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  Article  

 Introduction 

 Acute lung injury (ALI) causes acute respiratory distress 
syndrome (ARDS), followed by pulmonary fi brosis (PF), 
and is regarded as a devastating pathological condition 
with a mortality rate of 30% to 40%.  1   ALI is character-
ized by increased permeability and infl ux of blood fl uid 
into the air spaces, which impairs the pulmonary gas 
exchange, leading to arterial hypoxemia and respiratory 
failure.  1   PF is a chronic and progressive disease associ-
ated with fi brotic lung disorder.  2   PF is characterized by 
excessive accumulation of extracellular matrix (ECM) 
proteins such as interstitial collagen, fi bronectin, and 

proteoglycans expressed in fi broblasts activated by 
TGF- β .  3    –  5   Recent detailed studies indicated that PF is 
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  Summary 
 Pulmonary capillary leakage followed by influx of blood fluid into the air space of lung alveoli is a crucial step in the 
progression of acute lung injury (ALI). This influx is due to increased permeability of the alveolar – capillary barrier. The 
extracellular matrix (ECM) between the capillary and the epithelium would be expected to be involved in prevention of 
the influx; however, the role of the ECM remains to be addressed. Here, we show that the ECM architecture organized by 
periostin, a matricellular protein, plays a pivotal role in the survival of bleomycin-exposed mice. Periostin was localized in the 
alveolar walls. Although periostin-null mice displayed no significant difference in lung histology and air – blood permeability, 
they exhibited early lethality in a model of bleomycin-induced lung injury, compared with their wild-type counterparts. This 
early lethality may have been due to increased pulmonary leakage of blood fluid into the air space in the bleomycin-exposed 
periostin-null mice. These results suggest that periostin in the ECM architecture prevents pulmonary leakage of blood fluid, 
thus increasing the survival rate in mice with ALI. Thus, this study provides an evidence for the protective role of the ECM 
architecture in the lung alveoli.    (J Histochem Cytochem 64:441 – 453, 2016)  
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dramatically improved by deletion of the periostin gene, 
coding for a matricellular protein, expressed in the acti-
vated fibroblasts in a mouse model with administration 
of bleomycin (10 mg/kg body weight).6 This treatment 
causes more than 80% lethality for wild-type BALB/c 
mice, which exhibit a bleomycin resistance and a PF.7 
Interestingly, another group demonstrated that inhibition 
of periostin with anti-periostin antibody also improves 
bleomycin-induced PF.8 These data indicate that perios-
tin exacerbates fibrosis in the bleomycin-induced PF 
model.

Periostin is involved in construction of the ECM 
architecture.9–14 This protein is expressed in normal 
and pathological connective tissue,15 for example, 
periosteum, periodontal ligament, aorta, cardiac 
valve,16–19 developing heart,20 cardiac hypertrophy,21 
granulation tissue in myocardial infarction,11 cutane-
ous excisional wound,14 and tumor stroma,11,14,20–24 all 
of which are constantly subjected to mechanical stress. 
Especially, the maximum rupture pressure in the 
infarcted myocardium is significantly lower in periostin-
null mice than in wild-type mice,11 indicating that the 
infarcted myocardial wall of periostin-null mice is sus-
ceptible to mechanical stress.

Lung alveoli are also subjected to mechanical stress 
during respiration and pulmonary blood flow. Especially, 
when damaged by ALI, alveolar walls are considered 
sensitive to mechanical stress.25,26 Type I collagen is 
detected in the alveolar wall27 and is the most domi-
nant component responsible for the mechanical 
strength of lung ECMs.28 Collagen fibrillogenesis is 
stabilized by the cross-linking activity of lysyl oxidase 
(LOX).29 The LOX enzymatic activity is regulated by 
periostin via bone morphogenetic protein 1 (BMP-1) 
activation,30 and it has been revealed that periostin 
plays a role in covalent cross-linking between collagen 
fibrils in the infarcted myocardium and the bone.11,12,30 
Moreover, periostin regulates the amount of collagen 
in tissue.10,11 Taken together, these reports indicate 
that periostin is responsible for the amount of tissue 
collagen and fibrillogenesis, which underlie ECM 
strength. Our preliminary study and another group 
demonstrated that periostin is expressed during lung 
development and is localized in intact alveolar wall.31 
However, the role of periostin in the intact lung remains 
elusive.

In this present study, we investigated whether peri-
ostin plays a role especially in the ALI phase that 
occurs immediately after bleomycin administration. To 
induce ALI in mice as an animal model, intratracheal 
administration of bleomycin is often used.32 This model 
induces a series of symptoms: ALI, lung inflammation, 
and PF. We induced lung injury in mice with C57BL/6 
background, which are more sensitive to bleomycin 

than BALB/c mice. The mice were given a single injec-
tion of 2.5 U/kg of bleomycin in the survival study or a 
single injection of 5 U/kg in the histological analysis. 
The reason why we selected 2.5 U/kg in the survival 
assay is to prevent death caused by PF in wild-type 
mice as possible. In contrast, we exposed mice with 5 
U/kg in histological analysis to distinguish alveolar 
damages. The bleomycin-administered periostin-null 
mice exhibited a higher rate of lethality than their wild-
type counterparts, suggesting a protective role of peri-
ostin in ALI.

Materials and Methods

Mice and Bleomycin Treatment to Induce ALI

Care and experiments with animals were in accor-
dance with the guidelines of the animal care and use 
committees at Tokyo Institute of Technology. Generation 
and maintenance of periostin-null mice were described 
previously.11 Eight-week-old C57BL/6 background 
periostin-null and wild-type mice were treated with a 
single dose of 2.5 or 5.0 U/kg body weight of bleomy-
cin sulfate (LKT Laboratories, Inc., St. Paul, MN; 2.5 U/
kg for survival rate, 5.0 U/kg for pathological analysis) 
by intratracheal injection in a total volume of 18 to 34 
µl of saline under anesthesia achieved with an intra-
peritoneal injection of Nembutal (Dainippon 
Pharmaceutical Co., Ltd., Osaka, Japan).

RT-PCR Analysis

The lung tissues from 8-week-old wild-type mice were 
immersed in ISOGEN (Wako Pure Chemical Industries, 
Ltd., Osaka, Japan). Total RNA was extracted and 
subjected to reverse transcription by using a first-
strand cDNA synthesis kit (Life Sciences, Inc., St. 
Petersburg, FL). To identify the alternatively spliced 
variant forms, we used the specific primers for each 
variant form as described previously.11 cDNA corre-
sponding to each variant form was amplified with Ex 
Taq DNA polymerase (Takara Bio, Inc., Otsu, Japan). 
PCR parameters were as follows: initial denaturation 
at 95C for 3 min followed by 26 cycles of denaturation 
at 95C for 1 min, and annealing and extension at 68C 
for 1 min, and a final extension at 72C for 2 min. The 
amplified DNA bands were confirmed by 1.5% agarose 
gel electrophoresis.

Western Blot

The lung tissues excised from 8-week-old wild-type 
and periostin-null mice were immersed in SDS sam-
ple buffer, pulverized with a handy sonicator (ULTRA5 
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Homogenizer, VP-55, TIETECH Co., Ltd., Nagoya, 
Japan) and then heated at 95C for 5 min with dithio-
threitol (DTT) at a final concentration of 10 mM. Lung 
tissue extracts were separated by SDS-PAGE on 
10% acrylamide gels and electroblotted onto 
Immobilon-P membranes (Millipore Corporation, 
Billerica, MA) for detection of periostin. Antibodies 
against mouse periostin (rabbit polyclonal anti-CT 
and rabbit polyclonal anti-RD1, raised in our labora-
tory; 1:200012) were used as primary antibodies. 
Bound primary antibodies were detected with horse-
radish peroxidase (HRP)–conjugated secondary anti-
bodies and Immobilon Western Chemiluminescent 
HRP Substrate (Millipore).

Immunohistochemistry

Adult mouse lungs (from 8-week-old mice) were per-
fused, inflated with 50-mM EDTA/PBS, excised, and 
fixed in 4% paraformaldehyde in PBS at 4C overnight. 
Subsequently, the lungs were embedded in Tissue-
Tek O.C.T Compound (Sakura Finetek Japan Co., 
Ltd., Tokyo, Japan) for frozen blocks or Pathoprep 568 
(Wako) for paraffin blocks, and 4-µm sections were 
collected and processed for immunostaining. Antibody 
against mouse periostin (rabbit polyclonal anti-RD1, 
1:200) was described previously.11 Rabbit polyclonal 
anti-mouse fibronectin antibody (Ab-10; 1:100) was 
obtained from NeoMarkers (Fremont, CA). For general 
immunostaining, slides were rehydrated and incubated 
at 4C overnight with the primary antibody without anti-
gen retrieval. HRP-conjugated secondary antibodies 
(Envision+ Signal Reagent; Dako, Glostrup, Denmark) 
and the HRP detection kit (Liquid DAB+ Substrate; 
Dako) were used for signal visualization. To detect 
mouse periostin and fibronectin, we applied anti-RD1 
on paraffin sections and Ab-10 on cryosections, 
respectively. For negative controls, we applied an 
equal molar of rabbit IgG.

In Vivo Pulmonary Permeability Assay

Lung permeability was measured with Evans blue dye 
(Sigma-Aldrich, St. Louis, MO) by using a previously 
described technique.33 Briefly, 8-week-old mice were 
injected intravenously with Evans blue dye (20 mg/kg). 
Three hours later, they were sacrificed and perfused 
with PBS to remove excess dye and blood cells from 
the lungs. Thereafter, the lung tissue was collected 
and homogenized. The Evans blue dye was extracted 
with formamide during overnight incubation at 60C fol-
lowed by centrifugation at 5000 × g for 30 min. The 
concentration of the dye was determined based on the 
absorption at 620 and 740 nm.

Quantification of Collagen Contents and Cross-
Linkages

The concentrations of collagen and pyridinoline in the 
lung were used for the quantitative analysis by high-
performance liquid chromatography (HPLC) using a 
fluorescence detection method established previously.34 
Sample preparation for HPLC was as follows: The lungs 
from 19-week-old and 35- to 36-week-old mice were 
snap-frozen, and pulverized in liquid nitrogen. All tis-
sues were suspended and stirred in 50-mM potassium 
phosphate buffer (pH 7.6) at 4C for 72 hr under a vac-
uum, and then a 1/30 volume of sodium borohydride 
(NaBH

4
) was added to the solution. The reaction was 

allowed to proceed for 60 min at 37C and was termi-
nated by the addition of 3-N acetic acid to decrease the 
pH value to 4.0. The solution residue was collected by 
centrifugation (3000 × g, 15 min), washed with deion-
ized water, and lyophilized. For HPLC analysis, lyophi-
lized samples were dissolved in 0.2-N sodium citrate 
buffer (pH 2.2) and filtered through a 0.45-µm filter 
(Gelman Science Japan Ltd., Tokyo, Japan). The analy-
sis of enzymatic mature pyridinium cross-links, such as 
pyridinoline (PYD), was performed on a single-column 
HPLC. Hydrolysates were analyzed for pyridinoline and 
hydroxyproline levels on a Shimadzu LC9 HPLC fitted 
with a cation exchange column (0.9 × 10 cm, Aa pack-
Na; JASCO, Ltd., Tokyo, Japan). It was assumed that 
collagen weighed 7.5 times the measured weight of 
hydroxyproline, with a molecular weight of 300,000 
Da.34 The resulting data were used to calculate cross-
link values as mol/mol of collagen.

Transmission Electron Microscopy

The lungs of 11-week-old wild-type and periostin-null 
mice were expanded with 70 µl of PBS, perfused with 4% 
paraformaldehyde (TAAB Laboratories Equipment, Ltd., 
Berks, UK), and fixed in 2.5% glutaraldehyde/4% parafor-
maldehyde. Subsequently, the lungs were fixed with 1% 
osmium tetroxide in PBS. Specimens were embedded in 
Quetol 812 (Nisshin EM Co., Ltd., Tokyo, Japan), sec-
tioned at 80 nm by using an Ultracut UCT ultramicrotome 
(Leica Microsystems, Inc., Bannockburn, IL), and stained 
with 1.2% tannic acid, 2% uranyl acetate, and 0.5% lead 
citrate. Stained ultrathin sections were viewed with a 
Hitachi H7500 transmission electron microscope (Hitachi, 
Ltd., Tokyo, Japan) operated at 80 kV.

Measurement of Protein Concentration in 
Bronchoalveolar Lavage Fluid (BALF)

To measure protein leakage in the bleomycin-exposed 
lung, bronchoalveolar lavage was performed (500 µl of 
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PBS given 2 times) at day 5 after bleomycin administra-
tion. In each mouse, 80% (800 µl) of the total injected 
volume was consistently recovered. The BALF was cen-
trifuged at 1500 rpm for 10 min and then at 15,000 rpm 
2 times for 10 min each time. The final supernatants 
were utilized for measurement of protein concentration 
determined with CBB (Coomassie Brilliant Blue; Nacalai 
Tesque, Inc., Kyoto, Japan). The CBB protein assay was 
performed on serial dilutions of the supernatant. Ten 
minutes after having mixed the supernatant and CBB 
solution, the absorbance values at 595 nm were mea-
sured in a 96-well protein assay plate by using a Bio-
Rad Model 550 microplate reader (Bio-Rad Laboratories, 
Inc., Hercules, CA) with a BSA dilution series used for 
preparation of a standard curve. The concentrations 
were calculated from the absorbance, and the ratio 
between the wild-type and the periostin-null BALF was 
estimated for each lot of bleomycin.

Statistics

To assess differences among groups, we performed 
statistical analysis with the log-rank test for the sur-
vival rate and the Mann–Whitney U test for the others, 
using Prism 6.0 (GraphPad Software, Inc., San Diego, 
CA). The results were shown as the mean ± SD) with 
p values (*p<0.05, **p<0.01).

Results

Expression of Periostin in Mouse Lung

To examine whether periostin was expressed in lung 
tissue, we investigated the periostin transcripts in 
the mouse lungs. Periostin transcripts in the peri-
odontal ligament35 and infarcted myocardium11 con-
sist of several alternatively spliced variant forms of 
its carboxyl terminal region. Four alternatively 
spliced variants, that is, full (full length), Δb (deletion 
of exon b), Δe (deletion of exon e), and ΔbΔe (dele-
tion of exons b and e), were examined, and one spe-
cific spliced form, ΔbΔe, was dominantly detected 
(Fig. 1A and B).

To confirm the expression of periostin protein, we 
prepared tissue lysates from mouse lungs, which were 
then subjected to SDS-PAGE followed by Western blot 
analysis using anti-periostin antibodies (anti-CT and 
anti-RD1). We found one major band recognized by 
the anti-CT antibody, and three major ones recognized 
by the anti-RD1 antibody (Fig. 1A and C). The sizes of 
these three bands were approximately 90, 84, and 74 
kDa. The 90-kDa band corresponded to the intact peri-
ostin protein, and the 84- and 74-kDa bands corre-
sponded to the cleaved forms of periostin, which were 
reported previously.11,12

To investigate the localization of periostin protein in 
the lungs, we stained paraffin sections of the mouse 
lung with anti-RD1 antibody. Histological sections of 
the lung tissue showed alveoli composed of type I and 
II pneumocytes and capillary vessels (Fig. 1C). 
Immunoreactivity for periostin was detected in the 
alveolar walls (Fig. 1D).

Histological Analysis of Lung Tissue From 
Periostin-Null Mice

To elucidate the role of periostin in lung homeostasis, 
we performed histological analysis of lung tissue from 
periostin-null mice. Periostin-null mice are born alive 
and develop in a manner indistinguishable from that of 
their wild-type littermates except for the disturbed 
eruption of incisors.17 Histological sections showed no 
apparent disorder in the periostin-null alveolar struc-
ture compared with that in the wild-type counterpart 
(Fig. 2A). Type I and II pneumocytes, as well as the 
alveolar walls, appeared intact in the periostin-null 
alveoli, as in the wild-type ones. The same was shown 
in 60-week-old mice (data not shown). We then exam-
ined fibronectin; however, no significant difference in 
immunoreactivity for fibronectin between wild-type 
and periostin-null alveoli was observed (Fig. 2B).

To further investigate the ECM architecture, we 
measured pulmonary permeability by using the Evans 
blue dye extravasation assay. The blue coloration of 
the tested lungs did not show any significant difference 
(Fig. 2C), indicating that the absence of periostin did 
not affect the intact lung structure or air–blood barrier.

Quantification of Collagen Content and Cross-
Linkages in the Intact Lungs

The collagen amount and fibrillogenesis are responsible 
for the tensile strength of the lung ECM.28 Periostin is 
known to be involved in both collagen amounts and cross-
linkage.10–12,30 Hence, we quantified these parameters in 
the intact lungs of wild-type and periostin-null mice. In the 
19-week-old mice, the collagen content (percentage of 
tissue dry weight) tended to be less in the periostin-null 
mice than in the wild-type mice (0.79-fold less in periostin-
null mice), and collagen cross-linkage assessed by the 
amount of pyridinoline (cross-linked peptide) per mole of 
collagen also tended to be less in these periostin-null 
mice (0.89-fold less in periostin-null mice, Fig. 3A), 
although both results showed no statistical difference. In 
the 35- to 36-week-old mice, the collagen content and the 
cross-linkage were not so different from those in the 
19-week-old mice (collagen contents: 0.84-fold in perios-
tin-null mice, p=0.0095; cross-linkages: 0.87-fold in peri-
ostin-null mice, p=0.0095; Fig. 3B). These data indicate 
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that periostin was responsible for collagen synthesis and 
fibrillogenesis in the mouse lung tissue.

Ultrastructural Analysis of Lung Alveoli by 
Transmission Electron Microscopy

Next, we analyzed the microstructure of the lung alveoli 
by using transmission electron microscopy (TEM). Both 

wild-type and periostin-null alveoli were composed of 
type I and II pneumocytes and several capillary vessels 
without any obvious difference in their contour (Fig. 
2A). Type I pneumocytes in the periostin-null alveoli, 
which cells are the main component of the alveolar 
wall, appeared almost the same in shape, size, and 
number as in the wild-type alveoli (Fig. 4A and B). The 
distribution of capillary vessels and the thickness of 

Figure 1. Expression of periostin in the lungs of wild-type mice. (A) Pattern diagrams of the periostin splice variant forms, primer pairs, 
and antibody recognition sites. SS, EMI, FAS1, and CTR mean signal sequence, EMI (EMILIN) domain, Fasciclin 1 domain, and C-terminal 
region, respectively. Periostin antibody recognition sites are indicated as black lines. (B) Expression of the periostin alternatively spliced 
variant form ΔbΔe in lung tissue from 8-week-old wild-type mice. Details on the primer pairs 1, 2, and 3 are described in the “Materials 
and Methods” section. GAPDH is shown as an internal control. +/+ indicates wild type and −/− indicates negative control (periostin-null 
mouse). SM means size marker. (C) Expression of periostin protein in lung tissue. Tissue lysates from the lungs of 8-week-old wild-type 
and periostin-null mice were subjected to SDS-PAGE. Proteins were visualized by blotting with anti-CT, anti-RD1, and anti-β-actin anti-
bodies. A band corresponding to intact periostin is located at the 90-kDa position and those of cleaved periostin at approximately 84 and 
74 kDa. +/+ indicates wild type and −/− indicates negative control from periostin-null mouse. The band located at the 90-kDa position 
in the −/− lane indicates a nonspecific signal. (D) Histological section of a lung alveolus of an 8-week-old wild-type mouse. The paraffin 
section was stained with hematoxylin–eosin (HE). (E) Localization of periostin protein in a lung alveolus from an 8-week-old wild-type 
mouse. The paraffin section was stained with anti-RD1 antibody, which was then counterstained with hematoxylin. Periostin is localized 
in the alveolar walls and in type II pneumocytes. Scale D = 20 µm; Scale E = 20 µm (high magnification = 10 µm).
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vessel walls exhibited no difference between wild-type 
and periostin-null alveoli (Fig. 4A and B). To examine 
the architecture of the pulmonary cells in the alveoli of 
wild-type and null mice, we focused on the collagen 
fibrils seen in highly magnified images and found no 
significant difference in the fibril amount, shape, or 
diameter between wild-type and periostin-null alveolar 
walls (Fig. 4A–F). Despite the constant expression of 
periostin in the lungs of wild-type mice and difference 
in the amounts of collagen and cross-linkages, the 
intact lungs of periostin-null mice did not have any 
microstructural disorder.

Rate of Lethality Caused by Bleomycin 
Administration Was Higher in Periostin-null Mice 
Than in Their Wild-type Counterparts

To test the mechanical strength of the ECM in the 
alveoli, we administered bleomycin that rarely causes 

lethal ALI and PF in wild-type mice,36 but does induce 
ECM fragility.25,26 We first examined the survival rate 
of the 2.5 U/kg of bleomycin-exposed wild-type and 
periostin-null mice. Periostin-null mice began to die 
at day 7.5 after the bleomycin administration, though 
their wild-type counterparts started to do so later at 
day 12.5 (Fig. 5A). Both wild-type and periostin-null 
mice continued to die; however, the lethality of the 
periostin-null mice was greater than that of the wild-
type mice. At day 20.5, the survival rate of periostin-
null mice was 55% compared with the 83% for the 
wild-type ones (Fig. 5A). These results suggest that 
the bleomycin administration caused greater dam-
age in the lung tissue of periostin-null mice than in 
that of the wild-type mice.

To investigate the damage in the bleomycin-
exposed periostin-null lung tissue, we conducted his-
tological analysis of the 5.0 U/kg of bleomycin-exposed 
lung. At 7 days after bleomycin administration, the 

Figure 2. Lung histology for wild-type and periostin-null mice. (A) Histological sections of lungs from 8-week-old wild-type and 
periostin-null mice. The paraffin sections were stained with hematoxylin–eosin. (B) Detection of fibronectin in lungs from wild-type 
and periostin-null mice. Frozen sections of lungs from 8-week-old wild-type and periostin-null mice were stained with antifibronectin 
antibody, which were then counterstained with hematoxylin. (C) Vascular permeability of intact mouse lung. Vascular permeability was 
measured in terms of Evans blue dye leakage into the lungs of 8-week-old wild-type (+/+; n=6) and periostin-null (−/−; n=6) mice. Error 
bars represent the mean ± SD. N.S. means no significant difference. Scale A = 50 µm; Scale B = 50 µm.
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alveolar interstitium of the wild-type mice was slightly 
thickened, but not in the case of the periostin-null 
counterpart (Fig. 5B). This result is compatible with 
that of a previous study.6 However, the hemorrhagic 
edema with leakage of blood fluid into the air spaces 
of the alveoli was prominent in the periostin-null lungs, 
whereas the leakage was rarely observed in the wild-
type ones (Fig. 5B). To quantify the leakage of blood 
fluid into the air spaces, we measured the erythrocyte 
concentration in the air spaces. At day 7 after the 
bleomycin administration, the erythrocyte concentra-
tion in the lungs from periostin-null mice was over 
2-fold higher than that in those of the wild-type ani-
mals (Fig. 5C). The total protein in BALF at day 5 after 
bleomycin administration was also measured. The 
protein content in the periostin-null BALF was 1.5-fold 
higher than that for the wild-type one (Fig. 5D). These 
results indicate that the bleomycin administration 
induced more severe ALI in the periostin-null mice 
and that the difference between wild-type and perios-
tin-null mice appeared at an early stage after bleomy-
cin administration.

Discussion

This study demonstrated that mice lacking their peri-
ostin gene exhibited early lethality with elevated 

alveolar–capillary permeability and alveolar rupture in 
the resulting ALI-like model, in which the C57BL/6 
background mice were administrated with bleomycin 
at the dose that did not cause severe lethality in wild-
type mice. Several groups have reported that periostin 
exacerbates lethal PF and that deletion of the periostin 
gene in mice6 or injection of periostin-neutralizing anti-
body (OC-20) during fibrosis progression alleviates 
this symptom.6,8 The mouse strain, material, method-
ological, and phenotypical differences between the 
two studies and ours were described in Table 1. These 
two previous reports indicated a role for newly 
expressed periostin in the activated fibroblasts. Uchida 
et  al.6 demonstrated that 10 mg/kg of bleomycin 
induces severe PF in BALB/c background mice. Wild-
type mice begin to die at 1 week after the bleomycin 
administration and show more than 80% mortality at 4 
weeks.6 In contrast, bleomycin-administered periostin-
null mice exhibit mild fibrosis and lethality (10%).6 
Because periostin is expressed in intact lung alveoli, 
the role of which remains elusive, we examined the 
role of periostin in the alveolar wall ECM with bleomy-
cin at the dose that did not induce lethal fibrosis in 
wild-type mice. Lung cells of BALB/c mice are more 
resistant to bleomycin than those of C57BL/6 mice 
because of the high expression of a bleomycin-detoxi-
fying enzyme, bleomycin hydrolase,7 and the high rate 

Figure 3. Collagen content and collagen cross-linkage in lungs of wild-type and periostin-null mice. (A) Collagen contents (percentage 
of tissue dry weight) and pyridinoline (PYD) contents (mol/mol of collagen) for 19-week-old wild-type (+/+; n=3) and periostin-null 
(−/−; n=2 for collagen content and n=3 for PYD contents) mice. (B) Same type of data for 35- to 36-week-old wild-type (+/+; n=4) and 
periostin-null (−/−; n=6) mice. Statistical significance of differences: **p<0.01 as indicated by the brackets (p=0.0095 in each analysis of B).
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of DNA repair, which DNA is damaged by radical oxy-
gen species produced by bleomycin.37 Another group 
reported that C57BL/6 mice transplanted with mesen-
chymal stem cells from BALB/c mice exhibit improve-
ment in lung inflammation compared with mice without 

the cell transplantation.38 In contrast, no significant dif-
ferences were observed in inflammatory response and 
collagen production in the lungs of the cell-trans-
planted mice 7 days post challenge.38 These results 
suggest that mesenchymal stem cells from BALB/c 

Figure 4. Transmission electron microscopy (TEM) analysis of wild-type and periostin-null lung tissue. (A–E) Electron micrographs of 
lungs from an 11-week-old wild-type (A, C, E) and from a periostin-null (B, D, F) mice. Arrowheads indicate vessel walls, and * indicates 
collagen fibrils. Scale = 500 nm. Abbreviations: T1, type I pneumocyte; T2, type II pneumocyte; FB, fibroblast; CVs, capillary vessels; int, 
interstitium.
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mice improved the symptom of ALI, but not that of PF, 
in the C57BL/6 strain. Therefore, we employed 
C57BL/6 background mice with bleomycin in the dose, 
in which the administration did not cause lethality in 
wild-type mice.36,39 Although BALB/c background 

wild-type and periostin-null mice displayed the same 
survival rate (about 90%) at the acute phase in the 
bleomycin administration,6 we found that C57BL/6 
background periostin-null mice exhibited higher lethal-
ity than their wild-type counterparts in the case of 2.5 

Figure 5. Bleomycin-exposed periostin-null mice show early lethality and blood leakage in their lungs compared with wild-type coun-
terparts. (A) Survival curve of 8-week-old wild-type (+/+; n=17) and periostin-null (−/−; n=31) mice after the 2.5-U/kg bleomycin 
administration. The periostin gene is associated with longer survival (p=0.022, log-rank test). (B) Lung histology of 8-week-old wild-type 
and periostin-null mice at day 7 after the 5.0-U/kg bleomycin administration. The paraffin section was stained with hematoxylin–eosin. 
(C) Morphometric analysis of erythrocyte concentrations in the lungs of 8-week-old wild-type (+/+; n=5) and periostin-null (−/−; n=11) 
mice at day 7 after the 5.0-U/kg bleomycin administration. **p=0.0069. Error bars represent the mean ± SD). (D) Protein concentra-
tion of BALF from 8-week-old wild-type (n=8) and periostin-null (n=7) mice at day 5 after the 5.0-U/kg bleomycin administration. The 
protein concentration is shown as an arbitrary unit. *p=0.040. Error bars represent the mean ± SD. Scale B = 50 µm. Abbreviation: 
BALF, bronchoalveolar lavage fluid.
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U/kg bleomycin administration. Taken together, our 
study suggests that periostin strengthens the ECM 
structure of intact alveolar wall and acts in a protective 
manner during ALI. On the other hand, the bleomycin-
administrated periostin-null mice died during the 
inflammatory stage (10–20 days after bleomycin 
administration). Inflammatory response was reported 
as a cause of death of wild-type mice with BALB/c 
background, compared with periostin-null mice (Table 
1).6 Further studies on inflammatory response during 
bleomycin-induced lung injury would be necessary to 
investigate the cause of death in periostin-null mice 
with C57BL/6 background.

Periostin has some alternatively spliced variant 
forms in its carboxyl terminal region, that is, full length, 
Δb, Δe, and ΔbΔe in mouse periostin.11,19,35 In this 
study, we confirmed that the intact lung tissue 
expressed the ΔbΔe variant (Fig. 1A). Our previous 
study demonstrated that this variant form recruits 
fibroblast to the infarcted myocardium via integrin sig-
nal activation and that the forced expression of the 
ΔbΔe variant with adenoviral transduction improved 
the survival rate of the infarcted periostin-null mice.11 
Another group reported that the periostin Δe variant 
form is dominantly expressed during idiopathic PF 
(IPF).40 These results suggest that periostin in the 
intact lungs (expressing the ΔbΔe variant form) is dif-
ferent from that in lung fibrosis (expressing the Δe vari-
ant form) in terms of function.

The alveolar wall ECM is cross-linked by LOX enzy-
matic activity, which is responsible for matrix stiff-
ness.41 The LOX superfamily consists of LOX and 
LOX-like 1 to 4 (LOXL1–4), and all LOXs are capable 
of initiating collagen cross-linking.42,43 Administration 
of LOX and LOXL1–4 inhibitor β-aminopropionitrile44–46 
to mice downregulates LOX enzymatic activity and 
consequently leads to a decrease in lung stiffness.41 
Our previous report demonstrated that periostin regu-
lates LOX enzymatic activity, especially LOX and 

LOXL1, via BMP-1 activation.30 While LOXL4 is domi-
nantly expressed in the intact lung, LOX and LOXL1 
are also weakly observed.47,48 The collagen cross-link-
ages in the lung tissues were significantly or tended 
(without significance) to be decreased in the periostin-
null mice compared with those in their wild-type coun-
terpart (Fig. 3). These data suggest that periostin 
played a role in regulating LOX and LOXL1 enzymatic 
activity in the lungs. The ECM of the alveolar wall is 
responsible for tensile strength.28 The decreased 
amounts of collagen and cross-linkages in the intact 
lung of the periostin-null mice might be correlated with 
the severe ALI in bleomycin-administered periostin-
null mice (Figs. 3 and 5).

Intratracheal administration of bleomycin causes 
alveolar epithelial cell death because of damage 
due to radical oxygen species generated by bleo-
mycin and increased pulmonary capillary permea-
bility.7,33 Furthermore, under hypobaric hypoxia 
especially with exercise49 and high-pressure venti-
lation,50 the intact lungs are injured mechanically 
and exhibit rupture of the alveolocapillary mem-
brane or a change in the pulmonary permeability. 
Digesting collagen greatly decreases stiffness,51 
similarly as a decrease in the number of collagen 
cross-linkages.42 The lungs of periostin-null mice 
displayed decreased collagen content and fewer 
collagen cross-linkages (Fig. 3); therefore, they 
would have been susceptible to mechanical stress. 
Thus, periostin-null mice exhibited more severe pul-
monary leakages, red blood cell infiltration with 
alveolar rupture, and hemorrhagic edema than did 
the wild-type mice (Fig. 5B–D).

The pulmonary edema of periostin-null mice dur-
ing ALI was obviously more severe than that of the 
wild-type mice (Fig. 5B). Pulmonary capillary leak-
age is caused by matrix metalloproteinase (MMP)–
mediated disruption of the basement membrane 
between lung alveoli and pulmonary capillaries.25,26 

Table 1. Summary of the Roles of Periostin in Bleomycin-Induced Lung Injury From the Three Reports.

Strain

Intratracheal 
Administrated Bleomycin 
(Equivalent Unit, Supplier) Survival Rate

Cause of 
Death

Role of 
Periostin

Uchida 
et al.6

BALB/c; WT (n=7) vs. KO (n=16) 10 mg/kg (10 U/kg; 
Nippon Kayaku)

Less than 20% in WT; 
about 90% in KO (day 28)

Pulmonary 
fibrosis

Induction of 
inflammation

Naik 
et al.8

C57BL/6; periostin-neutralizing 
antibody (injected 10 and 15 days 
after bleomycin administration, 
n=10 each)

0.05 unit per mouse 
(about 2 U/kg; Sigma)

40% in control antibody; 
100% in neutralizing 
antibody (day 19)

Pulmonary 
fibrosis

Fibrosis 
progression

This 
study

C57BL/6; WT (n=17) vs.  
KO (n=31)

2.5 U/kg (LKT 
Laboratories)

About 90% in WT; about 
55% in KO (day 21)

Alveolar 
rupture

Increase in 
ECM stability

WT and KO indicate the wild-type mice and the periostin-null mice, respectively. Abbreviation: ECM, extracellular matrix.
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Our previous studies showed that periostin acts as a 
scaffold of the ECM architecture, for example, inter-
acting with the fibronectin meshwork and basement 
membrane.12,14,52 Especially in the epithelial base-
ment membrane between the epidermis and the 
dermis, periostin increases the transport of fibro-
nectin and laminin 5 gamma 2 chains from keratino-
cytes to the basement membrane,14 which reported 
that the basement membrane without periostin did 
not affect the keratinocyte proliferation in the intact 
epidermis. Only during wound healing, they are 
digested incompletely and that inhibits keratinocyte 
proliferation.14 In this study, the permeability of the 
air–blood barrier in the lungs was an obvious differ-
ence between wild-type and periostin-null mice dur-
ing ALI. These results suggest that the ECM of the 
lungs of periostin-null mice was more susceptible to 
bleomycin-induced ALI.

In conclusion, we have reported a lethal pheno-
type with early and severe disruption of the alveo-
lar–capillary structure in periostin-null mice during 
ALI induced by 2.5 or 5 U/kg bleomycin. In intact 
lung tissue, deletion of the periostin gene led to no 
significant difference in the results of histological or 
electron microscopic analysis between null and 
wild-type mice; but the collagen content and number 
of cross-linkages were decreased in the former. 
These results suggest that periostin played an 
important role in maintaining the microstructure and 
strength of the ECM, which conclusion could not be 
reached by histological analysis. Further analysis to 
determine the nature of this microstructural disorder 
should reveal the molecular function of periostin in 
lung alveoli.
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