression of
Bcl2 and Bax in each group. (E) The findings of quantitative-PCR analysis showed the Bax/Bcl2 ratio was significantly enhanced in three AE-PF group mice
when compared with BLM group (each group, n=6). "‘P<0.05, “P<0.01, “"P<0.001, “*“P<0.0001. Scale bar: 50 um. AE, acute exacerbation; BLM, bleomycin;

ADV, adenoviral vectors; LPS, lipopolysaccharide.

I mRNA levels in the BLM+ADV group were significantly
higher when compared with those in the BLM+LPS group
(P<0.01) and the BLM+BLM group (P=0.019). The mRNA
level of a-SMA in the BLM+ADV group was significantly
higher when compared with that in both the BLM+BLM and
BLM+LPS groups (both P<0.0001; Fig. 3H-L).

Excessive inflammation is observed in AE-PF mice models.
Analysis of inflammatory cytokine levels in BALF and serum
by ELISA showed that IL-1B, TNF-a and IL-6 were signifi-
cantly elevated in the BLM group compared with the control

group, but remained significantly lower when compared with
those in the three AE groups. When comparing cytokine
levels among the three AE subgroups, BALF IL-1p levels were
significantly higher in the BLM+ADV and BLM+BLM groups
than in the BLM+LPS group (P<0.01 and P=0.021, respec-
tively), whereas no significant differences were observed in
serum IL-1f levels (Fig. 4A and D). TNF-a levels in both
BALF and serum were significantly higher in the BLM+LPS
and BLM+BLM groups compared with the BLM+ADV group
(all P<0.0001; Fig. 4B and E). Furthermore, serum TNF-a
levels in the BLM+LPS group were significantly higher when
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Figure 6. Epithelial cell injury was significantly enhanced in the AE-PF mice. (A) Western blotting analysis of E-cadherin protein expression. (B) Quantification
of E-cadherin expression relative to GAPDH (each group, n=6). (C) Representative immunofluorescence images of SPC staining. (D) Quantification of SPC

fluorescence intensity (each group, n=6). "P<0.05, “P<0.01, ***
LPS, lipopolysaccharide; SPC, pro-surfactant protein C.

compared with those in the two-dose BLM group (P<0.001;
Fig. 4E). No significant differences in IL-6 levels were
observed among the AE subgroups in either BALF or serum
(Fig. 4C and F).

Giemsa staining of BALF cytospin preparations revealed
distinct cellular compositions across the groups (Fig. S1).
Compared with the control group, the total cell count was
significantly increased in the BLM group, and further elevated
in all three AE groups. The proportion of lymphocytes was
significantly higher in the BLM+ADV group when compared
with that in the BLM+LPS and BLM+BLM groups. The
percentages of macrophages in the BLM+LPS and BLM+BLM
groups were significantly higher when compared with those in
the BLM+ADV group. The proportion of neutrophils in the
BLM+LPS group was significantly greater when compared
with that in the BLM+ADV and BLM+BLM groups.

Apoptosis is increased in lung tissues of AE-PF mice. The
enhanced apoptosis of alveolar epithelial cells plays a key
role in the pathogenesis of AE-IPF (35). The present study
therefore investigated apoptosis in lung tissues of the mouse
models. TUNEL assays revealed no clear positive signals in
the control group. The percentage of TUNEL-positive cells in
the BLM group was significantly higher when compared with
that in the control group (P=0.049). Conspicuous and aggre-
gated apoptotic signals were observed in lung tissues of all
three AE groups. Notably, mice in the BLM+ADV, BLM+LPS
and BLM+BLM groups exhibited significantly increased
apoptosis compared with the BLM group (P<0.01; P=0.035

P<0.001. Scale bar, 50 pm. AE, acute exacerbation; BLM, bleomycin; ADV, adenoviral vectors;

and P=0.032, respectively) (Fig. 5A and B). No statistically
significant differences were observed among the three AE
subgroups, although the BLM+ADV subgroup showed a trend
toward higher values.

The present study further analyzed the protein and mRNA
expression of apoptosis-related molecules in the AE-PF mouse
models. In the BLM group, the pro-apoptotic molecule Bax
was significantly increased compared with the control group,
but its level was significantly lower when compared with that in
the three AE groups (Fig. 5D). By contrast, the expression level
of the anti-apoptotic factor Bcl2 was significantly reduced in
the BLM group compared with the control group, and the AE
groups showed a further decrease relative to the BLM group
(Fig. 5D). The Bax/Bcl?2 ratio, reflecting apoptotic propensity,
was highest in the BLM+ADV group among the three AE
subgroups. This group exhibited significantly higher Bax/Bcl2
ratios when compared with the BLM+LPS group (P<0.01) and
the BLM+BLM group (P=0.022; Fig. 5C). qPCR analysis also
demonstrated that the Bax/Bcl2 ratio was significantly higher
in the BLM+ADV group compared with that in the BLM+LPS
group (P=0.020; Fig. 5E).

The expression of AEC2 markers is significantly downregu-
lated, suggesting that the damage to AEC?2 is aggravated in
the lung of AE-PF mice. Western blotting analysis demon-
strated a significant decrease in E-cadherin expression in all
three AE groups compared with the single-dose BLM group
(Fig. 6A and B). The present study also analyzed the expres-
sion of the AEC2 marker SPC in lung tissues. SPC expression
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was significantly reduced in the BLM group and further
decreased in mice from the AE groups, indicating that AEC2s
were substantially damaged following the induction of acute
exacerbation (Fig. 6C and D).

Discussion

The pathogenesis of AE-IPF remains unclear, and it is
uncertain whether acute exacerbations represent an inherent
acceleration of the underlying fibrotic disease or a reaction to
external, often unidentified triggers that lead to acute respira-
tory distress syndrome (ARDS) (36). Existing studies have
identified viral, bacterial and toxic injuries as contributors to
AE-IPF (10,17,37,38). The underlying mechanisms may include
increased apoptosis of AEC2s, excessive lung inflammation and
extracellular matrix deposition (17). Pathologically, AE-IPF
often presents as new diffuse alveolar damage, occasionally
accompanied by hyaline membrane formation, superimposed
on a background of usual interstitial pneumonia (2). Multiple
animal models of AE-PF induced by viruses, bacteria, drugs
or surgery have been reported (19,23,26,28,29). However, each
model possesses inherent limitations, including suboptimal
timing for AE induction, imperfect experimental methods,
prolonged experimental design cycles or an oversimplified
assumption that AE is solely caused by external insults, thereby
overlooking potential contributions from the disease process
itself (17). Consequently, there is an urgent need to systemati-
cally compare and analyze these different animal models to
identify a more robust and clinically relevant platform, thereby
laying the groundwork for subsequent preclinical research.

The conventional animal model for studying pulmonary
fibrosis is established by intratracheal instillation of a single
dose of BLM, which has proven instrumental in elucidating
the mechanisms underlying alveolar epithelial cell injury
and subsequent fibrosis progression (17,39). Therefore, the
present study developed AE-PF mouse models based on
BLM-induced pulmonary fibrosis using three distinct triggers:
ADV, LPS and a second dose of BLM. Analysis demonstrated
that all three triggers effectively induced clinical, imaging and
histopathological exacerbations in the lungs, accompanied
by molecular marker changes in inflammation, apoptosis
and fibrosis that recapitulate features observed in AE-IPF.
However, the degrees of apoptosis, pulmonary fibrosis and
inflammatory response in lung tissue differed among the
three AE-PF models. Compared with the BLM+LPS group,
BLM+ADV mice exhibited more pronounced apoptosis
and lung fibrosis but lower TNF-a levels in both BALF and
serum. Compared with mice receiving two doses of BLM,
those treated with ADV in combination with BLM showed
significantly higher levels of apoptosis, collagen I and a-SMA
mRNA, while TNF-a levels in both BALF and serum were
significantly lower. Compared with the BLM+LPS group, the
two-dose BLM group exhibited more severe lung fibrosis, with
similar levels of lung apoptosis and BALF TNF-a. The causes
and mechanisms underlying the differences among these three
AE-PF models warrant further investigation.

Adenovirus is highly contagious and often leads to
outbreaks of respiratory infection in closed or crowded
environments (40). Weng et al (37) analyzed serum samples
from 41 patients with AE-IPF and 108 patients with stable

IPF, reporting that 7.3% of AE-IPF patients tested positive
for adenovirus-specific IgM antibodies, compared with only
0.9% of stable patients with IPF (37). Latent adenovirus can
persist in lymphoid or other tissues for extended periods,
with the possibility of reactivation in severely immunosup-
pressed patients (41). In light of this, the present study used
replication-deficient ADV, which retains immunogenicity but
lacks replicative capacity, to induce AE-PF in BLM-treated
mice. To the best of our knowledge, this approach has not been
reported previously.

The mechanisms by which ADV infection exacer-
bates pulmonary fibrosis may involve two interrelated
pathways (17,42). First, ADV itself may directly damage
the lung parenchyma, potentially triggering aberrant wound
healing responses that lead to AE-PF. Second, ADV infection
activates the immune system, recruiting macrophages and Th2
cells to the site of injury. These cells release large amounts of
pro-inflammatory and pro-fibrotic factors, including TGF-§,
TNF-a, IL-1 and IL-6, through signaling pathways such as
the TNF-o/NF-«kB pathway, the IL-6/STAT pathway and
the TGF-f/SMAD pathway, ultimately contributing to the
pathogenesis of AE-PF.

LPS is commonly used in various preclinical models to
induce conditions such as ARDS or peritoneal inflamma-
tion (43-46). Given the pathological features of ARDS observed
in lung tissue from patients with AE-IPF, Kimura et al (28)
established a mouse model of AE-PF by administering BLM
followed by LPS. However, they collected specimens on day 1
after LPS treatment (day 8 after BLM treatment), a stage when
lung inflammation is most pronounced but fibrosis remains
relatively mild (28). Guo et al (47) induced an AE-PF model in
BLM-treated mice using LPS on day 14 and assessed the effects
on day 15, reporting no significant progression of pulmonary
fibrosis (47). By contrast, in the present AE-PF model, LPS was
administered on day 14 after BLM treatment, during the stage
of established lung fibrosis, and lung samples were collected on
day 21. Administering triggering agents and collecting samples
at appropriate time points in BLM-treated mice will help
improve researchers' understanding of the pathophysiological
processes and explore the pathogenesis of AE-IPF.

A systematic review and meta-analysis revealed that
patients with AE-IPF with elevated neutrophil counts in BALF
have a high risk of mortality (48). A previous study showed that
germ-free BLM-treated mice exhibit a similar degree of lung
injury compared with wild-type BLM-treated mice; however,
germ-free mice are protected from mortality (38). Another
single-center retrospective study of patients with IPF reported
that among seven patients with bacterial infections, one
developed AE-IPF and two died during a 60-month follow-up
period. Among 12 patients with viral infections, one developed
AE-IPF, but no mortalities occurred (49). These findings may
explain why, among the three AE-PF models, the mortality rate
was highest in the BLM+LPS group. This is likely attributable
to the inflammatory response associated with bacterial infec-
tion and LPS, which can lead to a high mortality rate.

To elucidate the molecular mechanisms underlying acute
exacerbations induced by ‘idiopathic’ AE or non-infectious
factors, previous studies have demonstrated that administering
BLM two or more times can successfully establish mouse
models of AE-PF (29,50,51). The two-dose BLM model has



Bzl SPANDIDOS
7] .§, PUBLICATIONS

been established by administration on days O and 21, with
outcome assessment on day 35. The multiple-dose model has
been administered once every 2 weeks for a total of six doses.
However, the duration of these studies is excessively long,
ranging from 5 to 12 weeks. The present findings demonstrated
that administering the same dose of BLM on day 14 after the
initial dose yielded model outcomes assessed on day 21 that
closely resembled those of the long-cycle mouse model. These
manifestations included significantly increased lung fibrosis
and apoptosis, along with elevated levels of inflammatory
cytokines such as TNF-a, IL-6 and IL-1f. Accordingly, the
present study successfully induced AE-PF in mice using this
two-dose BLM administration regimen. Thus, this approach
offers a stable, reliable, short-duration and reproducible
method for establishing an animal model of non-infectious
AE-PF, thereby providing a valuable tool for future research.
Among the three AE models evaluated in the present
study, the ADV-triggered BLM model most comprehensively
recapitulated the key pathological features of human AE-IPF.
First, the BLM+ADV group exhibited the most severe fibrotic
phenotype, as reflected by the highest levels of collagen I,
0o-SMA and TGF-f3, as well as the highest fibrosis scores on
histological assessment. Although hydroxyproline content was
slightly lower than that in the BLM+BLM group, this discrep-
ancy may reflect differences in collagen turnover or maturation,
as hydroxyproline measures total collagen content, whereas
collagen I and a-SMA reflect active fibrogenesis. Collectively,
these findings indicate a robust and active fibrotic response
in the BLM+ADV model. Second, this group also exhibited
the most pronounced alveolar epithelial apoptosis, which is
recognized as a key driver of AE-IPF pathogenesis. Alveolar
epithelial injury is considered to trigger aberrant wound healing
and fibroblast activation, contributing to the rapid decline in
lung function. Third, the ADV group displayed a moderate yet
significant increase in cytokines (Table SIII). Previous studies
have reported elevated levels of multiple cytokines in patients
with AE-IPF, including IL-13, TNF-a and IL-6 (52-55), find-
ings that are well aligned with the pathological features of
human AE-IPF. Human AE-IPF is characterized by a complex
interplay of fibrosis, epithelial injury and inflammation.
Collectively, these findings suggest that the ADV-triggered
BLM model provides a translational platform that captures
the core pathological features of AE-IPF, including robust
fibrogenesis (elevated collagen I, a-SMA, TGF-f3 and fibrosis
scores), prominent epithelial apoptosis and a moderate inflam-
matory response. This model may therefore be particularly
suitable for studying the mechanisms underlying acute exac-
erbations and for evaluating targeted therapeutic interventions.
The present study has some limitations. The mortality rates
observed in the AE models (33.3-50%) are consistent with the
high mortality reported in patients with AE-IPF (56-100%) (5),
supporting the translational relevance of these models. While
this high mortality is clinically reflective, it should be consid-
ered as a practical consideration for future preclinical studies.
Although the bleomycin-induced fibrosis model recapitulates
key histopathological features of human IPF, it does not
fully replicate the chronic, progressive nature of the disease.
Moreover, species differences in immune response and lung
anatomy, as well as the short observation period (21 days), may
limit the translation of the AE phenotype to the long-term human
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disease course. In clinical practice, new ground-glass opacities
and/or consolidations superimposed on pre-existing pulmonary
fibrosis are typically observed on chest imaging in patients with
AE-IPF. However, the present study only compared chest CT
changes between AE-PF mice and BLM-treated animals at a
single time point, without longitudinal tracking of the same
animals before and after the second challenge. The present
study acknowledges that incorporating serial chest CT imaging
and longitudinal BALF cytological classification in the same
mice would better facilitate understanding of the progression
and evolution of pulmonary fibrosis. Although the sample sizes
(n=6-8 per group) were sufficient to detect statistically signifi-
cant differences, as confirmed by post hoc power analysis, they
remain relatively modest. Future studies with larger cohorts
may help further validate these findings and allow for more
detailed subgroup analyses. The mechanisms underlying acute
exacerbation in mouse models of pulmonary fibrosis require
further investigation.

The present study demonstrated that three triggers, ADV,
LPS and a second dose of BLM, effectively induce AE-PF
in BLM-treated mice by promoting enhanced apoptosis,
excessive inflammation and fibrosis progression. Although
the severity of apoptosis, inflammation and lung fibrosis
progression differed among the three AE-PF models, the
protocol of rechallenging mice on day 14 after conventional
BLM treatment may serve as a standardized AE-PF model.
In comparison, the ADV-induced BLM mouse model may
represent a superior platform for studying AE-PF.
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