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Introduction

Idiopathic pulmonary fibrosis (IPF) is a chronic progressive 
interstitial lung disease with severe pulmonary fibrosis. 
The etiology of IPF remains unclear. Patients usually only 
survive 2–3 years after being diagnosed with IPF (1,2). 
The incidence and development of IPF are associated with 

epithelial cell injury, fibrocyte proliferation, inflammatory 
reactions, and extracellular matrix deposition (3,4). The 
pathological manifestation of IPF is usual interstitial 
pneumonia (UIP) (3,5). Currently, the mortality in patients 
with IPF is quite high. However, effective treatments for 
IPF are lacking (6). The main cause of IPF-associated death 
is acute exacerbation of IPF (AE-IPF), which accounts for 
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more than 50% of IPF-related deaths (7). Kondoh et al. 
firstly described AE-IPF (8) and found that AE-IPF also 
presented diffuse alveolar damage (DAD) in addition to 
UIP (7). Most patients with AE-IPF are unable to tolerate 
bronchoscopy or lung biopsy because of their critical 
condition. Lack of the biopsy of AE-IPF substantially limits 
in-depth investigations of AE-IPF. Experimental animal 
models that could mimic AE-IPF would be useful tools to 
study AE-IPF. 

Animal models of bleomycin (BLM)-induced IPF were 
initially described in 1970 (9). The rat model of IPF, which 
is developed by an intratracheal perfusion with BLM, has 
already been commonly used (10-12). Theoretically, a 
second intratracheal perfusion with BLM should induce 
additional lung injury in the rats that already develop 
pulmonary fibrosis from the first perfusion. The additional 
lung injury may resemble the pathological characteristics of 
AE-IPF. This study aims to test this approach to develop a 
rat model of AE-IPF. The pathological characteristics of the 
rat model were also investigated.

Methods

Chemicals and reagents

BLM was purchased from the Nippon Kayaku Co. Ltd. 
(Tokyo, Japan). Isoflurane and pentobarbital sodium were 
purchased from Yuyan Instruments Co., Ltd. (Shanghai, 
China). Neutral formalin (10%) was purchased from Wuhan 
Goodbio technology Co., Ltd. (Wuhan, China). Rat IL-6, 
IL-10, IL-17A and TGF-β enzyme-linked immunosorbent 
assay (ELISA) kits were purchased from Neo Bioscience 
Technology Co. (Shenzhen, China). Tissue RNA kit was 
purchased from Biomiga Inc. (San Diego, USA). The 
primer sequences were designed and synthesized by Sangon 
Biotech Co., Ltd. (Shanghai, China). The real-time PCR 
(RT-PCR) kit was purchased from TOYOBO Life Science 
(Osaka, Japan). 

Animals

The protocol for animal maintenance and experiments 
was approved by the Institutional Animal Care and Use 
Committee at Tongji University. A total of 90 male Sprague 
Dawley (SD) rats (SPF grade, body weight: 100±10 g) were 
purchased from Shanghai SLAC Laboratory Animal Co., 
Ltd., China. The rats were maintained at 24±1 ℃ and a 
relative humidity of 40–80% according to the Guidelines 

for Animal Experimentation of Tongji University (Shanghai, 
China). The rats had free access to food and water and were 
housed for 1 week to adapt the new environment before 
being used for experiments. 

Development of animal models

The rats were randomized into the following three groups: 
a BLM + BLM group (n=40), a BLM group (n=25), and 
a control group (n=25). BLM was dissolved in saline to 
a final concentration of 2.5×10-3 mg/L. All the rats were 
anesthetized by isoflurane inhalation and then intratracheally 
perfused with BLM (5 mg/kg) (for the BLM + BLM and 
BLM groups) or the same volume of saline (control group) 
by laryngoscopy (Penn-Century, Inc., LS-2-R, USA). 
The second perfusion was performed on day 28 after the 
first perfusion. Based on our preliminary experiments 
(see supplementary appendix, Figure S1),  7 mg/kg  
BLM was the optimal dose for the second perfusion in 
the BLM + BLM group. The same volume of saline was 
perfused in the other two groups (the BLM and control 
groups). Six rats were selected randomly from each group 
on day 31, day 35, and day 42 after the first perfusion, 
respectively, and then anesthetized by an intraperitoneal 
injection of 2% pentobarbital sodium. Subsequently, 
blood was collected from the abdominal aorta to analyze 
blood gas. After the rats were sacrificed by exsanguination, 
supernatant of the bronchoalveolar lavage fluid (BALF) 
from the right lung was preserved at −80 ℃; the lung 
tissues were dissected. The left lung was preserved in liquid 
nitrogen for RT-PCR analysis. The anterior and middle 
lobe of the right lung was fixed in 10% neutral formalin 
for hematoxylin and eosin (H & E) staining and Masson 
staining, and the posterior lobe of the right lung was used 
to analyze lung water content (Figure 1). 

Histopathology of lung tissues

The anterior and middle lobe of the right lung was fixed in 
10% neutral formalin for 48 hours, embedded in paraffin, 
and then sectioned for H & E staining and Masson 
staining. The stained lung tissue sections were analyzed 
on a pathological section scanner (4× magnification, Leica 
Biosystems, SCN400, Germany). All H & E-stained 
sections were analyzed and scored for acute lung injury 
(ALI) severity by two experienced pathologists, who were 
blinded for the group allocation (13). The average scores 
were used. ALI severity was scored based on the severity 
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of the following four histopathological features: (I) alveolar 
congestion; (II) bleeding; (III) inflammatory cell infiltration; 
and (IV) alveolar wall thickening or a hyaline membrane 
formation. The severity of each feature was scored from 0–4 
with 0 representing the least and 4 representing the most 
severe, and the total scores of the four features was used for 
statistical analysis. All Masson-stained sections were analyzed. 
Three observation fields were randomly selected from each 
Masson-stained section, and the percentage of blue areas, 
which represent collagen deposition, over the total tissue area 
(i.e., percentage area of collagen deposition) was calculated 
for each image using Image-Pro Plus 6.0 software. 

Arterial blood gas analysis 

Rats were anesthetized by an intraperitoneal injection of 
2% pentobarbital sodium (2 mL/kg), and 1.5 mL blood 
from the abdominal aorta was then collected for immediate 
arterial blood gas analysis (Radiometer Medical ApS., 
ABL800, Denmark).

Lung water content

Lung water content was measure to estimate lung edema. 
A total of 250 mg lung lobe was collected from the same 
position of the lung from each rat and dried overnight in a 
freeze-dryer (Beijing Sihuan Company, LGJ-10D, China). 
The difference between dry weight and wet weight of each 
sample was calculated as lung water content (lung water 
content = wet weight − dry weight).

Measurement of inflammatory factors and albumin (ALB) 
in the BALF supernatant

The BALF was centrifuged (4 ℃, 3,000 rpm, 5 minutes), 
and the supernatants were collected. The levels of 

inflammatory factors (IL-6, IL-10, IL-17A, and TGF-β) 
were analyzed using ELISA kits according to the 
manufacturer’s instruction. The absorbance at 450 nm was 
determined in a plate reader (Thermo Fisher Scientific 
Inc., Varioskan Flash, USA). ALB levels in the supernatant 
of BALF were measured using the bromocresol green 
combination method by the Laboratory Department of 
Shanghai Pulmonary Hospital.

Determination of NF-κB mRNA expression in lung tissues 
by RT-PCR

Total RNA was extracted from the lung tissues following 
the instruction from the kit (Biomiga, USA). cDNA was 
synthesized under the following condition: 65 ℃ for 
5 minutes (heat denaturation) followed by immediate 
preservation on ice, 37 ℃ for 15 minutes, and 98 ℃ for 
5 minutes. PCR was then performed according to the 
following condition: pre-denaturation at 95 ℃ for 1 minute, 
40 cycles of denaturation at 95 ℃ for 15 seconds, annealing 
at 55 ℃ for 15 seconds, and extension at 60 ℃ for 40 seconds  
using a kit from TOYOBO Life Science. The linear 
correlation between the copy number of mRNA and cycle 
threshold (CT) was analyzed using Applied Biosystems® 
7500 Fast Real-Time PCR Systems, and the standard curve 
was then prepared. Relative expression level of NF-κB  
mRNA was calculated according to the equation: 2−∆ct × 100%,  
∆ct = CT of the target gene − CT of the internal reference 
(β-Actin). The primer sequences are described in Table 1.

Survival analysis and body weight measurement

Additional 18 rats in each group (n=18) were observed for 
survival analysis. Rat survival was monitor daily for 8 weeks 
after the first perfusion. Rat body weight was measured 
weekly. 

Figure 1 Animal modeling workflow. ALI, acute lung injury; ALB, albumin; BALF, bronchoalveolar lavage fluid; BLM, bleomycin.

1. Evaluation of pulmonary damage and fibrosis (ALI, % collagen)
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Statistical analyses 

The statistical analysis software Graphpad prism 5 (La Jolla, 
CA, USA) was used. Continuous variables are presented as 
mean ± standard deviation (SD). Inter-group comparisons 
were performed using the independent sample t-test and 
one-way AVOVA analysis of variance followed by Newman-
Keuls multiple comparison test. Repeated measurement data 
were analyzed. Survival curve was plotted using the Kaplan-
Meier method, and the survival time was compared by the 
log-rank test. P<0.05 represents statistical significance. 

Results 

Rats in the BLM + BLM group had worse pulmonary 
inflammation and fibrosis

H & E staining showed severe ALI in the BLM + BLM 
group. Normal alveolar structures disappeared; alveolar 
septa became markedly thickened; congestion and edema 
were developed; large amounts of inflammatory cells 
infiltrated into the interstitium and alveoli (Figure 2A). In 
addition, hyaline membranes were formed obviously on 
day 31 (Figure 2B). ALI score was significantly higher in 
the BLM + BLM group than in the BLM group (day 31: 
P=0.0005; day 35: P=0.0219; day 42: P=0.0118; Figure 2C).  
In the BLM + BLM group, the ALI score on day 31 was 
significantly higher than that on day 35 and day 42 (day 35:  
P=0.0002; day 42: P=0.0001; Figure 2C). Masson-staining 
showed large amounts of collagen deposition and apparent 
pulmonary fibrosis in the BLM + BLM and BLM groups 
(Figure 2D). Quantification of the Masson staining 
demonstrated significantly greater collagen deposition in 
the BLM + BLM and BLM groups than in the control 
group at all of the three time points (All P<0.05, Figure 2E). 
The collagen deposition was not statistically significantly 
different between the BLM + BLM group and the BLM 
group on day 31 and day 35, but was significantly higher in 
the BLM + BLM group than in the BLM group on day 42 
(P=0.0007, Figure 2E).

Arterial blood gas analysis

On day 3 and day 7 after the second perfusion (i.e., day 31 
and day 35 after the first perfusion), the partial pressure of 
arterial oxygen (PaO2) was significantly lower in the BLM 
+ BLM group than in the other two groups (day 31: BLM + 
BLM group vs. BLM group, P=0.0148, BLM + BLM group 
vs. control group, P=0.0050; day 35: BLM + BLM group 
vs. BLM group, P=0.0002, BLM + BLM group vs. control 
group, P=0.0024, Figure 3).

Lung water content

On day 3 and day 7 after the second perfusion (i.e., day 31 
and day 35 after the first perfusion), the lung water content 
was significantly higher in the BLM + BLM group than in 
the other two groups (day 31: BLM + BLM group vs. BLM 
group, P=0.0101, BLM + BLM group vs. control group, 
P=0.0049; day 35: BLM + BLM group vs. BLM group, 
P=0.0168, BLM + BLM group vs. control group, P=0.0022, 
Figure 4).

Survival analysis

Rats in the BLM + BLM group were markedly less 
active and suffered respiratory embarrassment after the 
second BLM perfusion, and some rats developed thoracic 
deformity. On day 1 after the first perfusion, two rats 
in the BLM + BLM group and one in the BLM group 
died, and the control group had no death. On day 56, the 
mortality rate in the BLM + BLM group (56.25%, 9/16) 
was markedly higher than that in the BLM group (11.76%, 
2/17, P=0.0222, Figure 5). One week after the first 
perfusion, rats receiving BLM perfusion had significantly 
lower body weight than rats in the control group (Figure 6).  
On day 56 (week 8), rats in the BLM + BLM group had 
significantly lower mean body weight (225.6±19.96 g)  
than rats in the BLM group (418.4±12.62 g, P<0.0001, 
Figure 6). 

Table 1 Primer sequences for quantitative PCR

Species Gene Forward sequence (5'-3') Reverse sequence (5'-3')

Rat β-Actin CACCATTGGCAATGAGCGGTTC AGGTCTTTGCGGATGTCCACGT

NF-κB AGAACTTCCCAGGTGGACTG CTGGTGGCTGGTAATGTCAG
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Figure 2 Histopathology of the lung tissues (n=6 for each group). (A) Representative images of H & E staining of lung tissues (20×, 
LEICA SCN400, scale bars represent 500 μm). The BLM + BLM group shows thickened alveolar septa, pulmonary congestion and edema, 
infiltration of inflammatory cells into the interstitium and alveoli, and large amounts of exudates and bleeding foci in the alveoli. The BLM 
group presents milder inflammation and fibrosis compared with the BLM + BLM group. The control group shows a normal lung structure; 
(B) an image of H & E staining (100×, LEICA SCN400, scale bars represent 100 μm) from the BLM + BLM group on day 31. The arrow 
is pointing to the hyaline membrane; (C) * represents significantly different between the BLM + BLM group and the BLM group, day 31: 
P=0.0005, day 35: P=0.0219, day 42: P=0.0118. # represents significantly different in BLM + BLM group between day 31 vs. day 35 and day 
42, day 35: P=0.0002, day 42: P=0.0001; (D) representative images of Masson staining of lung tissues (400×). Both the BLM + BLM and 
BLM groups show high collagen deposition at all of the three time points, and the alveolar structure was severely damaged. The control 
group presents mild collagen deposition in the alveolar septa on day 42; (E) quantification of collagen deposition. # represents that collagen 
deposition was significantly higher in the BLM + BLM group than in the BLM group on day 42, P=0.0007; * represent that collagen 
deposition was significantly higher in the BLM + BLM and BLM groups than in the control group, P<0.05. BLM, bleomycin; H & E, 
hematoxylin and eosin.
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Figure 3 Arterial blood gas. On day 31, PaO2 was significantly 
lower in the BLM + BLM group than in the other two groups, and 
PaO2 was also significantly lower in the BLM group than in the 
control group. On day 35, PaO2 in the BLM + BLM group was 
significantly lower than in the other two groups. On day 42, all 
three groups show similar PaO2. PaO2, partial pressure of arterial 
oxygen; BLM, bleomycin.

Figure 4 Lung water content. On day 31 and day 35, lung water 
content was significantly higher in the BLM + BLM group than in 
the BLM group. BLM, bleomycin.

Figure 5 Survival curves. Additional 18 rats in each group were 
observed for survival. The mortality rate on day 56 was 56.25% 
(9/16), 11.76% (2/17), and 0% (0/18) for the BLM + BLM group, 
BLM group, and control group, respectively. Rat survival was 
significantly lower in the BLM + BLM group than in BLM groups 
(P=0.0222). BLM, bleomycin.

Figure 6 Body weight. * represent that the body weight in the 
BLM + BLM group and BLM group was significantly lower than 
that in the control group, P<0.0001; # represent the body weight 
in the BLM + BLM group was significantly lower than that in 
the BLM group, P<0.0001. On day 56, the mean body weight in 
the BLM + BLM group was 225.6±19.96 g, while the mean body 
weight in the BLM group was 418.4±12.62 g. BLM, bleomycin.

Rats in the BLM + BLM group had elevated levels of 
inflammatory factors and ALB in the BALF

During the first week after the second perfusion, IL-6 and 
IL-10 levels in the BALF in the BLM + BLM group were 
significantly higher than those in the other two groups (All 
P<0.05, Figure 7A,B), indicating that the second perfusion 
with BLM may induce acute inflammation. On day 31, 
the ratio of IL-6 to IL-10 in the BLM + BLM group was 
6.9778±0.7674, and then the ratio gradually decreased 
at later time (Figure 7C). On day 35 and day 42, IL-17A 
level was evidently higher in the BLM + BLM group than 
in the BLM group (day 35, P=0.0477; day 42, P=0.0306, 
Figure 7D), and TGF-β level was markedly higher in 
the BLM + BLM group than in the BLM group (day 35,  
P=0.0076; day 42, P=0.0021, Figure 7E). These data 
suggest an exacerbation of pulmonary fibrosis after the 
second perfusion with BLM. On day 31, the ALB level was 
significantly higher in the BLM + BLM group than in the 
BLM and control groups (BLM + BLM group vs. BLM 
group, P=0.0338; BLM + BLM group vs. control group, 
P=0.0167, Figure 7F). These results are consistent with the 
ALI histopathology.

Rats in the BLM + BLM group had significantly increased 
expression of NF-κB mRNA in the lung tissue

RT-PCR revealed that on day 31, day 35, and day 42 after 
the first perfusion, the relative NF-κB mRNA level was 
significantly higher in the BLM + BLM group than in the 
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Figure 7 The levels of inflammatory factors and ALB in the supernatant of BALF (n=6 for each group). (A) IL-6 level was significantly 
higher in the BLM + BLM group than in the BLM group on day 31 and day 35; (B) IL-10 level was significantly higher in the BLM + BLM 
group than in the BLM group on day 31 and day 35; (C) on day 31, the ratio of IL-6 to IL-10 in the BLM + BLM group reached a peak of 
6.9778±0.7674. The ratio then gradually decreased at subsequent time points; (D) IL-17A level was significantly higher in the BLM + BLM 
group than in the BLM group on day 35 and day 42; (E) TGF-β level was significantly higher in the BLM + BLM group than in the BLM 
group on day 35 and day 42; (F) ALB level was significantly higher in the BLM + BLM group than in the other two groups on day 31. ALB, 
albumin; BALF, bronchoalveolar lavage fluid; BLM, bleomycin.

BLM group (day 31, P=0.0372; day 35, P=0.0493; day 42, 
P=0.0255; Figure 8). NF-κB plays an important role in 
inflammatory response. An increased NF-κB expression 
suggests an elevated inflammatory response.

Discussion

Environmental pollution, seasonal changes, and lung-
injuring drugs can induce AE-IPF (7,14). Patients with  
AE-IPF are usually in critical condition. Unfortunately, 
effective treatments for AE-IPF are still unavailable (15,16). 
Animal models to properly mimic AE-IPF are useful 
tools to study AE-IPF pathogenesis and develop effective 

therapies. In the current study, we developed a rat model of 
AE-IPF by two intratracheal perfusions with BLM. 

An intratracheal perfusion with BLM induces acute 
alveolar inflammation accompanied with an increased 
infiltration of leukocytes, such as macrophages, granulocytes, 
and lymphocytes. These inflammatory cells stimulate 
fibroblast proliferation and myofibroblast activation, 
ultimately leading to pulmonary fibrosis (17). Animal 
models of BLM-induced pulmonary fibrosis have been 
widely used to study IPF (10-12). Brown et al. have shown 
that repetitive intratracheal perfusion with BLM worsens 
the BLM-induced lung injury and fibrosis in rats (18).  
Based on their study, we developed a rat AE-IPF  
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Figure 8 NF-κB mRNA level in lung tissue (n=6 for each group). 
The relative mRAN level of NF-κB was significantly higher in the 
BLM + BLM group than in the BLM group at all of the three time 
points. BLM, bleomycin.

model by a second intratracheal perfusion with BLM in 
rats that already had initial BLM-induced pulmonary 
fibrosis. We found that rats in the AE-IPF model group 
(BLM + BLM group) presented pulmonary fibrosis with 
apparent DAD and large amounts of hyaline membrane. In 
addition, rats receiving two perfusions with BLM had poor 
survival, elevated ALB levels in the BALF, increased lung 
water content, and high expression of various inflammatory 
factors. These findings suggest a successful development of 
a rat model of AE-IPF. 

IL-6, a pro-inflammatory cytokine and an important 
biomarker for AE-IPF (19), is stimulated by NF-κB (20). 
IL-10, an anti-inflammatory cytokine, inhibits inflammation 
by suppressing NF-κB expression and activity (21). In 
the current study, IL-10 peaked (day 35) 4 days later than 
IL-6 (day 31) and the IL6/IL10 ratio reduced gradually 
in the BLM + BLM group, indicating that the second 
perfusion induces dynamic inflammatory changes in the 
lung. TGF-β has been found to be closely associated with 
pulmonary fibrosis (22). TGF-β and IL-6 can synergistically 
promote Th-17 T cell differentiation and stimulate IL-17A 
expression (23). IL-17A regulates neutrophil aggregation 
(24,25) and activates NF-κB to induce TNF-α production, 
thus causing inflammation and tissue injury (25,26). 
We found that on day 7 after the second perfusion with 
BLM, both TGF-β and IL-17A expression reached the 
maximum, suggesting a severe lung inflammation. The lung 
inflammation may eventually lead to chronic inflammation 
and fibrosis. 

In the current study, the dynamic changes in the 
inflammatory factors, such as IL-6, IL-10, TGF-β, and 
IL-17A, indicate that the second perfusion may induce a 
rapid over-expression of pro-inflammatory factors, which 

counteract the anti-inflammatory factors. Thus, the net 
effects were acute inflammation and an exacerbation of 
the first perfusion-induced pulmonary fibrosis. These 
inflammatory events resemble the pathophysiological 
changes in patients developing AE-IPF. 

Patients with AE-IPF often suffer severe infiltrative 
edema and alveolar collapse because of alveolar epithelial 
and endothelial cell damage, and consequently develop 
respiratory failure. PaO2 reduction is one of the key criteria 
to diagnose AE-IPF (15,27). Rats in the BLM + BLM group 
presented a significant increase in lung water content and a 
sharp decrease in PaO2 1 week after the second perfusion. 
Furthermore, rats in the AE-IPF model group (BLM + 
BLM group) also had respiratory embarrassment and high 
mortality rate. These pathophysiological features are similar 
to the clinical manifestation of patients with AE-IPF.

Our results showed that a second perfusion with 
BLM (7 mg/kg) induced apparent DAD in the rats that 
already developed pulmonary fibrosis induced by the first 
perfusion. The worst lung injury occurred on day 3 after 
the second perfusion, and the ALI gradually exacerbated the 
pulmonary fibrosis. The course of lung injury development 
in rats receiving two perfusions is very similar to that in 
patients with AE-IPF. The previous study has demonstrated 
a murine model of gammaherpesvirus-induced pulmonary 
fibrosis (28). However, the roles of infection in the 
development of AE-IPF in patients are still unclear. The rat 
model of AE-IPF in the current study is simpler and safer 
than the animal models of AE-IPF induced by infection, 
and shows satisfactory reproducibility. Previous studies 
that used repetitive intratracheal perfusion with BLM have 
shown that consecutive weekly intratracheal instillations of 
BLM result in severe pulmonary fibrosis (18,29). In the rat 
model of the current study, the ALI induced by the second 
perfusion was associated with lung fibrosis, and this fibrosis-
related ALI mimics human AE-IPF. In our previous study, 
we have successfully established a mouse model of AE-IPF 
by twice BLM administrations (30). The current study has 
novelty although we have already published a mouse model 
of AE-IPF using two administrations of BLM. First, we 
tested dose response and time course in the rat model in 
the current study (supplementary appendix file, Figure S2).  
Second, compared to the mouse model, the rat model was 
established by intratracheal perfusion with BLM or saline 
under laryngoscopy, which substantially improves the 
efficiency of intratracheal perfusion with BLM and reduces 
the risk that the perfusion solution may mistakenly enter the 
esophagus. Third, PaO2 reduction is one of the key criteria 
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to diagnose AE-IPF. Thus, we added arterial blood gas 
analysis in the current study for a more accurate assessment 
of AE-IPF in the rat model. The last but not the least, 
most of the patients with AE-IPF are usually so critical 
ill that oral medication may fail to relieve their symptoms 
efficiently. Therefore, medications are usually administered 
via intravenous injection for those patients. It is critical to 
develop an experimental animal model of AE-IPF, which 
can be used to test drugs administered by intravenous 
injection. Compared with mice, rats have thicker caudal 
vein and thus intravenous injection is technically easier 
for rats than mice. Thus, this rat model of AE-IPF may be 
more useful to test new drugs than the mouse model.

Conclusions

The pathophysiological characteristics of rats receiving two 
perfusions with BLM resemble to those of patients with 
AE-IPF. Thus, a second perfusion with BLM appears to 
induce AE-IPF and may be used to model AE-IPF in rats. 
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Supplementary methods

Rats were randomized into three groups: a low-dose 
group (3 mg/kg, LD group, n=20), a moderate-dose group  
(5 mg/kg, MD group, n=20), and a high-dose group (7 mg/kg,  
HD group, n=20). Bleomycin (BLM) was dissolved in 
saline to reach the final concentration of 2.5 mg/mL. 
All of the rats were anesthetized by isoflurane inhalation 
and then intratracheally perfused with 5 mg/kg BLM 
by laryngoscopy. The second perfusion with BLM at 3, 
5, or 7 mg/kg was performed on day 28 after the first 
perfusion. Three rats were selected randomly from the 
three dose groups on day 31, day 35, and day 42 after the 
first perfusion, respectively, and then anesthetized by an 

intraperitoneal injection of 2% pentobarbital sodium. The 
rats were subsequently sacrificed by exsanguination. 

Supernatant of the bronchoalveolar lavage fluid (BALF) 
from the right lung was collected to analyze the level of 
inflammatory factors (IL-6, IL-10 and TGF-β) using an 
enzyme-linked immunosorbent assay (ELISA) kit according 
to the manufacturer’s instructions. The left lung lobe was 
fixed in 10% neutral formalin for 48 hours, embedded in 
paraffin, and sectioned for hematoxylin and eosin (H & E) 
staining. Histology sections were analyzed on a pathological 
section scanner. All H & E-stained sections were analyzed 
with LEICA SCN400 (20×, scale bars represent 500 μm) 
by two experienced pathologists, who were blinded for the 
group allocation. 

Supplementary

Figure S1 Images of hematoxylin and eosin (H & E) staining of histopathological sections of lung tissues collected on day 31, day 35, and day 42 
(20×, scale bars represent 500 μm). Rats received a second intratracheal perfused with BLM at 3, 5, or 7 mg/kg on day 28 after the first perfusion. 
All of the rats lost normal alveolar structure and showed markedly thickened alveolar septa. In particularly, rats receiving 7 mg/kg BLM as the 
second perfusion showed severe acute lung injury (ALI), pulmonary congestion and edema, infiltration of inflammatory cells into the interstitium 
and alveoli, and obvious hyaline membranes on day 31, which are the typical histopathological characteristics in patients with AE-IPF.
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Figure S2 The levels of inflammatory factors in rats receiving different dose of BLM as the second perfusion. The levels of inflammatory 
factors (IL-6, IL-10, and TGF-β) were higher in the 7 mg/kg group than in the other two dose groups (5 and 3 mg/kg). Graphpad prism 
5 statistical software was used. The data are presented as mean ± standard deviation (SD).
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