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Abstract

Idiopathic pulmonary fibrosis (IPF) is a chronic, progressive interstitial lung disease characterized
by excessive collagen deposition and irreversible scarring. Reliable animal models are essential for
elucidating IPF pathogenesis and evaluating antifibrotic therapies. However, conventional bleomycin
(BLM) models generally induce only transient and moderate fibrosis. Considering the profibrotic role
of eosinophils, we developed a novel IPF model using the spontaneous eosinophilic mutant Yama mice
strain to achieve persistent and severe fibrosis. Male Yama and C57BL/6 mice (6 weeks old, n = 24)
received eight intranasal administrations of BLM (2 mg/kg) at two-week intervals, while controls received
saline. Peripheral eosinophil counts were monitored, and tissues were analyzed histologically and
biochemically. Yama mice exhibited a sharp eosinophil peak after the prst BLM exposure, followed by a
gradual decline. Histological analysis revealed markedly enhanced pbrosis, greater collagen deposition,
and higher Ashcroft scores in Yama mice than in C57BL/6 mice. Alcian bluedPAS-positive fibroblast
foci, a characteristic feature of human IPF, were abundant in Yama mice. Immunohistochemistry
demonstrated increased expression of eosinophil cationic protein (ECP). Moreover, mRNA expression of
Th2 cytokines (IL-4, IL-5, IL-13) and propbrotic mediators (IL-6, Collal) was signipcantly higher in Yama
mice. However, the pronounced pbrotic changes, TGF-b expression exhibited only a modest increase in
Yama mice, suggesting that pbrosis might develop via pathways not totally dependent on conventional
TGF-b signaling. This repeated BLM administration model successfully reproduces the key pathological
features of severe IPF and emphasizes the pivotal contribution of eosinophils to pbrogenesis.
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Introduction of 3-5 years”®'"?", Patients typically present

with dyspnea, cough, and progressive decline

Idiopathic pulmonary fibrosis (IPF) is a in pulmonary function, and its prevalence
chronic and progressive interstitial lung disease has been increasing globally, including in
with poor prognosis, showing a median survival  Japan'’*®***®. Experimental models are crucial
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for understanding fibrotic mechanisms and
evaluating potential therapies. Among these,
administration of bleomycin (BLM) to the airway
is the most commonly used model™®***®. However,
the conventional single-dose BLM-induced murine
model generally produces only moderate and
transient fibrosis, failing to replicate the chronic
and progressive remodelling characteristic of
human IPF®9%%9),

The pathogenesis of IPF involves repetitive
alveolar epithelial injury, aberrant repair
processes, and excessive extracellular matrix
(ECM) accumulation, ultimately resulting in
structural distortion and irreversible lung
dysfunction®?®3Y. While fibrotic lesions with
collagen overexpression are depned by histological
features, they are not faithfully reproduced in
traditional BLM models'***??  Despite their
widespread use in preclinical studies, including
evaluations of antifibrotic agents such as
nintedanib®>'*?", existing mouse models remain
insufpcient.

A novel animal model is needed to more
accurately reflect the complex and progressive
pathogenesis of IPF "3 |n conventional
repetitive BLM administration models, pbrosis can
be sustained for a longer period than single-dose
protocols; however, several studies have noted
that these models still exhibit partial spontaneous
resolution and do not fully recapitulate the
progressive and irreversible features of human
IPF"?®. Emerging evidence suggests that
eosinophils are involved in fibrosis, and several
studies have reported a correlation between
eosinophil activity and fibrosis progression™*'?.
Eosinophils release profibrotic cytokines such
as TGF-b and IL-4, which stimulate fibroblast
activation and ECM deposition®*'?.

Yama mice possess a unique genetic
background characterized by persistent
eosinophilia without 1L-5 overexpression®*”, which
has been implicated in tissue remodeling and
the amplification of fibrotic responses®. This
eosinophil-driven milieu may enable Yama mice
to develop fibrosis that is more progressive and
self-perpetuating than that observed in existing
BLM-based models. Importantly, as demonstrated

in this study, fibrosis in Yama mice continues to
progress even after the pnal BLM administration,
rather than ending ongoing spontaneous
resolution. Therefore, Yama mice may provide a
more pathophysiology-relevant model for studying
the persistent and progressive characteristics of
human IPF.

Materials and Methods

Animal models

Male Yama mice maintained in our laboratory
and C57BL/6 mice obtained from CLEA Japan,
Inc. (Tokyo, Japan) were used (6—8 weeks old).
A total of 24 mice were included and randomly
divided into four groups (n = 6 per group):
C57BL/6-Saline, C57BL/6-BLM, Yama-Saline,
and Yama-BLM. The control group was C57BL/6
mice, the most commonly used strain in BLM-
induced IPF models. All animals were housed at
the Advanced Research Center for Laboratory
Animal Science (ARCLAS), Yamaguchi University,
under conventional conditions. Environmental
parameters were maintained at 24 + 2 °C and
50-70% humidity, with a 12-hour light/dark
cycle. Standard rodent chow (CE-2, CLEA Japan
Inc.) and tap water were provided ad libitum.
All experimental procedures were conducted in
accordance with institutional guidelines for animal
care and were approved by the Animal Research
Committee of Yamaguchi University (Approval
Number 589). As part of animal welfare measures,
mice exhibiting coughing due to lung injury were
euthanized.

Bleomycin administration

Experimental groups received eight intranasal
administrations of BLM (2 mg/kg body weight)
(Cayman Chemical Co., Ann Arbor, MI, USA)
every two weeks, while the control group received
saline. The dose of BLM was based on a previous
report®®. The intranasal administration is less
invasive and easier to perform repeatedly?”.
All intranasal administrations were performed
under anesthesia using a mixture of xylazine 10
mg/kg body weight (Bayer, Tokyo, Japan) and
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Fig. 1. (A) Schematic illustration of the protocol and research schedule. (B) The number of eosinophils in the peripheral blood before and
following the experiment (n = 6). Data are presented as mean + SD (*P < 0.05).

ketamine 80 mg/kg body weight (Daiichi Sankyo
Co., Ltd., Tokyo, Japan). All mice were euthanized
at the end of the experiment (14 days after the
final administration) under anesthesia with a
combination of xylazine 10 mg/kg body weight
and ketamine 80 mg/kg body weight, with cervical
dislocation. The mice were euthanized 14 days
after the last BLM administration to analyze
the established fibrotic phase, which normally
develops after day 14 of the last dose in BLM-
induced lung injury, as well as to allow the acute
inflammatory reaction to subside®. The overall
study design is depicted in Fig. 1A.

Peripheral eosinophil count

Following the collection of blood samples one
week after each treatment, the samples were then
processed using Hinkelmann’s staining solution in
accordance with previously described procedures®.
Eosinophils were enumerated manually under a
light microscope using a hemocytometer chamber

(Erma Sales Co., Ltd., Saitama, Japan).

Histopathological analysis

The left lung lobe was fixed in 10% neutral-
buffered formalin and routinely processed for
paraffin embedding. Sections (4 um thick) were
stained with hematoxylin and eosin (HE), alcian
blue (pH 2.5)—periodic acid—Schiff (AB-PAS),
and picrosirius red (PSR) (ScyTek Laboratories,
Inc., Logan, UT, USA). PSR staining was used to

evaluate collagen deposition, and the percentage
of PSR-positive area relative to the total lung area
was quantified using ImageJ software (National
Institutes of Health, Bethesda, MD, USA). The
Ashcroft scoring system was used for determining
the severity of fibrosis®. Immunohistochemistry
was performed using anti-mouse eosinophil
cationic protein (ECP) 1gG (diluted 1:400;
Avicera Bioscience Inc., Santa Clara, CA, USA).
A secondary antibody for ECP was used with a
goat anti-rabbit polyclonal (Histofine® Simple
Stain™ Max PO (R), Nichirei Biosciences Inc,
Tokyo, Japan). Antigen retrieval was conducted by
incubating tissue sections in 0.1% trypsin for ECP.
The number of ECP-positive cells was counted in
five randomly selected high-power fields (HPF;
400x magnification; 2.04 mm?). The histological
and quantitative analyses were performed under
blinded conditions.

Wet/dry weight ratio assay

The superior lobe lung was excised, rinsed of
blood, and weighed immediately. Samples were
dried in a drying oven at 60 °C for 72 hr, and the
wet/dry weight ratio was calculated. The ratio was
calculated as: (W/D ratio)=W (g)/D (g) x 100%".

Measurement of hydroxyproline
Hydroxyproline content was quantiped using

the QuantiChrom™ Hydroxyproline Assay Kit

(BioAssay Systems, Hayward, CA, USA) according
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Fig. 2. Histological lung sections from saline-treated and BLM-challenged C57BL/6 and Yama mice
stained with hematoxylin and eosin (HE). Saline-treated C57BL/6 and Yama mice exhibit normal
alveolar structures with thin septa and minimal inpammation. C57BL/6-BLM mice show moderate
interstitial thickening accompanied by inflammatory cell infiltration. Yama-BLM mice display
extensive and diffuse septal thickening, alveolar collapse, and dense inpammatory inyltrates. Black
arrows indicate interstitial thickening. Black arrowheads indicate inpammatory cell inyltration. Insets
highlight eosinophils and neutrophils. Scale bars = 250 pm; inset = 25 pm.

to the manufacturer’s instructions. Absorbance
was measured at 560 nm using a 2030 Multilabel
Reader ARVO X4 (PerkinElmer, Waltham, MA,
USA). Hydroxyproline concentrations were
determined from a standard curve and expressed
as hydroxyproline pg/mL. Collagen conversions
were determined 1 pg/mL hydroxyproline is
equivalent to 7.69 pg/mL collagen.

Gene mRNA expression analysis

Total RNA was isolated from the remaining
frozen lung tissues using RNeasy® Plus Mini
Kit (QIAGEN, Tokyo, Japan), in accordance with
the manufacturer’s protocol. The samples were
incubated at 37 °C for 60 min, then subjected to 95
°C for 5 min, and subsequently placed on ice for 5
min to synthesize cDNA using the ReverTra Ace
gqPCR RT Master Mix (TOYOBO, Osaka, Japan).
The target genes comprised interleukin-4 mRNA
(IL-4), interleukin-5 mRNA (IL-5), interleukin-6
mRNA (IL-6), interleukin-13 mRNA (IL-13),
transforming growth factor-b mRNA (TGF-b), and
Collal mRNA. The target genes were quantified
with 1 pL of cDNA samples were amplified
using TagMan® Gene Expression Assays (IL-

4: MmO00445259-m1, IL-5: Mm00439646-m1, IL-
6: Mm0046190-m1, IL-13: Mm00434204-m1,
TGF-b: MmM01178820-m1, Collal: Mm00801632-
gH, Thermo Fisher Scientific Inc., Waltham,
MA, USA) and a CFX96 Touch Real-Time PCR
Detection system (Biorad Laboratories, CA,
USA). The subsequent cycle was performed 60
times for amplipcation. 95 AC for 1 min; 95 AC for
15 sec; and 60 °C for 1 min. Housekeeping genes
(18S rRNA) (Mm03928990-g1, Thermo Fisher
Scientipc Inc., Waltham, MA, USA) were utilized
and standardized with IL-5, IL-4, IL-6, IL-13,
TGF-b, and Collal. Relative mRNA expression
level in the C57BL/6-saline group was used as the
baseline.

Statistical analysis

Statistical analyses were performed using
JMP Pro software version 15 (SAS Institute,
Tokyo, Japan). Data are expressed as mean
+ standard deviation (SD). Quantitative data
were analyzed using statistical tests following
confirmation of normality and homogeneity.
Comparisons of peripheral blood eosinophil
levels across multiple groups or time points were
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Fig. 3. A. Representation of ybrotic foci via Alcian Blue-Periodic acid-Schiffés (AB-PAS) staining. B. Aschroft
score represents C57BL/6 mice and Yama mice (n=6). Black arrows indicate the ybrotic foci. Data are presented as

mean + SD (*P < 0.05). Bars = 50 um.

Fig. 4. (A) Representation of Picrosirius red (PSR) staining of the lungs from both Yama and C57BL/6 (BLM-treated as well as controls).
(B) Percentage of PSR-positive area. (C) Wet/dry weight lung ratio. (D) Hydroxyproline amount in Og/lobe. (E). Collagen amount in Og/
mL. Bars = 50 um. (n = 6). Data are presented as mean + SD (*P < 0.05).

performed using ANOVA followed by Tukey’s
HSD post hoc test for multiple comparisons.
Additionally, comparisons between two groups
were conducted using the Student’s t-test. A
p-value < 0.05 was considered statistically
signipcant.

Results

Peripheral blood eosinophils

At baseline (day 0), Yama mice exhibited
significantly higher peripheral blood eosinophil
counts compared with C57BL/6 control mice (P
< 0.05). Following BLM administration, blood

eosinophils were measured biweekly. Yama-BLM
mice demonstrated markedly elevated eosinophil
counts compared to C57BL/6-BLM mice. In Yama-
BLM mice, eosinophil counts peaked at week 2
and gradually decreased toward the end of the
examination. In contrast, C57BL/6-BLM mice
showed a modest increase at week 2, returning to
near baseline levels by the end of the observation
period (Fig. 1B).

Histopathological analysis and
hydroxyproline content

Histopathological analysis of lung sections
from the Yama and C57BL/6 mice stained with
HE staining. Both control C57BL/6 and Yama
























