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Abstract 

Bronchopulmonary dysplasia (BPD) is a chronic lung disease that represents the most common 

complication in preterm babies with adverse consequences in adulthood. BPD is a complex and 

multifactorial disease, and its development relies on several prenatal and postnatal causal factors 

which alter alveolar growth, pulmonary vascular development, and inflammation. This complex 

etiology, and the scarcity of human pathology specimens available, hamper the development of 

effective therapies, therefore BPD animal models are key tools to investigate the precise mechanisms 

leading to BPD. The preterm rabbit model incorporates the positive aspects of both small (mice and 

rats) and large animal (baboons and lambs) models used to study BPD pathophysiology so far. 

Continuous exposure to high oxygen concentration (95% O2) for 7 days induces functional and 

morphological lung changes in preterm rabbits that resemble those observed in BPD-affected babies. 

To date, the molecular characterization of the BPD onset in this model is missing, therefore the main 

aim of this thesis was to characterize the 95% hyperoxia exposed preterm rabbit model for 7 days 

(post-natal day = PND7) by a multi-disciplinary approach to i) characterize the histological and 

molecular changes during BPD development and ii) confirm the translational potential of the preterm 

rabbit as BPD model for new therapeutic strategies development. We found hyperoxia exposure 

induced the arrest of lung and vasculature development and lung injury compared to normoxia at day 

7. Moreover, several processes have been found dysregulated by hyperoxia exposure. Inflammatory 

and cell death processes were up-regulated whereas lung and vasculature development ones were 

down-regulated. We have also identified 42 genes as strongly correlated with BPD development, 

whose signature would be useful for future evaluations of new pharmacological treatments' 

therapeutic effects. 

An extended version (up to 14 days) of the PND7 preterm rabbit model has been set up and validated 

in Chiesi Farmaceutici, using 70% of oxygen instead of 95%. This long-term BPD model would 
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bypass the high oxygen concentrations (O2> 40%) no longer used in the Neonatal Intensive Care Unit 

(NICU). Additionally, the short experimental timeframe of the PND7 BPD model impedes testing 

any therapeutic treatments, since a preventative approach is the only feasible. For these reasons, we 

characterized the histological features and gene expression patterns of the previously selected 42 

genes on day 14. The histological and gene expression analysis showed that normoxic preterm pups, 

and even more those hyperoxia-exposed, have a lung growth delay when compared to their age-

matched controls born at term. Moreover, comparison analyses have been performed in order to 

highlight the different phenotypes between days 7 and 14 models. Both histology and gene expression 

analysis revealed that the PND14 model has a milder phenotype than the PND7 one, and we identified 

a preterm influence on lung development in PND14 pups that was missed in the PND7 one. 

The overall of these analyses demonstrated the high translational value of our preterm rabbit models 

to study BPD development and pathophysiology. Finally, deep molecular characterization of both 

animal models will be crucial for identifying new targets and pathways that can be used to build novel 

BPD preventative and therapeutic treatments. 

 

 

 

 

 

 

 

 

 

 

 

 

 



5 
 

Table of Contents 
1. Introduction ................................................................................................................................................... 7 

1.1 The different stages of human lung development .................................................................................. 7 

1.2 Prematurity and current strategies ......................................................................................................... 9 

1.3 Bronchopulmonary dysplasia (BPD) ...................................................................................................... 11 

1.3.1 Prenatal factors .................................................................................................................................. 12 

1.3.2 Postnatal factors ................................................................................................................................. 14 

1.3.3 Pathophysiology of BPD ..................................................................................................................... 15 

1.3.3.1 Lung parenchymal structure alterations ......................................................................................... 17 

1.3.3.2 Pulmonary vascular alterations ....................................................................................................... 18 

1.3.3.3 Airway injury .................................................................................................................................... 18 

1.3.3.4 Long-term outcomes ....................................................................................................................... 19 

1.4 BPD prevention and treatments ............................................................................................................ 20 

1.4.1 Caffeine ............................................................................................................................................... 20 

1.4.2 Postnatal steroids therapy ................................................................................................................. 21 

1.4.3 Vitamin A ............................................................................................................................................ 21 

1.4.4 Cell therapy ......................................................................................................................................... 22 

1.4.5 Insulin-like growth factor-1 therapy ................................................................................................... 23 

1.5 Translation of BPD phenotype in animal models .................................................................................. 23 

1.5.1 Small animal models: Mice and Rats .................................................................................................. 26 

1.5.2 Large animal models: Baboons and Lambs ........................................................................................ 26 

1.5.3 The Preterm Rabbit Model: a practical compromise between small and large models .................... 27 

1.6 “OMICS” approaches to study BPD ....................................................................................................... 29 

2. Aim of the study .......................................................................................................................................... 32 

3. Materials and methods ............................................................................................................................... 33 

3.1 Custom-made incubators ...................................................................................................................... 33 

3.2 In vivo protocol ...................................................................................................................................... 34 

3.2.1 C-section and animal randomization .................................................................................................. 34 

3.2.2 Neonatal rabbit care ........................................................................................................................... 34 

3.2.3 Lung tissue collection ......................................................................................................................... 35 

3.2.4 Histological analysis ............................................................................................................................ 36 

3.2.5 Transcriptomic analysis on PND 7 animal model ............................................................................... 38 

3.3 Linguamatics analysis and qPCR validation ........................................................................................... 41 

4. Results ......................................................................................................................................................... 43 

4.1 Morphological characterization of the 7 days hyperoxia-exposed preterm rabbit BPD model. .......... 43 



6 
 

4.2 Whole transcriptomic analysis of the day 7 days hyperoxia-exposed preterm rabbit BPD model ....... 48 

4.2.1 Differentially expressed genes (DEGs)................................................................................................ 49 

4.2.2 Pathway enrichment analysis and histological correlation ................................................................ 51 

4.2.3 Comparison with the BPD animal model by Salaets et al. study ........................................................ 54 

4.2.4 RNA-sequencing results validation ..................................................................................................... 54 

4.2.5 Hyperoxia-induced miRNAs ................................................................................................................ 55 

4.3 Characterization of the PND14 (70% O2) preterm rabbit BPD model ................................................... 57 

4.3.1 Morphological characterization ......................................................................................................... 57 

4.3.2 Gene expression analysis on 14 days model ...................................................................................... 59 

4.3.3 PND7 vs PND14: histological and gene expression comparison ........................................................ 60 

5. Discussion .................................................................................................................................................... 63 

5.2 Conclusions and future directions ......................................................................................................... 73 

References ....................................................................................................................................................... 76 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



7 
 

1. Introduction 

1.1 The different stages of human lung development  

The physiological period of gestation starts with the fertilization of the egg cell and lasts 40 weeks or 

9 months 1. It can be divided into 3 main periods: zygote (from egg cell fertilization up to the end of 

the 2nd week), embryonic (from the 3rd up to the 8th week), and fetal period (from the 9th up to the 

40th week) (Figure 1). 

 

Figure 1. Embryo development phases (image adapted from Moore KL. et al 1) 

Lung development is a finely orchestrated process that occurs through five phases during 

physiological fetal growth, starting from small anterior foregut endoderm cells, in the embryonic 

period, to a more complex structure composed of different cell populations, in the alveolar period 2. 

The development of the lung parallels the pulmonary circulation one 3 (Figure 2):  

Embryonic period (from the 4th to the 6th week): the embryonic period is essential for 

organogenesis and organ development. In the beginning, the lung appears as a prominence in the 

primitive oesophagus. The trachea develops from the epithelial cells of the foregut endoderm and 

branches into the right and left main bronchi, and then into lobar and segmental bronchi 4. The 

vasculogenesis and angiogenesis start in this period around airways bud 5. 

Pseudoglandular period (from the 6th to the 16th week): during this stage, the branches 

undergo a process of morphogenesis, resembling exocrine glands 5,6. At the end of this stage, all the 
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conducting airways and terminal bronchioles are formed, and pre-acinar structures, including 

pulmonary arteries and veins, appear on the respiratory tree 5. 

Canicular period (from the 16th to the 24th week): the respiratory tree starts to expand in length 

and diameter, along with vascularization and angiogenesis which are important for the future air-

blood barrier formation, and the terminal bronchioles divide into respiratory bronchioles and alveolar 

ducts 6. Furthermore, the alveolar epithelium differentiates into type 1 and type 2 epithelial cells with 

lamellar bodies by the end of the 20th week 7. Type 1 cells line the alveolar surface to form the blood-

air barrier and maintain the physiological structure of the lung tissue. Type 2 cells are crucial for 

normal lung development since they are devoted to the production and secretion of surfactant, which 

allows the alveoli expansion during inspiration and avoids the alveoli collapse during expiration 8.  

Saccular period (from the 24th to the 36th week): at the beginning of this phase, the terminal 

airways form clusters of thin-walled terminal saccule, which in turn will generate the alveolar sacs 

during the last lung development phase 3. Furthermore, the secretory activity of alveolar surfactant 

by type 2 alveolar cells increases in this phase, along with the vascular system expansion 9. This latter 

allows the capillary network to form a double vascular layer in the walls between the sacs 3. 

Alveolar period (from the 36th week of gestation to the 2nd postnatal year): alveolarization 

is the final stage of lung development and it is predominantly a postnatal event 6. In this stage, the 

thin-walled terminal saccules shape the last generation of airways: alveolar ducts and alveolar sacs. 

Septation is another process that occurs during the alveolar period, which is pivotal to subdivide the 

airspaces and to form the alveoli. At the same time, it occurs a remodelling of the double capillary 

network, which gradually merges as a single capillary layer 5. This period starts at the end of gestation 

and continues until the second year of life 4. 
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Figure 2. Stages of lung development (image adapted from Kajekar et al 10) 

1.2 Prematurity and current strategies 

Preterm birth is commonly defined as birth before the 37th week of gestation 7. Preterm birth is the 

main cause of neonatal mortality all over the world and it has become an important social and health 

problem, with a global incidence of approximately 15 million per year 11. Infants born preterm can 

fall into four different categories of preterm infants, based on their gestational age (GA) 12: 

▪ Late preterm (34 to 37 weeks of gestation) 

▪ Moderate preterm (32 to 34 weeks of gestation) 

▪ Very preterm (28 to 32 weeks of gestation) 

▪ Extremely preterm (less than 28 weeks of gestation)  

Even if the events leading to preterm birth remain unclear, preterm birth could be associated with 

several factors 13. The main clinical risks are related to maternal aspects: (a) nutritional status such as 

tobacco, drugs and alcohol consumption, medical disorders, stress, and psychological characteristics; 

(b) pregnancy history such as previous preterm delivery, the interpregnancy interval of less than six 
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months, and genetic predisposition; (c) sociodemographic characteristics such as the absence of 

health insurance, ethnicity, male gender, and poor antenatal care; (d) current pregnancy characteristic 

like intrauterine infection, fetal malformation, and multiple gestations 11,13,14.   

Preterm infants are delivered during the late canalicular, saccular, or early alveolar normal lung 

maturation phase, the most vulnerable stages of lung development. Preterm delivery disrupts the 

alveolar epithelial cells’ differentiation, thus impairing endogenous surfactant production. Moreover, 

perinatal exposure to infection, mechanical ventilation, inflammation, and high oxygen concentration 

may lead to additional insult to the immature lung 15. Prematurity and post-natal factors could lead to 

the two main preemies respiratory complications: neonatal respiratory distress syndrome (nRDS) and 

bronchopulmonary dysplasia (BPD). Other prematurity-linked pathologies are intraventricular 

hemorrhage (IVH) and necrotizing enterocolitis (NEC) 16,17. The incidence and severity of these 

morbidities increase with decreasing GA at birth 18. For instance, nRDS ranges from 2%, at 34–36 

weeks of gestation, to more than 50% in extremely low gestational age infants 19. Respiratory distress 

is one of the most common reasons for infants to be admitted into neonatal intensive care units 

(NICUs) to support their breathing at birth. In fact, lungs of preterm infants are not mature and thus 

they require oxygen supplementation and ventilation support. Mechanical ventilation is an invasive 

technique, requiring an endotracheal tube, that once applied to a premature lung could lead to 

inflammation, hyperoxia, volutrauma, barotrauma, oral-pharyngeal abrasion, and lacerations of the 

oropharynx 16,18,20. Nowadays, thanks to progress in medical care, assisted ventilation has become 

less invasive. Nasal continuous positive airway pressure (nCPAP) has become the most used system 

of non-invasive ventilation after birth. nCPAP has decreased respiratory failure, thus reducing 

complications and mortality 21. However, preterm infant lungs lack in surfactant production and the 

ventilation alone is not often enough to support their recovery. For those reasons, preterm babies are 

commonly treated with non-invasive exogenous surfactant replacement therapy (SRT), such as LISA 
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catheter, InSurE (INtubate SURfactant Extubate), and laryngeal mask techniques, coupled with non-

invasive ventilation system 22–24. 

In the last decades, the progression in medical care has significantly improved the survival rate of 

extremely preterm infants. However, these infants are often affected by long-term diseases. Among 

these, BPD is the most common chronic morbidities impairing premature neonatal lung development 

25,26. 

1.3 Bronchopulmonary dysplasia (BPD) 

BPD is a long-term complication of prematurity resulting from complex processes that compromise 

the physiological lung development of premature babies 27. In 1967, Dr. Northway defined for the 

first time the BPD as a chronic lung disease caused by aggressive ventilation with high oxygen levels 

for at least 7 days in nRDS babies, now known as “Old BPD” 28. Since this first description, the 

phenotype of BPD has evolved in parallel with advances in medical care 29,30. Nowadays, this 

definition has been replaced by the “New BPD”, as a consequence of the introduction of new standard 

care practices 23. “Old BPD” manifestations are represented by pulmonary fibrosis and abnormal 

arterial vascularization, whereas the “New BPD” is characterized by lung arrest development, 

alveolar hypoplasia, decreased septation, dysregulated development of pulmonary vasculature, and 

abnormalities in respiratory function 28,31. Despite the increase in the survival rate of preterm infants 

and the critical care management progress over the years, the BPD incidence is broadly stable at 

around 40% worldwide 32. In addition, a 0.2% increment of global BPD cases is expected for the 

period 2017-2028, with more than 14000 cases in the USA for the year 2030 33. 

The National Institute of Child Health and Human Development defines BPD patients as those infants 

born before the 32nd week of gestation that need supplemental oxygen therapy for at least 28 postnatal 

days or 36 weeks postmenstrual age (PMA) 34. Moreover, they defined a BPD severity scale, divided 

into mild, moderate, and severe BPD, based on pathology severity and the required respiratory 
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support 29. Mild BPD is diagnosed in those babies who breathe autonomously up to 36 weeks PMA, 

the moderate BPD infants need a supplemental oxygen therapy with less than 30% O2 up to 36 weeks 

PMA, whereas the severe BPD is diagnosed in those infants who need more than 30% oxygen 

supplementation and/or positive pressure respiratory support up to 36 weeks PMA 33,35. However, 

this definition has several limitations because it is based only on baby management and not on the 

disease pathophysiology. 

In the last decades, several studies have shown that BPD is correlated with timing and duration of 

exposure to several specific risk factors, differentiated into prenatal and postnatal ones, in association 

with prematurity of lung (Figure 3) 36–39.  

 

Figure 3. Prenatal and postnatal risk factors for BPD development 

1.3.1 Prenatal factors 

Prenatal insults such as inflammation, antenatal corticosteroids administration, environment, and 

genetic predisposition could potentially change the physiological lung development in the prenatal 

period and affect the development of BPD 40,41. 
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Inflammation 

Chorioamnionitis (CA) is an in-utero inflammation, caused by intrauterine bacterial infection, by 

Ureaplasma or Mycoplasma species, that commonly promotes inflammation processes of fetal 

membranes, chorion, and amnion 42,43. Several clinical and pre-clinical studies showed that CA has a 

dual effect on the fetus 44. It promotes a temporary lung development burst with an increased 

surfactant production, partially protecting infants from nRDS 45,46. Vice versa, intrauterine 

inflammation can trigger BPD developing 29,37,44,47–50.  

Intrauterine Growth Restriction  

Intrauterine Growth Restriction (IUGR) consists in the failure of the fetus to reach its growth potential 

during pregnancy 51, due to the limited levels of oxygen and nutrients in utero. The deficiency of 

several growth factors leads to IUGR, impairing lung growth 52. Nowadays IUGR is associated with 

an increased risk for BPD and it is recognized as an independent risk factor 37,53. 

Maternal smoking 

Maternal smoking promotes preterm birth and lowers birth weight that can determine abnormalities 

in pulmonary functions 54. Nicotine interacts with neonatal lung receptors impairing alveolarization 

and abnormal airway function 29,52,55.  

Genetic predisposition and environment 

Genetic predisposition and environment are also involved in BPD 56. And several studies highlighted 

potential dysregulated candidates that are components of innate immune and antioxidant defenses, 

and also modulators of vascular and lung remodeling, including matrix remodeling and surfactant 

proteins 57. 
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Antenatal corticosteroids 

Administration of antenatal corticosteroids reduces infant mortality and the incidence of nRDS, 

stimulating the production of surfactant and lung maturation 58. However, numerous studies have 

shown that corticosteroids have several targets across the body leading to a plethora of undesirable 

systemic side effects 59. For instance, they favor the remodeling of the lung parenchyma, thus 

improving gas exchange but they also cause fewer and larger alveoli formation. Antenatal 

corticosteroids treatment can suppress lung inflammation but it could also alter the immune cell 

function, increasing the risk of early-onset sepsis 42,44. Despite this evidence, antenatal corticosteroids 

are widely used in NICUs since they efficiently reduce the complications of preterm birth, but not the 

incidence of BPD in infants 59. 

1.3.2 Postnatal factors 

Several post-natal factors could also affect the normal alveolarization, the airways structure, and 

pulmonary vascular development, intensifying inflammatory response in the lungs. In particular, 

oxygen supplementation therapy, mechanical ventilation along with postnatal infections and 

nutritional deficiency can increase lung injury 29,60,61. 

Mechanical ventilation and oxygen administration 

Mechanical ventilation and oxygen therapy can impinge lung development in preemies. Ventilation-

induced lung injuries (VILIs) are associated with proinflammatory mediators release and the 

disruption of alveolar epithelial cells 62,63. Barotrauma, caused by high inspiratory pressure, and 

volutrauma, due to excessive tidal volume, are forms of VILI 52. Currently, the aim of clinicians is to 

reduce airways damage attributed to ventilator supports, preferring non-invasive ventilations (e.g. 

nCPAP) instead of mechanical ones 29,44.  

Oxygen therapy, as well mechanical ventilation, can also interfere with lung development 44, since 

the high level of oxygen exposure, or prolonged oxygen therapy, increases the oxidative stress in 
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preterm lungs 53. Reactive oxygen species (ROS) produced by hyperoxia exposure, directly affect cell 

growth compromising alveolar and angiogenesis maturity 28,60, thus leading to BDP development 

28,29,50. 

Infection 

Preterm babies are more susceptible to infections, such as sepsis, since their immune system is not 

fully developed 15. Sepsis is caused by common infectious agents, such as Streptococci and 

Staphylococci species or gram-negative bacteria, causing the impairment of epithelial alveolar cells 

and BPD onset 29,41,64. Early-onset sepsis occurs within the first 3 days of life, whilst it has a late-

onset within 3-7 days 65,66.  

Nutritional deficiency 

Adequate nutritional management is crucial for BPD prevention in preemies. Malnutrition affects 

physiological lung development by disrupting alveolarization and affecting bronchiolar epithelium 

67. In vivo studies demonstrated that malnutrition aggravates the effect of hyperoxia on alveolarization 

and extra-cellular matrix deposition in the lungs 67. Optimization of the diet is crucial for lung function 

and development in preterm infants 68, reducing pulmonary disorders onset and consequently 

lowering moderate and severe BPD incidence 69. 

1.3.3 Pathophysiology of BPD 

Pathophysiology of BPD has significantly changed over the past decades due to the improvements in 

the respiratory management of preterm babies 52. However, the BPD pathophysiology has not been 

fully understood yet. BPD is a multifactorial disease, leading to high variability among clinical cases 

with heterogeneous phenotypes. As mentioned before, these latter are known to be triggered by 

preterm birth and promoted by prenatal and postnatal factors (Figure 4) 70. Overall, they induce a 

significant pulmonary inflammatory response, leading to abnormal lung function and structural 

changes persisting also in childhood and adulthood 15,36. This inflammatory response is mostly due 
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to the accumulation of neutrophils and macrophages in airways and pulmonary tissue, affecting the 

alveolar capillary unit and tissue integrity 71. Indeed, alveolar macrophages produce diverse pro-

inflammatory cytokines which, in turn, increase the levels of chemotactic proteins that attract 

inflammatory cells (i.e. neutrophils and leukocytes) into the lung. Instead, neutrophils secrete plenty 

of proteases which lead to pulmonary tissue damage, cellular apoptosis, and surfactant inactivation 

71. To aggravate this situation, the inflammatory process occurs on developing lungs and the degree 

of these alterations depends on the developmental stage at which preterm babies are born. Altogether, 

these events lead to alveolar and pulmonary vascular simplification characterized by gas exchange 

and respiratory system abnormalities 52. Nevertheless, the pathophysiology of BPD is not fully 

investigated to study since is a multifactorial disease with a non-homogeneous phenotype among the 

preterm population. Moreover, the increase of patient survival rate and ethical constraints have 

reduced the pathologic human specimens available, hampering the investigation of the BPD 

pathophysiological mechanisms. In this scenario, the histological and -omic data that come from BPD 

animal models are crucial to characterize the pathophysiology of BPD and to identify new therapeutic 

targets. Even if phenotype and symptoms differ among BPD-affected preterm infants, the majority of 

them have shown three common hallmark features: lung parenchymal alterations, pulmonary 

vasculature disease, and respiratory function abnormalities 29,52.   
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Figure 4. Pathophysiology of human BPD (image from Salaets et al 72) 

1.3.3.1 Lung parenchymal structure alterations 

The physiologic formation of the alveolar structure creates the appropriate interface with the 

developing capillary bed, allowing an adequate gas exchange 73. The lung architecture of BPD 

preterm babies is characterized by a dysregulated expression and organization of elastin fibers and 

collagen, leading to enlarged alveolar units and reduced alveolarization 73,74. The degree of these 

alterations depends on the developmental stage at which preterm birth occurs, being more serious in 

preterm babies born in the late canalicular-early saccular phases compared to ones in the late saccular-

early alveolar phases 74,75. The arrest of lung development is primarily attributed to oxygen toxicity. 

High levels of ROS interfere with cell growth pathways causing alveolar epithelial cells injury, or 
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necrosis if hyperoxia exposure is prolonged 76, which is associated with modification in density and 

disposition of extracellular matrix (ECM) components. The lung parenchymal damage starts with 

inflammatory cells infiltration in the lung tissue. Thereafter, neutrophils and macrophages augment 

recruiting of leucocytes and contribute to damage ECM, due to leucocytes proteases releasing 29. 

Several in vivo studies demonstrated that the inflammatory response reduces the number of alveoli 

and capillary growth, increases the thickness of septa, and alters the expression of ECM components 

36,73,77,78.  

Physiologically, elastin is involved in the formation of secondary septa, and collagen increases during 

lung development permitting normal septation 79. During BPD onset, irregularly deposed-elastic 

fibers become thicker, tortuous. Moreover, the immature fetal lung is characterized by thickened 

collagen around the saccule walls, a widened interstitium, and by an increase of larger interstitial 

collagen fibers 80. The delay in the deposition process of elastic fibers decreases the elasticity of the 

neonatal lung making it more vulnerable to tissue damage related to VILI 81. 

1.3.3.2 Pulmonary vascular alterations 

Premature birth and postnatal lung injuries impact pulmonary circulation, other than impairing 

alveolar development 36. Oxidative stress and inflammation inhibit angiogenesis, disrupting capillary 

growth and inducing smooth muscle proliferation, which increase media thickness of small 

pulmonary arteries. Alterations in pulmonary vessel structures, defined as “dysmorphic” 36, impair 

gas exchange, increase vascular resistance and reduce compliance, leading to the development of 

pulmonary hypertension (PH) 67–70. PH is a severe complication of BPD, leading to increased oxygen 

demand, hospital readmission, and mortality of premature infants 71. 

1.3.3.3 Airway injury 

Infants affected with BPD have abnormal respiratory system mechanics. Preterm babies exposed to 

prolonged supplemental oxygen show airway hyperreactivity 82. Moreover, pulmonary edema, 
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interstitial fibrosis, and tissue overdistension due to mechanical positive pressure ventilation worsen 

lung function 29,83. These factors can lead to airways obstruction, increased airway resistance, 

reduction of lung compliance and functional volume. Lung mechanics abnormalities in BPD-affected 

babies manifest as an increase of breathing work, tachypnea, and intercostal retractions 84, leading 

also to long-term consequences, such as asthma and other reactive airway diseases 52,82,83. 

1.3.3.4 Long-term outcomes 

Extremely preterm babies, who survived in the “non-invasive era”, are now reaching childhood and 

early adulthood, thus the long-term outcomes are still poorly characterized 27,28. Several studies 

showed that about 50% of children with BPD are re-hospitalized within the first year of life because 

of nRDS, BPD, and respiratory tract infections. Moreover, 70-80% of BPD-affected patients require 

home oxygen therapy 28,29,83,84 and, at the end of the alveolarization phase (2 years old), a small 

percentage still necessitates oxygen supplementation 83. Hospital recovery for respiratory illness 

decreases drastically at 4-5 years of life 29,73,84. Furthermore, BPD survivals show visible neonatal 

impairment of alveolar development in these first years of life, which might persist into childhood 

and adulthood 85. Indeed, specific functional tests show abnormalities compared to healthy age-

matched controls 83,86. Clinical manifestations include exercise intolerance, asthma-like symptoms, 

airway hyper-reactivity, and PH. Furthermore, premature BPD babies have a compromised immune 

system, thus they are more susceptible to infection during childhood, causing severe pulmonary 

complications 27,87. Impaired lung function is considered also a risk factor for developing progressive 

airflow limitations, known as chronic obstructive pulmonary disease (COPD) 80. Several studies 

highlighted that prenatal factors as prematurity, maternal behavior, and early lung development 

disruption are recognized as factors contributing to COPD 88. Beyond the impact on respiratory 

health, BPD survivors show also a high risk of long-term neurodevelopmental disorders 83,87,89. 

Oxidative stress, inflammation, malnutrition, and antenatal/postnatal corticosteroids treatments are 

well-recognized risk factors for brain injury. They lead to reduce overall brain volume, with an 
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evident decrease in both gray and white matter, increasing the risk for cognitive impairment in 

childhood and adolescence 90. Moreover, other neurological disorders linked to BPD pathophysiology 

include delayed motor, academic, cognitive performance, and behavioral problems 87,91.  

1.4 BPD prevention and treatments 

Several improvements in neonatal medical care have been performed, including non-invasive 

ventilation, less invasive surfactant administration, and reduction of inspired fraction of oxygen but 

none of them showed a positive impact on the BPD incidence rate in preterm infants 92. As previously 

described, BPD arises from several pathological factors, and its prevention and treatment require a 

multi-pronged approach 83,93. In the last decades, limited therapies have evidenced some significant 

positive effects: caffeine, vitamin A, postnatal steroid treatments, mesenchymal stem cells, and the 

insulin-like growth factor-1 94. 

1.4.1 Caffeine 

Caffeine is a methylxanthine derivative commonly used for the treatment of apnea in preterm infants 

27. It stimulates breathing through competitive inhibition of adenosine, an endogenous inhibitor of the 

respiratory system in the central nervous system 95. Several studies demonstrated that caffeine 

significantly reduces BPD development and improves neurodevelopmental outcomes in preterm 

babies 27, by stimulating the respiratory centers and decreasing pro-inflammatory cytokines 

production, improving lung function and inflammation, and pulmonary mechanics 96,97. Animal 

studies showed that administration of caffeine, combined with surfactant, reduced airway resistance 

and improved lung compliance 98. The timing of treatment is crucial because earlier treatment is 

associated with increased benefits. Indeed, caffeine therapy within the first three days of life results 

in a lower BPD incidence compared to a delayed administration 98,99. 
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1.4.2 Postnatal steroids therapy 

Benefits derived from steroid treatments are mainly related to improved lung compliance, decreased 

airway resistance, and early weaning from mechanical ventilation 100. Systemic dexamethasone 

administration within the first eight days of life reduces the risk of BPD in very preterm babies 101. 

Similarly, dexamethasone administration after the third week of life accelerates extubation time, but 

it does not have an impact on BPD severity 27. However, postnatal steroid therapy can also cause 

multiple systemic side effects 102. The early use of dexamethasone increases the rate of 

gastrointestinal perforation, neurological disorders (e.g. cerebral palsy), and hypertrophic 

cardiomyopathy. For these reasons, systemic corticosteroid therapy is not recommended in very 

preterm infants 101,103–105. In order to reduce systemic side effects, steroids can be delivered directly 

to neonatal lungs through inhalation or intra-tracheal instillation 103,106. Early administration (within 

the first week of life) of inhaled corticosteroids, in extremely preterm infants, is associated with a 

significant reduction of BPD rate even if its long-term effects on neurological development are not 

clearly established 27,103,107. Inhaled steroids require a high dosage to allow sufficient drug deposition 

into the lungs 27,103,108 thus, to overcome their possible side effects, steroids can be mixed with 

exogenous surfactant and delivered through intra-tracheal injection 103,109,110, to improve their 

delivery and distribution throughout the lung epithelium 110–112. Nonetheless, a few studies have 

demonstrated that this mixture facilitates early extubation, decreases BPD incidence, and improves 

pulmonary outcomes without significant side effects 106.  

1.4.3 Vitamin A 

Vitamin A is the collective term for a group of nutritionally fat-soluble retinoids that are essential for 

physiological growth and maturation of the respiratory epithelium 113,114. This group includes retinoic 

acid, retinol, retinal, and retinyl esters that are required for surfactant synthesis as well as epithelial 

cells differentiation, and proliferation 115–117. Physiologically, the expression of vitamin A occurs in 

the fetus during the third trimester. Diverse studies showed that preterm infants have reduced hepatic 
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stores of retinol-binding proteins, as well as in the plasma, that can contribute to lung development 

arrest and consequently BPD development 115,118. Conversely, vitamin A supplementation seems to 

have positive effects on BPD-affected babies by reducing the inflammatory response and improving 

the alveolar septation process 94,115,118,119. Vitamin A can be administrated in several ways. Vitamin 

A administration via enteral feeding does not permit adequate adsorption owing to immaturity of 

gastrointestinal function. The parenteral administration of vitamin A is an invasive procedure and can 

increase the risk of infections 115,119. Currently, the intramuscular route is preferred in clinical practice 

27,92,106,119. However, the vitamin A supplementation benefits are controversial because the reduction 

in BPD development can be only observed in extremely low-weight infants 120. Moreover, vitamin A 

administration does not reduce the duration of mechanical ventilation need or length of hospital stay, 

and it does not improve neurodevelopmental outcomes 27. 

1.4.4 Cell therapy 

A new and promising therapeutic field in BPD prevention is the use of stem cells 93. Stem cells and 

stem-cells derived exosomes are emerging tools for treating or preventing BPD in the neonatal 

population 121. In the last decades, researchers’ attention has been mainly focused on the 

mesenchymal stem cells (MSC). This interest is related to their multipotent and anti-inflammatory 

proprieties, low immunogenicity, the ability of self-renewing, and easiness to be extracted 93,122. MSC 

are commonly isolated from several sources including bone marrow, adipose tissue, lung, placenta, 

and umbilical cord 123. Studies showed that the administration of bone marrow-derived MSC has 

shown a survival improvement and a reduction of lung inflammation and lung vascular damage, in 

rodent models with hyperoxia-induced lung damage 124. The potential therapeutic applications of stem 

cells are not only related to their regenerative capacity but also their potential paracrine properties 121. 

The paracrine effects act via secretion of subcellular organelles, such as exosomes, which can protect 

pulmonary epithelial and microvascular endothelial cells from oxidative stress and prevent alveolar 

developmental impairment induced by hyperoxia. Moreover, they decrease macrophages and 
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neutrophils infiltration and repair the lung by stimulating bronchioalveolar stem cells. Thus, MSC 

treatment seems to be very encouraging for the prevention of BPD 122,125. Nevertheless, several 

questions regarding the best timing and method of administration continue to be unclear. Finally, 

since that premature infants have an immature immune system, some precautions should be taken, 

avoiding the risk of stem cells anomalous proliferation in clinical trials 122,124,125. 

1.4.5 Insulin-like growth factor-1 therapy 

Insulin-like growth factor-1 (IGF-1) is an important regulator of fetal growth and lung angiogenesis 

and development 126. IGF-1 levels mainly increase during the second and third trimester of pregnancy, 

and then rapidly decrease after birth 127. Low serum levels of IGF-1 in preterm neonates have being 

associated with an increased risk of BPD 126. Consistently, IGF-1 administration to neonatal rodent 

model seems to reduce lung injury in response to hyperoxia. Clinical studies demonstrated that 

treatment with recombinant human IGF, in combination with its binding protein, reduces the number 

of preterm neonates with severe BPD and shifted the disease severity to milder BPD 127,128.  

1.5 Translation of BPD phenotype in animal models 

During the last years, numerous therapeutic strategies have been clinically investigated, but only the 

ones described above seem to be effective in reducing the incidence of BPD. As mentioned before, 

since the increased patient survival rate led to a paucity of human pathological specimens, the large 

part of data on new therapeutic strategies derives from in vivo studies 36,39. The use of non-invasive 

ventilation strategies, SRT efficacy, antenatal steroids, and retinoids’ key role in reducing BPD have 

been first established in animal models, providing the rationale for clinical trials 39,129. Animal models 

allowed to investigate key-player mechanisms leading to BPD onset and progression, but a 

standardized preclinical model does not exist yet, since the heterogeneity of lung pathology of BPD 

in human infants cannot be fully recapitulated by animal models. The identification and validation of 
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a research-fit animal model with a good translational power for testing novel strategies to prevent or 

treat BPD is an unmet need 39. 

As previously discussed, BPD phenotype in humans is characterized by alveolar developmental 

arrest, obstructive airways, and pulmonary vascular alterations that are extremely difficult to mimic 

in animal models, thus hampering the preclinical development of new drug candidates 72,130. In the 

last decades, two classes of animal models have been developed: small and large animal models 

(Figure 5). Both models have some advantages and limitations which should be carefully considered 

72. Small animal models are suitable to investigate the molecular pathways involved in specific 

aspects of BPD, revealing those mechanisms that impact the immature lung. Conversely, large animal 

models are useful for physiological studies of evolving BPD and for the transnationality potential of 

innovative therapeutic strategies to the NICUs 72,75. 

Hyperoxia and additional insults (e.g. mechanical ventilation and perinatal inflammation) are mainly 

used to mimic BPD-like lung injury and to better reproduce the clinical scenario 72,131. Specifically, 

the exposure to high levels of oxygen (fraction of inspired oxygen > 80%) in these animal models 

leads to alveolarization arrest with decreased the number of alveoli and increased alveolar septal wall 

thickness, which are two key histopathological characteristics of BPD 131. Aside from hyperoxia and 

external insults, the animal model birth has to occur in the same lung development stage as in 

premature infants to better mimic the structural and functional lung immaturity of human BPD, that 

is from the late canalicular to the early saccular stage. Animal models, in which preterm birth is 

combined with mechanical ventilation and oxidation-mediated injury, provide an important 

translational advantage 72. 
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Figure 5. Lung mammalian development (adapted from Salaets et al 72) 
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1.5.1 Small animal models: Mice and Rats 

Term mouse and rat models share similar advantages. They are small and convenient to house with a 

short gestation (21 days for mice, 22 days for rats) and large availability of reagents and techniques 

for molecular investigations 72. However, rodents’ physiology and lung structures differ from the 

human ones, implicating that the same intervention may provide different responses 132. Mice and 

rats are physiologically delivered at term in the saccular stage of lung development, which lasts until 

the post-natal day 5 when they are in the alveolar phase 72. In this condition, the lung morphology 

resembles the human one at the 28th-30th gestation week (Figure 5). At birth, their lungs are 

structurally immature but functionally mature, implicating that newborn pups have no gas exchange 

limitation, which is however observed in premature infants 72,133. A widely used BPD rodent model 

is the rodent pup, born at term, exposed to various degrees of high oxygen levels for a prolonged 

time. This animal model permits to study lung responsiveness to hyperoxia injury during the saccular 

stage as it occurs in extremely preterm infants. On the other hand, their lung functional maturity limits 

the extrapolation of findings from rodents to humans 72,133,134. For practical reasons, rodent models 

are useful to study pathogenic mechanisms involved in BPD development 72,75,133,134, but the lack of 

prematurity, the levels of oxygen utilized, and the unfeasibility to perform long-term mechanical 

ventilation experiments do not allow to accurately mimic the clinical neonatal scenario 72,134. 

1.5.2 Large animal models: Baboons and Lambs 

Premature lambs and baboons are widely used for physiological studies of BPD pathogenesis and to 

investigate new therapeutic strategies 72,75,78. They are born at term in the alveolar phase of lung 

development and they present airway anatomy similar to human 72 (Figure 5). Their size permits 

repeated blood sampling, catheterization, and the employment of standard care strategies, similar to 

NICUs scenario 72,78. Moreover, their offspring can be prematurely delivered, mimicking the BPD 

airway pathology as in preterm infants, since they require prolonged invasive mechanical ventilation 

with oxygen supplementation 72,75,78. The main advantages of the preterm lamb model, compared to 
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the baboon one, are mostly related to their larger size and organs that favor postmortem sampling. On 

the other hand, baboons are phylogenetically closer to humans and newborns are more immature at 

the time of preterm labor compared to the lamb model (Figure 5) 75,135. In the last decades, researchers 

developed several models characterized by different lung insults. In the preterm baboon model, pups 

delivery usually occurs at the 125th day of gestation (185-day at term) and they are stabilized by SRT 

and artificial ventilation. Regarding lamb models, their delivery is between 125 and 132 days of 

gestation (145-day at term) to study the effects of different ventilation modalities 72. Moreover, 

researchers set-up several baboons and lambs models characterized by in utero injection of the most 

common preterm babies infecting agents such as Ureaplasma and Mycoplasma organisms 135. 

However, these models present several limitations: high cost and intensity of care, small litter size, 

and ethical limitations. Furthermore, compared to rodent models, the availability of reagents is rather 

limited 72. 

1.5.3 The Preterm Rabbit Model: a practical compromise between 

small and large models 

Rabbits are a practical compromise between small and large animal models. They are easy to house, 

cost-effective, with a relatively short gestational period (31 days), large litter size, and can be easily 

manipulated 72,132. Like baboons and lambs, rabbits’ lung development is in the alveolar stage at birth, 

as the humans one (Figure 5), and continues through the postnatal period 72,132,133. Moreover, rabbits 

can be delivered prematurely in contrast to mice and rats. They can be delivered through the caesarian 

section on the 28th day of gestation, during the saccular phase of lung development, and they can 

spontaneously breathe. In this way, premature rabbits have a comparable immaturity of the 

antioxidant and surfactant systems to human preterm babies 72,132,133. The size of preterm rabbits 

allows the use of numerous types of manipulations such as SRT, hyperoxia exposure, intra-tracheal 

injection of drugs, gavage feeding, and short periods of mechanical ventilation 72,77. Therefore, the 

preterm rabbit model represents a valid option for investigating innovative strategies for BPD 
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treatment with high translational power. Despite these positive features, the preterm rabbit model has 

some limitations; i) it is not commonly used as rodent models, ii) reagents and tools are not large 

available, iii) long-term ventilation can not be performed because of its small size, and iv) it is less 

characterize at the molecular level compared to rodent models. Nevertheless, preterm rabbits, as large 

and small animal models are a valid option for both exploratory and translational research studies. 

Mataloun et al 136 investigated the combination between malnutrition and hyperoxia. Malnutrition 

leads to lower lung weight and decreased alveolar number, elastic fiber, and collagen deposition. 

These outcomes are extremely amplified in combination with hyperoxia 132,136. Recently, Salaets et 

al have demonstrated that prematurity itself causes lung developmental delay, even in absence of high 

oxygen levels and mechanical ventilation 137. In this study, rabbits delivered at the 28th day of 

gestation exhibit thicker septa, less complex airspaces, and increased alveolar size at day 7. Moreover, 

the mRNA expression of surfactant proteins is lower in preemies than in term pups. Lastly, preterm 

pups display thicker arterial walls, indicative of increased pulmonary vascular resistance 137,138.  

In the last decades, a widely used BPD rabbit model is the hyperoxia-exposed preterm rabbit 77,132. 

Several studies have shown that this model summarizes most of the main features of BPD phenotype 

77,138,139. Preterm pups under hyperoxia condition (fraction of inspired oxygen > 95%) for 7 days show 

several BPD hallmarks, as decreased inspiratory capacity and compliance, and increased lung tissue 

resistance and elastance, indicative of reduced respiratory capacity and an abnormal tissue structure. 

Moreover, hyperoxia-exposed preterm rabbis display the first symptoms of PH, as demonstrated by 

a reduced ratio in pulmonary artery acceleration time (PAAT) and ejection time (PAET), which is 

indirectly correlated with pressure in the right ventricle of the heart. Furthermore, hyperoxia-exposed 

preterm rabbits have larger alveolar size, suggestive of a deficit in secondary septation and formation 

of new alveoli 77,132,138,139. However, the hyperoxia-exposed animal model presents some limitations. 

Studies performed so far use high oxygen concentration (fraction of inspired oxygen > 95%) which 

is no more the standard care in NICUs. 7 days preterm rabbit model can not permit to study long-
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term outcomes, as happen in small and large animal models 77,132,138,139, thus it is useful to test 

preventative drugs and not therapeutic treatments. For this reason, several efforts have been done to 

extend the hyperoxia exposed preterm rabbit model from day 7 up to day 14. Moreover, delivery at 

the 28th day of gestation does not closely mimic the prematurity condition of extremely preterm 

neonates, since most of the pups are able to breathe spontaneously, with no mechanical ventilation 

support. The induction of preterm delivery at 27th days of gestation has been considered for better 

mimicking extremely preterm babies, but their management is very challenging and probably not 

easily feasible for application as a long-term model. Finally, this model does not incorporate prenatal 

interventions, as antenatal steroids administration, and post-natal ones, as caffeine administration. 

Ideally, the preterm rabbit model should mimic closely as possible the clinical scenario tackling the 

limitations exposed above. 

1.6 “OMICS” approaches to study BPD  

Omics approaches such as genomics, transcriptomics, proteomics, microbiomics, and metabolomics 

have been extensively used to identify therapeutic targets and diagnostic biomarkers in several human 

diseases 140. In the last decades, transcriptomic analysis has been used to deeply characterize genes 

and pathways that are dysregulated during diseases development, identifying those putative for novel 

preventive strategies to avoid/reduce the occurrence of BPD 124,141. Human BPD has a strong genetic 

predisposition 57,142, but different genome-wide association studies (GWAS) did not identify any 

BPD-associated single-nucleotide polymorphisms (SNPs) 143–146, that it might be due to the small 

cohorts analyzed. Several -omics approaches have been performed on urine and blood samples since 

they are easy to collect, following up BPD patients from disease onset to its progression 143,146–154. 

However, the use of these samples has some limitations: they do not allow to evaluate the 

pathophysiological patterns inside the lungs and often authors focused on a specific cell population 

or metabolite instead of analyzing the whole sample. To overcome these issues, -omics studies made 

use of tracheal aspirates (TA) from mechanical ventilated preterm babies, identifying several 
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activated inflammation patterns 143,146–154. Oji-Mmuo et al. performed mRNA and miRNA analysis 

on TA from invasive ventilated BPD preterm babies, demonstrating a dysregulation of several 

pathways, including inflammation, cellular growth, and tissue development 147. Furthermore, a 

proteomic study highlighted an over-expression of proteins associated with inflammation and lung 

epithelium injury in TA from BPD patients 152. Regarding the metabolomic approach, Piersigilli and 

colleagues identified that histidine, glutamic acid, citrulline, glycine, acylcarnitine, and isoleucine 

levels were higher in TA from neonates with BPD compared to aged-matched controls. Authors have 

suggested that these metabolites could be used as BPD biomarkers 153.  

Despite these scientific advances, using lungs samples as matrix for omic-based studies would be of 

great advantage for investigating BPD pathophysiology. However, thanks to the improvement of 

clinical care, BPD patients have been reduced. This improvement in NICUs, along with ethical-

related constraints, has broadly limited the availability of lungs and tracheal aspirates from preterm 

babies on which -omic analyses might be performed to unravel pathways and genes dysregulated by 

BPD. In facing these problems, several transcriptomic studies have been performed on mice and rats 

BPD animal models, identifying several new BDP candidate genes and pathways 140,155–157. 

Inflammatory processes, lung development, and angiogenesis pathways are the most relevant 

dysregulated pathways in BPD animal models that have shown evidence in human studies 155,158–160. 

To date, preterm rabbit is probably the best animal option to mimic clinical BPD. Salaets et al. have 

characterized the bulk transcriptomic profile of the preterm rabbit model exposed to hyperoxia at day 

7 155, showing that the expression of several pro-inflammatory genes, such as IL1A, IL1B, PTGS2, 

and CCL2 are increased in the lungs of hyperoxia-exposed preterm rabbits. Moreover, hyperoxia 

exposure dysregulated lung development-related genes such as PPARG, SPP1, CAV1, DKK1, and 

ACE as well as vasculogenesis genes such as VEGFA, TEK, and TIE1. Although this molecular 

characterization of the lungs of hyperoxia-exposed preterm rabbits highlights several patterns 

involved in BPD, authors have only analyzed the condition at the end of the experiment. To date, a 
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comprehensive bulk transcriptomic analysis of the development of BPD-like phenotype during 

hyperoxia exposure in preterm rabbits is still lacking. These studies relying on bulk transcriptome 

analysis permits only to evaluate the whole transcriptome profile within the sample, thus not revealing 

which cell populations are affected by BPD, as well as the primary effector cells and disease-related 

cell-cell communication.  
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2. Aim of the study 

BPD is the most common pulmonary chronic disease affecting preterm babies. It is a multifactorial 

disease with no commercially available medications, making BPD an unmet clinical need. For the 

development of new treatment therapies, understanding the genes and mechanisms involved in BPD 

development will be crucial. For this reason, in the last decades, several BPD animal models have 

been developed and the hyperoxia-exposed preterm rabbit BPD model is the most promising one. 

However, it is less characterized than the other BPD animal models.  

The main aim of this Ph.D. thesis is to demonstrate the translational potential of the hyperoxia-

exposed preterm rabbit as a suitable model to mimic BPD, in order to acquire a deeper and 

comprehensive view of the model and develop innovative therapeutic approaches. Based on this, a 

whole biomolecular and histopathological characterization was performed on preterm rabbits exposed 

to hyperoxia (95% oxygen) or normoxia (21% oxygen) conditions for 7 days. These analyses 

permitted us to understand the most important features that characterize the evolution of the BPD-

like phenotype in the model. 

Since preterm babies are normally exposed to oxygen levels significantly lower than 95% and 7 days 

model permit us only to test preventative treatments, the post-natal day 14 preterm rabbit model 

exposed to 70% of oxygen has been recently set-up and validated in Chiesi Farmaceutici laboratories. 

This model will permit us to characterize the progression of BPD and test therapeutic drugs after the 

disease onset. A secondary aim of this thesis was to characterize histological and gene expression 

profile of this alternative model, highlighting the differences between preterm animals exposed to 

hyperoxia (70% oxygen) or normoxia (21% oxygen) at day 14 and aged-matched birth at term 

animals. Finally, these results give us the opportunity to compare the two animal models, 

demonstrating similarities and differences.  
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3. Materials and methods 

3.1 Custom-made incubators 

A neonatal incubator is a device commonly used to maintain an optimal environment for the care of 

a newborn, in which temperature, humidity, and oxygen levels are monitored. In order to mimic the 

real clinical scenario for the preterm rabbit management, Okolab company (Naples, Italy) 

manufactured ad hoc incubators (Figure 6) for rabbit pup litters management. The incubator structure 

placed under a walk-in aspiration hood (Weiss Technik, Germany), consists of a rigid box-like 

enclosure equipped with both gas (oxygen and nitrogen) and temperature sensors with a feedback 

control loop to allow regulation and maintenance of oxygen concentration and temperature inside the 

chamber. 

 

Figure 6. Ad hoc incubators developed by Okolab 
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3.2 In vivo protocol 

Pregnant New Zealand White rabbits were provided by Charles River (Domaine des Oncins, France) 

and maintained in Chiesi’s research facility under specific conditions, with food and water ad libitum, 

until Caesarean section (C-section) or pups natural delivery. When natural delivery at term (31st GA) 

was allowed, does were placed in special cages equipped with an external box where to build their 

nest. The experimental procedure was approved by the local animal ethics committee and met the 

standard European regulations on animal research (n°744/2017-PR). The delivery procedure and the 

postnatal handling of the fetuses will be described in the next paragraphs. 

3.2.1 C-section and animal randomization 

On day 28th of gestation, does (3.8±0.3 kg of body weight) were initially sedated with intramuscular 

(i.m.) medetomidine 2 mg/kg (Domitor®, Orion Pharma, Finland). Ten minutes later the animals 

received 25 mg/kg of ketamine (Imalgene®, Merial, France) and 5 mg/kg of xylazine (Rompun®, 

Bayer, Germany) i.m. After adequate sedation was reached, does were placed in the supine position, 

shaved on the abdomen, and euthanized with an overdose of 100 mg/kg of pentothal sodium (MSD 

Animal Health, USA). Right after, the abdomen was opened through a low midline abdominal 

incision, the uterus was exposed, and all pups were extracted through hysterotomy. Subsequently the 

delivery, pups were dried, stimulated, and placed in the incubator where temperature, oxygen, and 

humidity were set according to the experimental conditions. After one hour, the surviving pups were 

weighed, and placed into the Okolab incubators under normoxia (21% O2) or hyperoxia (95 % or 70 

% O2) conditions. 

3.2.2 Neonatal rabbit care 

The preterm rabbits were placed on soft bedding and remained in the incubator except for the feeding. 

Housing material is changed daily. Pups were fed twice daily via a 3.5 Fr orogastric tube (Vygon, 

France) placed prior to and removed immediately after the feeding. The feeding consists of a milk 
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replacer (Day One®, Protein 30%, Fat 50%; FoxValley, Illinois, US) mixed with water (250 mg/ml) 

according to the manufacturer’s directions. Probiotics (25 mg/ml) were added for all the days (Bio-

Lapis®; Probiotics International Ltd, UK), whereas additional immunoglobulins (15 mg/ml) only on 

the day of birth and during the first 2 days (Col-o-Cat®, SanoBest, Netherlands). The feed volume 

was stepwise increased from a total of 80 ml/kg/day on day 1 of life to 200 ml/kg/day on days 3-7 for 

the postnatal day (PND) 7 model or on days 3-14 for the PND 14 one. The total volume was divided 

into 2 daily feeds. Pups were stimulated twice daily to urinate preceding feeds. On day 2, vitamin K 

was administered intramuscularly (0.25 mg/kg, Izokappa®; Izo s.r.l., Italy). The temperature inside 

the incubators was maintained to 32 °C. For the 14 days model, the incubator temperature was 

gradually decreased from day 7 to day 10 from 32°C up to 25°C and then maintained until day 14. 

3.2.3 Lung tissue collection 

All pups were euthanized with a pentothal sodium overdose before lungs harvesting. Lung samples 

from the 7 days model were collected from preterm pups exposed to hyperoxia (95% O2) and 

normoxia at days 3 (HT3 and NT3), 5 (HT5 and NT5), and 7 (HT7 and NT7). For the 14 days study, 

lungs were harvested at day 14 from hyperoxia (70% O2) and normoxia-exposed animals (HT14 and 

NT14). For physiological lung development, lungs from preterm pups delivered at 28th GA and term 

pups at 35th and 42nd GA have been collected. The whole lungs from D28 pups were immediately 

surgically dissected in order to avoid contact with the surrounding environment and gene expression 

changes caused by respiration. Term rabbits were naturally delivered at 31st GA and were nursed by 

their dams for 4 or 11 days of postnatal age (corresponding to 35th and 42nd GA) in individual cages 

at room air. Lungs (n=3, each time point) were removed, weighted, and separated into the right and 

the left parts. Right lungs were dedicated to RNA-seq and qPCR analysis, while histological analysis 

was performed on the left ones. The overall study design is shown in figure 7. 
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Figure 7. Scheme of the experimental timeline. Preterm rabbits were delivered through C-section on the 28th day of 

gestation and randomized at birth in hyperoxia (95% or 70% oxygen) or normoxia (21% oxygen) condition (natural birth 

on the 31sh day of gestation). Pups were maintained in custom-made incubators until lung collection was performed at 

3 (NT3 and HT3), 5 (NT5 and HT5), 7 (NT7 and HT7), or 14 (NT14 and HT14) days after preterm birth. Development 

samples D28 were harvested after preterm delivery, while term pups were naturally delivered at term on the 31st day of 

gestation and they were maintained with mothers until lung collection at 4 and 11 days (D35 and D42) after a natural 

delivery. 

3.2.4 Histological analysis 

The left lungs were fixed in 10% buffered formalin (Sigma-Aldrich, Germany) for at least 4 hours 

under constant pressure (25 cmH2O) using a custom-made fixation device to ensure homogenous 

fixation pressures during each experimental session (Figure 8). Hereafter, the lungs were first left in 

formalin for at least 24h and then transferred to 70% ethanol. The left lungs were embedded in 

paraffin, cut at 5μm thick with a rotary microtome (Slee Medical, Germany), and stained with eosin 

and hematoxylin (H&E) following standard histology protocols. Subsequently, several parameters 

were evaluated: the radial alveolar count (RAC), the septal thickness (ST), the medial thickness of 

pre- and intra-acinar arteries (MT%), and the acute lung injury score (ALI). Specifically, the RAC 
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parameter is an indicator of the alveolarization and, hence, of the changes in the alveolar number 

161,162. RAC measurements were performed by dropping a perpendicular line from the center of a 

respiratory bronchiole to the edge of the septum or pleura and counting the number of alveoli 

traversed by this line 162. The ST parameter was directly and manually determined as the mean 

thickness of all septa intercepted by a test line 2 mm long randomly oriented across the slide, so taking 

care of excluding all the intercept falling upon bronchi, blood vessels, and pleura 163. According to 

Zhenxing et al. 164 all the septa thinner than 0.6μm were considered “thin” because the average 

thickness of the thin side of the blood-gas barrier in the adult rabbit is 0.53μm. The septa whose 

thickness was comprised between 0.6 and 1.5μm were designate as “medium”, while the septa whose 

thickness was ≥1.5 μm were divided into two further classes. The ones whose thickness ranged 

between 1.5 and 3 μm were categorized as “thick”, while the septa thicker than 3μm were omitted 

from the analysis 165. For the evaluation of MT%, 10 random peripheric muscularized vessels with an 

external diameter (ED) 100 µm, corresponding in rabbits to the pre- and intra-acinar arteries, were 

selected for each section. Their external and internal diameter along the shortest axis of the vessel 

was measured (40X magnification) and MT% was calculated by applying the following formula: 

MT%=(ED-ID)/EDx100 166. This proportional parameter nullifies the effect of vasodilation, 

vasoconstriction, and tissue shrinkage. The ALI score was the one proposed by the American Thorax 

Society 167 in animal models of acute lung injury studies and was measured on five histological 

findings (i.e. neutrophils in the alveolar space, neutrophils in the interstitial space, hyaline 

membranes, proteinaceous debris in the airspace, and alveolar septal thickening) 72,139. Due to the 

irregular nature of ALI, at least 20 random high-power fields (400X total magnification) were 

independently scored in a blinded fashion for each condition. Furthermore, at least 50% of each field 

has to be occupied by lung alveoli; fields that consist predominately of the lumen of large airways or 

vessels should be rejected. To generate a lung injury score, the sum of each of the five independent 

variables, specified above, were weighted according to the relevance ascribed to each feature by the 
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American Thorax Committee 167, and then were normalized to the number of fields evaluated. The 

resulting injury score was a continuous value between zero and one.  

RAC, ST, and ALI score have been considered for the PND 7 model whereas only RAC and ALI 

have been measured for the 14 days model. 

 

Figure 8. Custom-made device for constant pressure fixation 

The histological analysis was presented as mean ± SEM. Data are analyzed with one-way ANOVA 

followed by Tukey’s multiple comparisons test. Statistical analysis is performed using GraphPad 

software, version 9.0 for Windows (Graph-Pad Software, San Diego, CA, USA).  

3.2.5 Transcriptomic analysis on PND 7 animal model 

3.2.5.1 RNA isolation, library preparation, and sequencing 

Upon removal, the right lungs were immediately transferred to and preserved in RNAlater (Sigma 

Aldrich, USA) solution at -20 °C until RNA-extraction was performed. Samples were homogenized 

in QIAzol® Lysis Reagent. mRNA and miRNA were extracted using the miRNeasy Mini Kit protocol 

(QIAGEN, Germany), using an automated method (QIAcube: QIAGEN, Germany). DNAse I 

treatment was added following the manufacture’s instruction to remove genomic DNA 

contamination. The RNA concentration and quality were measured using the Qubit 4 fluorometer 
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(ThermoFisher, USA). The RNA integrity was assessed by electrophoresis and EtBr staining on 

denaturing 1.5 % agarose-formaldehyde gels, and by the Bioanalyzer RNA 6000 Nano Kit analysis 

(Agilent, USA). RNA-sequencing has been performed in collaboration with Centro Di Ricerca 

Interdipartimentale Per Le Biotecnologie Innovative (CRIBI) Sequencing Core, University of Padua, 

Italy. Libraries for parallel RNA and miRNA sequencing were prepared using the QuantSeq FWD 

and Small RNA-Seq kits (Lexogen, Austria), and sequenced with the Illumina NexSeq500 platform, 

allowing to generate at least 20 million reads for each sample. Reads quality analysis was performed 

with the FastQC tool (Galaxy Software Framework 168). Transcripts were aligned on the rabbit 

(Oryctolagus cuniculus) genome with the STAR tool (Galaxy Software Framework 168) and counts 

were obtained with the HTSeq-count tool (Galaxy Software Framework 168), using the latest Ensembl 

available annotation on rabbit (OryCun2.0).   

3.2.5.2 Transcriptome data analysis  

Principal Component Analysis (PCA) is a statistical procedure that reduces the information inside a 

large dataset, thus being more easily visualized and analyzed, reducing the loss of information 169. 

PCA creates a new set of uncorrelated variables, called principal components (PCs), increasing the 

variance. The results are commonly displayed by a cartesian graph that shows the first two or three 

PCs, which represent the experiment variability. In this study, PCA data was generated using the 

ClustVis tool 170.  

Differentially expressed genes (DEGs) were identified for each time-point with the Limma-voom tool 

(Bioconductor, R package), considering only genes with 10 counts in at least 3 samples. Genes were 

considered as differentially expressed if the log2 fold-change (log2FC) was ≥ 1 or ≤ -1 and the adjusted 

p-value ≤ 0.05. Pathway enrichment analysis was performed on converted human homologs DEGs’ 

lists using the Metascape software 171. Only pathways with false discovery rate (FDR) ≤ -4 were 

considered significantly enriched. Heatmaps and similarity matrix were generated using ClustVis 170 

and Morpheus tools (URL: https://software.broadinstitute.org/morpheus). 

https://software.broadinstitute.org/morpheus
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miRNAs were converted in human homologs and identified using the miRbase database (URL: 

https://www.mirbase.org/). Differentially expressed miRNAs were identified for each time-point with 

the Limma-voom tool (Bioconductor, R package), considering only miRNAs with 10 counts in at 

least 3 samples. miRNAs were measured as differentially expressed if the log2FC was ≥ 0.5 or ≤ -0.5 

and the adjusted p-value ≤0.05.   

 3.2.5.3 Gene Set Enrichment Analysis (GSEA)  

Gene Set Enrichment Analysis (GSEA) determines whether members of a gene set S are disposed 

toward the top (or bottom) of a ranked list L. This analysis reveals if a set of genes from a study in 

literature are randomly distributed through a list of pre-ranked genes (for example list of DEG ranked 

based on the log2 FC values). For each S-L relation, GSEA gives an enrichment score (ES), a 

normalized enrichment score (NES), and the false discovery rate (FDR). The NES represents the ES 

normalized for each gene set taking into account their size, while the FDR exemplifies the statistical 

significance adjusted for multiple hypotheses 172. 

In this study, the GSEA tool was used to compare the transcriptional profile obtained in this study 

with the published dataset by Salaets and colleagues 155. A list of pre-ranked genes according to log2 

FC was generated by our data and used as GSEA input. 

GSEA was used also to correlate transcriptomic and histological results. Firstly, a phenotype label 

file (or class file) was created, structured as follows: 

- The first line contained the text “#numeric”, indicating that the file defined continuous labels. 

- The rest of the file defined the continuous phenotypes (histological traits). Specifically, for each 

phenotype the first line defined the name of the phenotype (#RAC, #MLI, #ST, #SC, #MT, #ALI, 

#LIS), while the second line contained values resulting from histological analysis for each sample 

(tab separated) 

https://www.mirbase.org/
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The phenotype label file was used as GSEA input together with our expression dataset, i.e. the matrix 

containing expression values for each gene (identified by gene symbol) in each sample. GSEA was 

run selecting the C2 and C5 gene sets (collections of curated gene sets from various sources, including 

online pathway databases, biomedical literature and Gene Ontology) from the website, in order to 

obtain gene sets enriched among genes that positively or negatively correlated with histological traits.  

Parameters were set as default, except for Metric for ranking genes set to Pearson and Seed for 

permutation set to 149. 

3.3 Linguamatics analysis and qPCR validation 

Forty-two genes have been selected on day 7 model as biomarkers of BPD. Literature research has 

been performed in order to identify genes that are relevant in BPD development. Lists of dysregulated 

genes deriving from transcriptomic studies conducted on BPD patients, BPD animal models, or 

cellular models were organized in up- or down-regulated genes 155,173–178. Moreover, the Linguamatics 

software was also used to retrieve lists of genes involved in BPD. Linguamatics is a natural language 

processing (NLP) text mining platform, that extracts facts, relationships, and assertions that would 

otherwise remain hidden in the text of articles or reviews, avoiding to review each paper 179. RNA-

seq transcriptional profiles data of the 95% hyperoxia-exposed rabbit BPD model were matched for 

the Linguamatics gene lists. Genes significantly dysregulated in at least one time point, with |FC|≥4, 

were deemed as suitable for the qPCR-array selection. An easy-to-assay custom RT2 Profiler qPCR 

array (QIAGEN, Germany) was used for the validation of PND 7 model RNA-seq data. The same 

RNA samples used for the RNA-seq analysis (NT7 and HT7 groups only) have been used. Moreover, 

the validated qPCR has been tested on RNA extracted from the right lungs of HT14, NT14, and D42 

samples.  

Samples were reverse transcribed using RT2 First Strand Kit (QIAGEN, Germany) following the 

manufacturer’s instructions. The reverse transcription reaction was performed with Eppendorf 

Mastercycler ep Gradient, (Eppendorf, Germany). Then, the cDNA was mixed with RT² SYBR Green 
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ROX qPCR Mastermix (QIAGEN, Germany) and added into a custom RT2 PCR Array. The plates 

were analyzed with StepOnePlustm Real-Time PCR Systems (ThermoFisher Scientific, USA) 

following the manufacturer’s protocol. The melting curve analysis was also performed at the end of 

each single PCR array.  

Since it is not possible to publish the complete list of genes included in the array for intellectual 

property issue, a scatter plot has been created to compare the Log2 FC values obtained from qPCR 

and RNA-seq analyses. Finally, the gene expression of the 42 hyperoxia-induced selected genes has 

been compared between the PND 7 and 14 models. 
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4. Results  

4.1 Morphological characterization of the 7 days hyperoxia-

exposed preterm rabbit BPD model. 

Histological analysis was performed on left lungs collected from pups exposed to hyperoxia (95% 

O2) or normoxia (21% O2) conditions for 3, 5, and 7 days. The progressive morphologic and structural 

changes due to hyperoxic exposure, compared to normoxia, are shown in figure 9. Normoxia samples 

showed a maturational pattern of the airways from day 3 up to day 7, despite the premature birth. 

Indeed, the airspaces increased, and the septal thickness decreased. Three days of hyperoxia exposure 

did not produce significant changes in lung parenchyma compared to the normoxia group (Figures 9 

and 10). However, hyperoxic pups depicted a more rudimentary lung structure after day 3. Indeed, in 

the multiple comparisons between time points, significant differences became detectable on days 5 

and 7. Their airspaces become more rounded and less complex with larger and simplified alveoli and 

thicker septations than same-age pups kept under normoxic conditions. Moreover, an increasing 

presence of inflammation and alveolar debris were found in hyperoxia-exposed pups.  

RAC parameter reflects lung parenchyma maturation, highlighting an increased alveolar size. 

Normoxia samples showed that RAC values increased from day 3 up to day 7. At this latter timepoint, 

RAC values were significantly lower in hyperoxia-exposed pups than normoxic samples, 

demonstrating lower airway complexity (Figure 10A). The ST parameters remained stable in the 

normoxic pups while it increased in the hyperoxia-exposed ones, reaching the statistical significance 

only at the last timepoint (Figure 10B). On day 7, the ALI score was used to assess lung parenchymal 

inflammation. From day 3 to day 7, ALI values raised stepwise in hyperoxic samples than time-

matched normoxia samples, reaching the statistical significance at day 7, indicating that high oxygen 

exposure led to increased inflammation over time (Figure 10C). 
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Figure 9. Representative pictures of H&E lung slides from preterm rabbit pups delivered by C-section on day 28th of 

gestation and kept in normoxia (left line) or hyperoxia (right line) for 7 days (scale bar = 250μm).  
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Figure 10. Histomorphometric parameters of preterm rabbits exposed to normoxia (21% O2) and hyperoxia (95% O2) for 

3 (T3), 5 (T5), or 7 (T7) days A. Radial alveolar count (RAC) parameters **p<0.01 HT7 vs NT7. B. Mean septal thickness 

(ST) parameters **p<0.01 HT7 vs NT7 C. Acute Lung Inflammatory Score (ALI) ***p<0.001 HT7 vs NT7. Data are 

expressed as mean ± SEM and analyzed with one-way ANOVA corrected for multiple comparisons. 

During lung development, alveoli formation occurs in concert with lung microvasculature 

development to create the air-blood barrier. An arrest in alveolar development leads to an aberrant 

lung vasculature formation. At the histological level, also the peripheral arterial media thickness was 

affected by hyperoxia exposure. Indeed, the tunica media progressively thickened in the hyperoxia 

groups compared to the normoxia ones from day 3 up to day 7 (Figure 11). Consistently, the MT% 

parameter was significantly higher in hyperoxic pups at day 7 than age-matched normoxic pups 

(Figure 12). No significant variations in the MT% parameter were found between the hyperoxia and 

normoxia groups on days 3 and 5. 
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Figure 11. Representative images of lung peripheral arteries, stained with H&E, from preterm rabbit pups delivered by 

c-section on day 28 of gestation and kept in normoxia (left line) or hyperoxia (right line) for 7 days. Images showed a 

progressive thickening of tunica media in the hyperoxia group (scale bar = 50μm). Black arrows indicate the pre- and 

intra-acinar arteries. 
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Figure 12. Percentage Media Thickness of lung peripheral arteries (MT%) of preterm rabbits exposed to normoxia (21% 

O2) and hyperoxia (95% O2) for 3 (T3), 5 (T5), or 7 (T7) days. Data are represented as mean ± SEM **p<0.01 HT7 vs NT7, 

one-way ANOVA corrected for multiple comparisons 
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4.2 Whole transcriptomic analysis of the day 7 days hyperoxia-

exposed preterm rabbit BPD model 

Transcriptome profiling was performed on right lung samples from preterm pups delivered at 28th 

GA (D28) and preterm pups exposed to hyperoxia (HT3, HT5, and HT7) and normoxia (NT3, NT5, 

and NT7), and term pups at 35th GA (D35) (n=3, each time-point). RNA-seq analysis revealed that a 

total of 12,339 genes were expressed in at least one sample. The PCA showed three major clusters 

(Figure 13). HT5 and HT7 samples were clearly separated from the other conditions, although the 

replicates from each condition were not grouped. NT3, NT5, NT7, and D35 samples clustered 

together with HT3 samples. D35 samples showed a comparable gene expression to this last sample 

cluster, while D28 samples belonged to a different cluster.  

 

Figure 13. Principal component analysis (PCA) showed specific clusters among samples of the same time point. 
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4.2.1 Differentially expressed genes (DEGs) 

The limma-voom analysis identified a total of 2848 genes as differentially expressed between HT vs 

NT at different time points. The DEGs obtained between D28 vs D35 samples were 789 (Figure 14), 

which of 271 were up-regulated and 518 down-regulated, confirming the results indicated by the PCA 

plot (Figure 13). On day 3, only 36 genes were differentially expressed (HT3 vs NT3 comparison). 

On day 5, 1592 DEGs were counted (HT5 vs NT5), with 971 showing a down-regulation pattern and 

621 showing an up-regulation one. Finally, 2370 DEGs were identified at day 7 (HT7 vs NT7), of 

which 1399 were down-regulated and 971 up-regulated. 

 

Figure 14. Histogram representation of differentially expressed genes (DEGs) across time points comparing hyperoxia 

and normoxia groups. Up-regulated genes are shown in red and down-regulated genes are shown in blue. The highest 

number of DEGs were identified in the HT7 vs NT7 (T7) comparison. 

BPD phenotype is characterized by an arrest in lung and microvascular development and by 

inflammation, and this must be mimicked in the preclinical BPD model. To verify the arrest in lung 

and microvascular development on the preset set of data, we compared the transcriptional profile of 

the rabbit BPD model with that of the lung development time-course (D28 and D35). To better 

observe the transcription profiles, a cluster analysis focused on the 2848 differentially expressed 

genes between matched H vs N time points. A set of genes increased their expression during lung 

development, from D28 to D35 (marked with a black rectangle in Figure 15). The same up-regulation 

pattern can be observed in the normoxia samples from day 3 to day 7 (blue rectangle). Instead, 
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hyperoxia exposure lungs (red rectangle) showed a down-regulation pattern of these genes which 

reached expression levels at day 7 similar to D28 ones, suggesting their participation in the delay or 

block in lung development. This set of genes contains part of the hyperoxia down-regulated genes. 

The other hyperoxia up-regulated genes (gene set A) were characterized by similar expression levels 

in D28 and D35 samples from preterm rabbits under normoxic conditions, and by a progressive up-

regulation in hyperoxia-exposed samples. Similarly, hyperoxia down-regulated genes (gene set B) 

showed similar expression levels in D28 and D35 lungs as well as in normoxic ones, while the 

hyperoxia exposure induced a gene down-regulation. Of note, genes in both set A and set B showed 

a progressive down- or up-regulation during hyperoxia exposure from day 3 to day 7, suggestive that 

their levels were specifically altered by hyperoxia in a time-dependent fashion. 
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Figure 15. Comparison of T3, T5, and T7 DEG transcription profiles between the rabbit BPD model experiment and the 

lung development experiment. The black and blue rectangle highlighted a set of DEGs with a comparable expression 

between development and normoxia samples. On the contrary, the red rectangle showed that hyperoxia genes had a 

similar expression between HT7 and D28. Gene set A highlighted up-regulated genes in the hyperoxia samples. Gene set 

B highlighted down-regulated genes in the hyperoxia samples. Over- and under-expressed genes are respectively in 

orange and green, respectively.  

4.2.2 Pathway enrichment analysis and histological correlation 

The functional analysis conducted on the above described DEGs’ lists, revealed several pathways 

involved in hyperoxia exposure damage. Enrichment pathways analysis showed that hyperoxia 



52 
 

exposure up-regulated pro-inflammatory pathways were significantly enriched in up-regulated genes 

at day 5 and day 7, such as TNFα signaling via NFKB, inflammatory response, interleukin 10, positive 

regulation of MAPK cascade, interferon-gamma response, response to oxygen level, and positive 

regulation of cytokine production. Apoptotic-related pathways such as positive regulation of 

programmed cell death, ferroptosis were also up-regulated at day 5 and day 7. Response to molecule 

of bacterial origin was found up-regulated at days 5 and 7, highlighting response to bacterial infection. 

Surprisingly, the hypoxia pathway was found mainly up-regulated at day 7 (Figure 16A).  

Conversely, hyperoxia treatment induced a downregulation in genes involved in pathways related to 

lung development at day 5 and day 7, such as tissue and cell morphogenesis, embryo development, 

extracellular matrix organization, epithelial and endothelial cell migration, respiratory tube and lung 

development, and mesenchyme development. Cell cycle and G2M checkpoint pathways were 

downregulated after 5 days of hyperoxia exposure only. Conversely, angiogenesis and blood vessel 

development pathways were down-regulated both at day 5 and day 7, even if their downregulation 

was more evident at day 7, compared to day 5, when the developmental block occurred (Figure 16B).  

The GSEA tool has been used to highlight the correlation between transcription profiles and 

histological results (Figure 16C). The analysis demonstrated that the ALI and ST had a positive 

correlation with genes involved in the innate immune system, complement activation, response to 

TNF, ferroptosis, and rRNA modification (Figure 16C). As expected, RAC showed an opposite 

correlation with the same pathways (Figure 16C).  

Genes involved in collagen biosynthesis, vessel development, embryonic development, epithelial 

tube morphogenesis, and branching showed a negative correlation with ALI and ST, as observed in 

down-regulated pathways in hyperoxia groups on day 5 and day 7 (Figure 16B). While RAC NES 

values positively correlated with the same pathways (Figure 16C). 
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Figure 16. Results of pathway enrichment analysis on HT5 and HT7 and correlation with histological traits. A. Up-

regulated enriched pathways. B. Down-regulated enriched pathways. Representative terms significantly enriched in one 

or more time points are shown. Color saturation corresponds to enrichment significance (Log q-values). C. GSEA 

correlation analysis between pathways and histological parameters. ALI and ST parameters were found anti-correlated 

to RAC one.  
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4.2.3 Comparison with the BPD animal model by Salaets et al. 

study  

We assessed the consistency of our transcriptomic analysis by comparing our results with those 

described by Salaets and colleagues on transcriptomic profile of preterm rabbits exposed to hyperoxia 

(95% O2) for 7 days 155. We performed the GSEA analysis to compare the two datasets at day 7, using 

a ranked list based on log2FC. GSEA analysis demonstrated robust significant NES values between 

our model and that described by Salaets et al. (Figure 17). NES values were 3.99 for the up-regulated 

list and -3.56 for the down-regulated one. Moreover, NES values were statistically significant 

(FDR<0.001) for both the up-regulated and down-regulated lists. 

 

Figure 17. Gene Set Enrichment Analysis (GSEA) of the transcription profiles comparison with Salaets et al model. Up- or 

down-regulated genes obtained by Salaets et al matched with the up- or down-regulated ones described in this study.  

4.2.4 RNA-sequencing results validation 

A set of 42 genes was selected as representative of the BPD phenotype development in preterm rabbits 

exposed to hyperoxia for 7 days for RNAseq validation in qPCR and as a potential diagnostic tool. 
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The selection was based on data available in the literature, using the Linguamatics bioinformatic tool, 

and on day 7 DEGs and involved in the above described BPD-related pathways, such as TNFα 

signaling, apoptosis, response to oxidative stress, vasculature development, lung development, 

response to oxygen levels, response to hypoxia. (see also “Materials and Methods” section). The 

selected genes will be not included in the dissertation for confidentiality reasons. Results showed a 

high degree of similarity between PCR and RNA-seq data (Pearson Correlation value = 0.96, Figure 

18).  

 

Figure 18. Comparison between the two techniques of RNA quantification. 

4.2.5 Hyperoxia-induced miRNAs 

Raw RNA-seq reads were initially checked for quality and aligned to the Oryctolagus cuniculus 

genome. Annotated O. cuniculus miRNA (a total of 588 genes) were used to calculate read counts. 

The PCA conducted on transcriptome data of the above-described samples (without D28 and D35 

samples), revealed that normoxic samples (NT3, NT5, and NT7) clustered together with HT3 

samples. Moreover, PCA revealed that HT5 and HT7 samples were separated from this cluster, 

suggesting that hyperoxia damage from days 5 to 7 was evident as miRNA signature (Figure 19). 
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Figure 19. Principal component analysis (PCA) of miRNAs 

Forty-one miRNAs were detected as differentially expressed and defined as hyperoxia-specific 

between HT vs NT at the different time points by limma-voom analysis (Figure 20A) (Log2FC > 0.5 

or < -0.5, average expression > 5 normalized counts and the adjusted p-value ≤0.05). There are no 

differentially expressed miRNAs between HT3 and NT3 samples. The hyperoxia and normoxia 

groups diverged starting from day 5. Most of miRNAs were deregulated after 7 days of hyperoxia 

exposure (Figure 20A) and the top dysregulated ones are listed in figure 20B. Our analysis highlighted 

miR-21, miR-29a, miR-29b, miR-223, miR-31, and miR34a as the most up-regulated miRNAs by 

hyperoxia exposure. Conversely, the most down-regulated miRNAs were miR-503-3p, miR181c and 

miR99a-3p. 
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Figure 20. miRNAs analysis A. Simplified heat-map of differentially expressed miRNAs identified at individual time-points. 

B. Top 16 dysregulated miRNAs on day 7. Up-regulated miRNAs are shown in red, while down-regulated genes are 

presented in blue (log2FC ≥ 0.5, adj. p-value ≤ 0.05 and average expression > 5 normalized counts). 

4.3 Characterization of the PND14 (70% O2) preterm rabbit BPD 

model  

An extended version from days 7 up to 14 has been set up and validated in Chiesi Farmaceutici 

laboratories, using 70% of oxygen instead of 95%. A long-term model could allow to test therapeutic 

BPD drug candidates, assessing their effects at later and more relevant time points. In this paragraph, 

we will focus on molecular and histological characterization of this new animal model. Main findings 

were then compared between preterm pups exposed to normoxia (21% O2) and hyperoxia (70% O2) 

for 14 days and age-matched term animals (D42). 

4.3.1 Morphological characterization 

As shown in Figures 21A and 21B, we found a significant decrease in lung alveolarization of 

premature pups (both hyperoxia and normoxia groups) compared to aged-matched term animals 
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(Figure 21A). In the lungs of preterm pups under hyperoxia, airspaces were more rounded and less 

complex, and the septa appeared thicker compared to pups under normoxic conditions and term 

animals. As expected, RAC values were significantly higher in term pups than in both hyperoxia and 

normoxia-exposed ones. The 70% O2-exposed preterm group showed the lowest RAC values. Lung 

inflammation (ALI score) was increased in both hyperoxia and normoxia groups and it was almost 

absent in the D42 rabbits born at term (Figure 21C). Hyperoxia-exposed animals displayed the highest 

level of ALI score values compared to the other groups.    

 

Figure 21. Histological and histomorphometric characterization of preterm rabbit pups delivered by C-section on day 28 

of gestation and kept in hyperoxia 70% (HT14) and normoxia (NT14) for 14 days, and from term rabbit nursed by their 

does up to gestational age 42 (D42). A. Representative pictures of lung slides, stained with H&E. Term animals (left 

picture), hyperoxia 70% (central picture), and normoxia (right picture) (scale bar = 100μm). B. Radial alveolar count (RAC) 

parameters **p<0.01, ***p<0.001 HT14 vs D42 and *p<0.05 NT14 vs D42. C. Acute Lung Inflammatory Score (ALI) 

parameters ***p<0.001 HT14 vs D42 and *p<0.05 NT14 vs D42. Data expressed as mean ± SEM and analyzed with one-

way ANOVA corrected for multiple comparisons. 
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4.3.2 Gene expression analysis on 14 days model 

In the first part of this thesis, we have developed and validated a qPCR array containing 42 genes that 

are representative of the BPD phenotype development in preterm rabbits exposed to 95% of oxygen 

for 7 days. We have tested the validated qPCR array on three lung samples collected on day 14 for 

each group in duplicate, to evaluate if the selected genes for the 7 days model are also affected by 

prematurity and 70% oxygen exposure after 14 days.  

Gene expression of the selected 42 genes showed a different pattern between PND 7 and 14 models. 

Three transcriptional profiles could be identified: hyperoxia-induced genes, prematurity-induced 

genes, and term-related genes (Figure 22). 10 genes were induced by hyperoxia exposure, being up-

regulated only on HT14 samples. 19 genes seemed to be mostly induced by premature birth, since 

they were up-regulated both in hyperoxia and normoxia groups in a similar fashion, compared to the 

term one. Finally, 13 genes, belonging to cluster C, were mostly up-regulated in the right lungs of 

term animals compared to both normoxia- and hyperoxia-exposed preterm rabbits. They were 

predominantly down-regulated in HT14 lung samples but showed an intermediate phenotype in NT14 

lung samples. 
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Figure 22. Heatmap of the gene expression results of normoxia (NT14), hyperoxia 70% (HT14), and term (D42) qPCR 

analysis. The ΔCT values were calculated using PPIB as the housekeeping gene. The results showed three different 

expression patterns. A. The hyperoxia-induced group, where genes are mainly expressed in the hyperoxia-exposed 

animals. B. The prematurity-induced group, where genes are mainly expressed in preterm animals (hyperoxia and 

normoxia conditions). C. Term-related group in which genes are mainly expressed in term animals and down-regulated 

in preterm ones. 

4.3.3 PND7 vs PND14: histological and gene expression 

comparison 

A comparison analysis has been performed to highlight similarities and differences between PND7 

and PND14 BPD animal models. The histological comparison did not show any significant 

differences in RAC values between NT14 and NT7 left lung samples (Figure 23A). RAC values 

differences between NT7 vs HT7 and NT14 vs HT14 were confirmed. Moreover, HT7 samples 
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displayed significantly lower RAC values compared to the HT14 ones. Similarly, the ALI score was 

comparable between NT14 and NT7 groups. The analysis confirmed the above results in ALI score 

values between NT7 vs HT7 and NT14 vs HT14. ALI score was significantly higher in HT7 compared 

to NT14 (Figure 23B). These results demonstrated a higher lung injury and a lung developmental 

arrest in HT7 samples compared to the HT14 ones. 

Moreover, the gene expression of 42 genes investigated in both the PND7 and PND14 was compared 

(Figure 23C). Consistently with the previous histological findings, genes from NT14, HT14, and NT7 

groups clustered together (although NT7 samples belonged to a sub-cluster), while HT7 samples 

showed a distinct gene expression profile. In particular, 21 genes showed a similar down-regulation 

pattern in HT14, NT14 and NT7 samples that resulted up-regulated in the HT7 group. Oppositely, 21 

genes showed a down-regulation pattern in the HT7 samples that were up-regulated in HT14, NT14, 

and NT7 ones. These findings confirmed the histological results and revealed a milder phenotype of 

the PND14 animal model that should be further characterized through transcriptomic analysis. 
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Figure 23. Comparison between PND7 and PND14 BPD animal models. A. Radial alveolar count (RAC) parameters 

**p<0.01, ***p<0.001 NT7 vs HT7 and §§p<0.001 NT14 vs HT14. B. Acute Lung Inflammatory Score (ALI) parameters 

*** p<0.001 NT7 vs HT7. Data expressed as mean ± SEM and analyzed with one-way ANOVA corrected for multiple 

comparisons. C. Heatmap of the qPCR gene expression comparison between normoxia (NT14 and NT7), hyperoxia 70% 

(HT14), and hyperoxia 95% (HT7) qPCR. The ΔCT values were calculated using PPIB as the housekeeping gene. 
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5. Discussion 

The constant progression in neonatal clinical care has increased the survival of extremely premature 

infants, but BPD remains the most common complication with adverse long-term outcomes 30,73. The 

etiology of BPD consists of a complex interplay between pre- (IUGR, maternal smoking, genetic 

predisposition, and inflammation) and post-natal (malnutrition, mechanical stretch, inflammation, 

and oxygen toxicity) factors that compromise the functionality and the structure of immature lungs 

43,63, implicating a high variability among clinical cases and heterogeneity in phenotype. In the last 

decades, several animal models have been developed to mimic BPD phenotype, although they were 

not completely reliable, making this disease difficult to be deeply investigated 72,129. A pivotal aspect 

to be taken into account in order to establish valid BPD models is their translation value considering 

in particular the need for mimicking a lung development condition. Indeed, mice, rats, rabbits, 

baboons, and lambs share a similar lung development, but the duration and type of developmental 

stage at term birth vary greatly between different species 72. Moreover, most of BPD models have 

been developed by exposing animals to high oxygen concentrations (O2>80%), which alone may not 

be sufficient to recapitulate all the BPD features 72,76,130,133,134,138. For these reasons, most of the 

research has been focused on the refinement of available BPD animal models, in order to expand the 

knowledge on BPD pathophysiology and to test innovative therapeutic strategies 130,136.  

The 95% hyperoxia exposed preterm rabbit BPD model has been originally described by Manzano et 

al. and it has been further refined and characterized by Prof. Toelen’s research group in Katholieke 

Universiteit in Leuven, Belgium 138,139,155. They found that elastance and tissue damping were 

significantly increased, and total lung capacity and compliance decreased in preterm rabbits exposed 

to 7 days of hyperoxia (95% O2) compared to ones exposed to normoxia (21% O2) 
138,139,155. In our 

study, we did not test pups’ lung functionality since we focused our analysis on the lungs’ gene 

expression profile, which could be altered by this invasive procedure. However, lung function 

analysis has been performed during the set-up and validation of this model in Chiesi laboratories, 
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confirming the Prof. Toelen results (data not shown). Moreover, Jimenéz et al. found that a hyperoxia-

exposed lung had extensive and homogeneous lung damage with interstitial and alveolar edema on 

day 7 138. We found that the hyperoxia and normoxia groups were similar up to day 3 in each 

histological parameter measured (Figures 9 and 12). In fact, high oxygen exposure did not affect 

RAC, ST, ALI, and MT% values up to day 3 (Figures 10 and 12), but the two groups started to diverge 

only from day 5, confirming the results by Jimenéz and colleagues 139. From day 5, hyperoxia leads 

to increased alveoli dimensions, with apparently thicker walls, less complex distal airways, and more 

inflammation than normoxia-exposed pups’ lungs (Figures 9, 10, 11, and 12). The increased lung 

inflammation in hyperoxia-exposed pups’ lungs, evaluated by the ALI score parameter, resulted 

similarly to that shown in Jimenéz et al. study (Figures 9 and 10) 139. Conversely, RAC values were 

higher in normoxia-exposed pups’ lungs compared to the hyperoxia-exposed ones, indicating alveolar 

simplification characterized by a reduction of alveoli number and enlarged alveolar space in 

hyperoxia-exposed animals (Figures 9 and 10).  

Despite this histological and lung functional characterization, the PND7 hyperoxia-exposed preterm 

rabbit BPD model lacks of a deep molecular characterization compared to other BPD animal models. 

To date, only Salaets et al have characterized the lung transcriptomic profile of preterm rabbits but 

focusing only on the final timepoint of postnatal day 7 after either hyperoxia or normoxia exposure 

155. In this study, we performed a longitudinal lung transcriptomic characterization in order to fulfill 

this evident knowledge gap and to understand which pathways were involved in the BPD onset and 

development. The analysis of DEGs demonstrated different transcriptomic patterns in hyperoxia 

animals from day 5 up to day 7, in line with the histological findings (Figure 14). More than 2000 

genes were dysregulated at day 7. These data are consistent with those obtained by Salaets and 

colleagues that found 2217 DEGs at day 7 in the hyperoxia group, compared to the normoxia one 155. 

Moreover, GSEA analysis demonstrated that the gene expression profile of the lung exposed to 

hyperoxia for 7 days was comparable between our study and Salaets work, implying a similar 
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response to hyperoxia injury despite the different strains used (a hybrid of New Zealand White and 

Dendermond in the Salaets study vs a New Zealand White inbred strain in our study). Contrary to day 

7, there were no differences in terms of DEGs between hyperoxia and normoxia condition at day 3, 

but the two groups started to diverge from day 5 (Figure 14). The gene expression analysis also 

showed that normoxia (NT3, NT5 and NT7) and physiological lung development samples (F28 and 

T35) had a comparable expression, suggestive of a similar lung developmental pattern not dependent 

on prematurity. This data confirmed Jimenéz et al and Salaets et al main findings 137,138, 

demonstrating that, other than premature birth, high oxygen exposure is essential to disrupt gene 

expression and to block lung developmental patterns (at least for this degree of prematurity and 

triggering conditions).  

We performed an enrichment pathways analysis on the DEGs to determine which processes and 

pathways were dysregulated. We found that hyperoxia exposure increased the expression of a 

plethora of pro-inflammatory patterns in the lung such as TNFα signaling, inflammatory response, 

positive regulation of MAPK cascade, interferon-gamma response, response to oxygen level, and 

positive regulation of cytokine production, which guide human BPD development 141,180–182, halting 

alveolarization and vascular development processes in the immature lungs of preterm infants 71,182,183. 

Several transcriptomic studies performed on BPD animal models showed that hyperoxia exposure 

stimulates pro-inflammatory pathways 177,184. We found that TNFα signaling via NFKB was 

significantly up-regulated from day 5 to day 7 (Figure 16). TNFα is a primary mediator of acute lung 

inflammation 185,186, while NFKB regulates the cellular response to oxidant stress and inflammation, 

both contributing to the pathophysiology of BPD 187. Consistently, Salaets et al have shown that 

inflammatory and ROS metabolism pathways were significantly up-regulated in the preterm rabbit 

after 7 days of hyperoxia exposure, suggesting their crucial role in the pathogenesis of hyperoxia-

induced lung injury 155. Moreover, interleukin pathways were found to be significantly enriched in 

our study. Speer et al and Todd et al demonstrated high levels of pro-inflammatory cytokines such as 
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IL-1β, IL-6, IL-8, TNF-α, and macrophage inflammatory proteins, in tracheal aspirates from 

mechanically ventilated preterm infants who develop BPD Pulmonary inflammation and 

bronchopulmonary dysplasia 188,189. Furthermore, we found MAPK cascade pathways as significantly 

up-regulated by hyperoxia exposure (Figure 16). These pathways activate several transcription factors 

involved in innate immunity, cell growth, stress response, apoptosis, and differentiation 190.  

Linked to inflammatory processes, our analysis identified that processes involved into response to 

bacterial were up-regulated in hyperoxia group on days 5 and 7 (Figure 16). Post-natal sepsis can 

participate in inflammatory induction. Several studies have demonstrated that preterm babies are 

susceptible to sepsis after birth occurrence and severity of bronchopulmonary dysplasia and 

respiratory distress syndrome after a preterm birth 191–194, which is mainly due to an immature immune 

system or post-natal infections that should be further evaluated. In the last decades, corticosteroids 

treatments have been developed and used to reduce inflammation in BPD patients. Post-natal 

corticosteroids administration exhibited considerable beneficial effects on lung function and 

inflammation in premature infants with lung disease 195. To date, the intratracheal administration of 

surfactant and budesonide has shown a reduction of BPD rate in very low birth weight infants 111,196, 

reducing systemic adverse effects of systemic corticosteroids administration. 

Cell death processes are also involved in hyperoxia damage 197. Our analysis showed that apoptosis 

pathways were up-regulated in hyperoxia pups at days 5 and 7 (Figure 16). Apoptotic cell death plays 

an important role in physiological lung development and repair after lung injury and contributes to 

BPD onset 198,199. Das et al demonstrated that p53 and p21 expression were increased in 125-day and 

140-day premature baboons with BPD, demonstrating an increase in apoptosis phenotype in their 

lung tissues 200. Similarly, we found p53 related pathways as activated at days 5 and 7 (Figure 16). 

The MTORC1 pathways were up-regulated in hyperoxia-exposed pups. MTORC1 is a negative 

regulator of autophagy by modulating the activity of ULK1 complex that is essential for the formation 

of autophagosomes 201. Sureshbabu and colleagues reported that mTOR was up-regulated in lung 
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epithelial cells of hyperoxia-exposed mice for 7 days. They also demonstrated that RPTOR inhibition, 

a key component of MTORC1, increased autophagy, decreased apoptosis, and improved lung 

architecture in hyperoxia surroundings 202. Lastly, ferroptosis was also found to be up-regulated in 

pups exposed to hyperoxia at day 7. Ferroptosis is a non-apoptotic cell death resulting from an 

excessive iron-dependent lipid peroxidation caused by high free radical exposure 203. Recent studies 

demonstrated that ferroptosis plays a critical role in the pathogenesis of chronic obstructive 

pulmonary disease, fibrosis, infection, and asthma 204–208. To date, this pathway has not been 

described as linked to BPD pathophysiology yet and it might deserve further evaluation.  

The hypoxia pathway was mostly up-regulated in hyperoxia lung samples at day 7 (Figure 16), 

suggesting that hyperoxia damage could favor hypoxic zones formation in the lung parenchyma of 

the hyperoxia exposed pups. Several studies demonstrated that preterm babies have high intermittent 

hypoxic spikes as a consequence of immature respiratory control, that could sustain a 

proinflammatory cascade 209,210, as described herein.  

We also showed that hyperoxia exposure down-regulated several pathways involved in physiological 

lung development. It is known that BPD disrupts lung and vascular development, indeed preterm 

babies with severe BPD showed alveolar simplification, reduced secondary septation, and markedly 

abnormal microvascular growth 211,212. We found that angiogenesis and blood vessel development 

were the most down-regulated pathways in the lung of day 5 and 7 hyperoxia exposed pups (Figure 

16). Salaets et al showed similar results, highlighting that vasculogenesis pathways were significantly 

down-regulated by hyperoxia in preterm rabbits after 7 days 155. More than 100 vascular-related genes 

were dysregulated in hyperoxia exposed newborn mice model in Revhaug and colleagues’ study 213. 

Hurskainen et al also showed that hyperoxia reduced general capillary (gCap) cells in a hyperoxia-

exposed mouse model (85% O2 for 14 days): gCap cells are distal lung vascular progenitor cells and 

their reduction in this hyperoxia mouse model may impair the repair of the injured lung, leading to 

the development of pulmonary vascular disease 214. Our results are in line with these studies since we 
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found both simplification of lung vascular development and block in vascular gene expression 

patterns (Figures 12 and 16), similar to those observed in BPD patients 133,134. Hyperoxia-mediated 

detrimental changes on lung vasculature result also in higher tissue resistance and, consequently, in 

pulmonary hypertension (PH) in preterm rabbits, as in humans 139,215–217. Jimenéz J. et al. described 

that newborn rabbits exposed to 95% of oxygen for 7 days have decreased PAAT/PAET ratio, linked 

to PH onset, when compared to both normoxia and term controls 139. These results were confirmed 

during the set-up and validation in Chiesi laboratories (data not shown).  

As previously described, alveolarization is the last phase of lung development and it is mainly a post-

natal event 3. Clinical and experimental studies demonstrated alveolarization is disrupted in preterm 

BPD babies, decreasing the gas exchange surface area of their lungs 15,36,218,219. We demonstrated that 

lung airways development was also significantly affected by hyperoxia exposure (Figures 9 and 10). 

Lung development, tissue morphogenesis, embryo morphogenesis, mesenchyme development, 

extracellular matrix organization, and developmental growth pathways were significantly down-

regulated in the lung of hyperoxia exposed animals at days 5 and 7 compared to the normoxia ones 

(Figure 16), in line with Salaets et al. findings 155.  

Epithelial and endothelial cell migration pathway was also found down-regulated mainly at day 7. 

Akram and colleagues suggested that cell migration is the key driver of the alveologenesis. Indeed, 

they demonstrated in a precision cut lung slice (PCLS) model that migration inhibitors (i.e. 

blebbistatin and cytochalasin D) significantly restricted alveologenesis 220. The present study suggests 

that hyperoxia damage decreases epithelial cell migration and consequently the alveologenesis 

process in the hyperoxia-exposed preterm rabbit.  

Mesenchymal development pathways are critical for epithelial cell differentiation and vasculogenesis 

during the lung developmental phases 221, and they resulted significantly inhibited by hyperoxia 

exposure. Lung-resident MSCs from hyperoxia-exposed lungs show decreased pathways that 
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promote lung and vascular growth 222. Moreover, MSCs tracheal aspirates from babies with BPD 

were reduced, suggesting that their absence contributes to reduced alveolarization 223. These 

investigations revealed that BPD can impair the growth function of lung MSCs, hence the 

development of several MSC-based therapies to prevent BPD 122,125. 

Lastly, we also found a common pattern between lung gene expression and histological parameters. 

The analysis demonstrated a positive correlation between genes involved in lung development-related 

pathways and RAC values (Figure 16C), both negatively affected by BPD progression in hyperoxia-

exposed animals compared to the normoxic ones. Consistently, ALI and ST negatively correlated 

with RAC values and positively correlate with lung injury pathways, boosted by hyperoxia exposure 

(Figure 16C).  

A secondary aim of this study was the development of a molecular assay, based on selected candidate 

biomarkers with translational value based on our results and literature analysis. This is an essential 

tool because it is difficult to applicate molecular approaches to evaluate the BPD development in 

rabbits such as ELISA, western blot, and immunofluorescence. Indeed, rabbits are not often utilized 

as laboratory animals so the reagents and antibodies available are scarce. For these reasons, 42 genes 

have been selected from literature analysis and to be representative of BPD onset in the PND7 model, 

since they belong to pathways that we have highlighted in this study such as inflammation, 

vasculature development, apoptosis, lung development, and response to hypoxia. RT2 PCR array 

confirmed and validated the RNAseq results on the selected genes. This array will be a unique 

preclinical tool in future experiments for evaluating the therapeutic effect of new pharmacological 

treatments in the PND7 BPD animal model (Figure 18).  

In the last decades, miRNAs have been considered promising candidates for novel therapeutic 

approaches for BPD treatment 224. miRNAs are single-stranded sequences of short non-coding RNAs 

(~21–25 nucleotides) that are transcribed from DNA sequences into precursor miRNAs and finally 
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processed in mature miRNAs 225. They can be considered as “gene expression regulators” and they 

are essential in several cellular processes such as differentiation, development, proliferation, 

signaling, inflammation, and cell death 225–227. In this study, hyperoxia exposure dysregulated 45 

miRNAs (Figure 20B) and, among them, miR-21 was the most significantly up-regulated one. miR-

21 has been described as a potent proliferation promoter and inhibitor of apoptosis 228,229 and  

Bhaskaran et al and Dong et al demonstrated its up-regulation in hyperoxia exposed newborn rats 

and mice 175,230. Other than miR-21, miR-29a has been described by Dong et al as the most up-

regulated miRNA175, supporting our results. Hu et al identified GABA1 as the target of miR-29a and 

its inhibition may impair surfactant protein homeostasis, subsequently predisposing to lung injuries 

231,232. Moreover, it has been suggested that inhibition of miR-29a decreased apoptosis phenotype in 

a hyperoxia-exposed mouse model 231. miR-223 was also found to be induced in our dataset. This 

result is in contrast with Oji-Mmuo and colleagues’ findings: they showed that miR-223 was down-

regulated in TA from mechanical ventilated preterm babies with BPD 147. Conversely, miR-223 has 

been reported to be over-expressed in patients with diverse pathologies, including type II diabetes, 

acute lung injury (ALI), rheumatoid arthritis, and inflammatory bowel disease 233–236. Feng et al study 

showed also that patients with acute RDS have a higher level of miR-223 in the bronchial alveolar 

lavage fluid compared to healthy controls 237, suggesting that the relationship between miR-223 and 

lung injury should be further investigated. Lastly, miR-34a has been found up-regulated in our 

dataset. Syed et al demonstrated that hyperoxia led to a significant increase of miR-34a, in neonatal 

mice lungs exposed to hyperoxia via p53 induction, and in type 2 alveolar epithelial cells from 

preterm neonates with nRDS and BPD. They have also shown that miR-34a deletion decreased cell 

death and inflammation, ameliorating the pulmonary and PH phenotype 238.   

On the other side, among the most down-regulated miRNAs in our dataset, we found miR-503-3p, 

miR181c, and miR99a-3p. Xing et al. found all of them to be down-regulated in neonatal rat lungs 

exposed to hyperoxia for 14 days 239,240. MiR-181c was also significantly down-regulated in lung 
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tissues from patients with COPD and its over-expression in a COPD mice model (a cigarette smoke 

model) reduced inflammatory response and ROS production 241. Consistently,  Li et al demonstrated 

that miR-181c over-expression reduced inflammation, down-regulating the TLR4 signaling pathway, 

in the lungs of a LPS rat model 239. This evidence is supported by results on our preterm rabbit model 

showing that inflammation is strongly activated in hyperoxia exposed pups at days 5 and 7. Moreover, 

this miRNA was found also up-regulated in a neonatal mouse BPD model 175. Future research should 

be conducted to determine whether miR-181c activation in the lungs is a compensatory mechanism 

to contrast inflammatory processes that are critical to BPD formation. 

In this study, we demonstrated that based on its transcriptomic and histologic profiles the hyperoxia-

exposed PND7 preterm rabbit model could be a valuable tool for testing new pharmacological 

interventions for the prevention of BPD, but hawse must acknowledge several limitations. In 

particular, the short experimental duration (7 days) allows testing drugs only as preventative 

intervention and not as therapeutic treatment. A long-term model could allow to test of BPD drug 

candidates assessing their effects at later and more relevant time points and offering the possibility of 

treatment after an already established lung injury. Moreover, the hyperoxia condition (95% O2) used 

in this study is quite far from the standard of care in the NICUs 242. Velten and colleagues have shown 

that mice exposed to hyperoxia (85% O2) for 14 days have higher airways resistance and lower 

compliance compared to normoxia exposed group 243. In another study, high oxygen exposure (60% 

O2) for 4 days in term mice, after a recovery in normoxia up to 8 weeks from birth, have not changed 

the lung functionality 244. Similar outcomes have been reported in mice exposed to hyperoxia (70% 

O2) for 7 days and then exposed to normoxia for 14 days 245. Contrary, Menon et al have demonstrated 

that term mice exposed to 70% of oxygen for 15 days and then exposed to normoxia for 6 weeks, 

developed alveolar and vascular simplification, and PH 246. This evidence underlined the need to 

extend the hyperoxia exposed preterm rabbit model beyond day 7. For these reasons, an extended 

version up to day 14 of the BPD model using 70% oxygen has been set up and validated in Chiesi 
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laboratories. Firstly, rabbits at 14 days post-birth have an age close to the one at which BPD is 

diagnosed in neonates (36-38 weeks gestational age) 247. During the model set-up and validation, 

preterm rabbits exposed both to hyperoxia (70% oxygen) and normoxia conditions have shown 

differences in lung functionality compared to age-matched term animals (data not shown). For this 

reason, in this study, we chose to analyze the histological features and gene expression of the 42 genes 

selected in PND7 model in both preterm animals, exposed to hyperoxia (70% O2) and normoxia (21% 

O2) at day 14, and age-matched term controls. At day 14, histological results have demonstrated that 

normoxic pups showed a lung growth delay when compared to their age-matched controls born at 

term (Figure 21). Taking together, this data indicates that prematurity, in association with artificial 

diet and care, without exposure to any other insult can already lead to a lung developmental gap 

compared to age-matched controls born at term. Hyperoxia exposure exacerbated this phenomenon, 

leading to a reduced alveolarization and increased inflammation, as shown by higher ALI score and 

lower RAC values compared to normoxia and term animals (Figure 21), indicating that premature 

birth and 70% oxygen exposure triggered a stronger arrest of lung development in preterm rabbits 

compared to room-air exposure ones. 

The 42 genes selected for the qPCR analysis from the PND7 model have been assayed on the PND14 

samples in order to highlight similarities and differences among the two groups. The qPCR 

highlighted three sets of genes (Figure 22). The first one was enriched with genes up-regulated by 

hyperoxia exposure only, suggestive of their strong correlation with oxygen damage. The second one 

included genes mostly up-regulated by prematurity condition rather than hyperoxia. Lastly, the third 

group consisted of genes down-regulated in the lungs of preterm animals. We could speculate that 

these set of genes are important for physiological lung development or down-regulated by hyperoxia 

exposure, but further investigations are required.  

Finally, PND7 and PND14 models were compared at histological and gene expression profile levels 

(Figure 23). Regarding the RAC parameter, most of the differences were accounted for the HT7 and 
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NT7 groups. As expected, the PND14 model (HT14 vs NT14) showed a milder phenotype compared 

to the PND7 one. Anyhow, we found a significant difference between HT7 and HT14 groups that 

was not detected in both normoxia groups (NT14 vs NT7). The same findings were found analyzing 

the ALI score parameter. Gene expression confirmed the histological data between PND7 and PND14 

models. Indeed, the HT7 group showed a different expression pattern compared to NT14, HT14, and 

NT7 groups. These findings demonstrated a milder BPD phenotype for the PND14 hyperoxia model 

compared to the PND7 one, indicating that an RNA-seq approach should be performed to further 

characterize how premature birth and hyperoxia exposure alter gene expression and pathways. 

5.2 Conclusions and future directions 

In conclusion, we deeply characterized the histological and transcriptomic profile of the PND7 

hyperoxia exposed preterm rabbit BPD model. The gene expression analysis highlighted several 

pathways that are dysregulated during BPD development, confirming several features of human BPD. 

Moreover, the PND14 model allows us to observe the preterm impact on lung development that is 

not evident in the PND7 model, according to histology and gene expression results. All these results 

demonstrated the high translational value of our preterm rabbit model to study BPD development and 

pathophysiology. Finally, deep molecular characterization of both animal models will be critical to 

identify new targets and pathways to develop innovative preventive and therapeutic therapies against 

BPD. 

It must be acknowledged that this study has some limitations. First of all, rabbits are not commonly 

used as a lab model and there is not a large availability of reagents. For this reason, ELISA, 

immunohistochemistry, or western blot analysis have not been performed to validate the 

transcriptomic analysis. Second, we did not compare our results obtained in preterm rabbit lungs with 

transcriptomic analysis performed on human BPD lungs because these specimens are lacking due to 

ethical constraints. In fact, studies have been focused only on blood samples and tracheal aspirates, 

but they are not comparable with lung tissue. In addition, authors often focused on selected cell 
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populations instead to analyze the whole sample. Moreover, the rabbit genome is less curated than 

other species and that could have caused a loss of information during our analysis. Another issue is 

the lack of lung functional analysis of the animals used in this study. As already mentioned, we 

avoided this analysis because it is an invasive procedure that may cause changes in lung gene 

expression. Furthermore, we have performed a bulk RNA-seq analysis instead of a single cell one. 

Finally, the characterization of the day 14 model was performed only at the end of the experiment 

(day 14) without taking into account the progression of BPD through time, which surely deserves 

future investigation. 

In future studies, we will employ a multi-omics approach to characterize the PND7 hyperoxia exposed 

preterm rabbit. We will collect lung samples at the same time points to characterize the proteomic 

profiling. This analysis coupled with transcriptomic and miRNAs ones will permit us to evaluate the 

correlation between gene expression and protein production and understand the gene expression 

regulation. Moreover, several bioinformatics tools such as Metascape and Ingenuity Pathways 

Analysis (IPA®, Qiagen, Germany) will be employed on these datasets in order to identify new BPD 

biomarkers and targets of interest. These findings will be used to develop new therapeutic treatments. 

Furthermore, the single-cell RNA-sequencing (scRNA-seq) technology has been recently developed, 

permitting a high resolution and simultaneous characterization of thousands of cells at the 

transcriptome level. This approach will be employed to identify which cell populations are mostly 

impacted by hyperoxia and premature birth, highlighting the main effector cells and disease-

associated cell-cell communications. In addition, we are performing several experiments to set-up 

and validate RNA-in situ hybridization (RNAscope®, ACD, USA). This technique delivers 

quantitative, sensitive, and specific molecular detection of RNA species on a cell-by-cell basis with 

morphological context, permitting to overcome the lack of anti-rabbit antibodies.  

The whole RNA-seq analysis will be performed on the PND14 hyperoxia-exposed preterm rabbit 

BPD model on lung samples collected in both hyperoxia and normoxia preterm animals, and aged-
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matched term ones. This analysis will allow us to understand the similarities and differences between 

PND7 and PND14 models. As mentioned before, BPD is a disease with a severity scale from mild to 

severe. These investigations may reveal a different severity of the two models (moderate-severe for 

PND7 and mild for PND14), necessitating different pharmacological approaches. Finally, the bulk or 

single-cell RNA-seq analysis will be performed after pharmacological treatment to fully understand 

the curative effects on pathways and genes compared to untreated animals. 
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