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Abstract

Background Idiopathic pulmonary fibrosis (IPF) is an age-related disease severely affecting life quality with its
prevalence rising as the population ages, yet there is still no effective treatment available. Cell therapy has emerged
as a promising option for IPF, however, the absence of mature and stable animal models for IPF immunodeficiency
hampers preclinical evaluations of human cell therapies, primarily due to rapid immune clearance of administered
cells. This study aims to establish a reliable pulmonary fibrosis (PF) model in immunodeficient mice that supports
autologous cell therapy and to investigate underlying mechanism.

Methods We utilized thirty 5-week-old male NOD/SCID mice, categorizing them into three age groups: 12weeks,
32 weeks and 43 weeks, with 6 mice euthanized randomly from each cohort for lung tissue analysis. We assessed
fibrosis using HE staining, Masson's trichrome staining, a-SMA immunohistochemistry and hydroxyproline content
measurement. Further, 3-galactosidase staining and gene expression analysis of MMP9, TGF-B1, TNF-a, IL-18, IL-6, IL-8,
SOD1,SOD2, NRF2, SIRT1, and SIRT3 were performed. ELISA was employed to quantify protein levels of TNF-a, TGF-f31,
and IL-8.

Results When comparing lung tissues from 32-week-old and 43-week-old mice to those from 12-week-old mice,
we noted a marked increase in inflammatory infiltration, fibrosis severity, and hydroxyproline content, alongside
elevated expression levels of a-SMA and MMP9. Notably, the degree of fibrosis intensified with age. Additionally,
-galactosidase staining became more pronounced in older mice. Quantitative PCR analyses revealed age-related,
increases in the expression of senescence markers (GLB1, P16, P21), and proinflammatory genes (TGF-B1, TNF-a, IL-18,
IL-6, and IL-8). Conversely, the expression of anti-oxidative stress-related genes (SOD1, SOD2, NRF2, SIRT1, and SIRT3)
declined, showing statistically significant differences (*P<0.05, **P<0.01, **P < 0.001). ELISA results corroborated
these findings, indicating a progressive rise in the protein levels of TGF-B1, TNF-g, and IL-8 as the mice aged.

Conclusions The findings suggest that NOD/SCID mice aged 32 weeks and 43 weeks effectively model pulmonary
fibrosis in an elderly context, with the disease pathogenesis likely driven by age-associated inflammation and
oxidative stress.
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Background

Idiopathic pulmonary fibrosis (IPF) is a chronic, pro-
gressive interstitial lung disease characterized by limited
treatment options and a generally poor prognosis [1].
Animal models are indispensable for the study of human
IPE. Commonly utilized species include mice, rats, rab-
bits, pigs, sheep, tree shrews, and non-human primates
[2-7]. Large animals, such as pigs and monkeys, offer
advantages due to their large body size and lung tissue,
allowing for dynamic observed under non-invasive imag-
ing techniques. However, the complexity and high costs
associated with their use limit their widespread applica-
tion [8, 9]. In contrast, mice are favored for PF studies
due to their small size, light weight, and cost-effective-
ness [10]. Aging is recognized as a primary pathogenic
factor in IPF, significantly influencing its progression and
prognosis [11]. Older animals typically demonstrate PF-
related phenotypes more accurately than their younger
counterparts, yet studies using naturally aging mice are
scarce, primarily due to the high costs of long-term care
[12]. Most research into PF mechanisms or pharmaceuti-
cal interventions employs young mice (aged 6—8 weeks),
induced with agents like bleomycin, silica, radiation,
or hypoxia to establish disease models. However, these
models often fail to mimic the intricacies of human IPF
and its association with aging. Recent years have seen a
surge in preclinical exploring mesenchymal stem cells
(MSCs) for IPF intervention, showcasing rapid advance-
ments and promising clinical potential [13, 14]. MSCs
are particularly noted for their immune-modulating and
tissue remodeling capabilities [15]. Moreover, autologous
stem cells, which are less likely to be eliminated by the
immune system, have shown prolonged survival post-
transplantation and greater efficacy in their secretory and
cell differentiation functions [16], enhancing their clinical
relevance. However, in preclinical studies investigating
autologous stem cell intervention for IPF, mouse models
with intact immune function can clear implanted human
cells, thus hindering an accurate assessment of the inter-
vention’s effectiveness [17]. Immunodeficient animal
models offer advantages in this context, althoug there are
no existing reports of successful replicating the human
IPF model in such animals. NOD/SCID mice, derived
from a backcross between SCID mice and non-obese dia-
betic mice, exhibit low levels of natural killer (NK) cells
and a deficiency in complement C5. These traits contrib-
ute to higher survival rates of human cells and grafts [18].
To date, NOD/SCID mice have been successfully used to
model natural ovarian aging, patient-derived xenografts,
leukemia, myeloma, retinoblastoma, and other human
diseases [19-23]. In this study, 12-week-old NOD/SCID

mice served as normal controls, while the feasibility
of using naturally aging 32-week-old and 43-week-old
NOD/SCID mice as models for human IPF was evalu-
ated. This research aims to establish a suitable animal
model for studying the efficacy of pharmaceutical agents
designed to target IPF in humans.

Materials and methods

Experimental animals and experimental design

Thirty male NOD/SCID mice, aged 5 weeks were pro-
cured from GemPharmatech Co., Ltd. and were housed
in a specific pathogen-free (SPF) facility. The environ-
mental conditions were maintained at approximately
25 °C, with a relative humidity of 40-60%, and a 12-hour
light-dark cycle. At 12, 32, and 43 weeks of age, we ran-
domly euthanized six mice from each group using cervi-
cal dislocation after isoflurane (RWD, China) overdose.
Specifically, Mice were placed in a clear plastic induction
box, where 5% isoflurane gas mixed with O, was deliv-
ered at a flow rate of 1.0 L/min. The mice stayed in the
induction box for approximately 3 to 4 min until they
were euthanized. One mouse was placed in the induc-
tion box individually. All mice underwent cervical dis-
location immediately after they were euthanized [24].
The left lung tissue was fixed in a 4% paraformaldehyde
(PFA) solution for pathological examination, while the
right lung tissue was snap-frozen in liquid nitrogen and
stored at -80 °C for molecular analysis. All experimental
protocols and procedures received approved from the
Experimental Animal Welfare and Ethics Committee of
Kunming University (approval number: 2021kmu011).
Due to the risk of natural mortality among NOD/SCID
mice during the experiment, any mice that died naturally
were treated humanely. The remaining mice were eutha-
nasia using isoflurane (RWD, China) overdose and cer-
vical dislocation, ensuring they were treated with care
throughout the process.

Paraffin sections of lung tissue

Following fixation in 4% PFA for a minimum of 24 h, the
left lung tissue was subjected to a stepwise process using
various concentrations of ethanol, followed by clarifica-
tion in xylene. The cleared tissue was then immersed in
paraffin wax at 60 °C twice, with each immersion last-
ing 90 min, to facilitate tissue embedding. Section 4 pm
thickness were obtained using a paraffin microtome
(Huahai, HHQ-3558).

HE staining and ashcroft scoring
The paraffin sections were dried overnight in an oven at
37 °C, dewaxed in xylene, and subsequently rehydrated



Ma et al. BMC Pulmonary Medicine (2024) 24:457

through a gradient of ethanol concentrations. Staining
was performed according to the instructions provided
by the HE staining kit (Solarbio, G1120) and the stained
slides were scanned using a research-grade whole slide
scanning system (Olympus, VS200). The results of the
HE staining were evaluated using the Ashcroft scor-
ing system [25]. For each group, six mice were selected,
and three panoramic slides were chosen for each mouse.
Scoring was conducted independently by two observers,
and the average score for each mouse was calculated after
summarizing the results.

Masson staining and positive area statistics

Collagen deposition in lung tissue sections was assessed
using the Masson staining kit (Servicebio, GP1032)
according to the manufacturer’s instructions. Slide scan-
ning was performed with the research-grade whole slide
scanning system (Olympus, VS200), involving mice per
group. For each mouse, five slides were selected, and
each section was examined in 20 fields, avoiding areas
with atmospheric tubes and large blood vessels. Image]
software was utilized for statistical analysis of the blue-
stained area, with the masson-stained positive area in
lung tissue expressed as a percentage of the total lung
area.

a-SMA immunohistochemistry

The paraffin sections were dewaxed using xylene and a
gradient of ethanol. Antigen retrieval was performed by
placing the sections in a citric acid antigen retrieval solu-
tion (pH 6.0) and subjecting them to microwave treat-
ment at medium power for 8 min, followed by a pause
for 8 min, and then heating at medium-low power for
an additional 7 min. To block endogenous peroxidase
activity, and the sections were incubated with hydrogen
peroxide, followed by serum sealing. The sections were
then incubated overnight at 4 °C with the primary anti-
body (Servicebio, GB111364, diluted in PBS at a ratio
of a-SMA=1:1000). Following this, the sections were
incubated at room temperature for 50 min with the sec-
ondary antibody (HRP labeling Goat Anti-Rabbit IgG).
Subsequent procedures included DAB color develop-
ment, hematoxylin restaining of nuclei, dehydration, and
clarification of the sections. Finally, the sections were
mounted and scanned using a research-grade whole slide
scanning system (Olympus, VS200). Each group included
six mice, with three slides selected for each mouse.
Image ] software was utilized for statistical analysis of
the a-SMA positive area, and the positive rate of a-SMA
staining was expressed as the percentage of the positive
area relative to the total lung area.
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Hydroxyproline content detection

The hydroxyproline content in lung tissues from each
group of animals was determined using a hydroxypro-
line assay kit (Nanjing Jiancheng, A030-2-1). Briefly,
30-50 mg of lung tissue was weighed and placed into
a test tube, followed by the addition of 1 ml of alkali
hydrolysate. The tissue was fully hydrolyzed in water at
95 °C. Samples were then processed according to the kit’s
instructions. The absorbance at 550 nm was measured
using a Microplate System (TECAN, Infinite M200 pro),
and the hydroxyproline content in each sample was cal-
culated based on the formula provided in the kit.

Enzyme-linked immunosorbent assay

The protein expression levels of TGF-B1, TNF-«, and
IL-8 in lung tissue were assessed using ELISA kits from
EK-Bioscience, following the manufacturer’s instructions.
In brief, the lung tissues were weighed, and cold normal
saline was added at a ratio of 1:250 (pg: ml) while kept
on ice. After homogenizing the tissues, the mixture was
centrifuged at 3000 rpm for 10 min, and the supernatant
was collected according to the ELISA kit instructions for
protein detection. Results were normalized to protein
concentration using standards and controls included in
the kit.

B-gal staining

After euthanasia, a portion of the left lung tissue was
collected from the experimental mice. The tissue was
fixed in 4% neutral formaldehyde solution for over 24 h,
followed by dehydration using a gradient sucrose solu-
tion (15%, 20%, 30%). The tissue was then embedded
in OCT and sliced into 10 pm sections using a frozen
microtome (Thermo Fisher, HM525). Staining was per-
formed according to the instructions provided in the
B-gal staining kit (Beyotime, C0602), and the slides were
scanned using a research-grade whole slide scanning sys-
tem (Olympus, VS200). Six mice were selected for each
group, with three slides chosen for each mouse. Image |
software was utilized for statistical analysis of the positive
area, and the positive rate of B-gal staining was expressed
as the percentage of the positive area relative to the total
lung area.

RNA extraction, reverse transcription and quantitative PCR
10-20 mg of right lung tissues were weighed, and RNA
was extracted using the extraction method provided by
Takara (9109). The RNA concentration was measured
using an ultramicro nucleic acid protein analyzer (Bio-
Spec-nano, Shimadzu, Japan). Subsequently, the RNA
was reverse-transcribed into ¢cDNA using a kit from
Accurate Biology (AG11728), following the measured
RNA concentration. Real-time fluorescence quantita-
tive PCR was performed using SYBR qPCR SuperMix
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Plus (Dib, QE006-02). The primers used for qPCR in
this study are listed in Table 1, and the AACT analytical
method was employed for comparative analysis.

Data statistics and analyes

The data from each experimental group were expressed
as “mean+standard deviation’, and statistical analysis was
conducted using SPSS 19.0 software. One-way ANOVA
followed by Bonferroni’s post hoc test was performed for
comparisons among three groups. A p-value of less than
0.05 was considered to indicate a statistically significant
difference.

Results

Changes in appearance and histology of lung tissue in
experimental mice with increasing age

To assess whether the degree of pulmonary fibrosis in
mice increases with age, we examined the appearance
of lung tissue and performed HE and Masson staining
on pathological sections from each group of mice. The
results revealed distinct changes in lung tissue mor-
phology associated with age. At 12 weeks, the lung tis-
sue appeared smooth, moist, and exhibited a normal
color (Fig. 1A). However, by 32 weeks, the lung tissue

Table 1 Primers used for gPCR in this study

Genes Primers (5'-3')
B-ACTIN F: GTGACGTTGACATCCGTAAAGA
R: GCCGGACTCATCGTACTCC
P16 F: CGCAGGTTCTTGGTCACTGT
R: TGTTCACGAAAGCCAGAGCG
P21 F: ccttgtcgcetgtcttgeactctg
R: gctggtctgectecgtttteg
GLB1 F: ACGCTGGACATCCTGGTGGAG
R: CAGTTGGTGAGGACAGTGGAGTTG
IL-18 F: tggcaactgttcctgaactcaactg
R: tcatcttttggggtccgtcaacttc
I-6 F: TAGTCCTTCCTACCCCAATTTCC
R: TTGGTCCTTAGCCACTCCTTC
IL-8 F:acctgctctgtcaccgatgtctac
R: caggcaaggtcagggcaaagaac
TNF-a F: CAGGCGGTGCCTATGTCTC
R: CGATCACCCCGAAGTTCAGTAG
TGF-B1 F: acaatggcggtgcggtcaag
R: cagacttcatgcggcttctcacag
SOD1 F: agagcattccatcattggccgtac
R: cgcaatcccaatcactccacagg
SOD2 F: caatctcaacgccaccgaggag
R:agggctcaggtttgtccagaaaatg
SIRT1 F:actggagctggggtttctgtctc
R: ggcttgagggtctgggaggtc
SIRT3 F: GGCTCTATACACAGAACATCGAC
R: TAGCTGTTACAAAGGTCCCGT
NRF2 F: TCTTGGAGTAAGTCGAGAAGTGT

R: GTTGAAACTGAGCGAAAAAGGC
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had turned black (Fig. 1B), and by 43 weeks, it became
shriveled and smaller, with the entire lung tissue appear-
ing black (Fig. 1C). HE staining of 12-week-old mice
showed normal structure with no significant inflamma-
tion or fibrosis in the alveolar spaces or walls (Fig. 1D).
In contrast, extensive structural changes were observed
in the lungs of mice aged 32 and 43 weeks. Fibrosis was
evident in both the alveolar walls and the alveolar spaces,
displaying multifocal fibrosis. Additionally, compared
to the 32-week-old mice, the 43-week-old mice exhib-
ited a greater degree of fibrosis, increased infiltration
of inflammatory cells in the lung tissue, rupture of the
alveolar walls, and fusion of the alveolar cavities (Fig. 1E
and F). The severity of lung fibrosis was assessed using
the Ashcroft score. The scores for the 32-week-old and
43-week-old mice were significantly higher than those for
the 12-week-old mice (**P<0.01) (Fig. 1J). Masson stain-
ing and the statistical analysis of positive area revealed
that lung tissue from mice aged 32 and 43 weeks exhib-
ited excessive deposition of collagen in the extracellular
matrix (Fig. 1H and I). Compared to the 12-week-old
group, the Masson staining positive area in both the
32-week-old and the 43-week-old groups increased sig-
nificantly, with difference being statistically significant
(*P<0.05, **P<0.01) (Fig. 1K).

Changes in a-SMA and Hydroxyproline content, and MMP9
gene expression in lung tissues of experimental mice with
increasing age

Alpha-smooth muscle actin (a-SMA) serves as a marker
for the transformation of fibroblasts into myofibroblasts.
To further confirm that natural aging contributes to pul-
monary fibrosis, we conducted an a-SMA immunobhis-
tochemical assay on lung tissues. The results indicated
that, compared to the 12-week-old group, the expression
of a-SMA in the damaged regions of the interstitial and
alveolar spaces of the lung tissues in the 32-week-old
and 43-week-old groups was elevated (Fig. 2A, B and C,
arrowheads). The increase in a-SMA expression in the
lung tissues of the 43-week-old group was statistically
significant (**P<0.01) (Fig. 2D). Studies have indicated
that abnormal lung remodeling in pulmonary fibrosis is
characterized by increased expression of matrix metallo-
proteinase 9 (MMP9) [26]. In this study, we examined the
changes in MMP9 gene expression in lung tissues of mice
from different age groups. The quantitative PCR results
demonstrated that, compared to the 12-week-old group,
the expression level of MMP9 in the lung tissues of mice
aged 32 and 43 weeks was elevated. Notably, the increase
in MMP9 gene expression in the 43-week-old was sta-
tistically significant (***P<0.001) (Fig. 2E). Additionally,
hydroxyproline levels were higher in the 32-week-old and
43-week-old groups compared to the 12-week-old group



Ma et al. BMC Pulmonary Medicine (2024) 24:457

12 weeks 32 weeks

Page 5 of 11

H&E Appearance

Masson

43 Weeks J 104 sk
sk
2 B- dekk ;
o
Q
» 6 .
: %
<
O 44
£
<
2_ Iﬁ
3 T T T
CJ CJ CJ
& & &
& <& <&
L A
2.59 ok
#
2.0 4

- -
o L
1 1

Percent fibrosis area(%)
g

0.0-

Fig. 1 illustrates the gradual increase in the degree of pulmonary fibrosis in experimental mice with advancing age. A-C: gross appearance of lung tissue;
D-F: HE staining of lung tissue; G-I: Masson Trichrome staining of lung tissue; J: The severity of lung fibrosis was analyzed by Ashcroft score in the three
groups; K: Masson’s Trichrome positive areas of three groups were morphometrically quantified and represented as the percentage of total lung areas.
Scale=50 um. Data are presented as the mean + SEM (n=6). #P>0.05, *P< 0.01, **P<0.01, **P<0.001.

(Fig. 2F), indicating that collagen content in lung tissue
increased with the age of the mice.

Changes in B-gal staining and the expression of age-
related genes in lung tissue of experimental mice with
increasing age

The results of B-gal staining in the lung tissues indicated
that the number of cells stained blue by p-gal at 12 weeks
of age was minimal (Fig. 3A, arrowheads). However, the
number of blue-stained cells in the lung tissue of mice
at 32 and 43 weeks of age gradually increased with age
(Fig. 3B and C, arrowheads). Compared to mice aged
12 weeks, the p-gal stained area in mice aged 32 and 43
weeks increased significantly (*P<0.05, ***P<0.001)
(Fig. 3D). The quantitative PCR results indicated that,
relative to the 12-week-old mice, the expression lev-
els of the B-gal encoding gene GLBI and senescence-
related genes P16 and P21 in lung tissues of 43-week-old
mice were elevated, with statistically significant differ-
ences (***P<0.001). Furthermore, when comparing the
43-week-old mice to the 32-week-old mice, the expres-
sion of aging genes in lung tissues also showed statisti-
cally significant differences (***P<0.001) (Fig. 3E, F and
G).

Changes in the expression of pro-inflammatory related
genes and proteins in lung tissues of experimental mice
with age

The expression of pro-inflammatory genes in the lung
tissues of experimental mice varied with age. Previ-
ous studies have shown an increase in the expression of
inflammation-related genes in bleomycin-induced pul-
monary fibrosis models [27]. In our study, we employed
quantitative PCR to assess the expression of transform-
ing growth factor 1 (TGF-p1), tumor necrosis factor a
(TNF-a), interleukin-1p (IL-1p), interleukin-6 (IL-6), and
interleukin-8 (IL-8) genes in the lung tissues of mice at
various ages. The quantitative PCR results revealed that,
compared to the 12-week-old mice, the expression lev-
els of TGFBI1, TNF-a, IL-6, IL-1B3, and IL-8 genes were
significantly elevated in the lung tissues of 43-week-old
mice (*P<0.05, **P<0.01, ***P<0.001) (Fig. 4 A-E). Addi-
tionally, the protein expression levels of IL-8, TNF-a
and TGF-B1 in the lung tissues from different groups by
ELISA. The expression of TNF-a, TGF-B1 and IL-8 pro-
teins were higher in the 32-week-old and 43-week-old
groups compared to the 12-week-old group, but the dif-
ference of TNF-a, TGF-B1 was no statistically significant
(*P>0.05) (Fig. 4 F-H).
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Fig. 2 illustrates the increased expression of a-SMA and MMP9 genes in the lung tissue of experimental mice with advancing age. A-C: Representative
images of a-SMA immunohistochemistry in lung tissue from mice aged 12 weeks (A), 32 weeks (B) and 43 weeks (C), with a scale bar of 50 um and the ar-
rows indicate positive areas; D: Immunohistochemical analysis of a-SMA in lung tissue; E: Quantitative PCR results for MMP9 expression across the groups.
Data are presented as the mean=SEM (n=6). *P>0.05, *P< 0.05, **P < 0.01. F: Hydroxyproline content detection in each group. Data are presented as the

mean +SEM (n=3). *P>0.05.

The expression of anti-oxidative stress-related genes in
lung tissues of experimental mice varied with age
Literature indicates that oxidative stress in lung tissue
increases as mice age [28]. Oxidative stress, defined as
the imbalance between reactive oxygen species (ROS)
production and the antioxidant capacity of cells, is asso-
ciated with fibrotic diseases, including pulmonary fibro-
sis [29]. The transcription factor NRF2 serves as the
primary regulator of antioxidant genes in response to
oxidative stress [30], while SOD1 and SOD2 are crucial
antioxidant enzymes [31]. Additionally, SIRT1 and SIRT3
play protective roles against ROS [32]. In this study, we
assessed the expression of antioxidative stress-related
genes in lung tissues of NOD/SCID mice of varying ages.
The quantitative PCR results demonstrated that, com-
pared to the 12-week-old group, the expression levels of
SOD1, SOD2, NRF2, SIRT1, and SIRT3 genes in the lung
tissues of the 32-week-old and 43-week-old groups were
significantly decreased (*P<0.05, ***P<0.001) (Fig. 5).
These results suggest that the antioxidant capacity of
lung tissue decreases with the age of NOD/SCID mice.

Discussion

Idiopathic pulmonary fibrosis (IPF) is closely associ-
ated with aging, high morbidity rates, and poor prog-
nosis. In recent years, significant progress has been
made in understanding the mechanisms by which mes-
enchymal stem cells (MSCs) regulate immunity and tis-
sue remodeling in animal models of pulmonary fibrosis
[15]. Experimental studies have shown that MSCs can
prevent and treat pulmonary fibrosis induced by bleo-
mycin, silica, radiation, or hypoxia in animal models
[33-36]. While these models are valuable for studying
the development of pulmonary fibrosis, the pathogen-
esis of human IPF is highly complex. Consequently, these
animal models cannot fully capture the natural progres-
sion of the disease in humans. Furthermore, animals
with normal immune function can mount an immune
response against implanted human cells, complicating
the assessment of intervention efficacy. In this study, we
utilized NOD/SCID mice of varying ages to simulate the
lung tissue phenotypes associated with different stages of
aging. This approach allowed us to assess the histologi-
cal, pathological, and genomic changes associated with
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Fig. 3 illustrates that the degree of 3-gal staining in the lung tissue of experimental mice intensified with increasing age, and the expression of age-
related genes also increased correspondingly. A-C: Representative images of 3-gal staining in lung tissue from mice aged 12 weeks (A), 32 weeks (B) and
43 weeks (C), with a scale bar of 50 um; D: Lung tissue -gal staining statistics; E-G: Increased expression of GLB! (E), P16 (F), and P21 (G) genes in lung
tissues of 32-week-old and 43- week-old compared to 12-week-old mice. Data are presented as the mean + SEM (n=6), with #£>0.05, *P < 0.05, **P<0.01,

***P<0.001.

pulmonary fibrosis, facilitating the study of its underlying
mechanisms.

This study confirmed the PF characteristic pheno-
type in naturally aging NOD/SCID mice at 12 weeks,
32 weeks, and 43 weeks by testing HE staining, Masson
staining, a-SMA immunohistochemistry, and hydroxy-
proline content in lung tissue. Masson staining of lung
tissue from mice aged 32 and 43 weeks revealed only
minimal collagen deposition in the lung parenchyma,
with no significant differences between these age groups;
moreover, the levels of hydroxyproline in lung tissue
from mice aged 32 and 43 weeks did not show statisti-
cal significance either; however, both Masson staining
and hydroxyproline levels were higher than those in
12-week-old mice. These results suggest that while
NOD/SCID mice at 12, 32, and 43 weeks all exhibit the
PF phenotype, there are no significant differences in the
Masson staining and hydroxyproline levels between 32
and 43 weeks. This may be due to the small sample size
included in the study or related to the aging process in
NOD/SCID mice Above findings align with the charac-
teristics of bleomycin-induced in young mouse models
(6 to 10 weeks old) reported in previous studies [13, 37].

Despite these similarities, the inflammation and fibrosis
of lung tissue in naturally aged NOD/SCID mice wors-
ened with increasing age (Figs. 1 and 2), reflecting two
clinical characteristics of human IPF: gradual aggravation
and irreversibility. In contrast, young C57 mouse models
of PF induced by bleomycin (6 to 8 weeks old) were failed
to replicate the gradual and irreversible deterioration
observed in human IPF with aging [38].

Transforming growth factor-p (TGF-f) has been iden-
tified as a key factor in pulmonary fibrosis, through its
regulation of fibroblast differentiation and prolifera-
tion [39]. Additionally, pro-inflammatory factors such
as IL-6 and TNF-a play crucial roles in the regulation
of inflammation and pulmonary fibrosis [3], while IL-1p
also implicated in the pathogenesis of the disease [28].
IL-8 is considered a potential mediator of fibrotic mes-
enchymal progenitor cell fibrosis and a driver of fibrosis
progression [40]. In context of bleomycin-induced PF, the
expression levels of TGF-1, TNF-a, IL-6, IL-15, and IL-8
genes are known to increase [28]. Our study found that
the expression levels of these inflammation-related genes
in the lung tissue of NOD/SCID mice aged 32 weeks and
43 weeks were higher than those observed at 12 weeks of
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Fig. 4 illustrates the increased expression of pro-inflammatory related genes in the lung tissue of experimental mice with advancing age. The expression
levels of inflammatory genes TGF-G1 (A), TNF-a (B), IL-18 (C), IL-6 (D) and /-8 (E) in lung tissues of mice from each group were quantified using quantitative
PCR. Data are presented as the mean + SEM (n=6). **P<0.01, ***P<0.001. The expression levels of inflammatory proteins TGF-31 (F), TNF-a (G), IL-8 (H) in
lung tissues of mice from each group were detected by ELISA. Data are presented as the mean = SEM (n=3).*P>0.05, *P<0.05, **P < 0.01.

age (Fig. 4). Furthermore, the expression levels of these
genes increased gradually with the age of the mice. These
findings are consistent with previous reports indicating
a significant elevation in the concentration of TGF-$1
in peripheral blood mononuclear cells from elderly IPF
patients [41]. However, due to challenges with collecting
peripheral blood mononuclear cells from mice, this study
did not measure the concentration of TGF-f1 in these
cells.

Oxidative stress is recognized as a key pathogenic fac-
tor in pulmonary fibrosis [29]. The nuclear factor ery-
throid 2-related factor 2 (Nrf2) plays a crucial role in
maintaining cellular REDOX homeostasis [30]. Upon
stimulation, Nrf2 undergoes phosphorylation, leading to
its dissociation from the Kelch-like ECH-associated pro-
tein 1 (Keapl) and translocation into the nucleus, where
it activates the transcription of antioxidant enzymes
such as SOD1/2 [42]. Studies have demonstrated that the
activity of SOD1/2 in Nrf2-knockout mice is significantly
reduced compared to wild-type mice 24 h after heart
allograft reperfusion [43]. SOD1 and SOD?2 are essential
antioxidant enzymes that convert ROS into oxygen or

hydrogen peroxide, thereby helping to prevent lung dam-
age and fibrosis [44]. Sirtuins, a family of nicotinamide
adenine dinucleotide (NAD)+dependent protein deacet-
ylases, play critical roles in lung aging and disease. SIRT'1
inhibits cellular senescence and fibrosis, while SIRT3
is recognized for its anti-fibrotic properties [45]. Both
SIRT1 and SIRT3 protect cells from ROS damage [32].
Previous studies have reported decreased expression
levels of SOD1, SOD2, NRF2, SIRT1, and SIRT3 in the
lung tissue of C57 mouse models aged 6-10 weeks with
bleomycin-induced PF [46—48]. Our study found that the
mRNA levels of SODI, SOD2, NRF2, SIRT1, and SIRT3
in the lung tissue of NOD/SCID mice decreased with
increasing age (Fig. 5). Furthermore, the expression levels
of these anti-oxidative stress-related genes in mice aged
43 weeks were lower than those in mice aged 32 weeks.
These findings align with previous reports indicating
a significant decrease in the concentration of SIRT1 in
peripheral blood mononuclear cells from elderly patients
with IPF, as well as reduced expression of SIRT3 in the
lungs of clinical subjects with IPF [41, 48]. However, due
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Fig. 5 illustrates the gradual decrease in the expression of antioxidant stress-related genes in the lung tissue of experimental mice with increasing age.
The expression levels of anti-oxidative stress-related genes SODT (A), SOD2 (B), NRF2 (C), SIRTT (D) and SIRT3 (E) in lung tissue of mice from each group
were quantified using quantitative PCR. Data are presented as the mean + SEM (n=6), with P>0.05, *P<0.01, **P<0.01, **P<0.001.

to challenges in mouse peripheral blood mononuclear
cells were not measured in this study.

Although the NOD/SCID mice at 32 and 43 weeks of
age have a clear PF phenotype, the long modeling time
required for this PF animal model may lead to increased
costs; additionally, the immune deficiency characteris-
tics of NOD/SCID mice and the mechanisms of onset or
development of PF diseases still require further study.

Conclusions

Our results indicate that naturally aged NOD/SCID mice
at 32 and 43 weeks of age can serve as models for study-
ing idiopathic pulmonary fibrosis (IPF) in the elderly

population. The pathogenesis observed in this model
appears to be closely associated with aging, inflamma-
tion, and oxidative stress. Given that naturally aged
NOD/SCID mice exhibit a disease that mirrors human
IPF, along with histopathological and molecular char-
acteristics consistent with the gradual progression and
irreversibility seen in human cases, they represent a sta-
ble and reliable animal model for investigating human
IPE. Moreover, the immunodeficient nature of NOD/
SCID mice suggests that this model could be particularly
valuable for preclinical studies involving autologous cell
interventions. However, it is important to note that the
average lifespan of NOD/SCID mice is approximately
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8.5 months (or roughly 35 weeks), and natural mortal-
ity tends to increase after 38 weeks in our experiments.
This study found that both 32-week-old and 43-week-
old NOD/SCID mice exhibit the PF phenotype, but
there are no significant differences in Masson staining
and hydroxyproline levels between these ages. There-
fore, especially in pharmacological research and autolo-
gous cell drug studies, we recommend using 32-week-old
NOD/SCID mice as the PF animal model.
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