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Abstract

Background Chronic obstructive pulmonary disease (COPD) is a significant respiratory disorder in humans
characterized by persistent airway constriction or obstruction due to chronic bronchitis and pulmonary emphysema.
Various methods of inducing COPD in mouse models are frequently used in COPD research; however, these cannot
completely reproduce histopathologic lesions. This study aimed to establish a new COPD mouse model that
reproduces histopathological lesions closely resembling clinical COPD within a shorter induction time.

Methods The new strategy involved the co-administration of porcine pancreatic elastase (PPE) and
lipopolysaccharide (LPS), with PPE intended to induce pulmonary emphysema and LPS intended to induce chronic
bronchitis. Male C57BL/6J mice were administered PPE (8 U/kg) on days 0 and 3 and LPS (400 ug/kg) on days 6,9, 12,
and 15. Each administration was performed using a noninvasive intubation-mediated intratracheal instillation method
with a laryngoscope.

Results Postmortem examination on day 22 revealed that pulmonary emphysema and chronic bronchitis were
simultaneously induced in 90.91% of the lung lobes. Molecular studies revealed higher messenger ribonucleic
acid (mRNA) expression levels of interleukin-6(IL-6) and matrix metalloproteinase-12(MMP-12) associated with the
pathogenesis of COPD.

Conclusion A new method was developed to establish a COPD mouse model that displays a more severe
representation of the histopathological findings of clinical COPD than previous COPD models. It also reduces the time
required for model induction. This newly developed COPD mouse model is expected to be a valuable tool for the
pathogenesis and therapeutic research on human COPD.
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Background

Chronic obstructive pulmonary disease (COPD) is a
chronic inflammatory condition characterized by persis-
tent airway constriction that results in breathing difficul-
ties during daily activities. The primary cause of COPD is
long-term exposure to cigarette smoke (CS); however, it
can also develop in individuals exposed to environmen-
tal air pollutants and workplace dust. COPD presents
two distinct pathological conditions: ‘chronic bronchitis,
characterized by persistent inflammation of the bronchi
and airway obstruction, and ‘emphysema, which involves
the loss of alveolar wall elasticity, leading to increased
alveolar volume and difficulties in gas exchange. These
conditions can also cause acute exacerbations owing to
infection. COPD is an irreversible disease that involves
progressive damage to the lung parenchyma and can lead
to the deterioration of lung function, weight loss, pneu-
mothorax, and even death if unmanaged [1]. As of 2019,
COPD was the third leading cause of death globally [2].

Three main methods are mostly used to induce COPD
in mice to investigate its etiology, prevention, and treat-
ment: chronic exposure to CS, respiratory administra-
tion of porcine pancreatic elastase (PPE), and respiratory
administration of lipopolysaccharide (LPS) [3, 4]. Given
that smoking is the primary cause of COPD in humans,
CS exposure allows the creation of mouse models that
can most closely mimic the etiological conditions of
human COPD. However, CS exposure protocols are lim-
ited because they are not standardized, cannot replicate
severe lesions, and require a prolonged period of at least
six months for disease induction [3, 5].

PPE instillation is frequently used when creating ani-
mal models of pulmonary emphysema. When introduced
into the lungs of mice, PPE degrades the elastic fibers of
the alveolar walls, causing pulmonary emphysema within
3—4 weeks [6—9]. However, this model replicates only one
aspect of COPD pathology and has etiological differences
from actual human COPD [5, 10]. LPS administration in
mouse models induces acute lung injury, simulating acute
exacerbations in patients with clinical COPD [11, 12].
However, it is restricted to reproducing some elements of
COPD pathogenesis and misses significant features, such
as chronic bronchitis and pulmonary emphysema [13,
14]. Some models employ extended, low-dose LPS expo-
sure to more accurately mimic the pathological features
of COPD, requiring a substantial induction period of at
least 8—12 weeks [15, 16].

Although these approaches offer specific advantages,
they may present drawbacks, including time-demand-
ing protocols, inability to reproduce histopathological

lesions, and etiological disparities from clinical COPD.
Therefore, this study aimed to develop a novel mouse
model of COPD by sequentially administering PPE and
LPS to induce emphysema and chronic bronchitis, thus
replicating a similar model of progressive COPD in
humans within a shorter induction time.

Methods

Animals

Male C57BL/6] mice were purchased from DBL (Chun-
gbuk, Republic of Korea) and maintained at the College
of Veterinary Medicine, Konkuk University. The ani-
mal housing facility was maintained at a temperature of
22+2 °C, a humidity of 50+10%, and a 12-h light-dark
cycle. The Institutional Animal Care and Use Committee
at Konkuk University, Seoul, Republic of Korea, approved
all animal use and care protocols (KU23078).

PPE and LPS

Elastase from porcine pancreas (PPE, E1250, Sigma-
Aldrich, USA), with a concentration of 6.9 mg pro-
tein/mL and enzymatic activity of 6 units/mg protein,
was stored in light-protected containers at 4 °C. Before
administration, PPE was diluted with sterilized normal
saline. LPS powder (LPS, L2630, Sigma-Aldrich, USA)
was dissolved in sterilized saline at a 2 mg/mL concentra-
tion and maintained at -20 °C. The solution was thawed
before each use, and a solution that had been thawed
once was not reused.

Intubation-mediated intratracheal instillation

In this study, the modified intubation-mediated intra-
tracheal instillation method was employed to precisely
administer agents into the lower respiratory tract [17].
Initially, mice were anesthetized with a combination of
Zoletil® 50 (tiletamine+zolazepam) at a dose of 20 mg/
kg and Rompun® (xylazine HCI) at 5 mg/kg via the intra-
peritoneal route (10 mL/kg). The equipment for intuba-
tion and instillation included a mouse intubation stand,
a laryngoscope for mice, a 22 G intravenous catheter,
curved forceps, a 1 mL syringe, a 100 pL pipette, a 70-mm
rubber band, and a Catgut suture. The anesthetized
mice were placed on an intubation stand. The tracheal
entrance was exposed using a mouse-specific laryngo-
scope, and a 22-G intravenous catheter was inserted
through the vocal cords for intubation. Following intuba-
tion, 50 pL of the agent was administered using a pipette
and a 1 mL syringe. To ensure even distribution of the
agents, we initiated the administration immediately after
passing the vocal folds to a point sufficiently before the
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bifurcation of the trachea and rapidly injected over 100
uL of air immediately after the administration. Addition-
ally, we administered agents with the trachea intubated in
a manner that kept the delivery as parallel to the airway
lumen as possible. Furthermore, after each administra-
tion, the mice were positioned in different axis positions
to promote a more uniform distribution across the lung
lobes. The mice were monitored until they regained res-
piration and consciousness.

Experimental design

Male C57BL/6] mice were divided into the normal con-
trol (NC), PPE, LPS, and PPE/LPS groups. The NC group
received 50 pL of normal saline on days 0, 3, 6, 9, 12, and
15 (n=10). The PPE group received 8 U/kg PPE on days
0 and 3 (n=10). The LPS group received 400 ug/kg of
LPS on days 6, 9, 12, and 15 (#=10). The PPE/LPS group
received PPE (8 U/kg) on days 0 and 3, followed by LPS
(400 pg/kg) on days 6, 9, 12, and 15 (n=16). Each instilla-
tion was performed using the intubation-mediated intra-
tracheal instillation technique. The body weights of mice
were measured once daily. After the final administration,
mice in all groups were allowed a 7-day recovery period.
A postmortem examination was performed on day 22. A
comprehensive schematic of the experimental design is
shown in Fig. 1.

Necropsy

Mice were anesthetized with 5% isoflurane in an anes-
thetic chamber and maintained with 3% isoflurane
through a gas mask. After confirming the absence of deep
pain using a toe pinch, euthanasia was performed by
exsanguination of the caudal vena cava. Subsequently, the
thoracic cavity was gently exposed to avoid lung injury,
and all the lung lobes were excised from the beginning
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of the airway. For some individuals in each group, the
remaining lobes were stored in a deep freezer for molec-
ular analysis.

Hematoxylin and eosin (H&E) staining

Following the postmortem examination, the collected
lungs were adequately inflated with a 10% formalin solu-
tion and fixed for 24 h. After fixation, tissue-processing
procedures involving dehydration, clearing, and infiltra-
tion were performed. The processed tissues were embed-
ded into paraffin blocks and cut into 4 pm-thick slides.
These slides underwent H&E staining.

Histopathological evaluation

Various parameters related to air spaces within the lung
lobes were measured using a light microscope (Olympus,
Japan). First, the air/tissue (AT) ratio was determined to
represent the proportion of air in the entire lung lobe.
Second, the emphysema lesion area within the lung lobe
section, indicating regions with significantly enlarged
alveoli and thinner alveolar walls, was measured.

The inflammatory site/lobar area, which quantified
the number of areas with 250 aggregated inflammatory
cells per 1 mm? lung section, was determined to evaluate
the severity of chronic bronchitis. Emphysema was con-
sidered present in a lung lobe if even some emphysema
lesions were found, while chronic bronchitis was con-
sidered present if the inflammatory site/lobar area was
1.0 or more. If emphysema and chronic bronchitis were
simultaneously present within a single lung lobe, a COPD
lesion was considered. Based on these criteria, the induc-
tion rate, representing the success rate of lesion induc-
tion, was assessed for each lobe in the PPE/LPS model
group. Additionally, the histopathological parameters
for each lobe were analyzed to evaluate the consistency
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Fig. 1 Experimental design of animal studies. Mice were divided into the normal control (n=10),

PPE (n=10), LPS (n=10), and PPE/LPS (n=16) groups
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Table 1 List of primer sequences for quantitative polymerase
chain reaction

Gene Sequence (5'-3')
Forward Reverse
GAPDH AACTTTGGCATTGTGGAAGG ACACATTGGGGGT
AGGAACA
IL-6 ACAAGTCGGAGGCTTAATTAC TTGCCATTGCACA
ACAT ACTCTTTTC
MMP-12 TGAGGCAGAAACGTGGACTAAA  ATTGACTTTGGATT
ATTGGAATGCT
I-1a ACGGCTGAGTTTCAGTGAGACC  CACTCTGGTAGGT
GTAAGGTGC
I-18 TGGACCTTCCAGGATGAGGACA  GTTCATCTCGGAG
CCTGTAGTG
MMP-9 TCTTCCCCAAAGACCTGAAAAC  GCCCGGGTGTAAC
CATAGC
I-13 AACGGCAGCATGGTATGGAGTG  TGGGTCCTGTAGAT
GGCATTGC
TNF-a AGGCTGCCCCGACTACGT GACTTTCTCCTGGT
ATGAGATAGCAAA
IFN-y GCCTGCTGGTGGTAAAGAAAC ATCAGGGTGGAGG
TGA AGCAGTGGCGGC

of histopathological lesion induction among the five lung
lobes in the PPE/LPS model group.

Each lung lobe was photographed at a magnifica-
tion of x12.5, resulting in images with a resolution of
5,760% 3,600 pixels, using OLYMPUS cellSens Standard
software (Olympus, USA). The AT ratio and lung lobe
area were subsequently analyzed using Metamorph soft-
ware (BioVision Technologies, USA). First, area of each
lung lobe was measured by analyzing the cross sections
of lung lobes. Then, the air-filled regions within the lobes
were identified and marked. To calculate the AT ratio, the
area of air-filled region was divided by the total lobe area.

RNA extraction

The frozen left lung lobe was homogenized using 500 pL
of RD buffer from the MagListo™ 5 M Universal RNA
Extraction Kit (K-3613, BIONEER, Republic of Korea)
in the FastPrep-24™ 5G bead beating system (116005500,
MP Biomedicals, USA). Subsequently, approximately 100
uL of RNA solution was obtained following the protocol
of the MagListo™ 5 M Universal RNA Extraction Kit. The
total RNA concentration was measured using the Nano-
Drop™ 1000 (Thermo Fisher, USA).

Quantitative polymerase chain reaction (qPCR)

RNA (1 pg) was added to Maxime™ RT PreMix
(Oligo(dT)15 Primer) (25081, iNtRON Biotechnol-
ogy, Republic of Korea) for complementrary deoxy-
ribonucleic acid (cDNA) synthesis. The mixture was
adjusted to a volume of 20 pL with sterile distilled water,
and cDNA synthesis was performed using T100™ Ther-
mal Cycler (BIO-RAD, USA) with a protocol of 45 °C
for 60 min followed by 95 °C for 5 min. For quantitative
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Fig. 2 Body weight changes. The body weight of all mice in each group
was measured daily for 22 days. Body weights were presented as a per-
centage of their initial weights. The dotted lines along the X-axis indi-
cate the days of PPE or LPS administration. The graphs include the mean
weight changes and standard error (n=10 for NC, n=5 for PPE, n=10 for
LPS, n=16 for PPE/LPS group)

PCR, the CFX96™ Touch Real-Time PCR Detection
System (BIO-RAD, USA) was used, including 10 pL of
AccuPower® GreenStar™ RT-qPCR Master Mix (K-6403,
BIONEER, Republic of Korea), 7 puL of diethyl pyrocar-
bonate (DEPC)-treated water, 1 pL of cDNA, forward
primer (10 pmol), and reverse primer (10 pmol). Glyc-
eraldehyde-3-phosphate dehydrogenase (GAPDH) was
selected as the housekeeping gene to measure the relative
mRNA expression levels. The relative mRNA expression
levels of COPD-related molecules, including interleu-
kin (IL)-6, matrix metalloproteinase (MMP)-12, IL-1a,
IL-B, MMP-9, IL-13, tumor necrosis factor-a (TNF-«a),
and interferon-y (IFN-y), were quantified. The nucleo-
tide sequences of the primers used in the experiments are
listed in Table 1 [18].

Statistical analysis

Statistical analysis was conducted using GraphPad Prism
9.0 (GraphPad Software Inc., USA), and the P-values
obtained through one-way analysis of variance (ANOVA)
and Tukey’s multiple comparison tests were interpreted
as follows: *P<0.05, **P<0.01, ***P<0.001.

Results

Change in body weight following PPE and LPS
administration

Consistent decreases in body weight were observed on
the day following the agent administration, followed
by recovery within 2-3 days (Fig. 2). During the 7-day
recovery period following the last administration, weight
restoration was 107% in the PPE group, 96% in the LPS
group, and 99% in the PPE/LPS group. Table 2
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Table 2 Detailed body weight data by timepoints of agent administration (unit=body weight of the day / initial body weight x 100%)

Group / Timepoint Day 0 Day 3 Day 6 Day 9 Day 12 Day 15 Day 22
NC group 100.00 10241 10146 102.61 104.65 104.13 107.05
PPE group 100.00 95.00 97.56 99.23 102.22 102.24 107.50
LPS group 100.00 103.10 10241 86.16 8342 90.54 95.91
PPE/LPS group 100.00 94.69 9548 90.97 94.39 94.26 98.93

Co-administration of PPE and LPS simultaneously induced
emphysema and chronic bronchitis

Consistent histopathological features were observed on
the cross-sectional lung slides in each group. In the NC
group, no inflammatory cells were observed around the
bronchi, and the alveolar size was normal (Fig. 3A and
B). In the PPE group, a significantly enlarged alveolar
appearance was evident throughout the lung lobes, indi-
cating emphysema (Fig. 3C and D). In the LPS group,
chronic inflammatory cells, such as lymphocytes, mono-
cytes, and macrophages, infiltrated the bronchi, bron-
chioles, and blood vessels, manifesting as characteristic
lesions of chronic bronchitis in multiple locations (Fig. 3E
and F). Notably, in the PPE/LPS group, the distinctive
histopathological features of COPD, including emphy-
sema and chronic bronchitis, were concurrently observed
in a single lung lobe (Fig. 3G and H).

The average AT ratio in the NC and LPS groups was
0.58 and 0.59, respectively. In contrast, the PPE and PPE/
LPS groups showed significantly increased AT ratios
(0.84 and 0.81, respectively) (Fig. 4A). This result dem-
onstrates an AT ratio increase of >40% with PPE admin-
istration. The emphysema areas were 53.5% and 58.64%
in the PPE and PPE/LPS groups, respectively (Fig. 4B).
The inflammatory site/lobar area was 1.89/mm? and
1.88/mm? in the LPS and PPE/LPS groups, respectively
(Fig. 4C). In the PPE group, the inflammatory site/lobar
area was 0.34/mm?, indicating relatively mild bronchitis.

Homogeneous distribution of histopathologic lesions in all
pulmonary lobes
The AT ratio in the PPE/LPS group ranged from 0.76
in the accessory lobe, with the highest value observed
in the right cranial lobe at 0.95; however, there were no
statistically significant differences among the five lobes
(Fig. 4D). The emphysema area was the lowest in the right
middle lobe (46.09%) and the highest in the right cranial
lobe (70.31%). The inflammatory site/lobar area was the
lowest in the right caudal lobe (1.49/mm?) and the high-
est in the accessory lobe (2.24/mm?) (Fig. 4E). Neverthe-
less, there were no statistically significant differences in
histopathological parameters between the lobes.
Regarding the distribution of histopathological param-
eters in the PPE/LPS group, a minimum induction rate of
93.75% was achieved in the right middle and right cau-
dal lobes. The right cranial lobe had a minimum induc-
tion rate of 81.25% for chronic bronchitis, indicating a

high overall success rate. In the left lobe, the induction
rates of pulmonary emphysema and chronic bronchitis
were 100%. The lesion induction rates in the five lobes
demonstrated a high prevalence of emphysema (98.18%)
and chronic bronchitis (94.55%). Simultaneous induction
of pulmonary emphysema and chronic bronchitis was
observed in 90.91% of all lung lobes (Fig. 4F).

Co-administration of PPE and LPS induced various
biochemical conditions of COPD

The relative expression of IL-6 was significantly increased
in the PPE/LPS group compared to that in the NC
group, amounting to a 9.1-fold increase. The differences
between the PPE/LPS and PPE groups and the PPE/LPS
and LPS groups were 4.36-fold and 6.03-fold, respectively
(Fig. 5A). Additionally, the relative expression of MMP-
12 significantly increased by 39.8-fold in the PPE/LPS
group compared to that in the NC group. Comparison
with the PPE and LPS groups revealed 4.50-fold and 4.26-
fold increases, respectively (Fig. 5B). For other molecules,
the mRNA expression of IL-1a exhibited a statistically
significant increase in the PPE/LPS group (Fig. 5C), while
the mRNA expression of IL-13, MMP-9, and IL-13 exhib-
ited a statistically significant decrease in the PPE/LPS
group compared to the NC group (Fig. 5D-F). No statisti-
cally significant differences in TNF-a and IFN-y expres-
sion were observed between the NC and model groups
(Fig. 5G and H).

Discussion
Although various mouse models are available for COPD
research, they cannot simultaneously induce the histo-
pathological hallmarks of severe chronic bronchitis and
pulmonary emphysema, which are crucial features of
clinical COPD [5]. This study introduced a novel method
to overcome the limitations of the existing COPD mouse
models. This method involves the induction of emphy-
sema through intratracheal instillation of PPE, followed
by repetitive LPS administration to induce chronic bron-
chitis. Histopathological lesions resembling actual COPD
were successfully induced within a significantly shorter
period of 22 days. In addition, various parameters were
used to assess the histopathological lesions to evaluate
the adequacy of the model for investigating COPD.

In body weight change analysis, we observed that ani-
mals regained their body weight within approximately
three days after the administration of disease-inducing
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Fig. 3 Histopathological features. The representative images of the lung from the four groups exhibit bronchioles and surrounding alveolars. (A, B) Lung
section of the normal control group. (C, D) Lung section of PPE group. (E, F) Lung section of LPS group. (G, H) Lung section of PPE/LPS group. Red scale
bar =100 um
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agents. Based on these preliminary findings, we estab-
lished a three-day interval for substance administration
in our model. By the end of the study, the body weight
of animals in the model group was lower than that of the
NC group, which we interpreted as a reduction in weight
gain due to the chronic nature of the disease induced by
the model.

Regarding the evaluation methods used in this study,
two parameters were employed to assess pulmonary
emphysema induction in the lung lobes: the AT ratio and
the extent of the emphysema lesion area. Many COPD
researchers use the mean linear intercept (MLI) to mea-
sure the severity of emphysema induced in mouse lung
lobes, depending solely on the MLI for evaluation, which
has several limitations [19-21]. In the PPE-induced
model, achieving uniform levels of emphysema through-
out the entire lung lobes is challenging because of the
solution-based delivery of the substance. This is because
of the difficulty in achieving homogeneity in lesions
within the same lung lobe and the time-consuming
nature of manual measurements [22]. Moreover, the MLI
may not fully capture changes in the air space in a three-
dimensional context [23, 24]. Therefore, the AT ratio was
introduced in this study to achieve a more uniform evalu-
ation of emphysema in lung lobes [25-27]. The signifi-
cant increase in the AT ratio in the groups that received
PPE demonstrates the effectiveness of this parameter as
an evaluation criterion. Additionally, the AT ratio evalu-
ation, conducted using the Metamorph® program, offers
a simpler and faster assessment, making it a more appro-
priate method for histopathological analysis in the new
COPD mouse model rather than the labor-intensive MLI
measurements.

As histopathological analysis can assess only a single
cross-section of lung tissue in a two-dimensional man-
ner, there is the potential for overlooking histopatho-
logic lesions when emphysema induction is insufficient.
Therefore, an additional analysis based on the extent
of emphysema induced within the lung lobe was per-
formed to measure how much PPE affects the lung tis-
sue when delivered into the lung lobe. The significantly
high emphysema area in the PPE-treated groups suggests
that two repeated administrations of PPE at 8 U/kg each
induced a substantial degree of emphysema, affecting at
least 50% of the alveoli in a single lung lobe and ensuring
that the lesions were sufficiently prominent.

The severity of chronic bronchitis was assessed using
histopathological analysis based on the number of inflam-
matory sites per lobar area. The markedly elevated num-
ber of inflammatory sites in the LPS and PPE/LPS groups
demonstrate that repetitive LPS administration induces
the aggregation of chronic inflammatory cells surpassing
1.5 aggregates per 1 mm?® of the lung lobe. This finding
indicates that a four-fold repeated LPS administration at
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400 pg/kg can sufficiently induce a relatively more severe
chronic inflammation in a shorter time than the previ-
ous CS-induced model [28]. Following the previously
referenced study, we observed more than 6 lymphoid
aggregates in our model compared to the observation
of 1 or fewer in the conventional CS model under 200x
magnification, indicating a significantly higher severity
of inflammation. By contrast, the PPE group exhibited
fewer inflammatory sites, indicating mild inflammation.
This observation may be associated with the regenerative
processes triggered by PPE-induced damage, which can
lead to a mild inflammatory response [13].

In developing COPD models in mice, uniform disease
induction across all five lung lobes is crucial because
human COPD is not confined to specific lobes but mani-
fests across multiple lung lobes [29]. This is particu-
larly significant when conducting histopathological and
molecular studies within the same mouse, as inconsis-
tent distributions can lead to notable discrepancies in the
results. Additionally, the uniformity in the distribution
of emphysematous changes correlates with the severity
of airway obstruction in patients [51]. To achieve a con-
sistent distribution of lesions throughout all lung lobes,
we established a refined repetitive intubation-mediated
intratracheal administration method instead of intranasal
administration. This approach minimizes agent loss due
to nasal structures and eliminates its impact on the nasal
epithelium, while also ensuring uniform lesion distribu-
tion. Evaluation of lesion distribution within the model
group showed sufficiently consistent induction of pulmo-
nary emphysema and chronic bronchitis across all lobes.
In addition, 90.91% of all lung lobes displayed both histo-
pathological lesions, confirming the successful induction
of COPD. These results emphasize the consistency and
reliability of this model for the histopathological analysis
of any selected lobe.

The molecular mechanisms associated with the induc-
tion and exacerbation of COPD involve a complex inter-
action of diverse inflammatory pathways, making it
challenging to designate any single pathway as the pri-
mary cause of the disease [4, 30, 31]. Considering this,
several key molecules involved in COPD-related path-
ways were selected. Among them, IL-6, IL-1a, and MMP-
12 exhibited significant increases in mRNA expression in
the PPE/LPS group. IL-6, known for its role in fibrosis by
promoting myofibroblast proliferation, has been linked
to COPD [32]. Moreover, circulating IL-6 has been rec-
ognized as a promising diagnostic biomarker for COPD
[33, 34]. The significant increase in IL-6 levels in the new
model reinforces its potential as a diagnostic biomarker
for COPD. Moreover, the precise role of IL-1« in the dis-
ease pathogenesis of asthma and COPD has been dem-
onstrated [35]. In our study, the marked increase in the
expression levels of IL-6 and IL-1la mRNA suggests that
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the biochemical context observed in the CS-induced
mouse model was reproduced in the new model [36, 37].

MMP-12 is well-established for its central role in alve-
olar destruction and COPD induction in mouse models
[38, 39]. MMP-12 functions as both a direct protease and
a pro-inflammatory factor, making it a critical parameter
for assessing the severity of COPD and a therapeutic tar-
get for COPD treatment [40—46]. In the present study, a
remarkable elevation in MMP-12 expression in the PPE/
LPS group aligns with recent research emphasizing the
essential role of MMP-12 in emphysema development
in a PPE-induced mouse model [47]. The significant dif-
ference in the mRNA expression levels underscores its
potential as a valuable evaluation parameter, further sup-
porting MMP-12 as a promising therapeutic target for
future applications in this model. These results indicate
the overexpression of pro-inflammatory cytokines and
proteases resulting from the combined administration
of PPE and LPS in the model group, suggesting that sus-
tained pulmonary damage may be attributed to the auto-
immunity of these molecules [48].

TNEF-a and IEN-y were anticipated to be relevant mol-
ecules associated with COPD [18]. However, our results
did not show statistically significant differences in the
expression levels of these molecules between the test
and control groups. This lack of significant induction
suggests that while TNF-a and IFN-y are important in
COPD, their expression may not be markedly altered in
the current model under the conditions tested. Potential
reasons for this include compensatory mechanisms that
might be masking changes in these cytokines, as well as
temporal dynamics where the expression levels of TNF-a
and IFN-y might not align with the specific time points
or stages assessed in our study.

The new COPD mouse model introduced in this study
differs slightly in its induction mechanisms from those
of actual COPD. The main pathogenic mechanism in
human COPD is an imbalance of proteases and anti-pro-
teases due to chronic stimulation, leading to the persis-
tent remodeling of pulmonary structures [4]. However,
in the PPE-induced COPD model, emphysema is initi-
ated by an externally introduced substance rather than by
endogenous factors, which is recognized as a key limita-
tion of this model [13]. Nevertheless, the crucial point is
that this model can more rapidly induce histopathological
features resembling actual COPD compared to the previ-
ous CS-induced COPD model. In addition, the severity
of COPD lesions is more marked than in the CS-induced
model [49]. This results in more dramatic lesions, which
are easier to evaluate through histopathological analy-
sis. The clarity in lesion severity may enhance the preci-
sion and ease of evaluating treatment efficacy by clearly
demonstrating differences between control and treated
groups. ‘Additionally, it is known that centralilobular
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emphysema in COPD patients can indeed lead to signifi-
cant symptomatic and physiological consequences [50].
Specifically, central emphysematous change may affect
pulmonary function compared to peripheral emphysema
[51]. Building upon this insight, we speculate that our
model, which may induces emphysema lesions in central
region through the administration of liquid-form induc-
ing agents, could potentially lead to a more pronounced
manifestation of COPD. Consequently, this model is
anticipated to be more suitable for research related to
the maintenance and treatment of COPD rather than the
prevention or therapies for early-stage COPD. Despite
the differences in induction mechanisms, several studies
have been conducted on valuable therapeutic research
using the PPE-induced COPD mouse model [48, 52].
Moreover, as most patients with COPD receive medical
care after the disease has already progressed chronically
and generally require lifelong management, the focus in
COPD research is now shifting toward maintenance and
therapeutic research rather than prevention [53].

Co-administering PPE and LPS is not the first attempt
to overcome the limitations of COPD induction meth-
ods; however, previous approaches lacked standard-
ization [25, 54]. While existing co-administration
methods deliver inducing agents via the intranasal route,
our method introduces noninvasive intratracheal instilla-
tion for more precise substance delivery. In addition, this
new method significantly reduces the induction period
compared to existing methods, which ranges from 31
days to 20 weeks. Furthermore, this study analyzed the
severity of lesions, the induced areas of lesions within the
pulmonary lobes, and the distribution of lesions across
the lung lobes. This comprehensive analysis enhances the
potential for consistent reproducibility in future studies
on COPD mouse models.

One major limitation of our COPD model is the
absence of obstructive changes, which is a key character-
istic of human COPD. This limitation is a common issue
in small animal models due to the anatomical differences
between rodents and humans [14]. In particular, rodents
have fewer mucus-producing goblet cells and more non-
ciliated epithelial cells, which make it difficult to replicate
mucus hypersecretion and subsequent airway obstruc-
tion. While we were unable to fully replicate obstruc-
tive changes, we were able to successfully reproduced
several hallmark features of COPD, providing a valuable
platform for studying key aspects of the disease and its
progression. Additionally, the lack of pulmonary function
tests in our study further limits the ability to comprehen-
sively evaluate airway obstruction and hinders a more in-
depth comparison with other COPD models.

Although we conducted various histopathological and
biochemical evaluations of the novel model, further stud-
ies are required to determine the optimal timing for drug
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administration. Additionally, other distinct evaluative
parameters, such as serum biochemical parameters and
pulmonary function, are needed for a more detailed anal-
ysis of COPD progression.

Conclusions

This study demonstrated the effectiveness of a newly
developed COPD mouse model created via the co-
administration of PPE and LPS. This novel model is sig-
nificant for inducing histopathological features similar to
those of clinical COPD within a shorter induction time
compared to previous CS-induced COPD mouse mod-
els. Considering the relative severity of the induced his-
topathological lesions in this model, it is appropriate to
investigate the progression, exacerbation, maintenance,
and treatment of COPD.
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