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ABSTRACT
Bronchopulmonary dysplasia (BPD) is a chronic lung disease that arises
during the neonatal period, and its underlying mechanisms are still not fully
understood. The disorder of microvascular development plays a significant
role in the development of BPD. This article presents a comprehen-
sive review of the advancements made in understanding the mechanisms
and treatment approaches related to microvascular development in the
pathogenesis of BPD.
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INTRODUCTION

Bronchopulmonary dysplasia (BPD) is a chronic lung
disease characterized by impaired lung development due to
exposure of immature lungs to various prenatal and post-
natal factors.1 The new diagnostic criteria of BPD require
confirmation of persistent lung parenchymal disease by
imaging in preterm infants with gestational age <32 weeks,
and the need for oxygen therapy support (for at least three
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consecutive days) to maintain arterial blood oxygen satu-
ration between 90% and 95% at postmenstrual age (PMA)
36 weeks. These diagnostic criteria further delineate the
classification of BPD based on oxygen requirement and
categorize preterm infants who die from respiratory failure
between postnatal age >14 days and PMA <36 weeks as
having severe BPD.2 The field of perinatal management
and neonatal intensive care medicine has witnessed sig-
nificant progress in the supportive treatment of extremely
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premature infants, leading to a notable reduction in the
mortality rate associated with BPD. However, the incidence
of BPD remains high, with nearly 10 000 new cases of
BPD occurring in neonates in the United States each year.3

Therefore, research into the pathogenic mechanisms of this
disease becomes particularly important. While previous
research has primarily focused on issues related to alveolar
development in BPD, where various prenatal and postnatal
factors lead to simplification of distal lung acini, result-
ing in the formation of large cystic alveolar structures,
reduced ventilation, and gas exchange function, cessation
of alveolar and surrounding vascular microenvironment
development, leading to reshaping of lung structure, and
ultimately resulting in BPD.3 However, recent experimen-
tal and clinical data have provided us with new insights into
the pathological mechanisms of BPD. One of the important
findings is that pulmonary angiogenesis is essential for
alveolar development and that disorders of pulmonary
angiogenesis may contribute to BPD development; this has
been termed the “vascular hypothesis”.4 Although exper-
imental animal models have contributed considerably to
our understanding of the involved molecular mechanisms,5

and there is a lack of conclusive clinical evidence that
these mechanisms also play a pathogenic role in human
disease, there are exciting developments in BPD treatment
by promoting pulmonary angiogenesis and stabilization.
This article focuses on factors contributing to impaired
pulmonary microvascular development in BPD, including
oxidative stress, inflammation, and gender, and summarizes
changes in cytokines, proteins, and key signaling pathways.
Finally, we review recent research advances targeting
pulmonary microvascular development to treat BPD.

OXIDATIVE STRESS AND PULMONARY
MICROVASCULAR DEVELOPMENT

Except for the low-concentration oxygen therapy strategy,
for fetuses adapted to a low oxygen environment (4%
O2), the normal atmospheric oxygen concentration (21%
O2) is considered a hyperoxic environment.6 Therefore,
even exposure to ambient oxygen levels may potentially
result in hyperoxic lung injury in premature infants. Con-
clusive evidence has revealed that premature exposure to
hyperoxia and reactive oxygen species (ROS) is a signif-
icant risk factor in the development of BPD.7 Prolonged
exposure to hyperoxia disrupts the normal structure of
lung tissue microvasculature, resulting in alveolar capil-
lary collapse and changes in pulmonary microcirculation.8

Increased generation of ROS may affect lung develop-
ment by inducing DNA damage repair, inhibiting apoptosis,
and activating oncogenes through the initiation of signal
transduction pathways.9 Studies based on stereoscopic 3D
reconstruction techniques have shown that the reduction in
the number of pulmonary capillary endothelial cells begins

much earlier than that of alveolar epithelial cells in a hyper-
oxic BPD mouse model,10 suggesting that damage to the
pulmonary vasculature may be the initiating factor in alve-
olar immaturity. The formation of a pulmonary vascular
system is an extremely complex and precise process that
involves several cytokines, signaling pathways, and vari-
ous precursor cells. Abnormalities in any link may lead to
the abnormal development of pulmonary blood vessels and
alveoli, thereby affecting lung function.11

Anti-/proangiogenic gene imbalance

Short-term hyperoxia (≥40% O2) exposure (lasting only
2 h) reduces the expression of the biomarkers vascu-
lar endothelial growth factor (VEGF) and soluble vas-
cular endothelial growth factor receptor 1 (VEGFR1),
which regulate pulmonary angiogenesis.12 Moreover, pro-
longed hyperoxia (≥60% O2) stimulation significantly
reduces VEGF levels in the blood, thereby affecting the
growth and development of other organs.13 Transcrip-
tomic and proteomic analyses of lung tissues from mice
with hyperoxia-induced BPD by using high-throughput
sequencing technology revealed that hyperoxia leads to
a significant decrease in the expression of the proan-
giogenic genes, namely platelet-derived growth factor
A (PDGFA) and platelet-derived growth factor receptor
β (PDGFRb).14 Diminished PDGF signaling decreased
VEGF expression, which subsequently caused apoptosis of
pulmonary endothelial cells (ECs) and decreased microves-
sel density15; simultaneously, a significant increase in the
expression of the antiangiogenic factor pigment epithelium-
derived factor counteracted the stimulatory effect of VEGF
on lung microvascular endothelial cells (LMVECs), lead-
ing to a decrease in platelet endothelial cell adhesion
molecule (PECAM) positive cells, thereby disrupting pro-
and antiangiogenic factors and inhibiting vascular prolifer-
ation, migration, and capillary formation.16 Hyperoxia has
been observed to hinder the tubular growth of ECs through
a reduction in PECAM-1 expression and substantial inhibi-
tion of proliferating cell nuclear antigen translation which
governs the cell cycle.17 This effect may be attributed to
the upregulation of short endoglin within the transform-
ing growth factor-β (TGF-β) receptor family, activating
the TGF-β-activin receptor-like kinase (ALK) 1-mothers
against decapentaplegic homolog (Smad)1/5 signaling
pathway in ECs, while concurrently downregulating long
endoglin and impeding the TGF-β-ALK5-Smad2/3 signal-
ing pathway.18 Nevertheless, conflicting evidence exists
concerning the involvement of stromal-derived factor-1
(SDF-1), an angiogenic chemokine, in the context of
hyperoxia. A study has reported a significant amelioration
of hyperoxia-induced impairment in pulmonary vascular
development by targeting the blockade of chemokine recep-
tor 4 (CXCR4) and inhibiting the SDF-1/CXCR4 axis.19
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In contrast, some researchers suggest that increasing the
expression levels of SDF-1 and CXCR4 and activating the
SDF-1/CXCR4 axis could promote pulmonary angiogene-
sis and reduce lung injury.20–22 Hyperoxia may also inhibit
cell migration and proliferation by decreasing the levels of
microRNAs such as miR-150 and miR-185–5p and attenu-
ating the expression of the angiogenic factors glycoprotein
nonmetastatic melanoma protein B (GPNMB) and cyclin-
dependent kinase 6 in their target genes, thereby resulting
in impaired angiogenesis.23,24 These studies suggest that an
imbalance in the expression of pulmonary antiangiogenic
and proangiogenic genes is an important factor in impaired
angiogenesis in a hyperoxic environment.

Oxidative stress induces lung inflammation

Apart from the direct impact of oxidative stress on vas-
cular development, exposure to hyperoxia can also initiate
lung inflammation.7 Firstly, hyperoxia is known to down-
regulate the expression levels of Twist1 and angiopoietin
1 (Ang1) protein, as well as its receptor Tie2. Concur-
rently, it upregulates angiopoietin 2 (Ang2), which acts as
an antagonist of Ang1. This perturbation leads to the atten-
uation of the Twist1/Tie2 signaling pathway, subsequently
inhibiting the activation of the downstream Akt/Foxo1 sig-
naling pathway. Consequently, vascular stability is reduced,
and vascular permeability is increased.25 Next, myeloper-
oxidase plays an initiating role by amplifying hyperoxia-
induced oxidative stress, resulting in the release of high
mobility group protein B1 upon the death of LMVECs;
this further increases the expression of the inflammatory
markers cyclooxygenase-1/cyclooxygenase-2, receptor for
advanced glycation end products, and toll-like receptor 4,
while attenuating the activation of nuclear factor E2-related
factor 2 (Nrf2) and leading to LMVECs damage.26 Simul-
taneously, a large influx of neutrophils and macrophages
impairs vascular neogenesis, while the elevated level of
G protein-coupled receptor formyl peptide receptor 1 and
the decreased level of formyl peptide receptor 2 not only
increases the expression of inflammatory factors inter-
leukin (IL)-1α and IL-6, which exacerbate inflammation
and injury in hyperoxic BPD lung tissues but also may
decrease the expression of VEGF and hepatocyte growth
factor.27,28 This inhibits the proliferation and lumen forma-
tion capacity of ECs, thereby leading to impaired vascular
development.28,29 Hyperoxia can also enhance the tran-
scriptional activity of nuclear factor kappa B (NF-κB) in the
classical inflammatory signaling pathway by phosphorylat-
ing the p65 protein and activating the downstream target
gene monocyte chemotactic protein 1 (MCP-1) to induce
lung inflammation which subsequently affects pulmonary
vascular development30; in contrast, tumor necrosis factor
inducible gene 6 protein can ameliorate hyperoxia-induced
inflammation in the lung by decreasing the expression of
pNF-κB and inflammatory markers (MCP and IL-6) to ame-

liorate the impaired angiogenesis caused by hyperoxia.31

Inhibition of aryl hydrocarbon receptor activation decreases
the activity of the NF-κB subunit RelB and reduces the
expression of antioxidant enzymes, which then increases
hyperoxia-induced ROS accumulation, thereby causing
damage to LMVECs and leading to impaired pulmonary
microvascular development.32,33

Disruption of signaling pathways

Hyperoxia conditions significantly alter biological pro-
cesses such as cellular metabolism, stress response, signal
transduction, cell cycle, and immune regulation, in addi-
tion to regulating inflammatory signaling pathways.33 One
crucial metabolic regulatory pathway involved in these
mechanisms is the adenosine 5-monophosphate-activated
protein kinase (AMPK) signaling pathway, which is ubiq-
uitously present in diverse organisms and primarily governs
intracellular energy balance. The AMPK-α1 subunit plays
a vital role in promoting pulmonary angiogenesis, as
demonstrated by the significant reduction in pulmonary
angiogenesis observed in the absence of AMPK-α1 in
ECs.34 Extracellular signal-regulated kinase (ERK) is a
branch of the mitogen-activated protein kinase (MAPK)
signaling pathway; it plays an important role in cell
growth, differentiation, proliferation, apoptosis, and cell
cycle regulation, and other life activities, and it is also
a key intracellular signaling pathway. The inhibition of
ERK1 alone does not exacerbate hyperoxia-induced angio-
genic disorders in BPD, as ERK2 is compensated by
activation35; however, the knockdown of the ERK2 gene
in ECs significantly exacerbates hyperoxia-induced pul-
monary angiogenic disorders,36 suggesting that the ERK2
gene may be a key factor in angiogenesis inhibition by
hyperoxia.

Furthermore, the absence of adrenomedullin not only
diminishes the expression of nitric oxide synthase 3
(NOS3), nitric oxide (NO) production, and angiogenesis
by inhibiting calcitonin receptor-like receptors and recep-
tor activity modifying protein 2 but also reduces ERK1/2
activity, inhibiting the MAPK signaling pathway and dis-
rupting vascular tubular structure formation, resulting in
impaired pulmonary angiogenesis.37,38 Sphingosine kinase
1 (SPHK1) is a crucial enzyme involved in the metabolism
of sphingosine, a neurosphingolipid metabolite, into sph-
ingosine 1 phosphate (S1P), which plays a pivotal role in
regulating vascular tone, endothelial function and integrity,
and lymphocyte transport. Imbalances in SPHK1 pro-
duction and signaling are closely associated with the
development of diseases such as endothelial dysfunction
and abnormal angiogenesis.39 In LMVECs, exposure to
hyperoxia not only promotes the expression of NADPH
oxidase 2 and 4 proteins, increasing ROS production
and damaging blood vessels by upregulating S1P protein
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expression,40 but also activates the SPHK1/S1P signaling
pathway while decreasing the expression of proangiogenic
factors such as Ang1, Tie2, and VEGF proteins, thereby
inhibiting the Ang1/Tie2 signaling pathway,41 leading to
impaired pulmonary angiogenesis.

The activation of the SPHK1/S1P signaling axis also pro-
motes signal transducer and activator of transcription 3
phosphorylation, increases lysyl oxidase (LOX) expression
and activity, and disrupts angiogenesis and stabilization.42

Enhanced LOX activity further disrupts extracellular matrix
structure, leading to lung tissue sclerosis in young mice
and activation of the LRP5/Tie2 signaling pathway, even-
tually disrupting pulmonary angiogenesis.43 Additionally,
the lack of the antiapoptotic factor Bcl-2 also exacerbates
hyperoxia-induced reduction in pulmonary angiogenesis
and impairment of lung development.44

Damage of vascular endothelial precursor cells

Vascular endothelial precursor cells comprise a group of
cells that possess the potential to differentiate into ECs.
These cells are considered progenitors or precursors of ECs
and include endothelial progenitor cells (EPCs) and mes-
enchymal stem cells (MSCs). Among these, endothelial
colony-forming cells (ECFCs) represent a specific subpop-
ulation of EPCs that demonstrate self-renewal capabilities
and play a role in neovascularization. Notably, ECFCs
derived from the lungs of premature infants and EPCs are
vulnerable to the effects of hyperoxia.45 This exposure
results in decreased expression of critical transcription fac-
tor forkhead box F1 and the tyrosine kinase receptor protein
c-KIT.46 Consequently, their development and functionality
are compromised, leading to impaired pulmonary vascular
and alveolar development.

ECs are mainly composed of general capillary endothe-
lial cells (gCap) and aerosol capillary endothelial cells
(aCap). Among these cells, gCap cells mainly regulate
vasodilation and function as progenitor cells in cap-
illary homeostasis and repair, whereas aCap cells are
mainly involved in gas exchange and transport.47 Under
hyperoxia, an increased expression of fibroblast growth
factor receptor 1 in aCap cells of neonatal mice acti-
vated the downstream ERK/MAPK signaling pathway and
the PI3K/Akt signaling pathway, which led to a sig-
nificant decrease and increase in the number of gCap
and aCap cells, respectively48; this not only decreased
the expression of genes in angiogenesis-related path-
ways but also increased the expression of antiangiogenic
genes (e.g., cyclin-dependent kinase inhibitor 1A and
so forth) and the expression of insulin-like growth fac-
tor binding protein 7, leading to impaired pulmonary
angiogenesis.49 Hyperoxia exposure can also activate axon
guidance and cell division cycle 42 signaling pathways,

thereby leading to an increased expression of antiangio-
genic genes (e.g., Semaphorin 3A and so forth), inhibition
of the JAK/STAT signaling pathway with anti-inflammatory
effects and the fibroblast growth factor signaling path-
way genes with proangiogenic effects in lung-derived
mesenchymal stem cells (L-MSCs),50 and ultimately an
increase in this type of L-MSCs.51 Hyperoxia exposure also
leads to increased phosphorylation of Smad2 and Smad3
and decreased Smad7 protein levels; this overactivates the
TGF-β signaling pathway and contributes to endothelial-
to-mesenchymal transition in LMVECs, thereby inhibiting
pulmonary angiogenesis.52 In conclusion, exposure to
a hyperoxic environment disrupts the development and
functionality of vascular endothelial precursor cells and L-
MSCs, thereby leading to impaired pulmonary vascular and
alveolar development. This understanding enhances our
comprehension of the mechanisms underlying the impact
of hyperoxia on pulmonary angiogenesis and establishes
a crucial theoretical foundation for the prevention and
treatment of associated disorders.

INFLAMMATION AND PULMONARY
MICROVASCULAR DEVELOPMENT

Although there is a close and complex interaction between
inflammation and angiogenesis in BPD, the current study
suggests that pulmonary inflammation plays an inhibitory
role in the proliferation and migration of vascular ECs.
In addition to hyperoxia-induced lung inflammation, lung
inflammation triggered by prenatal or postnatal infections
is an important factor that contributes to the inhibition of
pulmonary angiogenesis and impaired pulmonary micro-
circulation. First, infection leads to the upregulation of
proinflammatory factors and reduces the expression of
ECs proangiogenic factors such as insulin-like growth fac-
tor 1, vascular endothelial growth factor A (VEGFA),
and its receptors VEGFR1 and VEGFR2, thereby hinder-
ing the development of pulmonary microvasculature.53,54

Second, inflammatory factors can promote the expression
of angiogenesis inhibitory proteins such as soluble fms
like tyrosine kinase 1,53 soluble endoglin,55 and throm-
bospondin 1,56,57 which inhibit pulmonary angiogenesis.
Inflammation can also disrupt the VEGF/NO signaling
pathway by activating the MAPK and NF-κB signal-
ing pathways with the TLR signaling pathway, thereby
mediating the activation of proinflammatory signaling
in human LMVECs and leading to impaired pulmonary
vascular development.58–61 Inflammation also leads to
decreased levels of short-chain fatty acid sodium propi-
onate, which inhibits Nrf2 expression, increases kelch-like
ECH-associated protein 1 levels, decreases Nrf2 nuclear
translocation, and inhibits angiogenesis.62 In contrast, pre-
natal endotoxin exposure leads to a significant decrease
in the expression of pulmonary vitamin D receptors and
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1α-hydroxylase and cytochrome P450 family 24 subfamily
A member 1 involved in the vitamin D metabolic path-
way, thus decreasing pulmonary artery ECs growth and
lumen formation, which later develops into BPD.63,64 How-
ever, some investigators suggest that during early lung
development, inflammation instead inhibits the expres-
sion of plasma macrophage inflammatory protein 2 by
increasing the level of activation of the NF-кB signal-
ing pathway and disrupting angiogenesis.65 In clinical
studies, similar “paradoxical” have also been observed.
Preterm infants with chorioamnionitis have higher con-
centrations of disaturated-phosphatidylcholine, surfactant
protein B, and myeloperoxidase activity in the epithe-
lial lining fluid compared to those without chorioam-
nionitis, while extremely preterm newborns show simi-
lar amounts of disaturated-phosphatidylcholine, surfactant
protein A, and surfactant protein B in the epithelial lin-
ing fluid compared to more mature infants.66 Overall,
lung inflammation induces BPD by affecting pulmonary
angiogenesis.

GENDER AND PULMONARY
MICROVASCULAR DEVELOPMENT

Gender differences exist in the incidence of BPD and the
degree of impaired lung function. A clinical multicenter
cohort study showed that preterm male infants had signif-
icantly higher mortality rates in the neonatal period and
infancy than female infants and were at a higher risk for
BPD.67,68 Although the mechanism of this sex difference
in BPD incidence is unknown, it has been determined that
sex differences in angiogenesis could be a potential cause
of male BPD inferiority.69 Male LMVECs show significant
differences in outgrowth efficiency and response to differ-
ent sex hormones as compared to female LMVECs, and
these differences could be further exacerbated by hyperoxia
exposure.70 Compared to males, LMVECs of females may
attenuate hyperoxia-induced vascular development impair-
ment by increasing the expression level of proangiogenic
miR-30a and promoting hypoxia-inducible factor-1α (HIF-
1α) expression while suppressing the expression of Snai1
protein.71,72 In contrast, male LMVECs exhibited higher
α-SMA levels73; this finding is consistent with the result
that endothelial-to-mesenchymal transition was more pro-
nounced in male LMVECs during hyperoxia exposure.52

Additionally, the reduced expression of HIF-1α in male
ECs may be associated with an increase in growth dif-
ferentiation factor 15.74 In a hyperoxic BPD model, the
expression of the angiogenic pathway-related genes such
as VEGF, VEGFR2, and PDGFR was significantly sup-
pressed in male mice as compared to that in female mice69;
the expression of the angiogenic marker PECAM-1 was
significantly reduced73,75; C-X-C motif chemokine lig-
and 4 was significantly upregulated in lung tissue; and

fatty acid binding protein 4 expression was significantly
decreased.76 The expression level of IKKβ and p-IKbα and
the activation level of p65 are higher in female human
umbilical vein endothelial cells (HUVECs) after hyper-
oxia exposure, and the activation of the proangiogenic
NF-κB signaling pathway is stronger.77 The differences
in these factors and signaling pathways could be respon-
sible for the greater susceptibility of males to hyperoxic
lung injury.

ABNORMAL OR ABERRANT
ANGIOGENESIS

BPD is suggested to be caused by abnormal or aber-
rant vascular development in the lung rather than by
impaired angiogenesis. A hyperoxic environment can lead
to a hyperoxia-induced increase in histone deacetylase 3
expression, which activates the EZH1-p65-PGF axis by
inhibiting miR-17; this subsequently increases abnormal
angiogenesis in BPD model mice.78 In neonatal mice,
hyperoxia also stimulates the pentose phosphate pathway
through enhanced overexpression of phosphogluconate
dehydrogenase in ECs, which induces their abnormal pro-
liferation and leads to aberrant angiogenesis and alveolar
simplification.79 FOSL1 protein is a crucial and early
mediator of inflammation-induced angiogenesis in ECs
and LMVECs. Its activation can trigger the expression
of transcriptional regulators, consequently promoting the
upregulation of angiogenic genes. This process contributes
to the onset of excessive and abnormal angiogenesis during
the initial phases of inflammation.80 Notably, the activation
of the NF-кB inflammatory signaling pathway is necessary
in the early stages of lung development. The transforming
growth factor-β-induced protein can promote pulmonary
vascular development by activating the NF-кB signaling
pathway through αvβ3, which further increases the expres-
sion of granulocyte colony-stimulating factor and IL-1β to
mediate NO and VEGFA production.81,82 However, limited
evidence exists regarding this matter, and the majority of
studies suggest that excessive and abnormal angiogenesis
occurs during the early stages of lung development. The
early disruption of various signaling molecules in the lung
may indeed trigger the anomalous proliferation of ECs,
resulting in irregular vascular development. However, with
the persistent influence of oxidative stress, inflammation,
and other factors, the overall number of pulmonary ves-
sels in the BPD model ultimately remains lower than that
observed in normal mice. It is also undeniable that exces-
sive or aberrant vascular development could serve as a new
concept for BPD research.

OTHER RISK FACTORS

Undoubtedly, premature is one of the most significant
risk factors for BPD,83 a higher incidence of BPD
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observed in infants born at younger gestational ages.84

Studies have indicated that prematurity not only leads
to significant dysregulation of inflammatory responses
but also disrupts relevant pathways involved in normal
lung development, such as vascular morphogenesis and
epithelial-mesenchymal transition.85 However, it remains
unclear whether prematurity itself directly causes BPD,
if factors leading to prematurity are the direct cause, or
if there are other yet unidentified factors contributing to
BPD.86 In addition to common factors such as mechani-
cal ventilation,87 oxidative stress, and inflammation, there
are other potential risk factors that may trigger BPD. For
example, exposure of pregnant women and fetuses to pas-
sive smoking decreases the expression of VEGF and VEGF
receptors, leading to reduced angiogenesis and triggering a
BPD-like disease.88 Passive smoking also hinders the syn-
thesis of hydrogen sulfide, a messenger of angiogenesis,
and impairs the epithelial-mesenchymal transition required
for normal angiogenesis in the lung,89 thereby leading to
BPD. Cigarette exposure during pregnancy may also reduce
the levels of antiapoptotic factors (PI3K/Akt, NF-κB, and
Bcl-2) by decreasing the levels of nicotinic acetylcholine
receptors, which subsequently reduces HIF-1α expres-
sion and affects pulmonary angiogenesis.90 Therefore,
reducing cigarette exposure is essential for fetal lung devel-
opment. Perfluorooctane sulfonates, commonly found in
household products, may also cause lung inflammation
while suppressing the expression of HIF-1α and VEGFA,
which are the key factors that promote lung development,
thereby increasing pathological features similar to those of
BPD.91 Intrauterine growth restriction in preterm infants
also inhibits the NF-κB signaling pathway that promotes
vascular growth in pulmonary artery ECs, increases the
expression of fatty acid-binding protein 4, and dysregulates
the peroxisome proliferator-activated receptor signaling
pathway, thereby causing impaired pulmonary microvascu-
lar development and eventual development of BPD.92,93 In
clinical studies, compared to preterm infants with normal
birth weight, those with low birth weight may exhibit cer-
tain deficiencies in pulmonary oxygen diffusion, potentially
increasing the risk of respiratory system-related issues and
a higher likelihood of developing BPD.94 The accumula-
tion of the connective tissue mast cell subpopulation in
the lung may inhibit the stabilization of LMVECs, disrupt
interendothelial cell junctions, and directly lead to dis-
turbed angiogenesis, thereby triggering BPD.95 Ibuprofen,
a frequently administered antipyretic in clinical settings,
has been found to decrease the plasma levels of PDGF-
BB, VEGFA, and HIF-2α in preterm infants.96 It exerts
inhibitory effects on the S phase of the cell cycle, promotes
apoptosis, and interferes with lumen formation, migration,
and cell proliferation in HUVECs. These actions disrupt
angiogenesis and lead to a reduction in pulmonary vascu-
lar density during lung development. However, it is worth

FIGURE 1 Pathological mechanism of pulmonary microvascular dys-
plasia. EPCs, endothelial progenitor cells; OS, oxidative stress; ETS,
environmental tobacco smoke; IUGR, intrauterine growth restriction.

noting that ibuprofen can also alleviate symptoms asso-
ciated with experimental BPD by mitigating pulmonary
inflammation, reducing alveolar enlargement, decreasing
alveolar septal thickness, and attenuating small artery wall
thickening.97 Therefore, the adverse effects on angiogen-
esis need to be carefully weighed against the benefits of
alveolarization and inflammation when using ibuprofen for
treating BPD in preterm infants. The pathological mech-
anism of pulmonary microvascular dysplasia is shown in
Figure 1.

THERAPY

In recent years, following intensive research on pulmonary
microvascular development in BPD, an increasing num-
ber of novel medications and approaches for reducing
lung injury by improving pulmonary vascular development
have emerged and have yielded some results. Thera-
peutic approaches are divided into two main areas: (i)
treatment with small-molecule proteins or medications
for the identified pathogenesis and (ii) use of differ-
ent types of vascular endothelial precursor cells for
treatment.
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Restoring the balance of anti-/proangiogenic genes and
signaling pathways reduces lung inflammation

Because an imbalance in the expression of antiangiogenic
and proangiogenic genes is an important factor in angio-
genic disorders, maintaining the balance of angiogenic
factors is crucial for treating angiogenic disorders. The
inhibitors of small-molecule proteins smooth muscle pro-
tein 22 alpha and glutaredoxin 1 can significantly promote
the expression of Ang2, VEGF, and VEGFA by increas-
ing the stability of HIF-1α to maintain the proliferation
and lumen formation of pulmonary ECs.98–100 Caffeine,
which is commonly used clinically, not only increases the
expression of HIF-2α and VEGFR1 proteins and promotes
microangiogenesis but also induces Ang1 to enhance the
effect of VEGF.101 Retinoic acid and vitamin A treatment
can partially reverse the vascular development disorder
caused by VEGF deficiency.102 Adrenomedullin promotes
pulmonary angiogenesis and tubular structure formation
through the activation of the ERK1/2 and MAPK signal-
ing pathways.38 Knockdown of miR-150, attenuating its
inhibition of the angiogenic factor GPNMB, or the use of
soluble GPNMB significantly increased the microvascular
network in the lung.23 Inhibition of LOX activity attenu-
ates LRP5/Tie2 signaling, reduces damage to extracellular
matrix structures, and increases pulmonary angiogenesis.43

Although the use of soluble Klotho protein,103 recombinant
adiponectin protein,104 and the small-molecule compound
β-naphthoflavone105 can promote pulmonary angiogene-
sis and reduce injury, the precise mechanism has not
been fully elucidated, and further in-depth studies are
required. In addition to maintaining the balance of anti-
/proangiogenic factors, the reduction of vascular damage
caused by lung inflammation is one of the important
therapeutic approaches. In lung tissues of young rats,
maternal supplementation with polyunsaturated fatty acids
omega 3 (PUFAω3) reduced the expression of proin-
flammatory cytokines; inhibited leukocyte infiltration; and
increased the levels of VEGF, Ang1, Tie2, NOS3, and
NO, thereby significantly improving impaired pulmonary
angiogenesis.106 Vitamin D treatment increased pulmonary
angiogenesis in neonatal rats, alleviated BPD due to
prenatal inflammatory exposure, and increased neonatal
survival.64 Therefore, supplementation with PUFAω3 and
vitamin D during pregnancy could be a promising inter-
vention to improve fetal pulmonary vascular development
and maturation and enhance neonatal survival through mul-
tiple pathways. Glycogen synthase kinase-3β and TNFα
stimulated protein 6 reduce lung inflammation and increase
pulmonary angiogenesis by attenuating the transcriptional
activity of NF-κB and inhibiting the downstream tar-
get gene MCP-1.30,31 The use of sodium propionate, a
short-chain fatty acid, increases Nrf2 expression, pro-
motes Nrf2 nuclear translocation, exerts a proangiogenic

effect, and ameliorates the impaired angiogenesis caused
by inflammation.62 Iloprost and heparin can also reduce
lung inflammation and improve impaired microvascu-
lar development by inhibiting inflammatory factors.107,108

The Rho kinase inhibitor Y-27632 can promote pul-
monary microangiogenesis by inhibiting the expression of
the antiangiogenic protein thrombospondin 1.57 In addi-
tion, the formyl peptide receptor 2 agonist WKYMVm,
leukadherin 1, and semaphorin 3C not only significantly
reduce the infiltration of inflammatory cells in the lung
by decreasing the expression of inflammatory factors but
also increase the expression of proangiogenic factors,
thereby protecting the formation of vascular networks in
LMVECs.27,29,109 The activation of the aryl hydrocarbon
receptor also reduces hyperoxia-induced ROS generation
while functioning as an anti-inflammatory molecule.32

The small molecule derivative AVR-48 also attenuates
hyperoxia-induced lung inflammation and promotes pul-
monary angiogenesis.110 In summary, the above-mentioned
medications or proteins promote pulmonary angiogenesis
by promoting the expression and stabilization of proan-
giogenic growth factors such as HIF, VEGF, Ang1, and
Tie2; restoring the balance of anti-/proangiogenic factors;
or by inhibiting the activation of inflammatory signaling
pathways such as NF-κB to attenuate pulmonary vascu-
lar injury and significantly improve impaired pulmonary
angiogenesis.

Therapy with stem cells and its derivatives

Stem cell therapy has shown a high potential for treat-
ing BPD. However, there are some differences between
different sources of MSCs used for treating experimental
BPD. MSCs from umbilical cord tissue can better inhibit
lung macrophage infiltration and promote the healing
of lung cells.111 Amniotic fluid MSCs not only facili-
tate autologous transplantation therapy but also increase
VEGF expression and have better efficacy in promot-
ing vascular neogenesis.112,113 Stem cell therapy can
exert effects through multiple pathways, such as reduc-
ing hyperoxia-induced multiorgan injury by regulating
heme oxygenase 1 and the JAK/STAT pathway or improv-
ing hyperoxia-induced impaired pulmonary angiogenesis
by promoting ECs proliferation through cyclin-dependent
kinase 6 upregulation by miR-185-5p in exosomes.24,114,115

Small extracellular vesicles of human umbilical cord MSC
origin can promote pulmonary ECs generation and tubu-
lar structure formation in HUVECs by activating the
PTEN/Akt signaling pathway.116 Both intratracheal or
transvenous injection of extracellular vesicles of MSCs
and transperitoneal injection of exosomes of MSCs pro-
mote pulmonary angiogenesis in hyperoxia-exposed young
rats.117,118 The combined application of erythropoietin and
stem cells and the intratracheal injection of naked plasmids
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expressing SDF-1 can significantly reduce hyperoxia-
induced lung injury, possibly by activating the SDF-
1/CXCR4 axis and increasing VEGF expression levels.20,22

These studies suggest that MSCs and their derivatives
are promising BPD therapeutic approaches. In addition
to MSCs, ECFCs, and EPCs from umbilical cord blood
are also potential sources of cells for treating BPD. The
intravenous injection of cord blood-derived ECFCs can
promote alveolar and pulmonary vascular growth45,119

and restore hyperoxic- and inflammation-impaired lung
function, while the transplantation of EPCs can prevent
alveolar simplification under hyperoxia exposure.46 Exo-
somes from EPCs can enhance the biological activity of
LMVECs and alleviate hyperoxia-induced impairment of
pulmonary microvascular development.120 These investi-
gations indicate that ECFCs and EPCs have the potential
to address BPD through distinct mechanisms, highlight-
ing their significance as valuable cellular sources for BPD
treatment. In recent years, innovative medication deliv-
ery approaches like shell-nucleus aerosol particles have
emerged, enabling the targeted release of effective medi-
cations into the alveolar interstitium. This method utilizes
nebulization, a painless delivery technique, to facilitate
pulmonary microvascular revascularization.121 Nanoparti-
cles can also deliver proangiogenic transcription factors to
the lungs more precisely through the circulatory system,
thereby enhancing the medication effect and stimulat-
ing pulmonary angiogenesis and alveolarization more
effectively.122 The current therapeutic approaches for pul-
monary microvascular dysplasia are shown in Figure 2.
Notably, their approaches do not have distinct bound-
aries; instead, they synergistically enhance each other and
improve pulmonary vascular development through various
mechanisms.

FUTURE PROSPECTS

In order to advance precision medicine in the field of
BPD, exploration of potential research avenues to enhance
our understanding of BPD is warranted. Future research
should focus on comprehensive phenotypic characteriza-
tion of BPD, which involves utilizing advanced imaging
techniques, biomarker analysis, and genetic sequencing to
identify different BPD subtypes and their underlying mech-
anisms. For instance, three-dimensional visualization of
pulmonary vascular development in BPD patients can be
achieved using computer-generated images obtained from
micro-CT scans, allowing for clearer analysis of pulmonary
vascular features and quantitative comparisons.123 Fur-
thermore, large-scale genome-wide association studies and
transcriptome analyses can be employed to identify genetic
variations and gene expression patterns associated with dif-
ferent BPD phenotypes. With the evolving landscape of
novel drug delivery methods, further investigation is war-
ranted into the differential therapeutic effects of various

FIGURE 2 Therapies of pulmonary microvascular dysplasia. MSCs,
mesenchymal stem cells.

sources of miRNA and other bioactive molecules deliv-
ered to the lungs via exosomes through different pathways.
In the treatment of pulmonary hypertension, the release of
drugs via implanted pumps through intravenous infusion
has become relatively mature.124 Similarly, implantable
devices can also be applied in the treatment of BPD. Fur-
thermore, with the advancement of artificial intelligence,
future endeavors may involve precise control of drug or sig-
naling molecule release within implantable devices, thereby
timely restoring the balance of genes regulating pulmonary
anti-/proangiogenesis, in conjunction with the role of stem
cells, to achieve a cure for BPD. Future directions in BPD
research should aim to deepen our understanding of the dis-
ease’s heterogeneity and underlying mechanisms, promote
early diagnosis and personalized treatment, and ultimately
improve patient outcomes. Through the adoption of mul-
tidisciplinary and precision medicine approaches, we can
come closer to providing optimal treatment for patients
with BPD. However, it is acknowledged that there is still
a long journey ahead in these endeavors.

https://wileyonlinelibrary.com/journal/ped4


Pediatr Investig 2024 Dec; 8(4): 299–312 307

LIMITATIONS

It is necessary to acknowledge the limitations of this
paper, the vast majority of relevant molecular mechanisms
in the text are derived from animal models. However,
due to differences in anatomical structure, physiological
functions, and metabolic pathways between animals and
humans, it is challenging to fully replicate human patho-
physiology, especially in simulating rare diseases such as
BPD. Even if animal experiments yield certain research
outcomes, translating these findings into clinical treat-
ment modalities still faces numerous challenges. Moreover,
the similarity between animal models and human dis-
eases as well as the effectiveness of treatment methods
require validation through clinical trials, a process that is
often time-consuming, labor-intensive, and costly. There-
fore, researchers need to comprehensively utilize various
research methods, including cell models, tissue engineering
techniques, and ex vivo organ models, to better under-
stand the pathogenesis of BPD and to seek more effective
treatment approaches.

CONCLUSION

In summary, risk factors such as hyperoxia and inflam-
mation may induce BPD by disrupting the balance of
anti-/proangiogenic genes, leading to the disruption of key
signaling pathways of pulmonary vascular development
and causing impaired pulmonary microvascular develop-
ment. The alleviation of microvascular development has
also become a new research direction for treating BPD,
and various small-molecule proteins or medications, stem
cell therapies, and novel medication delivery technolo-
gies have been gradually developed; however, there is
still no perfect treatment plan, and further research and
exploration are required to bring more hope to BPD
patients.
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