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Bronchopulmonary dysplasia (BPD) is a common chronic lung disease in premature infants. Accumulating evi-
dence shows that dysregulated metabolism of glucose, lipids and amino acids are observed in premature infants.
Animal and cell studies demonstrate that abnormal metabolism of these substrates results in apoptosis,
inflammation, reduced migration, abnormal proliferation or senescence in response to hyperoxic exposure, and
that rectifying metabolic dysfunction attenuates neonatal hyperoxia-induced alveolar simplification and vascular
dysgenesis in the lung. BPD is often associated with several comorbidities, including pulmonary hypertension
and neurodevelopmental abnormalities, which significantly increase the morbidity and mortality of this disease.
Here, we discuss recent progress on dysregulated metabolism of glucose, lipids and amino acids in premature
infants with BPD and in related in vivo and in vitro models. These findings suggest that metabolic dysregulation
may serve as a biomarker of BPD and plays important roles in the pathogenesis of this disease. We also highlight

that targeting metabolic pathways could be employed in the prevention and treatment of BPD.

1. Introduction

The lung consumes as much as, or even more energy than any other
organ to maintain cellular functions. This includes rearrangement of the
cytoskeleton, cellular respiration, gene expression and replication, as
well as several specialized energy-consuming processes such as airway
clearance, bronchial gland secretion, constriction of airways and blood
vessels, and production of pulmonary surfactant [1]. The catabolism and
anabolism of glucose, lipids and proteins are key pathways for lung
cellular metabolism. Accumulating evidence has shown that dysregu-
lated metabolism disrupts lung homeostasis, leading to complex physi-
ological and pathological changes. For instance, dysregulated
metabolism causes abnormal ciliary function, polarization of alveolar
macrophages, and induction of cellular senescence in the alveolar
epithelium, all of which could result in the development of chronic
pulmonary diseases, including bronchopulmonary dysplasia (BPD)
[1-4].

BPD is a chronic lung disease in premature infants, which impacts

10,000 to 15,000 premature infants annually in the US. Although BPD is
traditionally defined as requirement for supplemental oxygen at 36
weeks postmenstrual age, newer definitions take into consideration the
level of invasive vs non-invasive mechanical support to classify disease
severity rather than simply evaluating the need for supplemental oxygen
[5,6]. The pathogenesis of BPD is complex and may result from in-
teractions between antenatal and postnatal risk factors in premature
infants with underlying genetic susceptibility. Lung pathology of BPD is
characterized by alveolar and vascular simplification as well as dys-
morphic vascular growth, resulting in defective gas exchange. Phar-
macological management for BPD includes antenatal steroids,
surfactant, caffeine, and vitamin A [7]. Although these therapies have
greatly improved the survival of premature infants, they minimally
reduce BPD prevalence and lung injury [8,9].

Infants who developed severe BPD often have growth failure and
elevated metabolic expenditure, suggesting abnormal metabolic pro-
cesses and substrate utilization. Using metabolomics assays, altered
metabolism of glucose, lipids and amino acids was observed in the
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exhaled breath condensate, amniotic fluid, urine and blood from pre-
term infants who developed BPD [2,10-14] (Table 1). Most human BPD
survivors are weaned off oxygen within the first weeks to months of life,
yet they may show evidence of persistent lung injury, vascular remod-
eling and neurodevelopmental abnormalities. Small clinical studies have
also shown dysregulated cellular metabolism in preterm infants with
pulmonary hypertension and neurodevelopmental abnormalities asso-
ciated with BPD [14-17] (Table 2). Although much of the evidence in
humans is derived from small single center trials, some of these concepts
are verified in animal studies and therefore piqued our interest as to
whether we can better understand the metabolic changes resulting from
BPD. Here, we provide an overview of alterations in the major metabolic
pathways described in BPD and associated complications, and discuss
whether these can be used as potential biomarkers and help identify
promising therapeutic options for BPD.

Table 1
Dysregulated metabolism in BPD and in related in vivo and in vitro models.
Model Metabolism  Metabolic changes Reference
BPD Glucose Increased lactate and reduced gluconate in [13]
infants urine
Reduced Oxphos in HUVECs isolated from [45]
BPD infants
Lipid Reduced pulmonary surfactant in tracheal [53]
aspirates
Increased unsaturated hydroxyl fatty [12,14]
acids, oxylipins, and fatty aldehydes in
amniotic fluids
Increased lyso-phosphatidylcholine in [11]
exhaled breath condensate
Increased ceramide in tracheal aspirate [59,60]
Reduced docosahexaenoic acid and [65]
arachidonic acid in blood
Increased FABP4 from peri-bronchial [76]
blood vessels of BPD patients
Amino acid Reduced S-adenosyl methionine and [12]
leucinic acid in amniotic fluids
Increased levels of histidine, asparagine, [86]
glutamic acid, citrulline, glycine and
isoleucine in tracheal aspirate
In vivo Glucose Increased glycolysis and PPP in hyperoxia- ~ [28]
model induced neonatal mice

Reduced aconitase activity in baboons [50]
exposed to hyperoxia
Reduced complex I activity and ATP
production rate in mice exposed hyperoxia
Lipid Increased lung glycerophospholipid, [41]
sphingolipid and glycerolipid species in
mice exposed to hyperoxia
Increased sphingomyelin species, long [61]
chain and very long chain ceramides in
bronchoalveolar lavage fluid from mice
exposed to hyperoxia
Reduced blood r-arginine and t-citrulline [95]
in rats exposed to hyperoxia
Glucose Increased glycolysis in MLE-12 cells [33]
model exposed to hyperoxia followed by air
recovery
Increased glycolysis and the PPP in lung [28]
endothelial cells exposed to hyperoxia
followed by air recovery
Reduced glycolytic capacity and glycolytic [34]
reserve in MLE-12 cells exposed to
hyperoxia without air recovery
Reduced Oxphos in MLE-12 cells exposed [51]
to hyperoxia
Lipid Reduced FAO in lung endothelial cells [49]
exposed to hyperoxia followed by air
recovery
Decreased monounsaturated and [54]
polyunsaturated fatty acids but increased
saturated fatty acids in tracheal epithelial
cells exposed to hyperoxia

[34,48]

Amino acid

In vitro
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Table 2
Dysregulated metabolism in BPD-associated complications.

Associated Model Reference

complication

Metabolic change

Pulmonary Human
hypertension study

Increased glucose-6-phosphate [14]
and phosphoenolpyruvate in

umbilical cord blood

Increased asparagine and [14]
creatinine in umbilical cord

blood

Reduced phosphatidylcholines [14]
and sphingomyelins in umbilical

cord blood

Reduced lysine, ornithine and [14]
phenylalanine in umbilical cord

blood

Reduced total triacylglycerides, [118]
model cholesterol esters, plasmalogen-
phosphatidylcholines,
lysophosphatidylcholines and
plasmalogen-
phosphatidylethanolamines in

rats during hyperoxia-induced
pulmonary hypertension

Increased levels of intermediates [118]
in p-oxidation and the TCA cycle

during hyperoxia-induced

pulmonary hypertension

Increased oxylipins and [118]
trimethylamine-N-oxide in rats

during hyperoxia-induced

pulmonary hypertension

Reduced cerebral glucose [15]
metabolism in BPD infants

Reduced gamma aminobutyric [16]
acid and glutamate in right

frontal lobe of premature infants
Decreased ratio of N- [17]
acetylaspartate-to-choline in
hippocampus, cortex and

subventricular zone of very low

birth weight infants

In vivo Reduced glutamine synthetase [137]
model activity and glutamine in brain

of hyperoxia-exposed neonatal

rats

In vivo

Neurodevelopmental Human
abnormality study

2. Dysregulated glucose metabolism in BPD

Glycolysis generates the metabolite pyruvate. The latter is converted
to lactate in the setting of oxygen deprivation, or enters into the mito-
chondria for utilization in the tricarboxylic acid (TCA) cycle towards
ATP generation during oxidative phosphorylation in condition where
sufficient oxygen is available [18-22] (Fig. 1). Mitochondria are the
most critical organelles to provide cells with energy. Certain cell types,
including endothelial cells, mostly rely on anaerobic glycolysis to
generate the energy needed for cellular processes, which has been
coined the Warburg effect [23]. Of note, the PPP shunts
glucose-6-phosphate from glycolysis to utilize pentose residues for
nucleotide synthesis as well as the generation of the reducing equivalent
NADPH. The latter can be utilized for fatty acid synthesis and also acts as
a vital cofactor for glutathione in maintaining cellular redox status [24,
25]. As the main electron donor, NADPH also reduces the selenoprotein
thioredoxin reductase, which delivers electrons to the active site of
thioredoxin [26]. Thioredoxin is a class of small redox proteins and plays
important roles in redox signaling and combating oxidative damage.
Therefore, the PPP serves a metabolic redox sensor and a regulator of the
antioxidant response.

2.1. Glycolysis and the PPP

Premature babies exhibit high energy expenditure due to an
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Fig. 1. Metabolic pathways of glucose, mitochondrial transportation of long-chain fatty acids and arginine. Schematic figure showing glycolysis and the
pentose phosphate pathway (PPP) (A), the carnitine shuttle (B) and arginine metabolism (C). 6 PG: 6-phosphogluconate, ASL: argininosuccinate lyase, ASS: argi-
ninosuccinate synthetase, Cpt: carnitine palmitoyltransferase, F-1,6-BP: fructose-1,6-biphosphate, F6P: fructose-6-phosphate, G3P: glyceraldehyde 3-phosphate, G6P:
glucose-6-phosphate, HK: hexokinase, LDH: lactate dehydrogenase, PEP: phosphofructokinase, PFK: phosphofructokinase, PK: pyruvate kinase, R5P: ribose-

5-phosphate.

accelerated growth rate. Intact glucose metabolism is needed to convert
nutritional substrates into energy so as to maintain growth and promote
normal development. During early postnatal life, infants born prema-
turely are at high risk of altered glucose homeostasis. They are prone to
hypoglycemia due to limited glycogen stores. Hyperglycemia can also
occur in these infants due to defective islet beta-cell processing of pro-
insulin or insulin resistance [27]. As an example, urinary lactate was
increased, while gluconate, a glucose derivative, was reduced in 18 in-
fants born at less than 29 weeks gestation who developed BPD compared
to 18 newborns born at a similar gestational age who did not develop
BPD [13]. Although this is a small cohort, this suggests that infants with
BPD have enhanced anaerobic glycolysis. Early identification of dysre-
gulated glucose metabolism may serve as a marker for the development
of BPD in premature infants.

Using metabolomics assays, we recently reported that lung glycolysis
was increased in neonatal mice exposed to hyperoxia followed by air
recovery [28] (Fig. 2). Allowing for air recovery after hyperoxic expo-
sure mimicks clinical scenarios where infants are weaned off oxygen and
tests whether the impact of hyperoxia is persistent. Protein levels of
glucose transporter (Glut) 1, Glut4, 6-phosphofructo-2-kinase/fruc-
tose-2, 6-bisphosphatase, isoform 3 (PFKFB3), glyceraldehyde 3-phos-
phate dehydrogenase (GAPDH) and pyruvate kinase muscle isozyme
(PKM), involved in glucose uptake and glycolysis, were unchanged in
the lungs of mice exposed to hyperoxia as neonates [28] (Table 3). Thus,
further investigation is required to determine mechanisms underlying
hyperoxia-induced increases in glycolysis. Glucose-6-phosphate dehy-
drogenase (G6PD) is the first enzyme of the PPP, which generates
NADPH as a reducing equivalent. Lung levels of G6PD were unchanged
in newborn mice exposed to hyperoxia as neonates and
hyperoxia-exposed premature rabbits [28,29]. Phosphogluconate de-
hydrogenase (PGD), the second enzyme of the PPP, was increased in
lungs of neonatal mice exposed to hyperoxia followed by air recovery
[28]. In combination with metabolomics and metabolic flux assays, our
report showed that the PPP was increased in neonatal mice exposed to
hyperoxia followed by air recovery [28] (Fig. 2). These observations
demonstrate that neonatal hyperoxia causes persistent changes in
glycolysis and the PPP. Mechanistically, increased PPP generates dNTP,
which contributes to DNA synthesis needed for lung endothelial cell
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Fig. 2. Metabolic changes during neonatal hyperoxia-induced lung injury.
Neonatal hyperoxia followed by air recovery increases glycolysis and the PPP,
as well as reduces oxidative phosphorylation (OXPHOS) in lung epithelial cells
and endothelial cells. Hyperoxia increases fatty acid (FA) entry, but reduces
fatty acid oxidation (FAO) and r-arginine levels. These metabolic changes result
in reduced migration, abnormal proliferation and increased apoptosis in lung
cells, thereby leading to alveolar simplification and dysmorphic vascular
development.

proliferation. Altered PPP activity may result in vascular dysgenesis in
the lung interstitium of hyperoxia-exposed mice and in premature in-
fants requiring mechanical ventilation [28]. It remains elusive whether
the hyperoxia-induced increase in endothelial PPP persists into adult-
hood, leading to pulmonary vascular remodeling.

Several studies using cell lines have shown that glucose utilization
increased in hyperoxia as a compensatory mechanism to the disruption
of oxidative phosphorylation [30-32]. This is corroborated by our
recent report showing that hyperoxia increased glycolysis in mouse lung
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Table 3
Regulation of metabolic genes by hyperoxia in lung cells and neonatal lung
tissues.

Metabolism Gene targets Tissues or cells References
Glucose No changes in Glutl, Glut4, Lung endothelial [28]
uptake cells and neonatal
mouse lungs
Glycolysis No changes in PFKFB3, PKM,  Lung endothelial [28]
or GADPH cells
Increased HKII, TIGAR, and MLE-12 cells [33]
PFKFB3
PPP Increased G6PD Sheep lungs [29]
No changes in G6PD, but Lung endothelial [28,37]
increased phosphogluconate cells and neonatal
dehydrogenase mouse lungs
FAO Reduced Cptla Lung endothelial [49]
cells and neonatal
mouse lungs
De novo Increased serine Lung endothelial [49]
synthesis of palmitoyltransferase long cells
ceramide chain base subunit 1
Fatty acid Increased cyclooxygenase Rat lungs [82,83]
and lipoxygenase
Amino acid Increased arginase activity Rat lungs [94]

epithelial cells (MLE-12), which was associated with increased expres-
sion of hexokinase II, PFKFB3, and PKM genes [33]. In contrast, others
have reported that glycolytic capacity and glycolytic reserve were
significantly decreased whereas the rate of the glycolysis remained un-
changed in MLE-12 cells exposed to hyperoxia [34]. The discrepancies
between these studies may be due to the specificity of the glycolytic rate
assay versus glycolytic stress assay as well as the density of cells seeded
in the Seahorse plate. MLE-12 cells express the SV40 large T antigen,
which binds to p53 and inhibits p53-dependent transcription. It has been
shown that p53 inhibits glycolysis and the PPP by reducing the
expression of Glut1, Glut4, and phosphoglycercate mutase as well as by
inhibiting G6PD activity [35]. Thus, changes in glycolysis need to be
validated using primary lung epithelial cells. Although hyperoxia
without room air recovery decreased Glutl and Glut4 proteins in skel-
etal muscle from the hind limb of neonatal pigs and Glut4 expression in
adult rat lungs [36,37], both Glutl and Glut4 were not altered, nor was
glucose uptake, in lung endothelial cells exposed to hyperoxia followed
by air recovery [28]. The discrepancies in how hyperoxia modifies
glucose uptake may be cell-specific or altered by air recovery.
Dysregulated glucose metabolism in response to hyperoxia could
cause cell dysfunction, such as senescence, apoptosis, abnormal prolif-
eration and collagen synthesis. Although hyperoxic exposure caused
senescence accompanied by increased glycolysis in MLE-12 cells, inhi-
bition of glycolysis did not prevent hyperoxia-induced senescence [33],
suggesting that senescent cells are metabolically active as evidenced by
their senescence-associated secretory phenotype. Hyperoxia also caused
senescence in primary human fetal lung fibroblasts and fetal airway
smooth muscle cells, which may contribute to abnormal repair in the
lung following hyperoxia [38,39]. However, there are no reports
demonstrating the impact of metabolism on these cells exposed to
hyperoxia. Exposing human microvascular endothelial cells to hyper-
oxia without air recovery impaired cell viability and proliferation [40].
Using primary neonatal mouse lung endothelial cells, hyperoxia fol-
lowed by air recovery increased proliferation, which was attributed to
the observed increase in PPP [28]. Thus, endothelial cell function
changes during the air recovery phase after hyperoxic exposure.
Hyperoxia followed by air recovery also increased NADPH along with
acetyl CoA, and citric acid in mouse lungs [41]. Increased PPP provides
nucleotide synthesis and NADPH for fatty acid synthesis during prolif-
eration in lung endothelial cells. Abnormal lung endothelial cell prolif-
eration is one of the contributing factors leading to dysmorphic lung
vascularity in premature infants with BPD, as well as in
hyperoxia-exposed mice [28,42-44]. Further research is warranted to
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explore whether glycolysis and the PPP are essential for modulating cell
function in lung epithelial, endothelial, mesenchymal cells and/or im-
mune cells, exposed to hyperoxia. Similarly, understanding whether
these metabolic pathways impact lung cell function or cell fate in infants
who develop BPD will be important.

2.2. Oxidative phosphorylation

Compromised mitochondrial oxidative phosphorylation has been
implicated in the pathogenesis of BPD. This is associated with impaired
mitochondrial function, as discussed previously [45-48]. Human um-
bilical venous endothelial cells from BPD patients had lower mito-
chondrial respiration as compared to cells from infants who did not
develop BPD [45]. This study also suggests that decreased vascular
endothelial mitochondrial respiration predicts death or adverse pul-
monary outcomes in preterm infants. This is corroborated by our report
showing that hyperoxia decreased mitochondrial respiration in lung
endothelial cells without changes in mitochondrial mass or DNA content
[49]. Endothelial ATP depletion may result in premature senescence and
a reduction of endothelial cell proliferation. Whether reduced mito-
chondrial respiration decreases proliferation and causes senescence re-
mains to be investigated.

Loss of lung activity of the TCA cycle protein aconitase was observed
in baboons exposed to hyperoxia [50]. Hyperoxic exposure caused
mitochondria dysfunction with significant suppression of Complex I
activity and ATP production rate in mouse lungs [34,48]. In epithelial
cells, a short hyperoxic exposure for 4 h reduced oxidative phosphory-
lation, respiratory complex I and IV activity, and utilization of mito-
chondrial metabolites [51]. Reduction in mitochondrial fuel utilization
persisted even when cells were allowed to recover in air for 24 h after
hyperoxic exposure [51]. This indicates that any exposure to clinical
hyperoxia could lead to persistent metabolic dysregulation. Adminis-
tration of pyridaben, a Complex I inhibitor, resulted in alveolar simpli-
fication in neonatal mice [34,48]. This further indicates a functional role
for oxidative phosphorylation in maintaining lung homeostasis during
hyperoxic exposure.

3. Dysregulated lipid metabolism in BPD
3.1. Glycerophospholipids

Pulmonary surfactant is composed of 80% phospholipids, mainly in
the form of dipalmitoylphosphatidylcholine, and 10% neutral lipids.
This substance is essential for decreasing surface tension at the air-liquid
interface of the alveoli [52]. In premature infants, pulmonary surfactant
was deficient in proportion to the immaturity of the lung [53]. In a small
study, amniotic fluid from a group of infants delivered at term and who
did not develop BPD (11 subjects) had higher levels of metabolites of
phosphatidylcholine, the major surfactant lipid, than that from infants
who developed BPD [12]. This is likely due to increased lung surfactant
in the amniotic fluid of term infants compared to preterm infants.
However, there may be an important role for these metabolites in
mediating lung injury and repair.

Carraro et al. performed a metabolomic analysis of exhaled breath
condensate in 20 adolescents who had been diagnosed with BPD as in-
fants, compared to 15 children who had not [11]. They showed that
lyso-phosphatidylcholine, an oxidized phospholipid found in inflamed
tissues, could serve as a biomarker for BPD. Elevated
lyso-phosphatidylcholine also implies that oxidative stress and neutro-
philic inflammation persist in the lungs of prematurely born children
and adolescents who had developed BPD as infants. This study also
revealed that the compositional changes observed in surfactant may
persist beyond infancy, although this would have to be documented in a
larger trial [11]. Hyperoxic exposure decreased cellular content of
monounsaturated and polyunsaturated fatty acids but increased levels of
saturated fatty acids in cultured tracheal epithelial cells [54]. These
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unsaturated phospholipids could impact the biophysical properties and
absorption of surfactant and ultimately lung cell function.

Several studies using lipidomics demonstrated significant changes in
the lung lipidome across developmental stages, from birth to adulthood
in mice [55,56]. In newborn mice, a high content of monounsaturated
lipid species was seen in the lungs, myristic and palmitic acids were
observed at 2 weeks of age, while adult lungs were enriched with
polyunsaturated lipid species [56]. This is corroborated by our findings
that glycerophospholipid and glycerolipid species were augmented at
postnatal day 14 compared to postnatal day 7, under normoxic condi-
tions [41]. Glycerophospholipids may be used for pulmonary surfactant
synthesis in proliferating type II cells during the expansion of the lung
interstitium [57]. These lipidomic changes may result in alveolar
simplification and dysregulated vascular development after neonatal
hyperoxic exposure.

3.2. Sphingolipids

Sphingolipids regulate cell fates during lung development and the
development of lung diseases [58]. Sphingolipid metabolites including
ceramide were increased in tracheal aspirates from preterm infants with
BPD. This was associated with augmented apoptosis [59,60]. This is
validated in neonatal animals where hyperoxia for 4 weeks augmented
sphingomyelin species (SM16:0, SM18:0, SM24:0 and SM24:1),
long-chain and very long-chain ceramides in bronchoalveolar lavage
fluid [61]. This is also in agreement with our findings that sphingolipids
were generally increased in early alveolarization in mice exposed to
hyperoxia [41]. In addition, hyperoxia increased the de novo synthesis
of ceramides in lung endothelial cells, leading apoptosis [49]. Reducing
ceramide production by p-sphingosine supplementation attenuated
neonatal hyperoxia-induced alveolar simplification [61]. Thus,
increased ceramide plays important roles in mediating apoptosis and
hyperoxic lung injury in BPD.

Sphingosine kinase 1 phosphorylates sphingosine into sphingosine-
1-phosphate, a major regulator of vascular and immune systems.
Sphingosine kinase 1 was increased in the lungs of patients with BPD
[62]. Hyperoxic exposure caused accumulation of
sphingosine-1-phosphate, leading to activation of NADPH oxidase
p47°1°% and production of reactive oxygen species in lung endothelial
cells [63]. Deficiency of sphingosine kinase 1 protected against
hyperoxia-induced lung injury, which was associated with reduced
generation of sphingosine-1-phosphate and reactive oxygen species
[64]. Thus, decreasing sphingosine-1-phosphate using small molecule
inhibitors of sphingosine kinase 1 may represent a novel therapeutic
approach against hyperoxic lung injury.

3.3. Fatty acids

Decreased postnatal docosahexaenoic acid and arachidonic acid
levels were associated with an increased risk for BPD in premature in-
fants [65]. Similarly, neonatal hyperoxia also reduced docosahexaenoic
acid and arachidonic acid in mouse lungs [41]. Docosahexaenoic acid is
an omega-3 fatty acid, which suppressed apoptosis in the lungs of mice
perinatally exposed to lipopolysaccharide/hyperoxia [66]. Docosahex-
aenoic acid and arachidonic acid are precursors of resolvin D1 and lip-
oxin A4, respectively. Administration of resolvin D1 and lipoxin A4
improved alveolarization and normalized septal wall thickness in a
neonatal murine model of hyperoxia-induced lung injury [67]. Thus,
nutritional supplementation of these fatty acids could be beneficial for
preventing BPD.

Metabolites involved in fatty acid activation and fatty acid f-oxida-
tion were decreased in tracheal aspirates of infants at risk for BPD [68].
Fatty acid oxidation (FAO) is a major pathway for the degradation of
fatty acids and an important contributor to energy production. The
mitochondrial membrane is impermeable to long-chain acyl-CoA, thus
the carnitine cycle is needed to import long-chain fatty acids into the
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mitochondrion for f-oxidation (Fig. 1). We have reported that neonatal
hyperoxia reduced FAO in lung endothelial cells and mouse lungs, due to
decreased activity of carnitine palmitoyltransferase la (Cptla), a
rate-limiting enzyme in the carnitine shuttle [49]. Reducing FAO with a
Cptl inhibitor or Cptla deficiency resulted in lung endothelial cell
apoptosis, whereas enhancing FAO by i-carnitine protected against
hyperoxia-induced lung alveolar simplification [49]. It is known that
premature infants had lower tissue carnitine stores than term infants,
particularly within the first two weeks of life [69-72]. This is corrobo-
rated by our study showing that neonatal hyperoxia decreased lung
carnitine levels during early alveolarization in mice [41]. Although
routine carnitine supplementation to parenterally fed premature neo-
nates with BPD had no effect on weight gain, lipid utilization or keto-
genesis [73], its decreased the duration of mechanical ventilation and
surfactant requirement [74]. Therefore, infants diagnosed with or at risk
for BPD would benefit from 1-carnitine supplementation.

A recent study showed that neonatal hyperoxia inhibited prolifera-
tion and survival of atrial cardiomyocytes by suppressing fatty acid
synthesis [75]. It is unknown whether neonatal hyperoxia also affects
fatty acid synthesis in lung cells. The role of fatty acid synthesis in
hyperoxia-induced alveolar and vascular simplification remains to be
investigated.

Fatty acid binding protein (FABP) 4, a lipid chaperone responsible
for transport and trafficking of fatty acids, was significantly increased in
lung macrophages and endothelial cells from peri-bronchial blood ves-
sels of infants who developed BPD [76]. The expression of FABP3 and
FABP4 was also increased in a rat model of BPD induced by intra-uterine
growth restriction, indicating enhanced entry of fatty acids. Under
conditions of reduced FAO, increased fatty acid entry may result in lipid
peroxidation or de novo synthesis of ceramides, leading to apoptosis
[77]. It is known that FAO promotes de novo deoxyribonucleotide
synthesis and the production of TCA intermediates as well as TCA
cycle-derived amino acids including aspartate and glutamate, which
eventually increases cell proliferation and vessel sprouting [78]. It is
unclear whether decreased FAO is responsible for simplified vasculari-
zation by reducing lung endothelial cell proliferation in patients with
BPD.

Androgen and estrogen modulate the uptake, lipolysis, oxidation and
synthesis of fatty acids [79,80]. Differential enrichment of androgen and
estrogen synthesis pathways was observed in infants at risk for BPD
[68], suggesting that sexual dimorphism plays a role in the risk of
developing BPD.

3.4. Oxidative lipid metabolites

Higher levels of unsaturated hydroxyl fatty acids (putative metabo-
lite: 3-methoxybenzenepropanoic acid), oxylipins (putative metabolite:
4-hydroxy nonenal alkyne, 4-HNE alkyne a form of 4-HNE with a ter-
minal alkyne), and fatty aldehydes (putative metabolite: muconic dia-
ldehyde) were observed in 10 preterm infants who developed BPD [12].
4-HNE is a major aldehydic product from the lipid peroxidation of w-6
polyunsaturated fatty acids. Plasma concentrations of 4-HNE were
higher in the first day of life in infants who developed BPD compared to
those who did not [81]. This suggests that oxidative lipid metabolites
may participate in the pathogenesis of BPD. Elevations in the oxylipins
PGE1, PGE2, PGF2a, 9- and 13-HOTE, 9- and 13-HODE, and 9- and
13-KODE were positively associated with BPD and its severity [14]. As
products of cyclooxygenase and lipoxygenase, these oxylipins may result
in abnormal inflammatory responses in infants who develop BPD.
Indeed, hyperoxia increased the activity and levels of cyclooxygenase
and lipoxygenase in newborn rat lungs, and deficiency of cyclo-
oxygenase 2 attenuated hyperoxia-induced lung inflammatory re-
sponses [82,83]. Therefore, reducing lipid peroxidation and oxylipins
could be a potential therapy to prevent or mitigate the development of
BPD.
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4. Dysregulated amino acid metabolism in BPD

Amino acids are used for protein synthesis, the generation of nu-
cleotides and neurotransmitters through the TCA cycle. Glutamine
provides mitochondrial anaplerosis because of its role as a nitrogen and
carbon donor. It traverses the cell membrane through amino acid
transporters, ASCT2 and SN2, and is hydrolyzed to glutamate and
ammonia (NH3) via glutaminase [84]. Glutamate can be catalyzed by
either glutamate dehydrogenase or aminotransferases to ammonium
and a-ketoglutarate. Glutamate can also further be catalyzed by gluta-
thione cysteine ligase to produce y-glutamyl cysteine, a precursor of
glutathione. The latter is a powerful antioxidant and plays an important
role in the neutralization of reactive oxygen species and modulating
immune defense, nutrient metabolism, and cellular functions [85].

Reduced levels of S-adenosyl methionine and leucinic acid were
observed in the amniotic fluid of premature infants compared to term
infants [12]. S-adenosyl methionine is a precursor of the glutathione.
Thus, reduced S-adenosyl methionine may contribute to increased
oxidative stress in preterm infants who develop BPD. Histidine, aspar-
agine, glutamic acid, citrulline, glycine and isoleucine levels were
higher in tracheal aspirates at birth in infants who developed BPD [86].
Citrulline is the precursor of arginine, a substrate for nitric oxide (Fig. 1).
Increased citrulline could be a compensatory response to generate more
nitrite oxide to prevent BPD-associated pulmonary hypertension,
although this is highly speculative. In fact, inhaled nitric oxide was
shown to prevent experimental BPD, but was not effective in preventing
BPD in premature infants [87-91]. The effects of nitric oxide are often
mediated via S-nitrosothiol formation. In addition to transporting large
neutral amino acids, the L-type amino acid transporter-1 also imports
S-nitrosothiol adducts [92]. Expression of the L-type amino acid
transporter-1 was reduced in the lungs of infants who developed BPD
and in experimental BPD in premature baboons [93]. Reduced L-type
amino acid transporter-1 may affect S-nitrosothiol import, which could
impair the effects of nitric oxide therapy for the management of BPD.

L-arginine and t-citrulline concentrations were reduced in the plasma
of rats exposed to hyperoxia as neonates, and arginine supplementation
or arginase inhibition attenuated impairment of relaxation of
bethanechol-preconstricted lung parenchymal strips seen in hyperoxia
[94,95] (Fig. 2). In addition, i-citrulline treatment significantly attenu-
ated hyperoxia-induced lung injury and pulmonary hypertension in rats
[95]. This was associated with an increase in arginosuccinate lyase and
L-arginine. The importance of arginine was further corroborated by a
report showing that administration of arginyl-glutamine dipeptide
attenuated hyperoxia-induced lung injury in neonatal mice [96]. Clin-
ical studies are required to determine the efficacy of arginine supple-
mentation in preventing pulmonary and vascular abnormalities in
premature infants who develop BPD.

Studies have reported that human lung epithelial-like (A549) cells
exposed to hyperoxia have improved survival and proliferation when
supplemented with higher concentrations of glutamine [97,98]. This
was associated with increased glutathione levels and reduced oxidative
stress [99]. This cell line preferentially relies on the PPP to respond to
NAD depletion and may exhibit constitutive overexpression of
Nrf2-driven gene products such as heme oxygenase-1 that may promote
resistance to oxidative stress [100,101]. Further experiments using
primary human lung epithelial cells are warranted to investigate the
effects of glutamine on proliferation in response to hyperoxic exposure.

Hyperoxic exposure suppressed global protein synthesis as indicated
by reduced incorporation of phenylalanine and leucine in the newborn
rat lung, particularly in a surface-active lung fraction [102,103]. This
was associated with increased phosphorylation of elF2a in the lung
[102]. These findings further reveal that lung epithelial cells, particu-
larly within the airway, were susceptible to hyperoxia-induced elF2a
phosphorylation. Whether such changes are adaptive, deleterious, or
integral to the suppression of mRNA translation in response to hyperoxia
remains to be investigated.
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5. Metabolic dysregulation in BPD-associated complications

BPD is often associated with several comorbidities, which signifi-
cantly increase mortality risk with this disease. These comorbidities
include  pulmonary  hypertension and neurodevelopmental
abnormalities.

5.1. BPD-associated pulmonary hypertension

Approximately 30% of patients with moderate to severe BPD develop
pulmonary hypertension [104-109]. Although pulmonary hypertension
can resolve with age in these patients, increased pulmonary arterial
pressure at rest or during exercise could persist into young adulthood
[110-112]. Pulmonary hypertension increases short- and long-term
mortality in premature infants who develop BPD [113,114]. Pulmo-
nary vascular and right ventricular remodeling are common patholog-
ical features for BPD-associated pulmonary hypertension. There are no
curative therapies, and current management of this disease is limited to
pulmonary vasodilators, minimizing further insults to the pulmonary
vasculature, and optimizing respiratory status [108,115-117].

5.1.1. Glycolysis and the PPP

The glycolytic intermediates glucose-6-phosphate and phospho-
enolpyruvate were increased in the umbilical cord blood of infants with
BPD who developed pulmonary hypertension [14], suggesting that
increased glycolysis promotes the development of pulmonary hyper-
tension. We recently reported that neonatal hyperoxia increased
glycolysis and the PPP as well as endothelial cell proliferation in mouse
lungs [28]. It is unclear whether increased glycolysis and the PPP
contribute to neonatal hyperoxia-induced pulmonary hypertension.

5.1.2. Lipid metabolism

Major choline-containing phospholipids, such as phosphatidylcho-
lines and sphingomyelins, were reduced in the umbilical cord blood of
infants with BPD who developed pulmonary hypertension compared to
those without pulmonary hypertension [14], suggesting altered phos-
pholipid metabolism. Similarly, in the rat lung, total triacylglycerides,
cholesterol esters, plasmalogen-phosphatidylcholines, lysophosphati-
dylcholines and plasmalogen-phosphatidylethanolamines were reduced
by neonatal hyperoxia (75% O3, 14 days), a model to induce pulmonary
hypertension [118]. It is unclear whether these lipids are oxidized under
hyperoxic conditions, leading to pulmonary vascular thickening and the
development of pulmonary hypertension [119].

Circulating nonadecanoic acid was increased in 21 infants with BPD
who developed pulmonary hypertension [14]. Nonadecanoic acid is a
19-carbon saturated fatty acid, which inhibited tumor cell proliferation
[120]. Further experiments are warranted to understand whether
increased nonadecanoic acid has any effects on proliferation of lung
endothelial cells and pulmonary vascular smooth muscle cells during the
development of BPD-associated pulmonary hypertension.

Hyperoxia increases lung metabolic intermediates of p-oxidation and
the TCA cycle during the development of pulmonary hypertension
[118]. This may increase the generation of reactive oxygen species due
to a higher rate of mitochondrial uncoupling. A previous report showed
that reduced FAO by reduction or deletion of Cptla or Cpt2 resulted in
enhanced endothelial-mesenchymal transition, an important cellular
process that leads to the development of pulmonary hypertension [121].
We have shown that neonatal hyperoxia caused pulmonary hyperten-
sion, and this was associated with increased endothelial-mesenchymal
transition [122]. Whether Cptla reduction contributes to neonatal
hyperoxia-induced endothelial-mesenchymal transition and subsequent
pulmonary hypertension remains unclear.

Oxylipins are a group of fatty acid metabolites generated from the
oxygenation of polyunsaturated fatty acids. They play important roles in
regulating inflammation, immunity, vascular tone, and coagulation
during the development of pulmonary hypertension. In rats exposed to
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hyperoxia, trimethylamine-N-oxide, a small amine oxide generated from
choline, betaine, and carnitine by gut microbial metabolism, was
increased as were oxylipins [118]. Indeed, neonatal hyperoxia
decreased intestinal tight junction protein expression (occludin and
Z0-1) and altered intestinal bacterial composition and diversity in early
life [123]. Thus, gut microbial metabolism may also participate in the
development of hyperoxia-induced pulmonary hypertension through
alterations of important metabolites.

5.1.3. Amino acid metabolism

Circulating lysine, ornithine and phenylalanine were decreased in
infants with BPD who developed pulmonary hypertension [14]. The
amino acid asparagine was also elevated in the umbilical cord blood of
infants with BPD who subsequently developed pulmonary hypertension
[14]. The mechanisms underlying abnormal amino acid levels in these
infants remain unclear. Although there were no differences in arginine,
citrulline, or ornithine between the pulmonary hypertension-positive
and negative groups, blood ornithine and tyrosine were negatively
associated with the odds of developing persistent pulmonary hyperten-
sion of the newborn, a perinatal disease, while phenylalanine was
positively associated [124]. Further studies are required to determine
whether dysregulated metabolism of these amino acids also contributes
to the pathogenies of pulmonary hypertension in infants with BPD.

5.2. BPD-associated neurodevelopmental abnormality

BPD is strongly associated with neurodevelopmental abnormalities
in children born preterm [125,126]. This includes cerebral palsy and
other motor impairments, neurosensory impairments, cognitive delay,
poor academic performance, and language delay [127,128]. Neonatal
survivors with BPD have more adverse motor function, worse cognitive
development and poorer academic progress than those without BPD.
This may also be due to other risk factors such as postnatal hypoxia,
hypercapnia and administration of corticosteroids [129].

Metabolism is important to provide energy for all cellular processes
required for brain development and function. This includes ATP for-
mation, synaptogenesis, synthesis, release and uptake of neurotrans-
mitters and myelination [130]. Glucose and ketone bodies are vital
substrates that meet the metabolic and energy needs of the brain during
development [131]. As shown with F-18 fluorodeoxyglucose positron
emission tomography images, cerebral glucose metabolism in infants
who developed BPD was significantly reduced compared to infants
without BPD [15]. In a cohort of 36 infants undergoing brain positron
emission tomography scans and MRIs, preterm infants were observed to
have lower y-aminobutyric acid and glutamate in the right frontal lobe
than term controls [16]. Reduced ratios of N-acetylaspartate-to-choline
and N-acetylaspartate/myo-inositol are considered as potential risk
markers for cognitive impairment and Alzheimer’s disease [132,133]. In
a prospective cohort of 43 extremely low birthweight infants, a
decreased ratio of N-acetylaspartate-to-choline was observed in the
hippocampus, cortex and subventricular zone compared to term infants
measured at term-equivalent age, and a decreased N-acetylaspartate/-
myo-inositol ratio in the subventricular zone in these infants was asso-
ciated with cognitive and language delay assessed at 18-22 months
[17]. It would be intriguing to understand whether brain fatty acid and
ketone metabolic changes are seen in infants with BPD-associated neu-
rodevelopmental abnormalities. Altogether, these findings suggest that
metabolic dysregulation appears to be associated with cognitive and
language development in extremely low birth weight infants.

In animal models, neonatal hyperoxia impaired brain structure
including the cortex, basal ganglia, hypothalamus, striatum, hippo-
campus, and white matter tracts [134-136]. This was associated with
increased oxidative stress, reduced neurotrophin and inactivation of
survival signals including increased expression of Ras protein, an
important mediator of apoptosis and cell death. Glutamine synthetase
activity and glutamine were reduced in the brain of hyperoxia-exposed
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neonatal rats [137]. This suggests that hyperoxia decreases glutamine
metabolism in the immature brain. A mechanistic explanation for these
findings remains to be investigated. It is also unclear whether these
changes are region-specific. In hypoxic ischemic encephalopathy,
intrapartum hypoxia-ischemia disturbed the typical metabolic transi-
tion from anaerobic to aerobic metabolism in neonates, and increased
the likelihood of low blood glucose concentrations through prolonged
duration of anaerobic glycolysis and increased glucose utilization [138,
139]. Perhaps metabolomics and metabolic assays will reveal metabolic
changes in specific regions of the brain in response to hyperoxic
exposure.

6. Shared mechanisms between BPD and its associated
comorbidities

Different mechanisms contribute to BPD and its comorbidities
including abnormal inflammatory response and oxidative stress. One of
the common mechanisms of injury in the lung and brain in premature
infants with BPD could be disrupted or abnormal angiogenesis.
Although numerous factors such as fibroblast growth factor (FGF), he-
patocyte growth factor (HGF), bone morphogenetic protein (BMP),
transforming growth factor (TGF)-f, and angiopoietins have been
implicated as positive modulators, angiogenesis is predominantly
regulated by vascular endothelial growth factor (VEGF). This factor has
been shown to modulate endothelial cell metabolism including glycol-
ysis, the PPP and FAO by upregulating the expression of Glutl, PFKFB3
and G6PD as well as and FABP4 [140-144] (Fig. 3). VEGF also increased
mitochondrial biogenesis and mitochondrial respiration via AKT- and
mTOR-dependent signaling pathways [145,146]. Metabolism of
glucose, fatty acids, and amino acids drives neovascularization via the
production of energy and biomass and the maintenance of redox ho-
meostasis in vascular migratory tip cells, proliferating stalk cells, and
quiescent phalanx cells [147]. For example, PFKFB3 drives glycolytic
ATP and nucleotide production for VEGF-induced tip cell migration and
stalk cell proliferation, respectively [143]. VEGF was measured in 189
tracheal aspirate samples and 24 plasma samples from 44 intubated
extremely low birth weight preterm infants during their first postnatal
week. VEGF levels were reduced in this group compared to infants of
similar gestational age surviving without developing BPD [148]. This is
corroborated by abnormal and ectopic lung vascular growth in infants
with BPD and hyperoxia-exposed neonatal mice [28,42,43]. Whether
abnormal distribution of VEGF signal contributes to dysmorphic
vascular growth within the lung interstitium remains to be investigated.
A recent study has shown that stunted alveolarization followed disor-
dered microvascular development in neonatal mice exposed to hyper-
oxia [44]. Administration of soluble VEGFR1 (sFltl) into the amniotic
sacs of pregnant rats at 20 days of gestation, decreased the number of
alveoli and pulmonary vessel density in pups at 14 days of life [149].
This was accompanied by right and left ventricular hypertrophy [149].
In contrast, VEGF overexpression attenuated alveolar simplification in
newborn rats exposed to hyperoxia [150]. Thus, reduced VEGF signal
may contribute to simplified vascularization in BPD and associated
pulmonary hypertension. Although VEGF treatment attenuated lung
fibrosis-associated pulmonary hypertension in rats [151], it is unclear
whether VEGF therapy protects against BPD-associated pulmonary hy-
pertension. In addition to VEGF, multiple angiogenic proteins (BMP10,
HGF, angiopoietin-1, angiopoietin-2) were associated with the devel-
opment of BPD, while early increases in BMP10 were strongly associated
with the risk for BPD-associated pulmonary hypertension [152]. Further
studies are required to determine the role of these factors in modulating
angiogenesis in BPD and associated pulmonary hypertension.

With respect to the brain, VEGF-induced blood vessel growth and
vessel-independent trophic roles are essential for nervous tissue growth
during brain development. In the premature rat brain, VEGF-mediated
angiogenesis stimulated the proliferation of neural stem cells and dif-
ferentiation into neurons, astrocytes, and oligodendrocytes [153].
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Interestingly, increased VEGF expression was noted around foci of per-
iventricular white matter injury in the brain of one extremely premature
newborn with congenital heart disease [154]. Whether this isolated
finding is relevant to infants with BPD is not clear. Altogether, angio-
genic factors, including VEGF, play important roles in the development
of the lung and brain, and abnormal VEGF signals may lead to BPD and
its associated comorbidities. Therefore, studying metabolic dysregula-
tion in endothelial cells and abnormal angiogenesis could enhance the
understanding of pathogenesis of BPD and associated complications and
identify therapeutic options for these diseases.

7. Future directions

Integration of metabolic profiling with multi-omics data, such as
RNA-seq, genomics and proteomics, is a future approach for identifying
pathogenic signaling, functional pathways, potential biomarkers and
therapeutic targets in the lungs of infants who develop BPD. In addition
to metabolomics, metabolic flux analysis, and positron emission to-
mography, single-cell RNA sequencing may provide clues as to meta-
bolic dysfunction during the development of BPD and associated
complications in a cell-specific manner [155]. For example, neonatal
hyperoxia causes both proliferation and apoptosis in lung endothelial
cells [28,49]. A study using single-cell RNA sequencing could answer the
question as to whether these effects are specific to different vascular
beds, subpopulations or lung endothelial cell states. Moreover, using a
newly developed digital spatial profiling platform (a NanoString
nCounter and GeoMX platforms) [156], temporal and spatial heteroge-
neity of metabolic molecules or pathways could be dissected. For
instance, this platform could be helpful in identifying specific metabolic
pathways leading to dysmorphic vascular growth in the lung inter-
stitium or to simplified vascularization in the gas-exchange regions of
the lung of premature infants with BPD. These exciting new techniques
may lead to novel insights in the understanding of the pathogenesis of
BPD and associated complications.

As to therapeutic approaches, enhancing FAO by providing oral
supplemental r-carnitine for 6 months was beneficial in controlling
moderate persistent asthma in 50 children [156]. Additionally, a single
blind, randomized controlled trial on 130 infants at gestational ages
28-36 weeks, treated with L-carnitine resulted in a significantly
increased serum carnitine levels at 7 days compared to untreated con-
trols, and that this was associated with a decreased duration of me-
chanical ventilation and decreased surfactant requirement [74,157].
Additionally, in a four month, open-label study, dichloroacetate to
inhibit pyruvate dehydrogenase kinase, was administered to patients
with idiopathic pulmonary hypertension who were also on approved
therapies, and led to reduced pulmonary arterial hypertension, albeit in
a variable fashion [158]. Whether this would help infants with BPD

Reduced
VEGF signal
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Fig. 3. VEGF-mediated metabolic reprogramming
for angiogenesis and its involvement in BPD and
associated comorbidities. VEGF upregulates the
expression of glucose transporter 1 (Glut 1), PFKFB3,
glucose-6-phosphate dehydrogenase (G6PD), and
FABP4, leading to increased glucose uptake, glycol-
ysis, activation of the pentose phosphate pathway
(PPP), and lipid uptake and trafficking. This results in
proliferation, migration, and tube formation of
endothelial cells, which subsequently increases neo-
vascularization. VEGF signal is reduced during the
development of BPD and its associated pulmonary
hypertension. It is altered in the brain as well,
potentially  leading to  neurodevelopmental

BPD

BPD associated
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hypertension
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associated pulmonary hypertension is still unclear. Dehydroepiandros-
terone functions as a metabolic intermediate in the biosynthesis of
androgenic and estrogenic sex steroids. Dehydroepiandrosterone is also
able to inhibit G6PD in the PPP, and a clinical trial to assess its utility in
pulmonary hypertension was started in 2019 (NCT03648385). Further
studies are required to identify metabolic pathways or targets to prevent
or treat BPD and its associated comorbidities.

8. Conclusions

BPD is often associated with several comorbidities, including pul-
monary hypertension and neurodevelopmental disabilities. Metabolic
dysregulation is observed in epithelial cells, fibroblasts, airway smooth
muscle cells and endothelial cells of premature infants with BPD and this
correlates with disease severity in many cases. Dysregulated metabolism
contributes to hyperoxia-induced apoptosis, abnormal proliferation and
senescence, suggesting that these factors play important roles in
hyperoxic lung injury. Early detection of dysregulated metabolism in
premature infants could help identify individuals at risk for the devel-
opment of BPD. Rectifying metabolic dysfunction is a promising
approach to prevent simplified alveolarization and dysmorphic vascular
dysgenesis seen in infants with BPD.
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