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Abstract

Background and Purpose: Idiopathic pulmonary fibrosis is a progressive lung disease
with high clinical need. In this context, nintedanib significantly reduces acute exacer-
bation risk, however its comprehensive effect on fibrosis remains unclear. This study
aims to evaluate nintedanib transcriptomic impact on lung fibrosis to uncover molec-
ular signatures for new therapeutics.

Experimental Approach: Lung fibrosis was induced by two intratracheal bleomycin
administrations. Nintedanib was administered orally daily for 3 weeks. Histological
and transcriptome data were obtained using automated fibrosis quantification,
Ashcroft Score and RNA sequencing, respectively. Correlation network analysis
(WGCNA) modules were identified and examined by cell and pathway enrichment
analysis. Lipid peroxidation was tested using malondialdehyde.

Key Results: Nintedanib reduced fibrotic lesions by ~15%, decreased severe Ash-
croft scores;, WGCNA identified two clusters correlated with histological parameters,
where nintedanib counter-regulates gene expression. One cluster was associated
with mesenchymal cells (fibroblast and smooth muscle; —log p-val > 4.45), energy
production, cellular metabolism and extracellular matrix-related pathways (—log
g-val > 11). The second cluster, enriched predominantly in resident macrophages
(—log p-val > 12.36), was related to lysosomal activity and lipid metabolism (—log
g-val > 21). Nintedanib inhibited bleomycin elevated malondialdehyde levels.
Conclusions and Implications: The study highlighted two distinct protective effects
of nintedanib on lung fibrosis. One well-known on mesenchymal cells and matrix-
related components. Plus, one related to the involvement of the pneumocyte-

macrophage paracrine lipid axis, where oxidized lipids alter macrophage activities,

Abbreviations: BLM, group name, bleomycin-treated animals without nintedanib; IPF, idiopathic pulmonary fibrosis; MDA, malondialdehyde; ME, module eigengene; NINT, group name,
bleomycin-treated animals with nintedanib; SAL, group name, control group; WGCNA, weighted correlation network analysis.
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1 | INTRODUCTION

Idiopathic Pulmonary Fibrosis (IPF) is a deadly interstitial lung disease
with unclear pathogenic clues, characterized by damaged lung paren-
chyma architecture, progressive restrictive-ventilatory limitation, hyp-
oxia, dyspnoea and cough (Spagnolo et al., 2018). Its development is
believed to be influenced by both genetic and environmental factors,
and leads to its distinctive histopathologic and radiologic pattern
defined usual interstitial pneumonia (Raghu et al., 2011). Its preva-
lence varies widely due to different factors, with recent estimates
indicating an incidence of 0.09-1.30 and a prevalence of 0.33-4.51
per 10,000 individuals (Maher et al., 2021). However, significant geo-
graphic gaps in the epidemiology, diagnosis and study methodologies
of IPF, coupled with limited pharmacological options, which only slow
disease progression, underscore the high and urgent medical need
(Maher et al, 2021; Spagnolo et al., 2018). Indeed, the only two
approved drugs for IPF, pirfenidone and nintedanib, cannot
completely cure or halt the disease, and their side effects, which can
be very severe in some cases, may become more threatening than the
disease itself, leading to treatment discontinuation (Chianese
et al., 2024).

Nintedanib is a small molecule that acts at the intracellular level
and inhibits a variety of multiple tyrosine kinase receptors, with the
following being the most significantly impacted:- vascular endothelial
growth factor receptor (VEGFR), platelet-derived growth factor
receptor (PDGFR) and fibroblast growth factor receptor (FGFR)
(Raghu et al., 2015). Nintedanib gained approval for treating IPF
thanks to its efficacy in reducing acute exacerbations, minimizing the
risk of disease progression and slowing the decline of forced vital
capacity in patients with lung fibrosis (Saito et al., 2019; Spagnolo
et al., 2018). Like other tyrosine kinase inhibitors, it plays a regulatory
role in essential processes such as differentiation, growth, metabolism
and apoptosis (Grimminger et al., 2010). Furthermore, it is proposed
that various co-ordinated canonical and not-canonical mechanisms
which regulate the profibrotic response of key effector cells in fibro-
sis, may contribute to the clinical benefits of this drug in IPF
(Rangarajan et al., 2016).

Animal models that resemble pulmonary fibrosis could contribute
to the discovery of novel potential therapeutic approaches for com-
plex lung diseases, even though there is no adequate and relevant pre-
clinical model recapitulating IPF (Jenkins et al., 2017). However, it is
widely accepted and pointed out in guidelines that the bleomycin
(blm) murine model stands out as the best-characterized and exten-

sively studied IPF animal model for preclinical testing of active

leading to the formation of lipid-filled macrophages. This may open new research

bleomycin, fibrosis, idiopathic pulmonary fibrosis (IPF), lipid, macrophages, metabolism,

What is already known

o Nintedanib exhibits effectiveness in enhancing idiopathic
pulmonary fibrosis and diminishing lung fibrosis in animal
models.

o Nintedanib interferes with key processes in lung fibrosis,
including fibroblast-to-myofibroblast transition and extra-

cellular matrix deposition.

What does this study add

e Nintedanib exhibits varying degrees of counter-
regulation on different gene clusters impacted by
bleomycin-induced lung fibrosis.

e On of these identified gene clusters is associated with

macrophages activity and lipid metabolism.

What is the clinical significance

o Further investigation may uncover therapeutic strategies
targeting lipid metabolism in fibrotic lung diseases.

o Nintedanib's impact on lipid metabolism and macrophage
activity suggests a novel, therapeutically exploitable

mechanism.

compounds on IPF (Jenkins et al., 2017; Tashiro et al., 2017). Tran-
scriptome profiling and advanced molecular biology techniques, such
as single-cell omics, offered critical insights into cellular dysfunctions
in complex pathologies, and recent successes in applying these
methods to lung fibrosis models and IPF-related experiments provided
valuable translational perspectives (Adams et al., 2020; Bonatti
et al., 2023; Morse et al., 2019; Peng et al., 2013; Sheu et al., 2019).

In IPF and in fibrotic models, nintedanib is reported to interfere
with a number of biological processes critical for the disease develop-
ment and progression, including the fibroblast-to-myofibroblast tran-
sition and the excessive production and deposition of extracellular
matrix components such as collagen (Spagnolo et al., 2018). Particu-
larly, its effect on fibroblasts is widely documented (Rangarajan
et al., 2016) and Shue et al. reported a well-defined set of significantly
dysregulated genes associated with nintedanib treatment in IPF
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fibroblasts (Sheu et al., 2019). Nevertheless, the understanding of the
full spectrum of nintedanib effects remains incomplete. It is acknowl-
edged that nonreceptor tyrosine kinases, as well as unidentified tar-
gets and cellular processes, may play pivotal roles in mediating
antifibrotic effects in vivo (Rangarajan et al., 2016; Wollin et al., 2014).
In this study, we present the first comprehensive transcriptome and
histomorphometric analysis of a rat double-hit bleomycin model of
lung fibrosis treated with nintedanib. By applying network-based clus-
ter analysis, we aim to identify gene expression patterns that reveal
diverse molecular effects of nintedanib on lung fibrosis. This approach
seeks to uncover mechanisms underlying nintedanib's benefits
beyond its broad-spectrum effects, potentially leading to the identifi-
cation of new targetable therapeutic pathways.

2 | METHODS

2.1 | Experimental design
All the procedures involving animals were reviewed, approved and
authorized by (1), the Italian Public Health System for Animal Health
and Food Safety within the Italian Ministry of Health (authorization
number 246/2021-PR) and by (2), the Chiesi Body for the Protection
of Animals committee. Experiments were also performed in full com-
pliance with the European ethics standards in conformity with direc-
tive 2010/63/EU, ltalian D. Lgs 26/2014, the revised ‘Guide for the
Care and Use of Laboratory Animal’ (Guide for the Care and Use of
Laboratory Animals, 1996) and are outlined in agreement with the
ARRIVE guidelines (Percie du Sert et al., 2020) and the recommenda-
tions provided by the British Journal of Pharmacology (Lilley
et al., 2020). Moreover, the animal study of this paper is conformed to
National Institutes of Health guidelines (Guide for the Care and Use
of Laboratory Animals. NIH publication No. 86-23. Revised 1985.
U.S. Government Printing Office, Washington, D.C. 20402-9325).
Male Sprague-Dawley rats, weighing 200-250 g at arrival (6-
8 weeks of age), were supplied by Charles River ltalia, Lecco (Italy).
Before any use, animals followed an acclimatization period of at least
5 days. No prophylactic or therapeutic treatment was administered to
any animals during the acclimatization period. Animals were housed
two/three per cage and lighting in the holding room was controlled
(light 7.00-19.00, dark 19.00-7.00). The animals (Charles River, Italy)
were intra-tracheally injected with bleomycin (1 U-kg 0.5 ml™?) at
day O and after 4 days under sevoflurane (4% in oxygen) anaesthesia,
using a Penn Century Microsprayer (Penn-Century Inc., Philadelphia,
USA) to induce pulmonary fibrosis. Following the experimental proce-
dure, animals were returned to their cages and monitored for recov-
ery. In case of delayed anaesthesia recovery or signs of distress, they
were placed on a heating pad. The same procedure was performed on
control animals using a saline solution. More information regarding
the model was published before in Bonatti et al. (2023). Seven days
after the first bleomycin dose, the animals were randomly divided into
two groups, one of which received nintedanib 100 mg-kg~* (Group

name: NINT) and the other received its vehicle (methylcellulose 0.5%
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in water; Group name: - BLM). Nintedanib and the vehicle were
administered daily by oral gavage (per os, PO) for 3 weeks. During the
weeks of treatment, the animals treated with saline received the vehi-
cle only (Group name: SAL). A graphical representation of the experi-
mental design and of the different groups is reported in Figure 1a.
Throughout the entire duration of the experiment, including the accli-
matization period and oral treatment phase, animals had ad libitum
access to controlled tap water and a standard certified laboratory rat
diet (VRF1, Special Diets Service, UK, supplied to Charles River Italia).
Moreover, body weight was monitored twice weekly over the course
of the experiment and the trends are shown in Figure 1b. Each of the
three groups contained six animals. All the animals were anaesthetized
with thiopental (200 mg-kg=1-10 mI~%) and sacrificed by exsanguina-
tion 28 days after the first bleomycin induction. Following completion
of the experiment each sample was assigned a code and all subse-
quent analyses were conducted accordingly to ensure blinded

conditions.

2.2 | Histopathology

Left lung lobes were formalin-fixed and paraffin-embedded to obtain
longitudinal 5 pm thick Masson trichrome-stained sections for histo-
pathological examination. The presence of lipid-laden alveolar macro-
phages as pathological findings was evaluated in each group. The
sections were scanned with NanoZoomer S60 (Hamamatsu Photonics
K.K., Shizuoka, Japan) and imported into the Visiopharm Integrator
System (VIS; version 2017.2.4.3387) for automated analysis of lung
fibrosis using a VIS Analysis Protocol Package). The sections were
graded based on the Ashcroft scale (grades 0-8), as described by Ash-
croft et al. (1988) and modified by Hubner et al. (2008).

2.3 | Molecular experimental methods, data
analysis and statistical procedures

2.3.1 | RNA extraction and sequencing

Four animals per group were randomly selected from the main experi-
ment (details in “Experimental design”) before being killed, as
described above, for transcriptomic analysis. Fresh right lungs of each
animal were rinsed and immediately collected in RNAlater™ (Sigma,
USA) for RNA preservation, and then they were homogenized in QIA-
zo0l® lysis reagent (QIAGEN, Netherlands) with gentleMACS™ Disso-
ciator (Miltenyi Biotec, Germany). RNA was extracted from the lung
homogenates using the QlAcube robotic workstation with the miR-
Neasy Mini Kit with an in-column DNase digestion protocol (QIAGEN,
Netherlands). The RNA quality was measured using the Agilent 2100
Bioanalyzer system (Agilent Technologies, Santa Clara, CA, USA). The
QuantSeq FWD (Lexogen) kit was used to prepare libraries, which
were then sequenced on an lllumina NextSeq500 platform, producing
at least 20 million reads/sample (75 bp Single End). The dataset is
available with accession number GSE278200. Reads were aligned to
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FIGURE 1 Overview of the rat model. (a) Graphical description of the rat model and the experimental set-up, indicating the workflow and

timeline of the different interventions. (b) The body weight trend of the animals during the experiment. For each group of treatment, the values
are expressed as a mean = SEM. Bleomycin-treated animals without nintedanib (BLM) and bleomycin-treated animals with nintedanib (NINT)

growth curves were separated after animal randomization on day 7.

the Rattus norvegicus genome (v. 6) using STAR (Dobin et al., 2013)
and counts were calculated using the HTSeq Python package (Anders
et al, 2015) and Ensembl annotation (v. 101). ClustVis (Metsalu &
Vilo, 2015) was used to perform Principal Component Analysis on the
normalized read counts and the heatmaps were generated using the
Morpheus software (developed by the Broad Institute, https://

software.broadinstitute.org/morpheus)

2.3.2 | Transcriptomic analysis and associated
statistical methods

Differentially Expressed Genes (DEGs) were identified with the
Limma-voom tool (Ritchie et al., 2015) using SAL as control group.
Only genes with a minimum of 10 counts in at least three samples
were considered. Modules of co-expressed genes were identified
using the ‘WeiGhted Correlation Network Analysis (WGCNA)* pack-
age in R (Langfelder & Horvath, 2008). WGCNA was conducted on all
12 samples treated as independent observations, as this unsupervised
method analyses gene co-expression patterns across the full dataset
without group-based stratification. Only protein coding genes with at
least 10 counts in all the samples and 50 counts in eight out of
12 samples were used for module construction. Modules were
identified using the blockwise-modules function set at default,

except for the following parameters: soft thresholding power =

9, networkType = ‘signed’, corType = ‘pearson’, TOMType =
‘signed’, minimum module size =30, mergeCutHeight = 0.25,
minKMEtoStay = 0.5. The correlation between gene expression mod-
ule profiles and phenotypic traits (Ashcroft score and % of Fibrosis)
was evaluated using Pearson correlation. Metascape was used to iden-
tify significantly enriched pathways and processes in modules (Zhou
et al., 2019). Enrichment of cell-type specific signatures within mod-
ules was assessed through gene set overrepresentation analysis. Spe-
cifically, an enrichment score was calculated that reflects the degree
to which cell type marker genes are present more than would be
expected (overrepresented) among the genes assigned to a WGCNA
module. The score was calculated by the ratio of the number of marker
genes found in a WGCNA module divided by the total number of
genes assigned to that module, to the total number of genes in the
marker gene set divided by the total number of genes in the rat
genome. The statistical significance of the enrichment score was esti-
mated using Fisher's exact test. We considered significantly enriched
gene sets with an enrichment score 24 and a Fisher's exact P value
<0.001. Cell-type specific markers were obtained from Mouse Cell
Atlas (Fei et al., 2022; Han et al., 2018; Wang et al., 2023), from Morse
et al. (Morse et al., 2019) and from Hong et al (Hong et al., 2021). Only
genes with module membership 20.8 were retained in each module
for this analysis. We used the same analysis to evaluate the enrich-
ment of specific signatures from our previous work (Bonatti

et al., 2023). Specifically, we compared the module-specific signature
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of our previous time course investigation with our current study. Once
again, only genes with module membership 20.8 were retained in each
module for this analysis. Gene Set Enrichment Analysis (GSEA)
(Subramanian et al., 2007) was employed to identify the enrichment
for ‘nintedanib-sensitive’ gene sets within the WGCNA modules.
These gene sets originated from a series of relevant publications that
analysed the gene expression effects of nintedanib in different types
of interstitial lung disease in vitro and in vivo models (Mikami
et al., 2022; Roach et al., 2021; Sheu et al., 2019; Wilson et al., 2022).

2.3.3 | Assessment of lipid peroxidation by
malondialdehyde (MDA)

For biological validation of lipid peroxidation, parallel groups of ani-
mals, derived from an independent experiment conducted in a differ-
ent experimental session were used. These animals, subjected to the
same treatments and procedures of the main experiment described
in “Experimental design” were included for the MDA analysis on
lung homogenates subdivided in SAL (n = 6), bleomycin (n = 9) and
NINT (n = 7). Frozen right lobes were homogenized in 10 ml of ice-
cold 1X PBS per g of tissue, with gentleMACS™ Dissociator. Lung
homogenate was frozen/thawed three times and centrifuged
(5000 g for 10 minutes) to obtain a supernatant cell lysate. The
amount of MDA was determined with the Lipid Peroxidation Colori-
metric Assay Kit (Abcam AB233471, UK) according to the manufac-

turer's protocol.

2.34 | Sample size, graphs and statistical analysis

Data and statistical analyses complied with the recommendations of
the British Journal of Pharmacology on experimental design and anal-
ysis in pharmacology (Curtis et al., 2025). The number of animals
assigned to each group in the main experiment is shown in Figure 1a.
The number of animals of the parallel independent experiment used
to analyse lipid peroxidation by malondialdehyde are reported in
Figure 5. Based on our expertise with the model, a group size of
six/eight animals is sufficient to detect statistically significant
increases in fibrosis parameters through histological assessments
using non-parametric tests. This was previously demonstrated in our
publication describing the model (Bonatti et al., 2023). For RNA-seq
analysis, four animals per group were randomly selected from the
original cohort. Although this sample size was chosen considering
published RNA-seq guidelines, which indicate that even a small num-
ber of replicates can provide sufficient statistical power when effect
sizes are large and sequencing depth is adequate (Conesa et al., 2016)
and is further supported by our prior bleomycin model experiment
(Bonatti et al., 2023). However, it does not comply with the recom-
mendations by the British Journal of Pharmacology (Curtis
et al., 2025). Accordingly, the results of the DEG analysis, which was
based considering four animals per group, should be interpreted as

exploratory and reflective of overall gene expression trends. WGCNA,
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along with downstream analyses based on its results, was performed
on all 12 samples treated as independent observations. This unsuper-
vised method analyzes gene co-expression patterns across the full
dataset without group stratification. Venn-diagrams were performed
using Venny 2.0 (Oliveros, 2007). Histograms and statistical analysis
were performed with Graphpad Prism v. 10.1.0 (GraphPad Software,
San Diego, California, USA). The statistical analysis of histological
examination and MDA measurement was conducted using the
Kruskal-Wallis test, followed by Dunn's multiple comparisons test. All
the statistical analysis related to the transcriptomic data are outlined
in the dedicated method section ‘Transcriptomic data analysis and
associated statistical methods’.

24 | Materials
Bleomycin sulfate was obtained from Baxter Oncology GmbH (Halle,
Germany), nintedanib free base was obtained from Carbosynth
(Compton, UK), while pentothal sodium from MSD Animal Health Srl
(Segrate, Italy). Methylcellulose was obtained from Sigma-Aldrich,
USA (400 cP) and PBS from Gibco (Thermo Fisher Scientific, Waltham,
MA, USA). All solutions were prepared following the manufacturer
instructions.

Details of other materials and suppliers are provided in specific

sections.

2.5 | Nomenclature of targets and ligands

Key protein targets and ligands in this article are hyperlinked to corre-
sponding entries in the IUPHAR/BPS Guide to PHARMACOLOGY
http://www.guidetopharmacology.org and are permanently archived
in the Concise Guide to PHARMACOLOGY 2025 (Alexander, Fabbro,
et al., 2025; Alexander, Gibb et al., 2025).

3 | RESULTS

3.1 | Therapeutic effect of nintedanib on
bleomycin-induced lung fibrosis

Bleomycin administration caused initial weight loss, reaching a mini-
mum around day 7. Thereafter, bleomycin-treated animals gradually
regained weight. Nintedanib-treated rats recovered weight more rap-
idly during the first week, but from day 21 onward their weight gain
slowed and their average weight fell below that of the bleomycin-only
group. Qualitative evaluation at day 28 showed that bleomycin treat-
ment resulted in lung fibrosis, marked by dense collagen agglomerates
that replaced normal lung parenchyma. Nintedanib-treated lungs
exhibited a reduction in terms of density of fibrotic area and collagen
deposition (Figure 2a). Automated quantification registered approxi-
mately 25% fibrotic tissue coverage in the BLM group, while in

nintedanib-treated animals showed only around 15% (Figure 2b). The
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FIGURE 2 Comprehensive overview of the key findings. (a) Representative Masson's trichrome-stained lung tissue sections at the end of the
experiment, 28 days after the first bleomycin instillation. (b) Quantification of pulmonary fibrosis using the automated software visual analysis and
(c) Ashcroft score evaluation, expressed as mean values or percentages of the frequency across different score ranges. **P < 0.01 versus SAL,

##p < 0.01 versus BLM and #P < 0.05 versus BLM. The histological evaluations were performed on all the animals in the experiment (n = 18).

(d) Graphical representation of the sample variably using the principal component analysis. The normalized counts of all genes were utilized for
this purpose. (e) The heatmap displays the normalized counts of all animals that performed transcriptome analysis. Only genes that exhibited a
trend of de-regulation in at least one of the comparisons were chosen for the heatmap. The columns were hierarchically clustered using a
Euclidean distance metric. (f) Bar graphs depicting the number of genes that showed a trend toward up- or down- in the two groups, bleomycin-
treated animals without nintedanib (BLM) and bleomycin-treated animals with nintedanib (NINT), in comparison to the control group (SAL).

(g) Venn-diagrams showing genes that exhibited a trend toward up- or down-regulation among the different groups, presented in red and blue,
respectively.

Ashcroft score analysis revealed a significant median 19% reduction with certain animals displaying more severe and widespread lesions
compared with the BLM group (Figure 2c). Moreover, the frequency than others. Nevertheless, despite these notable disparities, the vari-
of moderate (Chianese et al., 2024; Raghu et al, 2015) scores ability did not impact the statistical significance of histologic parame-
decreased in favour of mild ones (Maher et al., 2021; Raghu ters. The mean values of these parameters were comparable to other

et al, 2011). As expected, the BLM group showed high variability, studies on a similar rat model.
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3.2 | Bleomycin induced the production of lipid-
laden alveolar macrophages

The majority of the analysed sections from the animals treated with bleo-
mycin exhibited clusters of larger and atypical alveolar macrophages with
a foamy appearance resembling lipid-laden alveolar macrophages, preva-
lently localized in areas of thickened tissue. These structures are absent
in the severely injured fibrotic regions where the alveoli are no longer
visible. A detail of these histologic findings is reported in Figure 5a. These
structures are not present in any of the control animals.

3.3 | Overall impact of nintedanib on bleomycin-
altered lung transcriptome

The principal component analysis performed on the RNAseq data
revealed a clear separation among the analysed groups (Figure 2d).
The NINT group (light blue), like the controls (SAL, green), showed less
intra-group variability than the BLM group (red).

This intra-group variability of BLM is also evident in the transcrip-

tome profiles (Figure 2e). In detail, compared with control group, BLM1
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and BLM2 exhibit relatively moderate alterations in contrast to BLM3
and BLM4 that showed substantial variations. The number of genes with
trends toward up- and down-regulation ranged from 416 (NINT
vs. SAL) to 2044 (BLM vs. SAL) (Figure 2f). The number of genes exhi-
biting a down-regulation trend significantly exceeded those showing an
up-regulation trend, as previously observed for this model at this time
point (Bonatti et al., 2023). The number of genes with trends toward
up- and down-regulation affected by bleomycin but unaffected by nin-
tedanib ranged respectively from 106 to 229 (Figure 2G). In contrast,
genes exhibiting trends toward up- and down-regulation modified by
bleomycin alone ranged respectively from 278 to 1431. Additionally,
the number of genes with trends indicating responsiveness to ninteda-
nib independently from bleomycin ranged respectively from 43 to 38:

3.4 | Identification of specific gene expression
signatures associated with nintedanib effect

Based on the observed gene expression trends indicating a nintedanib
effect, we employed a network-based approach to identify distinct
transcriptional profiles affected by nintedanib. The WGCNA identified
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FIGURE 3 Gene modules identified using signed weighted correlation network analysis (WGCNA). Representative heatmaps of each WGCNA
module. The first heatmap (Module EIGENGENES) is coloured based on the module eigengenes obtained for each animal. Additionally, the mean
of each group and the ratio of the mean values for the bleomycin-treated animals without nintedanib (BLM) and bleomycin-treated animals with
nintedanib (NINT) groups against the control group (BLM-NINT vs. SAL) are reported. The second heatmap (Correlation with EXTERNAL TRAITS)
depicts Pearson correlations obtained during WGCNA analysis with the indicated external traits. The third heatmap (Cell Types Enrichment)
displays the enrichment of cell-type-specific gene lists for genes with module membership 20.8 (cell-types are grouped based on the lineage,

i.e., epithelial, lymphoid, myeloid and stromal). In these last two heatmaps, non-statistically significant values are represented in grey.
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14 modules of co-regulated genes. All the modules with their correspon-
dent module eigengenes (MEs, representative of the expression profile),
correlation with lung fibrosis and specific cell types are graphically reported
in Figure 3. The first four detected modules accounted for 81.25% of all
genes, with Module 1 alone accounting for roughly half of them.

MEO1 is characterized by elevated expression in the control
group and reduced levels in BLM and NINT groups, with variable
down-regulation in BLM. MEQ2 exhibited increased expression in all
BLM animals, with notable intra-group variation, particularly in BLM3,
while NINT expression levels were low and comparable to those of
the SAL group. In MEOS, a similar pattern emerged, although NINT
animals appeared closer to BLM1 and BLM2 than the SAL group in
terms of expression levels. MEO4 was unique, with uniform expres-
sion across the entire BLM group, higher than those in the SAL group,
and an intermediate expression profile of the NINT group, positioned
between SAL and BLM. The first four MEs significantly correlated,
with varied intensities and orientations, with the values of the Ash-
croft Score and percentage of fibrotic tissue (Figure 3).

The enrichment analysis of cell-type-specific signatures unveiled
the specific cell types associated with the main modules of interest
(Figure 3). Module 1 was enriched in vascular endothelial and B cells
(score = 4.93 and 4.68, respectively), while Module 2 showed a signifi-
cant enrichment for genes linked to cell types crucial for the fibrotic
process, such as smooth muscle cells and fibroblasts (score = 6.31 and
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I

M5936
M5930
G0:0030198
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4.45). Module 3 also showed a slight association with fibroblast signa-
ture (score = 4.05). Interestingly, genes within Module 4 were predomi-
nantly enriched for those associated with various types of resident
macrophages (score = 12.36 for alveolar macrophages and score = 14
for interstitial macrophages) and alveolar type 2 cells (alveolar type 2;
score = 6.14), as well as other immune-inflammatory cells (dendritic
cells and neutrophils, scores = 4.16 and 4.12, respectively).

3.5 | Pathway analysis of the weighted correlation
network analysis (WGCNA) modules

The pathway analysis revealed numerous signalling pathways and bio-
logical processes enriched with high statistical significance (Figure 4),
the complete list is reported in supplementary material (Table S1).
Module 1 was enriched in pathways related to gene regulatory pro-
cesses, with very high statistically significant enrichment scores (g-val.
<107%9) for terms such as chromatin organization, mRNA metabolic
processes, histone binding and transcription coregulator activity, with
the highest enrichment for chromatin activities (g-val. <107%). This
module reached very high statistical significance (g-val. <1072%) also
for terms related to cytoskeletal dynamics, such as cell projection
assembly, microtubule cytoskeleton organization and the RHO
GTPases cycle.

Log q.value

10 -6-4

id Description

chromatin organization

mRNA metabolic process

R-HSA-9012999 RHO GTPase cycle

transcription coregulator activity
ATP-dependent activity

DNA damage response

histone binding

cell projection assembly

transcription factor binding

microtubule cytoskeleton organization

peptide metabolic process

R-HSA-9824446 Viral Infection Pathways

R-HSA-2262752 Cellular responses to stress

HALLMARK OXIDATIVE PHOSPHORYLATION
HALLMARK EPITHELIAL MESENCHYMAL TRANSITION
extracellular matrix organization

B R-HSA-6798695 Neutrophil degranulation
I

hsa04142
R-HSA-556833
G0:0045087
M5892

Lysosome

Metabolism of lipids

innate immune response

HALLMARK CHOLESTEROL HOMEOSTASIS

FIGURE 4 Pathway enrichment analysis of WGCNA modules. The heatmap displays Log g values derived from pathway analysis conducted
using Metascape. The most noteworthy pathways and terms were selected from the original comprehensive list, starting with the most significant
ones. These selections are either uniquely associated with a specific module or commonly enriched among a group of modules.
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Modules 2, 3 and 4 displayed significant similarities regarding
enriched pathways. These common pathways highlighted processes
and mechanisms related to cellular and viral translational control,
ranging from ribosomal subunit formation and activity to protein syn-
thesis and modification processes, including peptide metabolic and
biosynthetic processes, translation and amide biosynthesis. Some of
these terms were also enriched in Module 1. The common line of
Modules 2, 3 and 4 focused on events related to translation and pro-
tein synthesis, whereas the one shared with Module 1 delved into the
dominance of mRNA metabolism and associated cellular regulation.

In addition to these common pathways, Modules 2 and 4 had uniquely
enriched terms. Module 2 was enriched for pathways related to cellular res-
piration and energy metabolism, such as oxidative phosphorylation and
respiratory electron transport of mitochondria. Moreover, there was a
strong enrichment for pathways linked to the fibrotic process, like
epithelial-mesenchymal transition and extracellular matrix organization.
Module 4 was enriched in mechanisms related to the innate immune
response, with very high statistical significance (q-val. <10~°) for neutro-
phil degranulation and lysosomal activity, and pathways governing lipid
metabolism, including cholesterol homeostasis and lipid biosynthesis, along-
side processes like monocarboxylic acid metabolism and adipogenesis.

The results related to these two modules are summarized in the

graphical abstract.

3.6 | Comparison with other relevant studies

A gene set overrepresentation analysis provided statistically signifi-
cant enrichment scores for Modules 1, 2 and 4 when compared with
our previous time course study (Bonatti et al., 2023), where we inves-
tigated the temporal fluctuations in gene expression during the pro-
gression of lung fibrosis in the same rat model. Specifically, Module
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1 is enriched in genes belonging to the late response phase, while
Modules 2 and 4 are enriched in genes belonging to the ‘long-lasting’
one. A complete list is reported in supplementary materials (Table S2).

With the gene set enrichment analysis, we obtained a statistically
significant enrichment score for an in vitro experiment published by
Sheu et al. (Sheu et al., 2019), where gene expression changes associ-
ated with nintedanib treatment in IPF fibroblasts were assessed. Spe-
cifically, the statistical significance was achieved by comparing
Module 2 with the list of down-regulated genes after nintedanib
treatment. The associated gene set enrichment analysis leading-edge
analysis provided a list of 40 genes for this enrichment. All the results
of the gene set enrichment analysis and leading-edge analysis are
reported in supplementary materials (Tables S3 and S4).

The gene set overrepresentation analysis, employing cell-
type-specific markers from an IPF single-cell RNA-sequencing study
(Morse et al., 2019), revealed robust and statistically significant
enrichment scores for Modules 2 and 4 for some specific IPF-related
cell types. Specifically, Module 2 exhibited enrichment for genes asso-
ciated with fibroblasts and proliferating cells, while Module 4 demon-
strated significance for specific signatures of alveolar type 1 cells/
club, alveolar type 2 cells, low-quality basal and two distinct types of
macrophages (SPP1" and FABP4"™, with 18.91 and 8.62 as enrichment
score respectively). We also obtained other statistically significant
enrichments for minor modules; the complete list is reported in the
Supporting Information (Table S5).

3.7 | Nintendanib attenuates bleomycin-induced
lipid peroxidation

To evaluate lipid peroxidation in our model we analysed the concen-

tration of MDA, a widely used marker of oxidative damage. As

(b)

Lipid Peroxidation

35+ Malondialdehyde (MDA)
* %
30 —
n=9

SAL BLM

NINT

Effect of nintedanib on lipid associated lung damage induced by bleomycin. (a) Clusters of lipid-laden alveolar macrophages

(* foam cells) are illustrated on Masson's trichrome-stained lung tissue sections from BLM (bleomycin-treated animals without nintedanib) group.
Original magnification x20. (b) Bar graphs showing malondialdehyde (MDA) concentration in lung homogenates from all the groups. Data

reported as mean + SEM, **P < 0.01 versus SAL.
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reported in Figure 5b, a statistically significant increased MDA con-
centration was observed in BLM group compared with SAL. The NINT
group also displayed an increased MDA concentration compared with
SAL, although to a lesser extent compared with BLM, indicating that
nintedanib partially attenuates lipid peroxidation and consequently
oxidative damage.

4 | DISCUSSION

Despite substantial advances in understanding the biological mecha-
nisms of chronic lung diseases, provided also by the development of
different animal models (Miles et al., 2020; Naikawadi et al., 2016;
Nureki et al., 2018; Pierce et al., 2007; Tashiro et al., 2017; Trujillo
et al, 2010; Valque et al., 2019), progress in identifying effective
treatments for idiopathic pulmonary fibrosis (IPF) has been unsatisfac-
tory. The main molecular targets of nintedanib, are well-documented
(Rangarajan et al., 2016) and many published studies established its
effects on lung fibroblasts, the key effector cells in the pathogenesis
of fibrosis (Hostettler et al., 2014; Sheu et al, 2019; Zhou
et al., 2020). However, an in-depth biomolecular analysis of its effects
on lung fibrosis in vivo is lacking, which, given its positive clinical out-
comes, may uncover additional antifibrotic mechanisms crucial for the
development of future therapeutic approaches.

Therefore, to explore the complete molecular mechanisms associ-
ated with nintedanib treatment in IPF, we employed a transcriptomic
approach to analyse mRNA alterations in a bleomycin-induced lung
fibrosis rat model. A similar approach was performed by Sheu et al.
(Sheu et al., 2019), which evaluated changes in mRNA and miRNA
profiles on IPF fibroblasts exposed to two doses of nintedanib. How-
ever, in our study, the use of an animal model can provide a more
comprehensive and translational understanding of the impact of nin-
tedanib compared with a cellular model.

First, our research revealed significant variations in the impact of
bleomycin on lung injury severity, as evidenced in histological and
transcriptomic data. Indeed, BLM1 and BLM2 showed moderate his-
tological alterations, with expression profiles similar to the control
group. Conversely, BLM3 and BLM4 exhibited more severely
damaged lungs and a substantially altered transcriptomic profile. The
variability in fibrosis severity induced by bleomycin in rats has been
already reported and examined by Persson et al. (Persson et al., 2020),
where they reported the observation of two animal subgroups, low
and high bleomycin-responders. However, the heterogeneity of bleo-
mycin effect seen in our study was critical in identifying diverse gene
expression profiles related to nintedanib's activity. If the model had a
uniform response, some gene expression signatures would not have
emerged.

In detail, two module eigengenes (MEs) highlighted a counter-
regulatory effect of nintedanib on the genes affected by the fibrotic
process induced by bleomycin. The MEO2 with a strong counter-regu-
lating effect and characterized by a high variability of expression
inside the BLM group, suggested that nintedanib effectively normal-
izes gene expression levels regardless of the initial severity of lung

injury. The MEO4 with a mild yet discernible counter-regulating effect
and characterized by an uniform pattern of gene expression in animals
treated with bleomycin, suggesting that this group of genes were not
influenced by the varying levels of severity to bleomycin. In contrast,
in MEO1, the less severe animals of the BLM group (BLM1 and BLM2)
exhibit gene levels comparable to those of all the NINT (group name,
bleomycin-treated animals with nintedanib) animals. Therefore, con-
clusive evidence regarding the counter-regulatory effect of nintedanib
on these genes cannot be provided in the absence of knowledge
about the initial severity of NINT animals.

The effect highlighted by Module 2 is arguably the most antici-
pated one. Indeed, Module 2 is enriched in genes associated with cell
types pathogenically involved in IPF, including fibroblasts and smooth
muscle cells, which are generally targeted by anti-fibrotic drugs. More-
over, this module is enriched in genes reported to be modified by nin-
tedanib in the fibroblast model of Sheu et al. (Sheu et al., 2019). Not
surprisingly, this module features pathways related to extracellular
matrix organization and epithelial-to-mesenchymal transition, pro-
cesses reported to be affected by nintedanib in a fibrotic context
(Rangarajan et al., 2016). Regarding other terms enriched in this mod-
ule, especially those related to mitochondrial involvement and oxida-
tive phosphorylation, there is also evidence indicating their
contribution to lung fibrosis (Bueno et al, 2020; Rangarajan
et al,, 2017; Siekacz et al., 2021). However, the effect of nintedanib
on these processes remains to be elucidated.

Module 4 is significantly enriched in alveolar macrophages and
alveolar type 2 cells associated gene signatures and shows, among
others, enrichment in pathways related with lipid metabolism and cho-
lesterol homeostasis. These findings collectively hint at a potential
dysregulation of lipid-related pathways in the model, particularly dur-
ing the interaction between alveolar macrophages and alveolar type
2 cells (Romero et al., 2015) and notably, this mechanism is indepen-
dent of lesion severity and is affected by nintedanib.

This hypothesis is also supported by the presence of agglomer-
ates of lipid-laden alveolar macrophages in bleomycin-treated animals
(Figure 5a). These cells, also known as ‘foam cells’, are established
pathogenic features and have been shown to be extremely relevant in
animal models of lung fibrosis (Azuma et al., 2005; Hou et al., 2019;
Romero et al., 2015; Yasuda et al., 1994; Zhu et al., 2024) and in dif-
ferent contexts of human lung fibrosis(Basset-Leobon et al., 2010;
Hayes et al., 2013; Hou et al., 2019). Increasing evidence suggests
that pulmonary fibrosis is caused by lipid metabolism issues, such as
anomalies in LDL metabolism and alterations in the oxidative status of
various lipids (Hou et al., 2019; Romero et al., 2015; Shi et al., 2024).
Furthermore, pulmonary fibrosis shares lipid risk factors with disor-
ders characterized by abnormalities in lipid metabolism, such as ath-
erosclerosis and obesity (Shi et al., 2024). In addition, other significant
lipid-related cell types (such as alveolar type 2 cells) and highly specific
IPF-related macrophages are being investigated as potential initiators
and contributors to the pathogenic mechanism of lung fibrosis (Adams
et al., 2020; Morse et al., 2019; Shi et al., 2024).

In the context of lung fibrosis this mechanism has been elucidated

by Romero and colleagues under the name of pneumocyte-
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macrophage paracrine lipid axis (Romero et al., 2015). Data of the pre-
sent investigation strongly indicate the involvement of this axis in our
model, specifically pertaining to Module 4. According to this view,
lipids produced by alveolar type 2 cells for the generation of the sur-
factant are oxidized in the pathologic oxidant environment. The high
concentration of oxidized lipids alters macrophage activities, causing
up-regulation of lipid receptors and subsequent lipid internalization
and accumulation, that lead to the formation of lipid-filled macro-
phages (Romero et al., 2015). Once internalized by macrophages, oxi-
dized lipids (such as ox-LDL) can also accumulate in the lysosome and
converted into free-cholesterol (Bobryshev et al., 2016). Once taken
up by macrophages, cholesterol and other lipids have been shown to
activate multiple pro-fibrotic pathways and particularly to induce
TGFp1 signalling (Romero et al., 2015).

The presence of an oxidative environment and related oxidized
lipid is in our model is highlighted by the dysregulation of various
oxidative stress-related pathways and confirmed by the elevated
MDA levels measured in bleomycin-treated rats. Macrophage scav-
enger receptors able to recognize and internalize oxidized lipids, such
as Orl1 (oxidized low density lipoprotein receptor 1) and Scarb2
(scavenger receptor class B, member 2) (Bobryshev et al., 2016), are
member of Module 4 and showed a trend toward upregulation. The
same observations were reported in a model of silica dust, where
the authors demonstrated elevated levels of intracellular lipids and
high transcript levels for the lipid scavenger receptor (Hou
et al,, 2019), suggesting that the process is caused by the fibrosis
and not by the agent used to induce it. Moreover, lysosome is the
second most significant enriched term in Module 4, with no statisti-
cally significant enrichment in any other module. Considering that all
these findings are related to Module 4 where nintedanib has a
counter-regulatory effect and the lower level of MDA registered in
the NINT group, we can speculate that this molecule could exert a
protective effect on lipid oxidation associated with pulmonary fibro-
sis, supported by already published data. Indeed, Li and colleagues
(Li et al., 2022) demonstrated that two progressive doses of ninteda-
nib can reverse the increased production of cholesterol and pro-
inflammatory cytokines that were induced in ox-LDL-treated
HUVECs. Moreover, the increase in reactive oxygen species and
MDA, and the declining activity of glutathione peroxidase in ox-
LDL-treated HUVECs, were significantly abolished by the two ninte-
danib concentrations (Li et al., 2022). The assertion that nintedanib
positively affects pathways related to lysosome and lipid metabolism
is supported also by a separate study that evaluated the effects of
nintedanib on gastric cancer cells (Dong et al., 2024).

These findings and references pertain more to general pulmonary
fibrosis and related models; nevertheless, the importance of different
types of macrophages is gaining increasing attention in IPF. In this
context, Module 4 is enriched in the two IPF-specific macrophages
populations identified by Morse et al. (Morse et al., 2019), SPP1M,
from the interstitial compartment and FAPB4"™ from the alveoli. In our
study Spp1 and Fabp4 genes belong to Module 4 and showed a trend
toward upregulation. Interestingly, after nintedanib treatment, Spp1

expression is reduced, whereas Fabp4 increases slightly. According to
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Morse et al, the overall percentage of FABP4M macrophages
decreases in the most diseased IPF lower lobes, suggesting that these
cells either die or transition to SPP1™ macrophages (Morse
et al., 2019). Therefore, our findings may indicate that the impact of
nintedanib may help to reduce or slow down the transition of FABP4"
macrophages into SPP1" macrophages.

5 | CONCLUSIONS

In our rat model of bleomycin-induced lung fibrosis, we unravel a spe-
cific molecular therapeutic property of nintedanib by a network-based
method applied to transcriptomic data and integrated with histomor-
phometric findings. Indeed, other than the usual pathways known to
be affected by nintedanib, we identified a gene expression signature
linked to macrophages and alveolar type 2 cells that affects lipid
metabolism and oxidation. To our knowledge, this is the first evidence
of the mechanistic effect of nintedanib on lipid metabolism in the con-
text of pulmonary fibrosis. We acknowledge that our study has some
limitations and that further research is needed to explore this topic in
more depth. However, our findings provide additional support for the
potential of targeting the lipid metabolism and macrophages as a ther-

apeutic strategy for lung fibrosis.
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