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Abstract: Bronchopulmonary Dysplasia is the most common long-term respiratory
morbidity of preterm infants, with the risk of development proportional to the degree
of prematurity. While its pathophysiologic and histologic features have changed over
time as neonatal demographics and respiratory therapies have evolved, it is now
thought to be characterized by impaired distal lung growth and abnormal pulmonary
microvascular development. Though the exact sequence of events leading to the devel-
opment of BPD has not been fully elucidated and likely varies among patients, it is
thought to result from inflammatory and mechanical/oxidative injury from chronic
ventilatory support in fragile, premature lungs susceptible to injury from surfactant
deficiency, structural abnormalities, inadequate antioxidant defenses, and a chest wall
that is more compliant than the lung. In addition, non-pulmonary issues may adversely
affect lung development, including systemic infections and insufficient nutrition. Once
BPD has developed, its management focuses on providing adequate gas exchange while
promoting optimal lung growth. Pharmacologic strategies to ameliorate or prevent BPD
continue to be investigated. A variety of agents, to be reviewed henceforth, have been
developed or re-purposed to target different points in the pathways that lead to BPD,
including anti-inflammatories, diuretics, steroids, pulmonary vasodilators, antioxidants,
and a number of molecules involved in the cell signaling cascade thought to be
involved in the pathogenesis of BPD.

Keywords: prematurity, respiratory distress, bronchopulmonary dysplasia, chronic lung
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Introduction

Bronchopulmonary dysplasia (BPD) was first described by Northway and collea-
gues in 1967, reporting the radiographic findings in a small group of infants who
had been mechanically ventilated for respiratory distress syndrome (RDS). These
infants were modestly premature compared to babies found in modern neonatal
intensive care units (NICU). BPD was originally believed to result from exposure to
high mechanical ventilator pressures and high concentrations of oxygen;' this form
of lung damage and maldevelopment is now referred to as “old BPD” or “classic
BPD.” However, as neonatal practices evolved and smaller and more immature
babies survived, the pathophysiology of BPD is now believed to be the conse-
quence of decreased alveolarization and a developmental arrest of the lung; to
distinguish between the two pathophysiologic processes, the latter was assigned the
updated moniker, “new BPD.”
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The Pulmonary Injury Sequence

In the five decades since the Northway report, much has
been learned about the pulmonary injury sequence.
Affected infants are born at a time when the lung is still
in embryologic stages where alveolarization has not
begun; some are even in the saccular and canalicular
phases (Figure 1). Respiratory insufficiency results in the
initiation of mechanical ventilation, subjecting many
infants to pressures and oxygen concentrations that are
far greater than they would have experienced in utero.
Additionally, there are characteristics of the preterm lung
that increase susceptibility to injury, including surfactant
deficiency, structural abnormalities, inadequate antioxidant
defenses, and a chest wall that is more compliant than the
lung. Even infants requiring minimal treatment remain at
risk, but those at greatest risk are born before 30 weeks of
gestation.® Factors such as susceptibility genes and peri-
natal exposures may contribute in the early weeks of
pregnancy. Late perinatal factors, including maternal ill-
ness, inadequate placental function, and exposure to
antenatal steroids may also play a role. Glucocorticoid
exposure (both prenatally and postnatally) may stimulate

surfactant production and decrease inflammation, but as
a potent inhibitor of DNA synthesis, it can also diminish
lung repair and growth. Insufficient postnatal nutrition
may prevent adequate growth of new lung tissue. Lung
and systemic infections are commonplace in the NICU and
may further contribute to lung injury. Exposure to high
concentrations of inspired oxygen may generate oxygen
free radicals and lead to further lung injury.*> Thus, BPD
is a multi-factorial disorder, which explains why no single
intervention has proved successful and why novel thera-
peutic interventions continue to be sought. While the ori-
ginal pathophysiology of BPD described by Northway
et al included inflammation, alveolar fibroproliferation,
and cystic changes, the pathophysiology of the new BPD
involves impaired distal lung growth and dysregulated
microvascular development with less fibrosis.>

Epidemiology of BPD

The definition of BPD has changed over time as available
ventilatory support and strategies to minimize lung injury
in preterm infants have evolved. The most common con-
temporary definition is the need for supplemental oxygen
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Figure | The pulmonary injury sequence representing the stages of lung development and factors contributing to BPD which should be the focus of prevention of the
disease. Reprinted with permission of the American Thoracic Society. Copyright © 2014 American Thoracic Society. All rights reserved. McEvoy CT, Jain L, Schmidt B,
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for at least 28 days after birth, with the disease being
classified as mild, moderate, and severe based upon the
necessity for positive pressure and the need for supple-
mental oxygen at 36 weeks’ corrected gestational age.
Several other definitions of BPD exist.” Regardless of the
criteria or timing to definitively make the diagnosis, the
underlying pathophysiology remains the same.

Characteristics that modify the development of BPD
include gestational age, birthweight, gender and pre-
and post-natal risk factors. The most significant con-
tributor to the development of BPD is prematurity; the
incidence and severity of BPD are inversely propor-
tional to gestational age, with the infants born at the
earliest gestational ages more likely to develop BPD
and the most severe lung disease. NICHD Neonatal
Research Network (NRN) data published in 2010 indi-
cate an incidence of BPD of 73% at 23 weeks com-
pared to 23% at 28 weeks.” Furthermore, the increased
risk is seen with extremely low birth weight, male
gender, exposure to chorioamnionitis, intrauterine
growth restriction, prolonged use of mechanical venti-
lation/positive pressure, and exposure to high concen-
trations of supplemental oxygen.** In infants with fetal
growth restriction, the mechanisms leading to growth
restriction are thought to contribute to the vulnerability
of the developing lung leading to a higher risk of
development of BPD in this group.® Additional risk
factors that may contribute to developing BPD include
perinatal asphyxia, a patent ductus arteriosus, sepsis,
the relative dysbiosis of the preterm airway, and
genetic factors that have yet to be fully elucidated.
Data from the NICHD NRN have been used to create
a model to predict BPD at several time points based on
gestational age, birthweight, gender, race/ethnicity,
postnatal day, type of ventilatory support, and FiO,
This can be used to assist with BPD-associated thera-
peutic decision-making.”'°

Despite efforts to reduce the rate of preterm birth,
in the United States, in 2018 (the most recent year for
which the National Vital Statistics Reports are avail-
able) more than 100,000 infants were born <34 weeks’
gestation and more than 50,000 were <1500 g. While
the rates of BPD at different institutions vary based
upon the population served and differing clinical prac-
tices, BPD is the most common morbidity associated
with preterm birth, affecting 10,000—15,000 infants
annually in the United States.'®'! The reported rate
of BPD by the Vermont Oxford Network is 22% to

36%,'? with the wide variability likely reflective of
practice variations among the >750 NICU member
institutions. Infants with BPD are at increased risk for
mortality, prolonged hospitalization, chronic respiratory
and cardiovascular issues, poor growth, and neurode-
velopmental delay.

The primary goal of treatment of BPD is to provide
adequate respiratory support and nutrition to promote opti-
mal lung growth.'®> Respiratory therapies range widely
from noninvasive ventilatory support to mechanical venti-
lation with a tracheostomy. Several pharmacologic thera-
pies may also be beneficial in the treatment of BPD. The
following will review established and novel treatments to
prevent or ameliorate BPD, presented in an order that
parallels the pulmonary injury sequence.

New Pharmacologic Approaches

Surfactant

Physical trauma to the lung parenchyma, both “volu-
trauma,” from excess tidal volume delivery, and
“atelectotrauma,” or damage as a result of shearing
forces from expansion and collapse of smaller airways
are contributory factors. In addition to the use of low
tidal volumes and maintenance of alveolar expansion at
end-expiration, surfactant, a phospholipoprotein gener-
ated by Type II pneumocytes within the pulmonary
epithelium, improves lung compliance and may help
reduce volutrauma and atelectotrauma. While the cells
that contain and later release surfactant components
may start to be evident as early as 24 weeks’ gestation,
most preterm infants have some degree of surfactant
deficiency. Surfactant reduces alveolar surface tension
at the air-liquid interface and improves lung compli-
ance, and different surfactant components play roles in

cell signaling and defense.'*

Surfactant Alone

Exogenous surfactant therapy, derived from bovine or
porcine lungs or synthetic preparations, was introduced
1990 and has
a mainstay of therapy for RDS. Early surfactant therapy

for commercial use in since been
often eliminates or reduces the need for aggressive
mechanical ventilatory support and may reduce resultant
lung injury. It is typically given soon after birth and can be
re-administered to infants every 12 hours for persistently

poor compliance, ventilation, and/or oxygenation.
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Although Surfactant therapy has shown important
improvements in survival, the rate of BPD has not
changed, perhaps at least in part from the improved
survival of the most preterm infants.'®'> Surfactant has
traditionally been administered through an endotracheal
tube, though newer techniques include administration
directly into the trachea by a feeding tube or vascular
catheter, obviating intubation. More recently, surfactant
has been aerosolized and administered by continuous
positive airway pressure (CPAP) utilizing a special
delivery device. Clinical trials are underway to deter-
mine if this approach can eliminate the need for any
airway manipulation in selected populations. Reduction
in BPD is a study objective.'®

Late Surfactant Therapy

Administration of surfactant beyond the first few days
of life has been proposed to provide benefit to preterm
infants, as endogenous surfactant may become physio-
logically dysfunctional or deficient over time in chroni-
cally ventilated preterm infants. A multi-center
randomized controlled trial published in 2009 evalu-
ated the administration of a synthetic surfactant to
premature infants requiring >0.3 FiO, between three
and 10 days of age. Infants were randomized to pla-
cebo (sham air), 90, or 175 mg/kg surfactant phospho-
lipid/dose, with up to five doses, given every 48 hours,
as long as the infant continued to need mechanical
ventilation. There was a trend toward decreased oxy-
gen need and a lower incidence of BPD and mortality
in the group receiving the higher surfactant dose,
though the findings were not statistically significant.'”
A multi-center randomized controlled trial published in
2016 investigated whether one dose of porcine-derived
surfactant administered at 14 days of age in infants
modified
respiratory outcomes. While the time to extubation
and the combined outcome of death or BPD at 36

weeks’ corrected age were not statistically different,

requiring significant respiratory support

the group that received surfactant did have less re-
hospitalization for pulmonary issues at 1 year of age.18

A subsequent multi-center randomized controlled trial
involving more than 1000 neonates born at <28 weeks,
who continued to require mechanical ventilation between
7 and 14 days of life did not show benefit to “late”
surfactant administration. Enrolled infants were rando-
mized to receive up to five doses of bovine-derived sur-
factant or air; survival without BPD at 36 and 40 weeks

was not improved by surfactant. Of note, all infants in this
trial also received inhaled nitric oxide.'”

Surfactant Plus Budesonide

Multiple observational and randomized controlled trials
involving preterm and/or very low birthweight infants,
in which a standard dose of surfactant with added
budesonide (0.2-0.25 mg/kg) was administered into
the trachea within the first several hours of life (2-8
hours), demonstrated a statistically significant reduc-
tion in the incidence of BPD as well as the need for
additional surfactant. A meta-analysis performed in
2019 confirmed these findings and also concluded that
in babies who received the early inhaled surfactant/
steroid combination, there was no increase in retino-
pathy of prematurity, infection, or adverse neuromotor

impairment up to 3 years of age.” **

Anti-Inflammatories

The development of BPD is a complex and multi-fac-
torial process. One common pathway is injurious
inflammation.  Pro-inflammatory and  pro-fibrotic
growth factors adversely affect the preterm lung’s
microvascular and alveolar development, resulting in
impaired gas exchange. While the inflammatory cas-
cade involves many different cell types and signaling
molecules, agents that block specific receptors or alter
individual pathways have not yet been found to be
beneficial in reducing the incidence of BPD. Some of

these, however, bear discussion.

Inhaled Nitric Oxide (iNO):

Anti-Inflammatory Role

iNO is a potent pulmonary vasodilator with minimal
systemic effects. It acts via cGMP to reduce calcium
within the pulmonary arterial smooth muscle cells,
thereby relaxing the pulmonary arterial vasculature.
Multiple
mechanisms through which iNO reduces pulmonary

studies have proposed anti-inflammatory
inflammation in settings of potential pulmonary injury,
such as mechanical ventilation or sepsis (reduced leu-
kocyte migration, reduced pro-inflammatory cytokine
levels and induction of apoptosis in injured cells).?*-**
It is an established treatment in term and late preterm
infants with hypoxemic respiratory failure accompany-
ing persistent pulmonary hypertension of the newborn
(PPHN) and is the only FDA-approved agent for
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such.'® However, it has been proposed to have a role in
BPD reduction by positively influencing lung develop-
ment. In multiple murine studies, term mice and rats
exposed to either hyperoxia or inhibitors of Vascular
Endothelial Growth Factor, VEGF (both insults result
in impaired alveolarization, decreased vascular growth
and pulmonary hypertension), exposure to iNO resulted
in attenuation of these adverse effects. In rodents
exposed to iNO, lung histologic studies and barium
arteriograms demonstrated smaller and more alveoli,
as well as enhanced pulmonary vascular density,
respectively.”>*® These results were further supported
by a study involving mechanically ventilated preterm
lambs; lambs exposed to iNO for the first 3 weeks of
life developed a greater number of alveoli, had reduced
airway resistance, and had less pulmonary hypertension
than unexposed lambs.?” A similar study in mechani-
cally ventilated preterm baboons found comparable
improvements in lung structure and function after
exposure to iNO, as well as a reduction in abnormal
elastin deposition typically seen in BPD.*®

Despite promising animal studies, human studies have
not consistently supported the role of iNO in reducing
BPD. One randomized controlled trial (2006) concluded
that iNO administered for at least 24 days to preterm
infants who continued to require ventilator support
between 7 and 21 days of age reduced the risk of BPD.*’
However, a subsequent trial published in 2017 that inves-
tigated the routine use of iNO in preterm infants had
contradictory findings. There was no difference in survival
without BPD at 36 weeks’ corrected gestational age fol-
lowing a 24-day course of iNO given to infants born at
<30 weeks’ gestation and <1250 g.*° Furthermore,
a Cochrane review of relevant studies found no statisti-
cally significant benefit of iNO in BPD reduction with
either “early” or “late” administration.”'

Corticosteroids

Corticosteroids act in several ways to reduce inflamma-
tion. By binding to glucocorticoid receptors, they both
inhibit pro-inflammatory signals and promote anti-inflam-
matory signals. Acutely, they decrease vasodilation and
capillary permeability while decreasing leukocyte migra-
tion. Long-term action at glucocorticoid receptors med-
iates changes in gene expression that affect many
inflammatory cell-signaling molecules, resulting in
a broad reduction in inflammation. As inflammation is

central to the development of BPD, administration of

steroids may dampen injurious inflammation and decrease
the likelihood of BPD in at-risk infants.

The use of antenatal steroids, typically given to
a pregnant woman as a 48-hour course prior to preterm
delivery, has been shown to reduce neonatal mortality, and
the incidence of RDS and intraventricular hemorrhage.
There are multiple mechanisms, including an increase in
the surfactant pool and changes in the airspace epithelium
that result in improved lung function. Despite decreasing
the rate of RDS, however, a reduction in BPD has not been
observed.*

Administration of systemic steroids after birth has
shown benefit in facilitating extubation and reducing
BPD, though systemic steroid administration is not with-
out risk and includes hyperglycemia, hypertension, and
spontaneous intestinal perforation (often with concomi-
tant use of nonsteroidal anti-inflammatory agents).
Dexamethasone, a potent steroidal agent, has historically
been used in relatively high doses early in a premature
infant’s postnatal course to provide pulmonary benefit
(up to 8 mg/kg over 42 days);*® while acute improve-
ment in gas exchange and lung mechanics has been
observed, follow-up studies revealed an increase in
adverse neurodevelopmental outcomes, especially cere-
bral palsy.***> However, BPD itself carries risks for
adverse long-term neurodevelopmental outcomes, so
steroid use has been considered beyond the first week
of life for infants at high risk. The NICHD BPD calcu-
lator was generated to provide guidance for such
situations.’

In a retrospective cohort study (2019) involving a small
group of preterm infants at high risk for BPD, infants
treated “moderately early” with dexamethasone at 14-28
days compared to those who received “delayed” treatment
at 2942 days, were discharged at an earlier corrected age,
spent fewer days on mechanical ventilation and on supple-
mental oxygen.’® Dosing recommendations for systemic
steroid administration have been in flux. In the
“Dexamethasone: A Randomized Trial (DART),” pub-
lished in 2006, much lower doses were administered;
a 10-day tapering course was provided with a total dose
of less than 0.9 mg/kg. The benefit was shown with
improvements in respiratory status and a shorter duration
of intubation without an increased risk of adverse events at
age 2.>7% However, the trial was prematurely terminated
and did not enroll sufficient patients to be conclusive.
Early low-dose hydrocortisone has also been studied. In
the PREMILOC trial (2016), a 10-day tapering course of
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low-dose hydrocortisone that commenced on the first day
of life resulted in an increase in survival without BPD.
Follow-up studies revealed no increase in long-term
adverse neurodevelopmental outcomes.’”*® Given the
known risks and only potential benefits of postnatal ster-
oids, the decision to administer steroids, as well as the
optimal dosage and timing, remains challenging and
unclear. Identifying biomarkers or genes that confer
a greater likelihood of improved respiratory status with
postnatal steroid administration would be a worthwhile
contribution.

To this end, “precision therapeutics” aim to investigate
whether certain genes or biomarkers predict the likelihood
of a desired therapeutic response. In a secondary analysis
of data from the TOLSUREF trial (2019), variance in one
single nucleotide polymorphism (SNP) within the
Corticotriphin Releasing Hormone Receptor 1 (CRHR1)
intron was associated with a significant difference in
response to a course of exogenous postnatal steroid,
thought to result from a difference in baseline endogenous
corticosteroid concentrations as well as baseline airway
inflammation.*’  Furthermore,  pharmacometabolomic
research investigates whether levels of a variety of meta-
bolites found in different body fluids change in parallel
with certain clinical outcomes following a prescribed ther-
apy. In a study from 2019, the decline in serum and urinary
gluconic acid levels following steroid administration (pre-
sumably an indicator of reduced inflammation) correlated
well with improved respiratory status.*> Continued evolu-
tion and advancements in these fields may help provide
more targeted steroid therapy to infants who are most
likely to benefit.

PF543: A Sphingosine Kinase | Inhibitor

Sphingolipids are cell signaling molecules involved in cell
proliferation, differentiation, and apoptosis.*> Sphingosine
can be generated by the hydrolysis of sphingolipids.
Sphingosine Kinase 1 (Sphk1) is an enzyme that catalyzes
the formation of sphingosine-1-phosphate (S1P) from
Sphingosine. S1P promotes cell proliferation, survival,
mobility, and cell-to-cell adhesion. Murine studies have
shown it to recruit monocytes involved in the development
of pulmonary fibrosis, as well as the generation of reactive
oxygen species and Lysyl oxidase-associated excess col-
lagen cross-linking. PF543 is a small molecule that inhi-
bits Sphk1 and reduces S1P generation. Mice treated with
PF543 have reduced BPD and airway remodeling when
exposed to hyperoxia. Studies are currently underway to

investigate the therapeutic efficacy of PF 543 provided at

different stages of lung development.***3

Clara Cell 10-kD Protein

Clara cell 10-kD protein (CC10), an anti-inflammatory
and immunomodulatory protein generated by cells
within the respiratory epithelium, has been theorized
to alter the development of BPD, as concentrations are
low in premature infants. Multiple animal studies
demonstrated reduced lung inflammation, improved
lung development, cytoarchitecture, and pulmonary
function with administration of CC10, and led to
a randomized trial involving 22 premature infants.
Intratracheal administration of recombinant CC10 was
found to be safe and resulted in decreased inflamma-
tion, as evidenced by decreased total cells, neutrophils,
total protein and IL-6 in bronchoalveolar lavage sam-
ples from treated infants compared to placebo.*®
A subsequent double-masked, placebo-controlled RCT
published in 2019 involved 88 preterm infants who
received a single dose of intratracheal recombinant
CC10 to investigate whether CC10 administration
resulted in clinically meaningful differences in lung
development. Two different CC10 doses were trialed;
neither was found to be effective in changing long-term
respiratory outcomes at 12 months of age with no
significant differences in growth parameters, adverse

- 47,48
events, or mortality. 7

Docosahexaenoic Acid (DHA)

DHA is an omega-3 fatty acid proposed as a therapy
for BPD because of its anti-inflammatory properties. In
a retrospective cohort study of 88 infants born at less
than 30 weeks’ gestation, DHA concentrations were
observed to decrease within the first few weeks of
life, and infants with lower levels had a greater inci-
dence of BPD, suggesting an association between DHA
concentrations and pulmonary inflammation and
development.** DHA supplementation was also found
to lower the incidence of BPD as a secondary outcome
in a large study looking at neurodevelopmental
However, an RCT published in 2017

involving infants born at <29 weeks’ gestation found

outcomes.>®

no significant difference in the frequency of BPD
development between infants given enteral DHA sup-
plementation compared to controls (soy emulsion).”’
Furthermore, a meta-analysis evaluating four RCTs
and nearly 2000 two

neonates (including the
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aforementioned studies from 2009 to 2017) found no
benefit to DHA supplementation in the reduction of
BPD at 28 days, 36 weeks’ postmenstrual age or
other neonatal morbidities, such as NEC, IVH, severe
ROP, or sepsis.”

Antioxidants

Superoxide Dismutase

Superoxide dismutase is an intracellular enzyme that con-
verts toxic superoxide radicals into less harmful hydrogen
peroxide.” Superoxide dismutase expression is decreased
in the pulmonary vasculature of neonates, leading to
endothelial dysfunction and impaired nitric oxide-induced
vasodilation. Its use as an antioxidant might reduce BPD
via blockade of the effects of free radicals on pulmonary
tissue. Superoxide dismutase has been used as an adjunc-
tive therapy to iNO in lamb models to decrease oxidative
stress and restore eNOS coupling and shows promise as
a future treatment in the neonatal population.® In
a randomized study of premature infants, 600-1200
g requiring surfactant for respiratory distress syndrome,
infants randomized to receive intratracheal recombinant
human CuZn superoxide dismutase every 48 hours while
intubated had no difference in the incidence of death or
BPD at 36 weeks postmenstrual age compared to placebo
but did require less asthma medication, emergency depart-
ment visits, and subsequent hospitalizations at 1 year of
corrected age possibly indicating an improved pulmonary
status.>

Antimicrobials
Bacterial colonization of the airway may begin while
an infant is in utero, during the labor and delivery

process, or soon after delivery.>®

Multiple studies
have shown that the bacterial diversity and most abun-
dant organisms in the airway are different in preterm
compared to term infants.’®>’ Among preterm infants,
diminished diversity and predominance of Ureaplasma
at birth or Proteobacteria later in a neonate’s course
may be associated with an increased risk of BPD.”’
A neonate’s bacterial blueprint can be altered by
a variety of causes, including intrapartum maternal
antibiotics, antibiotics received during a neonate’s
NICU course, presence of maternal chorioamnionitis,
immaturity of the preterm neonate’s immune system,
cesarean delivery, and altered colonization of the
mother’s amniotic cavity or vaginal canal.’® The

altered microbiota established in a preterm infant’s air-
way may predispose to BPD, resulting in a potential
prophylactic role for antibiotics.

Azithromycin

Azithromycin is a macrolide antibiotic considered to be
bacteriostatic by inhibiting protein synthesis. It also has
non-specific anti-inflammatory properties. Azithromycin
binds to the 50S subunit of the bacterial ribosome to
inhibit translation of mRNA; this is particularly important
as it confers activity against Ureaplasma. Intrauterine
Ureaplasma infection has been reported to increase the
risk of preterm labor and delivery, and infection in neo-
nates is associated with the development of BPD. In
a randomized controlled trial in preterm infants given IV
Azithromycin 20mg/kg for 3 days, Ureaplasma was effec-
tively eradicated in all infants receiving treatment com-
to 84%
Ureaplasma-positive in the placebo group. However, over-

pared of control infants who remained

all mortality was similar between the two groups.’®
A meta-analysis of clinical trials that administered
10 mg/kg/d of Azithromycin for 1 week followed by
5 mg/kg/d for 1-5 weeks showed a significant reduction
in BPD in extremely premature infants compared to pla-
infection or colonization with

cebo regardless of

Ureaplasma, but the overall quality of evidence was

% Azithromycin is often administered once daily

60

low.
because of its long half-life (28—83 hours) in neonates.
Concerns with Azithromycin use in the neonatal popula-
tion include feeding intolerance, adverse neurologic and
respiratory events, vomiting, diarrhea, and abdominal
tenderness.

Clarithromycin

Clarithromycin is also a macrolide antibiotic. It binds to
the 50S subunit of the bacterial ribosome and interferes
with amino acid translocation during translation. Because
of the continued concern for an association between
Ureaplasma colonization or infection with the develop-
ment of BPD, clarithromycin was evaluated in preterm
infants. Infants with a birthweight of 750-1250 g who
had a positive nasopharyngeal swab for Ureaplasma were
randomized to IV Clarithromycin at a dose of 10 mg/kg
twice per day for 10 days or placebo. With Clarithromycin
treatment, 69% of patients had eradication of Ureaplasma
and had a significantly lower incidence of BPD.®' The use
of macrolides for the eradication of Ureaplasma in the
neonatal population remains controversial; at present, the
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routine prophylactic use of macrolides for the prevention
of BPD is not recommended.

Diuretics

While studies have yet to show the long-term benefit of
diuretics to reduce BPD, they might provide benefit in
mitigating pulmonary over-circulation in pulmonary

hypertension.

Loop Diuretics: Furosemide and

Bumetanide

Loop diuretics act by inhibiting the reabsorption of NaCl in
the renal thick ascending loop of Henle. They are the most
frequently used diuretics in the NICU and typically result in
arapid and vigorous diuresis. Loop diuretics also increase the
concentration of prostaglandin E2 within the renal parench-
yma. Between the PGE2 effects on the pulmonary vascula-
ture and the reduction in total body water, loop diuretics
decrease pulmonary interstitial fluid and improve lung
compliance.'® They may provide benefit in pulmonary hyper-
tension by reducing right ventricular distension and avoid-
ance of impeding left ventricle filling.*> Commonly observed
adverse side effects include electrolyte disturbances (espe-
cially hyponatremia, hypokalemia, hypocalcemia, and hypo-
chloremic metabolic alkalosis), nephrocalcinosis, and
ototoxicity. Bumetanide is much more potent than furose-
mide and may result in decreased electrolyte disturbances

and ototoxicity compared to furosemide. '’

Potassium-Sparing Diuretics:

Spironolactone
Spironolactone is an aldosterone antagonist that acts at the
cortical tubule to reduce the expression of the sodium-
potassium exchange site in the apical membrane of the
distal convoluted renal tubule. Inhibition of reabsorption
results in diuresis with sparing of potassium. It is neither
fast-acting nor potent in its diuretic effect and is com-
monly used in combination with other diuretics.
Aldosterone antagonists such as spironolactone may
also have a role in preventing BPD as it relates to the
development of pulmonary hypertension (PAH). A study
performed on adults with pulmonary hypertension
revealed that such patients had elevated serum aldosterone
concentrations. Through multiple mechanisms, elevated
aldosterone reduces endothelial NO production and

promotes abnormal pulmonary extracellular
remodeling.®*** A comprehensive study investigated
aldosterone’s effects on the development of pulmonary
hypertension. In vitro, pulmonary arterial smooth muscle
cells demonstrated reduced abnormal extracellular matrix
remodeling when treated with spironolactone, and two
experimental animal models of PAH revealed decreased
arteriole muscularization with treatment that included
spironolactone.®> There are currently two clinical trials
underway to investigate whether spironolactone affects
clinical and biochemical markers of pulmonary hyperten-

sion in adults.®*

Carbonic Anhydrase Inhibitors

Carbonic anhydrase inhibitors (CAls), such as acetazo-
lamide, which act by catalyzing the forward and
reverse reactions between carbon dioxide and water to
form carbonic acid, are not typically used in the NICU.
However, early studies have proposed a role in the
amelioration of pulmonary hypertension via induced
metabolic acidosis, which has been shown to reduce
inflammation and pulmonary arterial smooth muscle
differentiation. In addition to reducing pulmonary cyto-
kine and chemokine concentrations, CAls have also
been shown to alter alveolar macrophage activation
and function, blunting both pro- and anti-inflammatory
signaling. Therefore, CAls may have a role in reducing
the development of PAH, and through this decrease in
inflammation and improvement in pulmonary vascular
homeostasis may reduce the development of BPD.%¢

Thiazide Diuretics: Hydrochlorothiazide
Thiazide diuretics result in diuresis by inhibiting the reab-
sorption of sodium and chloride at the sodium-chloride co-
transporter within the distal convoluted tubule of the
nephron. As the majority of sodium is reabsorbed proxi-
mally to this site of action, the degree of diuresis is
typically much less than those of loop diuretics and the
adverse electrolyte effects are also typically diminished in
comparison, though hyponatremia, hypokalemia, hypo-
magnesemia, and hypophosphatemia can be seen. As resis-
tance to loop diuretics may develop over time, the addition
of a thiazide diuretic may provide benefit. If used in
combination, the thiazide diuretic should be given roughly
30-60 minutes before the loop diuretic to optimize
diuresis."”
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Agents to Treat Pulmonary

Hypertension

BPD is associated with pulmonary vascular disease, right
ventricular hypertrophy, left ventricular hypertrophy, sys-
temic hypertension, and the development of systemic to
pulmonary collateral vessels. Approximately 25% of infants
with significant BPD develop PAH with significant mortality
if left untreated.” ® The mechanisms for PAH include
increased pulmonary arteriolar vasoconstriction and vascular
structural remodeling, which then result in increased pul-
monary vascular resistance. Underdevelopment of the pul-
monary vascular bed may or may not be involved in this
mechanism. Structural remodeling likely occurs following
early lung injury, including oxygen free radical injury, ven-
tilator-induced injury, and/or exposure to inflammatory
mediators.”® These injuries then lead to smooth muscle cell
proliferation and fibroblast incorporation into the vessel
wall, which results in decreased vessel diameter (and
increased vascular resistance) and decreased vascular

compliance. There is also a disordered expression of angio-
genic growth factors and their receptors, leading to dys-
morphic capillaries seen in the thickened alveolar septae.>*
PAH in a neonate with BPD can be manifest as respiratory
insufficiency leading to chronic hypoxemia, hypercapnia,
and acidosis, which then contributes to increased vascular
tone. In infants with PAH and severe BPD, pulmonary
vasodilators can improve oxygenation and pulmonary func-
tion acting by several mechanisms (Figure 2).

Inhaled Nitric Oxide (iNO): Vasodilatory

Role

Endogenous production of NO is needed for alveolar and
vascular development. A disruption in NO signaling can lead
to the characteristic lung and vascular injury findings of
BPD. Identification of those infants at high risk for early
pulmonary vascular disease allows utilization of strategies to
prevent poor respiratory outcomes.’ Infants with BPD have

pulmonary parenchymal changes that lead to increased dead

Bosentan

Li \
/ \

CenosS

Endothelial Cell

Prostacyclin

Alprostadil

Milrinone

1 /)
N

Smooth Muscle Cell

ET-B

Limiting Hyperoxia -~

~ -

Sildenafil

Figure 2 The various pathways to focus therapeutics for treatment of pulmonary hypertension which is a common complication in infants with BPD. Adapted from Semin
Perinatol, 40(3), Lakshminrusimha S, Mathew B, Leach CL. Pharmacologic strategies in neonatal pulmonary hypertension other than nitric oxide, 160-73, Copyright (2016),

with permission from Elsevier.®
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space and thus ventilation-perfusion mismatch. This mis-
match can be decreased by inhaled nitric oxide through
increases in cGMP levels.”” Increased cGMP levels lead to
the relaxation of the pulmonary arterial vasculature. iNO
causes vasodilation and an improvement in blood flow to
well-ventilated areas. It may also be involved in vascular
remodeling, bronchodilation, and decreased inflammation
via reduced endothelin and platelet-derived growth factor
B, and decreased neutrophil adhesion to endothelial cells.
iNO has been shown to be safe for use in infants with
PPHN"? but is a treatment that is expensive and cumbersome
for long-term administration. Its use in BPD is off-label.

Phosphodiesterase Type 5 (PDES5)

Inhibitors

PDES5 inhibitors, which include sildenafil and tadalafil,
are in another class of drugs that may be utilized to affect
the NO signaling pathway involved in PAH. By inhibit-
ing PDES, they act on vascular, cardiac, and bronchial
smooth muscle cells to increase cGMP concentrations by
preventing its degradation in the lungs, thus increasing
endogenous NO and promoting vasodilation. In addition,
Sildenafil has been shown to promote angiogenesis and
alveolar development via the vascular endothelial growth
factor-NO-cGMP pathway, decrease lung inflammation,
and reduce hyperoxia-induced lung injury in animal
models.”* In a retrospective review of neonatal patients
with BPD treated with Sildenafil, doses ranged from 0.2
to 8 mg/kg/day, with 88% of infants experiencing
improved hemodynamics after a median duration of 40
days. It was concluded that Sildenafil is safe and effective
for this patient population.”> PDES inhibitors may wor-
sen gastroesophageal reflux, which can be a common
issue in the preterm population.”” Increased mortality
was reported in a clinical trial of patients with PAH
randomized to Sildenafil monotherapy, but potential ben-
efits may outweigh risks for certain patients, as Sildenafil
treated patients appear to have favorable survival com-
pared to historical controls.”® Of note, the STARTS trial
(in patients with congenital heart disease) found
increased mortality with high dose Sildenafil but only
performed in children 1-17 years old and thus did not
adequately evaluate younger infants with BPD/PAH.”’
Tadalafil acts in the same manner as Sildenafil but may
be a more favorable option because of less frequent
dosing requirements (once daily as opposed to every
6—12 hours).®’

L-Citrulline

L-Citrulline is an amino acid that has the potential to affect
the NO and cyclic guanoside monophosphate (cGMP)
cascade. Its use leads to conversion to L-arginine, which
is the substrate of eNOS that produces nitric oxide. It is
speculated that L-Citrulline can promote eNOS recoupling
in PAH to improve nitric oxide production and prevent
hypoxemia-induced injury in newborn piglets.”® Although
L-Citrulline has been shown to improve pulmonary hyper-
tension in animal models, it has not been adequately tested

in the human neonatal population.

Milrinone

Milrinone is a Phosphodiesterase 3 (PDE3) inhibitor, whose
use leads to increased cAMP and increased vasodilation.
Milrinone also has inotropic and lusitropic effects, which
can assist with the cardiovascular dysfunction often asso-
ciated with BPD and PAH."® Retrospective studies looking
at milrinone use as an effective therapy for PAH showed
consistent improvement in oxygenation.”” There are no
randomized controlled studies in neonates, but milrinone
has been shown to result in relaxation of pulmonary arteries
in ovine models of PAH in a dose-dependent manner.*
There were a few cases of intracerebral hemorrhage raising
concerns for safety in the preterm infant population, but
subsequent case reports have shown improvement in oxy-
genation and cardiac output with Milrinone without the
development of hemorrhage in a small group of late preterm
infants.®’

Bosentan

Bosentan is an Endothelin-1 (ET-1) receptor antagonist,
whose use leads to the prevention of the effects of the
neurohormone ET-1, which is released from wvascular
endothelium and causes vasoconstriction.®” In addition,
Bosentan is speculated to have a direct anti-fibrotic effect,
which is helpful in BPD.® It is used most frequently in
doses of 1-2 mg/kg/dose twice daily. Infants given
Bosentan had often failed to respond optimally to
Sildenafil. There have been concerns regarding the devel-
opment of elevated liver transaminases with prolonged
use, so levels need to be monitored frequently.®* In
a double-masked clinical trial evaluating the safety and
efficacy of Bosentan and Sildenafil, Bosentan was found to
be as effective as Sildenafil in reducing pulmonary arterial
pressure and cardiac dysfunction, and the length of
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required treatment was significantly shorter with Bosentan
without additional adverse effects.®

lloprost/Epoprostenol/Treprostinil

Iloprost, Epoprostenol, and Treprostinil are prostacyclin
(PGI2) analogues, whose use leads to vasodilation. PGI2 is
an arachidonic metabolite formed in the vascular endothe-
lium; increased levels lead to greater cyclic adenosine mono-
phosphate (cAMP) formation and therefore, calcium-
induced smooth muscle relaxation (Figure 2).>* Tloprost is
given as a continuous intravenous infusion at a dose of
0.2-10 ng/kg/min, or by inhalation at a dose of 2.5-5 mcg
six to nine times per day. Adequately powered, multicenter
randomized controlled trials are still needed to address effi-
cacy, safety, mortality, and long-term outcomes in infants
with BPD/PAH. Epoprostenol is given as a continuous IV
infusion through a dedicated central venous catheter at a dose
of 20 ng/kg/min. There are reported cases of improved pul-
monary artery pressures and normalization of right ventricu-
lar dilation and function in the setting of BPD.*® Treprostinil
can be given by continuous intravenous or subcutaneous
(SQ) infusions. It is dosed up to 20 ng/kg/min SQ via slow
titration. A transition from epoprostenol to treprostinil typi-
cally requires a 1.5-2.0 fold increase in dose. A major com-
plication of subcutaneous administration of prostaglandin
analogues is pain at the infusion site. Treprostinil has
a longer half-life than Epoprostenol, so there is less of
a concern for a severe pulmonary hypertensive episode if
the infusion is abruptly stopped or interrupted.®” Recent
studies have shown it to be safe in infants, with improvement
in PAH and decreased respiratory support with no instances
of severe site erythema, bleeding, bruising, or infection.®®
Abrupt withdrawal and interruptions in the delivery of any
prostaglandin analogue may precipitate pulmonary crises.
Controlled weaning is recommended. Overall, there are lim-
ited data on the efficacy or safety of medications for the
treatment of PAH in infants with BPD. In adults with con-
nective tissue disorders and PAH, improved exercise capa-
city, less dyspnea, and fewer symptoms of PAH have been
reported.®°

Inhaled Pulmonary Vasodilators

Aerosolized prostacyclin mimics endogenous prostacy-
clin generated by pulmonary endothelium and is
a potent vasodilator. Interest has grown in the use of
aerosolized prostacyclin and prostacyclin analogues for
the treatment of PAH during mechanical ventilation

given its non-invasive administration and reduced

systemic side effects compared to intravenous adminis-
tration. Airway administration of these drugs can
improve oxygenation, lower pulmonary vascular resis-
tance, increase pulmonary blood flow, and reduce right-
to-left shunting. There is a lack of clinical trials to
address safety and efficacy. Clearance of prostacyclin
occurs rapidly in the lung with a half-life of 6.5-10
minutes, but newer generation analogues have longer
half-lives, up to 4.4—4.6 hours. Disadvantages include
rebound PAH with severe hypoxemia if discontinuation
is abrupt. There are no FDA-approved devices for aero-
solizing prostacyclin in conjunction with mechanical
ventilation and no administration device is currently
available to accurately measure the delivered dosage of
the continuous aerosolized drug. Another concern is the
possible disturbance of the pH of the lung surface with
an administration which can result in inflammation,
bronchial hyper-reactivity, mucociliary lung clearance
and increased epithelial damage, as prostacyclin must
be dissolved in a buffer solution designed for intrave-
nous administration rather than inhalation.”!

Stem Cell Therapy
Mesenchymal Stem Cells (MSCs)

Mesenchymal stem cells (MSCs) are involved in lung
development. Stem cell dysfunction is thought to pre-
vent the self-repair of immature lung tissue leading to
the development of BPD. Studies have also shown that
depletion or dysfunction of endogenous stem cells
increases the risk of BPD.”! In animal models, the
use of exogenous stem cells as a supplement to
impaired endogenous mechanisms can repair lung
injury. The thought behind the use of MSCs to prevent
BPD is through the prevention of lung inflammation
via a paracrine effect rather than engraftment and dif-
ferentiation into the target cell type. MSCs have also
been shown to increase bronchoalveolar stem cell

growth efficiency, improve secretion of vascular
endothelial growth factor to improve angiogenesis,
and have bactericidal effects.”” Transplanted stem
cells can react to the microenvironment of the injured
lung signals to enhance regeneration.”> MSCs are rela-
tively heterogenecous and the source may affect the
therapeutic efficacy.”> MSCs were discovered in umbi-
lical cord tissue and cord blood to serve as a feasible
source for the treatment of the neonatal population.”!

MSCs obtained from gestational tissue have been
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shown to have lower immunogenicity, greater prolif-
eration ability, and higher paracrine potency than
MSCs from adult sources, but they have also raised
ethical issues.

MSCs are able to inhibit the proliferation and func-
tion of immune cells, do not engraft, and then disap-
pear, suggesting long-term survival is not required for
beneficial gain.”® Since therapeutic efficacy is based on
paracrine potency, it is possible that measuring para-
VEGEF,
a measurable biomarker for therapeutic efficacy. The

crine factors, such as could serve as
optimal pre-conditioning regimen to ensure maximal
paracrine potency, genetic engineering for overexpres-
sion of specific paracrine regenerative factors, identifi-
cation of infants at highest risk of developing BPD,
determining the appropriate route, and defining the
appropriate timing (as benefits from MSC transplanta-
tion seem to occur only during the narrow, early
inflammatory phase) are all key factors affecting future
use of MSCs.”> The first Phase I clinical trial was
completed in 2014 in nine premature infants with no
adverse effects noted in the short-term or at 2-year
follow-up.”' Of note, long-term studies in rats have
shown sustained protective effects after the use of
MSCs including improved alveolarization and angio-
genesis at time periods similar to that of a human

adolescent and middle-aged adult.”

Extracellular Vesicles

Extracellular vesicles (EVs) are lipid-bilayer enclosed
vesicles that are released by cells containing bioactive
compounds that play a role in cell-to-cell communica-
tion. There are three subclasses, including small EVs
(secreted by the endosomal pathway and contain bioac-
tive cargo from the parental cell), large EVs (which
bud from the plasma membrane and have biomarkers
that can indicate tissue injury), and apoptotic bodies
(released from apoptotic cells containing DNA and
proteins). Because of a lack of standardized processes
for purification and characterization of EVs, this treat-
ment is still considered experimental and limited to
animal studies. Reported beneficial effects of MSC-
EVs in rodents with BPD include improvement in
pulmonary parenchymal and vascular development.”
It is speculated that umbilical cord MSC-EVs contain
TSG-6, an immunomodulatory molecule with anti-
9596 Before EVs
explored as a true therapeutic option in humans, more

inflammatory properties. can be

information about isolation techniques, administration,
and safety will need to be explored.”

Growth Factors
including VEGF, platelet-derived
growth factor-A, hypoxia-inducible factor-lalpha, and

Growth factors,

insulin-like growth factor, promote alveolar structural
development and are decreased in BPD. Pigment
epithelium-derived factor and endothelial monocyte
activating polypeptide II, which are anti-angiogenic
factors, are also decreased. IGF-1 is important for
pulmonary development. IGFBP-1 can prevent growth
by decreasing the bioavailability of IGF-1. Preterm
infants who develop BPD have lower serum concentra-
tions of IGF-1 after birth.”’

A therapy to increase serum IGF-1 at early postna-
tal ages is a possible option to ameliorate BPD. In
antenatal rat studies, treatment with IGF-1 and its
binding protein was able to protect lung structure.’®
VEGF is an angiogenic agent that helps with vascular
development and repair in the developing lung. Animal
models have shown that a decrease in VEGF is an
important factor contributing to the development of
BPD.”*'% HIFs are important in fetal lung develop-
ment, and fetal preterm lambs and rats have decreased
HIF-1 alpha when mechanically ventilated or exposed
to high levels of oxygen.'?"'%% Intra-tracheal adminis-
tration for the restoration of HIF-lalpha improved vas-
cular and alveolar growth in hyperoxia-exposed
newborn rat models.'® There are several growth fac-
tors that when elevated lead to clinical characteristics
consistent with BPD, including EMAP 11, TGF-alpha,
TGF-beta, and CTGF (connective tissue growth factor),
for which antibodies/inhibitors to these proteins have

potential roles as future therapies.”*

Micro-RNAs (miRs)

miRs are small non-coding RNAs that act to control
with
a dysregulation in the expression of miRs contributing

gene expression of protein-encoding genes,

to the development of lung disorders. There are several
miRs that have been found to be associated with early
lung development, which contribute to branching mor-
phogenesis of the lung, maturation of lung epithelium,
type II pneumocyte maturation, bud morphogenesis,
and proliferation of mesenchymal progenitors. miRs
also have a role in late lung development, including
reduction in oxidative stress and cellular apoptosis,
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morphogenesis of alveoli and lung capillaries, and
mediation of cell adhesion and migration. Decreased
levels of certain miRs are associated with an increased
risk of severe BPD. Improved miR-29b expression to
improve alveolarization has been noted as a possible
future treatment of severe BPD.'®* miR-34a involved
in signaling with Type II alveolar epithelial cell apop-
tosis and its inhibition is also a possible future therapy
to improve or prevent hyperoxia-induced lung
injury.'®> More information regarding changes in miR
levels in the lungs, systemic effects, and feasible miR
targets will need to be gathered before it can serve as

a therapeutic option for BPD.”?

Other Immune Modulators

Several cell signaling molecules and proteins in
a variety of inflammatory pathways have been pro-
posed as targets to ameliorate the BPD inflammatory
cascade. The challenge in modifying these inflamma-
tory processes is that many of these targets, which may
result in BPD if they are abundant or deficient, are
necessary at certain stages for appropriate lung devel-
opment. Proposed signaling molecules that may be
targeted and may influence the development of BPD
include Macrophage Migration Inhibitory Factor and
the cytokine IL-1B. Surfactant Protein D (SP-D),
which has pulmonary immune functions, has also
been proposed as an immunomodulatory agent that
may affect the development of BPD.”?

Macrophage Migration Inhibitory Factor (MIF) is
a protein involved in innate immunity and appears to
be involved in lung development, angiogenesis, and
host defense.”® In studies involving mice with genes
that resulted in both absence and over-expression of
MIF,

However, over-expression of MIF appeared to provide

abnormal pulmonary development resulted.

some benefit when such mice were exposed to condi-
tions that resulted in BPD in wild-type mice.'%®'%” In
a similar study published in 2020, premature mice with
lungs at the saccular stage of development (which
correlates roughly to 27-36 weeks’ gestational age in
humans) were randomized to either room air or
a hyperoxic environment to induce BPD; administra-
tion of an agent that promotes MIF production resulted

in improved lung, cardiac, and vascular findings at

autopsy, consistent with a decreased likelihood of
BPD development.'®® While this study was promising,
the effect on non-pulmonary organ systems when tar-
geting the MIF pathway must also be investigated, as
MIF is ubiquitously expressed.”?

IL-1p is a predominantly pro-inflammatory cyto-
kine. In mice, over-expression of IL-1B during the
later stages of lung development results in a lung dis-
ease similar to BPD. IL-1RA anakinra, an IL-1RA
antagonist that opposes the generation of IL-1f, has
been used in some settings to treat disorders associated
with IL-1B expression;'® however, the benefit of these
types of agents may be limited because of the lack of
modifications of other mediators within the IL-1B
inflammatory pathway. Nevertheless, some benefit has
been shown in anakinra-treated mice in BPD models
HOIT ¢ sugh

studies of administration of anakinra at the stages of

induced by exposure to LPS and hypoxia,

lung development in which preterm human infants are
at greatest risk (late canalicular, early saccular) have
not yet been performed.”

Surfactant protein D (SP-D), a protein within the
surfactant molecule, is involved in host defense and is
not present in exogenously administered surfactant pre-
parations. Its administration may reduce the incidence
of BPD. However, its hydrophobic properties render it
unable to be extracted from lung tissue, and to date, an
effective recombinant SP-D that could be administered
to patients is not available.”*

Conclusion

Bronchopulmonary dysplasia continues to be the leading
cause of long-term respiratory morbidity in preterm
infants. The etiology and pathogenesis are complex and
involve multiple pathways. Current treatments and areas
under investigation include anti-inflammatories, diure-
tics, steroids, pulmonary vasodilators, antioxidants,
mesenchymal stem cells, and a number of molecules
involved in the cell signaling cascade. These are summar-
ized in Table 1. No single agent is likely to have a major
impact on reducing its incidence or severity, but the
active investigation of multiple pharmaceuticals gives

promise of future success.
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Table | (Continued).

Drug

Class

Mechanism of Action

Comment

Milrinone

Pulmonary vasodilator

Phosphodiesterase 3 (PDE3) inhibitor; use
leads to increased cAMP levels and

increased vasodilation

Also has inotropic and lusitropic effects,
which may improve the cardiovascular
dysfunction often associated with BPD

and PH

Sildenafil and Tadalafil

Pulmonary vasodilator

Inhibit phosphodiesterase Type 5,
increasing [cGMP] in lungs, therefore
increasing endogenous NO and

promoting vasodilation

May also promote angiogenesis and
alveolar development via the vascular
endothelial growth factor-NO-cGMP

pathway, decrease lung inflammation, and

reduce hyperoxia-induced lung injury

Bosentan

Pulmonary vasodilator

An Endothelin-1 (ET-1) receptor
antagonist yielding pulmonary vasodilation

May have a direct anti-fibrotic effect.
Often used in infants who failed to
respond optimally to Sildenafil. May result
in elevated liver transaminases with
prolonged use, so levels need to be

monitored frequently

lloprost, Epoprostenoal,
and Treprostinil

Pulmonary vasodilator

Prostacyclin (PGI2) analogues, which lead
to pulmonary vasodilation via increased
cAMP

Recent studies have shown it to be safe in
infants, with improvement in pulmonary
hypertension and decreased respiratory

support

Inhaled Prostacyclin

Pulmonary Hypertensive
Agent

Prostacyclin analogue resulting in
pulmonary vasodilation

Limited data with regards to safety and
efficacy particularly with lack of approved

administration device but serves as local
treatment while avoiding systemic side
effects.

L-Citrulline Pulmonary vasodilator

Results in pulmonary vasodilation via the
cGMP cascade

Has been shown to improve pulmonary
hypertension in animal models but has not
been adequately tested in the human
neonatal population.

Notes: Green — Targets pathways involved in early lung development and growth. Pink — Targets prevention of inflammation, infection, and oxidative injury in immature lung
during pre-disease state, yellow — Targets prevention of inflammation, infection, and oxidative injury in immature lung during pre-disease state.
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