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Abstract: Objective: To assess the longitudinal metabolic patterns during the evolution of bron-
chopulmonary dysplasia (BPD) development. Methods: A case-control dataset of preterm infants
(<32-week gestation) was obtained from a multicenter database, including 355 BPD cases and 395 con-
trols. A total of 72 amino acid (AA) and acylcarnitine (AC) variables, along with infants’ calorie
intake and growth outcomes, were measured on day of life 1, 7, 28, and 42. Logistic regression,
clustering methods, and random forest statistical modeling were utilized to identify metabolic vari-
ables significantly associated with BPD development and to investigate their longitudinal patterns
that are associated with BPD development. Results: A panel of 27 metabolic variables were ob-
served to be longitudinally associated with BPD development. The involved metabolites increased
from 1 predominant different AC by day 7 to 19 associated AA and AC compounds by day 28 and
16 metabolic features by day 42. Citrulline, alanine, glutamate, tyrosine, propionylcarnitine, free
carnitine, acetylcarnitine, hydroxybutyrylcarnitine, and most median-chain ACs (C5:C10) were the
most associated metabolites down-regulated in BPD babies over the early days of life, whereas
phenylalanine, methionine, and hydroxypalmitoylcarnitine were observed to be up-regulated in BPD
babies. Most calorie intake and growth outcomes revealed similar longitudinal patterns between BPD
cases and controls over the first 6 weeks of life, after gestational adjustment. When combining with
birth weight, the derived metabolic-based discriminative model observed some differences between
those with and without BPD development, with c-statistics of 0.869 and 0.841 at day 7 and 28 of life
on the test data. Conclusions: The metabolic panel we describe identified some metabolic differences
in the blood associated with BPD pathogenesis. Further work is needed to determine whether these
compounds could facilitate the monitoring and/or investigation of early-life metabolic status in the
lung and other tissues for the prevention and management of BPD.

Keywords: neonatal bronchopulmonary dysplasia; prematurity; newborn metabolic profiling; amino
acids; acylcarnitine

1. Introduction

Bronchopulmonary dysplasia (BPD), the most common acquired morbidity of preterm
infants, is a severe form of chronic lung disease and is generally characterized by the
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presence of chronic respiratory insufficiency and a supplemental oxygen requirement at
28 days of life with consistent radiologic changes or continuing need for oxygen therapy
at 36 weeks’ postmenstrual age [1]. The incident rate of BPD can reach 30% for extremely
premature infants born before 30 weeks of gestational age (GA) [2,3]. Infants with BPD
typically require advanced respiratory support including mechanical ventilation, oxygen
therapy, and numerous medications during initial hospitalization and beyond. Infants with
BPD are at increased risk for hospital readmission and lethality from additional respiratory
illnesses exacerbating poor lung function in early life. The long-term complications of
BPD can also be severe and can include compromised pulmonary function, pulmonary
hypertension, asthma-like symptoms, and exercise intolerance with altered response to
hypoxia [4]. Taken together, the overall morbidity associated with BPD is a persistent and a
substantial burden for the individual and the healthcare system [5].

In recent studies, metabolic signatures of acylcarnitines (ACs) and amino acids (AAs)
have been identified in newborn screen metabolic panels in association with metabolic
disorders and critical illnesses in mature/premature infants, including fatty acid oxidation
disorders, carnitine cycle disorders, cardiac malformation/malfunction, gastrointestinal dis-
orders, and respiratory distress [6–11]. Evidence has suggested that fatty acid metabolism
may be associated with processes of lung injury and repair, inflammation, and immune
modulation and therefore could be utilized as biomarkers for screening BPD and other ac-
quired diseases of the preterm newborn [12]. Several amino acid profiles, such as decreased
citrulline, arginine, and tyrosine levels and elevated phenylalanine levels at birth, have
previously been found to be significantly associated with an increased risk of BPD and
its complications, such as pulmonary hypertension [13–17]. Prior observations obtained
beyond the newborn period in children have also found a relationship between carnitine
metabolism and pulmonary vascular disease [18].

To identify disruptions in metabolism involving protein and fatty acid metabolism that
are linked to acute or chronic disorders, our group has previously identified associations
between either at-birth levels or the serial progression of specific ACs and AAs and the
development of necrotizing enterocolitis (NEC) in preterm newborns [11,19]. Following
the same rationale, we hypothesized that longitudinal changes in metabolic intermediates
(i.e., ACs and AAs) could be utilized to identify metabolic differences associated with the
development of BPD in preterm newborns and may potentially facilitate the investigation
of early-life metabolic disparities in the lungs and other tissues between BPD cases and
preterm babies without BPD.

2. Methods
2.1. Study Cohort

A total of 995 preterm infants were derived from a prospective clinical study that evalu-
ated metabolic profiles in premature infants. Twenty-three sites in 17 states managed by the
Pediatrix Medical Group enrolled patients in this study between April 2009 and September
2012, and the original protocol was approved by both the Western Institutional Board
and/or each site’s local Institutional Board [11,20]. The GA of these infants ranged from
23 to 31 weeks and was based on obstetrical estimates and consistent with developmental
physical examination by a neonatologist. After birth, infants’ clinical data were collected,
and their longitudinal nutrition-related variables and metabolic samples were continu-
ously followed over the first six weeks of life, at days 1 (within 24 h of delivery), 7 (7–8),
28 (27–29), and 42 (41–43). The methods for data collection were previously described [11].
At each time point, the dried blood spots of infants were obtained and assayed for a
panel of 72 metabolites using tandem mass spectrometry for newborn screening analysis.
The metabolic panel consisted of 14 AAs, 9 AA ratios, 35 ACs, 12 AC ratios, and 2 com-
bined AA + AC measures. The metabolic testing was performed at a central laboratory
(PerkinElmer Genetics, Bridgeville, PA) as previously described [11,19]. Demographic data
was collected using the electronic data capture system, and clinical research associates
monitored each site for adherence to the protocol and data accuracy.
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In this study, the infants were all born <32 weeks and the diagnosis of BPD was defined
as meeting BPD criteria of oxygen dependency at 28 days of life. A total of 355 infants
were recognized as candidates of cases. Control newborns were selected if they meet
the following criteria: (1) no diagnosis of any type of intraventricular hemorrhage (IVH),
retinopathy of prematurity (ROP), NEC, or BPD during the first six weeks of life; and
(2) survival at the end of the study (day 42 of life). Specifically, IVH was diagnosed if
an infant had any of subependymal (grade 1), intraventricular (grade 2), intraventricular
with dilation (grade 3) or intraparenchymal (grade 4), while ROP was determined as
either ROP 1, 2, 3, or ROP surgery. NEC was indicated if an infant had a NEC-medical
or NEC-surgical record. A NEC-medical record was present if an infant had at least one
of the following clinical signs: bilious gastric aspirate or emesis, abdominal distention, or
blood in stool without evidence of a rectal fissure and had one or more of the following
radiographic findings: pneumatosis intestinalis, hepatobiliary gas, or pneumoperitoneum,
while a NEC-surgical record indicated that a surgery was carried out following the NEC
diagnosis [11]. As a result, 395 infants were recognized as candidates of controls. After
reviewing the GA distribution among cases and controls, it was found that most cases
(56.90%) were born at a lower GA (ranged from 23 to 26 weeks) than most controls (with
68.86% delivered at GA of 29–30 weeks). The number of cases and controls were only
balanced in 27–28-week gestation, thus, in order to eliminate possible poor growth effects
attributed to a lower GA in cases, we formed the sub-cohort and only recruited 97 cases and
108 controls who were born at a matched GA of 27–28 weeks for the following metabolic
analysis of BPD development, along with their 758 data points collected over the first six
weeks of life (Figure S1).

2.2. Statistical Analysis

All statistical analysis was conducted using R software. Demographic and clinical
characteristics were statistically compared between BPD newborns and controls using a
t-test for continuous variables and a chi-square test or Fisher’s exact test for categorical vari-
ables. In the first 42 days of life, loess curves were drawn for each nutrition-related variable
in the BPD and control sub-cohorts, respectively, to reveal different longitudinal patterns.
Among these nutrition-related measurements, the infant’s weight-adjusted daily calorie
intake was calculated as calories received per kg per day from all nutrition on a certain time
interval (i.e., day 1, 7, 28, and 42 after delivery), denoted as calories (cal/kg/day). Similarly,
the infant’s weight (g) variable was assessed on each indicated day of measurement.

Logistic regressions were applied at each time point to capture the subset of metabolic
variables significantly associated with BPD development, using the GA-matched sub-
cohort, and the global FDR was used to adjust for multiple comparison testing. Next, fold-
changes between cases and controls were further calculated over time for those identified
significant metabolites, and a hierarchical clustering heatmap was generated accordingly
using R pheatmap and corrplot packages. Lastly, we investigated whether the captured
metabolic panel could be used to describe metabolic disparities between infants with and
without BPD over the first several weeks of life. The R randomForest package was used
for modeling where most parameters were set by default and the number of trees was
optimized as 400. Herein, we used the entire dataset of 355 BPD cases and 395 control infants
regardless of their GA and randomly and evenly separated the dataset into construction
and validation cohorts with a ratio of 2:1 and further constructed the discriminative models
using random forest, by considering the subset of significant metabolites, as well as other
leading characteristics at birth (i.e., birth weight, GA, and sex). These discriminative models’
performance was evaluated and compared using c-statistics.

3. Results

After excluding preterm infants who had been diagnosed with NEC, ROP, or IVH, a
total of 355 BPD cases and 395 control infants were enrolled in the primary cohort, whose
characteristics are summarized in Table S1. In this primary cohort, infants who developed
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BPD were more premature than controls, resulting in significantly lower birth weights and
earlier GA. Therefore, to identify metabolic indicators associated with BPD development
while eliminating growth faltering attributed to a lower GA in the following study, we
matched infants’ GA and formed a new sub-cohort that consisted of 97 BPD cases and
108 control infants who were born at GA of 27–28 weeks. In this sub-cohort, the cases and
controls showed no significant difference in sex, race, mode of delivery, multiple-gestation
counts, and being small for gestational age (SGA) (Table 1). However, even with the
matched GA, infants who developed BPD still had lower birth weights and a higher rate of
patent ductus arteriosus (PDA).

Table 1. Demographics and characteristics of the sub-cohort with GA of 27–28 weeks.

Characteristics Control (n = 108) BPD (n = 97) p-Value (BPD vs.
Control)

Sex, n (%) 0.599
Male 44 (40.74%) 44 (45.36%)

Race, n (%) 0.100
American Indian 4 (3.07%) 2 (2.06%)
Asian 4 (3.07%) 4 (4.12%)

Black 28 (25.93%) 19 (19.59%)
Hispanic 15 (13.89%) 5 (5.15%)
Other 0 (0.00%) 1 (1.03%)

Pacific Islander 1 (0.93%) 0 (0.00%)
White 56 (51.85%) 66 (68.04%)

Mode of delivery, n (%) 0.944
Cesarean section 82 (75.93%) 75 (77.32%)
Vaginal 26 (24.07%) 22 (22.68%)

Multiple gestation, n (%) 0.790
One 85 (78.70%) 77 (79.38%)
Two 22 (20.37%) 18 (18.56%)
Three 1 (0.93%) 2 (2.06%)

Antenatal steroids, n (%) 0.890
None 13 (12.04%) 9 (9.28%)
Betamethasone 86 (79.63%) 80 (82.47%)
Dexamethasone 7 (6.48%) 7 (7.22%)
Both 2 (1.85%) 1 (1.03%)

Birth weight (g), mean (SD) 1071 (210) 968 (198) <0.001
Patent ductus arteriosus (PDA), n (%) 34 (31.5%) 53 (54.6%) 0.0011
Small for gestational age (SGA), n (%) 10 (9.26%) 10 (10.31%) 0.800
Apgar at 1 min, median (25%-75%) 6 (3–7) 5 (3–6) 0.113
Apgar at 5 min, median (25%-75%) 8 (7–8) 7 (6–8) 0.063

The longitudinal patterns of body weight and weight-adjusted calories received were
measured on day of life 1, 7, 28, and 42 and compared between newborns who developed
BPD and controls for both the primary cohort without GA matching (Figure 1A) and
the 27–28-week GA sub-cohort (Figure 1B). The results from the entire cohort revealed
that newborns developing BPD consistently received fewer overall weight-adjusted total
calories than controls during the first 42 days of life and that newborns that developed
BPD were smaller than controls in terms of body weight. However, after matching GAs in
the 27–28-week sub-cohort, only small statistical differences were observed between BPD
cases and control infants for the overall weight-adjusted total calories (on day 28 of life)
and body weight (on day 28 and 42 of life).

In order to identify metabolic indicators associated with BPD development, while con-
trolling the confounders related to malnutrition and growth faltering, a focal analysis on the
27–28-week GA sub-cohort was pursued using logistic regression by treating birth weight
as a covariate to identify metabolic variables that were associated with BPD development
at at least one time point during the period of analysis. The global FDR of 0.05 was adopted
for multiple comparison adjustment. As a result, among the 72 longitudinally measured
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metabolic variables, an intersection of 27 metabolic analytes were captured, which led to a
compressed metabolic panel representing the difference between infants that developed
BPD and controls over the first 42 days of life. Since both birth weight and GA were
carefully controlled, the recognized metabolic panel was independent from confounders
of malnutrition and poor growth and may be taken as BPD associators independent of
established risk factors. During the first day of life, no significant metabolic analytes were
noted to be different between cases and controls. Subsequently, the significant metabolites
gradually increased from 1 predominant AC metabolic differentials by day 7 to 19 signifi-
cant AA and AC differentials by day 28 and reduced to 16 metabolic features by day 42
(Table S2 and Figure S2).
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first 6 weeks of life between BPD cases and control infants of (A) the primary cohort and (B) the
sub-cohort whose gestational age (GA) ranged from 27 to 28 weeks.

Since the identified metabolic panel contains several combined variables from different
metabolites, we further extracted and generated a subset of 25 distinct metabolites (Table S3)
involved in the 27 significant variables. These 25 metabolites were further investigated to
reveal their longitudinal patterns and capture these up- or down-regulated metabolites
in infants with BPD, providing evidence for underlying metabolic pathways that may be
associated with BPD development. Firstly, at each time point, the fold change of each
metabolite between newborns developing BPD and controls was calculated and aggregated
by hierarchical clustering (Figure 2). The clusters were primarily split into four categories
of down-regulated and up-regulated clusters. In terms of ACs, propionylcarnitine (C3)
is the most significantly down-regulated AC in BPD cases, forming an exclusive cluster.
Additionally, most short-chain ACs (i.e., free carnitine (FreeCN), acetylcarnitine (C2), and
hydroxybutyrylcarnitine (C4_OH)) and median-chain ACs (C5:C10) displayed a longitudi-



Nutrients 2022, 14, 3547 6 of 12

nally down-regulated pattern in BPD cases since day 7 of life. For long-chain ACs, there
was a variable pattern of both decreased and increased levels observed in BPD babies. For
instance, the long-chain AC of hydroxypalmitoylcarnitine (C16_OH) was up-regulated
significantly at day 1 and 42 of life, yet others were down-regulated in BPD infants. In
terms of amino acids, we found citrulline (Cit), alanine (Ala), and glutamate (Glu) were
longitudinally down-regulated in cases since day 28 or day 7 of life. Tyrosine (Tyr) was
dramatically decreased since day 7 of life in BPD infants, whereas phenylalanine (Phe) and
methionine (Met) were slightly increased in BPD infants over the first six weeks. Secondly,
to further explore this metabolic disparity, we calculated the pairwise correlation over the
four time points for each two of the identified metabolites within the case and within the
control groups (Figure S3). It was found that, for ACs, C12 had a similar pattern to C16
and C14 in controls but aggregated with C6_OH in cases. C8 and C18_2 formed one cluster
in cases but went to two distinct clusters in controls. Meanwhile, for amino acids, Cit and
Tyr aggregated into one cluster in the controls but belonged to two different clusters in the
BPD cases, as Tyr aggregated with Glu, Ala, and Gly to form a new cluster in cases.
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ratio between newborns with BPD and without BPD (log2FC) at each time point. Those metabolites
in the red frame were the most significantly higher in BPD cases. FC: fold change.

Finally, we treated this identified metabolic panel of 27 analytes from day 1 to day 42 of
life as input and built discriminative models together with birth weight to examine whether
the panel could be used to describe certain metabolic differences between infants with and
without BPD, facilitating the monitoring of BPD development in early life. To increase
the sample size and modeling accuracy, the primary cohort consisting of 355 BPD cases
and 395 control infants were ultilized at this modeling stage. After randomly splitting the
dataset into the development and validation subsets with a ratio of 2:1, we built the models
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using random forest algorithms. Results (Figure 3) showed that, on the validation subset,
when combining with birth weight, the metabolic panel attained a modest classification
accuracy at birth (c-statistic = 0.828), which immediately increased to a better discriminative
ability (c-statistic = 0.869) on day 7 of life and day 28 of life (c-statistics = 0.841) and
then dropped to a reduced accuracy on day 42 (c-statistic = 0.795). When compared to
the discriminative model (c-statistic = 0.765) that only used birth weight as inputs, the
metabolic-based model continuously revealed increased discriminative ability over the first
six weeks of life.
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4. Discussion

In this study we identified distinct longitudinal patterns of fatty acid and protein
metabolism intermediates associated with infants who develop BPD among premature
newborns. The derived metabolic panels revealed the longitudinal progressive metabolic
deviation of BPD babies in the blood over the first six weeks of life after birth and thus
potentially described early biologic clues of BPD during its development and newborn
clinical management.

Prior studies have documented the importance of optimized nutrition on lung de-
velopment in order to achieve normal lung structural morphology [21,22]. Reduced
daily or cumulative calorie intake has been observed to be associated with increased
odds of BPD in preterm infants for decades [23,24]. Postnatal nutritional deficits have
also been recognized as independent predictors of BPD in extremely premature babies
(i.e., GA ≤ 28 weeks) [25]. In addition, increased energy expenditure and elevated metabolic
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demands are often observed in preterm infants who develop BPD [26,27]. The interplay of
increased energy expenditure and reduced caloric intake could result in short and long-
term growth failures/deficits of infants who develop BPD [27,28]. However, GA and birth
weight are important confounders and are the most important factors predicting postnatal
growth faltering. As showed in our study, although reduced calorie intake and lower body
weight were observed for BPD infants in the primary cohort, such postnatal deficits in in-
fants who developed BPD were well adjusted and controlled after matching their GA with
control infants in the sub-cohort. Therefore, considering the complex and multifactorial
pathogenesis of BPD, more evidence is needed to explore whether caloric intake deficit
and growth restriction are drivers of lung injury or more likely symptoms/complications
during the development of BPD.

In this study, 27 distinct intermediates of fatty acid and protein metabolism were
identified that were associated with the development of BPD over the early days of life, after
adjusting for both GA and birth weight. At the first day of life, 0 metabolic differentials were
captured. Subsequently, the number of identified AC and AA differentials progressively
increased to 19 at day 28 of life, suggesting postnatal metabolic reprogramming for amino-
acids, acylcarnitine, and fatty acids occurring progressively in response to clinical care and
disease evolution [12].

The identified abnormal acylcarnitine profiles over the first months of life in our data
imply a critical role of mitochondrial fatty acid β-oxidation in moderating lung injury
and maintaining pulmonary function, where carnitine is a key molecule for infant energy
utilization as it transports long chain fatty acids across the mitochondrial membrane [29].
In our study, levels of carnitine and most short- and median-chain ACs were reduced,
whereas the levels of several long-chain acylcarnitines were increased in preterm newborns
with BPD. This may reflect the dysregulated metabolism of fatty acids with different
chain lengths in BPD. It is possible that the carnitine shuttle is impaired in BPD, making
it unable to transport long-chain fatty acids into mitochondria for β-oxidation, leading
to the accumulation of some long-chain acylcarnitines. In prior studies, acylcarnitine
patterns in fibroblasts were found to be similar between patients with respiratory chain
defects and those with fatty acid β-oxidation disorders [30]. Moreover, several studies have
reported that a lack of carnitine contributes to the pathogenesis of respiratory disorders in
preterm infants like respiratory distress syndrome, which may be further exacerbated by the
excessive consumption of carnitine for surfactant synthesis in lung tissue [31]. Meanwhile,
numerous prior studies have also revealed that the immaturity of lung macrophages and
the involved metabolic reprogramming contributed to the development of BPD, since pro-
inflammatory macrophages tend to utilize aerobic glycolysis to rapidly generate cytokines
and employ mitochondrial respiration to fuel inflammatory responses [32–35]. In addition,
the long-chain AC, C16_OH, was notably higher in BPD infants than controls in both our
result and a previous BPD biomarker study [16]. We speculate that this may be explained
in part by growing evidence that long-chain acyl-CoA dehydrogenase deficiency and a
subsequent increase in long-chain ACs will inhibit the pulmonary surfactant and reduce
lung function [36,37]. However, compared with the control group, not all of the long-chain
ACs in BPD infants showed an increase in our data, thus additional studies are needed to
more precisely identify the accompanying metabolic derangement.

Regarding protein metabolism, it has been previously shown that citrulline and tyro-
sine levels were noted to be significantly lower in infants with pulmonary hypertension
secondary to BPD, while phenylalanine was increased in infants with persistent pulmonary
hypertension [13,17,38]. In this study, these prior findings were replicated. We also found
slightly reduced arginine in infants who developed BPD since day 28 of life, similar to
the findings of other studies that reduced arginine and citrulline were associated with
pulmonary hypertension and BPD [14]. Urea cycle metabolism involving citrulline is
considered a primary biologic link between lung function and metabolism, as the cycle
supplies the strong pulmonary vasodilator and alveolar growth promoter, nitric oxide
(NO). NO is synthesized in pulmonary vascular endothelial cells from the coversion of
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L-arginine to NO and L-citrulline by NO synthase (NOS) [39,40]. Under pathophysiologic
conditions, the excess induction of arginase isozymes could lead to unbalanced competition
for the substrate, limiting the available L-arginine for NO synthesis [41]. Moreover, the
genetic deficiency or decreased activity of urea cycle enzymes (like carbamoyl-phosphate
synthetase, CPS) could also lead to insufficient substrate and downstream intermediates
in the urea cycle, including citrulline. Therefore, as previously suggested, L-citrulline or
L-arginine supplementation may be an effective therapy for the prevention of BPD [42,43].
Prior studies have further suggested that decreased levels of tyrosine may signal increased
oxidative stress in infants developing BPD; accordingly antioxidants can affect newborns’
lung growth and development [17,44]. This can occur as a result of oxidative stress, the over-
production of superoxide leading to higher levels of peroxynitrite, which further reacts with
tyrosine to produce 3-nitrotyrosine [45]. Thus, a high level of 3-nitrotyrosine but low levels
of tyrosine has been recognized as an indicator of oxidative distress and the development of
BPD [46]. In addition, increased phenylalanine level in BPD infants can also be interpreted
as a result of tetrahydrobiopterin (BH4) depletion caused by oxidative stress [17,47,48]. A
lack of BH4 would reduce the activity of phenylalanine hydroxylase (PAH), which converts
phenylalanine to tyrosine, leading to both an increases in phenylalanine and a decrease in
tyrosine [11,49].

A limitation of this study is that metabolic samples and clinical variables were exclu-
sively collected at four time points over the first six weeks of life; thus it is possible that
an element of time-dependent insight and subtle metabolic and clinical alterations may
be attenuated or masked in this study. Second, in addition to the 72 targeted metabolic
intermediates based upon a standard newborn screen at the time of collection in this study,
additional metabolites and nutritional parameters should be captured in future studies to
more deeply evaluate metabolic pathways discussed in this study, such as the urea cycle
and fatty acid β-oxidation for an evaluation of their potential critical roles in the BPD
pathogenesis. Thirdly, in this study, these metabolites are measured in the blood, while it is
still unclear how the changes of these metabolites in the blood could reflect their levels in
the lung. Fourthly, in this study, the metabolic indicators associated with BPD development
were determined from infants with a lower GA (i.e., 27–28 weeks); thus our findings may
only be applicable to extremely premature babies.

In this study, we identified a panel of fatty acid and protein metabolites associated
with newborns who develop BPD. This panel described distinct longitudinal metabolic
differences between infants with and without BPD in the blood from birth to day of life
42, independent from GA and birth weight. Several underlying metabolic pathways
were discussed, implying their potential association with BPD development for extremely
premature infants. However, it is still unclear whether there are similar changes of these
metabolites in tracheal aspirates from infants with BPD. Therefore, we hope that our results
could provide clues for early-life metabolic status in the blood during BPD pathogenesis
and promote metabolic monitoring or investigation in the lung and other relevant tissues
to benefit postnatal nutritional administration for future BPD prevention or management.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/nu14173547/s1. Figure S1: Study design. 351 data points of
97 BPD cases and 407 data points of 108 controls were collected longitudinally to identify metabolic
markers. The gestational ages of these recruited infants ranged from 27 to 28 weeks; Figure S2: The
p-value plot of the initial 72 metabolic variables, representing their difference between infants that
developed BPD and controls at each time point. The dash line (1.96) is the significant level when
using global FDR (0.05) correction for p-value; Figure S3: The calculated pairwise correlation of each
two of the significant metabolites over the 4-time points in each of the two subgroups of BPD cases
and controls; Table S1: Demographics and characteristics of the primary study cohort; Table S2: The
list of 27 significant metabolic variables that were associated with BPD development at at least one
time point, adjusted by birth weight and screened by the global FDR of 0.05, using the 27-28-week
GA sub-cohort; Table S3: The list of 25 distinct metabolites that were extracted from the metabolic
panel of the identified 27 metabolic variables, along with their class and annotations.
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NEC necrotizing enterocolitis
IVH intraventricular hemorrhage
ROP retinopathy of prematurity
GA gestational age

References
1. Martin, J.R.; Fanaroff, A.A.; Walsh, M.C. Fanaroff and Martin’s Neonatal-Perinatal Medicine, 11th ed.; Elsevier: Amsterdam, The

Netherlands, 2019; ISBN 9780323567107.
2. Siffel, C.; Kistler, K.D.; Lewis, J.F.M.; Sarda, S.P. Global incidence of bronchopulmonary dysplasia among extremely preterm

infants: A systematic literature review. J. Matern. Neonatal Med. 2019, 34, 1721–1731. [CrossRef]
3. Hilgendorff, A.; Reiss, I.; Ehrhardt, H.; Eickelberg, O.; Alvira, C.M. Chronic Lung Disease in the Preterm Infant. Lessons Learned

from Animal Models. Am. J. Respir. Cell Mol. Biol. 2014, 50, 233–245. [CrossRef]
4. Davidson, L.M.; Berkelhamer, S.K. Bronchopulmonary Dysplasia: Chronic Lung Disease of Infancy and Long-Term Pulmonary

Outcomes. J. Clin. Med. 2017, 6, 4. [CrossRef]
5. Soriano, J.B.; Kendrick, P.J.; Paulson, K.R.; Gupta, V.; Abrams, E.M.; Adedoyin, R.A.; Adhikari, T.B.; Advani, S.M.; Agrawal, A.;

Ahmadian, E.; et al. Prevalence and attributable health burden of chronic respiratory diseases, 1990–2017: A systematic analysis
for the Global Burden of Disease Study 2017. Lancet Respir. Med. 2020, 8, 585–596. [CrossRef]

6. Strnadová, K.A.; Holub, M.; Mühl, A.; Heinze, G.; Ratschmann, R.; Mascher, H.; Stöckler-Ipsiroglu, S.; Waldhauser, F.; Votava,
F.; Lebl, J.; et al. Long-Term Stability of Amino Acids and Acylcarnitines in Dried Blood Spots. Clin. Chem. 2007, 53, 717–722.
[CrossRef]

7. Fingerhut, R.; Ensenauer, R.; Röschinger, W.; Arnecke, R.; Olgemöller, B.; Roscher, A.A. Stability of Acylcarnitines and Free
Carnitine in Dried Blood Samples: Implications for Retrospective Diagnosis of Inborn Errors of Metabolism and Neonatal
Screening for Carnitine Transporter Deficiency. Anal. Chem. 2009, 81, 3571–3575. [CrossRef]

8. Meyburg, J.; Schulze, A.; Kohlmueller, D.; Pöschl, J.; Linderkamp, O.; Hoffmann, G.F.; Mayatepek, E. Acylcarnitine Profiles of
Preterm Infants Over the First Four Weeks of Life. Pediatr. Res. 2002, 52, 720–723. [CrossRef]

9. Gucciardi, A.; Zaramella, P.; Costa, I.; Pirillo, P.; Nardo, D.; Naturale, M.; Chiandetti, L.; Giordano, G. Analysis and interpretation
of acylcarnitine profiles in dried blood spot and plasma of preterm and full-term newborns. Pediatr. Res. 2014, 77, 36–47.
[CrossRef] [PubMed]

10. Oladipo, O.O.; Weindel, A.L.; Saunders, A.N.; Dietzen, D.J. Impact of premature birth and critical illness on neonatal range of
plasma amino acid concentrations determined by LC-MS/MS. Mol. Genet. Metab. 2011, 104, 476–479. [CrossRef] [PubMed]

http://doi.org/10.1080/14767058.2019.1646240
http://doi.org/10.1165/rcmb.2013-0014TR
http://doi.org/10.3390/jcm6010004
http://doi.org/10.1016/S2213-2600(20)30105-3
http://doi.org/10.1373/clinchem.2006.076679
http://doi.org/10.1021/ac8022235
http://doi.org/10.1203/00006450-200211000-00018
http://doi.org/10.1038/pr.2014.142
http://www.ncbi.nlm.nih.gov/pubmed/25268144
http://doi.org/10.1016/j.ymgme.2011.08.020
http://www.ncbi.nlm.nih.gov/pubmed/21908220


Nutrients 2022, 14, 3547 11 of 12

11. Sinclair, T.J.; Ye, C.; Chen, Y.; Zhang, D.; Li, T.; Ling, X.B.; Cohen, H.J.; Shaw, G.M.; Stevenson, D.K.; Chace, D.; et al. Progressive
Metabolic Dysfunction and Nutritional Variability Precedes Necrotizing Enterocolitis. Nutrients 2020, 12, 1275. [CrossRef]
[PubMed]

12. Piersigilli, F.; Van Grambezen, B.; Hocq, C.; Danhaive, O. Nutrients and Microbiota in Lung Diseases of Prematurity: The
Placenta-Gut-Lung Triangle. Nutrients 2020, 12, 469. [CrossRef] [PubMed]

13. Kaluarachchi, D.C.; Smith, C.J.; Klein, J.M.; Murray, J.C.; Dagle, J.M.; Ryckman, K.K. Polymorphisms in urea cycle enzyme genes
are associated with persistent pulmonary hypertension of the newborn. Pediatr. Res. 2017, 83, 142–147. [CrossRef] [PubMed]

14. Pearson, D.L.; Dawling, S.; Walsh, W.F.; Haines, J.L.; Christman, B.W.; Bazyk, A.; Scott, N.; Summar, M.L. Neonatal Pulmonary
Hypertension. N. Engl. J. Med. 2001, 344, 1832–1838. [CrossRef] [PubMed]

15. Trittmann, J.K.; Peterson, E.; Rogers, L.K.; Chen, B.; Backes, C.H.; Klebanoff, M.A.; Nelin, L.D. Plasma Asymmetric Dimethylargi-
nine Levels Are Increased in Neonates with Bronchopulmonary Dysplasia-Associated Pulmonary Hypertension. J. Pediatr. 2014,
166, 230–233. [CrossRef] [PubMed]

16. Piersigilli, F.; Lam, T.T.; Vernocchi, P.; Quagliariello, A.; Putignani, L.; Aghai, Z.H.; Bhandari, V. Identification of new biomarkers
of bronchopulmonary dysplasia using metabolomics. Metabolomics 2019, 15, 20. [CrossRef] [PubMed]

17. Steurer, M.A.; Oltman, S.; Baer, R.J.; Feuer, S.; Liang, L.; Paynter, R.A.; Rand, L.; Ryckman, K.K.; Keller, R.L.; Jelliffe-Pawlowski,
L.L. Altered metabolites in newborns with persistent pulmonary hypertension. Pediatr. Res. 2018, 84, 272–278. [CrossRef]

18. Black, S.M.; Field-Ridley, A.; Sharma, S.; Kumar, S.; Keller, R.L.; Kameny, R.; Maltepe, E.; Datar, S.A.; Fineman, J.R. Altered
Carnitine Homeostasis in Children With Increased Pulmonary Blood Flow Due to Ventricular Septal Defects. Pediatr. Crit. Care
Med. 2017, 18, 931–934. [CrossRef]

19. Sylvester, K.G.; Kastenberg, Z.J.; Moss, R.L.; Enns, G.M.; Cowan, T.M.; Shaw, G.M.; Stevenson, D.K.; Sinclair, T.J.; Scharfe, C.;
Ryckman, K.K.; et al. Acylcarnitine Profiles Reflect Metabolic Vulnerability for Necrotizing Enterocolitis in Newborns Born
Premature. J. Pediatr. 2016, 181, 80–85. [CrossRef]

20. Clark, R.H.; Kelleher, A.S.; Chace, D.H.; Spitzer, A.R. Gestational Age and Age at Sampling Influence Metabolic Profiles in
Premature Infants. Pediatrics 2014, 134, e37–e46. [CrossRef]

21. Jobe, A.H. Let’s feed the preterm lung. J. Pediatr. 2006, 82, 165–166. [CrossRef]
22. Coalson, J.J. Pathology of Bronchopulmonary Dysplasia. Semin. Perinatol. 2006, 30, 179–184. [CrossRef] [PubMed]
23. Wemhöner, A.; Ortner, D.; Tschirch, E.; Strasak, A.; Rüdiger, M. Nutrition of preterm infants in relation to bronchopulmonary

dysplasia. BMC Pulm. Med. 2011, 11, 7. [CrossRef] [PubMed]
24. Ding, L.; Wang, H.; Geng, H.; Cui, N.; Huang, F.; Zhu, X.; Zhu, X. Prediction of Bronchopulmonary Dysplasia in Preterm Infants

Using Postnatal Risk Factors. Front. Pediatr. 2020, 8, 349. [CrossRef] [PubMed]
25. Malikiwi, A.I.; Lee, Y.-M.; Davies-Tuck, M.; Wong, F.Y. Postnatal nutritional deficit is an independent predictor of bronchopul-

monary dysplasia among extremely premature infants born at or less than 28 weeks gestation. Early Hum. Dev. 2019, 131, 29–35.
[CrossRef] [PubMed]

26. Denne, S.C. Energy expenditure in infants with pulmonary insufficiency: Is there evidence for increased energy needs? J. Nutr.
2001, 131, 935S–937S. [CrossRef]

27. Kurzner, S.I.; Garg, M.; Bautista, D.B.; Sargent, C.W.; Bowman, M.; Keens, T.G. Growth failure in bronchopulmonary dysplasia:
Elevated metabolic rates and pulmonary mechanics. J. Pediatr. 1988, 112, 73–80. [CrossRef]

28. Embleton, N.E.; Pang, N.; Cooke, R.J.; Golden, N.H.; Seigel, W.M.; Fisher, M.; Schneider, M.; Quijano, E.; Suss, A.; Bergeson, R.;
et al. Postnatal Malnutrition and Growth Retardation: An Inevitable Consequence of Current Recommendations in Preterm
Infants? Pediatrics 2001, 107, 270–273. [CrossRef]

29. Scaglia, F.; Longo, N. Primary and secondary alterations of neonatal carnitine metabolism. Semin. Perinatol. 1999, 23, 152–161.
[CrossRef]

30. Sim, K.G.; Carpenter, K.; Hammond, J.; Christodoulou, J.; Wilcken, B. Acylcarnitine profiles in fibroblasts from patients with
respiratory chain defects can resemble those from patients with mitochondrial fatty acid [beta ]-oxidation disorders. Metabolism
2002, 51, 366–371. [CrossRef]

31. Korkmaz, A.; Tekinalp, G.; Coskun, T.; Yigit, S.; Yurdakok, M. Plasma carnitine levels in preterm infants with respiratory distress
syndrome. Pediatr. Int. 2005, 47, 49–52. [CrossRef]

32. Ogger, P.P.; Byrne, A.J. Macrophage metabolic reprogramming during chronic lung disease. Mucosal Immunol. 2020, 14, 282–295.
[CrossRef] [PubMed]

33. Zhao, H.; Dennery, P.A.; Yao, H. Metabolic reprogramming in the pathogenesis of chronic lung diseases, including BPD, COPD,
and pulmonary fibrosis. Am. J. Physiol. Cell. Mol. Physiol. 2018, 314, L544–L554. [CrossRef]

34. Sahoo, D.; Zaramela, L.S.; Hernandez, G.E.; Mai, U.; Taheri, S.; Dang, D.; Stouch, A.N.; Medal, R.M.; McCoy, A.M.; Aschner, J.L.;
et al. Transcriptional profiling of lung macrophages identifies a predictive signature for inflammatory lung disease in preterm
infants. Commun. Biol. 2020, 3, 259. [CrossRef]

35. Arora, S.; Dev, K.; Agarwal, B.; Das, P.; Syed, M.A. Macrophages: Their role, activation and polarization in pulmonary diseases.
Immunobiology 2017, 223, 383–396. [CrossRef] [PubMed]

36. Goetzman, E.S.; Alcorn, J.F.; Bharathi, S.S.; Uppala, R.; McHugh, K.J.; Kosmider, B.; Chen, R.; Zuo, Y.Y.; Beck, M.E.; McKinney,
R.W.; et al. Long-chain Acyl-CoA Dehydrogenase Deficiency as a Cause of Pulmonary Surfactant Dysfunction. J. Biol. Chem. 2014,
289, 10668–10679. [CrossRef] [PubMed]

http://doi.org/10.3390/nu12051275
http://www.ncbi.nlm.nih.gov/pubmed/32365850
http://doi.org/10.3390/nu12020469
http://www.ncbi.nlm.nih.gov/pubmed/32069822
http://doi.org/10.1038/pr.2017.143
http://www.ncbi.nlm.nih.gov/pubmed/28609431
http://doi.org/10.1056/NEJM200106143442404
http://www.ncbi.nlm.nih.gov/pubmed/11407344
http://doi.org/10.1016/j.jpeds.2014.09.004
http://www.ncbi.nlm.nih.gov/pubmed/25311706
http://doi.org/10.1007/s11306-019-1482-9
http://www.ncbi.nlm.nih.gov/pubmed/30830433
http://doi.org/10.1038/s41390-018-0023-y
http://doi.org/10.1097/PCC.0000000000001275
http://doi.org/10.1016/j.jpeds.2016.10.019
http://doi.org/10.1542/peds.2014-0329
http://doi.org/10.2223/JPED.1481
http://doi.org/10.1053/j.semperi.2006.05.004
http://www.ncbi.nlm.nih.gov/pubmed/16860157
http://doi.org/10.1186/1471-2466-11-7
http://www.ncbi.nlm.nih.gov/pubmed/21291563
http://doi.org/10.3389/fped.2020.00349
http://www.ncbi.nlm.nih.gov/pubmed/32676490
http://doi.org/10.1016/j.earlhumdev.2019.02.005
http://www.ncbi.nlm.nih.gov/pubmed/30825742
http://doi.org/10.1093/jn/131.3.935S
http://doi.org/10.1016/S0022-3476(88)80126-4
http://doi.org/10.1542/peds.107.2.270
http://doi.org/10.1016/S0146-0005(99)80047-0
http://doi.org/10.1053/meta.2002.30521
http://doi.org/10.1111/j.1442-200x.2005.01998.x
http://doi.org/10.1038/s41385-020-00356-5
http://www.ncbi.nlm.nih.gov/pubmed/33184475
http://doi.org/10.1152/ajplung.00521.2017
http://doi.org/10.1038/s42003-020-0985-2
http://doi.org/10.1016/j.imbio.2017.11.001
http://www.ncbi.nlm.nih.gov/pubmed/29146235
http://doi.org/10.1074/jbc.M113.540260
http://www.ncbi.nlm.nih.gov/pubmed/24591516


Nutrients 2022, 14, 3547 12 of 12

37. Otsubo, C.; Bharathi, S.; Uppala, R.; Ilkayeva, O.R.; Wang, D.; McHugh, K.; Zou, Y.; Wang, J.; Alcorn, J.F.; Zuo, Y.Y.; et al.
Long-chain Acylcarnitines Reduce Lung Function by Inhibiting Pulmonary Surfactant. J. Biol. Chem. 2015, 290, 23897–23904.
[CrossRef]

38. Montgomery, A.M.; Bazzy-Asaad, A.; Asnes, J.D.; Bizzarro, M.J.; Ehrenkranz, R.A.; Weismann, C.G. Biochemical Screening for
Pulmonary Hypertension in Preterm Infants with Bronchopulmonary Dysplasia. Neonatology 2016, 109, 190–194. [CrossRef]

39. Klinger, J.R.; Kadowitz, P.J. The Nitric Oxide Pathway in Pulmonary Vascular Disease. Am. J. Cardiol. 2017, 120, S71–S79.
[CrossRef]

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

41. Scott, J.A.; Maarsingh, H.; Holguin, F.; Grasemann, H. Arginine Therapy for Lung Diseases. Front. Pharmacol. 2021, 12, 627503.
[CrossRef]

42. Geary, C.; Caskey, M.; Fonseca, R.; Malloy, M. Decreased Incidence of Bronchopulmonary Dysplasia After Early Management
Changes, Including Surfactant and Nasal Continuous Positive Airway Pressure Treatment at Delivery, Lowered Oxygen Saturation
Goals, and Early Amino Acid Administration: A Historical Cohort Study. Pediatrics 2008, 121, 89–96. [CrossRef] [PubMed]

43. Vadivel, A.; Aschner, J.L.; Rey-Parra, G.J.; Magarik, J.; Zeng, H.; Summar, M.; Eaton, F.; Thébaud, B. L-Citrulline Attenuates
Arrested Alveolar Growth and Pulmonary Hypertension in Oxygen-Induced Lung Injury in Newborn Rats. Pediatr. Res. 2010, 68,
519–525. [CrossRef] [PubMed]

44. Saugstad, O.D. Bronchopulmonary dysplasia and oxidative stress: Are we closer to an understanding of the pathogenesis of
BPD? Acta Paediatr. 1997, 86, 1277–1282. [CrossRef]

45. Ischiropoulos, H.; Zhu, L.; Chen, J.; Tsai, M.; Martin, J.C.; Smith, C.D.; Beckman, J.S. Peroxynitrite-mediated tyrosine nitration
catalyzed by superoxide dismutase. Arch. Biochem. Biophys. 1992, 298, 431–437. [CrossRef]

46. Banks, B.A.; Ischiropoulos, H.; McClelland, M.; Ballard, P.L.; Ballard, R.A. Plasma 3-Nitrotyrosine Is Elevated in Premature Infants
Who Develop Bronchopulmonary Dysplasia. Pediatrics 1998, 101, 870–874. [CrossRef]

47. Tejero, J.; Stuehr, D. Tetrahydrobiopterin in nitric oxide synthase. IUBMB Life 2013, 65, 358–365. [CrossRef]
48. Khoo, J.P.; Zhao, L.; Alp, N.J.; Bendall, J.K.; Nicoli, T.; Rockett, K.; Wilkins, M.R.; Channon, K.M. Pivotal Role for Endothelial

Tetrahydrobiopterin in Pulmonary Hypertension. Circulation 2005, 111, 2126–2133. [CrossRef]
49. Thöny, B.; Auerbach, G.; Blau, N. Tetrahydrobiopterin biosynthesis, regeneration and functions. Biochem. J. 2000, 347, 1–16.

[CrossRef]

http://doi.org/10.1074/jbc.M115.655837
http://doi.org/10.1159/000442043
http://doi.org/10.1016/j.amjcard.2017.06.012
http://doi.org/10.1038/s41572-019-0127-7
http://doi.org/10.3389/fphar.2021.627503
http://doi.org/10.1542/peds.2007-0225
http://www.ncbi.nlm.nih.gov/pubmed/18166561
http://doi.org/10.1203/PDR.0b013e3181f90278
http://www.ncbi.nlm.nih.gov/pubmed/20805789
http://doi.org/10.1111/j.1651-2227.1997.tb14897.x
http://doi.org/10.1016/0003-9861(92)90431-U
http://doi.org/10.1542/peds.101.5.870
http://doi.org/10.1002/iub.1136
http://doi.org/10.1161/01.CIR.0000162470.26840.89
http://doi.org/10.1042/bj3470001

	Introduction 
	Methods 
	Study Cohort 
	Statistical Analysis 

	Results 
	Discussion 
	References

