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Idiopathic pulmonary fibrosis, a chronic and progressive lung
disease with poor prognosis, presents with acute exacerbation.
Pathophysiology and treatments for this acute exacerbation, and
an appropriate animal model to perform such examinations, have
not established yet. We presented a rat model for assessing acute
exacerbation in cases of idiopathic pulmonary fibrosis. Wistar rats
were intratracheally administered bleomycin (3 mg/kg) to induce
pulmonary fibrosis. After 7 days, lipopolysaccharide (0, 0.05, or
0.15 mg/kg) was administered. In the bleomycin or lipopoly-
saccharide group, there were almost no change in the oxygen
partial pressure, arterial blood gas (Pa0O,), plasma nitrite/nitrate,
nitric oxide synthase, and lung nitrotyrosine levels. In the
bleomycin (+)/lipopolysaccharide (+) groups, these three indicators
deteriorated significantly. The plasma nitrite/nitrate and PaO,
levels were significantly correlated in the bleomycin (+) groups
(r=0.758). Although lung fibrosis was not different with or
without lipopolysaccharide in the bleomycin (+) groups,
macrophage infiltration was marked in the bleomycin (+)/
lipopolysaccharide (+) group. There were many NOS2-positive
macrophages, and the PaO, levels decrease may be induced by
the nitric oxide production of macrophages in the lung. This
model may mimic the pathophysiological changes in cases of
acute exacerbation during idiopathic pulmonary fibrosis in humans.
Key Words: idiopathic pulmonary fibrosis, acute exacerbation,
lipopolysaccharide, bleomycin, Wistar rats

n recent years, chronic respiratory diseases (CRDs) have

become a major global health issue with over one billion
cases and more than four million deaths annually.’ CRDs
include chronic obstructive pulmonary disease, asthma, and
idiopathic interstitial pneumonia.’ Particularly, idiopathic
pulmonary fibrosis (IPF), the most common form of idiopathic
interstitial pneumonia, is a chronic, progressive, and inevitably
fatal lung disease with a poor prognosis.

It has been recognized that some patients with IPF experience
acute exacerbation (AE). Such cases were first reported in 1993
and were identified as the development of acute lung injury/
acute respiratory distress syndrome (ALI/ARDS).® However, the
cause and pathophysiology of AE in IPF cases remain unknown,
although therapeutic interventions, especially surgical treatments,
have been reported to provoke AE of IPF.®) Furthermore, AE of
IPF has a poor outcome with an overall short-term mortality of
>50% and 90-100% in patients requiring ventilator assistance.®
The mortality rates of AE range from 33.3% to 100%, as reported
in several studies; however, the results consistently showed poor
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prognosis associated with AE of IPF.C®)

Two antifibrotic therapies, administration of nintedanib and
pirfenidone, have been recommended by recent guidelines for
the treatment of chronic and stable IPF; however, there are no
recommended treatments for AE.® In addition, suitable animal
models for investigating the pathophysiology of AE of IPF have
not yet been established, which was attributed to the multiple
causes of ALI/ARDS. Endotoxin is considered to be one of the
causes, as it is reported to be significantly involved in the ALI/
ARDS development.(!?

Lipopolysaccharides (LPSs) in the cell walls of gram-negative
bacteria are known to induce inflammation and are frequently
used to generate animal models of ALI/ARDS.!"!5 In contrast,
there are several animal models of IPF induced by the injection
of bleomycin (BLM), fluorescein isothiocyanate, or silica. The
pulmonary fibrosis animal model induced by the BLM injection
is the most characterized animal model in use today.'® A mouse
model combining the two types of injuries has been reported.!!”
In this report, the dose of LPS was 0.5 mg/kg, which was approx-
imately the same as that used in other ALI/ARDS animal
models.""'® This LPS dose could cause severe inflammation in
mice. Therefore, this mouse model may be strongly influenced
by LPS. Clinically, AE of IPF is provoked by normal therapeutic
interventions. Therefore, we hypothesized that small amounts of
LPS may provoke AE of IPF. It has been reported that intro-
ducing heat-killed Propionibacterium acnes, followed by a
subclinical dose challenge of LPS, induces acute and massive
liver injury, mimicking fulminant hepatitis.('” Therefore, in the
BLM-induced fibrotic lung, we hypothesized that inflammation
induced by small amounts of LPS would cause an excessive
inflammatory reaction in the lung, thus, resulting in the induction
of AE of IPF.

In animal tissues, nitric oxide (NO) is generated by synthases
(NOS).?” There are three isoforms of NOS: NOS1 - the neuronal
form, NOS?2 - inducible nitric oxide synthase, and NOS3 -
constitutive enzyme primarily found in the endothelium.?” NO
formed by NOS2 in macrophages, neutrophil, and other cells
plays multiple roles in the inflammatory response.®” There have
been many reports of excessive NO production, possibly aggra-
vating the pathophysiology of ALIL?*?> Hence, we hypothesized
that NO production could aggravate the pathophysiology of AE
of IPF. Moreover, we considered that the small amount of LPS
could cause AE of IPF in BLM pretreated rats.
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Materials and Methods

Animals. Male Wistar rats (6 weeks old) were purchased
from SLC Inc. (Shizuoka, Japan) and were maintained for 1
week before experimental use. All rats were treated according to
the specifications outlined in the Guiding Principles for the Care
and Use of Laboratory Animals, and the study was approved by
the authorities of the local committee on experimental animal
research of Osaka City University Medical School (No. 13026).

The rats were randomly segregated into six groups: the
BLM (—)/LPS (0) (saline + saline) (n = 17), BLM (—)/LPS (0.05)
(saline + LPS 0.05 mg/kg) (n=23), BLM (—)/LPS (0.15) (saline
+LPS 0.15 mg/kg) (n=23), BLM (+)/LPS (0) (BLM 3 mg/kg +
saline) (n =23), BLM (+)/LPS (0.05) (BLM 3 mg/kg + LPS 0.05
mg/kg) (n =24), and BLM (+)/LPS (0.15) (BLM 3 mg/kg + LPS
0.15 mg/kg) (n=22) groups. Rats were anesthetized with
sevoflurane delivered into a box, and BLM (3 mg/kg) or saline
was intratracheally administered using the oropharyngeal aspira-
tion technique described previously by De Vooght er al.®
Specifically, rats were fixed on a styrofoam board with a plastic
bottle and a rubber band; the tongue was extended using forceps,
and the liquid was injected into the distal part of the oropharyn-
geal area, while the nose was closed with fingers. LPS (0.05 or
0.15 mg/kg) or saline was intratracheally administered for 7 days
after BLM or saline administration in the same manner. Each
tracheal administration volume was 500 pl.

The rats were sacrificed at 24 h, 7 days, or 14 days after LPS
administration under three types of mixed anesthetic agents
[medetomidine (0.15 mg/0.15 ml/kg), midazolam (2 mg/0.4 ml/kg),
butorphanol (2.5 mg/0.5 ml/kg), and saline (1.45 ml/kg)]. For
computed tomography (CT) imaging of the lungs, the rats were
scanned using Latheta LCT-200 (Hitachi Ltd., Tokyo, Japan).
Aortic blood samples were collected using a heparinized syringe
from the abdominal aorta, and blood gas analyses were
performed using an i-STAT handheld point of the care analyzer
(Abbott Point of Care Inc., Princeton, NJ). After perfusion of the
abdominal aorta with ice-cold saline, bronchoalveolar lavage
(BAL) was performed three times by applying the tracheal
cannula to the left lung with 3 ml of saline and the right main
bronchus clamped. Later, the BAL fluid (BALF) was centrifuged
at 2,500 rpm for 5 min, and the supernatant was stored at —80°C.
After the left main and right lower bronchi were ligated, the right
lower lung was harvested and was immediately frozen in liquid
nitrogen and stored at —80°C. The collected blood was
centrifuged at 10,000 x g for 5 min, and the separated plasma
was stored at —80°C. The right upper lung was inflated with 2 ml
of 10% neutral-buffered formalin via the tracheal cannula. The
trachea was clamped, and the right upper lung was harvested and
fixed in fresh 10% formalin for 48 h. Tissues were sectioned in
the sagittal plane and were embedded in paraffin.

Histochemistry. Sections of the embedded-paraffin samples
(4 um thick) were cut and subjected to hematoxylin-eosin (HE)
or Sirius Red (SR) staining, or some other immunohistochemistry
procedure. Cell densities stained by SR were quantified using
the Olympus cellSens imaging program (ver. 1.7; Olympus
Lifescience, Tokyo, Japan). Using a 40x objective, cells stained
by SR were measured in three randomly chosen fields. Cell
density was expressed as the percentage of cells by stained SR
per total cells.

For immunohistochemical analysis of pulmonary alveolar
macrophages, the sections were also treated with anti-CD68
antibody (ED-1) (ab31630; Abcam, Cambridge, UK) or anti-
inducible NOS2 (BD Transduction Laboratories™, Franklin
Lakes, NJ). These histological analyses were performed
according to the instructions from the Vectastain ABC-AP kit
(Vectastain Laboratories, Burlingame, CA).

Biochemical analysis of plasma and BALF. The pulmonary
surfactant protein D (SP-D) and tumor necrosis factor (TNF-a)

130

levels were measured using an SP-D ELISA Kit (YAMASA
Corp., Chiba, Japan) and a Rat TNF-a Quantikine ELISA Kit
(R&D Systems, Minneapolis, MN) in the plasma and in the
BALF, respectively, according to the manufacturers’ protocols.
The nitrite/nitrate (NOx) levels in the plasma were measured
using a NO,/NO; Assay Kit-C II (Colorimetric) (Griess Reagent
Kit; Dojindo Laboratories, Kumamoto, Japan). Briefly, plasma
was deproteinized with methanol and centrifuged at 12,000 x g
for 10 min at 4°C. The supernatant was examined using the assay
kit according to the manufacturer’s instructions.

Western blot analysis. The right lower lung was homoge-
nized in a sample buffer (50 mM Tris-HCI, pH: 6.8, 2% sodium
dodecyl sulfate, 10 mM dithiothreitol, 10% glycerol, and 1 mM
phenylmethylsulfonyl fluoride). Lysates were centrifuged at
14,000 rpm for 30 min at 4°C. Proteins (5 pg) from soluble
fractions were separated using 10% SDS-polyacrylamide gel
electrophoresis and were electroblotted onto polyvinylidene
difluoride membranes. Then, the membranes were blocked with
4% blocking ace (No. UKB 40, KAC Co. Ltd, Kyoto, Japan)
followed by incubation with NOS2 mouse monoclonal antibody
(1:2,000; BD Transduction Laboratories™) at 4°C overnight.
Then, the membranes were washed in Tris-buffered saline with
0.5% Tween-20 and were incubated with secondary anti-mouse
IgGs (1:20,000; Dako Cytomation, Kyoto, Japan) at room
temperature for 1h followed by incubation with an enhanced
chemiluminescence reagent (Amersham, Bucks, UK) for 2 min.
Digital images were produced using a luminous image analyzer
(LAS-3000 imaging system; Fujifilm, Tokyo, Japan). Densito-
metric analysis of the protein bands was performed using
Imagel] software, ver. 1.47 (National Institutes of Health,
Bethesda, MD).

In the ED-1 level measurement, the amount of protein applied
was 2 pg. The ED-1 mouse monoclonal antibody (1:4,000;
ab31630; Abcam) was used. Similarly, in the nitrotyrosine level
measurement, the amount of protein applied was 30 pg. The nitro-
tyrosine mouse monoclonal antibody (1:2,000; ADI-905-763-100;
Enzo Life Sciences, New York, NY) was used.

Quantitative real-time polymerase chain reaction of NOS2
in the lung. Total RNA was extracted from the lungs using a
NucleoSpin RNA kit (Takara Bio Inc., Shiga, Japan) and
quantified by a NanoDrop 1000 spectrophotometer (Thermo
Fisher Scientific, Waltham, MA). Complementary DNA was
synthesized using 2 pg of total RNA and a ReverTra Ace qPCR
kit (Toyobo, Osaka, Japan). The reaction was performed for 15
min at 37°C, followed by reverse transcriptase inactivation for 5
min at 98°C. Primer/probes for NOS2 (Rn00561646 ml) were
purchased from Applied Biosystems (Foster City, CA). Reactions
were performed using the commercially available Thunderbird
Probe qPCR Mix (QPS-101; Toyobo). mRNA was analyzed
with the 7500 Fast Real-time PCR system using TagMan gene
expression assays. Each sample was measured in triplicates
and glyceraldehyde 3-phosphate dehydrogenase served as an
endogenous control. The cycling conditions were as follows:
95°C for 20 s, followed by 40 cycles of 95°C for 3 s and 60°C
for 30 s. The results were analyzed using the comparative cycle
threshold (AACt) method.

Statistical analysis. All values are presented as means +
SDs. Statistical analysis was performed using analysis of
variance, and JMP 12 software package (SAS Institute Inc., Cary,
NC) was used for all statistical analysis. The correlation
coefficient between the NOx and the oxygen partial pressure
(pO,) levels was measured by Pearson’s correlation analysis.
A value of p<0.05 was considered statistically significant.

Results

Survival rate after LPS administration. In the preliminary
study, the survival rate was 30% and 92% in the BLM (+)/LPS
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Fig. 2. Changes in the body weights of rats after BLM administration. BLM (3 mg/kg) or saline was intratracheally administered at 7 days before
LPS (0.05 or 0.15 mg/kg) or saline administration. (A) Rats were segregated into three groups: o: BLM (=)/LPS (0); o: BLM (=)/LPS (0.05); and A: BLM
(=)/LPS (0.15). (B) Rats were segregated into four groups: e: BLM (+)/LPS (0); m: BLM (+)/LPS (0.05); A: BLM (+)/LPS (0.15); and o: BLM (-)/LPS (0).
Values are presented as means + SDs (n = 22-24). **p<0.01 vs BLM (=)/LPS (0). BLM, bleomycin; LPS, lipopolysaccharide.

(>0.3 mg/kg) and BLM (+)/LPS (0.1 mg/kg) groups, respectively
(Fig. 1A). The survival rate was significantly lower in the BLM
(+)/LPS (>0.3 mg/kg) than in the BLM (+)/LPS (0) group
(»<0.01). Therefore, the analyzable LPS doses were determined
as 0.05 and 0.15 mg/kg, around the dose of 0.1 mg/kg.

The survival rates were 100% and 83% in the BLM (+)/LPS
(0.05) and BLM (+)/LPS (0.15) groups (Fig. 1B), respectively.
Moreover, the survival rate was 100% in the BLM (—)/LPS (0.05
or 0.15) group.

Changes in the body weight. In the BLM-free groups, the
body weight increased in a time-dependent manner (Fig. 2A).
The weight of rats in the BLM (—)/LPS (0.05 or 0.15) groups
transiently decreased after LPS administration but increased in
the BLM (—)/LPS (0) group (Fig. 2A). In contrast, the weight of
rats in the BLM (+)/LPS (0.05 or 0.15) group decreased after
LPS administration and decreased for 7 days (Fig. 2B). Besides,
in the BLM (+)/LPS (0) group, the body weight of the rats at 24 h
after LPS administration was lower than that of the BLM (-)/
LPS (0) group (p<0.01) (Fig. 2B). Furthermore, in the BLM (+)/
LPS (0.05 or 0.15) group, the body weight of rats at 24 h after
LPS administration was lower than that in the BLM (-)/LPS
(0.05 or 0.15) group.

CT images of the rat lungs. CT images of the lungs at 24 h
after LPS administration are shown in Fig. 3. The lung images in
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the BLM (+)/LPS (0) and BLM (—)/LPS (0.05 or 0.15) groups
showed little infiltrative shadows. The lung images in the BLM
(+)/LPS (0.05 or 0.15) group showed more visible infiltrative
shadows than those in the BLM (—)/LPS (0) group, which were
similar to ARDS.

Histological findings of the rat lungs. Lung tissues
subjected to HE and SR staining showed normal structure in the
BLM (—)/LPS (0) group (Fig. 4A). In the BLM (+)/LPS (0, 0.05,
or 0.15) group, lung histology showed significant progression of
fibrosis (Fig. 4D—F). In the BLM (—)/LPS (0.05 or 0.15) group,
lung histology showed infiltration of inflammatory cells (Fig. 4B
and C). In the BLM (+)/LPS (0.05 or 0.15) group, prominent
infiltration of inflammatory cells and alveolar enlargement were
observed (Fig. 4E and F). In the BLM (+)/LPS (0, 0.05, or 0.15)
groups, cells stained by SR (34.0 +3.7%, 41.5+ 1.1%, or 43.1 +
0.7%, respectively) were wider than those in the BLM (—)/LPS
(0, 0.05, or 0.15) groups (11.2 +2.4%, 8.0 + 1.0%, or 7.3 + 1.3%,
respectively) (p<0.01) (Fig. 5).

Arterial blood gas analysis. In the BLM (—)/LPS (0, 0.05,
or 0.15) group, the arterial blood gas levels at 24 h after LPS
administration were within the normal ranges. In contrast, in the
BLM (+)/LPS (0, 0.05, or 0.15) group, the pO, levels were
significantly low (81.0£3.4, 64.0+6.2, or 61.0 + 8.3 mmHg,
respectively) (p<0.01) (Fig. 6A-1), the carbon dioxide partial
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Fig. 3. CT images of rat lungs at 24 h after LPS administration (0.05 or 0.15 mg/kg). Rats were treated as described in Fig. 2. (A) BLM (=)/LPS (0);
(B) BLM (=)/LPS (0.05); (C) BLM (=)/LPS (0.15); (D) BLM (+)/LPS (0); (E) BLM (+)/LPS (0.05); and (F) BLM (+)/LPS (0.15). BLM, bleomycin; LPS, lipopoly-
saccharide; CT, computed tomography.
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Fig. 4. Histological findings of rat lungs stained with HE or SR staining at 24 h after LPS administration (0.05 or 0.15 mg/kg). Rats were treated

as described in Fig. 2. (A) BLM (=)/LPS (0); (B) BLM (=)/LPS (0.05); (C) BLM (=)/LPS (0.15); (D) BLM (+)/LPS (0); (E) BLM (+)/LPS (0.05); and (F) BLM (+)/
LPS (0.15). HE, hematoxylin-eosin; SR, Sirius Red; BLM, bleomycin; LPS, lipopolysaccharide. See color figure in the on-line version.
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Fig. 5. Collagen fiber in the lung. Rats were treated as described in Fig. 2. The green field represents cells stained by SR, and the yellow field
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LPS, lipopolysaccharide. See color figure in the on-line version.

pressure (pCO,) was significantly high (51.2+5.9, 60.6 £4.3 or
62.5+4.0 mmHg, respectively) (»p<0.01) (Fig. 6B-1), and the
pH was significantly low (7.3 £0.05, 7.3 £0.03 or 7.3 +0.02,
respectively) (p<0.01) (Fig. 6C-1) at 24 h after LPS administra-
tion. The pO, levels significantly decreased in the BLM (+)/LPS
(0.05 or 0.15) groups than in the BLM (+)/LPS (0) group
(»<0.01) (Fig. 6A-1). However, at 14 days after LPS administra-
tion, pO,, pCO,, and pH were normalized, indicating recovery of
respiratory failure (Fig. 6A-2, A-3, B-2, B-3, C-2, and C-3). One
of the clinical definitions of AE of IPF is a decrease in pO, by
>10 mmHg. The pO, levels were significantly lower in the BLM
(+)/LPS (0.05 or 0.15) than in the BLM (+)/LPS (0) group by
>10 mmHg (p = 0.04 or p = 0.02).

Levels of plasma SP-D. In the BLM (+)/LPS (0, 0.05, or
0.15) group, the levels of plasma SP-D were high at 24 h after
LPS administration (521.3 +52.6, 574.7 +40.2, or 546.0 £43.9
ng/ml, respectively) than those in the BLM (—)/LPS (0, 0.05, or
0.15) group (137.8+6.7, 204.3+9.8, or 221.0+ 15.4 ng/ml,
respectively) (p<0.01) (Fig. 7A). In the BLM (—)/LPS (0, 0.05, or
0.15 mg/kg) group, the levels of plasma SP-D did not change at
any time point (Fig. 7B) (BLM (—)/LPS (0.05 or 0.15) vs BLM
(=)/LPS (0): at 24 h after LPS administration; p =0.15 and
p =0.08, respectively; at 7 days; p=0.5 and p=0.65, respec-
tively; at 14 days, p =0.62 and p = 0.50, respectively). Further-
more, the plasma SP-D levels significantly increased at all time
points in the BLM (+)/LPS (0, 0.05, or 0.15) than in the BLM
(—=)/LPS (0) group (p<0.01) (Fig. 7C). The plasma SP-D levels
peaked at 7 days after LPS administration (Fig. 7C).

Levels of NOx in plasma. In the BLM (-)/LPS (0, 0.05, or
0.15) group, the levels of NOx in plasma at 24 h after LPS
administration were within the normal ranges (44.9 + 5.2, 63.1 =
2.6, or 52.9+6.3 uM, respectively) (BLM (—)/LPS (0.05 or
0.15) vs BLM (=)/LPS (0): p=0.06 and p = 0.38, respectively)
(Fig. 8A). The levels of NOx were significantly higher in the
BLM (+)/LPS (0.05 or 0.15) (85.1 £7.2 or 94.5 + 9.4, respec-
tively) than in the BLM (+)/LPS (0) (52.4 £5.3) and BLM (-)/
LPS (0.05 or 0.15) groups (63.0£2.6 or 52.9+6.3) (p<0.01)
(Fig. 8A). However, at 7 days after LPS administration, the NOx
levels were normalized in all groups (Fig. 8B and C). In addition,
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in the BLM (—) groups, there was no correlation between the
NOx and pO, levels in the plasma at 24 h after (Fig. 9A);
however, there was a strong correlation between these two
variables in the BLM (+) groups (» = 0.76, p<0.01) (Fig. 10B).

Levels of NOS2 proteins and mRNA in the lungs. In the
BLM (=)/LPS (0, 0.05 or 0.15) and BLM (+)/LPS (0) groups,
the NOS2 levels in the lung showed no changes at 24 h after
LPS administration by Western blot analysis (0.002 + 0.002, 0.2
+0.04, or 0.9+£0.2 and 0.02£0.02, respectively) (p=0.66,
p=0.06, or p=0.97; In the BLM (-)/LPS (0.05 or 0.15 mg/kg)
and BLM (+)/LPS (0 mg/kg) vs In the BLM (—)/LPS (0))
(Fig. 10A). In the BLM (+)/LPS (0.05 or 0.15) group, the NOS2
levels in the lung at 24 h after LPS administration (1.0 +0.2 or
2.2 +0.7, respectively) were significantly higher than those in the
BLM (-)/LPS (0.05 or 0.15) group (0.2+0.04 or 0.9+0.2,
respectively) (p<0.01) (Fig. 10A). However, the NOS2 levels
dropped to 0 at 7 days after LPS administration (Fig. 10B and C).
The NOS2 mRNA expressions in the lung at 24 h after LPS
administration were significantly higher in the BLM (+)/LPS
(0.05 or 0.15) (21.4+0.08 or 34.0 + 0.4, respectively) than in
the BLM (+)/LPS (0) (1.62 + 0.2) (p<0.01) and the BLM (—)/LPS
(0.05 or 0.15) group (11.0+0.3 or 19.0+ 0.3, respectively)
(Fig. 11).

Infiltration of macrophage and NOS2 in the lung. ED-1
(stained in the macrophages) was highly stained in the BLM (+)/
LPS (0.05 or 0.15) groups (Fig. 12E-1 and F-1). Furthermore,
NOS2 positive cells were colocalized with ED1 positive cells
(Fig. 12E-2 and F-2).

In addition, in the BLM (—)/LPS (0.05 or 0.15) groups, the
ED-1 levels in the lung were significantly higher than those in
the BLM (—)/LPS (0) group (p<0.05) (Fig. 13). However, in the
BLM (+)/LPS (0.05 or 0.15) groups, the ED-1 levels in the lung
were higher than those in the BLM (—)/LPS (0.05 or 0.15) groups
(BLM (+)/LPS (0.05) vs BLM (—)/LPS (0.05), p<0.05; BLM (+)/
LPS (0.15) vs BLM (-)/LPS (0.15), p = 0.05) (Fig. 13).

Levels of nitrotyrosine in the lung. In the BLM (-)/LPS
(0, 0.05, or 0.15) group, the levels of nitrotyrosine in the lung did
not appear (Fig. 14). However, in the BLM (+) groups, the levels
of nitrotyrosine increased in a LPS dose-dependent manner.
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Levels of TNF-a in BALF.

In the BLM (—)/LPS (0) and BLM

Discussion

(+)/LPS (0) groups, the TNF-a level in the BALF was 0. In the

BLM (-)/LPS (0.05 or 0.15) groups, the TNF-a levels in the
BALF did not increase (2.0+ 1.3 or 0.13 +0.1 pg/ml, respec-
tively) (Fig. 15). However, in the BLM (+)/LPS (0.05 or 0.15)
group, the levels of TNF-a in the BALF increased (22.3 £4.3 or

19.2 £ 5.0 pg/ml, respectively) (Fig. 15).
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This study indicated that inflammation induced by a small
amount of LPS (0.05 or 0.15 mg/kg) could cause an excessive
inflammatory reaction with NO elevation in BLM-induced
pulmonary fibrosis in rats, and this model could be used to mimic
AE of IPF.

AE of IPF is clinically defined as a progressing symptom of
dyspnea, honeycomb lung findings, new ground-glass opacity
and/or infiltrative shadows on CT, and a decrease in the pO,
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levels by >10 mmHg. The reference findings included increased
the C-reactive protein, lactate dehydrogenase, Krebs von den
Lungen-6, and SP-D levels in the blood.® Therapeutic interven-
tions, especially surgical treatments, have been reported to
provoke AE of IPF.®) According to the clinical definition, our
study demonstrated that a small amount of LPS (0.05 or 0.15
mg/kg) administration after BLM-induced pulmonary fibrosis
could induce dyspnea (Fig.6), increase consumption, and
decrease body weight because of increased exhaustion of
physical strength. Furthermore, the CT images of the lungs
showed more infiltrative shadows (Fig. 3). In addition to the
results of low pO, levels in the arterial blood (Fig. 6A), and the
high levels of TNFa in the BALF (Fig. 13), our study reinforced
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the definition of AE of IPF. The LPS doses were approximately
one-tenth of those of the experimental models of pneumonia or
ALIL®) Therefore, this model could mimic AE of IPF clinically
provoked by therapeutic interventions or minor infections.

A mouse model combining the two types of injuries has been
reported.” In this report, the LPS dose was 0.5 mg/kg, which
is approximately the same as that used in ALI/ARDS animal
models.'"1® This reaction may have been normal severe pneu-
monia. Our model could better mimic AE of IPF clinically
provoked by therapeutic interventions or minor infections. One
of the commonly used animal models of fulminant hepatitis is
mice injected with heat-killed P. acnes, followed by small
amounts of LPS.?2?® In this model of fulminant hepatitis, liver
injury is pathophysiologically classified into two phases: the
priming phase induced by Propionibacterium acnes and the
eliciting phase, in which LPS activates the granuloma-forming
cells, leading to severe liver injury.?”*-3D Similarly, the model of
AE of IPF in our study has two phases: the priming phase, in
which the administration of BLM induces pulmonary fibrosis,
and the eliciting phase, in which LPS induces inflammation and
leads to dyspnea and ALI. The AE response was similar to fulmi-
nant hepatitis response.

Generally, the pathophysiology of AE of IPF is unknown, but
our study suggested that AE was associated with increased NO
levels. Recently, there have been many reports that NO likely
aggravates the pathophysiology of ALL®??>2 In addition, it has
been reported that the pulmonary expressions of NOS2 and NO
production were enhanced in animal models and humans with
ALL®G* In one of these studies, it was reported that the total
NOx levels in patients with ALI/ARDS (83 + 14 uM) were
significantly higher than those in normal volunteers (26 +2.7
uM).G? In addition, the large amounts of LPS are known to
markedly induce the expression of NOS2 in the lung tissue, thus,
leading to increased NO production.®**” Given the small
amounts of LPS in our study (0.05 or 0.15 mg/kg), the levels of
NOS2 in the lung and the NOx levels in the plasma slightly
increased in the BLM-free group (58 + 3.6 uM). Nevertheless,
LPS administration significantly increased the NOS2 levels in
the lung and the NOx levels in the plasma in the BLM-pretreated
groups (90 £ 5.9 uM) (Fig. 8). In the immunological staining of
lung tissues, NOS2 positive cells were colocalized with ED-1
positive cells, suggesting that pulmonary macrophages expressed
NOS2 (Fig. 12). In this study, there was a strong correlation
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Fig. 13. The ED-1 levels in the lungs. Rats were treated as described in
Fig. 2. The ED-1 levels in the lungs were measured using Western
blotting. The ED-1 levels in the lungs, measured at 24 h after LPS
administration (0.05 or 0.15mg/kg), are presented. Values are
presented as means +SDs (n=3-12). *p<0.05 vs BLM (-)/LPS (each
dose), #p<0.05 vs BLM (+)/LPS (0). The open and closed columns corre-
spond to BLM (=) and BLM (+), respectively. LPS, lipopolysaccharide;
BLM, bleomycin.

between the NOx and pO, levels in plasma at 24 h after LPS
administration in BLM-treated groups (Fig.9). The excessive
NO production may be one of the causes of AE of IPF. In this
model, it is considered that NOS2 expression in pulmonary
macrophages contributes significantly to increase NO production
during lung injury by endotoxin administration.®**" In our
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Fig. 14. The nitrotyrosine levels in the lungs. Rats were treated as
described in Fig. 2. The nitrotyrosine levels in the lungs were measured
using Western blotting. The nitrotyrosine levels in the lungs, measured
at 24 h after LPS administration (0.05 or 0.15 mg/kg), are presented.
Values are presented as means = SDs (n =3-12). **p<0.01 vs BLM (=)/
LPS (each dose), #p<0.05 vs BLM (+)/LPS (0). The open and closed
columns correspond to BLM (-) and BLM (+), respectively. LPS,
lipopolysaccharide; BLM, bleomycin.

model, there were many NOS2-positive macrophages (Fig. 12).
Therefore, it is expected that selective NOS2 inhibition in
pulmonary macrophages may be a beneficial therapeutic strategy
for AE of IPF. In addition, as the nitrotyrosine levels in the BLM-
treated lung increased in an LPS-dose dependent manner, it is
suggested that NO and O, production are concerted in AE.
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NO is also used in the treatment of respiratory failure. The
dose of NO inhalation in the treatment is very low (approxi-
mately 5 ppm). In contrast, the production of NO in this study
was large (approximately 40—100 pM). The small amount of NO
presented a vasodilator action and anti-coagulant activity among
others.“? In contrast, the large amounts of NO induce harmful
cytotoxic effects. Thus, it seems that the NO usage is a double-
edged sword regarding its biological effects.

Further, it has been reported that recombinant soluble TNFR-
beta and Vitamin D3 are effective in cases of pulmonary
fibrosis.“# Thus, it is necessary to examine whether it is also
effective in this model.

In conclusion, this study showed that inflammation induced by
small amounts of LPS in BLM-treated rat mimics the conditions
of AE of IPF. In addition, the results suggested that excessive NO
production in the lung is an important indicator for AE of IPF. It
is expected that selective NOS2 inhibition targeting pulmonary
macrophages would be a beneficial therapeutic strategy for AE
of IPF.
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