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Abstract 

Idiopathic pulmonary fibrosis (IPF) is a chronic progressive disease with no curative pharmacological 

treatment. Animal models play an essential role to reveal molecular mechanisms involved in the 

pathogenesis of the disease. 

Bleomycin (BLM)-induced lung fibrosis is the most widely used and characterized model for anti-

fibrotic drugs’ screening. However, several issues have been reported, such as the identification of 

an optimal BLM dose and administration scheme as well as gender-specificity. Moreover, the 

balance among disease resolution, an appropriate time window for therapeutic intervention and 

animal welfare remains critical aspects yet to be fully elucidated.  

In this thesis Micro CT imaging has been used as a tool to identify the ideal BLM dose regimen to 

induce sustained lung fibrosis in mice as well as to assess the antifibrotic effect of Nintedanib (NINT) 

treatment upon this BLM administration regimen. 

In order to select the optimal BLM dose scheme, C57bl/6 male mice were treated with BLM via 

oropharyngeal aspiration (OA), following either double or triple BLM administration. 

The triple BLM administration resulted the most promising scheme, able to balance disease 

resolution, appropriate time-window for therapeutic intervention and animal welfare.  

The fibrosis progression was longitudinally assessed by micro-CT every 7 days for 5weeks after 

BLM administration and 5 animals were sacrificed at each timepoint for the BALF and histological 

evaluation. The antifibrotic effect of NINT was assessed following different treatment regimens on 

this model.  

Herein, we have developed an optimized mouse model of pulmonary fibrosis, enabling three weeks 

of therapeutic window for the screening of putative anti-fibrotic drugs. micro-CT scanning, allowed 

us to monitor the progression of lung fibrosis and the therapeutical response longitudinally in the 

same subject, drastically reducing the number of animals involved in the experiment.  
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Introduction 

Idiopathic Pulmonary Fibrosis 

The American Thoracic Society and the European Respiratory Society (ATS and ERS) introduced 

Idiopathic Pulmonary fibrosis (IPF) as a chronic, progressive form of fibrosing interstitial pneumonia 

with the histopathological pattern of usual interstitial pneumonia (UIP) with an unknown cause [1], 

[2]. 

IPF occurred in adults typically after age 50 and commonly manifests an unexplained chronic 

exertional dyspnea, cough, bibasilar inspiratory crackles and finger cobbling. Most patients manifest 

a slow, gradual decline of respiratory functions until eventual death from respiratory complications 

in 2-3 years, but some patients may experience acute respiratory worsening with other comorbid 

conditions such as emphysema and pulmonary hypertension and lung cancer which could affect 

drastically the quality of life and life expectancy [3]. 

This disease mainly occurs in elderly men (typically 60-70 aged) rather than women, and most of 

them have a history of cigarette smoking [4]. IPF is limited to the lungs and is associated with the 

histopathologic and/or radiologic pattern of Usual Interstitial Pneumonia (UIP). The histopathological 

hallmark of UIP is the presence of heterogeneous areas severely affected by fibrosis, especially 

subpleural and paraseptal regions, alternated with areas of less affected or normal parenchyma [2], 

[3]. 

Most severe regions are characterized by inflammatory infiltrate, mainly composed of lymphocytes, 

and fibrotic zones with dense collagen and proliferating fibroblasts and myofibroblasts “fibroblast 

foci”. The most accredited hypothesis which leads to the development and sustainability of the 

fibrotic cascade involves repeated micro-injuries of the alveolar epithelium at first and an altered 

repair process [5]. These result in aberrant epithelial-fibroblast communication with an accumulation 

of myofibroblasts, the master producers of extracellular matrix, followed by the remodeling of lung 

parenchyma. In the advanced stage of fibrosis, lung architecture is completely altered, and the 
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alveoli are replaced by large air spaces, defined as honeycomb lungs, with thick fibrotic walls lined 

by bronchiolar epithelium and often filled with mucin and inflammatory cells. These morphological 

alterations of lung tissue leading to decreased lung compliance disrupted gas exchange, and 

ultimately respiratory failure and death. Over 80 % of all reported fatalities in IPF patients are due to 

respiratory failure, even though, heart failure, bronchogenic carcinoma, ischemic heart disease, 

infection and pulmonary embolism are also other causes of mortality [6]. 

Incidence and prevalence of IPF 

 IPF is the most common form of idiopathic interstitial pneumonia (IIP) among over 150 known forms 

of ILD [7]. IPF is generally identified in the middle-aged (between 40 and 70 years of age) with higher 

incidence in men than in women [5]. Incidence and prevalence of IPF are influenced by geographic, 

ethnic, cultural or racial factors and the enrolled populations and trial designs are not consistent. 

However, according to recent epidemiologic studies conducted in the first years of the 2000s in the 

USA the prevalence of IPF was estimated between 14 and 42.7 per 100,000 population, with a 

higher rate for men and an incidence rate between 6.8 and 16.3 per 100,000 persons [4]. Some 

population-based study suggests that the number of new IPF cases is projected to increase over 

time and that the number of new cases in the USA will become 12,000-21,000 by 2050 [8]. 

Risk factors 

Despite the unknown aetiology of IPF, the role of multiple genetic mutations and environmental risk 

factors have been confirmed. The most described include: 

- cigarette smoking (history of more than 20 pack-years) [8]  

- environmental exposures especially to metals (brass, lead and steel) or wood dust (pine) and 

farming [9]. 

- chronic viral infections, i.e. Epstein-Barr virus [10], Human cytomegalovirus [11] and Hepatitis C 

virus[12]; 
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- gastro-esophageal reflux, is often associated with acid micro-aspiration that may be linked to 

repetitive injuries in the lung epithelium [13]. 

Up to 5% of total patients with IPF are affected by familiar forms of IPF suggesting a potential 

involvement of some genetic factors. Familial IPF is often associated with a mutation in genes for 

surfactant proteins C (SPC) and A2 (SPA2) and with genetic variants within the telomerase-related 

genes (TERT and TERC) and Mucin 5B (MUC5B) gene [5]. Regardless of the many conducted 

studies, the detailed role of each risk factor in IPF has not yet been confirmed, suggesting the multi-

factorial nature of IPF. 

Diagnosis of IPF, staging and prognosis 

The ATS/ESR with the American college of chest physicians (ACCP) in 2000 provided specific 

guidelines regarding the diagnosis and management of IPF (ATS and ERS 2000). Later, in 2012 [5] 

a new statement relied on recent studies and suggested the following requirements to diagnose IPF: 

1. Exclusion of any other known causes of ILD like; domestic and environmental exposures, 

connective tissue diseases or any drug toxicities. 

2. Confirming the presence of UIP pattern by high-resolution computed tomography (HRCT)  

The application of HRCT increased drastically the level of confidence in the diagnosis of IPF. HRCT 

could differentiate IPF from other forms of UIP thanks to a detailed evaluation of lung parenchyma 

[14]. 

A typical UIP pattern is sufficient to secure a diagnosis of UIP/IPF without the need to perform a 

surgical lung biopsy or another invasive testing [14]. It is characterized by the presence of obligatory 

reticular opacities, often associated with traction bronchiectasis, subpleural honeycombing (Figure 

1A-B), which appears as clustered cystic airspaces (usually with diameters of 3-10 mm), ground 

glass opacities and fibroblast foci.  
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The distribution of UIP on HRCT is usually basal and peripheral, and often patchy. The presence of 

other abnormalities (e.g., calcifications, pleural effusion), however, suggests a different aetiology for 

UIP pattern.  

 

  

In case of suspected UIP, additional investigations, including surgical lung biopsy, should be 

considered, to confirm the presence of a UIP histological pattern (Figure 1C-D). Accordingly, an 

interdisciplinary discussion between pulmonologists, radiologists and pathologists is still necessary 

to evaluate the various features, stages and treatment protocols, and despite this, a small number 

of patients still remains unclassifiable [5]. 

The experts have suggested the terms mild, moderate, severe, early and advanced for staging the 

IPF. These nominations are designated based on pulmonary function tests and High-Resolution 

C

D 

A

B 

Figure 1: High-resolution computed tomography (HRCT) scans reveal UIP pattern with 

extensive honeycombing (arrows). A: axial view and B: coronal view. A surgical lung 

biopsy specimen evidences UIP pattern, showing (C) patchy honeycombing (thick 

arrows) and some “normal” lung regions (thin arrows), and in (D) more severe fibrotic 

regions (thick arrows) closed to a fibroblast focus (asterisk). This figure has been 

adapted from Raghu et al. (2011) (Raghu et al. 2011). 
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Computed Tomography (HRCT) abnormalities, which is important to predict the risk of mortality 

within 2 years and consider lung transplantation [5]. 

Current therapies and new relevant targets for IPF 

There is no pharmacological treatment for IPF with high outweighed desirable effects over its 

adverse effects [15], [16]. Two tyrosine kinase inhibitors, nintedanib (NINT) and pirfenidone, have 

been approved by the US Food and Drug Administration (US FDA) for the treatment of IPF, due to 

their safety and efficacy in decelerating of functional decline and disease progression, in agreement 

with the recommendations of the  ATS and ERS guidelines [4], [17]. In particular, pirfenidone is an 

oral drug either with anti-inflammatory, antifibrotic or antioxidant effects; it was selected for the 

treatment of patients with mild to moderate pulmonary fibrosis under certain conditions, and it was 

approved as therapy in Europe in 2011 [17]. Nintedanib, instead, is a potent small molecule which 

inhibits the receptor of tyrosine kinases PDGF receptor, FGF receptor and vascular endothelial 

growth factor receptor [18] that could decelerate the development and progression of lung fibrosis. 

Despite, lack of certain treatments for IPF, these drugs have been shown to hinder the progression 

of IPF in case of early administration, without any impact on the mortality rate [16]. The in vitro 

studies have been shown the inhibitory effect of NINT on PDGF-BB, bFGF and VEGF on primary 

human lung fibroblast [19], moreover some studies have been demonstrated the role of NINT in 

attenuation of some profibrotic mediators [20]. NINT has shown anti-fibrotic and anti-inflammatory 

effects on animal models of lung fibrosis [21], [22]. 

In some cases, oxygen supplementation is suggested but, no survival benefits were found after long-

term oxygen therapy. Lung transplantation remains the most effective therapy for IPF patients. This 

option is highly recommended in patients with poor prognosis (less than 2 years) but there is no 

clear data to address the clinicians toward this decision. lung transplantation can increase the 

survival rates by 50%-56% after 5 years of surgery [13], [23]. 



 

10 

Murine models for IPF in Drug Discovery 

Animal models are essential to understand the pathobiology of human diseases such as pulmonary 

fibrosis, for the validation of new therapeutic targets and for the selection of the best drug candidates 

in drug discovery [23], [24].  

For IPF, it has been reported a great number of different animal models with their particular features; 

however, none of them fully recapitulates the histologic pattern of the human lung disease or exhibits 

characteristics of the progressive and irreversible disease [25]. This discrepancy between preclinical 

and clinical features aggravates the difficulty of validating new drug compounds in preclinical 

research: Among several significantly effective anti-fibrotic compounds in animal models, only a few 

of them could reach hardly in clinical trials. Thus, there is an urgent need to develop animal models 

that strictly mimic the features of human disease and standardize their use for preclinical drug 

efficacy studies, to select promising drug candidates [26].  

Although it is recognized that the spontaneous development of lung fibrosis in domestic animals 

(cats, dogs, etc.) can be informative, the recently published guidelines recommend the use of mice 

as first line animal model for drug testing, despite they do not fully replicate classical IPF 

histopathology, probably explained by anatomic differences between murine and human lungs, 

temporal homogeneity of animal models and potentially distinctive pathobiological mechanisms 

involved in human disease. Rats, instead, can be used as a second species for other considerations, 

if required [27].  

Despite IPF is a disease affecting the elderly population, most preclinical studies utilize mice aged 

6-8 weeks [26]. Although some studies proved that aged mice can better reflect human pulmonary 

fibrosis [26], [28]. 

The most used approaches to provoke pulmonary fibrosis in mice are based on the use of etiological 

agents, which can generate the first damaging insult triggering the fibrotic process in the lung. Some 

of these agents include X-ray radiation [29], fluorescein isothiocyanate (FITC), asbestos and silica, 

fibrinogenic cytokines (e.g. TGFβ and interleukins) [30], transgenic mice or gene transfer including 
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fibrogenic mediators [31] and bleomycin[27], oxidants and phorbol myristate acetate (PMA)[30]. 

Besides these agents, it has been reported that virus infection can induce fibrosis progression in 

humans and animals (e.g. ᵞ-herpesvirus in mice and horses) [26]. For this reason, other approaches 

to induce lung fibrosis in mice were based on the use of viral vectors (i.e. adenovirus and lentivirus) 

delivering profibrotic transgenes directly into the lung[27], [32]. 

However, the most currently used and well-characterized model for IPF is the bleomycin-induced 

model. Since different strains can have varied susceptibility to develop fibrosis following bleomycin 

administration, C57BL/6J mice were found to be a strong responder to bleomycin compared to 

BALB/c mice which are relatively resistant to fibrosis, probably due to higher expression of the 

enzyme bleomycin hydrolase in BALB/c rather than C57BL/6J mice [25], [33]. Here, we focused on 

some animal models of lung fibrosis. 

Asbestosis 

This model was established by single intrathecal or inhalation administration of asbestos fibers. 

Asbestos-induced lung fibrosis is distinguishable from IPF by histological findings like asbestos 

bodies within the fibrotic tissue, the intratracheal administration induced an unevenly distributed 

fibrosis in central areas of the lungs rather than subpleural which occurred following the inhalation 

administration. The deposition of asbestos fibers initiates fibrosis by overproduction of profibrotic 

cytokines, alveolar epithelial apoptosis, and M2 polarization of macrophages which lead to ECM 

production and deposition [34], [35] 

Fluorescein Isothiocyanate (FITC) 

In this model, the fibrosis is located within the area of FITC deposition and can be obtained via 

intratracheal administration of 0.007mg per gram body weight of FITC. The advantage of this model 

is robustness and long-lasting fibrosis in both Balb/c and C57bl/6 for a month. The fibrosis occurs 

following acute injury, oedema and inflammation via recruitment of neutrophils and activation of Th2 

and production of its cytokine (IL-13). The size of FITC particles and the freshness of the FITC 

solution could affect the reproducibility of this model [36]. 
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Age-related models 

Recent studies have shown old mice are more sensitive to BLM than young mice. The transgenic 

mice with deletion of the receptor of advanced glycation and products (RAGE−/− mice)[37]  or Ralxin 

(relaxin −/− mice) develop lung fibrosis spontaneously. And this progression is more evident in male 

mice than in female mice [38]. Moreover, the infection of old mice with γ-herpesvirus–68 also leads 

to lung fibrosis as a consequence of epithelial cell endoplasmic reticulum stress and upregulation of 

TGF-b [39].  

Many cellular responses involved in fibrosis are active in old mice; Besides the upregulation of matrix 

metalloproteinase-9 in aged mice, the decrease of thymocyte differentiation antigen 1(Thy-1) which 

is known as a hallmark of human myofibroblast and molecular association with TGF-b activation in 

myofibroblast intrigue scientist to use the aged mice to establish the lung fibrosis models [40], [41]. 

Cytokines overexpression 

The overexpression of some cytokines, like TGF-β, TGF-α, IL-13, TNF-α, and IL-1β via a transgenic 

or gene-transfer approach could cause lung fibrosis. Doxycycline-regulated transgenic expression 

in epithelial cells [42]and adenoviral-mediated TGF-overexpression [32] increase the TGF-b in the 

lungs which may mimic the IPF in a later stage, additionally, epithelial cell apoptosis and variation in 

soluble mediators lead to persistent scarring due to collagen deposition and depict fibrosis in human. 

Moreover, the C57bl/6 strain has shown more response to TGF-b compared to Balb/c [27]. 

The overexpression of IL-13 could also be achieved by a transgenic approach. The IL-13 transgenic 

mice develop both airway and parenchymal fibrosis [43] although the lung scarring is mediated by 

TGF-b activity to regulate the profibrotic effect of IL-13. Adenoviral-mediated IL1b was also used to 

induce lung fibrosis and an increase in a-smooth muscle actin (a-SMA)-positive cells at day 14 and 

an increase in lung collagen from day 21 to 60. Over expression of IL-1b, increase also the 

concentration of TGF-band PDGF in the lung [27]. 
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The TNF-a gene transfer via adenoviral vector has been used to establish lung fibrosis. TNF-a 

results in an early inflammation by activation of neutrophils, macrophages and lymphocytes which 

might cause a-SMA positive cells from day 7-14. Due to the complex role of TNF-a in promoting and 

inhibiting lung fibrosis, this model remains debatable [44].  

Amiodarone 

Amiodarone (AM) is a bi-iodinated benzofuran, widely used as an antiarrhythmic agent. Amiodarone-

related adverse pulmonary effects continue to be observed in 10-17% and with fatalities in about 

10% of patients who received AM.  

AM toxicity includes several distinct features from inflammatory reactions like eosinophilic 

pneumonia and nonspecific interstitial pneumonia-like idiopathic pulmonary fibrosis-like interstitial 

pneumonia. Age of patients, duration and dosage of AM are considered the significant risk factors 

to develop lung toxicity [45]. 

AM has been administrated via intratracheal or aerosol in different dosages to establish lung fibrosis 

in C57bl/6, F344 rats and hamsters [46]–[48]. All the studies have shown mild to moderate lung 

fibrosis for 3 weeks as a result of the inflammatory response, Epithelial cells apoptosis and necrosis 

[49]. The administration of AM in Kunming mice [50] has shown interstitial fibrosis, the thickness of 

alveolar septa, type 2 cell hyperplasia and accumulation of foamy alveolar macrophage. 

Bleomycin 

Bleomycin (BLM) is a complex glycopeptide, isolated from a strain of actinobacteria “streptomyces 

verticillus” and is used for human cancer therapy [51]. BLM is an antineoplastic drug which is used 

for various carcinoma and lymphoma and induces toxicity in the lung, skin and mucous membrane 

because of the lack of Bleomycin hydrolase in those tissues [52], [53]. Lung fibrosis is known as a 

consequence of BLM administration in 3-5% of patients receiving this agent. This agent seems to 

cause lung damage through direct DNA strand breakage, interrupting the cell cycle and leading to 

apoptosis and inducing oxidative stress [54], [55]. The consequent inflammatory response causes 
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pulmonary toxicity, fibroblast activation, and finally the development of fibrosis. However, the BLM 

doses used in the preclinical studies might not cause significant DNA damage [56]. For this reason, 

bleomycin has been used such an inducer of pulmonary fibrosis in a wide variety of experimental 

animals including mice, rats, hamsters, rabbits, guinea pigs, dogs, and non-human primates [27]. Its 

side effect has been used to establish animal models of lung fibrosis. For the first time, BLM was 

used in dogs and then mice, hamsters, rats and sheep. The BLM-induced lung fibrosis in murine is 

the most-used model to study the molecular mechanism underlying IPF, identify the new therapeutic 

targets and subsequently for drug discovery.  

Despite, the limitations of this model to mimic the human chronic progressive lung fibrosis, the BLM 

model has been used vastly for drug discovery. Besides its many advantages like the easy induction 

and high reproducibility, shares also many disadvantages like the auto resolution after 2 weeks which 

is shorten the therapeutic windows and limits the assessment of the efficiency and toxicity of 

antifibrotic compounds. 

Route of delivery and Dose regimen 

Single intratracheal administration of BLM is mostly used method to induce lung fibrosis. Although 

some studies have suggested that repetitive i.t administration with a lower dose leads toward 

sustainable fibrosis to depict the chronic aspects of lung fibrosis[25]. 

Systemic delivery of BLM via osmotic mini pump or intravenous also have been considered in several 

studies [22], [57]. The oropharyngeal administration of BLM has been shown by as an easy and fast 

route for developing homogenously-distributed fibrosis in mice [21], [58].  

A wide range of BLM based on animal weight and protocol is reported. The commonly used doses 

through direct i.t are 2 U/kg in C57BL/6, 10 U/kg in BALB/C and 7.5 U/kg in Fisher 344 rat. Mortality 

is a positive correlation with higher doses and usually occurs in the acute phase and before the 

establishment of fibrosis [21], [22], [36], [59]. 

Strain, Age, Gender 

C57BL/6 mice respond highly to BLM, whereas DBA/2 mice are less susceptible and BALB/C mice 

are resistant to BLM and don’t develop lung fibrosis. This effect is not clearly explained but it might 
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depend on the expression levels of Bleomycin hydrolase, as well as the cytokines and other enzymes 

production[60]. Recent studies have highlighted the higher susceptibility of male mice compared to 

female mice[61].  

IPF is shown a tendency as a male predominance disease. The AST and NIH suggest the use of 

both males and female in preclinical research to provide more relevant translational information. 

Sequence of events in BLM-induced Lung fibrosis and pharmacological intervention 

Single intratracheal administration of BLM is used mostly to induce fibrosis. BLM-induced lung 

fibrosis is characterized by a period of acute lung inflammation within the first week after bleomycin 

administration, followed by a fibro-proliferative phase with a peak at day 14 and a fibrotic phase (up 

to 21 days) which usually resolves in a variable time [62], [63]. It is important to distinguish between 

the inflammatory and fibrosis phase to establish the proper pharmaceutical intervention. The anti-

inflammatory compound should be administrated during the early phase before day 7 and it could 

be considered a preventive therapy. On another hand the antifibrotic substances might be more 

effective during the establishment of the fibrotic phase (Fig.2), thus, the 2 weeks treatment with 

antifibrotic compounds might not fully demonstrate their efficacy and toxicity [64], [65]. 

Figure 2: Illustration of event sequences after a single administration of BLM in the lung with the appropriate times 
for pharmacological interventions. -created with BioRender.com. 

https://biorender.com/
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BLM-lung fibrosis model limitations 

BLM-induced lung fibrosis shares several valuable histological and morphological hallmarks of lung 

fibrosis in humans. However, despite the successful efficacy results of the anti-fibrotic compound, 

just a few of them are translated into clinical therapies [26], indicating the potential limitation of this 

model. BLM model unlike the progressive and irreversible fibrosis in IPF patients represents self-

limiting and temporal fibrosis. The absence of fibroblast foci in BLM-model as an important hallmark 

of IPF could affect the assessment of the efficacy of some compounds [5]. In addition, BLM alters 

experimental drug efflux by upregulation of specific transporters which can reduce the exposure of 

experimental compounds to the lungs and interferes with the efficacy of these compounds [66]. 

Another important limitation of this model is the presence of acute inflammatory response following 

BLM administration. An improper therapeutic window might restrict the effect of antifibrotic 

compounds and increase mortality in preclinical studies [67].  

Pathogenesis of IPF 

The pathogenesis of IPF is multi-factorial and not yet fully understood. The current and accepted 

hypothesis suggests that IPF is the result of recurrent micro-injuries at the alveolar epithelial cells 

(AECs). The induction of aberrant and non-resolving wound-healing response leads to abnormal 

epithelial-mesenchymal interactions. A fibroblast-activated process of reactivation of signalling 

pathways also induces the secretion of pro-inflammatory molecules which activate fibroblasts 

proliferation and excessive deposition of collagen and extracellular matrix (ECM) components by 

myofibroblasts [68], [69]. All these aberrant mechanisms generate a progressive malformation of 

lung architecture, increase lung rigidity and thickening of alveolar-capillary barrier thus associated 

with a decrease in alveolar gas exchange and loss of lung function [4], [69], [70].The whole 

pathogenic cascade involves a multitude of cell types, including alveolar macrophages, epithelial 

cells, inflammatory cells, fibroblasts and myofibroblasts, which produce and release pro-fibrotic 

mediators involved in epithelial cell injury and apoptosis, and furthermore in fibroblast recruitment 

and activation. Overall, the process of the abnormal wound healing model of IPF is reported in Figure 

3. 
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Epithelial-to-Mesenchymal Transition (EMT) 

The primary gas-exchanging interface of the lungs, which allows diffusion of oxygen and carbon 

dioxide between alveolar airspace and blood, is composed of 2 types of monolayers of alveolar 

epithelial cells (AECs) and endothelial cells, separated by their basal membranes. 

AECs type I have a flat morphology and they cover 95%–98% of the alveolar-capillary interface, 

where they are highly specialized in gas exchange regulation. AECs type II, instead, have a cuboidal 

morphology and they are the progenitor cells with a crucial role in the regeneration of AECs type I 

and II during lung homeostasis or after injuries [71]. 

In normal conditions, AECs type II undergo hyperplastic proliferation and trans-differentiation into 

AECs type I to repair the basal membrane after injury. In IPF lungs, hypertrophic AECs type II remain 

in the lungs without trans-differentiate and together with inflammatory cells, secrete several 

fibrogenic growth factors, including platelet-derived growth factor (PDGF), tumour necrosis factor-α 

(TNF-α) and transforming growth factor–β (TGF-β) [72], [73], creating a profibrotic environment with 

an aberrant tissue-repair response. These growth factors, especially TGF-β, are involved in 

perpetuating injury and apoptosis of AECs, as well as inducing activation, invasion, and apoptosis 

resistance of fibroblasts. This phenomenon has been named the “apoptosis paradox” and although 

mechanisms through which this microenvironment causes programmed death of a cellular type 

(AECs) and proliferation of another (fibroblasts and mesenchymal cells) need to be further 

elucidated, it probably derives from different post-receptor signalling mechanisms [74]–[76]. 

In this scenario, EMT is a process in which the AECs type I lose their differentiation in epithelial cells, 

by downregulating the expression of E-cadherin and other proteins that form cell junction complexes, 

and they become cells of the mesenchymal lineages, showing a reduced cell adhesion and 

increased motility and expressing mesenchymal markers, such as fibronectin and α-smooth muscle 

actin (α-SMA), and other proteins characteristic of the mesenchymal cell-cell interactions (N-

cadherin). Such interactions are weaker than the junctions of the epithelial cells and facilitate 

migration and invasion [77]. In physiologic conditions, EMT is a reversible event necessary for 
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embryonic development but it becomes dysregulated during a response to injury, fibrosis and 

carcinogenesis. During fibrosis, the persistence of signals produced by the EMT process generates 

an accumulation of extracellular matrix (ECM) causing lung tissue remodelling and organ dysfunction 

[73]. 

 

 

Role of fibroblasts and myofibroblasts in IPF  

Fibroblasts are spindle-shaped and not terminally differentiated mesenchymal cells, characterized 

by various functions and plasticity [78]. They play a key role in producing and secreting proteins that 

compose the ECM, such as collagen and fibronectin, as well as glycosaminoglycans and 

proteoglycans that constitute the space-filling elements of the connective tissue. Fibroblasts also 

regulate the turnover of the matrix through the expression of matrix metalloproteinases (MMPs), 

Figure 3: Representative scheme of the most relevant elements involved in the induction and progression of fibrosis. This 
figure has been adapted from Wuyts et al. (2013) (Wuyts et al. 2013). 
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which degrade the ECM, and their inhibitors, tissue inhibitors of metalloproteinases (TIMPs), and 

participate in the wound healing process and the regeneration of the damaged tissue.  

In IPF, the normal epithelial-mesenchymal crosstalk is disrupted due to AECs type II, which acquire 

a profibrotic phenotype followed by an aberrant secretion of profibrotic mediators as paracrine 

factors, like TGFβ and CTGF that stimulate and activate differentiation of fibroblasts into a 

myofibroblast phenotype. Myofibroblasts assume features, such as the augmented expression of α-

SMA, contractility, the greater rate in the synthesis and secretion of ECM and resistance to apoptosis 

[78], [79] either common to fibroblasts or to smooth muscle cells, and are responsible for the 

abundant synthesis of matrix and collagen in ECM, as observed in pulmonary fibrosis. This excess 

of ECM deposition alters the integrity of the surrounding parenchyma and causes further epithelial 

cell death. 

In IPF, active fibroblasts and myofibroblasts are organized in clusters named fibroblastic foci, which 

are recognized as histological hallmarks of lung fibrosis [4], [80]. They are generally closed to 

alveolar regions of hyperplastic or apoptotic epithelial cells, strengthening the proposed role of AECs 

in fibroblast transformation. Activated fibroblasts are induced to produce huge quantities of 

components of the ECM and some of them, i.e. elastin, collagen type V, and tenascin C contribute 

to establishing a positive feedback mechanism, stimulating the continuous cellular differentiation into 

myofibroblasts [81]. 

The origin of fibroblasts and myofibroblasts and their organization in foci in IPF is still unclear; it has 

been established that although the resident fibroblasts are the predominant source, during tissue 

remodelling and fibrosis, myofibroblasts can origin also from other cell types, such as AECs that 

have undergone the EMT and fibrocytes, which are mesenchymal progenitors that exhibit mixed 

morphological and molecular characteristics of hematopoietic stem cells monocytes and fibroblasts, 

present in the systemic circulation. Strong evidence indicates that AECs are the primary source of 

mediators that function as chemotactic factors or mitogens for mesenchymal cells, including PDGF, 

TGF-β, TNF-α, and endothelin 1 [72]. These factors probably contribute most to the migration, 

proliferation, and differentiation of resident mesenchymal cells.  
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Role of Matrix metalloproteinase 

Aberrant alveolar epithelial cells activation, fibroblast proliferation and transition to myofibroblast are 

affected by numerous mediators which exaggerate the accumulation of extracellular matrix (ECM) 

and alter the lung architecture. Matrix metalloproteinases (MMPs) are among these mediators. 

MMPs are zinc-dependent endopeptidases that besides the enzymatic effect in the degradation of 

ECM components, they cleave and activate growth factors, cytokines and chemokines [82], [83]. 

MMPs dysregulation has been indicated as a central player in abnormal tissue remodelling in IPF 

patients as well as in animal models [84]. MMPs are classified into different groups by their substrate 

and their roles are still under investigation; MMP-2 and -9 are known as gelatinases and degrade 

the collagen and basement membrane proteins, and are expressed by epithelial cells, macrophages, 

lung fibroblasts and endothelial cells. Its higher expression is found in IPF patients close to fibrotic 

foci and is found in the lungs of experimental mice [83], [85]. MMP -1 and -8 cleave type I interstitial 

collagen and may increase the pulmonary fibrosis features by cleavage of IL-10 in the murine models  

[86]. MMP-12 is a metalloelastase expressed by macrophages and lung stromal cells and is found 

in lung and serum of patients with interstitial lung disease and systemic sclerosis, some studies 

reported its role in promoting fibrosis in murine lungs by antibody-mediated cluster of differentiation 

95 (CD95) or apoptosis antigen-1 (FAS) activation [83], [87], [88]. The four members of the tissue 

inhibitor of metalloproteinases (TIMPs) are endogenous inhibitors of MMMs and are needed to better 

understand in a contest of lung fibrosis. TIMP-1 was found in interstitial macrophages and might 

regulate MMP-8 and 13 besides the pro-MMP-9 activating cleavage [89], [90] and TIMP-2 was found 

in fibroblast foci, the studies have been demonstrated the correlation of TIMP-4 with inflammation 

and fibrosis [91]. There are still many unknown aspects of MMPs and their involvement in IPF to 

learn. 

Imaging technologies 

In the last decades, imaging technologies have become an interesting tool in preclinical research 

and in drug development studies, providing the opportunity for investigating cellular and molecular 

pathways and in vivo mechanisms of disease in a living organism in real-time. Since they include 
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non-invasive technologies, animals can be subjected to multiple imaging sessions during the 

experiment becoming their own controls during the experiment. This allows to considerably reduce 

the number of animals required per experiment, fully in compliance with the ethical “3R” principle 

(replacement, reduction, refinement) [92] and to decrease either the intra-experiment or the inter-

experiment variability.  

The most common and suitable imaging technologies used for in vivo small-animal imaging are 

optical images, such as Bioluminescence Imaging (BLI) and Fluorescence Molecular Tomography 

(FMT), computed tomography (CT), magnetic resonance imaging (MRI), and finally methods of 

nuclear medicine: positron emission tomography (PET) and single photon emission computed 

tomography (SPECT). 

In particular, in this work, we mainly used micro-CT imaging for the observation of anatomical 

modifications in lung parenchyma and the assessment of fibrosis. 

Micro-CT imaging 

Micron-scale Computed tomography (micro-CT) imaging is the preclinical equivalent of clinical CT. 

micro-CT is known as a non-invasive three-dimensional (3-D) imaging modality providing high spatial 

resolution. The development of a new x-ray detector and an increasing interest in disease animal 

models make a micro-CT as a sophisticated and important tool for both in vivo and ex vivo imaging 

in preclinical studies [93]. The instrument is composed of an X-ray source and a detector, which are 

mounted on a rotating gantry while the animal lies on a bed support during acquisition. Scanners for 

in vivo applications on live animals (mostly mice and rats) are equipped with tubes for gas 

administration to ensure the maintenance of anesthesia during the acquisition, since sedation cannot 

be avoided during in vivo procedures The key component of u-CT is x-ray detector performance 

technology can provide a valuable anatomical and functional information in high resolution (voxel 

size ≤100µm3). The short time of scanning and a low radiation dose exposure would allow to perform 

a longitudinal study by reducing drastically the number of animals involved in experiments following 

the 3R rules scan is a useful diagnostic tool for detecting diseases and injuries. It uses a series of 
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X-rays and a computer to produce a 3D image of soft tissues and bones [93], [94]. It is a non-invasive 

technology with a wide range of applications providing high-resolution anatomical images of small 

animals. In lung imaging, for example, it allows the longitudinal quantification of air and tissue 

content, starting from X-ray attenuation through lung parenchyma. This permits to highlight 

parenchymal changes during a progressive disease, like lung fibrosis, or to study lung development 

mechanisms [21], [22], [58], [95].  

The instrument is composed of an X-ray source and a detector, which are mounted on a rotating 

gantry while the animal lies on a bed support during acquisition. Scanners for in vivo applications on 

live animals (mostly mice and rats) are equipped with tubes for gas administration to ensure the 

maintenance of anesthesia during the acquisition, since sedation cannot be avoided during in vivo 

procedures [62], [94]. 

 

 

 

 

 

 

 

 

 

During acquisition, many 2D projections are registered from multiple angles covering 360° of 

rotation, finally producing three-dimensional (3D) tomographic data at microscopic resolution (voxel 

size ≤100 μm3) [94], consisting in a 3D matrix of voxels with values proportional to the mean linear 

attenuation coefficient of the material within each voxel (Figure 4). The use of a respiratory gating 

technique, moreover, permits the reconstruction of two distinctive datasets corresponding to the 

Figure 4: micro-CT workflow: acquisition and reconstruction phases micro-CT 
workflow: acquisition and reconstruction phases (Russo and Badea 2019) 
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main respiratory phases (end-inspiration and end-expiration) with a better quality because less 

affected by motion-related artefacts [96]. 

The analysis of CT scans in longitudinal experiments provides important information about 

remodeling of lung parenchyma, through the quantification of preclinical aeration compartments 

defined by Mecozzi et al[62] in the end-expiratory dataset, and the assessment of functional 

parameters by the analysis of both respiratory phases (i.e. tidal volume, which is the volume of air 

ventilated into the lung during a breath) [95]. 

 

Aim of the study 

Our main objective was the refinement and set up of an optimized Bleomycin-induced lung fibrosis 

model in C57Bl/6 male mice, to obtain a sustained pulmonary fibrosis up to 28 days for primary drug 

screening. 

As a second goal we intended to demonstrate the capability of lung function parameters derived 

from longitudinal micro-CT to describe lung fibrosis progression and response to antifibrotic 

treatment, by comparing two and three weeks of NINT administration. (FDA approved drug for IPF 

treatment). 

 

 

Material and Methods 

Experimental Animal  

All studies were performed on 7-8-week-old male C57Bl/6 mice (Envigo, san Pietro al Natisone, 

Udine,Italy). Animals were housed five per cage and acclimated upon arrival to the local vivarium 

condition (room temperature: 20–24°C; relative humidity: 40–70%; 12-h light-dark cycle; food and 
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water ad libitum) for 7–10 days. All Animals were kept  under standard conditions at our animal 

facility, in compliance with the procedures and principles outlined in the European Directive 2010/ 

63 UE, Italian D.Lgs 26/2014 and the revised “Guide for the Care and Use of Laboratory Animals” 

(National Research Council Committee, US, 2011). All animal procedures were conducted in an 

AAALAC (Association for Assessment and Accreditation for Laboratory Animal Care) certified facility 

at Chiesi Farmaceutici and were authorized by the Italian Ministry of Health with protocol number 

841/2019-PR and by the internal AWB (Animal Welfare Body). The proper actions were taken into 

the consideration to minimize pain or discomfort in the animals; the pain was evaluated daily through 

a Visual Analogue Scale (VAS) ranging from 0 to 10 by a designated veterinarian or trained 

technicians. Signs of dyspnea, body weight loss ≥ 20% and VAS ≥6 were considered as humane 

endpoints. 

Ooptimization of BLM dose and administration scheme 

Bleomycin hydrochloride (Baxter) diluted in final volume of 50 ul saline. Animals were anesthetized 

with 2.5% isoflurane and placed on an intubation stand and the liquid was drained into the distal part 

of the oropharynx with a micropipette [21], [58], [97]. Male mice of 25±1 gr was placed on an 

intubation stand and the liquid was drained into the distal part of the oropharynx with a micropipette. 

30 mice (5 per group) were randomized to receive double administration with 10 or 15 μg BLM at 

each shot corresponding to (0.4 and 0.6 mg/kg), whereas those receiving triple administration were 

given 5, 6 or 7.5 μg BLM at each OA corresponding to (0.2, 0.25 and 0.3 mg/kg). The vehicle group 
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received 50 μL saline at each administration. A schematic representation of the experimental 

procedure is shown in Figure 5. 

 

Pharmacological validation: Nintedaninb administration  

The model based on triple BLM administration (6 µg) was selected for further characterization and 

to study the response to antifibrotic treatment with Nintedanib.  

Thirty-five animals received triple dose of BLM and 5 animals received 50 µL OA of saline as a 

control.  At day 7, BLM-treated mice were randomly divided in three experimental groups 

1) Twenty-five BLM-treated animals: at selected time points, (7, 14, 21, 28, 35 days) 5 mice were 

sacrificed at each time point 

2) Five BLM-treated animals received NINT (60 mg/kg/die p.o.) daily from day 14 to 28  

3) Five BLM-treated animals received NINT (60 mg/kg/die p.o.) daily from 7 to 28 days  

Figure 5: Schematic Representation of the experimental setting. Thirty C57Bl/6 male mice were 
randomized in 6 groups to receive saline, double oropharyngeal administration (day 0 and 4) of 10 or 15 μg of 
BLM, and triple OA (day 0, 2, 4) of 5, 6 or 7.5 μg of BLM. Micro-CT (μ-CT) was performed at days 7, 14, 21 and 
28. Animals were euthanized at day 28 to collect BALF and lungs for histology 
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All the animals underwent micro-CT scanning once a week and at the time of sacrifice 

bronchoalveolar lavage and lungs harvesting was performed (Figure 6). 

 

 

Micro-CT imaging 

Micro-CT imaging was performed with Quantum GX Micro-CT (PerkinElmer, Inc. Waltham, MA).  

The mice were anesthetized with 2% isoflurane in oxygen and then were positioned supine in micro-

CT under the 2% isoflurane during the acquisition.  

Images were acquired with an intrinsic retrospective two phases respiratory gating technique with 

the following parameters: 90 KV, 88 µA over a total angle of 360° for a total scan time of 4 minutes.  

The high-speed respiratory gating technique allows to control the animal breathing thanks to 

detection of diaphragm movement and as an output for each scan reconstructs two 3D datasets, 

corresponding to the different phases of breathing cycles, (end-inspiration and end-expiration). 

Breathing rate is constantly registered and its stability is controlled during the micro-CT acquisition. 

The range of 100-150 breaths per minute (brpm) was considered optimal for mice lung CT acquisition 

 

 
 

Figure 6: Schematic Representation of the experimental setting for characterization and pharmacological 
validation. Twenty-five C57Bl/6 male mice were received triple OA (day 0, 2, 4) 6ug of BLM. 5 mice received tiple OA of 
50 ul of saline. At day 7, they were randomized in 3 groups to receive 60 mg/kg/day NINT and Vehicle via gavage from 
wither day 7 or day 14. Micro-CT (μ-CT) was performed at days 0, 7, 14, 21,28 and 35. 5 animals were euthanized at day 
7,14,21,28 and 35 to collect BALF and lungs for histology. 
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Analysis of CT scans 

The reconstructed datasets were analyzed using Analyze software (Analyze 12.0; Copyright 1986-

2017, Biomedical Imaging Resource, Mayo Clinic, Rochester, MN).  

Exploiting the air as natural contrast inside the lung, a semi-automatic segmentation was used to 

extract the airway tree and the total lung volumes from each scan. In particular, we used the ‘object 

extractor’ tool, which allows to specify a seed point and a threshold range to correctly detect the 

object in the volume (Figure 7 and Figure 8).  

 

 

 

 

 

 

 

 

 

 

A manual segmentation of the lung, instead, was necessary to define lung regions that are not 

detectable due to the lack of aeration, the absence of clear boundaries and the presence of jagged 

or damaged parenchyma like in fibrotic areas in sick animals (Figure 9) (Mecozzi, 2020). 

 

 

 

Figure 7: object extractor tool enables to define whole lung volumes in a healthy or uniformly aerated 
parenchyma. 
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After segmentation, micro-CT images were rescaled into Hounsfield units (HU), setting -1000 HU as 

the density of air and 0 HU as the density of water, to obtain HU frequency distributions (as reported 

in Figure 10). Pre-clinical HU density ranges[62] were applied to semi-automatically or manually 

Figure 8: semi-automatic segmentation of a BLM lung. Some dense areas (orange arrows) are not 
detectable and manual segmentation is required to correctly extract the whole parenchyma. 

Figure 9: Manual segmentation is required to correctly recreat the whole parenchyma. 
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segmented lungs for the quantitative assessment of aeration compartments. Starting from clinical 

ranges [98], we defined pre-clinical thresholds, specific for mouse lungs segmentation, based on HU 

frequency distributions of healthy and fibrotic lungs of mice. Thus, hyper-inflated [-1040 HU; -860 

HU], normo-aerated tissue [-860 HU; -435 HU], hypo-aerated tissue [-435 HU; -121 HU] and non-

aerated tissue [-121 HU; +121 HU] were defined and normalized on total lung volumes. The normo-

aerated tissue is the main component of healthy lung (80% in the end-expiration phase) whilst the 

hypo- and non-aerated tissues are the prevalent components of damaged/fibrotic and low aerated 

lungs, as shown in Figure 10. 

 

Figure 10: CT number frequency 
distributions for a healthy, mild and 
severe BLM-induced fibrotic lung. 
Overlapped, the lung aeration 
compartments defined by the new HU 

preclinical ranges.[62] 

 

 

 

From the analysis of both end-

inspiration and end-expiration phases, we could extrapolate other interesting lung functional 

parameters. A list of micro-CT parameters evaluated in this work is reported in Table 1. 

Parameter Equation 

Functional Residual Capacity (FRC) (1) 𝐹𝑅𝐶(𝑚𝑚3) = 𝑉𝑃02(𝑚𝑚
3)

𝑀𝐿𝐴𝑃02(𝐻𝑈)

𝐴𝑖𝑟(𝐻𝑈)
 

Air-to-tissue ratio (Ratio) 

(2)𝑅𝑎𝑡𝑖𝑜 =

𝐴𝑖𝑟𝑃01(𝑚𝑚3)

𝑇𝑖𝑠𝑠𝑢𝑒𝑃01(𝑚𝑚3)
 

𝐴𝑖𝑟𝑃01(𝑚𝑚
3) = 𝑉𝑃01(𝑚𝑚

3)
𝑀𝐿𝐴𝑃01(𝐻𝑈)

𝐴𝑖𝑟(𝐻𝑈)
 

𝑇𝑖𝑠𝑠𝑢𝑒𝑃01(𝑚𝑚
3) = 𝑉𝑃01(𝑚𝑚

3) − 𝐴𝑖𝑟𝑃01(𝑚𝑚
3) 

 

Table 1: Densitometric-based equations of lung function parameters [95] 



 

30 

In particular, the functional residual capacity (FRC) represents the volume of air inside the lung at 

the end of the expiratory phase, the tidal volume (Vt) is the volume of air ventilated during a single 

breath (difference between the volume of air at the end-inspiration and that at the end-expiration 

phase). The air-to-tissue ratio describes, instead, the trend in the relative content of air and tissue 

into the lung: with respect to a healthy subject, in a fibrotic lung the content of air decreases, along 

with an augment in tissue and collagen deposition in fibrotic regions, so that its ratio tends to diminish 

during disease progression. 

Bronchoalveolar lavage and cell count 

At the endpoint, mice were euthanized by anesthetic overdose followed by abdominal aorta bleeding. 

Bronchoalveolar lavage fluid (BALF) was collected by gently washing the lungs with 0.6 mL of sterile 

solution [Hank’s balanced salt solution x10; ethylenediaminetetraacetic acid 100mM; 4-(2-hydroxy-

ethyl)-1-piperazineethansulphonic acid 1mM; distilled water] for three times in the bronchial tree. 

The cell pellet was resuspended in 0.2 mL of PBS and white blood cells (WBC) were counted with 

an automated cell counter (Dasit XT 1800J, Sysmex) as the subpopulations (macrophages, 

lymphocytes and neutrophils). The supernatants were freeze at -80 for further investigation. 

Matrix metalloproteinases and TIMPs measurement 

MMPs and TIMPs were measured using costume Bio-plex assay (Bio-Techne)[99] to measure MMP-

2, MMP-8, MMP-12, TIMP-1 and TIMP-4 in the supernatants. The assessment was performed 

according to the manufacturer’s instructions using all the reagents and wash buffers provided by the 

kit.  The assay was analysed by Bio-Plex 200 and the concentration for each mediator was 

interpolated from standard curves using version 5.0 of Bio-Plex Manager software provided by Bio-

rad.  

Histological staining on lung tissue sections 

Lungs were gently inflated with 0.6 mL of 10% neutral buffered formalin using a cannula through the 

trachea and then excised. After 24h lungs were dehydrated in graded ethanol series, clarified in 

xylene and paraffin embedded. For each lung, sections of 5 μm thickness were cut at 200 μm 
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intervals, using a rotary microtome (Slee Cut 6062, Slee Medical, Mainz, Germany). Hematoxylin 

and eosin (H&E) and Masson’s trichrome staining were performed for each slide. 

The slides were acquired by a NanoZoomer S-60 Digital slide scanner (NanoZoomer S60, 

Hamamatsu, Japan) and morphological changes or alterations in lung sections were graded semi-

quantitatively according to the scale defined by Ashcroft and modified by Hübner et al[100]. by two 

independent researchers blinded to the experimental design. 

Results 

Setting up the optimized murine lung fibrosis model 

First, we have tried to identify the ideal BLM dose regimen to set up a lung fibrosis model with an 

appropriate balance between sustained lung fibrosis up to 28 days and animal welfare in C57Bl/6 

male mice, using the micro-CT power to perform longitudinal in vivo assessment and reducing the 

animal number.  

Clinical observation 

BLM instillation caused a dose-dependent body weight drop. Figure 11 shows the body weight 

variation during the experiment. The reduction of body weight remained within 10% till day 14 for all 

groups, except the groups treated three times with 7,5 ug of BLM, in which the animals lost 20% of 

initial weight within the first 2-weeks. 

Thus, in agreement with the designated veterinarian and the internal Animal Welfare Body, this group 

of mice was sacrificed and excluded from the study (Fig 11A). All the mice receiving either BLM 

double or triple OA showed a recovery in body weight at later time-points, regaining the initial body 

weight at day 28, except for the group receiving a double dose of 15 µg whose body weight remained 
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unaltered from day 14 to day 28. Among these groups, no mortality was observed. Control mice 

treated with saline gained weight, as expected, during the time of observation (Fig 11B).[97] 

 

Micro-CT analysis 

All mice were scanned by micro-CT longitudinally at day 7, 14, 21, 28. Representative coronal micro-

CT lung slices and the corresponding 3D renderings of BLM and saline-treated animals at different 

time points are reported in Fig 12A. As expected, the saline group had 77–80% normo-aerated tissue 

with 20–23% hypo-aerated tissue throughout the study (Fig12A’). Those receiving three doses of 

7,5 µg of BLM has shown scared tissues at day 7 which reached an exaggerated level at day 14, 

the experiment for this group was ended at day 14 based on animal welfare and to avoid any further 

pain for the animals. The representative coronal images together with 3D rendering demonstrated 

the localization of non -aerated tissue in upper area of both right and left lobes from day 7 (Fig12B-

B’). 

 

 

 

 

Figure 11: Body weight variation. BW was reported as the percentage of variation compared to the baseline (day 0) for 
saline, double OA (B) and triple OA (C) groups. Data were shown as mean ± SEM. Statistical analysis was performed via 
two-way ANOVA followed by Tukey’s test * p<0.05, ** p<0.01 vs. saline; # p<0.05, ## p<0.01 comparing 10 μg vs. 15 μg 
BLM and 5 μg vs. 6 μg BLM; $$ p<0.01 comparing 7.5 μg vs. 6 μg BLM). N = 5 per group 
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Animals treated with a double OA of 10 μg BLM showed a significant increase (p<0.05) in hypo-

aerated tissue compared to saline at 14 and 21 days, which was no longer observed at day 28. Non-

aerated lung tissue, corresponding to more severely damaged areas, was between 4–6% of the 

whole parenchyma since day 14, and remained stable up to the end of the study, not being 

significantly higher than in the saline group (Fig 13B). The double administration of 15 μg BLM 

caused a marked increase (p<0.01) of hypo-aerated tissue from day 14 to day 28, followed by a 

significant augment of non-aerated areas (p<0.01) at day 21 and 28 (Fig 13C). As regards mice 

treated with the triple dose regimen, those receiving 5 μg BLM showed an increased hypo-aerated 

tissue between days 14–28 (p<0.01), whilst non-aerated areas remained at about 4% of the lung 

parenchyma in the same time frame, without reaching statistically significant difference with respect 

Figure 12: Longitudinal micro-CT results in saline and triple OA of 7.5 μg BLM group. (A) Representative coronal 
micro-CT lung slices and 3D renderings at the end of expiration phase of saline at 7, 14, 21 and 28 days. (A’) Lung 
aeration degrees expressed as percentage of normo-, hypo- and non-aerated tissues detected at 7, 14, 21, 28 days for 
the saline group. (B) Representative coronal micro-CT lung slices and 3D renderings at the end of expiration phase of 
triple OA of 7.5 μg BLM group at 7 and 14 days. (B’) Lung aeration degrees at 7 and 14 days for the triple OA of 7.5 μg 
BLM group. Data are shown as mean ± SEM. The statistical differences were calculated by two-way ANOVA followed 
by Tukey’s test (**p<0.01 vs. saline). N = 5 per group 
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to the saline group (Fig13D). On the other hand, the group receiving 6 μg BLM had a significantly 

higher hypo-aerated tissue already at day 7 and lasted at all the observed time-points (p<0.01), 

besides showing a marked increase in non-aerated areas at day 21 (p<0.05) (Fig 13E). 

Figure 13: Longitudinal micro-CT assessment. (A) Representative coronal micro-CT lung slices and 3D 
renderings at the end of expiration phase of saline- and BLM-treated mice at 7, 14, 21 and 28 days. (B-E) Lung 
aeration degrees expressed as percentage of normo-, hypo-, and non-aerated tissues detected at 7, 14, 21, 28 
days for the saline group and BLM groups at different dose regimens. Data are shown as mean ± SEM. The 
statistical analysis was performed for each group compared to saline via two-way ANOVA followed by Dunnett’s 

test (*p<0.05; **p<0.01 vs. saline). N = 5 per group. 
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Animals treated with a double dose of either 10 or 15 μg BLM had a significantly higher (p<0.01) 

lung volume with respect to saline at days 7 and 14, whilst no differences between groups were seen 

at days 21 and 28 (Fig 14A). On the other hand, mice receiving the triple OA of BLM at both doses 

had a prominent increase of lung volume at day 7 (p<0.01), whereas from day 14 no significant 

differences were revealed compared to saline (Fig 14B). As regards the air/tissue ratio, at day 7 no 

differences between the groups receiving double BLM and saline were revealed. However, a 

markedly lower ratio (p<0.01) was observed in mice receiving either 10 or 15 μg BLM at days 14 

and 21. Between days 21 and 28, the air/tissue ratio slightly increased in the 10 μg group but was 

not significantly different than in saline at day 28. In the 15 μg BLM group the ratio stabilized from 

21 to 28 days, being still considerably lower with respect to saline (p<0.01) at the final time-point 

(Fig 14C). In the groups subjected to triple OA no differences were detected at day 7 in the air/tissue 

(Fig 14D). The ratio significantly decreased in fibrotic mice dosed with either 5 or 6 μg from 14 to 21 

days (p<0.01). Although a slight increase at 28 days was observed, the parameter remained 

significantly lower compared to saline (p<0.05 for 5 μg and p<0.01 for 6 μg) (Fig 14D). 

Figures 14E and 14F show FRC normalized on total lung volumes. FRC/Vexp was not affected by 

either double or triple BLM administration at 7 days. However, from day 14 to 21 a significant decline 

was observed in all BLM-treated groups compared to saline mice (p<0.01). At day 28, FRC/Vexp 

remained significantly lower compared to saline (p<0.01) in all BLM-treated groups, except for the 

group receiving the double dose of 10 μg BLM which was reinstated (Fig 14E). 

As expected, the total lung volume and functional respiratory biomarkers were constant for the saline 

group throughout the study.[97] 
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Inflammatory cells infiltration count 

At day 28, after the animals’ euthanasia, the BALF was harvested and leukocytes were counted. As 

expected, the total WBC was significantly increased in all the groups receiving BLM, compared with 

saline (p<0.01) (Fig 15A and 15D). A significant difference was revealed between the two groups 

treated with the triple BLM dose (Fig 15D), as the WBC count was much higher following the 

administration of 6 μg (p<0.01). As concerns leukocyte subpopulations, macrophages were 

Figure 14: Longitudinal lung function readouts. Longitudinal analyses of the lung volume detected by 
micro-CT in mice treated with double (A) or triple (B) doses of BLM, compared with the saline group. 
Longitudinal quantification of air/tissue ratio in double (C) or triple (D) doses of BLM. Longitudinal quantification 
of FRC/Vexp in double (E) or triple (F) doses of BLM. Data are shown as mean ± SEM. The statistical 
differences were calculated by two-way ANOVA followed by Tukey’s test (*p<0.05; **p<0.01 vs. saline group. 
## p<0.01 comparing 10 μg vs. 15 μg BLM). N = 5 per group. 
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markedly higher in the group receiving the double dose of 15 μg BLM compared to saline (p<0.05), 

whereas the double dose of 10 μg evoked a moderate, non-significant increase (Fig 15B). On the 

other hand, triple OA treatment with BLM induced a prominent increase in macrophages (p<0.05) at 

both doses compared to the saline group (Fig 15E). Following the double administration of BLM, 

lymphocytes were significantly increased compared to the saline group (p<0.05) (Fig 15C). On the 

other hand, the triple dose of 5 μg BLM slightly increased lymphocytes, although not significantly, 

versus saline, whereas in mice receiving the triple dose of 6 μg markedly higher levels of 

lymphocytes were observed (p<0.01) as compared with either the saline or the 5 μg BLM groups 

(Fig 15F).[97] 

 

Figure 15: Inflammatory cells infiltration in BALF. Levels of total white blood cells (A, B), macrophages (C, D) and 
lymphocytes (E, F) in BALF of animals receiving saline, double and triple doses of BLM. Data are shown as mean ± 
SEM. Statistical significance was calculated between the animal groups by one-way ANOVA followed by Tukey’s test 
(*p<0.05; **p<0.01). N = 5 per group. 
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Histological evaluations 

Histological pictures of the lungs stained with MT of saline and BLM-treated groups are presented 

in figure 16 A-E. As expected, both double (10, 15 μg) and triple (5, 6 μg) BLM treatment caused 

patchy fibrotic alterations of lung parenchyma characterized by fibroproliferative foci with various 

degrees of confluence at 28 days (Fig16 B-E). On contrary, any parenchymal alteration was reported 

in the saline group Fig 16 A. The corresponding transversal micro-CT scans of the mice reported in 

the above histology are shown in Figure 16 A’-E’. The mean Ashcroft Score was significantly 

increased (p<0.01) in all groups receiving BLM compared to the saline group (Fig 16F). No 

statistically significant differences were revealed between BLM-treated groups. To better reflect the 

morphological alteration of the lung parenchyma, the Ashcroft score was reported as the frequency 

distribution of mild (0–3), moderate (4), and severe (≥5) fibrotic lesions (Fig 16G) [101]The double 

(10 μg) BLM treatment induced moderate to severe fibrosis with respect to the saline group, but 

within a limited area of parenchyma (Fig 16B). On the other hand, in all the other groups treated with 

BLM a more distributed injury in lung parenchyma was evident (Fig 16C-E), with the presence of 

both moderate and severe fibrosis. In particular, the highest % severe fibrosis was observed in mice 

receiving the double dose of 15 μg (62±20%) and the triple dose of 6 μg (47±8%). Between the two 

groups receiving a double OA of BLM a significant difference in terms of Ashcroft frequency 

distribution was revealed (p<0.01). 

Spearman correlations between micro-CT readouts and Ashcroft score were performed (Fig 16H). 

Positive and negative significant correlations with high Spearman coefficients were obtained (p< 

0.05) for all CT readouts, except for lung volume (Spearman coefficient = 0.007, p>0.05, data not 

shown).[97] 
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Figure 16: Histological staining. Representative micro-photographs of saline (A), double BLM-treated groups (B, 
C) and triple BLM-treated groups (D, E) stained with masson’s trichrome at day 28. Representative transversal 
micro-CT scans of saline (A’), double BLM-treated groups (B’, C’) and triple BLM-treated groups (D’, E’). (F) 
Ashcroft score for the saline and BLM groups. (G) Ashcroft frequency distribution in saline and BLM groups. (H) 
Spearman’s correlation between micro-CT parameters and Ashcroft Score. Data are shown as mean ± SEM. 
Statistical analysis was performed between the animal groups by one-way ANOVA followed by Tukey’s test 
(*p<0.05, **p<0.01 vs. saline; ## p<0.01 comparing low and high doses in double and triple OA groups, 

respectively). N = 5 per group 



 

40 

Time course characterization of triple OA of 6µg of BLM-lung fibrosis 

model and its response to three weeks of NINT treatment. 

The triple administration of 6 µg of BLM was identified as an optimal dose regimen to combine 

sustained fibrosis with animal welfare. We decided to characterize this protocol at days 7, 14, 21, 

28 and extended further to day 35 to verify the presence of fibrotic features at this timepoint. 

Twenty-five animals received triple dose of BLM and 5 animals were sacrificed at each timepoint. 

Clinical observation 

The animal’s body weight and clinical manifestations were checked, and BW reported in figure 17. 

As we have shown in the dose-finding experiment, the body weight lost was limited to 10± 0.5% of 

the starting BW, with a peak 16 days upon the first BLM administration (p<0.01). A recovery in the 

BW was observed in the BLM group since day 24 and the starting BW was recovered at day 30.  

 

Micro-CT analysis 

All the mice underwent micro-CT scans at days 7,14, 21,28, and 35. The lung aeration degrees were 

calculated for each animal and shown longitudinally in Figure 18. 

As we demonstrated, the normally-, Hypo- and non-aerated tissue in saline remains stable 

throughout the experiment (Fig 12A). The triple administration of 6 µg of BLM confirmed a significant 

decrease of normally aerated tissue from day 14 to 28 compared to saline (p<0.01), Although at day 

Figure 17: Body weight variation. BW was reported 
as the percentage of variation compared to the 
baseline (day 0) for triple BLM treated with vehicle, 
and Saline. Data are shown as mean ± SEM. 
Statistical analysis was performed via two-way 
ANOVA followed by Tukey’s test * p<0.05, ** p<0.01 
vs. Saline; The statistical differences was found from 
day 4 to 30. 
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35 there is a tendency to return to the normal values observed in saline mice, the non-aerated tissues 

is still present however, the hypo-aerated tissue demonstrated the complementary trends, the BLM 

group confirmed the significantly higher percentages of hypo-aerated tissue from day 14 to 28 

compared to saline (p<0.01). 

The progressive increase of non-aerated tissue reached a significant level in the vehicle-treated 

group at day 21 compared to saline (p<0.01).  

 

BALF: inflammatory cells 

Five animals per each group were sacrificed at days 7,14, 21,28, and 35 and BAL fluid was collected 

for inflammatory cell counting. As expected, the total WBC count showed an increasing trend from 

day 7 with a maximum peak at day 21 which remained significantly higher compared to saline till day 

28 (p<0.01) but not day 35. Leukocyte differential counts revealed significant presence of 

macrophages at days 7, 14, 28 and 35 (p<0.01) which was found less present in BAL fluid at day 21 

(p>0.05). The lymphocyte subpopulation was significantly augmented from day 7 to day 28 (p<0.01) 

(Fig 19 A-C). 

Figure 18: Longitudinal micro-CT assessment. 
Longitudinal lung aeration degrees expressed as 
percentage of normo-, hypo-, and non-aerated tissues at 
days 7, 14,21, 28, 35. Data are shown as mean ± SEM for 
saline group and BLM groups treated with vehicle. The 
statistical analysis was performed for each group 
compared to BLM-vehicle via Two-way ANOVA followed 
by Tukey’s test (*p<0.05; **p<0.01 vs. saline) (#p<0.05 

BLM day 28 vs day 35). N = 5 per group. 
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BALF: matrix metalloproteinases 

MMP-2, -8, -12, Timp-1 and Timp-4 were quantified in BALF and normalized on saline at each time 

point (Fig 20 A-E). The significant increase of MMP-2 compared to saline from day 7 (p<0.01) to 35 

reached at the highest level (39 FOI/Saline) at day 21. We highlighted its significant reduction at day 

35 compared to day 28 (p<0.05). MMP-8 augmented significantly from day 14 (p<0.05) to day 28 

compared to saline and decreased at day 35. MMP-12 was found extremely modulated from day 7 

on, which reached 172-Fold higher than saline at day 21 (p<0.01).  

TIMP-4 was significantly increased from day 14 with the highest amount at day 21 compared to 

saline (p<0.01). From day 21, the Timp-4 tends to decrease gradually, but its level remained 

significantly higher at day 35 compared to saline (p<0.05). Moreover, TIMP1 was found significantly 

upregulated at days 14 and 21, while it reduced significantly at days 28-35. 

 

Figure 19: Inflammatory cells infiltration in BALF. Levels of total white blood cells (A), macrophages (B) and lymphocytes (C) 
in BALF of groups of BLM treated with vehicle at days 7, 14,21,28,35. Data are shown as mean ± SEM. The statistical analysis was 
performed for each group compared to saline and  different timepints via one-way ANOVA followed by Tukey’s test (*p<0.05; 
**p<0.01 vs. saline). N = 5 per group. 
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Histological evaluation  

The histological pictures of the whole lung stained with the MT and the corresponding higher 

magnified micro-photographs of the Vehicle-treated group at days 7, 14, 21, 28, 35 are shown in fig 

21 A-F’. The histological slides demonstrated the progressive patchy fibrotic alteration in lung 

parenchyma caused by BLM with the most evident architectural modification and collagen deposition 

from days 14 to 28. The mean calculation of the Ashcroft score at each time point is shown in fig 

21G. Ashcroft's score was found significantly higher after BLM treatment from day 7 on (p<0.01) and 

remained significantly higher till day 35 (p<0.01). The classification of fibrotic lesions into mild (0–3), 

moderate (4), and severe (≥5), confirmed the significant presence of severely-injured tissue at days 

14 (p<0.01), 21 (p<0.05), 28 (p<0.01) compared with saline. Moreover, they were found significantly 

Figure 20: MMPs and TIMPs quantification in BALF. MMP-2, -8, -12 and TIMP-4, -1 (A-E in BALF from animal groups of BLM treated 
with vehicle at different timepoints. Data are shown as FOI vs saline ± SEM. The statistical analysis was performed for each group 
compared to saline and different timepoints via one-way ANOVA followed by Tukey’s test *p<0.05; **p<0.01 vs. saline; # p<0.05, ## 
p<0.01 comparing different timepoints. N = 5 per group. 
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different compared to day 7 due to major severely altered fibrotic areas. The Ashcroft distribution 

quantification confirms the micro-CT data at day 35, we found a limited percentage of severely 

altered tissue with a high percentage of mild-injured tissue at this time which differs significantly from 

day 28 (p<0.05).  

Figure 21: Histological staining. Representative micro-photographs of BLM-tripl group at days 7, 14, 21, 28, 35(A, E) stained with 
Masson’s trichrome. The squares indicate the selected zone with higher magnification (A´-E´). (F) Ashcroft score for the saline, BLM 
group from days 7-35. (G) Ashcroft frequency distribution in saline and treatment groups. Data are shown as mean ± SEM. Statistical 
analysis was performed between the saline and different timepoints by one-way ANOVA followed by Tukey’s test (*p<0.05, **p<0.01 

vs. saline; # p<0.05 ## p<0.01 comparing different timepoints. N = 5 per group. 
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Evaluation of antifibrotic response to Nintedanib following different 

therapeutic schedules 

The model based on triple OA of 6 µg of BLM was used to investigate the response to antifibrotic 

reference compound (NINT) following two schemes of administration 

1) Nintedanib administration starting after the acute inflammatory phase (days 14-28) (n=5) 

2) Nintedanib administration starting during the acute inflammatory phase (days 7-28) (n=5) 

 
 

Clinical observation 

The animal's body weight change is shown in Figure 22. All groups have been shown the same body 

weight decline till day 7. 

The mice treated with NINT from 7 to 28 days, showed a significant body weight decrease compared 

to other groups from day 14 to 21 days, recovering weight in the last week. 

By contrary the animals treated with NINT from day 14 to 28 days did not show body weight reduction 

compared to BLM group, however, no mortality was reported during the experiment. 

 

 

Figure 22: Body weight variation. BW was 
reported as the percentage of variation 
compared to the baseline (day 0) for triple BLM 
treated with vehicle, triple OA with NINT 
treatment from day 7-28 e from day 14- 28. Data 
are shown as mean ± SEM. Statistical analysis 
was performed via two-way ANOVA followed by 
Tukey’s test * p<0.05, ** p<0.01 vs. BLM-
vehicle; # p<0.05, comparing NINT 7-28 vs 
NINT14-28. N=5. 
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Micro-CT 

The longitudinal micro-CT scan was performed from day 0 before any intervention till day 28. The 

lung aeration degree was calculated and normalized on total lung volume. All the micro-CT-derived 

biomarkers remained stable in saline group throughout the experiment. In the BLM-treated groups 

Micro-CT revealed a comparable and normal aeration in the lungs in all animals from day 0 to day 

7. A reduction of normally aerated tissue in BLM+vehicle-treated group was noticed from day 7 to 

day 28. The NINT treatment starting from day 7 improved significantly the normo-aerated tissue at 

day 21 (p<0.01) and day 28 (58%, p<0.01) compared with vehicle-treated group, and NINT treatment 

from day 14 to 28 ameliorated the normo-aerated tissue at day 28 (47%, p<0.01). We did not reveal 

any significant differences between the two NINT-treated groups (Fig 23 A). Despite the progressive 

increase of hypo-aerated tissue in the BLM+vehicle-treated group, NINT ameliorated 49% of the 

hypo-aerated tissue in the NINT-group treated from day 7 to 28 (p<0.05) and 38 % in those receiving 

NINT from day 14 (p<0.05), no significant differences was found between NINT groups. The non-

aerated tissue was detected from day 14 on, despite the therapeutic schedule, NINT treatment 

decreased significantly 66 % (p<0.05) of non-aerated tissue in the group treated from day 7-28 and 

50% (p<0.01) in the nint treated group starting from day 14. The lung volume measurement by micro-

CT from day 0 to 28, confirmed the augmentation of lung volume after BLM administration from day 

7(p<0.01), till day 21 in all groups compared to saline (p<0.01) NINT treatment regardless of the 

duration of therapy did not alter the lung volume, as we expected. FRC/Vex was calculated for each 

animal. The gradual decline of this biomarker was highlighted from day 7 in all groups. NINT 

significantly improved FRC/Vex at days 21 and 28 (62% p<0.01) in the group treated with NINT from 

day 7 and in those receiving NINT from day 14 (56%, p< 0.01) at day 28. Even though starting the 
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NINT from day 7 was slightly more effective than starting from day 14, we did not obtain any statistical 

differences between those groups at the final timepoint.   

 

BALF: inflammatory cells count 

The inflammatory cell counts were performed in all groups at day 28. The NINT did not inhibit the 

total WBC counts in the BAL fluid (Fig 24A). Also, the macrophage count did not affect by NINT 

treatment (Fig 24B). The slight reduction of lymphocytes after two or three weeks of NINT was 

detected but did not reach statistical significance (Fig 24C). 

Figure 23: Longitudinal micro-CT assessment. Longitudinal lung aeration degrees expressed as percentage of normo-, hypo-, and 
non-aerated tissues (A, B, C). and functional parameters lung volume and FRC/V. Data are shown as mean ± SEM (D-E) detected at 
0, 7, 14, 21, 28 days for the saline group and BLM groups treated with vehicle, treated with NINT from day 7-28 and NINT from day 
14-28. The statistical analysis was performed for each group compared to BLM-vehicle via two-way ANOVA followed by Dunnett’s test 
(*p<0.05; **p<0.01 vs. saline). N = 5 per group. 
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BALF: MMPs and TIMPs quantifications 

The effect of NINT on MMPs and their inhibitors between the two schemes of treatment are shown 

in Figure 25 A-E.  

NINT from day 7 for three weeks inhibited: MMPs-2, 8 and 12 (59, 50 and 53%) and TIMP-1and 4 

(53 and 33%), on the other hand, the treatment with NINT from day 14 to 28 decrees MMPs 2-and 

8 only (12 and 30%). 

 

Figure 24: Inflammatory cells infiltration in BALF. Levels of total white blood cells (A), macrophages (B) and 
lymphocytes (C) in BALF of groups of BLM treated with vehicle, treated with NINT from day 7-28 and NINT from 
day 14-28. Data are shown as mean ± SEM. The statistical analysis was performed for each group compared to 
BLM-vehicle via one-way ANOVA followed by Dunnett’s test (*p<0.05; **p<0.01 vs. saline). N = 5 per group. 
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Histological evaluation 

The histological evaluation of fibrotic lungs after NINT slightly reduced the Ashcroft score at day 28 

compared to vehicle treated group. The distribution of different severity of fibrotic lesions at day 28 

revealed the NINT treatment ameliorated the lung parenchyma by reducing the severely injured 

tissue and increasing the normal tissue especially after 3 weeks of NINT treatment.(Fig 26 A-B).  

 

 

Figure 25: MMPs and TIMPs quantification in BALF. MMP-2, -8, -12 and TIMP-4, -1 (A-E in BALF from animal groups of BLM treated 
with vehicle, treated with NINT from day 7-28 and NINT from day 14-28. Data are shown as ± SEM. The statistical analysis was performed 
for each group compared to BLM-vehicle via one-way ANOVA followed by Dunnett’s test (*p<0.05; **p<0.01 vs. saline). N = 5 per group. 

Figure 26: Histological analysis.  Ashcroft score for the BLM treated with vehicle, treated with NINT from day 7-28 
and NINT from day 14-28. Data are shown as ± SEM. The statistical analysis was performed for each group compared 
to BLM-vehicle via one-way ANOVA followed by Dunnett’s test (*p<0.05; **p<0.01 vs. saline). N = 5 per group 
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Discussion  

Animal models play a crucial role either in understanding the pathobiology of fibrosis or in drug 

discovery. Animals of different species, gender and age, as well as different BLM dose regimens 

have been used to induce lung fibrosis [21], [65], [102]–[104]. In this study, BLM dosages and the 

administration scheme were readjusted in male C57Bl/6 mice, as they have been reported to be 

more susceptible to BLM-induced fibrosis with respect to female mice [101], [104]. Thus, we tested 

lower BLM doses compared to those used in female mice [21] applying two different administration 

schemes: a double OA (10, 15 μg each) and a triple OA (5, 6 and 7.5 μg each). We hypothesized 

lower multiple doses of BLM might decrease acute toxicity and trigger sustained lung fibrosis for up 

to 28 days, thus enabling an extended time window of 3 weeks (day 7 to 28) for pharmacological 

intervention, guaranteeing animal welfare throughout the experiment. Micro-CT was performed 

longitudinally and the data were integrated with ex-vivo outcomes to select the best BLM regimen. 

Longitudinal imaging drastically reduced the number of mice per group and the intra-experimental 

variability, since the progression of the disease could be monitored in the same subjects [22], [58], 

[63]. All the BLM-treated groups showed decreased normo- and increased hypo-aerated tissue; 

however, at day 7, a significant difference with respect to the saline group in hypo-aerated tissue 

was revealed only in mice dosed three times with 6 μg BLM. Moreover, non-aerated regions, 

reflecting the most severe fibrotic lesions, were found to be dose-dependently related to BLM. This 

was highlighted in mice treated twice with the highest BLM dose, in contrast with those receiving the 

double OA at 10 μg, in which moderate fibrosis was detected. In order to assess lung fibrosis, 

besides considering the degrees of lung aeration, other micro-CT parameters, such as the total lung 

volume, the air/tissue ratio and the FRC normalized on total lung volume were proposed. 

The increase of total lung volume in all BLM-treated mice at day 7 could be provoked by the acute 

lung inflammatory phase, associated with fluid accumulation (edema) in the lungs [105]. Overall, this 

increase is not related to alterations in the proportions of air or tissue volumes, as evidenced by the 

air/tissue ratio parameter. However, at earlier time-points multiple processes take place: a balance 
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between compensatory mechanisms, driven by inflammation, and collagen deposition, due to the 

initial stage of fibrosis, leads to an unaltered air/tissue ratio at 7 days, precluding its use to 

discriminate BLM group from saline. However, at later time-points, it might be a useful parameter to 

describe lung fibrosis progression, as well as FRC/Vexp which significantly declined at the fibrotic 

stage. We believe that all the micro-CT parameters need to be considered when evaluating either 

disease development or response to anti-fibrotic drugs. In agreement with the micro-CT data, 

histological analyses, depicted as the Ashcroft score and its frequency distribution, revealed that all 

the BLM groups developed sustained fibrosis ranging from 3.5–5. However, the Ashcroft distribution 

marked a dose-dependent response to BLM, as only the higher doses either in double or triple 

regimen, increased significantly the percentage of severely injured areas, in line with non-aerated 

tissue detected by micro-CT. Moreover, we found highly significant Spearman coefficients 

correlating the Ashcroft score with all CT parameters. A dose-dependency was also revealed in 

inflammatory BAL cell counts, among the groups that underwent the triple dose regimen, as the 

group receiving 6 μg had more prominent leukocytes infiltrate, driven mainly by lymphocytes. These 

data confirmed that when splitting the amount of BLM into three administrations, even slightly 

different amounts of BLM could result in a markedly different outcome after 28 days. 

Based on our findings, the higher doses applied with both protocols, triple and double administration, 

were able to trigger a sustained fibrosis up to 28 days. 

However, the double 15 μg BLM dose induced moderate body weight loss, histological quantification 

revealed a total Ashcroft score close to 5 with predominant severe fibrotic lesions. These findings, 

along with micro-CT outcomes, revealed a significant increase in non-aerated areas as well as a 

marked decrease in air/tissue ratio, which led us to consider this protocol too severe. On the other 

hand, the triple administration corroborated our hypothesis: both 5 and 6 μg doses were able to 

induce relevant changes in lung fibrosis markers detected by micro-CT and histology, without 

causing excessive distress and body weight loss in animals. In drug discovery, the balance between 

the severity of the disease model and animal welfare is crucial, as pharmacological studies require 

animal manipulation once or twice daily, which may cause further stress. Moreover, the evaluation 
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of the anti-fibrotic activity of novel compounds would require a sustained, but not excessively severe 

BLM-induced fibrosis. We then characterized the lung fibrosis caused by triple administration of 6µg 

of BLM till day 35 to verify the steady state of fibrosis at later timepoint. The longitudinal micro-CT 

data have confirmed a significant alteration in the lung densitometric parameters from day 14 to 28 

showing a stable fibrotic feature with a tends to resolve at day 35. Although, the total Ashcroft score 

was significantly different at day 35 compared to saline, the fibrosis resulted however, moderate with 

a score (3.XXX). 

Despite of, the frequency Ashcroft distribution displayed a reduction of moderate severe-injured 

tissue zones at 35 days, the severe fibrosis areas remain as observed by micro-CT analysis.  

The inflammatory cells count in the BALF at days 7,14,21,28,35 revealed a significant presence of 

inflammatory cells till day 28. 

The macrophages were found significantly higher along the study, highlighting their role either in 

fibrosis establishment or in the resolution phase [106], [107].  

MMP-2, -8, and -12 and TIMPs are actively involved in ECM remodeling, the excessive presence of 

these matrixins in the BALF of the mice treated with BLM was reduced significantly after day 28, 

however some biomarkers like MMP-2, -12 remained still higher than saline mice till day 35 [82]. The 

micro-CT driven biomarkers together with ex-vivo data, confirmed an active fibrotic process till day 

28 providing two-three weeks of therapeutic intervals. Although ex vivo measurements showed that 

some fibrosis process is still ongoing at 35 days, we decide to test Nintedaninb treatment till 28 days. 

The Nint was administrated following two different schemes from (7 to 28) and (14-28). 

The hypo-, non- aerated and FRC/vol were introduced as a micro-CT derived biomarker to evaluate 

the lung fibrosis. The longitudinal quantification of these biomarkers disclosed their significant 

response to the antifibrotic therapy after two weeks of treatment. Based on the animal’s body weight 

reduction, NINT was better tolerated if given for two weeks from pro-fibrotic phase (day 14) than 

three weeks (Fig 22). However, micro-CT driven readouts at day 28 did not reveal any significant 

differences between the NINT treatment starting from day 7 or day 14 , the longitudinal micro-CT 
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scanning highlighted an early lung aeration improvement after only one week of the treatment just 

in the group treated with nintedanib from day 14 (profibrotic phase); supporting the importance of 

timing for the pharmacological intervention[15]. The inhibitory effect of NINT on the protein levels of 

Matrixins and TIMPs in the BALF was found after the three weeks of treatment from day 7 to 28 

which also slightly reduced the Ashcroft score and ameliorated the lung parenchyma by reducing 

the severely injured tissue, which was highlighted by micro-CT data. 

In this study we proposed and pharmacological validate a sustained disease model of pulmonary 

fibrosis until day 28. 

This model could be used either to study the inflammation/fibrosis, starting the therapeutic treatment 

for three weeks, or two weeks of treatment staring from profibrotic phase at day 14 as a therapeutic 

window. 

The longitudinal micro-CT imaging was able to quantify the lung parenchyma changes and response 

to NINT along the study by reducing the intra experiment variability, since each animal was used as 

the control of itself. Moreover, in compliance with 3R, CT drastically reduce the number of mice 

needed for experiment. 

 

Conclusion 

Here, we highlighted the pivotal role of micro-CT in developing an optimized mouse model of lung 

fibrosis. Micro-CT technology is increasingly being recognized as a fundamental translational tool in 

preclinical studies, as it allows investigators to get relevant three-dimensional information about 

disease progression as well as to detect regional differences within the lung parenchyma. 

Furthermore, longitudinal measurements can be carried out from each subject in a non-invasive 

manner, thus enabling a significant refinement of animal studies as well as a reduction in sample 

size. Overall, this will permit a considerable decrease in costs and time to develop disease models. 

Moreover, the quantification of normo-, hypo- and non-aerated areas and functional parameters such 
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as air/tissue ratio and FRC/Vexp, provides a wide and detailed overview of the disease progression. 

These parameters represent useful tools to select the optimal protocol for BLM studies to be used 

for primary drug screening, corroborated by ex-vivo measurements. The integration of in-vivo and 

ex-vivo techniques provide us with broad information to outline the efficacy or toxicity of compounds 

in the early stage of drug discovery. 

Here, we identified a triple dose of 6 μg BLM as the optimal regimen to induce sustained lung fibrosis 

that doesn’t spontaneously revert after 21 days, and we pharmacologically validated the reliability of 

this model with a FDA-approved antifibrotic drug. 
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