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Abstract
Background  Idiopathic Pulmonary Fibrosis (IPF), prevalently affecting individuals over 60 years of age, has been 
mainly studied in young mouse models. The limited efficacy of current treatments underscores the need for animal 
models that better mimic an aged patient population. We addressed this by inducing pulmonary fibrosis in aged 
mice, using longitudinal micro-CT imaging as primary readout, with special attention to animal welfare.

Methods  A double bleomycin dose was administered to 18–24 months-old male C57Bl/6j mice to induce 
pulmonary fibrosis. Bleomycin dosage was reduced to as low as 75% compared to that commonly administered 
to young (8–12 weeks-old) mice, resulting in long-term lung fibrosis without mortality, complying with animal 
welfare guidelines. After fibrosis induction, animals received Nintedanib once-daily for two weeks and longitudinally 
monitored by micro-CT, which provided structural and functional biomarkers, followed by post-mortem histological 
analysis as terminal endpoint.

Results  Compared to young mice, aged animals displayed increased volume, reduced tissue density and function, 
and marked inflammation. This increased vulnerability imposed a bleomycin dosage reduction to the lowest tested 
level (2.5 µg/mouse), inducing a milder, yet persistent, fibrosis, while preserving animal welfare. Nintedanib treatment 
reduced fibrotic lesions and improved pulmonary function.

Conclusions  Our data identify a downsized bleomycin treatment that allows to achieve the best trade-off between 
fibrosis induction and animal welfare, a requirement for antifibrotic drug testing in aged lungs. Nintedanib displayed 
significant efficacy in this lower-severity disease model, suggesting potential patient stratification strategies. Lung 
pathology was quantitatively assessed by micro-CT, pointing to the value of longitudinal endpoints in clinical trials.
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Introduction
Idiopathic Pulmonary Fibrosis (IPF) is a chronic and 
progressive lung disease, characterized by an abnormal 
deposition of extracellular matrix and fibrotic lesions 
in the lungs, ultimately leading to respiratory failure [1, 
2]. At present, only two drugs, namely Pirfenidone and 
Nintedanib, have been approved by FDA and EMA as 
IPF therapeutics. Unfortunately, however, they only delay 
disease progression in cases of mild to moderate sever-
ity [3]. Despite extensive efforts and rigorous preclinical 
studies aimed at the discovery of new drugs, very few 
have emerged as potential candidates suitable for transla-
tion into efficacious IPF treatments. The recent failure of 
phase 3 clinical trials for the anti-CTGF antibody pam-
revlumab [4] and the autotaxin inhibitor ziritaxestat [5], 
further underscores the gap, in terms of translatability, 
between preclinical studies and clinical practice. Part of 
the difficulties with clinical translation can be ascribed to 
the oversight of the relationship between IPF and aging 
in the drug discovery process. Indeed, IPF primarily 
affects middle-aged to elderly individuals, and its inci-
dence raises with age. Despite this age-related incidence, 
most antifibrotic drug candidates have been preclinically 
tested in young animals (8–12 weeks, similar to 18–25 
years-old humans) [6], with very few studies conducted 
in older mice (18–24 months, equivalent to 56–69 years-
old humans) [7]. This may be explained by the limited 
market availability and high cost of aged mice, and the 
efforts required for the in-house breeding and mainte-
nance of the colonies.

Previous studies on bleomycin (BLM) -induced lung 
fibrosis in aged mice have provided an incomplete, and 
sometimes contradictory picture [8–23]. As a general 
observation, it has been reported that young animals dis-
play a faster recovery from BLM treatment, likely due to 
a shorter duration of fibroblast activation [8], while older 
mice undergo a more prolonged fibrosis due to their 
diminished repair capacity [8, 9]. Some studies report 
more severe fibrosis in elderly mice compared to younger 
animals [10, 11], while others find comparable levels of 
fibrosis across different age groups [12]. Interestingly, 
both young and old fibrotic animals exhibited similar 
transcriptomics and metabolomics profiles [13, 14], and 
similarly responded to antifibrotic therapy [15, 16].

Altogether, the above-mentioned studies have left many 
unaddressed issues, particularly the lack of a detailed 
characterization of pulmonary fibrosis in aged mice and 
an incomplete knowledge of the disease temporal pro-
gression. These gaps can be covered by in-vivo method-
ologies such as micro-computed tomography (micro-CT) 
that allow longitudinal tracking and extrapolation of 
individual lung fibrosis trajectories. Recently, micro-
CT has emerged as a valuable preclinical research tool, 
capable of longitudinally quantifying disease progression 

and response to therapeutic treatments in-vivo [24–27]. 
This could potentially fill many of the gaps in our current 
understanding of pulmonary fibrosis in older mice.

The aim of the present work was thus to (a) compare 
the lung characteristics in aged mice (18–24 months) 
with those in young mice (8–10 weeks old); (b) develop 
a well-characterized aged mouse model of IPF that uses 
properly graded amounts of bleomycin to effectively 
induce lung fibrosis, while ensuring animal welfare; (c) 
accurately evaluate the response to Nintedanib (NINT) 
treatment, utilized as a clinical use-approved reference 
drug. We employed micro-CT to obtain longitudinal 
structural and functional pulmonary biomarkers, using 
histological analysis as the final endpoint.

Materials and methods
Experimental animals
The study was conducted in 55 C57Bl/6j male mice, 
provided by Inovit (San Pietro al Natisone, Italy), which 
included a group of 42 mice from 18 to 24-month-old 
(aged mice) and 13 mice from 8 to 10-weeks-old (young 
mice). Upon their arrival, animals were acclimatized for 
20 days to the local vivarium condition (room tempera-
ture: 20–24 °C; relative humidity: 40–70%; 12 h light-dark 
cycle; food and water ad libitum).

All the experiments were conducted according to the 
guidelines of the Declaration of Helsinki and in com-
pliance with European Directive 2010/63 UE. Italian 
D.Lgs 26/2014, and the revised “Guide for the Care and 
Use of Laboratory Animals” (National Research Coun-
cil Committee, US, 2011). All animal procedures were 
conducted in an AAALAC (Association for Assessment 
and Accreditation for Laboratory Animal Care) certi-
fied facility at Chiesi Farmaceutici and were authorized 
by the Italian Ministry of Health with protocol number 
742/2022-PR and by the internal AWB (Animal Welfare 
Body). All required precautions were taken to reduce the 
animals’ suffering or discomfort, and a designated vet-
erinarian or trained technicians assessed pain levels daily 
using a Visual Analogue Scale (VAS) ranging from 0 to 
10. Humane outcomes included dyspnea, weight loss of 
20% or more, and a VAS score of 6 or above.

Experimental protocol
The experimental protocol is composed of three distinct 
stages. The first stage involves a baseline comparison 
between untreated aged mice and young mice. The sec-
ond stage is a study to determine the appropriate dosage 
of bleomycin. The final stage is a pharmacological valida-
tion study. The number of mice used in each stage, along 
with the experimental setup, is summarized in Fig. 1.

a.	 Comparison between untreated young and aged. All 
mice (42 aged and 13 young) underwent micro-CT 
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at baseline, then 6 animals (3 young and 3 aged) were 
culled to compare histological assessment for young 
and aged sham.

b.	 Bleomycin dose finding. 34 mice were randomly 
selected for the dose finding study. Lung fibrosis 
was induced in 25 mice (19 aged and 6 young) using 
Bleomycin (Baxter Oncology GmbH) diluted in 50 
µL saline (0.9%) via a double (day 0, 4) oropharyngeal 
administration, whereas 9 mice served as saline 
controls (5 aged and 4 young). Briefly, mice were 
anesthetized with 2.0% isoflurane in oxygen and 
placed on the intubation platform, hanging by their 
incisors over a wire. Using a small laryngoscope, the 
tongue was firmly but gently pulled out with forceps, 
and with a micropipette the liquid was delivered into 
the distal part of the oropharynx while the nostrils 
were gently closed [28, 29].

Since, in our hand, young adult C57Bl/6j male mice 
receiving a double shot of BLM at 10  µg/mouse devel-
oped a sustained lung fibrosis up to 21 days, the same 

dose scheme (double BLM instillation of 10  µg/mouse) 
has been initially proposed for aged mice, followed by 
a scale down of the dose. We tested four different BLM 
doses on aged mice:

 	• BLM 10 + 10: 5 aged mice received double BLM 
administration of 10 µg/mouse;

 	• BLM 6 + 6: 5 aged mice received double BLM 
administration of 6 µg/mouse;

 	• BLM 3 + 3: 4 aged mice received double BLM 
administration of 3 µg/mouse;

 	• BLM 2.5 + 2.5: 5 aged mice received double BLM 
administration of 2.5 µg/mouse;

After double BLM administration at day 0 and 4, we 
conducted a longitudinal investigation using micro-CT 
scan at day 7, 14 and 21, which served as the final time-
point for the study. At the endpoint, Bronchoalveolar 
lavage fluid (BALF) and lungs were harvested for inflam-
matory cells’ measurements and histological analysis 

Fig. 1  Experimental protocol and dose finding scale down. Schematic representation of the experimental protocol. (a) Comparison between untreated 
young and aged mice: 55 C57Bl/6j male mice underwent micro-CT at baseline (42 aged and 13 young). 6 animals were sacrificed for histological evalua-
tion. (b) Bleomycin- (BLM) dose finding study: 34 mice were treated on day 0 and 4 either with saline (n = 5 aged and n = 4 young) or varying doses of BLM 
(n = 19 aged and n = 6 young) by oropharyngeal administration. Mice underwent micro-CT on day 7, 14 and 21 and sacrificed for histological evaluation at 
the end of the study. (c) Pharmacological validation study: 15 aged mice were treated on day 0 and 4 either with saline (n = 5) or BLM (n = 10). On day 14, 
BLM-treated mice were randomized to be treated with Nintedanib (n = 5) or vehicle (n = 5). Micro-CT was performed on day 7, 14, 21 and 28 and sacrificed 
for histological evaluation at the end of the study
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respectively. VAS score and Body Weight were recorded 
during all the experiment every second day.

c.	 Pharmacological validation study. The 
pharmacological validation study was conducted 
with 15 aged mice using the BLM setting selected 
from the dose finding experiment (double BLM at 
2.5 µg/mouse). BLM was administered to 10 mice 
at day 0 and 4, and saline solution was administered 
to the other 5 animals at the same timepoints as 
negative control group. After BLM administration, 
5 out of the 10 animals were treated with 60 mg/kg 
Nintedanib (NINT) p.o. once daily for two weeks 
from day 14 to day 28 and the remaining 5 mice 
received the vehicle (1% Tween 80 in water) and 
were used as negative control group. VAS score 
and body weight were registered every second day 
throughout the study. Longitudinal micro-CT has 
been performed on baseline and on day 7, 14, 21 and 
28. At the end-point mice were culled for ex-vivo 
analyses.

Micro-CT acquisition protocol
Retrospective respiratory gated micro-CT scans were 
longitudinally acquired at baseline and at day 7, 14, 21, 
and 28 using a Quantum GX Micro CT scanner (Perki-
nElmer, Inc. Waltham, MA). To ensure uniformity in 
respiratory rate (100–120 breath per minute) and depth 
of ventilation, the mice were administered 2% isoflurane 
anesthesia. The animals were reclined in supine posi-
tion on the scanner bed, ensuring that the chest was 
aligned within the field of view. A region of interest was 
positioned over the diaphragm for respiratory motion 
monitoring and gating. Images were acquired with an 
established and consistent protocol: X-ray tube current 
88 µA, X-ray tube voltage 90 kV, and total scan time of 
4 min. Over a full 360° gantry rotation, projection images 
were collected in list-mode every 16.6 ms. The raw data 
were reconstructed by employing a filtered back-projec-
tion algorithm with a Ram-Lak filter. The reconstruction 
yielded two distinct 3D datasets, corresponding to the 
end-inspiratory (INSP) and end-expiratory (EXP) phases. 
Each phase consisted of approximately 900 projections, 
resulting in a total of 512 × 512 × 512 slices. The voxel 
dimension was 50 µm3. To ensure data reproducibility, 
micro-CT is calibrated monthly with phantoms for noise, 
low contrast, and resolution [30].

Micro-CT image analysis
Lung segmentation was automatically performed by 
using a deep convolutional neural network (CNN) with 
U-Net architecture, previously developed and validated 

by Vincenzi et al. [25, 27], and specifically designed to 
segment healthy and fibrotic murine lung.

Morphological and densitometric parameters
Lung Volume and Mean Lung Attenuation (MLA) were 
automatically extracted from the segmented images, and 
micro-CT derived morphological biomarkers were calcu-
lated as reported in Table 1. Aeration compartments (i.e., 
Normo-, Hypo- and Non-aerated volumes) are defined 
according to the “HU preclinical ranges” described by 
Mecozzi et al. [24].

Ventilation maps and functional parameters
To infer regional ventilation, maps of specific gas vol-
ume change (ΔSVg) between the inspiration and expira-
tion phase are derived. Specifically, the end-expiratory 
images were registered to the corresponding end-inspi-
ratory images and subtracted on a pixel-by-pixel basis 
[26]. ΔSVg provides the change in the amount of air per 
pixel relative to the mass of tissue between inspiration 
and expiration. From the ventilation maps, functional 
parameters, specifically descriptive statistics and ventila-
tion compartments, were derived, using the definitions 
reposted in Table 1.

Ex vivo lung assessment
Telomere length quantification
All mice were sacrificed by an anesthetic overdose fol-
lowed by abdominal aortic bleeding; for six sham mice (3 
young and 3 aged) a fresh piece of lung was immediately 
collected and kept frozen at -80  °C until DNA extrac-
tion. DNA was extracted and purified using the PureLink 
Genomic DNA kits (Invitrogen) following the manufac-
ture’s instruction for mammalian tissues, and then quan-
tified as ng/ml with a Nanodrop 2000c instrument.

Telomer length was quantified by the Absolute Mouse 
Telomere Length Quantification qPCR Assay Kit (Sci-
enCell Research Laboratories) by following the manu-
facturer’s instruction and using a mouse genomic DNA 
provided by the kit supplier as a reference. Results were 
expressed as mean telomere length per each chromo-
some end (kilobases, kb) ± SEM.

Bronchoalveolar lavage fluid (BALF) inflammatory cells
BALF was collected by gently washing the lungs three 
times with 0.6 mL sterile solution (1xHank’s balanced 
salt solution (HBSS) containing 10 mM ethylenediamine-
tetraacetic acid (EDTA) and 10 mM 4-(2-hydroxyethyl)-
1-piperazineethanesulfonic acid (HEPES) with 0.6  ml 
distilled solution). After BALF samples centrifugation 
(300 g for 10 min at 4 °C), the resultant cell pellets were 
resuspended in 0.2 mL of BALF solution. The number of 
total white blood cells (WBC) and their subpopulations 
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were counted with an automated cell counter (Dasit XT 
1800 J, Sysmex).

Histological analysis
After the sacrifice, lungs were inflated with a cannula 
through the trachea with 0.6 ml of 10% neutral-buffered 
formalin and fixed for 24  h. The lungs were dehydrated 
in graded ethanol series, clarified in xylene and paraffin 
embedded. Three 5-µm sections were cut with a rotary 
microtome (Slee Cut 6062; Slee Medical, Mainz, Ger-
many), following the dorsal plane, and stained with 
Masson’s Trichrome (MT), Picrosirius red and Hema-
toxylin–Eosin. Whole-slide images were acquired by the 
NanoZoomer S-60 Digital slide scanner (Hamamatsu). 
The fibrotic lung injury was assessed through Ashcroft 
scoring system (AS) [31–33] by three independent histo-
pathologists blinded to the experimental design. For each 
sample, multiple 10X fields were analyzed and morpho-
logical changes were graded and classified obtaining an 
average score.

Immunofluorescent analysis
Immunofluorescent (IF) reactions were conducted on 
paraffin-embedded sections which underwent depa-
raffinizion and rehydratation. Antigen retrieval was 
achieved by exposing the sections to 10 mM citrate 

buffer pH 6.0, brought to boiling point. After cooling, 
slides were rinsed in a wash buffer and then incubated 
in blocking buffer (0.3 M glycine, 5% bovine serum albu-
min in PBS 1X (Sigma-Aldrich, USA)) for 15  min at 
room temperature (RT). Then, sections were incubated 
with primary antibody (Keratin, type II cytoskeletal 8, 
MABT329 Sigma-Aldrich (1:500)) overnight at 4 °C and 
with secondary antibody (Goat anti-rat AlexaFluor-488 
(ab150157, Abcam)) for 45 min at RT. For negative con-
trol, the primary antibody was omitted. After each step, 
the sections were washed with PBS. Lastly, the nuclei 
were counterstained with 300 nM of DAPI (Cat#D1306, 
Invitrogen, USA) solution for 5  min and mounted with 
ProLong Diamond Antifade Mountant (Cat# S36963, 
Invitrogen, USA). Fluorescent WSI were acquired using 
a microscope slide scanner (Olympus VS200, Evident, 
Japan).

Statistical analysis
Statistical analyses were performed with Prism 10 soft-
ware (GraphPad Software Inc., San Diego, California, 
United States) and p < 0.05 was considered statistically 
significant. Statistical analysis was performed on densito-
metric and ventilation parameters, on BALF cells count 
and histological readouts. Data was assessed for normal-
ity via Shapiro-Wilk and Kolmogorov-Smirnov tests and 

Table 1  Micro-CT-derived densitometric and functional biomarkers
Name Description Unit Formula
Densitometric Biomarkers
NEXP Number of voxels at end expiration \ Count of lung voxels in exp
VolEXP Lung volume at end expiration apex (mm3) NEXP · voxel size
MLAEXP Mean lung attenuation at end expiration HU ∑ NP 02

i=1 (HU)i/NEXP

NINSP Number of lung voxels at end inspiration \ Count of lung voxels in insp
VolINSP Lung volume at end inspiration apex (mm3) NINSP · voxel size
MLAINSP Mean lung attenuation at end inspiration HU ∑ NP 01

i=1 (HU)i/NINSP

%Normo-aerated Normo-aerated lung parenchyma; reflects the extension of no/mild lesions. % percent voxels in range
[-860, -435]

%Hypo-aerated Hypo-aerated lung parenchyma; reflects the extension of moderate lesions. % percent voxels in range
(-435, -121)

%Non-aerated Non-aerated lung parenchyma; reflects the extension of severe lesions. % percent voxels in range
[-121, 121]

Functional Biomarkers
Median ΔSVg Median of ΔSVg ml/g 50th percentile of ΔSVg distribution
25th percentile ΔSVg 25th percentile of ΔSVg ml/g 25th percentile of ΔSVg distribution
%Normal-ventilation Lung parenchyma with normal ventilation % ΔSVg ≥ β

SVgINSP≥ α I

SVg EXP ≥ α E

%Low-ventilation Lung parenchyma with reduced ventilation, not due to fibrosis % ΔSVg < β
SVg INSP≥ α I

SVg EXP≥ α E

%Non-ventilation Lung parenchyma with reduced ventilation due to fibrosis % SVg INSP< α I

SVg EXP< α E

ΔSVg, specific gas volume change between inspiration and expiration. αI and αE represent the 5th percentile values of the inspiratory and expiratory SVg young basal 
mean distributions, respectively; β is the 25th percentile of the ΔSVg young basal mean distribution
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for homoscedasticity by applying the Brown–Forsythe 
test. All data, at all experiment stages, fulfilled normality 
and homoscedasticity. For distinct phases of experiment, 
different statistics were used.

a.	 Comparison between untreated young and aged: 
the unpaired Student’s t-test was used to measure 
the difference between groups (aged vs. young) for 
densitometric and functional parameters obtained 
through micro-CT.

b.	 Bleomycin dose finding study: densitometric and 
functional parameters were longitudinally presented 
and comparison between groups was performed 
by Two-way ANOVA with Dunnett’s multiple 
comparison’s test, which compared each group with 
aged saline group; differences between timepoints 
were analyzed with Two-way ANOVA with Sidak’s 
multiple comparison’s test comparing 14 and 21 
days with 7 days. For BALF cells count and Ashcroft 
score, Fischer’s exact test was used in order to 
compare the aged saline group with the other groups.

c.	 Pharmacological validation study: densitometric and 
functional parameters were presented longitudinally. 
Group comparisons were performed by Two-way 
ANOVA with Dunnett’s multiple comparison’s test 
vs. Vehicle group. Differences between timepoints 
were analyzed with Two-way ANOVA with Sidak’s 
multiple comparison’s test, comparing all timepoints 
vs. Baseline. The same micro-CT parameters were 
also expressed as the difference between day 28 and 
day 14, representing the end and the beginning of 
the treatment, respectively. Statistical analysis was 
performed using Fischer’s exact test to compare 
the Vehicle and NINT groups. Fisher’s exact test 
was used to compare the Vehicle group with other 
groups in term of BALF readouts and Ashcroft score 
evaluation.

Results
Comparison between untreated young and aged mice
Micro-CT derived biomarkers
Figure  2, based on micro-CT scans and a quantitative 
analysis of the resulting imaging data, illustrates the 
structural and functional differences that distinguish the 
lungs of young and aged mice. A timeline graph delineat-
ing the stages of lung development and aging in humans 
and mice is reported in Fig. 2A for the sake of compari-
son [6, 7]. Ages are given in years for humans and equiva-
lent week-times for mice. Representative coronal images 
at end-expiration for both young (8–10 weeks-old) and 
aged mice (18–24 months-old) are shown in Fig.  2B. A 
larger and darker lung area with a more flattened dia-
phragm is clearly visible in the aged mouse. Aged mice 

display a significant decrease in MLAEXP (p < 0.001), as 
well as larger lung volumes during both inspiration and 
expiration (p < 0.001; see Table S1) compared to young 
mice. Ventilation maps (ΔSVg) for young and aged mice 
are shown in Fig. 2C. The aged mouse, in particular, dis-
plays limited well-ventilated regions (blue) and expanded 
areas with reduced ventilation (red), corresponding to 
ΔSVg values below 0.2  ml/g. The aged mice group dis-
plays a significantly larger portion of the lung involved 
in mild gas exchange compared to the young animals 
(%Low Ventilation, p < 0.001), along with a lower median 
and 25th percentile of ΔSVg compared to the young ani-
mals (p < 0.001; see Table S1).

Histological assessment
The differences between young and old sham animals 
revealed by micro-CT, were further investigated by ex-
vivo assessments. Histological analysis of lung tissue 
from aged mice revealed the presence of enlarged alveoli 
with unique structures, identified as lymphoid aggre-
gates, predominantly located near the airways and the 
blood vessels. As expected, telomere length in lung cells 
was observed to be reduced in aged mice compared to 
their young counterparts (Fig. S1).

Bleomycin dose-finding study
In view of the differences between untreated young and 
aged mice, BLM doses were scaled down in order to 
identify the optimal dose for inducing long-term fibrosis, 
yet compatible with animal welfare. As lung exposure in 
BLM 10 + 10 is 31.1 ± 0.8 µg BLM/cm3 Lung Volume, we 
calculated the different percentage of reduction in lung 
exposure for the lower doses. The BLM 6 + 6 dose led to 
a mean lung exposure of 18.7 ± 0.7 µg/cm3, equating to a 
40% reduction in lung exposure. The BLM 3 + 3 dose cor-
responded to a mean lung exposure of 9.0 ± 0.2  µg/cm3, 
which is a 71% reduction. Lastly, the BLM 2.5 + 2.5 dose 
resulted in a mean lung exposure of 7.6 ± 0.3  µg/cm3, 
indicating a 75% reduction.

Visual analogue scale and body weight
All BLM-treated groups featured a higher Visual Ana-
logue Scale (VAS) compared to saline control mice (Fig. 
S2A-B), with the most pronounced increase in the high-
est dose group (BLM 10 + 10). All aged BLM groups con-
sistently displayed a higher VAS score compared to the 
young BLM 10 + 10 group (Fig. S2B). Regarding body 
weight (Fig. S2C-D), all BLM-treated groups, regardless 
of age, displayed a body weight decrease compared to 
baseline values, ranging from about − 4% to -15% on day 
21. The most substantial body weight loss was observed 
in the BLM 10 + 10 and BLM 6 + 6 groups; one aged 
mouse in the 10 + 10 group succumbed on day 20 and 
is represented by an empty dot in the graphs. Similar 
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to the young BLM 10 + 10 group, the aged BLM 3 + 3 
group showed a partial body weight recovery after day 7. 
A moderate weight loss was observed in the aged BLM 
2.5 + 2.5 groups, with no sign of recovery till day 21.

Micro-CT-derived biomarkers
Biomarker data extracted from micro-CT scans were also 
used to evaluate the progression of lung fibrosis in differ-
ent BLM groups. Longitudinal densitometric (MLAEXP 
and %Non-aerated) and functional (median ΔSVg and 

%Non-ventilation) biomarkers measured on days 7, 14, 
and 21 are shown in Fig. 3 (panels A-D).

The lung density biomarker MLAEXP (Fig.  3A) 
increased significantly in the aged mice BLM 10 + 10 and 
BLM 6 + 6 groups from day 7 to 14 (p = 0.010, p = 0.006, 
respectively) and continued to raise till day 21 (p < 0.001), 
with values higher than those of the saline group at day 
14 (p < 0.05) and 21 (p < 0.001). There was also a signifi-
cant increase in non-aerated volume (%Non-aerated, 
Fig.  3B) by day 21 (p < 0.05 vs. day 7), with significantly 

Fig. 2  Comparison between sham young and aged mice. (A) Timeline that compares the years of human life to the weeks of mouse life at each stage 
of development. (B) Representative coronal micro-CT images at end-expiration for young (left) and aged (right) mice. Centrally, a scatter plot illustrating 
mean lung attenuation at end-expiration (MLAEXP) of young (yellow) and aged (back) sham mice. (C) Representative coronal ventilation images (indicat-
ing changes in specific gas volume, ΔSVg) for the two mice reported in (B). Colormap range goes from red (ΔSVg = 0 ml/g) to blue (ΔSVg = 1 ml/g). In the 
center, the percent extent of low-ventilated lung volume (%Low Ventilation) is presented as a scatter plot for the two groups. For both MLAEXP and %Low 
vent, the mean ± SEM is reported on the graphs and dotted lines represent 5th and 95th percentiles for each group. Statistical significance between groups 
was assessed by unpaired Student’s t-test (*p < 0.05; **p < 0.01; ***p < 0.001)
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higher values compared to the saline control group at the 
last time-point (p = 0.022 and p < 0.001 vs. saline, respec-
tively), indicating an extremely severe fibrosis. MLAP02 
gradually increased in the BLM 3 + 3 group from day 7 
to 14 (p = 0.038 vs. day 7) and to day 21 (p = 0.018 vs. day 
7), reaching values similar to those of the two higher-
dose groups at the latter time-point (p = 0.017 vs. saline). 
In contrast, the BLM 2.5 + 2.5 group maintained rela-
tively stable MLAEXP and %Non-aerated throughout the 
study with no significant changes over time. Additional 
density parameters measured on day 21 (see Table S2) 
confirmed the severe fibrosis observed in the groups 
treated with the highest BLM doses, with an intermedi-
ate condition in the BLM 3 + 3 group, which displayed a 

significant decrease of %Normo-aerated (p < 0.001) and 
a parallel increase of %Hypo-aerated (p < 0.01). A milder 
fibrotic condition was observed in the BLM 2.5 + 2.5 
group, which, as previously indicated by VAS measure-
ments, was the only one that ensured animal welfare and 
full survival until the end of the experiment (Fig. S2A). 
Functional biomarker data, specifically median ΔSVg 
and the extent of non-ventilated regions, are shown in 
Fig.  3C-D. Median ΔSVg was significantly lower in the 
BLM 10 + 10 and BLM 6 + 6 compared to saline controls 
at all time-points (day 7: p < 0.001 for both groups; day 
14: p = 0.019 and p < 0.001, respectively; day 21: p = 0.001 
and p = 0.019, respectively) (Fig.  3C). The two groups 
also displayed a significant increase in the extent of 

Fig. 3  Bleomycin dose finding experiment: longitudinal densitometric and functional micro-CT derived biomarkers. (A-D) Densitometric (MLAEXP and 
%Non-aerated) and functional (median ΔSVg and %Non Ventilation) parameters derived from micro-CT presented longitudinally on day 7, 14 and 21 for 
aged saline (black), BLM 10 + 10 (blue), BLM 6 + 6 (light blue), BLM 3 + 3 (pink) and BLM 2.5 + 2.5 (red). Data are shown as mean ± SEM. Statistical signifi-
cance with respect to saline was calculated by two-way ANOVA followed by Dunnett’s t post-hoc test (*p < 0.05; **p < 0.01; ***p < 0.001 vs. saline group); 
statistical significance with respect to day 7 was calculated by two-way ANOVA followed by Šidák post-hoc test (#p < 0.05; ##p < 0.01; ### p < 0.001 0d vs. 
7d). MLAEXP, end-expiratory mean lung attenuation; %Non-aerated, percent extent of non-aerated lung volume; Median ΔSVg, median value of specific 
gas volume change between the inspiration and expiration; %Non-Ventilation, percent extent of non-ventilated lung volume
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non-ventilated areas from day 7 to day 21 (p = 0.009 and 
p = 0.013, respectively), well above the corresponding val-
ues measured in the saline control group on day 14 in the 
BLM 6 + 6 group (p = 0.021) and in both treated groups on 
day 21 (p < 0.001, and p = 0.019, respectively) (Fig. 3D). A 
reduced median ΔSVg and a progressive, albeit statisti-
cally non-significant increase in %Non-ventilation were 
observed in the BLM 3 + 3 group. Despite a fairly mod-
est fibrosis severity, the BLM 2.5 + 2.5 group displayed a 
significant reduction in median ΔSVg compared to saline 
controls (p = 0.005 at day 7, p = 0.044 at day 14, p = 0.002 at 
day 21 vs. saline) with minimal alterations in the extent of 
non-ventilated regions. The additional functional param-
eters measured on day 21 (see Table S2), confirm a severe 
ventilation impairment in the highest BLM dose groups, 
and a milder condition in the BLM 3 + 3 and 2.5 + 2.5 
groups despite a significant increase of %Low ventilation.

End-of-study evaluations
Representative axial micro-CT images and correspond-
ing ΔSVg maps and histological lung sections for all aged 
mice BLM-treated groups at the terminal timepoint (day 
21) are shown in Fig. 4 (panels A’-A”’). A dose-dependent 
increase in lung density, characterized by the emergence 
of patchy high-density areas, particularly pronounced 
in the left lobe, was observed in the BLM groups. Func-
tional ΔSVg maps (Fig. 4A’’) confirmed a dose-dependent 
impairment of lung function with an increased struc-
tural deterioration, as indicated by the increase in red 
zones (i.e., areas of reduced ventilation; ΔSVg ≈ 0  ml/g), 
again particularly evident in the left lobe. These observa-
tions were confirmed by the mean distributions of end-
expiratory lung density and ΔSVg reported in Fig. 4B-C. 
In the density histogram (Fig.  4B), a right shift, i.e., 
towards higher densities that represents a sign of lung 
damage, is apparent in the BLM-treated groups com-
pared to the saline controls. A secondary peak around 
0 HU is observed for the BLM 10 + 10, BLM 6 + 6, and 
BLM 3 + 3 groups. This peak indicates the presence of 
lung regions in the lung that are not aerated – a fibro-
sis sign that increases with the BLM dose. In contrast, 
only a thickening of the right-side lung tail compared to 
the saline control distribution was observed in the BLM 
2.5 + 2.5 mice, indicating a modest increase in lung den-
sity. Regarding the functional distribution (Fig.  4C), the 
two higher-dose groups were markedly left-shifted (i.e. 
towards ΔSVg = 0  ml/g), indicating a significant loss of 
lung function compared to saline controls. On the other 
hand, the BLM 3 + 3 and 2.5 + 2.5 distributions were mod-
erately left-shifted compared to saline, indicating a minor 
loss in lung function.

Consistent with micro-CT findings, lungs from BLM-
treated aged animals displayed varying degrees of conflu-
ence, which was practically absent in the saline controls 

and dose-dependently increased in the BLM groups. The 
Ashcroft Score significantly increased even in the BLM 
2.5 + 2.5 group compared to saline (p = 0.048) and fur-
ther increased in a dose-dependent manner in the other 
BLM-treated groups (Fig.  4D). Picrosirius Red staining 
revealed a dosage-dependent increase in collagen depo-
sition as well as an augmented inflammatory infiltrate, 
which was particularly evident at the highest BLM dose 
(Fig. S5A-E).

BALF white blood cell counts were found to be ele-
vated in all BLM-treated groups compared to saline con-
trols, with a significant difference in the case of the BLM 
6 + 6 group (p = 0.008 vs. saline). White blood cell levels 
followed a bell-shaped dose-effect curve in response to 
the different BLM treatments: peaking at the 6 + 6 dose 
and slightly decreasing upon treatment with the 10 + 10 
dose (Fig. 4E). A similar trend was observed for the BALF 
lymphocytes (Fig.  4F), with both the BLM 6 + 6 and the 
BLM 10 + 10 groups displaying significantly higher counts 
compared to the saline controls (p = 0.008 and p = 0.048, 
respectively). Macrophages also increased dose-depend-
ently in aged BLM groups, but the differences did not 
reach statistical significance (Fig.  4G). An increased 
percentage of Keratin 8-positive cells was detected by 
immunofluorescence in all BLM-treated mice, with a less 
pronounced signal in the BLM 10 + 10 even if still higher 
than in saline control animals (Fig. S6 A-E).

The above results confirmed that the BLM 2.5 + 2.5 
treatment, which preserved animal welfare throughout 
the study, induced a persistent, albeit mild, fibrotic con-
dition, allowing for a longer investigation time extending 
up to day 28. This dose was thus selected as suitable for 
antifibrotic drug treatment and pharmacological valida-
tion in aged mice.

To support the selection of BLM 2.5 + 2.5 as the optimal 
dose for aged mice, we compared aged mice treated with 
BLM 2.5 + 2.5 to both young and aged mice treated with 
BLM 10 + 10 (Fig. S3). This comparison aimed to high-
light the influence of age on fibrosis severity and progres-
sion in mice treated with the same BLM dose (10 + 10), 
while evaluating if BLM 2.5 + 2.5 could induce fibrosis in 
the aged with fewer side effects compared to the 10 + 10, 
establishing its effect in aged mice. From day 7 to day 21, 
mice treated with the standard BLM dose (10 + 10) dis-
played a significant time-dependent increase in lung den-
sity (MLAEXP, p = 0.001 for young and p = 0.008 for aged, 
at day 21 vs. day 7) and %Non-aerated regions (p < 0.01 
at day 14 and 21 vs. day 7 for both groups), with a steeper 
increase in the aged group. By day 21, the aged group 
had significantly higher values compared to the young 
group (p = 0.037 for MLAEXP and p = 0.001 for %Non-aer-
ated). In contrast, aged mice treated with the low BLM 
dose (2.5 + 2.5) maintained nearly constant lung density 
(MLAEXP and %Non-aerated, Fig. S3A-B). Functionally, 
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Fig. 4  Bleomycin dose finding experiment: end-of-study evaluations. For all BLM-treated groups representative axial micro-CT slices at end-expiration 
(A’), ventilation maps (inspiratory-expiratory specific gas volume change, ΔSVg) displayed from 0 to 1 ml/g (A’’), and lung sections (10x magnification, 
scale bar: 250 μm) stained with Masson’s Trichrome (A’’’) are reported at day 21. From left to right BLM dose increased. (B) Mean probability distribution 
histograms of end-expiratory lung density (Hounsfield Units, HU) and (C) ΔSVg on day 21 for the overall group of saline (black, dashed line), BLM 10 + 10 
(blue, solid line), BLM 6 + 6 (light blue, solid), BLM 3 + 3 (pink, solid) and BLM 2.5 + 2.5 (red, solid). (D) Ashcroft score, (E) Bronchoalveolar Lavage Fluid levels 
of total White Blood Cells, (F) Lymphocytes and (G) Macrophages are reported individually and as mean ± SEM for each group. Statistical analysis was 
performed by Fischer’s exact test (*p < 0.05, **p < 0.01, ***p < 0.001 vs. saline); the dotted line represents the threshold level utilized for the classification. 
Additionally, Fischer’s exact test was used to compare young and aged saline groups observing significant difference in Ashcroft score (Ashcroft Score 
about 1 and 2, respectively, p = 0.048)
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young mice treated with the standard BLM dose (10 + 10) 
and aged mice treated with the low BLM dose (2.5 + 2.5) 
exhibited similar changes in median ΔSVg, both show-
ing lower values compared to saline controls (Fig. S3C), 
but the aged BLM 10 + 10 group experienced a progres-
sive decline, resulting in a lower median ΔSVg at day 21, 
compared to the young BLM 10 + 10 group (p = 0.018). 
%Non Ventilation (Fig. S3D) showed a slow increase in 
the young BLM 10 + 10 group and a marked increase in 
the aged BLM 10 + 10 group, with significantly higher 
values by day 21 (p < 0.001), while it remained stable in 
the aged BLM 2.5 + 2.5 group. Representative axial micro-
CT images (Fig. S3E) showed uniform aeration in young 
saline controls, patchy mild dense areas in aged BLM 
2.5 + 2.5 mice, and more pronounced dense areas in aged 
and young BLM 10 + 10 mice, particularly in the left lobe, 
though the severity was less pronounced in the young. 
The Ashcroft Score in the young BLM 10 + 10 mice 
was higher compared to the aged BLM 2.5 + 2.5 group 
(p = 0.048) and was comparable between the young and 
the aged BLM 10 + 10 groups (Fig. S3F). No significant 
differences were detected in BALF cells counts between 
the three BLM groups, with a trend towards higher 
WBCs, lymphocytes and macrophages counts in aged 
BLM 10 + 10 mice (Fig. S3G-I).

Pharmacological validation study
In a proof-of-concept pharmacological study, we used 
the clinically approved Nintedanib (NINT) as a test drug 
administered daily for a period of 28 days.

VAS and body weight
VAS score and Body Weight showed similar trends 
for untreated BLM 2.5 + 2.5 and NINT-treated groups 
(Fig. S4A-B), with a reduction in Body Weight and an 
increased VAS score from day 7 to day 28, with an aver-
age score of 1.5 for both groups.

Micro-CT derived biomarkers
Representative coronal micro-CT slices with densitomet-
ric and functional maps are reported in Fig. 5A-B at the 
pharmacological treatment baseline (day 14) for saline 
and BLM 2.5 + 2.5, and at the end of the study (day 28) 
for vehicle- and NINT-treated aged mice. On day 14, the 
saline showed uniform normo-aerated (Fig.  5A, green 
regions), and well-ventilated lungs (Fig.  5B, green-blue 
regions). In contrast, the BLM-treated mouse exhib-
ited extensive hypo-aerated and non-aerated regions 
(Fig. 5A’, yellow) matching large non-exchanging regions 
(Fig.  5B’, ΔSVg = 0  ml/g; red). Regionally, the left lung 
was mostly non-aerated in the apical region (red) with 
extensive hypo-aerated regions (yellow), and character-
ized by no exchange (ΔSVg = 0 ml/g; red), while the lower 
right lung was largely normo-aerated (green), matching 

extensive low-exchange areas (green) and small fully 
functional regions (blue). By day 28 (Fig. 5A’’), a marked 
escalation of hypo-aerated areas became apparent in the 
vehicle-treated mouse (BLM). In contrast, a decrease in 
hypo-aerated and non-aerated areas, accompanied by a 
significant increase in normo-aerated areas was observed 
in the NINT-treated animals. From a functional point of 
view (Fig. 5B’’), the untreated mouse showed a very simi-
lar condition with respect to day 14, whereas a clear trend 
toward a functional recovery of poor ΔSVg exchange 
regions, with the right lung showing an extended fully 
functional area, was observed in the NINT-treated 
mouse.

To study the fibrosis development and the pharmaceu-
tical effect of Nintedanib, we tracked changes from base-
line to day 28 for control, vehicle, and treated groups, 
in term of MLAEXP, %Non-aerated, Median ΔSVg and 
%Non ventilated (Fig.  5C-F). The saline control group 
presented minimal variation in densitometric and func-
tional parameters. Conversely, the vehicle group showed 
increased lung density (MLAEXP) at day 7 (p = 0.030 vs. 
baseline and p = 0.031 vehicle vs. saline) and remained 
stable until day 28; with a mean of 5.8% non-aerated 
regions at day 28. Functionally, the vehicle group had a 
significant reduction in Median ΔSVg with respect to 
the saline group (p = 0.012 at day 7, p = 0.042 at day 14, 
p = 0.006 at day 21), and increased %Non ventilation at 
day 7 (p = 0.036 vs. saline) without recovery until day 28. 
No significative differences were observed between vehi-
cle and NINT groups, probably due to high variability in 
fibrosis extent at day 14 (start of treatment). However, 
Nintedanib-treated animals showed reduced lung density 
and improved ventilation from day 14 to day 28.

To evaluate the pharmacological efficacy of Nintedanib, 
we compared each biomarker from the end to the begin-
ning of treatment (28d – 14d, Fig.  5G-L). Compared to 
stable fibrosis in the BLM 2.5 + 2.5 + vehicle group, the 
NINT group showed significant improvement in lung 
density (reduced MLAEXP; p = 0.048) and %Non-aerated 
(reduced %Non-aerated; p = 0.048). For functional param-
eters, the NINT group showed non-significant enhance-
ment in Median ΔSVg and reduced %Non-ventilation 
(p = 0.048). Changes in micro-CT-derived densitomet-
ric and functional parameters confirmed NINT positive 
effect on lung density (%Normo-aerated) and partial, not-
significant improvement in functional parameters such as 
%Normal ventilation and the 25th percentile of ΔSVg (Sup 
Table 3). Representative axial micro-CT slices, corre-
sponding ΔSVg maps and histological slices stained with 
Masson’s Trichrome for the BLM 2.5 + 2.5 vehicle and 
NINT groups at the end of the study (day 28) confirmed 
the efficacy of Nintedanib in reducing the fraction of 
high-density areas and non-ventilated regions, which was 
particularly evident in the right lower lobe (Fig. 6A’-A’’’). 
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Fig. 5  Pharmacological validation study: longitudinal densitometric and functional micro-CT derived biomarkers. (A) Representative coronal micro-CT 
slices with overlaid aeration compartments at the commencement (day 14) of treatment for saline (A) and vehicle (BLM, A’) and at its conclusion (day 28) 
for vehicle (BLM, A’’ middle) and Nintedanib-treated (BLM + NINT, A’’ bottom) mice. The aeration compartments are color-coded: green for Normo-aerated 
(Normo), yellow for Hypo-aerated (Hypo), and red for Non-aerated (Non). (B) Maps of inspiratory-expiratory specific gas volume change (ΔSVg = SVgINSP-
SVgEXP) for the same mice depicted in A-A’’. The range of display is from 0 to 1 ml/g. (C) Mean lung density at end-expiration (MLAEXP), (D) percent extent 
of non-aerated compartment (%Non-aerated), (E) Median ΔSVg and (F) percent extent of non-ventilated lung parenchyma (%Non-ventilation) were pre-
sented longitudinally with mean ± SEM at baseline, 7, 14, 21, and 28 days for saline, Vehicle and NINT groups. Statistical significance with respect to Vehicle 
was calculated by two-way ANOVA followed by Dunnett’s t post-hoc test (*p < 0.05; **p < 0.01; ***p < 0.001 vs. Vehicle group); statistical significance with 
respect to baseline was calculated by two-way ANOVA followed by Šidák post-hoc test (#p < 0.05; ##p < 0.01; ### p < 0.001 0d vs. baseline). (G-L) Same 
parameters of C-F were, also, presented as difference between end and start of the treatment (28d – 14d) for Vehicle and NINT groups and reported as 
individual data and mean ± SEM for each group. Statistical significance is determined by Fisher’s exact test in order to compare Vehicle with NINT group 
(*p < 0.05); the dotted line represents the threshold level utilized for the classification
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These observations were further corroborated by the dis-
tribution of lung density and ΔSVg values (Fig.  6B-C). 
Specifically, a left-shifted density distribution, indica-
tive of a marked reduction of the highest densities, was 
observed in the NINT treatment group (Fig.  6B). Addi-
tionally, the NINT ΔSVg curve appears to be slightly 
right-shifted with respect to the vehicle curve (Fig. 5C), 
indicating the presence of overall higher ΔSVg values and 
a better ventilation in NINT-treated animals.

Consistent with micro-CT findings, the Ashcroft score 
and WBC counts were significantly increased (p < 0.05) 
in the BLM-treated aged mice group compared to saline 
controls (Fig. 6D-E); lymphocytes and macrophages also 
increased although not significantly (Fig. 6F-G). None of 
the above parameters significantly varied in the NINT-
treated compared to the vehicle group (Fig. 6D-G).

Picrosirius Red staining revealed higher collagen depo-
sition in the BLM + vehicle group with respect to saline, 
contrariwise Nintedanib treatment mitigated the increase 
(Fig. S5F-H). Additionally, BLM 2.5 + 2.5 increased Kera-
tin 8 expression compared to saline, while Nintedanib 
reduced the signal (Fig. S6F-H).

An explicative summary of the main findings of the 
three parts of our study, provided by the different meth-
ods and techniques (namely, structural and functional 
micro-CT imaging and ex-vivo analysis) is presented in 
in Table  2, which highlights results that align with, and 
corroborate previous studies on this subject, as well as 
novel insights gained from the present aged mouse model 
of lung fibrosis.

Discussion
In this study, we used longitudinal micro-CT imaging to 
quantitatively evaluate the suitability of 18–24-month-
old C57Bl/6j male mice, equivalent to 59–69 years-old 
human [7], as an animal model of IPF incorporating 
age-related features into a long-lasting, BLM-induced 
lung fibrosis. Considering that IPF predominantly affects 
65 years-old and elder individuals [2], the inclusion of 
aging-related factors in preclinical models might offer 
significant translational advantages in assessing the effec-
tiveness of new antifibrotic therapies [7]. Micro-CT and 
histological analysis revealed distinct features of the aged 
compared to the young lungs, including an increased lung 
volume, diminished tissue density and lung function, as 
well a marked inflammatory state. Because of these dis-
tinctive features, a dose-finding study was performed to 
determine the most appropriate BLM dosage for induc-
ing lung fibrosis in the aged mice. A 75% reduction of the 
standard BLM dosage commonly administered to young 
mice represented the optimal balance between fibrosis’ 
severity and animal welfare, a focal point of our work. A 
marked attenuation of fibrotic lesions and an improved 
lung function were brought about in this newly set-up 

model by Nintedanib, an FDA-approved compound that 
was used as a reference drug for a pharmacological vali-
dation study.

The morphological features distinguishing the aged 
and the young lung revealed by quantitative micro-CT, 
namely a lower density and larger volume, are consis-
tent with the airspace enlargement and expanded alveo-
lar ductal radius previously reported as peculiar traits of 
age-related structural remodeling of the lungs [17–19]. 
These structural alterations are accompanied by impor-
tant variations in lung function, as evidenced by the 
decline in gas exchange during tidal breathing revealed 
by ventilation maps (reduced ΔSVg and increased %Low 
ventilation). This kind of functional deterioration has not 
been observed previously and aligns with the changes in 
lung mechanics taking place during the aging process, 
which involve a decrease in elastic recoil pressure and 
airway resistance as well as an increase in tissue stiff-
ness [20, 21]. Hematoxylin-Eosin staining revealed the 
presence of perivascular and peribronchial lymphoid 
aggregates in the lungs of aged mice, a histopathological 
feature not observed in young animals that is indicative 
of chronic low-grade inflammation. This observation, 
along with telomere shortening, may reflect and contrib-
ute to genetic instability and susceptibility to various age-
related pathologies [14, 22, 23] including lung fibrosis.

To our knowledge, the present study, as the first to 
report a BLM dose-finding investigation in an aged 
mice model of BLM-induced lung fibrosis, with longi-
tudinal monitoring of disease progression by micro-CT, 
addresses a critical gap in the field. The increased vulner-
ability to BLM observed in aged mice made dose-finding 
study an essential prerequisite of our work. Accordingly, 
we reduced the exposure of lung parenchyma to BLM 
from 0 to 75% of the amount typically administered to 
young mice (BLM 10 + 10 and BLM 2.5 + 2.5, respec-
tively), to set conditions for the establishment of 
long-term fibrosis with no lethality, i.e., a calibrated 
experimental model that would be amenable to antifi-
brotic drug treatments complying with animal welfare 
guidelines.

We began with the double BLM 10 + 10 dose, typi-
cally administered to young mice, which induced severe 
body weight loss and VAS changes in aged mice, much 
more pronounced than in their younger counterpart. 
Compared to young mice, the 10 + 10 BLM dose caused 
a significantly greater severity of fibrosis in aged mice, 
as evidenced by micro-CT imaging and ex-vivo analy-
ses. Animal’s death before day 21 was an adverse event in 
this group. A similar situation was observed in the BLM 
6 + 6 group, which also displayed severe fibrosis, with a 
significant weight loss, increased VAS score, high colla-
gen deposition and epithelial injury, potentially leading to 
animals’ decease before day 28. These findings confirmed 
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Fig. 6  Pharmacological validation study: end-of-study evaluations. (A’) Representative axial micro-CT slices at end-expiration, (A’’) ventilation maps 
(inspiratory-expiratory specific gas volume change, ΔSVg = SVgINSP-SVgEXP) displayed from 0 to 1 ml/g (A’’’) and lung sections (10x magnification, scale 
bar: 250 μm) stained with Masson’s Trichrome in Vehicle (BLM 2.5 + 2.5) and Nintedanib-treated (NINT) groups, at the end of the study. (C) Mean ± SD 
probability distribution histograms of end-expiratory lung density and (D) ΔSVg on day 28 for saline, BLM 2.5 + 2.5 and NINT groups. (E) Ashcroft score, 
(F) Bronchoalveolar Lavage Fluid levels of total White Blood Cells, (G) Lymphocytes and (H) Macrophages are reported individually and as mean ± SEM for 
each group. In each graph, individual data and mean ± SEM for each group are reported. Statistical analysis is determined using Fisher exact test (*p < 0.05 
vs. Vehicle); the dotted line represents the threshold level utilized for the classification
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the unsuitability of these BLM dosages for long-term 
modeling and treatment efficacy studies. A progressive 
fibrosis reaching a mild condition by day 21, yet associ-
ated with highly variable VAS scores, was observed with 
the further reduced BLM 3 + 3 dose. An exploratory fol-
low-up study extended to day 28 (not shown), conducted 
on a small group of animals, confirmed a progressive 
pathology culminating with extensive fibrotic lesions and 
premature mortality before the intended endpoint, thus 
making the BLM 3 + 3 dose also unsuitable. The low-
est dose we tested (BLM 2.5 + 2.5) resulted in a slight 
increase in lung density and a corresponding decrease 
in lung functionality, as indicated by micro-CT scans, 
while having minimal impact on animal welfare; thus, 
it was deemed optimal. Masson’s Trichrome and Picro-
sirius Red staining confirmed mild collagen deposition 
and cellular infiltration in the alveolar septa. Additionally, 
immunofluorescence showed morphological changes, 
including an increased percentage of Keratin 8-positive 
cells. This heightened Keratin 8 signal suggests an imme-
diate lung response to injury at this dose, indicating that 
the epithelial cells are in a “transitional state.”

Our findings align with those of previous investigations 
on the response of young and aged mice to BLM-instil-
lation. Redente et al. [10] reported an increased sever-
ity of fibrosis, with higher counts of BALF inflammatory 
cells and higher levels of pro-inflammatory cytokines, in 
aged compared to young mice. Similarly, Sueblinvong et 
al. [11] reported an exacerbated profibrotic phenotype in 
aged mice, characterized by upregulation of TGF-β and 
other profibrotic mediators. On the other hand, Hecker 
et al. [12] and Kato et al. [16] did not observe any signifi-
cant advantage associated to the use of an aged mouse 
model of lung fibrosis, and comparable levels of collagen 

accumulation were detected in both young and aged mice 
following BLM instillation. Klee et al. [14], with the use 
of a comparative transcriptomic and proteomic profil-
ing approach, also observed similar molecular changes 
after BLM administration to aged or young animals. 
Importantly, however, all the above studies registered 
rather high mortality rates (from 25 to 45%), raising not 
only ethical concerns, but also introducing a potential 
experimental bias due to the premature death of the most 
severely affected animals, which were obviously excluded 
from the analysis. Our study aimed to avoid mortal-
ity throughout the entire experiment, while maximizing 
the amount of longitudinal information retrieved from 
each tested animal, thus complying with current welfare 
guidelines and the 3Rs (Replacement, Reduction, and 
Refinement) principles of animal research [34]. Further-
more, unlike the single BLM dose treatment utilized in 
previous studies, we set out to use a double BLM admin-
istration to extend the investigation window up to day 28, 
i.e., as far as possible from the initial inflammatory peak. 
Considering that the changes in metabolomic and tran-
scriptomic profiles induced by BLM in aged mice were 
found to more closely resemble dysregulated pathways 
associated to human lung fibrosis [13, 14], we believe 
that our approach, which also takes into account fibro-
sis progression and animal wellbeing, could improve the 
translatability of preclinical studies of lung fibrosis. The 
inclusion in future studies of transcriptomic profiling as 
an additional biomolecular readout will allow to gain a 
deeper insight into this model.

In the last part of our study, we investigated the antifi-
brotic effect of Nintedanib in the BLM (2.5 + 2.5)-induced 
lung fibrosis model. We adjusted the therapeutic window 
to 14–28 days post-BLM administration to circumvent 

Table 2  Main results resume
Confirmed results Novel insights

a. Aging lung Micro-CT
Structure Increased lung volume

Decreased lung density
-

Function - Lower ventilation
Ex-vivo analysis Alveolar enlargement

Shorter telomers
Lymphoid aggregates

b. BLM-dose finding Animal welfare - Only 2.5 + 2.5 µg/mouse dose ensures animal welfare
Micro-CT
Structure - Dose-dependent density increase
Function - Dose-dependent ventilation decline
Ex-vivo analysis - Dose-dependent AS score increase

High BALF inflammatory cells for the two highest doses
c. Pharmacological study Animal welfare 2.5 + 2.5 µg/mouse dose is suitable for daily treatment

Micro-CT
Structure Nint reduces the densest areas -
Function - Nint slightly improves lung function in aged
Ex-vivo analysis Nint reduces fibrosis

BLM, bleomycin; Nint, Nintedanib; AS Ashcroft Score
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the initial inflammatory phase [35]. Longitudinal micro-
CT analysis showed that NINT treatment, consistent 
with previous studies [16, 26, 27], significantly reduced 
fibrotic tissue and non-ventilated regions. Despite these 
findings, mean lung density and median gas exchange 
values remained constant throughout the study, likely 
due to compensatory effects that can mask whole-lung 
volume data [26, 27]. This highlights the need for caution 
when interpreting studies that rely solely on forced vital 
capacity (FVC) as an outcome measure. Moreover, longi-
tudinal micro-CT analysis revealed Nintedanib’s impact 
on fibrosis progression: while static analysis at day 28 
showed no significant differences compared to the vehi-
cle group, longitudinal analysis indicated a significant 
treatment effect when comparing day 28 values to base-
line values from day 14. Thus, the combined sensitivity 
of micro-CT and its capability for longitudinal analyses 
makes this imaging technique highly effective in evaluat-
ing pharmacological treatment efficacy, revealing changes 
that may be undetectable through terminal analyses or 
lung function measurements alone. While our micro-CT 
findings indicate that Nintedanib can effectively reduce 
even the densest and least functional regions of the lungs 
in our aged mouse model of low-intensity fibrosis, we did 
not observe significant changes in the Ashcroft Score, 
and this was further confirmed by Picrosirius Red stain-
ing. This is likely due to the limited number of samples 
analyzed, which is further complicated by the heteroge-
neous nature of lung fibrosis, as reflected by the patchy 
distribution of the densest areas observed on micro-CT. 
It is worth noting that, while histological analysis is rep-
resentative of a sampling of the lung parenchyma, micro-
CT provides a comprehensive view of the whole lung, 
enabling a more thorough assessment of the condition. 
Moreover, the effect of Nintedanib was further validated 
by Keratin 8 staining, which is primarily expressed in 
bronchial and alveolar epithelial cells, playing a crucial 
role in maintaining structural integrity and cellular func-
tion. Keratin 8 is also involved in regulating macrophage 
activity and has been linked to fibrogenesis [36]. Notably, 
samples from Nintedanib-treated animals did not show 
transitional epithelial areas, suggesting that Nintedanib 
may have a reductive effect not only on fibroblasts but 
also on macrophages and epithelial cells, thereby attenu-
ating the overall fibrotic environment [37].

Similar results were observed in studies performed 
on young mice [24, 26, 27], suggesting that aging per se 
is not a key factor determining the ability of Nintedanib 
to slow-down disease progression. It is important to 
note, however, that thanks to our preliminary BLM dose-
finding study, we applied the NINT treatment to mice 
displaying relatively mild fibrotic lesions. This condition, 
which allowed a more sensitive detection of the thera-
peutic effects of Nintedanib, may resemble the clinical 

situation of patients with mild fibrosis, thereby enhanc-
ing the translational potential of our model. In fact, even 
though Nintedanib has been found to be generally tol-
erable and effective in elderly IPF patients [38–40], the 
incidence of adverse events is likely higher in this popula-
tion [38]. Indeed, early termination of Nintedanib treat-
ment is more frequent in elderly patients with low body 
mass index and forced vital capacity [39], who likely 
suffer from a more severe grade fibrosis. Despite the 
above-mentioned challenges, NINT’s efficacy in mitigat-
ing lung fibrosis progression has been found to be con-
sistent across different age groups [16]. This uniformity 
of therapeutic response, along with the present findings, 
highlight the potential of Nintedanib as an IPF treatment 
option for various age groups, but also underlines the 
importance of taking into account age and disease sever-
ity, and thus an accurate patient stratification in clinical 
trials.

From a methodological perspective, the value of longi-
tudinal micro-CT as a non-invasive imaging tool is well-
recognized. In fact, micro-CT has been shown to enable 
the longitudinal characterization of lung morphology and 
function, as well as the investigation of fibrosis develop-
ment and response to antifibrotic treatments in various 
young mice animal models [24–27, 41]. In this study, we 
extended the application of micro-CT analysis to aged 
mice, thus further documenting the high translatability 
and versatility of an imaging tool that can expand our 
understanding of age-related changes associated to BLM-
induced lung fibrosis. A key aspect of our study was the 
integration of morphological and functional biomarkers 
obtained from micro-CT scans, which were found to be 
highly consistent, thus reinforcing the notion that struc-
tural parenchymal alterations directly impact on lung 
function. These findings point to micro-CT as a key tool 
for drug discovery-oriented preclinical studies; a tool that 
significantly reduces the number of experimental animals 
and contributes to bridging the translational gap to clini-
cal studies, thereby enhancing the potential for the devel-
opment of novel effective therapeutic strategies.

Despite the conceptual and methodological insights, 
it provided, this study has some potential limitations. 
First of all, the use of aged (78 weeks-old) mice might be 
challenging because of their high cost and limited mar-
ket availability, with increased maintenance costs due to 
the need to be periodically separated one from the other. 
Furthermore, the high variability and limited sample size 
in the BLM-treated aged groups complicated the task of 
determining an optimal BLM dosage. Despite the poten-
tial of higher doses to induce severe fibrosis, their impact 
on animal welfare made them unfeasible. As a result, we 
administered a dosage that only resulted in mild fibro-
sis, which may have limited the observable therapeu-
tic effects of Nintedanib. Another potential limitation, 
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despite the detailed functional information on fibrosis 
development and response to treatment provided by 
micro-CT, is the lack of a direct assessment of termi-
nal respiratory mechanics. We decided not to perform 
this kind of analysis because of its invasive nature and 
the inherent risk of further exacerbating animal-related 
variability.

Therefore, although the aged mice model of BLM-
induced fibrosis may not be readily applicable to primary 
drug screening, it nevertheless introduces age-dependent 
features into an animal model of lung fibrosis, thereby 
enhancing its translational potential, especially with 
regard to the management of IPF in elderly human popu-
lations. Further studies and, particularly, clinical trials 
with longitudinal endpoints, will be required to confirm 
these expectations and to verify their relevance in the 
realm of clinical practice.
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