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Establishment of a Method for
Inducing Pulmonary Fibrosis
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Abstract:

Xenopus laevis, also known as the African clawed
frog (hereafter referred to as Xenopus), is a widely
used model organism and is considered a promising
alternative to mammalian disease models. In this study,
we modified the nebulizer component of a commercially
available ultrasonic humidifier to develop a system
for administering specific gases to Xenopus. Using this
system, we administered bleomycin, a known inducer of
pulmonary fibrosis, and observed its effects on the lungs.
Four days after inhalation, significant lung shrinkage
and inflammation were observed. This system has the
potential to serve as a novel pathological model using

adult amphibians in future research.
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1. Introduction

Experimental model organisms are specific species widely used
in biological research to understand basic biological processes
(particularly those related to genes, cells, and physiological
processes) and to discover universal principles that can be
applied to other organisms.

Xenopus is known as one of the most excellent
experimental model organisms. Particularly in the field of
medical research, the use of Xenopus has shown remarkable
progress in recent years, with its versatility in embryonic
manipulation, as well as applications in genome editing
techniques like CRISPR/Cas9 and some reporter assays (Nenni
et al., 2019). Although Xenopus breathes through its lungs as an
adult, the relationship between the respiratory system structures
in Xenopus and the human esophagus, trachea, and bronchi is
comparable. It has been reported that the lungs of Xenopus are
comparable at the cellular and signaling levels to those of the
mouse embryo at 8.5-10.5 days (Rankin et al., 2015). In the
visceral system of mice, the heart has two atria and two
ventricles, and the lung structure is also asymmetrical, so the
distribution of lung lesions tends to be asymmetrical (Warburton
et al., 2010). On the other hand, in the visceral system of
Xenopus, the heart has two atria and one ventricle, and there is
no need to consider left ventricular hypertrophy. Moreover, as
the distance from the heart to the lungs is farther compared to
mammals, it is thought that the lung structure remains
symmetrical. Even if an effect appears in only one lung, it is

necessary to consider that most mammals are originally
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asymmetrical, but in the case of Xenopus, it is considered
symmetrical, so there is no need to account for that factor.

The antitumor antibiotic bleomycin (BLM), synthesized by
the bacterium Streptomyces verticillus, damages cells by
inducing single-strand or double-strand DNA breaks, leading to
cell cycle arrest and direct cellular damage (Stubbe and
Kozarich, 1987). As a result, necrosis and apoptosis occur in
epithelial and endothelial cells, triggering pulmonary
inflammation, which can ultimately lead to the development of
pulmonary fibrosis (Umezawa, 1974). In the mouse lung, there
is a pathological model where BLM administration induces
damage to alveolar cells and acute inflammation, leading to
pulmonary fibrosis (Moeller et al., 2007; Dietert et al., 2017).
However, in recent years, regulations on the use of mammals as
experimental animals have been tightening, and the
establishment of systems using experimental animals from non-
mammalian vertebrate classes is being sought (Alves-Pimenta et
al., 2024). We considered that establishing a model that induces
pulmonary fibrosis using bleomycin in Xenopus would further
expand the utility of Xenopus as an excellent experimental
animal.

Therefore, in this study, we first designed a new
experimental system to administer aerosol to Xenopus and then
aimed to establish a pathological disease model of pulmonary

fibrosis in Xenopus through BLM administration.

2. Methods

2.1 Target for air mist administration

To administer air mist efficiently, it is necessary to select an
appropriate size. The smaller the size, the less air mist is
required, but if the size is too small, technical difficulties may
arise. After conducting several preliminary experiments, it was
determined that individuals with a body length of approximately
40 mm, measured from the tip of the head to the base of the
hindlimbs, are appropriate (Fig. 1A). This corresponds to the
minimum size that allows for blood sampling from the blood
vessels. The internal abdominal structure of Xenopus of this size
is shown in Fig. 1B. It can be seen that the lung structures are
located on both sides of the body. In this study, when removing
the lungs, we used a method in which the lungs were excised
together with the esophageal section (Fig. 1C), and then only the

lungs were isolated from that section.

2.2 Air mist inhalation method for Xenopus

In mouse experiments, tubular instruments called sondes and
nebulizers are used for drug administration into the lungs (Shen
et al., 2021; Sanjeewa et al., 2019). We decided to create a
simple homemade nebulizer for drug administration to Xenopus.
The procedure for creating it is as follows: We removed the
vibrating component from a commercially available ultrasonic
humidifier (Plastic bottle humidifier, #4550480003665, DAISO)
and suspended it on a stand (Fig. 2A, B). The ultrasonic
vibrating part was positioned facing downward to release

aerosolized reagents (Fig. 2C). Xenopus was held by hand to

C
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Fig. 1 Xenopus used in the experiment in this study and lungs connected to the esophagus and bronchi

(A) Xenopus used for drug administration through the oral cavity. Individuals with a body length of approximately 40 mm, measured from
the tip of the head to the base of the hindlimbs, were used. (B) The internal structure of the abdomen in Xenopus of this size. Upon dissection
of the abdomen, it can be seen that lungs of equal size are symmetrically present on both sides. RL, right lung; LL, left lung. (C) Lungs
connected to the esophagus. To avoid damaging the lung tissue, the lungs were removed together with the esophagus, and then the lung

portion was isolated. Scale bar: lem.
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Fig. 2 Method for administering aerosol to Xenopus using a homemade nebulizer

(A) Ultrasonic vibrating component removed from a commercially available ultrasonic humidifier and attached to the frame of a
stereomicroscope. A 100-1000 pL micropipette tip (P1000), with the front 2 cm section cut off, was used to insert into the oral cavity (red
arrowhead). (B) Top view of A. Reagents can be placed in the central depression (yellow arrowhead). (C) Aerosolized liquid. White aerosol
(white arrowhead) is seen being released from the tip of the micropipette for administration (red arrowhead). (D) Xenopus grasping the
administration pipette. When the micropipette tip is pressed against the frog’s mouth, it reflexively bites the micropipette tip. (E) Control for
F. Oral cavity after administering aerosolized distilled water. (F) Oral cavity after administering aerosolized distilled water containing
methylene blue. Blue-stained areas (bs, blue stained) can be observed inside the oral cavity.

open its mouth, and the tip of the tube was inserted into the
mouth to allow it to inhale the aerosol (Fig. 2D). For
comparison, we set up a control group in which 80 pL of water
was administered to Xenopus, and a test group in which 80 uL
of 0.1 mg/mL of BLM (bleomycin sulfate, #B3972, Tokyo
Chemical Industry) was administered. The dosage was calculated
based on the body weight ratio of mice, and considering the
residual reagent inside the simple nebulizer, an additional 20 pL
of water was administered to both the control and BLM groups
after inhalation. Drug residue in the oral cavity was confirmed
using aerosol containing methylene blue, a blue dye. When
aerosol containing methylene blue was inhaled, the oral cavity
turned blue (Fig. 2E, F). Drug administration was carried out

inside a draft chamber.

2.3 Histological experiment

Xenopus was anesthetized by cooling on ice, and the lungs were
removed using dissection scissors and forceps. To avoid
damaging the left and right lungs, the lungs were excised from
the base of the trachea, including the esophagus, and trimmed.
The lungs were placed in a 90 mm petri dish containing
physiological saline. A vial was prepared, filled with a formalin

solution made by mixing phosphate-buffered saline (PBS) and

formaldehyde (FA) in a 9:1 ratio. The lungs were placed in the
vial, rotated for 2 hours to fix them, and transferred to a vial
filled with 70 % ethanol, where they were rotated again for 1
hour. Subsequently, they were transferred to 100 % methanol
and rotated for 1 hour. The lungs were moved to a petri dish
containing 100 % methanol, left to stand for 10 minutes, and
placed in 100 % ethanol for 10 minutes, xylene for 30 minutes,
and paraffin for 15 minutes to dehydrate and embed the tissues
in paraffin. After embedding, the tissues were sliced to a
thickness of 10 pum using a microtome. The sections were placed
on a glass slide on a paraffin stretcher set at 50 °C and stretched
on approximately 2 mL of distilled water at around 50 °C for
about 15 minutes. Afterward, the water was removed using a
Kimwipe, and the slides were left to air dry at about 50 °C for
about 1 hour. The paraffin stretcher was turned off, and the slides
were allowed to dry completely at room temperature overnight.
Next, the paraffin sections attached to the slide glass were placed
in a staining rack. Using a Coplin jar, the sections were
immersed for 10 minutes in xylene, 2 minutes in 100 % ethanol,
1 minute in 70 % ethanol, 5 minutes in tap water, 30 seconds in
hematoxylin, 15 minutes in running water, 15 minutes in 50-60 °C
tap water, 1 minute in eosin, 5 seconds in 70 % ethanol, 5

seconds in 100 % ethanol, 2 minutes in 100 % ethanol, and
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finally 4 minutes in xylene. The staining method using
hematoxylin and eosin (HE) will hereafter be referred to as HE
staining. Lastly, a cover glass was placed over the sections using
Canada balsam (mounting medium), and after the mounting

medium had dried, the samples were observed.

3. Results
3.1 Lung shrinkage caused by BLM administration
The lungs of Xenopus are symmetrical, with no differences in
size or other characteristics. In this study, since no differences
were observed between the left and right lungs, data were
collected focusing only on the left lung. BLM is known as a
drug that effectively induces pulmonary fibrosis in mammals and
other organisms. If BLM affects the lungs of Xenopus,
remarkable effects on the lungs are expected. In this study, lungs
were removed from Xenopus one day, four days, and two weeks
after BLM administration for observation. As a result, a
noticeable difference was observed in the lungs of Xenopus
treated with distilled water or BLM four days after
administration. For convenience, the former will be referred to
as “Control lung” and the latter as “BLM-treated lung.”

In the Control lung, the lung showed no difference in shape
or size compared to the lungs of normal individuals (Fig. 3A).

On the other hand, in the BLM-treated lung, the lung was clearly

Fig. 3 Lung shrinkage in the BLM-treated group

smaller and had a reddish color (Fig. 3B). This suggests that
congestion had occurred in the lung. The distance between the
two ends of the lung was measured using an ocular micrometer
to quantify the differences. The results showed that the average
distance in the Control lung was 9.83 mm, whereas in the BLM-
treated lung, it was 6.78 mm (Fig. 3C). This indicates that the
BLM-treated lung was reduced by about 30 % compared to the
Control lung. Interestingly, this difference had diminished after
two weeks (data not shown). Additionally, none of the
individuals died even after being kept for about two months.
While urodeles such as newts exhibit strong regenerative
abilities in their internal organs (Odelberg, 2005), Xenopus may

also possess similar capabilities.

3.2 BLM administration leads to thickening of
alveolar walls and decrease in their number
In addition to pulmonary fibrosis, symptoms of pulmonary
fibrosis include thickening of the alveolar interstitium,
hypertrophy of alveolar walls, and a reduction in the number of
alveoli (Wolters et al., 2014). Therefore, to verify whether these
symptoms can be observed following BLM administration to
Xenopus, tissue sections were prepared, and the internal
structure was examined. For the Control lung, a tissue section

cut at the site indicated by the dotted line in Fig. 3A is shown in

BLM

(A) Control for B (Co). Left lungs excised from Xenopus four days after distilled water administration. Three typical-sized lungs are shown
in parallel. Scale bar: 5 mm. The tissue sections cut along the dotted line are shown in Fig. 4. (B) Left lungs excised from Xenopus four days
after BLM administration. Three typical-sized lungs are shown in parallel. Significant shrinkage compared to the Control is clearly observed.
Scale bar: 5 mm. Additionally, compared to the Control, the lungs were congested and all exhibited a reddish hue. The tissue sections cut
along the dotted line are shown in Fig. 4. In both cases, no difference was observed between the right and left lungs, so only the left lung
results are presented. (C) Lung size comparison. The sizes of six left lungs were compared. The average size was 9.83 mm for the Control
lung, while it was 6.78 mm for the BLM-treated lung (both n=6, p < 0.001). Thus, the size of the BLM-treated lung was reduced by

approximately 30 % compared to the Control lung.

KEIO SFC JOURNAL Vol. 24 No. 2 2024

175



ElEh A

Fig. 4A. The internal structure was similar to that of a normal
lung, with alveoli, pulmonary vessels such as pulmonary artery
and veins, and stroma clearly visible (Fig. 4A shows each of
these parts). For the BLM-treated lung, a tissue section cut at the
site indicated by the dotted line in Fig. 3B is shown in Fig. 4B.
In the BLM-treated lung, alveoli, pulmonary vessels, and stroma,
as seen in the Control lung, were also identified. However, there
was a noticeable reduction in the number of alveoli, and
hypertrophy of the alveolar walls was observed on the surface of
the alveoli. Additionally, the tissue section appeared overall
redder. Since congestion was observed in the external
appearance (Fig. 3), this may be related. Using image analysis
software Imagel, the cross-sectional area of the thickest regions
in each tissue section was compared (Fig. 4C). The average
value for the Control lung (n=15) was 7.21 mm’, while the value
for the BLM-treated lung (n=15) was 4.63 mm’. In other words,
the cross-sectional area of the thickest region in the BLM-treated
lung had decreased to approximately 64.2 %. Thus, BLM
administration had a remarkable impact on both the internal

structure and the overall size of the lungs.

4. Discussion

This study introduces a novel method for administering aerosol
to Xenopus through inhalation. Furthermore, the effects of
administering BLM, a drug known to artificially induce
pulmonary fibrosis in mammals, were observed and evaluated.
The results, based on observations of the lungs’ external
appearance, internal observations using tissue sections and

simple sections, and HE staining, confirmed that symptoms

similar to pulmonary fibrosis were indeed induced by BLM
administration. Future applications, such as administering other
drugs, are anticipated.

Since BLM administration was first implemented in dogs
(Fleischman et al., 1971), it has been used in mammals (mice,
rats, dogs, sheep, monkeys, pigs, etc.) and fish (zebrafish). This
study shows that it can now also be applied to amphibians
(Xenopus). About half a century ago, inflammation could only
be confirmed through histological methods such as HE staining
(Fleischman et al., 1971). HE stains the cytoplasm and nuclei,
allowing for direct observation of how the cells of the specimen
have changed. However, it is a staining method that requires
maintaining consistent quality through many processes and
demands a certain level of skill (Wick, 2019). Additionally,
tissue distortion or uneven staining can occur due to stretching
or reagent degradation, making it qualitative in nature.

In recent years, with advances in analysis techniques in the
BLM administration model, RNA sequencing has made great
progress as a complementary method to qualitative analysis
(Bian et al., 2023; Liu et al., 2021). RNA sequencing reads
mRNA sequences comprehensively and converts them into data,
allowing for the identification of genes that are differentially
expressed when compared to the Control group. In mouse
models, the release and identification of inflammatory cytokines
(particularly IL-6, IL-18, and Tgf-B81), chemokines, and the
activation of inflammatory cells following BLM administration
have been reported using single-cell RNA sequencing (Bian et
al., 2023; Moore and Hogaboam, 2008). In these studies, both

human and mouse lungs exhibited a reduction in FOXF1-

mm?2
0

Co BLM

Fig. 4 BLM administration affects alveolar formation and reduces lung thickness

(A) Tissue section of the Control lung. Section cut at the site indicated by the dotted line in Fig. 3A. (B) Tissue section of the BLM-treated
lung. Section cut at the site indicated by the dotted line in Fig. 3B. Both A and B are shown at 40x magnification, and the scale bar represents
20 pm. al, alveoli; pv, pulmonary vessels; st, stroma. (C) Comparison of the cross-sectional area of the thickest part of the lung in tissue
sections. The average cross-sectional area of the thickest part of the Control lung was approximately 7.21 mm”, while that of the BLM-treated

lung was approximately 4.63 mm’ (both n=15, p < 0.00005).
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expressing endothelial cells following bleomycin exposure,
indicating a similarity in gene expression across species
regarding fibrotic processes. This suggests that the molecular
mechanisms driving pulmonary fibrosis, including the
downregulation of FOXF1, are conserved between mice and
humans. Similar results may also be observed in experimental
systems using Xenopus. In the future, the effects of BLM
administration on the lungs of Xenopus will also be quantified

through molecular biological methods.
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