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Abstract The etiology and pathogenesis of interstitial pneumonia have not been fully elucidated. A proteomics-based 
approach using two-dimensional electrophoresis/in-gel digestion/matrix-assisted laser desorption time-of flight mass spec-
trometry (MALDI-TOF MS) was applied to identify new candidate biomarkers in whole lung extract from the bleomy-
cin-induced interstitial pneumonia model mouse. First, the mouse lung extract was subjected to two-dimensional electro-
phoresis and then the bleomycin-induced interstitial pneumonia (BLM-IP) specific spots underwent in-gel digestion. The 
proteins in the specific spots were identified by MALDI-TOF MS and MSMS analyses. Nine proteins including anti-oxi-
dative stress proteins, transgelin-2 (TGLN-2), vimentin, transthyretin, fatty acid-binding protein, and sepiapterin reductase 
were identified by MALDI-TOF MS and MSMS. The expression levels of these 9 proteins were clearly up-regulated when 
compared with those of the healthy mouse lung.
　In conclusion, the proteomics-based approach enabled us to identify nine up-regulated proteins, especially TGLN-2, in 
the BLM-IP model mouse. The up-regulated modified TGLN-2 might be an early marker of smooth muscle cells differentia-
tion induced thicken of the alveolar walls and play an important role in pulmonary fibrogenesis.

Key words: bleomycin-induced interstitial pneumonia, whole lung extract, proteomics-based approach, oxidative stress, trans-
gelin-2

Introduction
Idiopathic interstitial pneumonia (IIP) is an intractable 

disease in which inflammation occurs in the lung intersti-

tium, the walls of alveoli become thick, hard, and show 
fibrosis, and finally it becomes difficult for oxygen /carbon 
dioxide exchange to take place in lung alveoli1). The etiol-
ogy and pathophysiology are still not well-understood, but 
abnormal wounds are noted due to pathological findings of 
fibroblast proliferation, extracellular matrix deposition, and 
scarring1‒3). It is considered that excessive fibrosis due to 
healing and some inflammatory reactions are involved. It is 
also thought that alveolar epithelial cells acquire the charac-
teristics of mesenchymal cells due to damage to alveolar 
epithelial cells and cause activation of fibroblasts4). IIP is a 
life-threatening pathological condition that causes respira-
tory failure when it progresses. The collective term of inter-
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stitial lung disease comprises various lung conditions, 
which are characterized by thickening of the alveolar walls 
by inflammation or fibrosis. Lung inflammation is treated 
with steroids and immunosuppressants, and pulmonary 
fibrosis is treated with anti-fibrosis agents such as pirfeni-
done and nintedanib. However, many cases are treat-
ment-resistant and the outcome is poor in all disease types, 
which is problematic. The disease is associated with a very 
poor prognosis, with most patients dying within 5 years of 
diagnosis.

On developing IP, KL-6, a sialylated carbohydrate anti-
gen, is excessively produced by type II alveolar epithelial 
cells with inflammation5). The extremely high levels of 
KL-6 in blood showed at the cases of interstitial pneumonia 
as same as other diseases, such as tuberculosis and malig-
nant tumors, but other lung diseases and bacterial / viral 
pneumonia were limitedly6,7). So, it is not possible to con-
clude that the levels of KL-6 in blood could be used to diag-
nose IP. It is important to identify a specific biomarker for 
differentiations between IP and other diseases.

Bleomycin (BLM) is the most widely used agent to 
induce pulmonary fibrosis in experimental animals. After 
the systemic delivery of BLM, endothelial cells were 
directly injured, and this was subsequently followed by epi-
thelial cell injury, inflammation, and fibrosis8). With the 
intratracheal, intranasal, or vascular administration of 
BLM, lung epithelial cells were initially injured, but the 
development of endothelial cell damage has not been fully 
elucidated. It would be a very important to identify new 
biomarker for the understanding critical cause of pulmo-
nary fibrogenesis and thickening of the alveolar walls in the 
BLM-induced interstitial pneumonia (BLM-IP).

Proteomics-based identification facilitates high-through-
put studies of protein expression, and enables the identifica-
tion of molecular mechanisms that are responsible for the 
development of specific diseases. For example, in compari-
son with RNA-sequence or microarray-based profiling of 
gene expression, which were previously applied to idio-
pathic pulmonary fibrosis, proteomics analysis offers vari-
ous advantages9,10）. In particularly, it indicates the effective 
existence of functional proteins in clinical samples. In addi-
tion, a high transcription level leading to an abundant quan-
tity of messenger RNA does not always mean an abundance 
of the corresponding protein or its effectual activity. There-
fore, the proteomics-based technique has significant strate-
gic benefits for the identification of specific diagnostic bio-

markers and new therapeutic targets. Previously, our group 
reported that new biomarkers, 4 citrullinated proteins could 
be used to differentiate between rheumatoid arthritis and 
osteoarthritis patients by the proteomics-based technique11).

In the present study, we applied the novel proteom-
ics-based investigation using two-dimensional electrophore-
sis/in-gel digestion/matrix-assisted laser desorption time-of 
flight mass spectrometry (MALDI-TOF MS) to investigate 
new biomarkers in whole lung extract from the BLM-IP 
model mouse, and identified nine up-regulated anti-oxida-
tive and vesicle stress-related proteins.

Materials and Methods
Culture of mice for drug-induced pulmonary fibrosis

The Institutional Animal Care and Use Committee of 
Osaka Medical and Pharmaceutical University approved all 
of the following research protocols (approval ID: 27053), 
including the surgical procedures and animal care, and all 
methods were performed in accordance with the relevant 
guidelines and regulations.

Female 13‒14-week-old C57BL/6J mice (SHIMIZU Lab-
oratory Supplies, Kyoto, Japan) were anesthetized with an 
i.p. injection of 400 mg/kg 2,2,2-tribromoethanol (Avertin, 
Sigma-Aldrich Japan K.K.). The administered BLM was 
prepared by mixing sterile BLM sulfate powder (Nippon 
Kayaku, Tokyo, Japan) with normal sterile saline. A dose of 
3 mg of BLM in a total volume of 100 μL of sterile saline 
was injected subcutaneously by osmotic minipump (Alzet 
2010, DURECT, Cupertino, CA, USA) from days 0 to 
712,13). After anesthetizing the model mouse, the thorax was 
opened and the cardiopulmonary was exposed, we were 
injected from the right ventricle for pulmonary perfusion 
using 2 mL of saline containing 100 U of heparin. The mice 
were sacrificed at 28 days after the initiation of bleomycin 
injection, the lungs were harvested for histological analysis, 
and stored at －80 degrees prior to use.

Two-dimensional polyacrylamide gel electrophoresis 
(2D-PAGE)

The lungs were homogenized by ProteoExtractTM Com-
plete Mammalian Proteome Extraction Kit (Merck Milli-
pore, Darmstadt, Germany) and cOmplete MiniTM (Roche 
Diagnostics, Indianapolis, IN, USA). Homogenates were 
mixed with lysis buffer (5 M urea, 2 M thiourea, 2% 
CHAPS, 2% SB3‒10, and 1% dithiothreitol). Protein con-
centrations of these samples were measured by Protein 
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Assay SystemTM (Bio-Rad Laboratories, Hercules, CA, 
USA). Aliquots containing 100 micrograms of proteins 
were applied overnight to Immobiline DrystripTM (GE 
Healthcare Bio-Science, Piscataway, NJ, USA) by in-gel 
rehydration. The rehydrated gels were then gently dried 
with filter paper to remove excess fluid and isoelectric 
focusing (IEF) was performed in a Pharmacia Hoefer Mul-
tiphor IITM electrophoresis chamber (GE Healthcare 
Bio-Science, Piscataway, NJ, USA), according to the manu-
facturer’s instructions. Two-dimensional SDS-PAGE was 
performed in 9‒18% acrylamide gradient gels using an Iso-
Dalt electrophoresis chamber. The 2-D gels were stained 
with SYPRO Ruby (Invitrogen, Carlsbad, CA, USA) fol-
lowing the manufacturer’s protocol. The SYPRO Ruby-
stained protein spots were detected using Molecular Imager 
FXTM (Bio-Rad Laboratories, Hercules, CA, USA) and 
were subjected to in-gel digestion. Image analysis and data-
base management were done using Image Master Platinum 
image analysis softwareTM (GE Healthcare Bio-Science, 
Piscataway, NJ, USA).

In-gel digestion and mass spectrometric identification 
of proteins

This work was performed essentially as described else-
where4). Protein spots were excised from the dried silver 
stained 2-D gels, and rehydrated for 20 min in 100 mM 
NH4HCO3. The gel spots were then destained for 20 min in 
a solution of 15 mM potassium ferricyanide and 50 mM 
thiosulfate, rinsed twice in Milli-Q water, and finally dehy-
drated in 100% acetonitrile until they turned opaque white. 

The gel pieces were then dried in a vacuum centrifuge, and 
subsequently rehydrated in a digestion solution consisting 
of 50 mM NH4HCO3, 5 mM CaCl2, and 0.1 μg/μL modified 
sequence-grade trypsin (Promega). After overnight incuba-
tion at 37 degrees, the digestion was terminated in 5% tri-
fluoroacetic acid (TFA) for 20 min. Peptides were extracted 
3 times (20 min each) with 5% TFA in 50% acetonitrile, and 
the extracted peptides were pooled and dried in a vacuum 
centrifuge. The peptides were purified with ZipTipC18TM 
(Millipore) following the manufacturer’s protocol and ana-
lyzed by Ultraflex TOF/TOF (Bruker Daltonics) MALDI 
mass spectrometer and MASCOT database software 
(Matrix Science).

Results and Discussion
In the present study, we applied a novel proteomics-based 

investigation to identify new candidate biomarkers in the 
BLM-IP model for the prediction of etiologies of lung pul-
monary fibrosis in comparison with a normal mouse.

As shown in Fig. 1, microscopy images of Masson tri-
chrome- stained lung tissues show a definite change 
between the BLM-IP model mouse and normal mouse. A 
lung section from the BLM-IP model mouse showed the 
diffuse increase collagen deposition compared with normal 
lung. As expected, we observed lung fibrosis with collagen 
deposition in lung interstitium 28 days after BLM adminis-
tration.

As shown in Fig. 2, the SYPRO Ruby-stained protein 
patterns of the BLM-IP model mouse and normal mouse 
overlapped. Seventeen spots were different between the 

Fig. 1.　Representative microscope images of Masson trichrome-stained lung tissue sections of normal and BLM-IP model 
mice 28 days after treatment. 
The scale bar indicates 100 μm.
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BLM-IP model mouse and normal mouse. Twelve of these 
17 spots showed higher expressions in the BLM-IP mouse 
than those of the normal mouse, and five spots showed 
lower expression in the BLM-IP group than in the normal 
mouse. As the results of MALDI-TOF-MSMS analysis cou-
pled with the MASCOT database search, the 12 up-regu-
lated proteins in the BLM-IP group could be identified, but 
a single spot could not be identified, as shown in Table 1. 
They included two anti-oxidative stress proteins (spot Nos. 
4 and 8), a thyroid hormone-binding protein (No. 2), an 
intracellular carrier for active lipids (No. 3), actin-related 
proteins (Nos. 5 and 6), a molecule involved in cholesterol 
metabolism (No. 7), a molecular chaperon (No. 9), a mole-
cule involved in tetra-hydrobiopterin biosynthesis (No. 10), 
and cytoskeleton proteins (Nos. 11 and 12). Interestingly, 
spot Nos. 5 and 6 were also identified as transgelin-2 
(TGLN-2), but the isoelectric point (pI) of spot No. 6 was 
clearly lower than that of spot No. 5. It is of interested 
whether this modified TGLN-2 molecule leads to acceler-
ated lung fibrosis compared with the native TGLN-2. So, 
we speculated that this lower shift of pI may be caused by a 
post-translational modification, such as phosphorylation, 
but this MSMS analysis unfortunately could not clarify any 
evidence of the modifications. And so, we further examined 
to identify a post-translational modification of the TGLN-2 

molecule by the electrophoresis/western-blot/ ECL detec-
tion. As the result, the phosphorylation could not be con-
firmed, but it might be still caused by a S-sulfonation or 
S-nitrosylation in which pI shifts to the acidic side. On the 
other hand, spot Nos. 10 and 11, both identified as vimentin 
(VIM), had the same pI, but the molecular weight of spot 
No. 11 was definitely higher than that of spot No. 10, possi-
bly due to modification, such as citrullination, glycosyla-
tion, or ubiquitination.

Fig. 3a)‒h) show MSMS spectra of the tryptic in-gel 
digestions of spots (Nos. 2, 3, 4, 7, 8, 9, 10, 11, and 12) in 
the whole lung extract of the BIM-IP model mouse. The 
MSMS spectra obtained from spot No. 2 matched the 
sequence of two peptides derived from transthyretin (TTR). 
Figure 3a shows the MSMS spectra from the sequence of a 
tryptic peptide from the 84th to 90th TTR. In the same way, 
other tryptic peptides were also identified by MSMS analy-
sis coupled with the MASCOT database search. The 
MSMS spectra matched the sequences from tryptic peptide 
of fatty acid-binding protein 5 (FABP5), copper-zinc super-
oxide dismutase (SOD-1), Apolipoprotein A-1 (Apo A-1), 
peroxiredoxin-6 (Perx-6), heat shock protein beta-1 (HSP 
b-1), sepiapterin reductase (SPR), and VIM, respectively.

Kulkarni et al.14) reported a novel proteomics approach to 
clarify the profiles of expressed proteins in cultured fibro-

Fig. 2.　An overlaid image of the two-dimensional gel electrophoresis of proteins in whole lung extract derived from BLM-IP 
model mouse and reference healthy mouse.
The grey numbers indicate up-regulated proteins in the BIM-IP model mouse compared with the reference mouse.

Fig. 2.　An overlaid image of the two-dimensional gel electrophoresis of proteins in whole lung extract derived from BLM-IP 
model mouse (red) and reference healthy mouse (green).
The red numbers indicate up-regulated proteins in the BIM-IP model mouse compared with the reference mouse.
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blasts of mouse lung tissue after the intranasal administration 
of BLM. The expression levels of HSPs, TGLN-2, and VIM 
were up-regulated and those of MMP-9 were down-regulated 
compared with the normal mouse. They suggested that the 
BLM-induced up-regulated proteins were closely associated 
with phosphoinositide-3-kinase/protein kinase B (PI3K/Akt), 
and that nitric oxide signaling pathways are important for the 
regulation of pulmonary fibrosis15,16). On the other hand, 
Della et al.17) reported the expression levels in a model mouse 
of lung fibrosis induced by the intratracheal instillation of a 
single dose of BLM. The levels of Perx-6, TGLN-2, VIM, and 
HSP all showed down-regulated patterns, with all results 
being the opposite of our MS analysis. We considered that 
this discrepancy was likely due to the route of administration 
of BLM, and so the expression pattern of cytokines, prote-
ases/anti-proteases, growth factors, and signaling pathways 
involved in pulmonary fibrosis were different. Chua F et al.19) 
also reported that a single intratracheal instillation of BLM 
rapidly leads to severe bronchiocentric fibrosis, while intrave-
nous or intraperitoneal routes of administration characteristi-
cally induce subpleural scarring, and mild intermittent fibro-
sis can result from repeated BLM dosing similar to the 
induction of human pulmonary fibrosis.

In the present study, we identified 2 kinds of up-regulated 

anti-oxidative proteins in the BIM-IP model mouse (SOD-1 
and Perx-6). Oxidative stress caused by reactive oxygen 
species is involved in the pathophysiology of IIP, and oxi-
dative stress is associated with damage to lung epithelial 
cells and vascular endothelial cells and abnormal tissue 
repair of the lung, and thus induces fibrosis20). Schamberger 
AC et al.21） reported that anti-oxidative molecules, such as 
SOD, glutathione-3-peroxidase, and HSP b-1, are highly 
expressed in interstitial lung diseases of humans and model 
mice, as in the present study. HSP b-1, also known as 
HSP27, is a small heat shock protein involved in many cel-
lular processes and protects cells against oxidative stress 
and controls cell apoptosis.

As shown in Figs. 4 and 5, the MSMS spectra obtained 
from spot Nos. 5 and 6 matched the sequences of two and 
six tryptic peptides of the same protein, TGLN-2, in the 
lung tissue extract of the BIM-IP model mouse. TGLN-2, 
which belongs to the actin-binding protein family, is an 
early marker of smooth muscle cell differentiation. The 
basic function of TGLN-2 is to regulate the actin cytoskele-
ton through actin binding, and eventually participate in pro-
cesses involving cytoskeleton remodeling. As the present 
results, we considered that the differentiation of smooth 
muscle cells and reconstruction of the cytoskeleton would 

Table 1.　 Up-regulated proteins from 2D gel spots derived from whole lung extract of the bleomycin-induced interstitial 
pneumonia model mouse by MALDI-TOF/TOF and MASCOT database

Spot 
No.

Name
MW in 

database 
(KDa)

Observed  
MW 

(KDa)
Description pI Localization

Mowse 
Score

 1 ND ̶ ̶ ̶ ̶ ̶ ̶

 2 Transthyretin 16 15 TTR, thyroid hormone-binding protein 5.77
cytoplasm, 

secreted
 43

 3 Fatty Acid-binding Protein 15 15 FABP5, epidermal type 6.14 cytoplasm  51

 4 Superoxide Dismutase Cu-Zn 16 16 SOD1, Antioxidant 6.02 cytoplasm, 103

 5 Transgelin-2 23 20 TAGLN2, protein binding, epithelial cell 
differentiation

8.39
cytoskeletal 

protein
 77 
143 6 Transgelin-2 23 20

 7 Apolipoprotein A-I 30 25 ApoA1, cholesterol transporter 5.64 secreted  61

 8 Peroxiredoxin-6 25 25 PRDX6, antioxidant 5.71 cytoplasm 198

 9 Heat shock protein beta-1 23 25 HSPB1, estrogen-regulated 6.12 cytoplasm 104

10 Sepiapterin reductase 28 26 SPR, oxidoreductase 5.58 cytoplasm  79

11 Vimentin 53 45
intermediate filaments 5.06 cytoplasm

 63 
 4612 Vimentin 53 46

ND: not identification.
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Fig. 3.　The MSMS spectra of the tryptic in-gel digestions of spots (Nos. 2, 3, 4, 7, 8, 9, 10, 11, and 12) in whole lung extract of 
the BIM-IP model mouse. All Mowse scores of MSMS ion spectra indicate identity or extensive homology (p＜0.05), 
which strongly supported these identifications.
a) MALDI-TOF/TOF mass spectra of peptides from the in-gel digest of 2D gel spot No. 2. The grey letters indicate the amino acids 
of the tryptic peptide of TTR. The numbers show the residues of identified sequences of the TTR.
b) FABP-5, c) SOD-1, d) Apo A-I, e) Perx-6, f) HSP b-1, g) SPR, and h) Vim also present the MSMS spectra of tryptic peptides; the 
grey letters and numbers are the same as above-mentioned.

Fig. 3.　The MSMS spectra of the tryptic in-gel digestions of spots (Nos. 2, 3, 4, 7, 8, 9, 10, 11, and 12) in whole lung extract of 
the BIM-IP model mouse. All Mowse scores of MSMS ion spectra indicate identity or extensive homology (p＜0.05), 
which strongly supported these identifications.
a) MALDI-TOF/TOF mass spectra of peptides from the in-gel digest of 2D gel spot No. 2. The red letters indicate the amino acids 
of the tryptic peptide of TTR. The numbers show the residues of identified sequences of the TTR.
b) FABP-5, c) SOD-1, d) Apo A-I, e) Perx-6, f) HSP b-1, g) SPR, and h) Vim also present the MSMS spectra of tryptic peptides; the 
red letters and numbers are the same as above-mentioned.
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also occur in the BLM-IP mouse. Yu H et al.22) reported that 
TGLN-2 mRNA expression in isolated alveolar epithelial 
type II cells was significantly up-regulated after BLM 
administration compared with the control mouse. This 
up-regulation was also noted in lung species of IP fibrosis 
patients. This high expression of TGLN-2 was recognized 
in fibroblast-to-myofibroblast transdifferentiation, which is 
a process leading to endothelial-to-smooth muscle cell 
transdifferentiation, strongly suggesting that TGLN-2 

expression coincides with cellular plasticity. They demon-
strated that the up-regulated TGLN-2 plays an important 
role in pulmonary fibrogenesis.

Nonaka et al.23) reported that a case of tracheal amyloido-
sis discovered during observation of interstitial pneumonia. 
Although the authors considered to be a coincidence of tra-
cheal amyloidosis and IP, there are also some reports of the 
diffuse alveolar septal amyloidosis. They suggested that 
further study is needed to resolve the relationship between 

Fig. 5.　MALDI-TOF/TOF mass spectra of peptides from the in-gel digest of 2D gel spot No. 6.
The grey letters indicate the amino acids of the tryptic peptide of TGLN-2. The numbers show the residues of identified sequences 
of TGLN-2.

Fig. 4.　MALDI-TOF/TOF mass spectra of peptides from the in-gel digest of 2D gel spot No. 5.
The grey letters indicate the amino acids of the tryptic peptide of TGLN-2. The numbers show the residues of identified sequences 
of TGLN-2.

Fig. 4.　MALDI-TOF/TOF mass spectra of peptides from the in-gel digest of 2D gel spot No. 5.
The red letters indicate the amino acids of the tryptic peptide of TGLN-2. The numbers show the residues of identified sequences of 
TGLN-2.

Fig. 5.　MALDI-TOF/TOF mass spectra of peptides from the in-gel digest of 2D gel spot No. 6.
The red letters indicate the amino acids of the tryptic peptide of TGLN-2. The numbers show the residues of identified sequences of 
TGLN-2.



June 2021 Medical Mass Spectrometry Vol. 5 No. 1 

45

IP and tracheal localized amyloidosis. Previously, our 
group had first identified the S-sulfonation of transthyretin 
(TTR) in patient with TTR-related amyloidosis by the novel 
proteomics-based analysis. The S-sulfonation of TTR is an 
important first step in the formation of TTR-related amyloid 
fibril. The shift of the pI value in this modification will be 
similar with that of the phosphorylation, and the m/z shift is 
the same, ＋80 Da. At the present study, the levels of total 
TGLN-2 in the lung extract of BIP model mouse clearly 
increased than that the reference mouse. We speculated that 
this modification on the TGLN-2 might be one of the trig-
ger steps to induce lung fibrogenesis in the BIP model 
mouse as our previous report.

In conclusion, we identified nine proteins in whole lung 
extract derived from the BLM-IP model mouse by two-di-
mensional electrophoresis/in-gel digestion/MALDI-TOF 
MSMS analysis. These up-regulated proteins, especially 
modified TGLN-2, might be an early marker of smooth 
muscle cells differentiation induced thicken of the alveolar 
walls and play an important role in pulmonary fibrogenesis 
due to exposure to BLM.
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