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Idiopathic pulmonary fibrosis (IPF) involves pulmonary injury associated with inflammatory responses,
fibrosis and dysfunction. Myofibroblasts and transforming growth factor (TGF)-B1 play major roles in
the pathogenesis of this disease. Endoplasmic reticulum (ER) stress response is induced in the lungs of
IPF patients. One of ER chaperones, the 150-kDa oxygen-regulated protein (ORP150), is essential for

Keywords: the maintenance of cellular viability under stress conditions. In this study, we used heterozygous
ORP150 ORP150-deficient mice (ORP150*/~ mice) to examine the role of ORP150 in bleomycin-induced pulmon-
ﬁisomycm ary fibrosis. Treatment of mice with bleomycin induced the expression of ORP150 in the lung. Bleomycin-
TGE-p1 induced inflammatory responses were slightly exacerbated in ORP150*/~ mice compared to wild-type

mice. On the other hand, bleomycin-induced pulmonary fibrosis, alteration of lung mechanics and respi-
ratory dysfunction was clearly ameliorated in the ORP150*/~ mice. Bleomycin-induced increases in pul-
monary levels of both active TGF-p1 and myofibroblasts were suppressed in ORP150*/~ mice. These
results suggest that although ORP150 is protective against bleomycin-induced lung injury, this protein
could stimulate bleomycin-induced pulmonary fibrosis by increasing pulmonary levels of TGF-f1 and

Myofibroblast

myofibroblasts.

© 2012 Elsevier Inc. All rights reserved.

1. Introduction

Idiopathic pulmonary fibrosis (IPF) is a progressive and devas-
tating chronic lung condition with poor prognosis; the mean
length of survival from the time of diagnosis ranges from 2.8 to
4.2 years. No treatment has been shown to improve the prognosis
for IPF patients [1]. Recent studies have suggested that lung injury
associated with inflammatory responses, transforming growth
factor (TGF)-p1 and myofibroblasts play important roles in the
pathogenesis of IPF [1,2].

An increase in lung myofibroblasts, an intermediate cell type
between fibroblasts and smooth muscle cells, has been suggested
to play an important role in the atypical fibrosis and collagen depo-
sition that observed in IPF patients [2]. It was previously thought

Abbreviations: BALF, bronchoalveolar lavage fluid; CHOP, C/EBP homologous
protein; EMT, epithelial-mesenchymal transition; FVC, forced vital capacity; GRP,
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that the origin of myofibroblasts was solely peribronchiolar and
that perivascular fibroblasts transdifferentiate to myofibroblasts
in response to various stimuli, in particular TGF-B1 [3]. However,
recently it was revealed that lung epithelial cells undergo epithe-
lial-mesenchymal transition (EMT) to become myofibroblasts after
treatment with TGF-B in vitro [4,5] and that EMT of epithelial cells
is induced in the lungs of IPF patients and animals with pulmonary
fibrosis (bleomycin-induced pulmonary fibrosis) [4,6,7]. These re-
sults suggest that some myofibroblasts in IPF patients are derived
from the EMT of lung epithelial cells.

The endoplasmic reticulum (ER) stress response is induced by
the accumulation of unfolded and misfolded proteins in the ER
[8,9]. ER stress response-related proteins contain not only ER chap-
erones (such as glucose-regulated protein (GRP)78), that confer
protection against stressors by refolding unfolded and misfolded
proteins in the ER, but also C/EBP homologous transcription factor,
a transcription factor with apoptosis-inducing activity [10]. Since
the ER stress response is induced by pathogenic conditions such
as hypoxia, inflammation and toxic chemicals, it is not surprising
that recent studies have suggested that the ER stress response
plays an important role in diseases such as gastric ulcer and Alzhei-
mer’s disease [11,12].
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One of the ER chaperones, the 150-kDa oxygen-regulated pro-
tein (ORP150), was originally identified in cultured astrocytes ex-
posed to hypoxia [13]. Previous studies showed that expression
of ORP150 is up-regulated under various pathological conditions
and this up-regulation is implicated in the progression of these dis-
eases [14,15].

It was recently suggested that IPF also involves the ER stress re-
sponse, with GRP78 showing increased expression in the lungs of
IPF patients and bleomycin-administered mice [16-18]. Genetic
studies have revealed that mutations in the gene encoding surfac-
tant protein C (SP-C, a protein produced by lung epithelial cells)
could lead to familial interstitial pneumonia (a familial form of
IPF) [19,20]. These mutations induce the ER stress response due
to the accumulation of misfolded pro-SP-C [16,21]. However, be-
cause that induction of the ER stress response was observed in
IPF patients without these mutations [16,18], the mechanism and
role of ER stress response in IPF patients is unknown at present.
Based on the cytoprotective effect provided by ER chaperones, it
was considered that they would have a negative impact on the
development of IPF (i.e. protective roles against IPF); however, no
direct evidence (such as genetic evidence) exists to substantiate
this. On the other hand, it was recently reported that the ER stress
response stimulates the myofibroblastic differentiation of fibro-
blasts and EMT of lung epithelial cells in vitro [18,22]. Therefore,
it is also possible that the ER stress response has a positive influ-
ence on the development of IPF. Thus, to understand the role of
ER stress response in IPF, it may prove useful in the first instance
to examine artificially induced pulmonary fibrosis in transgenic
mice expressing each protein related to the response.

In line with this, we compare here aspects of bleomycin-in-
duced pulmonary fibrosis in heterozygous ORP150-deficient mice
(ORP150*~ mice) and wild-type mice. Bleomycin-induced pul-
monary inflammatory responses were slightly exacerbated, while
pulmonary fibrosis and dysfunction were clearly ameliorated in
ORP150*'~ mice compared to wild-type mice. We also found that
bleomycin-induced increases in the pulmonary levels of both ac-
tive TGF-p1 and myofibroblasts were suppressed in ORP150%/~
mice. These results suggest that ORP150 is stimulative for bleomy-
cin-induced pulmonary fibrosis, though at the same time ORP150
exerts a protective action against bleomycin-induced lung damage.

2. Materials and methods
2.1. Animals

Mice heterozygous for a truncated/inactivated mutant form of
ORP150 (ORP150*'~) and their wild-type counterparts (ORP150**)
(6-8 weeks of age) were prepared as described previously [12].
The experiments and procedures described here were carried out
in accordance with the Guide for the Care and Use of Laboratory
Animals as adopted and promulgated by the National Institutes
of Health, and were approved by the Animal Care Committee of
Keio University and Kumamoto University.

2.2. Administration of bleomycin, preparation of bronchoalveolar
lavage fluid (BALF), assay for MPO activity, analysis of lung function
and histological and immunohistochemical analyses

Mice were maintained under anaesthesia with chloral hydrate
(500 mg/kg) and were given one intratracheal injection of bleomy-
cin (5 mg/kg) to induce pulmonary fibrosis.

BALF was collected by cannulating the trachea and lavaging the
lung with 1 ml of sterile PBS containing 50 units/ml heparin (two
times). The total cell number in the BALF was counted using a
haemocytometer. Cells were stained with Diff-Quik reagents and

the ratios of alveolar macrophages, lymphocytes and neutrophils
to total cells were determined. More than 200 cells were counted
for each sample.

Myeloperoxidase (MPO) activity in the lung was measured as
described previously [23].

Analysis of lung function was performed with a computer-con-
trolled small-animal ventilator (FlexiVent; SCIREQ, Montreal, Can-
ada) as described previously [24].

Histological and immunohistochemical analyses were done as
described previously [24].

2.3. Hydroxyproline determination and ELISA for active TGF-$1

Hydroxyproline content was determined as described [25]. The
active TGF-B1 content in the lung was determined by ELISA as de-
scribed previously [24].

2.4. Immunoblotting analysis and real-time RT-PCR analysis

Total protein was prepared as described previously [26]. Sam-
ples were applied to polyacrylamide SDS gels and subjected to
electrophoresis, after which the proteins were immunoblotted
with an antibody against ORP150.

Real-time RT-PCR was performed as previously described [27].
The primers used were (name: forward primer, reverse primer):
Orp150: 5'-gaagatgcagagcccatttc-3/, 5’-tctgctccaggacctcctaa-3';
o-sma: 5'-catcatgcgtctggatctgg-3’, 5'-ggacaatctcacgctcagea-3'; E-
cadherin: 5'-tgcccagaaaatgaaaaagg-3/, 5'-gtgtatgtggcaatgegttc-3';
Collal: 5'-ccctgtctgettectgtaaact-3/, 5'-catgttcggttggtcaaagata-3’;
actin: 5'-ggacttcgagcaagagatgg-3’, 5'-agcactgtgttggcgtacag-3'.

2.5. Transfection

The siRNA for ORP150 was purchased from Qiagen. Cells were
transfected with the siRNA using HiPerFect transfection reagents
(Invitrogen) according to the manufacturer’s instructions.

The plasmid for overexpression of ORP150 was constructed by
insertion of the Orp150 gene in pCl-neoORP150 [28] into pcDNA3.1
(Invitrogen). The transfection was carried out using Lipofectamine
LTX (Invitrogen).

2.6. Statistical analysis

All values are expressed as the mean + S.E.M. or S.D. Two-way
analysis of variance followed by the Tukey test was used to evalu-
ate differences between more than three groups. Differences were
considered to be statistically significant for values of p < 0.05.

3. Results

3.1. Effect of down-regulation of ORP150 expression on bleomycin-
induced pulmonary inflammatory responses

Pulmonary inflammation and fibrosis were induced by a once-
only (at day 0) intratracheal administration of bleomycin, as de-
scribed previously [25]. First, we monitored the expression of
ORP150 in lung tissues by immunoblotting. As shown in Fig. 1A-
D, treatment of mice with bleomycin increased the pulmonary le-
vel of ORP150 in ORP150*~ mice and wild-type mice, though the
ORP150*~ mice showed lower ORP150 expression than the wild-
type mice both in the presence and absence of bleomycin
treatment.

The bleomycin-induced inflammatory response can be moni-
tored in terms of the number of inflammatory cells in BALF after
the administration of bleomycin [25]. As shown in Fig. 2A, the total
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Fig. 1. Bleomycin-induced expression of ORP150 in the lung. ORP150*/~ mice and wild-type mice (ORP150*/*) were treated with (BLM) or without (Vehicle) bleomycin (5 mg/
kg) once-only on day 0. Lungs were excised on day 3 (A and B) or 14 (C and D). Tissue homogenates were analysed by immunoblotting with antibodies against ORP150 or
actin (A and C). The band intensity of ORP150 was determined and normalised to actin intensity (B and D). Values are mean * S.E.M. (n = 3). *p < 0.01. Scale bar, 50 pm.

number of inflammatory cells and individual numbers of alveolar
macrophages, lymphocytes and neutrophils were all increased on
day 3 after the bleomycin treatment. Compared to wild-type mice,
this increase was slightly enhanced in ORP150"~ mice (Fig. 2A).
Similar results were observed for MPO activity, an indicator of
the inflammatory infiltration of leucocytes (Fig. 2B). These results
suggest that ORP150 expression protects against bleomycin-in-
duced inflammatory response.

3.2. Effect of down-regulation of ORP150 expression on bleomycin-
induced pulmonary fibrosis, alteration of lung mechanics and
respiratory dysfunction

Bleomycin-induced pulmonary fibrosis can be assessed by his-
topathological analysis and measurement of hydroxyproline levels.
Haematoxylin and eosin (H & E) staining and Masson’s trichrome
staining of collagen revealed that bleomycin-induced collagen
deposition was less apparent in ORP150*/~ mice than in wild-type
mice (Fig. 3A and B). Bleomycin also increased pulmonary
hydroxyproline levels, although to a lesser degree in the ORP150*/~
mice compared with wild-type mice (Fig. 3C). These results sug-
gest that bleomycin-induced pulmonary fibrosis is less extensive
in ORP150*~ mice compared to wild-type mice.

We then examined the effect of ORP150 expression on bleomy-
cin-induced alterations of lung mechanics using a computer-con-
trolled small-animal ventilator. Total respiratory system elastance
(elastance of total lung including bronchi, bronchioles and alveoli)
and tissue elastance (elastance of alveoli) were indistinguishable
between heterozygous and wild-type mice in the absence of bleo-
mycin treatment (Fig. 3D). In contrast, both types of mice showed
increases in these parameters in response to bleomycin treatment,
with this effect being more prominent in wild-type mice. These re-
sults suggest that the bleomycin-induced alteration of lung

mechanics is ameliorated by the down-regulation of ORP150
expression.

As shown in Fig. 3E, FVC was indistinguishable between vehi-
cle-treated ORP150%~ and wild-type mice, but was clearly de-
creased by the bleomycin treatment in wild-type mice while
remaining unchanged in ORP150%~ mice (Fig. 3E). These results
suggest that ORP150 expression exacerbates bleomycin-induced
respiratory dysfunction.

To elucidate the mechanism underlying this stimulative effect
of ORP150 on pulmonary fibrosis, we focused our attention on
myofibroblast and TGF-B1. As shown in Fig. 4A, a bleomycin-
dependent increase in the expression of a-SMA, a myofibroblast
marker, was suppressed in ORP150*/~ mice compared to wild-type
mice, suggesting that the expression of ORP150 stimulates an in-
crease in pulmonary myofibroblast number in the presence of
bleomycin.

As shown in Fig. 4B, active TGF-B1 was increased by the bleo-
mycin treatment; however the level was lower in ORP150*/~ mice
than in wild-type mice. These results suggest that ORP150 expres-
sion also stimulates a bleomycin-dependent increase in active TGF-
B1 in lung tissue.

3.3. Effect of ORP150 expression on the TGF-p1-induced EMT of
epithelial cells and differentiation of fibroblasts in vitro

As described in Section 1, an increase in pulmonary myofibro-
blasts associated with fibrosis is due to the stimulation of EMT of
epithelial cells and the myofibroblastic differentiation of fibroblasts.
We tested whether the expression of ORP150 affects these phenom-
ena by examining in vitro the effect of siRNA for ORP150 on the
TGF-B1-dependent alteration of expression of EMT-related genes
in cultured human type II alveolar (A549) cells. Treatment of cells
with TGF-B1 down-regulated the expression of the epithelial cell
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Fig. 2. Effect of down-regulation of ORP150 expression on bleomycin-induced pulmonary inflammatory responses. ORP150*/~ mice and wild-type mice (ORP150**) were
treated with (BLM) or without (Vehicle) bleomycin (5 mg/kg) once-only on day 0 and lung tissue or BALF was obtained on day 3. Total cell number and individual numbers of
alveolar macrophages, lymphocytes and neutrophils in BALF were counted (A). MPO activities in lung homogenates were determined (B). Values are mean + S.E.M. **p < 0.01.

marker E-cadherin mRNA (Fig. 4C), suggesting that TGF-B1 induces
the EMT-like phenotype of A549 cells. Transfection of cells with siR-
NA for ORP150 suppressed the expression of Orp150 mRNA but did
not affect the expression of E-cadherin mRNA in the presence or ab-
sence of TGF-B1 (Fig. 4C). These results suggest that ORP150 expres-
sion does not affect the EMT of lung epithelial cells.

We also examined the effect of ORP150 expression on TGF-B1-
dependent myofibroblastic differentiation of fibroblasts in vitro.
Treatment of human embryonic lung fibroblasts (HFL-I cells) with
TGF-B1 induced the expression of o-sma and collal mRNAs
(Fig. 4D), suggesting that TGF-B1 activates the transition of fibro-
blasts to myofibroblasts. The transfection of cells with siRNA for
ORP150 slightly decreased the expression of a-sma and collal
mRNAs in the presence of TGF-B1 (Fig. 4D). We then examined the ef-
fect of overexpression of ORP150 on the myofibroblastic differentia-
tion of fibroblasts. As shown in Fig. 4E, slightly increased the
expression of a-sma and col1al mRNAs was observed in the presence
of TGF-B1. These results suggest that ORP150 expression stimulates
the TGF-B1-dependent myofibroblastic differentiation of fibroblasts.

4. Discussion

Pulmonary fibrosis is triggered by pulmonary damage and
inflammatory responses. In other words, pulmonary fibrosis is a

result of abnormal and extended repair and remodelling of damaged
lung tissues. We here showed that bleomycin-induced inflamma-
tory responses, such as an increase in BALF leucocyte number and
activation of pulmonary MPO, were stimulated in ORP150*/~ mice,
suggesting that expression of ORP150 could suppress inflammatory
responses. As such, we postulated that bleomycin-induced pulmon-
ary fibrosis would be exacerbated in ORP150*/~ mice. However, sur-
prisingly, this was not the case. Further to this, we found that
increases in pulmonary levels of both active TGF-p1 and myofibro-
blasts in response to bleomycin were suppressed in ORP150*/~ mice
compared to wild-type mice. These results suggest that although
expression of ORP150 is protective against bleomycin-induced
inflammatory responses, it could accentuate pulmonary fibrosis
by increasing pulmonary levels of TGF-B1 and myofibroblasts.

As described above, it was recently reported that induction of
the ER stress response by chemicals or by expression of misfolded
proteins in the ER in alveolar endothelial cells or fibroblasts causes
EMT or myofibroblastic differentiation, respectively [18,22]. There-
fore, it is possible that the up-regulation of ORP150 expression is
responsible for the observed results. We tested this idea in vitro
and found that the TGF-B1-dependent induction of EMT-like phe-
notypes in lung epithelial cells was not affected by the suppression
of ORP150 expression. On the other hand, the TGF-B1-dependent
activation of fibroblasts (myofibroblastic differentiation) was
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Fig. 3. Effect of down-regulation of ORP150 expression on bleomycin-induced pulmonary fibrosis, alteration of lung mechanics and respiratory dysfunction. ORP150*/~ mice
and wild-type mice (ORP150*/*) were treated with (BLM) or without (Vehicle) bleomycin (5 mg/kg) once-only on day 0 and lung tissue removed on day 14. Sections of
pulmonary tissue were subjected to H & E staining (A) or Masson’s trichrome staining (B). Pulmonary hydroxyproline levels in lung homogenates were determined (C). Total
respiratory system elastance (D), tissue elastance (D) and FVC (E) were determined on day 14. Values shown are mean + S.E.M. *p < 0.01; *p < 0.05. Scale bar, 100 pm.

slightly suppressed or stimulated by the suppression or induction,
respectively, of ORP150 expression. These results suggest that
ORP150 expression stimulates the increase in lung myofibroblasts
by stimulating myofibroblastic differentiation rather than by stim-
ulating the EMT of epithelial cells.

Although assessment tools used in bleomycin-induced pulmon-
ary fibrosis are primarily based on histological and quantitative
collagen analysis, the clinical management of IPF relies on lung
function analysis. We therefore used a computer-controlled
small-animal ventilator to monitor the effect of bleomycin on

elastance, as an increase in elastance has also been associated with
human IPF [29]. We found that the bleomycin-induced alteration
of lung mechanics was ameliorated in ORP150*/~ mice compared
to wild-type mice. An improvement of FVC serves as the endpoint
of clinical assessments to estimate the efficacy of candidate drugs
in IPF patients; to this extent we found that bleomycin-induced a
decrease in FVC was ameliorated in ORP150*/~ mice compared to
wild-type mice. These results suggest that ORP150 expression
stimulates not only bleomycin-induced pulmonary fibrosis but
also alters lung mechanics and respiratory dysfunction.
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Fig. 4. Effect of down-regulation of ORP150 expression on the pulmonary levels of myofibroblasts and active TGF-B1 in vivo and on TGF-B1-induced EMT-like phenotypes of
epithelial cells and myofibroblastic differentiation of fibroblasts in vitro. (A and B) ORP150*/~ mice and wild-type mice (ORP150*/*) were treated with (BLM) or without
(Vehicle) bleomycin (5 mg/kg) once-only on day 0 and lung tissues removed on day 7 (B) or 14 (A). Sections of pulmonary tissue were subjected to immunohistochemical
analysis with an antibody against o-SMA (A). Levels of active TGF-B1 in lung homogenates were measured by ELISA (B). Values shown are mean * S.EM. *p < 0.01; *p < 0.05.
Scale bar, 50 pm. (C-E) A549 (C) or HFL-I (D) cells were transfected with 1.0 pg of siRNA for ORP150 (siORP150) or non-silencing siRNA and incubated for 24 h (C and D). HFL-I
cells were transiently transfected with 2.5 pg of expression plasmid for ORP150 or control vector (pcDNA3.1) and cultured for 24 h (E). Cells were then incubated with 10 ng/
ml TGF-B1 for 24 (D and E) or 48 h (C). Total RNA was extracted and subjected to real-time RT-PCR using a specific primer set for each gene. Values were normalised to the
actin gene and expressed relative to the control sample. Values shown are mean + S.E.M. (n = 3). **p < 0.01; *p < 0.05.
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Taken together, the findings presented here suggest that
ORP150 could serve as a possible drug target for IPF; however, this
requires careful examination given that drugs that inhibit ORP150
function may also induce acute lung injury by suppressing the
cytoprotective effects that ORP150 exerts against pulmonary
damage.
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