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Abstract. Radiotherapy is commonly used to treat thoracic 
malignancies, but often causes severe lung injury. Currently there 
are no effective protective strategies against radiation-induced 
lung injury (RILI). This study aimed to evaluate the ability 
of an angiogenesis antagonist, Endostar, against RILI, and 
the underlying mechanism in a mouse model. A total of 108 
C57BL/6 female mice were randomized into 4 groups (n=27): 
i) control group; ii) Endostar group, animals were administered 
7.75 ml/kg Endostar through intraperitoneal injection; iii) 
irradiation group, RILI was induced by exposing the animals 
to a single external irradiation on the thoraces (6 MV X-ray, 
12 Gy); and iv) irradiation plus Endostar group, animals were 
subjected to Endostar treatment and irradiation as in groups 2 
and 3. A total of 3 animals from each of the 4 groups were 
sacrificed at 1, 6, 12, 24 and 72 h and at 2, 4, 8 and 24 weeks 
following treatment. Clinical signs and pathology of RILI were 
examined. The expression of transforming growth factor-β 1 
(TGF-β1) in lungs was analyzed by real-time quantitative poly-
merase chain reaction (RT-QPCR) and immunohistochemistry. 
Compared with the control group, irradiation induced evident 
interstitial edema and a significant increase in inflammatory 
cells in the lungs (P<0.05). Correlated with these changes, a 
notable increase in TGF-β1 mRNA level and a robust increase 
in TGF-β1 immunoreactivity were observed in lung tissues 
in a time-dependent manner following irradiation (P<0.05). 
Endostar administration effectively attenuated the magnitude 
of the increase in inflammatory cells as well as the elevation 
of TGF-β1 expression in lung tissues after RILI (P<0.05). In 
conclusion, radiation induced an increased expression of the 
inflammatory mediator TGF-β1 and the associated pathogen-
esis in the lung, while Endostar was able to at least partially 
attenuate RILI through downregulating the expression of 

TGF-β1 in mice. Our findings suggest that Endostar may be a 
novel protective agent against RILI.

Introduction

Pulmonary radiotherapy is an effective curative and palliative 
option for patients with malignant thoracic cancer. However, 
radiation-induced lung injury (RILI) remains a significant clin-
ical toxicity from thoracic radiation with poor prognosis (1-3), 
thus limiting the dose of radiation delivered to tumors. 
Histopathologically, damage to endothelial or epithelial cells 
is assumed to be the initial step of RILI, which can result in 
pneumonitis and ultimately pulmonary fibrosis (4). Irradiation 
pneumonitis is characterized by edema of the interstitium and 
exudation into air spaces, infiltration of inflammatory cells, the 
loss of type Ⅰ pneumocytes, increase in capillary permeability, 
and thickening of the alveolar septa (5,6). Pulmonary fibrosis 
is characterized by the progressive fibrosis of alveolar septa 
and capillaries causing spread and obliteration of the residual 
alveoli and the lumina of the capillaries, which is considered 
an outcome of the repair mechanisms triggered by radiation 
pneumonitis. However, despite an extensive research effort in 
the past decades, the molecular events underlying the develop-
ment of RILI remain unclear.

A number of pro-inflammatory cytokines and growth 
factors have been demonstrated to contribute to the patho-
genesis of RILI (7-10,11). Among these, transforming growth 
factor-β1 (TGF-β1) is thought to play a crucial role (10,12,13). 
TGF-β1 is usually released from platelets at the site of a 
wound, where it recruits monocytes and macrophages, inhibits 
the proliferation of epithelial cells, enhances the maturation of 
fibroblasts into postmitotic fibrocytes resulting in production 
of fibrous tissue, promotes angiogenesis, and inhibits degrada-
tion of the extracellular matrix (14). In addition to its role in 
wound healing, TGF-β1 has been detected in elevated levels in 
the lung following irradiation (8).

Agents, including glucocorticoid, angiotensin-1-converting 
enzyme inhibitors and non-steroidal anti-inflammatory drugs, 
are commonly applied for the treatment of RILI, however, 
their effectiveness has not met satisfactory levels and the side 
effects are significant (15). Endostatin, a proteolytic fragment 
of collagen ⅩⅧ, is a naturally occurring endogenous potent 
inhibitor of angiogenesis (16). It has been proven that endostatin 
can effectively suppress endothelial cell proliferation and 
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migration in vitro (17), and inhibit tumor growth in various 
types of animal models in vivo (18). However, purification of 
endogenous endostatin is time-consuming, and production of 
the soluble type of recombinant endostatin in a yeast system 
has a low yield and high cost, therefore significantly limiting 
extensive clinical use of this anti-angiogenic agent (19).

Endostar is a novel recombinant analogue of human 
endostatin, which is expressed and purified in E. coli, and has 
an additional nine-amino acid sequence (MGGSHHHHH) 
at the N-terminal and a poly-histidine (six) tag. The modi-
fied protein has a longer half-life and higher affinity than 
endostatin (19,20). It was first approved by the State Food and 
Drug Administration in 2005 for the treatment of non-small 
cell lung cancer in China (21). Pre-clinical studies have demon-
strated that Endostar is capable of enhancing the response of 
human nasopharyngeal carcinoma and lung adenocarcinoma 
xenografts to radiotherapy in nude mice (22,23). 

Given the involvement of TGF-β1 in the pathogenesis 
of RILI and the synergy between Endostar and radiation in 
treating malignant tumors, we hypothesize that Endostar may 
possibly protect normal lung tissue against thoracic radiation-
induced injury through modulating the expression of TGF-β1. 
This study aimed to test this hypothesis in a mouse model of 
thoracic irradiation.

Materials and methods

Animals. Female C57BL/6 mice, 8 weeks old and weighing 
20±2 g, were purchased from the Research Animal Facility 
of Tongji Medical College (Wuhan, China). They were 
housed in groups of 4-6 per cage in laminar flow hoods in 
a pathogen-free environment (22±2˚C, 55±10% humidity 
and 12-12 h/light-dark cycle) with free access to a standard 
laboratory diet and water. The animals were acclimatized 
for 1 week prior to the experiments. The study protocol was 
reviewed and approved by the Medical Sciences Animal Care 
and Use Committee of the Huazhong University of Science 
and Technology.

Treatment allocations. Animals were randomized into:  
i) irradiation group, animals received a single dose of irradia-
tion and multiple doses of normal saline (7.75 ml/kg per day) 
through intraperitoneal injection; ii) Endostar group, animals 
received sham irradiation once and multiple doses of Endostar 
(7.75 ml/kg per day, 0.3 mg/ml; Simcere Pharmaceutical 
Research, Nanjing, China) through intraperitoneal injection; 
iii) irradiation plus Endostar group, animals received a single 
dose of irradiation as in group 1 and Endostar as in group 2;  
iv) control group, animals received sham irradiation as in group 
2 and normal saline as in group 1. The initial administration 
of Endostar and normal saline was performed 2 h prior to 
irradiation or sham irradiation. A total of 3 animals from each 
of the 4 groups were sacrificed by cervical dislocation at each 
of the times (1, 6, 24, 72 h and 2, 4, 8 and 24 weeks) following 
irradiation or sham irradiation for analyses described below. 
The drug (Endostar) or sham (normal saline) treatment were 
administered daily until sacrifice at the corresponding times.

Irradiation was performed as previously described (5). The 
animal was briefly restrained with a plastic jig, and a single 
dose of 12 Gy (10 MV photons of beam energy at 2.4 Gy/min) 

was administered to the lung area (18 cm x 10 cm) at a source 
surface distance (SSD) of 1 m while the head and abdomen 
were shielded with lead strips. The relative dose, location and 
area size of the thoracic irradiation were determined based on 
the ADAC Pinnacle Three-dimensional Treatment Planning 
System. Similar procedures were applied to animals desig-
nated to receive sham irradiation, but the irradiation area in 
the lung was completely shielded with lead blocks. Both irra-
diation and sham irradiation were performed under ketamine 
(67.5 mg/kg) and xylazine (4.5 mg/kg) anesthesia.

Tissue collection and initial processing. After sacrifice of the 
animals at the specific times, intact lungs were obtained. The 
left lobes were fixed in 10% neutral-buffered formaldehyde, 
embedded in paraffin and cut into 4-µm sections. The tissue 
sections were mounted onto slides and stained for histological 
and immunohistochemical analyses. The right lung lobes 
were snap-frozen in liquid nitrogen for RNA isolation and 
subsequent real-time quantitative polymerase chain reaction 
(RT-QPCR). 

Hematoxylin and eosin staining. Tissue sections were deparaf-
finized in xylene and re-hydrated in a series of alcohol solutions. 
After a brief wash in distilled water, the sections were stained 
in Harris hematoxylin solution for 5 min, washed in tap water 
and counterstained in eosin-phloxine solution for 2 min. 

Masson staining. Paraffin-embedded tranverse sections were 
cut (4 µm) and stained using Masson Trichrome. Lung injury 
was assessed by the manifestation of alveolitis and fibrosis. 
The severity of alveolitis and fibrosis was semi-quantitated 
using the score-grade system as described by Szapiel et al (24): 
absence of alveolitis (-, score 0, grade 0); mild alveolitis with 
widened alveolar septum due to cell infiltration and the 
lesioned tissues accounted for <20% of total lung (+, 1, 1); 
moderate alveolitis with lesions in 20-50% of the pulmonary 
tissue (++, 2, 2); severe alveolitis with lesions in >50% of the 
pulmonary tissue (+++, 3, 3).

RT-QPCR analysis. Total RNA was extracted from frozen 
pulmonary tissue using TRIzol reagent (Invitrogen, Shanghai, 
China) according to the manufacturer's instructions. 
Oligo (dT18)-primed first-strand cDNA was synthesized using 
a First-Strand cDNA Synthesis kit (Invitrogen) according to 
the manufacturer's instructions. TGF-β1 was amplified from 
the RT reaction mixture by 30 cycles of PCR (30 sec at 94˚C, 
40 sec at 57˚C, 40 sec at 72˚C and, finally, 5 min at 72˚C), 
followed by one cycle of denaturation of 4 min at 94˚C. A 
β-actin fragment was simultaneously amplified in the same 
reaction as an internal control. The primer sequences were as 
follows: TGF-β1 sense, 5'-ATC CTG TCC AAA CTA AGG 
CTC G-3' and anti-sense, 5'-ACC TCT TTA GCA TAG TAG 
TCC GC-3'; β-actin sense, 5'-AGA GGG AAA TCG TGC 
GTG AC-3' and anti-sense, 5'-CAA TAG TGA TGA CCT 
GGC CGT-3'. PCR products (TGF-β1, 167 bp and β-actin frag-
ments, 138 bp) were visualized by ethidium bromide following 
electrophoresis on a 1% agarose gel, and quantitated by densi-
tometry using a dual-intensity transilluminator equipped with 
Gel-Pro Analyzer version 3.1 (Media Cybernetics, Bethesda, 
MD, USA). The relative level of TGF-β1 mRNA was expressed 
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as the ratio of the densitometric value of the TGF-β1 band over 
that of the β-actin band.

Immunohistochemistry. Tissue sections were blocked 
in 3% H2O2 at 37˚C for 10 min and incubated with the 
rabbit anti-mouse TGF-β1 antibody (1:100, R&D Systems, 
Minneapolis, MN, USA) at 4˚C overnight, following deparaf-
finization, rehydration and dehydration. The following day, the 
sections were incubated with biotinylated anti-rabbit antibody 
(1:200, Invitrogen, CA, USA) at 37˚C for 1 h, and then with 
the avidin-biotin-peroxidase complex (ABC Complex; Dako, 
Glostrup, Denmark) for 30 min at room temperature. Following 
a final washing in PBS, TGF-β1 signals were visualized with 
a DAB kit (Sigma, St. Louis, MO, USA), counterstained with 
haematoxylin and mounted in Kayser's glycerine gelatine. 
PBS replaced the primary antibody to serve as a negative 
control. TGF-β1 immunoreactivity was quantified under a 
microscope using a semi-quantitative scoring method as previ-
ously described (26): 0, no immunostaining; 1, weak (light 
yellow); 2, moderate (yellow-brown); and 3, strong (brown). A 
score >3 was defined as a positive immune response. A total 
of 5 random fields were observed for each specimen and the 
scores were averaged for each time and treatment combina-
tions. This analysis was repeated twice by an investigator 
blinded to the specimen identification.

Statistical analysis. The TGF-β1 mRNA levels and TGF-β1 
protein expression (immunoreactivity in the lung paren-

chyma, expressed as positive cell counts) were analyzed 
by one-way analysis of variance (ANOVA) followed by 
Bonferroni test for multiple comparisons. SPSS 17.0 statis-
tical software was used. P<0.05 was considered to indicate a 
statistically significant difference. 

Results

Histological changes. Pulmonary alveolitis was not detected 
in mice in the control and Endostar treatment groups, but was 
evident in mice in the irradiation and irradiation plus Endostar 
treatment groups at various times, as demonstrated by hema-
toxylin and eosin staining (Fig. 1). Alveolitis was characterized 
by macrophage infiltration into the air spaces, edema of the 
alveolar wall, desquamation of epithelial cells from the alveolar 
walls, hyperemia, thickening of the alveolar septa by infiltra-
tion of inflammatory cells, collagen deposition, progressive 
fibrosis and obliteration of the alveoli. Focal fibrosis was clearly 
observed within the inflammation region 24 weeks after irra-
diation. The mean grade of alveolitis was 1-2 in the irradiation 
plus Endostar treatment group and was 2-3 in the irradiation 
group; the difference was significant (P<0.05).

To further confirm fibrosis, Masson staining was performed. 
The results demonstrated that irradiation induced fibrosis, 
with accumulation of fibroblasts and deposition of collagen 
around blood vessels and in the interstitial region in the lung, 
and Endostar partially ameliorated the irradiation-induced 
fibrosis (Fig. 2).

Figure 1. Digital images (x200) of pulmonary tissue sections following hematoxylin and eosin staining. (A) No pathology was observed in the normal control and  
(B) Endostar-treated non-irradiated mice. In contrast, pulmonary lesions, including alveolitis characterized by edema on the alveolar wall, hyperemia, 
widened alveolar septa and inflammatory cell infiltration, were evident in the (C) irradiated animals, but (D) the severity of the lesions was reduced in the 
Endostar-treated irradiated animals.

  A   B

  C   D
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Changes in TGF-β1 mRNA level. The data on the relative levels 
of TGF-β1 mRNA in the lungs of mice in the different groups 
are presented in Fig. 3. Compared with the control, Endostar 
alone did not alter the TGF-β1 mRNA abundance at any of 
the times studied (P>0.05), but thoracic irradiation elevated 
TGF-β1 mRNA level in a time-dependent manner. Treatment 
of the irradiated animals with Endostar significantly attenu-
ated the irradiation-induced elevation of TGF-β1 mRNA level 
at 12, 24 h and 2 weeks after irradiation (P<0.05), but not at 1, 
6 and 72 h and 4, 8, 24 weeks after irradiation; P>0.05).

Changes in TGF-β1 immunoreactivity. Fig. 4 shows digital 
images demonstrating TGF-β1 histoimmunochemical 
staining signals on the pulmonary tissue sections prepared 
from animals in the different experimental groups at various 
times. Significant increases in TGF-β1 expression were 
observed at every time post-irradiation for all radiation 
groups compared to the control and Endostar groups. In the 
control group, positive staining was restricted to the bron-
chiolar epithelium, while TGF-β1 staining obtained 4 weeks 
after irradiation demonstrated strong immunostaining of 
the bronchial epithelial cells and interstitial inflammatory 
cells. Treatment with Endostar attenuated the expression of 

TGF-β1 in the lung tissue post-irradiation. The immunohis-
tochemical scores of TGF-β1 varied with time (Fig. 5). The 
TGF-β1 score peaked at 4 weeks post-irradiation. Although 
the changes in TGF-β1 expression followed the same trend in 
the radiation plus Endostar and radiation groups, the former 
had significantly lower levels of TGF-β1 expression than the 
latter at 2, 4 and 8 weeks after irradiation (Fig. 5; P<0.05). 

Discussion

The human lung is among the most sensitive and critical 
tissue of concern in local and systemic radiation exposure. 
Lung injuries are frequently observed in patients who have 
undergone thoracic irradiation for the treatment of lung, breast 
or hematologic malignancies. Radiation-induced damage 
to normal lung tissue remains the dose-limiting factor in 
chest radiotherapy. Therefore, preclinical research in animal 
models, aimed to uncover the underlying mechanism of RILI 
and evaluate mitigating therapies, is urgently required (25). In 
the present study, using mice as a model, we investigated the 
involvement of TGF-β1 in the pathogenesis of RILI, and the 
novel role of Endostar in preventing RILI.

We first assessed morphopathological changes in the lung 
by histochemical and Masson staining. The results clearly 
demonstrated pulmonary lesions characterized by alveolitis 
and pneumonitis with inflammatory cell accumulation and 
collagen deposition in the irradiated mice (Fig. 1). Cellular 
interactions between lung parenchymal cells and circulating 
immune cells have been suggested as a mechanism underlying 
the pathogenesis of RILI (6,26-28). Results from our morpho-
pathological analysis support this mechanism.

We next assessed the changes in TGF-β1 expression in 
the lung, in order to attempt to understand the role of this 
cytokine in the pathogenesis and recovery of RILI. There 
is increasing evidence suggesting that the development of 
certain types of radiation injury may be mediated through 
the Smad-independent TGF-β1 signaling pathway (29,30). 
It has been identified that binding of TGF-β1 to its type Ⅱ 
transmembrane receptor results in the subsequent formation 
of a complex with the type Ⅱ receptor. Upon phosphoryla-
tion, this complex activates the signaling proteins Smad2 and 
Smad3. The activated Smad2 and 3 proteins then bind to 

Figure 2. Digital images (x100) of pulmonary tissue sections following Masson staining. (A) At 24 weeks, fibrosis characterized by accumulation of fibro-
blasts, deposition of collagen around blood vessels and in the interstitial region was evident in the irradiated animals, (B) but the severity was reduced in the 
Endostar-treated irradiated mice.

  A   B

Figure 3. Relative TGF-β1 mRNA levels (mean ± SD) in different groups of 
animals at various times. ﹡Statistically significant differences between the 
radiation and radiation plus Endostar groups. ﹟Statistically significant differ-
ences between the radiation and sham-radiation groups.
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Smad4 and translocate to the cell nucleus, where they modu-
late downstream target gene transcription through binding to 
the response elements on the promoters of target genes (14). 
In the present study, changes in the expression of TGF-β1 in 
the lung were analyzed at mRNA and protein levels through 

real-time PCR and immunostaining, respectively. The results 
demonstrated that TGF-β1 mRNA levels and immunostaining 
intensity in the lung increased in a time-dependent manner; 
detectable event 1 h after thoracic irradiation, significant from 
post-irradiation hour 6 onwards and sustained to the end of 

Figure 4. Digital images (x400) of pulmonary tissue sections after TGF-β1 
immunohistochemical staining. (A) Control animals, (B) animals after 
2 weeks of irradiation, (C) Endostar-treated animals after 2 weeks of 
irradiation, (D) animals after 4 weeks of irradiation, (E) Endostar-treated 
animals after 4 weeks of irradiation, (F) animals after 8 weeks of irradiation,  
(G) Endostar-treated animals after 8 weeks of irradiation. 

  A   B

  C   D

  E   F

  G
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the experiment (24 weeks). This pattern of change in TGF-β1 
expression in the lung, associatied with the development 
of RILI, is consistent with the pattern observed in previous 
in vivo studies in mice and rats (5,31,32).

Endostar is an analogue of endostatin, a naturally occurring 
endogenous inhibitor of neovascularization, which has been 
widely used in anti-angiogenesis therapy for cancer (21,33). 
Recently, it has been demonstrated that endostatin can syner-
gistically increase the sensitivity of tumors to radiotherapy (34). 
These findings advocated the evaluation of the value of 
Endostar in protection against thoracic irradiation-induced 
adverse effects. Through histological, RT-QPCR and immuno-
histochemical analyses, we demonstrated that the pulmonary 
morphology and TGF-β1 mRNA abundance and immuno-
reactivity in the pulmonary tissue in animals of the Endostar 
treatment group were similar to those in the normal control 
animals. It was also revealed that pulmonary alveolitis, edema, 
inflammation and fibrosis were less severe with decreased 
expression of TGF-β1 in the irradiated animals that received 
Endostar treatment compared to those irradiated animals that 
did not receive Endostar treatment. These observations clearly 
suggest that Endostar neither adversely affected the pulmonary 
morphology nor significantly changed the pulmonary expres-
sion of TGF-β1, but effectively protected the lung from severe 
irradiation-induced injury. Although the mechanism under-
lying the protection of Endostar against RILI require further 
investigation, our findings suggest that protection may involve 
molecular cascades mediated by profibrogenic agents and 
proangiogenic cytokines. In accordance with this hypothesis, 
Tanabe et al (35) reported that administration of endostatin 
significantly increased expression of VEGF-A, α-SMA and 
profibrotic TGF-β1, and supressed peritoneal sclerosis in a 
dose-dependent manner in a mouse model. Vujaskovic et al (36) 
and Gauter-Fleckenstein et al (37) further demonstrated that 
profibrinogenic agents, including TGF-β1 and proangiogenic 
cytokines, were involved in the pathogenesis of RILI, while 
Jackson et al (38) demonstrated that radiation injury was associ-
ated with hypoxia-induced increases in macrophage infiltration/
activation and TGF-β and VEGF production.

In summary, the present mouse study demonstrated that 
irradiation-induced TGF-β upregulation-associated pulmo-
nary lesions and the anti-angiogenic agent, Endostar, was 
able to effectively alleviate the severity of irradiation-induced 
pulmonary lesions. These novel findings suggest that Endostar 
has great potential to be used in treating malignant cancer 
patients to protect from radiotherapy-induced lung injury in 
clinical settings. 
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