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Abstract: Bronchopulmonary dysplasia (BPD) still represents an important burden of neonatal care.
The definition of the disease is currently undergoing several revisions, and, to date, BPD is actually
defined by its treatment rather than diagnostic or clinic criteria. BPD is associated with many
prenatal and postnatal risk factors, such as maternal smoking, chorioamnionitis, intrauterine growth
restriction (IUGR), patent ductus arteriosus (PDA), parenteral nutrition, sepsis, and mechanical
ventilation. Various experimental models have shown how these factors cause distorted alveolar and
vascular growth, as well as alterations in the composition and differentiation of the mesenchymal
cells of a newborn’s lungs, demonstrating a multifactorial pathogenesis of the disease. In addition,
inflammation and oxidative stress are the common denominators of the mechanisms that contribute
to BPD development. Vascular endothelial growth factor-A (VEGFA) constitutes the most prominent
and best studied candidate for vascular development. Animal models have confirmed the important
regulatory roles of epithelial-expressed VEGF in lung development and function. This educational
review aims to discuss the inflammatory pathways in BPD onset for preterm newborns, focusing on
the role of VEGFA and providing a summary of current and emerging evidence.

Keywords: BPD; oxidative stress; preterm; VEGFA; biomarker; inflammation; lung disease

1. Introduction

Despite more than five decades having passed, bronchopulmonary dysplasia (BPD) still
represents an important burden of neonatal care. The definition of the disease is undergoing
several revisions, and for this reason, BPD is actually defined by its treatment rather than
diagnostic or clinic criteria [1]. According to the National Institute of Health [1], BPD is a
chronic lung disease affecting infants born before 32 weeks of gestational age (GA), with
radiological evidence of damage to the lung parenchyma, and requiring respiratory support
(either invasive or non-invasive) at 36 weeks post-menstrual age for at least three or more
consecutive days to maintain a peripheral arterial oxygen saturation (SpO2) >90% [2–4].

BPD is associated with many prenatal risk factors, including maternal smoking,
chorioamnionitis, and intrauterine growth restriction (IUGR), in addition to postnatal
risk factors, such as patent ductus arteriosus (PDA), parenteral nutrition, sepsis, and me-
chanical ventilation [5–10]. Respiratory models of premature infants can also be considered
risk factors for the development of BPD. In this regard, one study has suggested that
ventilatory peak inspiratory pressure and the need for assisted ventilation on the 4th day
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of postnatal life can be considered early indicators of BPD [11]. Other subsequent studies
have also shown that, during the first two weeks of life in extremely preterm infants, three
models of chronic lung disease can emerge: one model is characterized by a low inspiratory
fraction of oxygen (FiO2), one model is characterized by pulmonary deterioration (PD)
following initial improvement in the first few days, and the last one is characterized by
early persistent pulmonary deterioration requiring prolonged respiratory support from
birth [12]. Accordingly, in a previous study, after measuring FiO2 during the first seven
days of life and then on the fourteenth day of life, it was noted that almost 50% of children
in the second group and almost 67% of the third group developed BPD [13].

BPD is a common health complication among extremely preterm infants [14], and
its wide epidemiological range (10–89%) well reflects the differences in the GA and birth
weight of newborns across study populations, as well as the differences in diagnostic
criteria and care practices across study institutions and localities. Therefore, it is reasonable
to affirm that the incidence of BPD is inversely related to GA at birth, with higher incidences
reported with decreasing GA [15]. Furthermore, small-for-GA (SGA) infants have a higher
incidence of BPD than adequate-for-GA (AGA) preterm infants, especially between 26 and
28 weeks of PMA at birth. As SGA infants are overrepresented among preterm births, there
is likely a multiplier effect on BPD incidence that must be accounted for. BPD can also be
seen as one of the main causes that lead extremely low birth weight infants (ELBW) to have
a higher mortality and morbidity than very low birth weight (VLBW) infants [2,14,16].

In addition, inflammation is a common denominator of many factors that contribute
to BPD development, and it seems to be an important risk factor for the pathogenesis of
the disease [2]. In fact, the overexpression of pro-inflammatory cytokines is counterbal-
anced by the suppression of growth-promoting cytokines. Vascular endothelial growth
factor A (VEGFA) constitutes the most prominent and best studied candidate for vascular
development [2,17] (Figure 1).

Figure 1. Schematic representation of risk factors associated with bronchopulmonary dysplasia.

In view of the above cited studies, in this work, we aimed to analyze, in an educational
review, the inflammatory pathways in the genesis of BPD for preterm newborns, focusing
on the role of VEGFA.

2. Lung Development

Proper lung development and function are essential for neonatal transition from
intrauterine to extrauterine life. The lungs have the highest levels of vasculature and
vascular endothelial growth factor (VEGF) expression [18]. An adequate amount of VEGF
expression is essential for pulmonary development.
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VEGF contributes to the formation of vascular beds during embryo development, as
demonstrated by the lethality of single-allele VEGF knockout due to abnormal vasculogen-
esis [19].

Many different lung cells produce VEGF and also respond to VEGF [20]. In the lungs,
VEGF functions as a mitogen and as a survival and differentiation factor for endothelial
cells [21]. For example, type II pneumocytes undergo growth and differentiation in the
presence of VEGF [22,23].

A decreased level of VEGF may contribute to BPD and to infants dying with abnormal
alveolar microvessels [24].

BPD is a disease of preterm newborns, a vulnerable population with blocked lungs and
who are in a phase of immature development: the bronchioles, precapillaries, and mucous
glands are not yet fully developed, the blood–air barrier is still not properly formed, and
surfactant production has not yet begun [2,25].

Various experimental models have shown how infections, oxygen, and mechanical
ventilation cause distorted alveolar and vascular growth, as well as alterations in the
composition and differentiation of the mesenchymal cells of a newborn’s lungs [26,27].
Assisted ventilation, required to begin breathing in preterm lungs, can damage the lungs
via exposure to high pressures, volumes, and oxygen. These factors can activate inflamma-
tory pathways that can amplify any pre-existing injuries or perpetuate the inflammatory
mechanisms triggered by the same ventilator support therapy [2]. The combination of a
hyperoxic picture from oxygen administration with hypoxemic events, frequent in preterm
babies, increases the production of reactive oxygen species (ROS) and consequent tissue
inflammation [2,27].

2.1. Lung Inflammation

Inflammation is a common denominator of many factors that contribute to
BPD development.

The inflammatory condition concerning BPD is the result of an imbalance between
pro-inflammatory and anti-inflammatory mechanisms, with a persistent imbalance toward
the former [2]. The pro-inflammatory cytokines involved in the pathogenesis of BPD
are mainly interleukin (IL)-1β, IL-6, IL-8, and tumor necrosis factor-α (TNF-α). More
precisely, altered levels of pro-inflammatory cytokines (i.e., IL-6, TNF-α, IL-1β, IL-8, and
IL-10) have been reported in different samples of the amniotic fluid [28], cord blood [29],
and tracheal aspirate of newborns with a BPD diagnosis [30]. Conversely, lower levels of
anti-inflammatory cytokines, such as IL-10, are reported [2].

Among the pro-inflammatory cytokines, IL-1β has been proven to be associated with
the subsequent development of BPD in premature infants. Its role seems to be linked to the
modification of the expressions of the proteins involved in mediating the cellular response
to retinoic acid [31,32]. The concentration of IL-8 has been found to be much higher in
the homogenates of pre-term explant cultures of lungs exposed to hyperoxia than in those
of the lungs of full-term babies [33]. High TNF-α levels promote chronic inflammation,
leading to BPD, as shown in the study by Oncel et al., where the inhibition of TNF-αwas
found to be beneficial for alveolar and lung injury by reducing lung inflammation and
oxidative stress [34]. However, the deficiency of an anti-inflammatory cytokine such as
IL-10 is associated with BPD severity according to Mao et al. [35].

Interestingly, studies have shown an early increase in pro-inflammatory cytokines
levels during the stages of lung development, as assessed by detecting pro-inflammatory
cytokines in the tracheal aspirates of patients with BPD, whereas levels of IL-10 in both the
serum and tracheal aspirates have been shown to be decreased in infants who developed
BPD [36]. These pro-inflammatory cytokines promote the formation of pulmonary edema.

In preterm infants who died of severe respiratory distress syndrome (RDS), the influx
of TNF-α-positive macrophages in pulmonary tissue was found to be associated with
a striking loss of endothelial basement membranes and a destruction of interstitial gly-
cosaminoglycans [37]. It has been demonstrated that these mediators attract cells of innate
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immunity: preterm infants at various BPD stages were found to have a much higher and
more persisting number of neutrophils and macrophages in their bronchoalveolar lavage
fluid than infants who had recovered from RDS [38]. Neutrophils exert substantial lung
damage through the release of proteases, such as metalloproteases and elastases.

The inflammatory state in patients with BPD also results in an increased production of
beta tissue growth factor (TGF-β). Therefore, both the chronic inflammatory picture and
the strongly oxidative environment due to respiratory support are the main factors in the
pathogenesis of BPD. However, in order for BPD to occur, environmental factors, such as
chorioamnionitis, neonatal sepsis, and hyperoxia, are also required to promote and sustain
a persistent inflammatory status [2,27,36,38]. In addition, the airway microbiome and
metabolome could influence the genesis and support of BPD [39]. A decreased diversity
of the airway microbiome, specifically with an abundance of Stenotrophomonas, and an
increased level of sn-glycerol 3-phosphoethanolamine were recently reported in patients
with BPD [39]. The authors found a relationship between the occurrence and severity of the
disease and Stenotrophomonas, concluding that this bacterium may influence the composition
of the lower airway microbiome through its metabolite sn-glycerol 3-phosphoethanolamine
and that it may be the triggering factor for the disease, suggesting the use of this factor as a
novel biomarker of BPD.

Studies have shown that a preterm neonate with structurally and functionally im-
mature lungs (at the canalicular/saccular phase of lung development), paired with an
underdeveloped immune response, exhibits an increased pro-inflammatory response when
BPD develops [38]. Therefore, the precocious modulation of inflammatory processes might
turn out to be a valid preventive and/or therapeutic approach for BPD [35,40].

2.2. Hyperoxia and Oxidative Stress

Oxidative stress in the lungs occurs when the antioxidant capacity is overwhelmed
or depleted through external exposures, such as altered oxygen tension or air pollution,
or internally. The internal sources of oxidative stress include systemic disease and the
activation of resident and inflammatory cells recruited in response to an exposure or
systemic reaction [41]. This situation can occur more easily in preterm infants since their
antioxidant systems are still immature, and the so-called free-radical-related diseases
(FRDs), such as BPD, can easily occur [42].

Although mechanical ventilation and, therefore, the use of oxygen support are the
main therapeutic strategies in managing BPD, they are also the main risk factors for
BPD [27]. Unlike at-term infants, preterm ones (and especially those with VLBW) have an
imperfect anti-oxidative stress system due to pulmonary insufficiency, a lack of alveolar
surfactant, and endogenous antioxidant enzyme system defects; all these events make
babies more likely to be exposed to hyperoxia. The high oxygen exposure triggers a cascade
of oxidative stress and induces an influx of inflammatory cells. This kind of damage may
develop to ventilator-induced lung injury via volutrauma from the administration of large
volumes of gas to the lungs; barotrauma from high airway pressures; atelectrauma due to
repeated alveolar collapse and re-expansion; and the release of inflammatory mediators of
the damaged alveolar epithelium, such as IL-33, whose levels have been found to increase
when exposed to mechanical ventilation with oxygen-rich air (MV-O2) [43,44]. Hyperoxia-
exposure-mediated lung injury mainly includes cell necrosis or apoptosis in the alveolar
epithelium and vascular endothelium, the destruction of the alveolar structure, increased
vascular permeability, and the reduced formation of capillaries in the distal lung tissue,
as well as the massive recruitment of inflammatory cells, which, in turn, may delay the
separation of cystic alveoli, inducing the proliferation of stromal cells and, thus, resulting
in the persistence of inflammation. Lastly, all these events could result in pulmonary
hypertension [36,41,43–45].

The above-described cell damage is induced via reactive oxygen species (ROS) pro-
duction by neutrophils. Specifically, the recruited neutrophils release ROS, which, in turn,
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can cause tissue damage by modulating lipid peroxidation and inducing antiprotease
inhibitors [46] (Figure 2).

Figure 2. Schematic representation of free radical generation during phagocyte activation. Following
injury, due to infection, hypoxia–ischemia, or hyperoxia, neutrophils release ROS. The superoxide
anion (·O2

−), the most abundant radical species, is the first stage of bacterial killing reaction, which is
followed by generation of other ROS, such as hydroxyl radical (·OH) by free irons and hypochlorous
acid (OHCL−) by myeloperoxidases.

The biomarkers of oxidative stress include increased myeloperoxidase activity and xan-
thine oxidase quantities, which derive from phagocyte activation and hypoxia–reoxygenation
mechanisms, respectively (Figure 3).

Figure 3. Schematic representation of free radical generation during hypoxia–reoxygenation. Hy-
poxanthine derives from degradation of adenosine 5′-triphosphate (ATP) during hypoxia-induced
anaerobic metabolism. During reoxygenation, xanthine oxidoreductase catalyzes hydroxylation of
hypoxanthine to xanthine and uric acid, inducing the release of ROS. Xanthine oxidoreductase exists
in two forms: xanthine dehydrogenase and xanthine oxidase. An irreversible proteolytic conversion
of xanthine dehydrogenase to xanthine oxidase can also be specifically induced by IFN-γ in lung
microvascular endothelial cells.

The concentrations of these markers are increased during the first week of life in the
tracheal aspirates of infants who develop BPD compared with the concentrations in infants
who are ventilated but recover without BPD [47].

Therefore, studies have included antioxidants as one of the potential therapies for BPD:
many agents have been shown to be protective in animal models, but only few substances
have been used for newborns in pilot studies. The aim of this kind of therapy may be to
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develop antioxidant medication that not only protects against the direct injurious effects of
oxidants but that also fundamentally alters the associated inflammatory events [42,48].

Oxidative stress also plays an important role in angiogenesis by influencing the
activities of VEGF. Some studies have demonstrated that exogenous ROS stimulate the
induction of VEGF expression in various cell types, such as endothelial cells, smooth
muscle cells, and macrophages, whereas VEGF induces endothelial cell migration and
proliferation through an increase in intracellular ROS. In some oxygen-sensitive tissues,
such as the retina, ROS can trigger a continuous production of VEGF, which can be of
central importance for the onset and development of retinal conditions. Oxygen species also
affect VEGF-stimulated VEGFR2 dimerization and autophosphorylation that are required
for VEGFR2 activation and subsequent angiogenesis [49,50].

2.3. Vascuologenesis

The underlying mechanisms driving pulmonary vascular growth in BPD still remain
under debate. In the early stages of lung development, vessel growth follows two pathways:
angiogenesis, characterized by the extension of existing vessels, and vasculogenesis, char-
acterized by the differentiation of angioblasts and hemangioblasts into de novo vascular
structures [51,52]. During the branching morphogenesis of the airways, pulmonary vascu-
lar structures form in close proximity, suggesting that the airways may form a template
for early vascular development. Later, the further growth of the vascular networks allows
for blood flow, in parallel with the division of the alveoli into complex acinar, throughout
infancy and adolescence [53,54].

In patients with BPD, the cessation of growth of preterm lungs leads to a decreased
capillary density, a smaller cross-sectional area for blood circulation, and, lastly, a reduced
surface area for gas exchange. In addition, the presence of fully developed vessels with
dysmorphic anastomoses has also been reported in the lungs of babies with severe BPD.
Intrapulmonary arteriovenous anastomotic vessels prevent gas exchange at the alveolar–
capillary interface, resulting in persistent hypoxemia, the vasoconstriction of the arteries,
and the further progression of tissue damage [55,56].

To counteract the “dysmorphic” pattern characterized by the paucity of capillaries
within abnormally enlarged alveoli, abnormal collateral circulations appear but worsen the
lung injury. Moreover, abnormal muscularization and a heightened vascular tone have also
been reported to contribute to BPD onset [57,58].

Moreover, changes in circulating and resident endothelial progenitor cell (EPC) levels
have been associated with BPD onset [59,60]. Similarly, increased mesenchymal stromal
cell expressions in tracheal aspirates were found to be associated with the development of
severe BPD [61,62]. The authors demonstrated that MSCs are able to produce TGF-β1 in an
autocrine manner, which, in turn, promotes the differentiation of MSCs into myofibroblasts
with subsequent fibrotic tissue degeneration [63,64].

Interestingly, it seems that these events occur more frequently in genetically pre-
disposed subjects, although genome-wide association studies have shown controversial
findings [65,66].

3. Vascular Endothelial Growth Factor

VEGF is a highly specific mitogen for vascular endothelial cells with additional effects
on several cell types. Various VEGF isoforms are generated as a result of the alternative
splicing of a single VEGF gene that is located on chromosome 6p21.3 and consists of eight
exons exhibiting alternating splicing and constituting a protein family. As shown by an
analysis of the 5′ region, the human gene for VEGF is highly polymorphic, and, for this
reason, it seems likely to be a contributor to the hereditary predisposition of diseases
in which angiogenesis plays a role. Among the various polymorphisms, the genotype
+936 C/T is the most studied for various pathologies [51–57].

The importance of VEGF as a central regulator of vasculogenesis has been demon-
strated in studies using the targeted gene disruption technique in mice [59]. Animals
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without one of the two VEGF alleles die before birth due to defects in the development of
the cardiovascular system. Similarly, the disruption of genes encoding the receptor tyrosine
kinases (RTKs) of VEGF, VEGFR1, and VEGFR2 causes serious abnormalities in the forma-
tion of blood vessels in homozygous animals [59]. Embryos without the VEGFR2 gene die
before birth because endothelial cell differentiation does not occur, and blood vessels do
not form. The main stimuli that produce VEGF are hyperglycemia and hypoxia through the
link with hypoxia-induced factor 1 (HIF-1), but factors that are released in inflammatory
contexts (IL-1β, TGF β, and TNF-α) can also lead to an increase in VEGF expression. The
expressions of VEGFR1 and VEGFR2 receptors are also regulated by hypoxia [51,59,61].

Regarding the fetal development in which VEGF plays a key role, the lung is the site
with the highest levels of vascularization and VEGF expression. The large pulmonary
capillary bed is essential for an efficient exchange of gas between the alveoli and the
capillaries. However, the vascular side is not the only one affected by the properties of
VEGF: the transient inactivation of the VEGF lung gene leads to the apoptosis of cells in the
alveolar septum wall, the enlargement of the airspace, and an increase in lung compliance.
In addition, type II cells, responsible for surfactant production, go through growth and
differentiation processes in the presence of VEGF. Previous animal model studies have
shown that a transient decrease in pulmonary VEGF leads to increased alveolar and
bronchial cell apoptosis, air space enlargement, and changes in lung elastic recoil (processes
that are characteristic of emphysema) that persist for at least 8 weeks [63,65].

Lassus et al. demonstrated that the increasing pulmonary concentrations of VEGF in
preterm infants suggested a physiologic role for this growth factor in preterm lungs [67].
The authors observed a high VEGF expression in tracheal fluid, and a further increase was
detected every postnatal day, while plasmatic levels remained constant. However, patients
developing BPD showed lower VEGF levels during this period; this was not due to their
lower gestational age because any significant correlation between VEGF in tracheal aspirate
samples and GA was reported. The infants who eventually developed BPD required
higher inspiratory oxygen concentrations [67]. In another study, hyperoxia was reported
to decrease VEGF expression in alveolar epithelial cells in rabbits [17]. This study agrees
with these previous observations since lower VEGF concentrations were found in infants
who later developed BPD [65,67]. These findings are in line with the data reported by
Mariduena et al. [68]. In their study, the authors showed that low serum VEGF levels were
detected in patients with BPD during the first week of postnatal life [68].

Bhatt et al. [24] compared premature infants who died with BPD with term infants
who died of non-pulmonary causes and who had a short exposure to supplemental oxy-
gen and mechanical ventilation. Immunohistochemistry testing for VEGF expression in
these infants found a decrease in the VEGF protein in BPD lungs, particularly in areas
with thickened alveolar septa. The cell type expressing the VEGF mRNA had not been
modified. These data support the hypothesis that a decrease in VEGF may play a role
in stopping the development of pulmonary microcirculation in BPD since infants dying
with BPD have abnormal alveolar microvessels that are consistent with disrupted alveolar
vascular development [24]. Previous studies have shown that in vitro and in vivo type II
pneumocytes that express high levels of surfactant protein C (SP-C) have low levels of
VEGF. Bhatt et al. showed that BPD lungs had more type II cells expressing SP-C [69,70].
Type II pneumocytes expressing VEGF may have been replaced by cells expressing SP-C as
part of the damage repair process [24]. However, further studies are advocated to confirm
this thesis.

A reduction in VEGFR2 receptor activity can also cause serious damage to lung devel-
opment. In an experimental model, Le Cras et al. [70] reported that a lower VEGF receptor
activity is involved in the early onset of pulmonary hypertension. It is therefore hypoth-
esized that the early interruption of the signaling of VEGFR in a newborn’s lungs might
contribute to the pathological sequelae of BPD and to a long-term predisposition for adult
diseases, such as chronic obstructive pulmonary disease (COPD) and pulmonary hyperten-
sion [71]. Accordingly, an experimental model reported that the transient interruption of
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VEGF signaling decreased the bioavailability of nitric oxide (NO) in the lungs of newborn
rats, which may contribute to reduce lung growth and pulmonary hypertension [72]. The
neonatal inhibition of the VEGF receptor immediately and transiently induced apoptosis in
pulmonary vascular endothelial cells, which was followed by the persistent impairment of
vascular growth and alveolysis in newborn rats. In addition, early treatment with inhaled
NO after the inhibition of VEGF reduced the apoptosis of endothelial cells in neonatal
rat lungs [71,72]. However, based on the results of recent meta-analyses and systematic
reviews, there has been no long-term improvement in the mortality or the incidence and
severity of BPD with the use of iNO in preterm infants as prevention or therapy [73].

Nowadays, genetic factors are becoming one of the main focuses of interest [74].
Many studies have been conducted regarding a genetic component as a possible cause for
BPD and, even though they have not found a connection with their respective “genetic
targets”, they have pointed to various variants, genes, or pathways associated with the
susceptibility of BPD, making it likely that each genetic variant plays a minimal role in BPD
development [72].

However, in 181 newborns with a mean gestational age of 28 wks, Kwinta et al. [75]
discovered that a particular polymorphism of VEGF (VEGF-460T>C) may influence the
risk of BPD.

Conversely, Filonzi et al. [76] analyzed the possible relationship between the +936 C/T
VEGF polymorphisms and the -710 VEGFR1 C/T polymorphisms and the frequency of
BPD among eighty-two very low birth weight infants, without major anomalies. In their
study, 33 out of 82 infants developed BPD (the BPD group), and 49 infants without BPD
served as controls (the control group). Although significant statistic differences were found
between the newborns with BPD and the controls with regard to gestational age, birth
weight, mechanical ventilation, the duration of oxygen therapy, maternal preeclampsia,
and chorioamnionitis, no differences were detected between genotypic and allelic levels
regarding the VEGFR1 and VEGF molecular polymorphisms. Thus, no association between
those genes and BPD was found. This supports the hypothesis that BPD is a heterogeneous
disease resulting from multiple gene interactions and pathways. In a retrospective study,
Poggi et al. [77] investigated the roles of specific polymorphisms of genes encoding for
VEGF-A in a cohort of preterm infants, and they correlated their presence with the de-
velopment of BPD [77]. The authors reported that VEGF-A might independently affect
birth weight and gestational age and act as a protecting or risk marker for prematurity
complications, such as BPD [77].

Additionally, other possible causes of BPD, such as pulmonary infection and nutrition
status and their correlation with VEGF, have been hypothesized (Figure 4).

Figure 4. Diet supplementation and vascular development. Supplementation with probiotics and
PUFAω-3 affect endothelial cell recruitment, vessel formation and dilatation, vascular permeability,
and vascularization.

In an animal model of intrauterine infection/inflammation with pregnant rats en-
docervically inoculated with Escherichia coli, Pan et al. [78] reported that an impaired
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pseudoglandular stage was associated with a significantly decreased VEGF expression
in the lung tissue of fetal rats and neonatal rats, confirming the crucial role of VEGF in
lung development.

An extremely low birth weight and a reduced caloric intake contribute to BPD devel-
opment. In this regard, suboptimal nutrition negatively affects lung VEGF expression in
formula-fed neonatal rats subjected to hyperoxia [79]. However, when supplemented with
probiotics, the formula-fed neonatal rats showed an unchanged VEGF expression with the
preservation of angiogenesis [79].

Similarly, omega-3 polyunsaturated fatty acid (PUFA ω-3) supplementation prevents
BPD-associated pulmonary hypertension by reversing the reduced VEGFA and VEGF
levels [80].

4. Conclusions

BPD is a condition whose pathogenesis involves a large number of factors and path-
ways, and VEGF plays an important role in both lung development and function. Released
principally by respiratory epithelial cells, VEGF enhances the migration, proliferation, and
differentiation of endothelial cells via paracrine signaling, thus appearing to be essential
for maintaining air–blood structures. The recognition of the central role of VEGF in angio-
genesis and its interplay with oxidative stress has led to the hypothesis that its modulation
may represent a potential treatment of conditions characterized by pathologic angiogenesis.
Moreover, having the possibility to modulate the levels of VEGF, for example, by diet
supplementation, could represent a new therapeutic strategy to improve endothelial dys-
function, especially in newborns at a high risk of BPD. Furthermore, investigating VEGF’s
role and function could allow for determining the link with lipid metabolism, whose exact
mechanisms and role in BPD are still relatively obscure.

In conclusion, the new evidence suggests that VEGF levels represent a promising
therapeutic approach for preventing neonatal bronchopulmonary dysplasia and its adverse
outcomes [2,81]. Further clinical studies are needed to evaluate the molecular target for
drug research.

Author Contributions: Conceptualization, S.P. and S.M.R.E.; methodology, L.F.; software, C.P.;
investigation, L.B.; data curation, S.M. and L.F.; writing—original draft preparation, S.P., L.B. and
G.B.; writing—review and editing, S.P. and F.N.M.; visualization, E.G. and S.M.; supervision, S.M.R.E.;
project administration, S.P.; funding acquisition, S.P. All authors have read and agreed to the published
version of the manuscript.

Funding: This project was funded under the National Recovery and Resilience Plan (NRRP), Mission
4 “Education and Research” Component 2 “From research to enterprise” Investment 1.3—funded by
the European Union—NextGenerationEU.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Naeem, A.; Ahmed, I.; Silveyra, P. Bronchopulmonary Dysplasia: An Update on Experimental Therapeutics. Eur. Med. J. (Chelmsf.

Engl.) 2019, 4, 20–29. [CrossRef]
2. Holzfurtner, L.; Shahzad, T.; Dong, Y.; Rekers, L.; Selting, A.; Staude, B.; Lauer, T.; Schmidt, A.; Rivetti, S.; Zimmer, K.-P.; et al.

When Inflammation Meets Lung Development-an Update on the Pathogenesis of Bronchopulmonary Dysplasia. Mol. Cell Pediatr.
2022, 9, 7. [CrossRef]

3. Gilfillan, M.; Bhandari, A.; Bhandari, V. Diagnosis and Management of Bronchopulmonary Dysplasia. BMJ 2021, 375, n1974.
[CrossRef]

4. Wang, S.-H.; Tsao, P.-N. Phenotypes of Bronchopulmonary Dysplasia. Int. J. Mol. Sci. 2020, 21, E6112. [CrossRef]
5. Jensen, E.A.; Schmidt, B. Epidemiology of Bronchopulmonary Dysplasia. Birth Defects Res. A Clin. Mol. Teratol. 2014, 100, 145–157.

[CrossRef]
6. Kalikkot Thekkeveedu, R.; Guaman, M.C.; Shivanna, B. Bronchopulmonary Dysplasia: A Review of Pathogenesis and Pathophys-

iology. Respir. Med. 2017, 132, 170–177. [CrossRef] [PubMed]
7. Sharma, D.; Shastri, S.; Sharma, P. Intrauterine Growth Restriction: Antenatal and Postnatal Aspects. Clin. Med. Insights Pediatr.

2016, 10, 67–83. [CrossRef] [PubMed]

http://doi.org/10.33590/emj/10313109
http://doi.org/10.1186/s40348-022-00137-z
http://doi.org/10.1136/bmj.n1974
http://doi.org/10.3390/ijms21176112
http://doi.org/10.1002/bdra.23235
http://doi.org/10.1016/j.rmed.2017.10.014
http://www.ncbi.nlm.nih.gov/pubmed/29229093
http://doi.org/10.4137/CMPed.S40070
http://www.ncbi.nlm.nih.gov/pubmed/27441006


Int. J. Mol. Sci. 2023, 24, 2729 10 of 12

8. Terrin, G.; Di Chiara, M.; Boscarino, G.; Metrangolo, V.; Faccioli, F.; Onestà, E.; Giancotti, A.; Di Donato, V.; Cardilli, V.; De Curtis,
M. Morbidity Associated with Patent Ductus Arteriosus in Preterm Newborns: A Retrospective Case-Control Study. Ital. J. Pediatr.
2021, 47, 9. [CrossRef]

9. Boscarino, G.; Conti, M.G.; De Luca, F.; Di Chiara, M.; Deli, G.; Bianchi, M.; Favata, P.; Cardilli, V.; Di Nardo, G.; Parisi, P.; et al.
Intravenous Lipid Emulsions Affect Respiratory Outcome in Preterm Newborn: A Case-Control Study. Nutrients 2021, 13, 1243.
[CrossRef]

10. Lapcharoensap, W.; Kan, P.; Powers, R.J.; Shaw, G.M.; Stevenson, D.K.; Gould, J.B.; Wirtschafter, D.D.; Lee, H.C. The Relationship
of Nosocomial Infection Reduction to Changes in Neonatal Intensive Care Unit Rates of Bronchopulmonary Dysplasia. J. Pediatr.
2017, 180, 105–109.e1. [CrossRef]

11. Ryan, S.W.; Nycyk, J.; Shaw, B.N. Prediction of Chronic Neonatal Lung Disease on Day 4 of Life. Eur. J. Pediatr. 1996, 155, 668–671.
[CrossRef] [PubMed]

12. Thébaud, B.; Goss, K.N.; Laughon, M.; Whitsett, J.A.; Abman, S.H.; Steinhorn, R.H.; Aschner, J.L.; Davis, P.G.; McGrath-Morrow,
S.A.; Soll, R.F.; et al. Bronchopulmonary Dysplasia. Nat. Rev. Dis. Primers 2019, 5, 78. [CrossRef]

13. Laughon, M.; Allred, E.N.; Bose, C.; O’Shea, T.M.; Van Marter, L.J.; Ehrenkranz, R.A.; Leviton, A.; ELGAN Study Investigators.
Patterns of Respiratory Disease during the First 2 Postnatal Weeks in Extremely Premature Infants. Pediatrics 2009, 123, 1124–1131.
[CrossRef] [PubMed]

14. Siffel, C.; Kistler, K.D.; Lewis, J.F.M.; Sarda, S.P. Global Incidence of Bronchopulmonary Dysplasia among Extremely Preterm
Infants: A Systematic Literature Review. J. Matern. Fetal Neonatal Med. 2021, 34, 1721–1731. [CrossRef] [PubMed]

15. Laughon, M.M.; Langer, J.C.; Bose, C.L.; Smith, P.B.; Ambalavanan, N.; Kennedy, K.A.; Stoll, B.J.; Buchter, S.; Laptook, A.R.;
Ehrenkranz, R.A.; et al. Prediction of Bronchopulmonary Dysplasia by Postnatal Age in Extremely Premature Infants. Am. J.
Respir. Crit. Care Med. 2011, 183, 1715–1722. [CrossRef] [PubMed]

16. Lianou, L.; Petropoulou, C.; Lipsou, N.; Bouza, H. Difference in Mortality and Morbidity Between Extremely and Very Low Birth
Weight Neonates. Neonatal Netw. 2022, 41, 257–262. [CrossRef]

17. Maniscalco, W.M.; Watkins, R.H.; D’Angio, C.T.; Ryan, R.M. Hyperoxic Injury Decreases Alveolar Epithelial Cell Expression of
Vascular Endothelial Growth Factor (VEGF) in Neonatal Rabbit Lung. Am. J. Respir. Cell Mol. Biol. 1997, 16, 557–567. [CrossRef]

18. Marti, H.H.; Risau, W. Systemic hypoxia changes the organ-specific distribution of vascular endothelial growth factor and its
receptors. Proc. Natl. Acad. Sci. USA 1998, 95, 15809–15814. [CrossRef] [PubMed]

19. Carmeliet, P.; Mackman, N.; Moons, L.; Luther, T.; Gressens, P.; Van Vlaenderen, I.; Demunck, H.; Kasper, M.; Breier, G.; Evrard,
P.; et al. Role of tissue factor in embryonic blood vessel development. Nature 1996, 383, 73–75. [CrossRef]

20. Voelkel, N.F.; Vandivier, R.W.; Tuder, R.M. Vascular endothelial growth factor in the lung. Am. J. Physiol. Lung Cell Mol. Physiol.
2006, 290, L209–L221. [CrossRef]

21. Ferrara, N. Vascular endothelial growth factor: Basic science and clinical progress. Endocr. Rev. 2004, 25, 581–611. [CrossRef]
22. Brown, K.R.; England, K.M.; Goss, K.L.; Snyder, J.M.; Acarregui, M.J. VEGF induces airway epithelial cell proliferation in human

fetal lung in vitro. Am. J. Physiol. Lung Cell Mol. Physiol. 2001, 281, L1001–L1010. [CrossRef]
23. Compernolle, V.; Brusselmans, K.; Acker, T.; Hoet, P.; Tjwa, M.; Beck, H.; Plaisance, S.; Dor, Y.; Keshet, E.; Lupu, F.; et al. Loss

of HIF-2alpha and inhibition of VEGF impair fetal lung maturation, whereas treatment with VEGF prevents fatal respiratory
distress in premature mice. Nat. Med. 2002, 8, 702–710. [CrossRef] [PubMed]

24. Bhatt, A.J.; Pryhuber, G.S.; Huyck, H.; Watkins, R.H.; Metlay, L.A.; Maniscalco, W.M. Disrupted pulmonary vasculature and
decreased vascular endothelial growth factor, Flt-1, and TIE-2 in human infants dying with bronchopulmonary dysplasia. Am. J.
Respir. Crit. Care Med. 2001, 164, 1971–1980. [CrossRef] [PubMed]

25. Principi, N.; Di Pietro, G.M.; Esposito, S. Bronchopulmonary Dysplasia: Clinical Aspects and Preventive and Therapeutic
Strategies. J. Transl. Med. 2018, 16, 36. [CrossRef] [PubMed]
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