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Introduction

Radiotherapy is used in the treatment of pulmonary 
tumors, although it causes serious side-effects on normal 
lung tissue, including exudative inflammation in acute 
phase, interstitial pneumonia in 6–12 weeks and pulmonary 

fibrosis (1,2). Thoracic radiotherapy may cause two 
types of radiation-induced lung injury (RILI), radiation 
pneumonitis and radiation fibrosis (3-5). The radiation-
caused lung injury, especially inflammation in the early 
period, can be controlled by some adjuvants, include 
glucocorticoids, non-steroidal anti-inflammatory drugs, 
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GFP-LC3 signals was significantly enhanced by ulinastatin detected by immune histochemical tests. At 
transcriptional and/or translational levels, ulinastatin significantly enhanced the expression levels of TGF-β1 
and LC3 but reduced COL1A1, COL1A2, α-SMA, MMP-2 and MMP-9 after radiation-induced RILI.
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drug in the protection against RILI.
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and γ-interferon. However, the treatment of pulmonary 
interstitial fibrosis that develops in the later stage remains 
unsatisfactory. As a broad-spectrum protease inhibitor, 
ulinastatin inhibits hydrolase activity and has protective 
effects on the injury of multiple organs, including 
ventilator-associated and lipopolysaccharide-induced 
acute lung injuries (6-8). Pretreatment with high-dose of 
ulinastatin prevents the radiation-induced pulmonary injury 
in rats (9) and in patients with non–small cell lung cancer 
after radiation therapy (10). The ulinastatin treatment 
reportedly suppresses TGF-β expression and lung fibrosis, 
which reduces the injury of irradiation in mice (8). The 
cumulating evidence shows that ulinastatin protects against 
LPS-induced acute lung injury by attenuating TLR4/NF-
κB pathway activation (11), reduces the resistance of liver 
cancer cells to epirubicin by inhibiting autophagy (12), and 
suppresses endoplasmic reticulum stress and apoptosis in 
the hippocampus of rats with acute paraquat poisoning (13). 

The protective effect of ulinastatin on RILI is rarely 
reported, and the relative mechanism is still unknown. 
Therefore, the current study was designed to investigate the 
protective effect on RILI correlated with autophagy in mice. 
In autophagy, the autophagosomes fuse with lysosomes, 
which induces the orderly degradation of cells and recycling 
of cellular components (14). With a bidirectional regulatory 
effect on inflammatory reaction, autophagy is equally 
important in promoting and inhibiting inflammation. 
Autophagy acts as suppressive effects on the inflammation 
by degrading inflammatory proteins and reducing the level 
of inflammatory factors (15). On the other hand, autophagy 
also activates inflammatory cells by promoting the release 
of inflammation factors, resulting in acceleration of the 
process of inflammation reaction (16). In the present 
study, we have established a RILI model in mice, and then 
treated with ulinastatin and/or 3-methyladenine (3-MA). 
We have found that the enhancement of autophagy may be 
an important mechanism of ulinastatin to improve RILI in 
mice. We present the following article/case in accordance 
with the ARRIVE reporting checklist (available at http://
dx.doi.org/10.21037/tcr-19-3018).

Methods

Ethical statement

All animal tests were carried out in accordance with the 
US National Institute of Health (NIH) Guide for the 
Care and Use of Laboratory and approved by Institutional 

Animal Care and Use Committee (IACUC) and the ethics 
committee of the Jilin University (No. Jlzlyy-20180001).

Animals and grouping and materials

Forty female C57BL/6 mice at the age of 8 weeks and 
weight of 18–20 g were purchased from animal department 
of foundation, the Medical College of Jilin University. 
All mice were exposed to a 12-h light-dark cycle with 
free access to standard rodent chow and water. Mice were 
randomly divided into five groups (8/each group): (I) C, 
blank control; (II) R, irradiation; (III) U, ulinastatin; (IV) 
M, 3-methyladenine (3-MA); and (V) U+M, ulinastatin plus 
3-MA. In each group, 3 mice were infected with adeno-
associated virus (AAV) carrying combined with green 
fluorescent protein  (GFP) and microtubule-associated 
protein 1A/1B-light chain 3 (LC3) (HB AAV2/6-mRFP-
GFP-LC3) for the autophagy detection. All mice were 
observed by the pathological and immunohistological tests.

Monitoring autophagy in lung tissues

To monitor the intensity of autophagy flux, the lung tissues 
of 3 mice in each group were infected HB AAV2/6-mRFP-
GFP-LC3 (1.2×1012/vg/mL) (Hanbio Biotechnology 
Co.). The mice were anesthetized by intraperitoneal (i.p.) 
injection with pentobarbital (60 mg/kg), and then placed 
in the supine position. After sterilized with tincture of 
iodine, the skin in front of trachea was incised. After blunt 
dissection of the tissues around the trachea, adenovirus  
(50 μL) was injected into the trachea using micro-syringe. 
The skin was sutured and then sterilized with alcohol. 
Three weeks after AAV infection, mice were used to build 
RILI models for different treatments.

Establishment and treatment of RILI animal models

Eight mice in C group, including 3 infected with HB 
AAV2/6-mRFP-GFP-LC3, were as the blank control. 
The rest 32 mice in 4 groups, including 3 infected 
with HB AAV2/6-mRFP-GFP-LC3 in each group, 
were anesthetized by i.p. injection with pentobarbital 
(60 mg/kg), and then placed in the supine position for 
radiation. The chest was covered with a 23-mm-thick 
wax block to control the dose of radiation. The head and 
the abdomen were shielded by lead plates. Mouse was 
placed 1 m from the radiation source, and the exposure 
field was 1 cm × 3 cm. The whole thoracic radiation was 
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performed with a single dose of 12 Gy (1.0 Gy/min for 
12 min). After radiation, mice in R group did not do any 
further treatment. The mice in U group were treated 
with ulinastatin (500,000 IU/kg·d, i.p., 7 d). The dosage 
of ulinastatin was determined by the pre-experiments, 
in which 3 mice/each group were administrated with 
ulinastatin (300,000, 400,000, 500,000 or 600,000 IU/kg·d,  
i.p., 7 d, respectively). The results showed that the dose 
of 500,000 IU/kg·d, i.p., 7 d was safe. The mice in M 
group were treated with 3-MA (10 mg/kg·d, i.p., 7 d). 
The mice in U+M group were treated with ulinastatin  
(500,000 IU/kg·d, i.p., 7 d) plus 3-MA (10 mg/kg·d, i.p., 
7 d). The mice in C and R groups were given the same 
amount of normal saline equaling to the amount of liquid 
as the mice in the other groups. One week after radiation, 
all mice were sacrificed by cervical dislocation after 
anesthetization. A small part of the left lung tissue was fixed 
with 1% glutaraldehyde and cut to ultra thin sections. The 
cell structure was observed by scanning electron microscope 
(EM) without any staining. The right lung was frozen at 
−20 ℃ for later biochemical analysis.

Fluorescence

The left lung was frozen to make slices for fluorescence 
analysis to detect GFP-LC3 levels using confocal 
microscope (Olympus bx-51, Japan). The integral optical 
density (IOD) was determined across a 400× field, 
using Image Pro-Plus 6.0 software to reflect the protein 
expression. A total of 10 fields in each section were 
randomly chosen for statistical analysis.

Western blots

The right lung tissues were homogenized in sodium 
dodecyl sulfate (SDS) lysis buffer containing protease 
inhibitors on ice for 5 min. Cell debris was removed by 

centrifugation at 12,000 ×g at 4 ℃ for 5 min. The lysate 
proteins (30 µg) were fractionated by SDS-polyacrylamide 
gel electrophoresis. The separated proteins were transferred 
to nitrocellulose membranes and probed with primary 
antibodies, rabbit anti-LC3B antibody (Abcam, Cambridge, 
UK), rabbit monoclonal antibody to α-SMA (Abcam), 
rabbit anti-Col1A2 antibody (Abcam), rabbit anti-TGF-β1 
antibody (Abcam), rabbit anti-matrix metalloproteinase-2 
(MMP-2) antibody (Abcam) and mouse anti-α-tubulin 
IgM monoclonal antibody (Santa Cruz Biotechnology, 
CA, USA). The membrane was then incubated with 
horseradish peroxidase-conjugated anti-rabbit or mouse 
IgG secondary antibody. Immunoblots were visualized by 
chemiluminescence using a chemiluminescence kit and 
the specific bands were recorded on X-ray film. α-tubulin 
protein levels were used as a control to verify equal protein 
loading.

Semi-quantitative RT-PCR

The total RNA was extracted from the frozen pulmonary 
tissue using TRIzol reagent (Invitrogen, Shanghai, China). 
Oligo (dT18)-primed first-strand cDNA was synthesized 
using a First-Strand cDNA Synthesis kit (Invitrogen) 
according to the manufacturer’s instructions. The cDNA 
was amplified by 30 cycles of PCR (30 s at 94 ℃, 40 s at 
57 ℃, 40 s at 72 ℃ and, finally, 5 min at 72℃), followed 
by one cycle of denaturation of 4 min at 94 ℃. β-actin 
was as an internal control. The primer sequences were 
described in Table 1. PCR products were visualized by 
ethidium bromide following electrophoresis on a 1% 
agarose gel, and quantitated by densitometry using a dual-
intensity transilluminator equipped with Gel-Pro Analyzer 
version 3.1 (Media Cybernetics, Bethesda, MD, USA). 
The relative level of mRNA was expressed as the ratio of 
the densitometric value of the band normalized to that of 
β-actin band.

Table 1 The primer for semi-quantitative RT-PCR

Gene Forward Reverse

COL1A1 GGAGGGCGAGTGCTGTGCTTT GGGACCAGGAGGACCAGGAAGT

COL1A2 TGGTCTTACTGGGAACTTTGCTGC ACCCTGTGGTCCAACGACTCCTCTC

α-SMA GACGCTGAAGTATCCGATAGAACACG CACCATCTCCAGAGTCCAGCACAAT

TGF-β1 AGCGGACTACTATGCTAAAGAGGTCACCC CCAAGGTAACGCCAGGAATTGTTGCTATA

GAPDH CGACTTCAACAGCAACTCCCACTCTTCC TGGGTGGTCCAGGGTTTCTTACTCCTT
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Statistical analysis

The data were presented as mean ± SD. An ANOVA test 
was applied to define a difference among treatment groups, 
which was followed by a post hoc multiple comparisons test 
to define specific group differences. Values of P<0.05 were 
considered significant and P<0.01 very significant. 

Results

Ulinastatin induces autophagosomes and prevents from cell 
damage induced by RILI

Our original goal was to investigate the role of autophagy 
in the protective effects of ulinastatin on RILI. Therefore, 
1 week after radiation, the EM 5 groups: C, untreated 
mice as control; R, mice without any treatment after 
radiation; U, was used to observed the possibly pathological 
changes in the lung tissues of mice in mice with ulinastatin 
treatment after radiation; M, mice with 3-MA treatment 
after radiation; and U+M, mice with ulinastatin plus 
3-MA treatment after radiation. In the lung tissue of mice 
in C group, we observed type I alveolar epithelial cells 
with complete cell membrane and cytoplasmic organelles  
(Figure 1, A1-2) and type II alveolar epithelial cells with 
intact lamellar bodies in the cytoplasm (Figure 1, A3-4). A 
single radiation in mice in R group caused the injury of type 
I (Figure 1, B1-2) and II (Figure 1, B3-4) alveolar epithelial 
cells with rupture, necrosis, mitochondrial cavitation, 
nuclear bilayer membrane disappears, cytoplasmic 
cavitation and endoplasmic reticulum expansion. Some 
autophagosomes with the bilayer membrane structure 
were in cells (Figure 1, B5-6). After the radiation, the 
treatment with ulinastatin in mice in U group kept the 
relative integrity of the type I (Figure 1, C1-2) and II  
(Figure 1, C3-4) alveolar epithelial cell structure and 
increased the numbers of autophagosomes (Figure 1, C5-6). 
After the radiation, the treatment with 3-MA, an autophagy 
inhibitor, in mice in M group caused collapsed type I  
(Figure 1, D1-2) and II (Figure 1, D3-4) alveolar epithelial 
cells with mitochondrial cavitation and endoplasmic 
reticulum expansion. After radiation, the treatment with 
ulinastatin plus 3-MA in mice in U+M group resulted in 
type I (Figure 1, E1-2)  and II (Figure 1, E3-4) alveolar 
epithelial cells with the mitochondrial cavitation of and 
the autophagosome reduction (Figure 1, E5-6). The data 
suggest that ulinastatin increases autophagy and improves 
the lung injury induced by radiation.

Ulinastatin increases the level of LC3, the marker of 
autophagy

To monitor the intensity of autophagy flux, we infected 
mouse lung tissues (n=3/each group) with HB AAV2/6-
mRFP-GFP-LC3. Three weeks after the AAV infection, the 
mice were differently treated in 5 groups. The lung tissues 
were cut into slides and the possible green fluorescence 
labelled LC3 (GFP-LC3) as an autophagy marker was 
detected by the fluorescence confocal microscope. In 
the lung tissue of untreated mice in C group, no GFP-
LC3 were detected (Figure 2A). A single radiation in mice 
in R group induced GFP-LC3 signals (Figure 2B). The 
ulinastatin treatment after radiation in mice in U group 
significantly enhanced GFP-LC3 signals (Figure 2C).  
The 3-MA treatment after radiation in mice in M group 
decreased GFP-LC3 signals to be almost invisible  
(Figure 2D). The ulinastatin plus 3-MA treatment after 
radiation in mice in U+M resulted in alleviated GFP-
LC3 signals (Figure 2E). The data suggest that ulinastatin 
increases autophagy in the lung tissue after radiation.

Ulinastatin affects the transcriptional levels of molecules 
involving autophagy 

COL1A1 and COL1A2 genes encode collagen type I α1 
and α2 chains, respectively, which are mostly expressed in 
fibrogenesis (17). The decrease in the levels of COL1A1 
and COL1A2 was observed at parturition in the amnion 
tissue (18).  α-smooth muscle actin (α-SMA) is an 
inconsistent marker of fibroblasts (19), and decreased in 
autophagy (20). Transforming growth factor β1 (TGF-β1) 
induces autophagy and plays a major role in the formation 
of myofibroblasts in renal epithelial cells (21,22). By Semi-
quantitative RT-PCR, we measured the mRNA expression 
levels of COL1A1, COL1A2, α-SMA and TGF-β1 in 
lung tissues of mice in 5 groups (Figure 3; Table 2). We 
used ANOVA and hoc post test to compare the differences 
between groups (n=3/each group). The significant 
differences between groups are labeled in Figure 3. The data 
demonstrate that (I) ulinastatin inhibits but 3-MA enhances 
the expression of COL1A1, COL1A2 and α-SMA induced 
by radiation, and (II) ulinastatin enhances but 3-MA reduces 
the TGF-β1 expression induced by radiation, suggesting 
that the enhancement of autophagy associated with the 
expression levels of these genes by ulinastatin may be an 
important mechanism to improve the injury by RILI.
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Figure 1 Ulinastatin improves cell damage induced by RILI in lung tissues detected by electron microscopy. The lung tissue was fixed 
with 1% glutaraldehyde. The cell structure was observed by scanning EM without any staining. (A) The control group: type I (A1-2) and 
II (A3-4) alveolar epithelial cells with intact cell membrane and cytoplasmic organelles. (B). The radiation group: type I (B1-2) and II (B3-
4) alveolar epithelial cells with rupture, necrosis, mitochondrial cavitation, nuclear bilayer membrane disappears, cytoplasmic cavitation and 
endoplasmic reticulum expansion, some autophagosomes with the bilayer membrane structure in cells (B5-6); (C) The ulinastatin group: 
relatively complete type I (C1-2) and II (C3-4) alveolar epithelial cells and more autophagosomes in cells (C5-6); (D) the 3-AM group: the 
collapsed type I (D1-2) and II (D3-4) alveolar epithelial cells with mitochondria cavitation and endoplasmic reticulum expansion; (E) The 
ulinastatin plus 3-MA group: type I (E1-2) and II (E3-4) alveolar epithelial cells with mitochondrial cavitation, and some autophagosomes in 
cells (E5-6). The scale bar =2.5 µm.
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Ulinastatin regulates the expression levels of proteins 
associated with autophagy

As gelatinases, matrix metalloproteinases-2 and -9 
(MMP-2 and MMP-9) are important in the pathogenesis 
of pulmonary diseases (23), and degreased in autophagy 
(24). Therefore, we measured the protein expression 
levels of LC3, α-SMA, COL1A2, TGF-β1, MMP-2 
and MMP-9 in lung tissues of mice in 5 groups. The 
homogenates of lung tissues were subjected to Western 
blots (n=3/each group) (Figure 4). The protein signals 
were normalized to the signal of α-tubulin and compared 

as relative protein expression level (fold) by ANOVA 
and hoc post test (Figure 4; Table 3). The significant 
differences between groups are labeled in Figure 4. The 
data demonstrate that (I) ulinastatin inhibits but 3-MA 
enhances the expression of α-SMA, COL1A2, MMP-
2 and MMP-9 induced by radiation, and (II) enhances 
but 3-MA inhibits the expression of LC3 TGF-β1, 
induced by radiation, suggesting that the introduction 
of autophagy by ulinastatin in radiation-reduced RILI 
injury is associated with the regulated expression levels of 
these proteins.
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Figure 2 Ulinastatin enhances of the GFP-LC3 expression detected by fluorescence confocal microscope. The lung tissues of 3 mice in each 
group were infected with or without HBAAV2/6-mRFPGFP-LC3. The green fluorescence labelled LC3 (GFP-LC3) in the lung tissue of 
mice with different treatment were detected under fluorescence microscope without any staining. (A) The control group: no detected GFP-
LC3 signals; (B) the radiation group: some GFP-LC3 signals; (C) the ulinastatin group: significantly enhanced GFP-LC3 signals; (D) the 
3-MA group: almost invisible GFP-LC3 signals. (E) the ulinastatin +3-MA group: alleviated GFP-LC3 signals. Blue: nuclei; green: GFP-
LC3. The scale bar =100 µm.
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Figure 3 The relative mRNA expression levels of COL1A1 (A), COL1A2 (B), α-SMA (C) and TGF-β1 (D) in lung tissues of mice in the 
groups of control (C), radiation (R), ulinastatin (U), 3-MA (M) and ulinastatin plus 3-MA (U+M) (n=3/each group). AVONA and hoc post 
test, *, P<0.05; **, P<0.01.

Table 2 Relative mRNA levels (fold) in lung tissues of mice with different treatments

Group COL1A1 COL1A2 α-SMA TGF-β1 

C 1.00±0.16 1.00±0.10 1.00±0.17 1.00±0.13 

R 14.01±2.81 4.96±1.43 5.45±1.03 8.37±1.12 

U 2.04±0.38 1.09±0.24 1.45±0.18 15.68±2.03 

M 16.09±1.94 11.08±1.44 11.34±1.13 9.95±2.46 

U+M 6.94±1.14 6.05±1.35 5.56±1.28 2.45±0.36 

P 0.000 0.000 0.000 0.000

Group: C, control; R, irradiation; U, ulinastatin; M, 3-methyladenine (3-MA); U+M, ulinastatin plus 3-MA. P, analyzed by ANOVA. 
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Figure 4 Ulinastatin increases LC3 but reduces α-SMA, COL1A2, TGF-β1, MMP-2 and MMP-9 induced by radiation. (A) The lung tissue 
homogenates of mice in the groups of control (C), radiation (R), ulinastatin (U), 3-MA (M) and ulinastatin plus 3-MA (U+M) (n=3/each 
group) were subjected to Western blots. (B) The protein signals were normalized to the signal of α-tubulin, and then compared as relative 
protein expression level by ANOVA and hoc post test. *, P<0.05; **, P<0.01.



4170 Zhang et al. Ulinastatin enhances autophagy against RILI

© Translational Cancer Research. All rights reserved.   Transl Cancer Res 2020;9(7):4162-4172 | http://dx.doi.org/10.21037/tcr-19-3018

Table 3 Relative protein levels (fold) in lung tissues of mice with different treatments

Group LC3 α-SMA COL1A2 TGF-β1 MMP-2 MMP-9

C 1.00±0.15 1.00±0.14 1.00±0.13 1.00±0.12 1.00±0.18 1.00±0.11

R 3.01±0.51 9.23±1.53 10.17±1.89 5.56±0.71 5.17±0.73 2.27±0.32

U 8.41±0.84 5.76±0.76 2.36±0.31 2.04±0.29 1.37±0.18 0.96±0.12

M 3.70±0.43 8.19±0.94 4.48±0.68 6.60±0.73 4.42±0.59 2.04±0.34

U+M 8.05±1.02 4.69±0.61 5.70±0.84 2.90±0.39 2.56±0.31 1.18±0.16

P 0.000 0.000 0.000 0.000 0.000 0.000

Group: C, control; R, irradiation; U, ulinastatin; M, 3-methyladenine (3-MA); U+M, ulinastatin plus 3-MA. P, analyzed by ANOVA. 

Discussion

The radiotherapy for thoracic malignant tumors may 
cause the RILI, one of the most common and severe 
complications. RILI usually starts 6 to12 weeks after 
irradiation, as an exudative inflammation with the clinical 
features of interstitial pneumonia, and may proceed to a 
productive chronic inflammation lasting several months 
and terminating in scar formation, the lung fibrosis (2,25). 
As a protease inhibitor, ulinastatin, a glycoprotein extracted 
from fresh human urine, inhibits the activity of proteolytic 
enzymes. Ulinastatin has been used in treatment of a 
variety of diseases, including acute pancreatitis, myocardial 
ischemia reperfusion injury and sepsis (26-28). In the 
present study, we establish a mouse model to investigate the 
possible effect of ulinastatin on the improvement of RILI, 
which is regarded as a new biologic treatment strategy.

Previous studies have indicated that ulinastatin has 
a protective effect on the lung injury (3,29,30). In the 
pathogenesis of pulmonary diseases, including chronic 
obstructive pulmonary disease (COPD), acute lung injury 
and pulmonary hypertension, autophagy plays a dual role, 
with protective and injurious effects (31). Therefore, in this 
study, we have evaluated the protective effect of autophagy 
induced by ulinastatin on RILI. Electron microscopy 
has shown that ulinastatin keeps the structure intact of 
type I and II alveolar cells and increases the number of 
autophagosomes in the cytoplasm, which protects the lung 
tissue from radiation-induced damage. Observation by 
confocal microscope has also demonstrated that ulinastatin 
elevates the level of LC3, indicating the increase in the 
autophagy in RILI.

TGF-β is a key cytokine and plays a role in anti-
inflammatory actions by controlling the homeostasis of 
extracellular matrix (32). In fibrotic organs, the expression 

levels of TGF-β1 and its receptor were significantly 
increased. TGF-β1 is a most important mediators to 
radioactive pulmonary fibrosis with the deposition of 
extracellular matrix (33,34). Lionizing radiation may 
cause tissue hypoxia and generate a large amount of 
oxygen free radicals, which activate TGF-β1 to mediate 
the differentiation of fibroblasts into myofibroblasts, the 
key effector in the process of fibrosis (35). Activation of 
myfibroblasts is needed α-SMA (36) and type I collagen 
(Col1), including Col1A1 and Col1A2 (33). In addition, 
MMP-2 and MMP-9 play roles in the pathogenesis of 
pulmonary diseases (23). Therefore, TGF-β1, Col1, 
α-SMA, MMP-2 and MMP-9 are considered as indicators 
of pulmonary fibrosis. In our study, radiation increases the 
expression of all these genes. The ulinastatin treatment 
down-regulates Col1, α-SMA, MMP-2 MMP-9, but up-
regulates TGF-β1 expressions at the transcriptional and/
or translational levels. However, the administration of 
3-MA, an autophagy inhibitor, alleviates the effects of 
ulinastatin, resulting in up-regulating α-SMA and Col1, 
but down-regulating TGF-β1, resulting in the destruction 
of type I and II alveolar cells and decrease in the number 
of autophagosomes. Interestingly, ulinastatin increase 
but 3-MA inhibits the expression of LC3. Our study has 
revealed the possible mechanism of ulinastatin protecting 
against the injury of the lung tissue in RILI through 
enhancement of autophagy and anti-inflammatory action 
with the increase in the levels of LC3 and TGF-β1, and 
reduction of pathogenesis of pulmonary diseases including 
fibroblasts with the decrease in the levels of α-SMA, 
Col1A1, Col1A2, MMP-2 and MMP9.

Conclusions

In conclusion, ulinastatin protects the lung tissue against 
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RILI in the mouse model. Ulinastatin up-regulates TGF-β1 
and LC3 that enhances autophagy, resulting in down-
regulating α-SMA, Col1, MMP-2 and MMP9. Therefore, 
ulinastatin may be a useful medication to prevent from the 
lung fibrosis caused by radiation therapy for the thoracic 
cancer.
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