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Role of matrix metalloproteinases in radiation-induced lung
injury in alveolar epithelial cells of Bama minipigs

HAIYING YUE', KAT HU', WENQI LIU', JIE JIANG', YUHUA CHEN? and RENSHENG WANG'

1Departmerlt of Radiotherapy, The First Affiliated Hospital of Guangxi Medical University, Nanning, Guangxi 530021;

2Department of Pathology, Guangxi Province Maternity and Child Care Hospital, Nanning, Guangxi 530002, P.R. China

Received November 13, 2014; Accepted July 7, 2015

DOI: 10.3892/etm.2015.2658

Abstract. Radiation-induced lung injury (RILI) is a common
complication associated with thoracic radiotherapy. The aim
of the present study was to investigate the effects of a single
15-Gy dose of right-thoracic lung irradiation on the expres-
sion levels of matrix metalloproteinases (MMPs) and other
proteins in the alveolar epithelial type II (AE2) cells of Bama
minipigs. All minipigs received either right-thoracic irradia-
tion or sham irradiation under anesthesia, and were sacrificed
at 4, 8, 12 or 24 weeks after irradiation. Collagen deposition
was measured using Masson's trichrome staining. Surfactant
protein A (SP-A), transforming growth factor g1 (TGFf1),
MMP2, MMP9, vimentin and E-cadherin protein expression
levels were evaluated using western blot analysis, and the
MMP2 and MMPO gelatinase activities were tested using
gelatin zymography. SP-A and a-smooth muscle actin (a-SMA)
co-localization was visualized using double immunofluores-
cence staining. At each time-point following irradiation, a
significant increase in TGFp1, a-SMA, MMP2, MMP9 and
vimentin protein expression levels and MMP2 and MMP9
gelatinase activity were observed in the irradiated lungs
compared with the sham-irradiated controls. By contrast,
SP-A and E-cadherin protein expression levels decreased in
a time-dependent manner post-irradiation. SP-A and a-SMA
co-localization was observed in irradiated alveolar epithelial
cells. These data demonstrate that E-cadherin, SP-A, MMP2
and MMP9 may function as sensitive predictors of RILI.
Epithelial-mesenchymal transition (EMT) occurs in the
irradiated lungs of Bama minipigs, and MMP2 and MMP9
may contribute to EMT in AE2 cells by regulating TGFf1.
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Therefore, EMT may serve a crucial function in the develop-
ment of RILI.

Introduction

Radiotherapy is a crucial therapy for the treatment of
thorax-associated neoplasms. However, during a course of
treatment with radiotherapy, the lung tissue is inevitably
damaged by the radiation dose, which is above the biologically
tolerable threshold. Radiation-induced lung injury (RILI) is a
common complication of radiotherapy and a key dose-limiting
factor, which may reduce the probability of tumor control and
affect the patient's quality of life (1). The pathology of RILI
is complex, and includes radiation-induced pneumonitis and
fibrosis (2). Although intensive study in the previous decades
has elucidated a number of the associated underlying mecha-
nisms, involving, for example, cells and cytokines, the specific
mechanism remains unclear (3).

The alveolar wall extracellular matrix (ECM) consists of
a basement membrane and an interstitial matrix. It acts as a
physical barrier to the passage of macromolecules and cells,
provides physical tissue support and anchorage sites for cells,
and serves as a substrate for cell migration and a medium for
diffusible cell signaling molecules. Matrix metalloproteinases
(MMPs) are a large family of related proteolytic enzymes that
specifically degrade ECM components. MMP2 and MMP9,
also known as gelatinases, are key enzymes in basement
membrane degradation.

The alveolar epithelium is composed of type I and II cells,
which are morphologically and functionally distinct. Alveolar
epithelial type I (AE1) cells are the first type to be affected
and to undergo apoptosis when injury occurs. Alveolar epithe-
lial type II (AE2) cells synthesize and secrete pulmonary
surfactant, and also proliferate and transdifferentiate into
AELl cells, which play an important role in maintaining the
structure and function of the alveoli. AE2 cell injury has been
associated with the development of lung fibrosis (4), and AE2
cells from patients with idiopathic pulmonary fibrosis and
other experimental pulmonary fibrosis diseases express high
levels of epithelial-mesenchymal transition (EMT)-associated
protein markers (4,5). The process of EMT results in a loss of
epithelial polarity, cytoskeletal reorganization, downregula-
tion of epithelial marker expression (e.g., E-cadherin), the
acquisition of mesenchymal markers [e.g., a-smooth muscle
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actin (¢-SMA) and vimentin], and an increase in cell inva-
siveness and migration (6). A recent study observed that
pro-surfactant protein-c (pro-SP-c) and a-SMA are co-local-
ized in the irradiated lung alveoli of FVB/N mice, suggesting
that the AE2 cells achieved a mesenchymal phenotype (7).
However, the anatomical structure of the rodent lung differs
considerably from that of humans. Furthermore, the radiation
response in the lung varies with species and strain (8). For
Bama minipigs, the single-dose radiation dose-effect curve is
comparable to that in humans, as is the anatomical structure
and physiology of the lung (9). Therefore, the present study
aimed to determine whether AE2 cells are able to transdif-
ferentiate into a mesenchymal-like phenotype by dynamically
observing the protein expression levels of surfactant protein A
(SP-A), E-cadherin, a-SMA and MMPs. In addition, the
present studied aimed to elucidate the possible role of MMP2
and MMP9 in RILI using Bama minipigs as experimental
subjects.

Materials and methods

Minipigs and collection of lung specimens. This study
was approved by the Committee on the Ethics of Animal
Experiments of Guangxi Medical University (Permit
No. SCXKGUI 2009-0002; Nanning, China). All surgery was
performed under sodium pentobarbital anesthesia, and all
animals were treated humanely.

Male Bama minipigs were supplied by the Experimental
Animal Center of Guangxi Medical University. Forty mini-
pigs, aged 2-3 months and weighing 10-15 kg, were randomly
divided into control and irradiated groups (n=20 per group).
Following the intraperitoneal administration of anesthesia,
using 3% sodium pentobarbital (30 mg/kg), minipigs in the
irradiated group received a single 15-Gy dose of right-thoracic
%0Co gamma irradiation (field, 9x10 cm; source-surface
distance, 80 cm; absorbed dose, 3 Gy/min), using a GWXJ80
%9Co radiotherapy treatment unit (Nuclear Power Institute of
China, Chengdu, China). The minipigs in the control group
received sham irradiation. Five minipigs in each group were
randomly sacrificed at 4, 8, 12 and 24 weeks post-irradiation,
respectively. Subsequently, the thorax was opened and right
lung tissue was resected under anesthesia. The upper lobe was
fixed in 10% neutral formalin for histological and immuno-
histochemical analysis, and the lower lobe was snap frozen in
liquid nitrogen and stored at -80°C until use.

Histopathology and immunohistochemistry. Lung sections
(4 ym) were subjected to hematoxylin and eosin (H&E)
and Masson's trichrome staining. The sections were depa-
raffinization and antigen retrieval was conducted using
a high pressure method with sections on ice in 0.01M
citrate bufer. Next, sections were incubated with mouse
monoclonal a-SMA antibodies (1:400; ab8211 Abcam,
Cambridge, England) at 4°C overnight, and then were assayed
using a streptavidin-peroxidase kit (Beyotime Institute of
Biotechnology, Haimen, China), according to the manufac-
turer's instructions. Positive cells displayed a brownish-yellow
cytoplasm, indicating that they were smooth muscle cells or
activated myofibroblasts that synthesize collagen and certain
components of the ECM.
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Double immunofluorescence staining. Double-color immu-
nofluorescence analysis was used to identify a-SMA and
SP-A expression in the lung AE2 cells. Briefly, following
deparaffinization and antigen retrieval, sections were
blocked using normal donkey serum (Molecular Probes Life
Technologies, Carlsbad, CA, USA) for 20 min at 37°C, then
incubated with a mixture of anti-a-SMA (1:100, Abcam)
and anti-SP-A (1:100, Abbiotec, San Diego, CA, USA)
antibodies at 4°C overnight. Nuclei were counterstained
with 4'-6-diamidino-2-phenylindole (Beyotime Institute of
Biotechnology) for 8 min, and the sections analyzed using
a Nikon Al laser scanning confocal microscope (Nikon
Corporation, Tokyo, Japan).

Western blot analysis. Lung tissue (40-80 mg) was rinsed,
shredded and homogenized in 600 pl radioimmunopre-
cipitation lysis buffer with 1 mM phenylmethylsulfonyl
fluoride (PMSF), and the supernatant was quantified using
a bicinchoninic acid protein assay kit (Beyotime Institute
of Biotechnology). Following 10% SDS-polyacrylamide gel
electrophoresis with 40 ug sample per lane, the proteins
were transferred to a polyvinylidene difluoride (PVDF) film
(EMD Millipore, Billerica, MA, USA). The film was then
blocked with 1X Tris-buffered saline with Tween 20 (TBST)
for 1 h at room temperature, and incubated with primary
antibodies against GAPDH (1:5,000; ABS16), MMP2
(1:500; MAB3308), MMP9 (1:2,000; AB6001; Millipore),
TGFp1 (1:50; 5559-100; BioVision, Inc., Milpitas, CA, USA),
E-cadherin (1:500), vimentin (1:1,000; ab8069; Abcam) and
SP-A (1:200; Abbiotec) at 4°C overnight. After washing with
phosphate-buffered saline, the sections were incubated with
donkey anti-mouse Alexa Fluor 594-conjugated (A21202) and
anti-rabbit Alexa Fluor 488-conjugated secondary antibodies
(A21206; 1:5,000; Molecular Probes Life Technologies) at
room temperature for 1 h. After washing with 1X TBST, the
film was incubated with anti-mouse or anti-rabbit IgG horse-
radish peroxidase-labeled antibodies (Asbio Technology, Inc.,
Guangzhou, China) at room temperature for 1 h. Finally,
the film was visualized using enhanced chemiluminescence
according to the manufacturer's instructions (ECL+; Pierce
Biotechnology, Inc., Rockford, IL, USA) and scanned using
an ImageQuant LAS500 imaging system (GE Healthcare
Life Sciences, Chalfont, UK). Scanned films were analyzed
semiquantitatively for the densitomateic signal of bands on
the western blot using software included with the ImageQuant
LAS500.

Gelatin zymography. Lung tissue (50 mg) was rinsed with
normal saline and shredded using operating scissors, then
homogenized in 600 ul lysis buffer (150 mM NaCl, 10 mM
CaCl,, 10 g/l Triton X-100 and 1 mM PMSF). Protein concen-
tration was quantified using an identical protocol to that of the
western blot analysis. Following 8% SDS-polyacrylamide gel
electrophoresis with 40 ug sample per lane, the gel was stained
according to the manufacturer's instructions using an MMP
zymography assay kit (Applygen Technologies, Inc., Beijing,
China). The gel was then scanned using an Odyssey two-color
infrared scanning laser imaging system and analyzed using
Odyssey software, version 2.1 (LI-COR Biosciences, Lincoln,
NE, USA).
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Figure 1. Irradiating the lungs of Bama minipigs lead to lung fibrosis, collagen deposition and increased inflammatory cell infiltration. Minipigs received
right-thoracic irradiation with a single 15-Gy dose. Lung tissue sections obtained at weeks 4, 8, 12 and 24 weeks after irradiation were stained using hematox-
ylin and eosin (H&E), Masson's trichrome and for a-smooth muscle actin (a-SMA). Fields show representative lung images of (A) H&E staining, (B) Masson’s
trichrome staining and (C) a-SMA staining (magnification, x40). Cytoplasm that exhibited a-SMA expression was stained brown.
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Figure 2. Surfactant protein A (SP-A) and a-smooth muscle actin (a-SMA) co-localize in the lungs of Bama minipigs following irradiation. Lung sections
(4 pm) from control and irradiated minipigs were co-stained with SP-A and a-SMA antibodies. In the representative oil microscopy photomicrographs, the
SP-A protein is green, a-SMA protein is red and nuclei are blue (magnification, x20). Orange results from the overlap of red and green.

Statistical analysis. SPSS software, version 13.0 (SPSS, Inc.,
Chicago, IL, USA) was used for data processing, and data are
expressed as the mean + standard deviation. The homogeneity
of the variance was tested for the measurement data, and
one-way analysis of variance was used for group comparisons.
A least significant difference test was used for two groups
with variance homogeneity, whereas a Games-Howell test was
used for two groups with variance heterogeneity. P<0.05 was
considered to indicate a statistically significant difference.

Results

Histological changes in lung tissue. In the control lung tissue,
the structure was clear, the alveolar cavity maintained its
integrity, and there was no inflammatory cell infiltration. By
contrast, 4 weeks after irradiation, the irradiated lung tissue
showed pulmonary interstitial and capillary hyperemia, and
diffuse accumulation of inflammatory cells. At 8 and 12 weeks
after irradiation, thickened alveolar walls, narrowed alveolar
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Figure 3. Irradiation differentially modulates SP-A, MMP2, MMP9, TGFf1, E-cadherin and vimentin protein expression in the lung. SP-A and E-cadherin
protein expression in lung tissue is reduced in a time-dependent manner after irradiation, while irradiation significantly increased TGFf1, vimentin, MMP2
and MMP9 protein expression in lung tissue. (A) Representative western blotting results. (B) Densitometry was used to quantify the protein in each lane. All
values were normalized against GAPDH values obtained on the same gel, with the exception of SP-A due to its molecular weight. “P<0.01 vs. control. Data are
presented as the mean + standard deviation. Con, control; w, week; MMP, matrix metalloproteinase; TGFf1, transforming growth factor 1; SP-A, surfactant

protein A.

spaces, an increase in the number of fibroblasts compared with
that in the non-irradiated tissue, and fibrous tissue hyperplasia
were observed. Inflammatory cells were also observed in the
irradiated lung tissue. At 24 weeks after irradiation, multiple
fibrotic lesions were present in the irradiated lungs (Fig. 1A).
Masson's trichrome staining indicated increasing quantities
of collagen fiber deposition in the irradiated lung tissues over
time (Fig. 1B). Immunohistochemical staining for a-SMA,
a marker of smooth muscle cells/myofibroblasts, showed an
increased accumulation of myofibroblasts in the irradiated
lungs (Fig. 1C).

Co-localization of SP-A and a-SMA protein in the alveoli.
A previous study identified pro-SP-c and a-SMA protein
co-localization in the lungs of FVB/N mice following irradia-
tion, suggesting that EMT may occur in rodents with radiation
lung fibrosis (7). Therefore, the right lung tissue of the Bama
minipigs was stained for SP-A and a-SMA protein following
irradiation. The two proteins were observed to be co-localized
in the alveoli in the irradiated lungs, and this co-localization
was most evident at week 8 post-irradiation. Co-localization of
SP-A and a-SMA was not observed in the control lung alveoli
(Fig. 2), suggesting that radiation caused the trans-differentia-
tion of AE2 cells to a mesenchymal-like phenotype.

SP-A, TGFf1, MMP2, MMP9, vimentin and E-cadherin
protein expression in lung tissue. SP-A protein expression

levels were reduced and TGFf1 protein expression levels were
increased following irradiation in a time-dependent manner.

E-cadherin, a calcium-dependent adhesion molecule,
mediates the adhesion and tight junctions between epithelial
cells. E-cadherin protein expression levels in the irradiated
group were reduced in a time-dependent manner following
irradiation. However, the protein expression levels of vimentin,
a mesenchymal marker, were markedly increased following
the radiation treatment.

At each time-point after irradiation, pairwise comparisons
revealed that differences between the irradiation and control
groups were statistically significant (SP-A and TGFf1, P<0.01;
E-cadherin and vimentin, P<0.05).

Irradiation significantly increases MMP2 and MMP9 protein
expression levels. MMP9 protein expression was only moder-
ately increased at 12 weeks post-irradiation, but increased
markedly at 24 weeks (week 24 vs. weeks 4, 8 and 12; P<0.01).
For MMP?2, there was no significant difference in protein
expression between weeks 4 and 12 (P>0.05), and pairwise
comparisons revealed statistically significant differences
between the groups at all time-points (P<0.01; Fig. 3).

MMP?2 and MMP9 gelatinase activity in lung tissue. After
irradiation, increased gelatinolytic activity was observed in
the lung tissue at each time-point compared with that in the
control lung tissue, and quantitative analysis demonstrated the
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Figure 4. Irradiation leads to a significant increase in gelatinolytic activity in lung tissue. (A) Representative zymogram. (B) Gelatinase activity as determined
by densitometric analysis of the zymograms. ‘P<0.01 vs. control. Data are presented as the mean + standard deviation. MMP, matrix metalloproteinase; w,

week; Con, control.

time-dependence of the increase in gelatinase activity (Fig. 4).
At each time-point after irradiation, pairwise comparisons
revealed that differences between the irradiation and control
groups were statistically significant (MMP2, P<0.01; MMP9,
P<0.05).

Discussion

Currently, rodents are typically used to establish animal
models of RILI (10,11). However, the sensitivity of the mouse
lung to RILI is strain-dependent (8), and minipigs do not
exhibit this strain-specific sensitivity (9). The primary patho-
logical features of radiation pneumonitis, such as interstitial
edema, capillary hyperemia, and extensive inflammatory cell
infiltration, usually appear at 1-3 months after irradiation.
Lung fibrosis may occur at 6-12 months after irradiation, and is
characterized by excessive fibroblast proliferation and massive
collagen deposition (12). In the present study, radiation pneu-
monitis was observed at 4 weeks (1 month) post-irradiation
in minipigs after receiving a single 15-Gy dose of irradiation
to the right thorax. At 8 weeks, thickening of the alveolar

walls, fibroblasts and inflammatory cells were observed. At
24 weeks (6 months), multiple fibrotic lesions were observed
in the irradiated lungs (Fig. 1). These results indicate that an
animal model of RILI had been successfully established, and
that radiation pneumonitis and fibrosis were not completely
separate, but that there was a certain degree of overlap at
8 weeks after irradiation.

Alveolar cells are crucially involved in the maintenance of
lung homeostasis. AEI1 cells, a terminally differentiated type
of cell, are susceptible to injury; however, AE2 cells, are able
to proliferate and differentiate, and are considered to be the
stem cells of the alveolar epithelia (13). Following damage
to the alveolar epithelium, AE2 cells are able to self-renew
and transdifferentiate into AEI1 cells in order to maintain the
integrity of the alveolar epithelium. SP-A, a water-soluble
surfactant protein, is secreted by AE2 and Clara cells, and
is a key innate immune molecule in the lung. Alcorn and
Wright (14) observed that SP-A inhibited inflammatory cyto-
kine production through multiple mechanisms and alleviated
lung injury. The transcription regulator nuclear factor-kB is
activated by SP-A, and directly regulates MMP9 expression
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and indirectly induces MMP2 transcription via the trans-
membrane activation of p53 protein (15). Therefore, SP-A
may cause an imbalance the inflammatory/anti-inflammatory
medium if inflammatory cytokines in the lung are increased,
and affect the protease/antiprotease balance favoring an
abnormal breakdown of ECM components. Previous studies
on RILI have indicated that SP-A levels are decreased in
bronchoalveolar lavage fluid (16), but increased in serum (17),
a difference that may be associated with lung injury. In the
present study, SP-A protein expression in lung tissue was
reduced in a time-dependent manner (Fig. 3), which suggests
that the changes in AE2 cells induced by irradiation lead to a
reduction in the secretion of surfactants, and promote inflam-
matory cytokine production, thus influencing MMP2 and
MMP9 expression. This situation favors the development of
lung injury. In addition, the results of the present study show
that the SP-A protein expression level in lung tissue is mark-
edly reduced at week 4 after irradiation, which suggests that
SP-A may be used as a predictor of RILI.

A key event in fibrosis is the activation of fibroblasts and
their conversion into myofibroblasts, which is characterized
by a-SMA expression, cytokine production, and crucially, a
increased capacity to produce ECM components (18). The
origins of myofibroblasts may be divided into three catego-
ries: Recruitment and differentiation of resident cells, bone
marrow-derived ‘fibrocytes’ and EMT. A study has demon-
strated that myofibroblasts may additionally originate from
resident epithelial cells that undergo EMT (19). An in vitro
study indicated that the irradiation of RLE-6TN cells induced
their transition from an epithelial to a mesenchymal pheno-
type, which was mediated by the ROS/ERK/GSK-3[3/Snail
pathway (20). Similarly, a-SMA and pro-SP-c co-expression
has been detected in the AE2 cells of FVB/N mice following
thoracic radiation (7). In the present study, a-SMA protein
expression levels were significantly increased after irradia-
tion (Fig. 1C). A significant reduction in the expression of the
epithelial cell marker E-cadherin and a concomitant increase
in the expression of vimentin, a mesenchymal marker, were
detected after irradiation (Fig. 3). In addition, double immu-
nofluorescence staining identified a-SMA and SP-A protein
co-localization in irradiated lung alveoli, which was highest at
week 8 after irradiation (Fig. 2), suggesting that AE2 cells had
obtained a mesenchymal phenotype. These data indicate that
an AE2-to-mesenchymal transition may occur in the irradi-
ated lungs of minipigs and that EMT is a mechanism involved
in RILIL

TGFp1 is released locally from damaged parenchymal
cells and inflammatory cells, and is central to the generation
of myofibroblasts and EMT (21). Following activation, myofi-
broblasts themselves begin to secrete TGFf1 and are thereby
able to sustain their own activation through a self-stimulatory
mechanism, which facilitates the auto-perpetuating process
characteristic of fibrosis. In addition, TGFp1 is a potent
stimulus for the production of ECM components, such as
collagen (22), and elevation of TGFf1 levels in the plasma of
patients during the 4th week of radiotherapy is significantly
predictive of RILI (23). In the present study, the continuous
increase in the TGFf1 protein expression in the irradiated
lungs of minipigs further indicates the key function served by
TGFf1 in the pathogenesis of RILI.
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MMPs that degrade ECM components may paradoxically
promote collagen deposition. Following lung injury, MMP2
and MMP9 are released from damaged epithelial cells, inflam-
matory cells or activated myofibroblasts; they degrade and
remodel the ECM, and promote cellular migration and activate
cytokines such as TGFp1, TNF-a and IL-1f (24,25). TGFpI is
a key profibrogenic cytokine, which has been implicated as a
primary fibrosis trigger in various tissues (26). This suggests
that MMP2 and MMP?9 are able to facilitate EMT, and previous
reports have shown that the two proteins are able to induce EMT
in renal tubular epithelial cells (27,28). However, it is unclear
whether MMP2 and MMP9 induce EMT in alveolar epithelial
cells. Recent evidence has suggested that radiation upregu-
lates MMP expression and activity in various tissues (29-32).
The present study indicates that thoracic irradiation induces
a marked increase in MMP2 and MMP9 protein expression
and gelatinase activity. Furthermore, baseline MMP9 expres-
sion and gelatinase activity were only moderately elevated at
week 12; however, there was a significant increase at week 24
after irradiation (Figs. 3 and 4). These results indicate that
the MMP9-mediated method is more complex compared that
of with MMP2, and suggest that MMP9 may play a greater
role than MMP2 in RILI. The reduction of SP-A expression
induced by irradiation may have caused the MMP9 level to
be relatively low at week 12 after irradiation, and TGFp1
may also be involved in the inhibition or reduction of MMP9
activity. This may explain why the increase of MMP9 protein
expression and gelatinase activity differs from that of MMP2.
A previous study indicated that TGFp1 is able to downregulate
MMP9 gelatinase activity (32), and MMP9 also facilitates the
release of TGFf1 (25). However, the present study showed that
MMP9 protein expression and activity peaked at week 24 after
irradiation and TGFp1 levels continually increased (Figs. 3
and 4). Further studies may be required to determine the influ-
ence of TGFB1 on MMP?9, and the interaction between the two
proteins.

The ECM contains gelatin and collagen, and provides a
dynamic support structure on which epithelial cells may grow.
In addition, it may influence cellular behavior, including migra-
tion, proliferation and morphology (33). Furthermore, ECM
is a key source of cytokines, and exerts a typical pleiotropic
effect. Although the primary inducer of EMT is TGFf1, the
significance of the ECM is becoming increasingly apparent,
with previous studies suggesting that these components
(e.g., type I collagen) influence and augment the profibrotic
effects of TGFP1 (4,34). For example, studies in various cell
types have shown that type I collagen induces EMT (34,35).
A previous study indicates that basement membrane archi-
tecture is critical in maintaining an epithelial phenotype and
that alterations in its composition may promote phenotypic
changes (35). Therefore, the interaction between the epithe-
lium and the matrix facilitates the TGFf1-induced production
of EMT (4,34). Buckley et al (36) observed that type I collagen
significantly amplified the effect of TGFp1-induced EMT in
A549 cells treated with TGFp1. Additionally, ECM compo-
nents may have an effect on the activity of fibroblasts (37).
Myofibroblasts derived from EMT have been shown to
produce ECM components, such as type I collagen (36), indi-
cating that myofibroblasts affect TGFp1-induced EMT. TGFp1
is an effective stimulus that promotes ECM synthesis (19),



upregulates MMP2 expression (38) and downregulates MMP9
expression. MMPY, in combination with CD44, is able to
stimulate TGFB1 production (26), while MMP2 and MMP9
are able to degrade the ECM. This forms a positive feedback
loop and continuously promotes the development of RILI, and
may result in pulmonary fibrosis. This process a key factor in
the consistent development of irradiation-induced lung fibrosis
following irradiation. Furthermore, TGFf1 is hypothesized to
cause fibrosis, and multiple signaling pathways are involved
in irradiation-induced lung fibrosis. Thus, further studies are
required to clearly determine the mechanisms underlying
irradiation-induced lung fibrosis.

On the basis of the present results, we propose a mechanism
for RILIinirradiated Bama minipigs. This mechanism involves
acomplicated interaction among SP-A, TGFp1,EMT and ECM
which favors the development of RILI, and the participation of
MMPs in the development of RILI by interaction with EMT
molecules, as described above. Radiation causes a reduction in
E-cadherin protein expression levels, an increase in vimentin
protein expression and co-localization of a-SMA and SP-A in
alveolar epithelia, suggesting that EMT occurs in RILI, and
that MMP2 and MMP9 serve crucial functions in EMT by
regulating TGFp1. However, there were certain limitations to
the present experiments. For example, SP-A was selected as a
marker of AE2 and SP-A was observed to decrease following
irradiation, but increased AE2-to-mesenchymal transition was
observed at week 8 post-irradiation. However, in the present
study, a reduction in the expression level and non-specificity
of SP-A possibly led to reduced EMT of AE2 cells at week 12
post-irradiation. However, on the basis of the present data,
and potentially with the support of additional future studies
to identify the effect of tissue inhibitors of MMPs and types I
and IV collagen in RILI may lead to novel preventive inter-
ventions or improved treatments for thoracic tumor patients
undergoing radiotherapy.
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