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Analysis of blood metabolite
characteristics at birth in preterm
infants with bronchopulmonary
dysplasia: an observational
cohort study

Yanping Guo, Jingjing Chen, Zhen Zhang, Chang Liu, Jiamin Li
and Ying Liu*

Department of Pediatrics, Peking University Shenzhen Hospital, Shenzhen, China

Background: To analyze the characteristics of blood metabolites within 24 h
after birth in preterm infants with bronchopulmonary dysplasia (BPD) and to
identify biomarkers for predicting the occurrence of BPD.

Methods: Dried blood spots (DBS) were collected at birth from preterm infants
with gestational age (GA) of less than 32 weeks in the cohort. The infants were
divided into the BPD group and non-BPD group based on whether they
eventually developed BPD. Dried blood spot filter papers were prepared from
venous blood collected within the first 24 h of life. Metabolites were measured
using liquid chromatography-tandem mass spectrometry (LC-MS/MS) and
analyzed using the R software package.

Results: DBS samples from 140 infants with the GA < 32 weeks were used in the
study, with 4 infants who died being excluded. Among the remaining 136
preterm infants, 38 developed BPD and 98 did not. To control for GA
differences, we conducted a subgroup analysis. In the GA 2474-27%6 weeks
subgroup, we observed a significant decrease in histidine levels and the
ornithine/citrulline ratio in the BPD group. Additionally, the ratios of
acylcarnitines C3/C0 and C5/C0 were also significantly reduced.

Conclusions: Metabolic markers in DBS within 24 h after birth are promising for
predicting the occurrence of BPD in preterm infants with GA < 28 weeks.
Clinical Trial Registration: [https://www.chictr.org.cn/], identifier
[ChiCTR2100048293, ChiCTR2400081615].
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1 Introduction

Bronchopulmonary dysplasia (BPD) is a common chronic lung disease among
premature infants. The survival rate of extremely preterm infants has significantly
improved with advances in medical care, rising from 56.4% in 2010 to 67.1% in 2019
(1). However, the incidence of BPD has not noticeably decreased and remains high
(2, 3). BPD not only prolongs hospital stays and increases medical costs for preterm
infants but also results in adverse short- and long-term respiratory and neurological
outcomes, and can even lead to death (4-8). Due to the diverse clinical symptoms of
BPD and its susceptibility to various factors, there is currently a lack of objective

01 frontiersin.org


http://crossmark.crossref.org/dialog/?doi=10.3389/fped.2024.1474381&domain=pdf&date_stamp=2020-03-12
mailto:13902992158@139.com
https://doi.org/10.3389/fped.2024.1474381
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/articles/10.3389/fped.2024.1474381/full
https://www.frontiersin.org/articles/10.3389/fped.2024.1474381/full
https://www.frontiersin.org/articles/10.3389/fped.2024.1474381/full
https://www.frontiersin.org/articles/10.3389/fped.2024.1474381/full
https://www.frontiersin.org/articles/10.3389/fped.2024.1474381/full
https://www.chictr.org.cn/
https://www.frontiersin.org/journals/pediatrics
https://doi.org/10.3389/fped.2024.1474381
https://www.frontiersin.org/journals/pediatrics
https://www.frontiersin.org/

Guo et al.

criteria for accurately predicting its mortality and morbidity rates
(9-12). Therefore, early prediction of BPD in high-risk preterm
infants remains a key focus and challenge in current research.

Research also suggests that metabolic reprogramming emerges
as a significant characteristic at the onset of BPD, primarily
characterized by abnormalities in glucose, lipid, amino acid, and
other metabolic pathways (13). Thus, utilizing metabolomic
techniques to identify biomarkers in early-life biological samples
from preterm infants (such as umbilical cord blood, urine, tracheal
aspirates, or blood) may rapidly detect potential metabolic
disturbances and identify unique metabolites for early prediction of
BPD (14-16). Early identification of newborns at risk of developing
BPD, coupled with timely targeted interventions, can assist in
preventing and reducing the severity of the condition.

Metabolomics entails a comprehensive and systematic analysis
of a variety of small molecule metabolites through high-throughput
techniques. It reveals the distinctive metabolic characteristics of
organisms, thus providing a method to discern physiological or
pathological states (17). Currently, metabolomics is widely
utilized in the field of neonatology, helping in the early
identification and diagnosis of various diseases (18, 19). An
increasing number of researchers are exploring the metabolomics
of BPD. We conducted a systematic evaluation of differential
metabolites between BPD and non-BPD preterm infants,
highlighting the current absence of consistent metabolic markers
for early BPD prediction. Therefore, we collected dried blood
spots (DBS) from preterm infants with GA <32 weeks within
24 h after birth. Using liquid chromatography-tandem mass
spectrometry (LC-MS/MS), we performed targeted measurements
of metabolites with the aim of identifying differential metabolites
in preterm infants with BPD and uncovering circulating
biomarkers for the early prediction of BPD.

2 Materials and methods
2.1 Study design and data collection

Data collection comes from a single-center prospective
observational cohort study, “Cohort Study on the Impact of Vitamin
D Deficiency on Bronchopulmonary Dysplasia in Preterm Infants,”
registered at https://www.chictr.org.cn/(ChiCTR2100048293), and a
multicenter prospective open observational cohort study, “Online
A Multicenter,
Prospective, Open, Observational Cohort Study,” registered at https://
www.chictr.org.cn/(ChiCTR2400081615). From December 2019 to
December 2023, preterm infants with GA <32 weeks, born and
admitted to the Neonatal Intensive Care Unit (NICU) at our

hospital, with a NICU comprising 18 beds, were included in the

Registration of Bronchopulmonary Dysplasia:

study. The exclusion criteria were: (1) Congenital lung malformations
and diaphragmatic hernia; (2) Severe congenital heart disease
(excluding small ventricular septal defects, atrial septal defects, or
patent ductus arteriosus); (3) Chromosomal abnormalities and
genetic metabolic disorders; (4) Hospitalization for less than 28 days;
and (5) Incomplete data. All patients had detailed records of their
birth conditions, maternal pregnancy history, and treatments. Within
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24 h of birth, prior to the initiation of parenteral nutrition, three
drops of venous blood were collected to create dried blood spot filter
papers. These papers were analyzed for targeted metabolite
measurement using LC-MS/MS, including 13 amino acids, 31
acylcarnitines, and their ratios, totaling 86 analytes. BPD is diagnosed
based on the 2018 criteria of the National Institute of Child Health
and Human Development (NICHD) (20). Patients are divided into
BPD and non-BPD groups to compare differences in metabolites
between the two groups. This study was approved by the Ethics
Committee of our hospital, and informed consent was obtained from
the guardians of the subjects [PKU Shenzhen Hospital Ethics
Approval (Research) (2019) No. 019 and (2024) No. 005].

2.2 Collection of dried blood spot
specimens

During routine blood sampling shortly after birth, three drops of
venous blood were collected and placed onto the blood circles of a
collection card, ensuring that the patient’s information matched that
on the informed consent form. The blood drops were allowed to
naturally permeate through to the back of the filter paper. Once one
blood circle was fully saturated, the next drop was placed on the next
circle, with a total of three blood spots collected. Care was taken to
avoid using too little or too much blood, collecting blood on both
sides of the paper simultaneously, or reapplying blood to the same
spot. The collection cards with blood samples were placed in a clean,
ventilated basket or drawer, away from direct sunlight, ultraviolet
light, heat, and volatile chemicals. The spots were allowed to air-dry
naturally to a deep brown color, ensuring they were completely dry
before stacking to avoid contamination. Once fully dried, each
collection card was inspected and sealed individually in a biosafety
bag, with care taken not to touch the blood spots during handling.
The sealed samples were then stored in a refrigerator at 2-8°C.

2.3 Sample processing and analysis

Sample processing and analysis were conducted at Shenzhen
Aone Medical Laboratory Co, Ltd. Four 3 mm holes were punched
in the blood filter paper and placed in a 96-well filter plate. A total
of 100 ul of methanol with amino acid and acylcarnitine isotope
internal standards were added and allowed to sit for 20 min. The
mixture was then centrifuged into a new polypropylene plate and
dried at 50°C. After that, 60 pl of 3 mol/L hydrochloric acid in n-
butanol were added, covered with a PTFE membrane, and
incubated at 65°C for 15 min. The mixture was dried again at
50°C, and the residues were dissolved in 100 ul of 80% acetonitrile,
then covered with aluminum foil. The mobile phase was set to
80% acetonitrile and established for Mass Spectrometry analysis,
with flow rates adjusted to 140 ul/min for 0.2 min, 30 ul/min for
1 min, and 300 pl/min for 0.2 min. The autosampler injected 20 pl
per sample. Detection was performed using multiple reaction
monitoring and neutral loss scanning from 140 to 280 m/z (neutral
loss fragment m/z of 102), with each sample analyzed for about
2 min (API 3200 mass spectrometer produced by AB Sciex).
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2.4 Statistical analysis

Statistical analysis and graphing were performed using SPSS
v. 23.0 (SPSS Inc., Chicago, Illinois) and R (version 4.2.3) (https://
www.rstudio.com/), with a significance level set at |log2(FC)| > 0.38
(JFC| > 1.3) and P<0.05. For normally distributed data, results are
presented as mean * standard deviation; comparisons between two
groups were made using the t-test and Chi-square test. For non-
normally distributed data, results are presented as median (M) with
interquartile range (Ql, Q3); comparisons between two groups
were made using the Mann-Whitney U test and the chi-square test.

The concentrations of amino acids (AAs) and carnitines
(umol/L) obtained from LC-MS/MS analysis were preprocessed
and standardized. Missing data in the dataset were filtered and
imputed using the mean value of the respective variables.
Metabolite quantities were logl0 transformed and visually
inspected for normality. Metabolites with mean and median peak
intensities below the mass spectrometer’s limit of detection were
removed from further analysis to ensure robust statistical
comparisons between clinical groups. Fold changes between
groups were calculated and log2 transformed (log2FC) for
visualization. Cluster analysis and heatmap visualization were
conducted using the pheatmap package in R (21). Principal
component analysis (PCA) was performed using the stats
package, and partial least squares discriminant analysis (PLS-DA)
was carried out using the mixOmics package (22). In the PLS-DA

10.3389/fped.2024.1474381

model, metabolites with a variable importance in projection (VIP)
score >1 were deemed significant, with p<0.05 in univariate
analysis. Based on VIP score, p-value, adjusted p-value (bonferroni-
hochberg adjusted p-value), and 10og2FC, we selected variables with
VIP>1, adjusted p-value<0.05, and
candidate biomarkers. A volcano plot was generated using the

significant log2FC  as

EnhancedVolcano package (23). Metabolic biomarkers with the
best sensitivity and specificity for assessing BPD risk were selected
through receiver operating characteristic (ROC) analysis. The ROC
curve plots sensitivity against 1-specificity for each possible cutoff
value, and the AUC quantifies the overall diagnostic accuracy. An
AUC value of 0.5 indicates no predictive ability, while values closer
to 1 represent better discrimination.

3 Results

3.1 Basic clinical characteristics of the
enrolled preterm infants

DBS samples from 140 infants were used in the study. Four
neonates who died before 28 days were excluded because they
did not survive long enough to meet the diagnostic criteria for
BPD at 36 weeks postmenstrual age. Among the remaining 136
neonates, 38 developed BPD, and 98 did not (see Figure 1).
Infants with BPD had significantly lower gestational ages and

GA<32 weeks
n=140
» died before 28 days n=4
Analysis cohort
n=136
BPD Non-BPD
n=38 n=98
GA<28 weeks GA>28 weeks GA<28 weeks GA>28 weeks
n=26 n=12 n=6 n=92
Group 1 Group 2
n=32 n=104
FIGURE 1
Flow chart for the population under study.
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birth weights (P <0.05), as well as a higher incidence of small for
gestational age (SGA) and longer Length of hospital stay (LOS)
(P<0.05), as shown in Table 1. To control for the significant
differences in GA and developmental variations, we conducted a
subgroup analysis. Since the minimum gestational age in the
study population was 24™* weeks, we divided the data into two
groups: 24-27% weeks (Group 1) and 28-31"® weeks (Group 2).
From Table 1, it is evident that there were no significant
differences in GA, Birth Weight (BW), SGA and LOS between
the BPD and non-BPD groups in Group 1. However, in Group
2, infants with BPD showed significantly lower GA and birth
weights (P <0.05). Heatmaps, PCA, and PLS-DA were conducted
for metabolites within each group. By constructing and validating
a predictive classification model, we explored the relationship
between BPD and patterns of circulating biomarkers.

3.2 Metabolic differences between infants
with BPD and non-BPD

To identify differential metabolites between the BPD and non-
BPD groups, we used R packages to perform sequential analyses
including heatmap, PCA, PLS-DA, and volcano plot analysis on
the metabolites in each group. The heatmap reveals a consistent
distribution of metabolites across both the BPD and non-BPD
groups (see Supplementary Figure S1). Based on the component
analysis of the PCA plot, no significant discernible differences
were found between the BPD group and non-BPD group. (see
Supplementary Figure S2). PLS-DA analysis of all metabolites
revealed that the differences between BPD and No BPD in

TABLE 1 Demographic characteristics of the neonates.

10.3389/fped.2024.1474381

Group 1 were significantly larger than those in the other two
groups (see Supplementary Figure S3). The BER plot generated
from the PLS-DA results indicated that a low BER was achieved
using 2 components with the “mahalanobis.dist” algorithm.
However, due to the smaller sample size, we opted for the
superior “max.dist” algorithm (see Supplementary Figure S4).
Simultaneously, based on VIP scores ranking the top 16
metabolites on the x-axis, we arranged the most discriminative
metabolites in descending order of coefficient scores (see
Table 2). Based on the volcano plot of 32 preterm infants
with gestational ages between 24 and 27'® weeks, we identified
17  differential
Propionylcarnitine(C3), Hydroxyoctadecanoylcarnitine(C18-OH)/
C3, Histidine,
Tyrosine, Valine, Ornithine/Citrulline, C3, Octadecenoylcarnitine
(C18:1), Hydroxyoctadecenoylcarnitine (C18:1-OH), C3/Carnitine
(C0), C3/Acetylcarnitine (C2), Valerylcarnitine (C5)/C0, C5/C2,
and Hexadecanoylcarnitine (C16)/C2 (see Figure 2). Among
these, only Ornithine/Citrulline, C3/C0, Histidine, and C5/C0
met the criteria (see Table 2), showing upregulation in the non-
BPD group and downregulation in the BPD group (P <0.05).

metabolites: Tetradecanoylcarnitine(C14)/

Leucine/Isoleucine, Phenylalanine, Proline,

3.3 The value of metabolic biomarkers in
predicting BPD

Through ROC curve analysis, the performance of the three
metabolic markers in predicting BPD was generally moderate,
with all the area under the curve (AUC) values greater than 0.5.
Histidine had the highest AUC value at 0.65, indicating a

Variable All neonates recruited Neonates with BPD | Neonates without BPD | t/Z/x%> | P-value
Neonates, N (%) 136 38 (27.94) 98 (72.06)

Maternal age(years) 31.93+4.63 32.21+4.75 31.83 +4.60 —0.43 0.67
IVF baby, N (%) 48 (35.29) 12 (31.58) 36 (36.73) 0.32 0.57
ACU, N (%) 125 (91.91) 33 (86.84) 92 (93.88) 1.82 0.18
Chorioamnionitis, N (%) 53 (38.97) 19 (50.00) 34 (34.69) 2.70 0.10
GH, N (%) 29 (21.32) 12 (31.58) 17 (17.35) 331 0.07
GDM, N (%) 38 (27.94) 11 (28.95) 27 (27.55) 0.03 0.87
GA (weeks) 29.78 (28.11, 30.89) 27.07 (26.14, 28.14) 30.43 (29.29, 31.25) -7.71 0.00
BW (grams) 1,220.74 + 380.37 824.21 +158.81 1,374.49 + 325.98 13.16 0.00
SGA, N (%) 11 (8.09) 6 (15.79) 5 (5.10) 421 0.04
LOS (days) 49.50 (36.75, 70.00) 76.50 (69.25, 92.5) 40.50 (34.00, 50.75) -8.16 0.00
Variable Subgroups Neonates with BPD = Neonates without BPD = t/Z/y°  P-value
Neonates, N (%) Neonates with GA 24-27"° weeks (32) 26 (81.25) 6 (18.75)

GA (weeks) 26.50 (25.57, 27.43) 26.43 (25.39, 27.21) 27.57 (26.43, 27.75) -1.87 0.62
BW (grams) 796.25 + 142.46 773.46 + 133.54 895.00 + 149.23 -1.97 0.58
SGA, N (%) 3(9.38) 2 (7.69) 1 (16.67) 0.45 0.49
LOS (days) 83.59 +19.09 86.73 +18.79 70.00 + 14.87 -2.03 0.051
Neonates, N (%) Neonates with GA 28-31"° weeks (104) 12 (11.54) 92 (88.46)

GA (weeks) 30.42 (29.29,31.14) 28.71 (28.18,29.21) 30.50 (29.61,31.29) 398 0.00
BW (grams) 1,351.35+332.14 934.17 + 158.20 1,405.76 + 309.67 —5.17 0.00
SGA, N (%) 8 (7.69) 4 (33.33) 4 (43.48) 8.81 0.00
LOS (days) 41.00 (34.75, 52.00) 71.50 (63.00,77.50) 40.00(32.75, 50.00) —5.10 0.00

Note: BPD, bronchopulmonary dysplasia; N, number; IVF, in vitro fertilization; ACU, antenatal corticosteroid use; GH, gestational hypertension; GDM, gestational diabetes mellitus; GA,
gestational age; BW, birth weight; SGA, small for gestational age; LOS, length of hospital stay.
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TABLE 2 Analysis of Key indicators for 16 differential metabolites in 32
preterm infants (GA of 24-27"° weeks).

Metabolite = VIP | P-value @ Adj. P-value @ FC | log2FC

Orn/Cit 1.88 0.000 0.005* 0.51 —0.98
Leu/Ile 1.74 0.031 0.184 0.61 —0.71
C5/CO 1.74 0.002 0.045* 0.42 —1.25
Val 1.65 0.006 0.074 0.69 —0.53
C3/C2 1.62 0.016 0.160 0.51 —0.98
Tyr 1.60 0.004 0.061 0.53 —0.93
Phe 1.58 0.024 0.160 0.64 —0.65
C3/Co 1.47 0.000 0.012* 0.31 —1.68
C3 137 0.004 0.061 0.54 —0.90
His 132 0.001 0.030* 0.36 —1.49
Pro 121 0.019 0.160 0.72 —0.47
C18-OH 1.20 0.348 0.674 1.18 0.24
C18:1-OH 113 0.024 0.160 0.75 —0.42
C14/C3 1.11 0.032 0.184 1.52 0.60
C18:1 1.08 0.022 0.160 0.65 —0.62
C5/C2 0.96 0.023 0.160 0.45 —1.16

Note: VIP, variable importance in projection; Adj. P-Value*, Bonferroni-Hochberg adjusted
P-value; FC, fold change; Orn, ornithine; Cit, citrulline; Leu, leucine; Ile, isoleucine; C5,
valerylcarnitine; CO, carnitine; Val, valine; C3, propionylcarnitine; C2, acetylcarnitine; Tyr,
tyrosine;  Phe,  phenylalanine;  His,  histidine; proline; ~ C18-OH,
hydroxyoctadecanoylcarnitine; C18:1-OH, hydroxyoctadecenoylcarnitine; Cl4,
tetradecanoylcarnitine; C18:1, octadecenoylcarnitine.

Pro,

10.3389/fped.2024.1474381

potential predictive ability for the occurrence of BPD, as shown in
Figure 3; Table 3.

4 Discussion

This study is a single-center observational cohort study that
enrolled premature infants with GA <32 weeks. BPD in preterm
infants was diagnosed according to the 2018 NICHD criteria
(20). The study found the incidence rate of BPD to be 27.94%,
which is consistent with results from current large-scale
multicenter studies (24). This study found that infants with BPD
have significantly lower GA and BW (P <0.05) (see Table 1). To
control for the significant differences in GA, subgroup analysis of
the data was performed. In Group 1, there were no significant
differences in GA, BW, SGA and LOS between the BPD and
Non-BPD groups (P> 0.05) (see Table 1).

This study builds on our previous research, utilizing the
simplicity and ease of storage of DBS. We collected venous blood
DBS within 24 h of birth and used LC-MS/MS to analyze 86
metabolites. The results reveal significant metabolic differences in
amino acids and carnitines between infants with BPD and those

005 without. Specifically, histidine (log2FC = —1.49, adj. p-value = 0.030)
1 1
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FIGURE 2
Volcano plot of metabolites in 32 preterm infants (GA of 24-27*° weeks). The size of the solid circles represents the VIP (Variable Importance in
Projection) value; the larger the VIP value, the larger the point, indicating a greater contribution of the metabolite to the model. Red points on the
right indicate metabolites that are upregulated in the BPD group, while blue points on the left indicate metabolites that are downregulated in the
BPD group. Gray points represent metabolites with no significant change.
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FIGURE 3
Receiver operating characteristic curves of individual metabolic biomarkers for predicting BPD.
and ornithine/citrulline (log2FC = —0.98, adj. p-value = 0.005) among  and repair. Additionally, histidine exhibits significant anti-

the amino acids, and C3/C0 (log2FC = —1.68, adj. p-value =0.012)
and C5/CO0 (log2FC=-1.25, adj. p-value=0.045) among the
acylcarnitines, were significantly lower in infants with BPD.
Metabolic homeostasis influences various cellular bioenergetic
processes, including cell proliferation, differentiation, autophagy,
and apoptosis, all critical in the pathogenesis of chronic lung
diseases such as BPD (13, 25, 26). Research indicates that infants
with BPD exhibit metabolic abnormalities, which have been
further associated with mitochondrial respiratory dysfunction
(27-29). This study identified a significant reduction in the levels
of histidine and the ornithine/citrulline ratio in the blood of BPD
infants. These findings corroborate previous research. Course
et al. (30) similarly observed decreased histidine and ornithine
concentrations in exhaled condensates from BPD patients.
Histidine, as an essential amino acid, is a fundamental building
block for protein synthesis and plays a vital role in cellular growth

TABLE 3 Concentrations of four differential metabolites (umol/L) and their

inflammatory effects by inhibiting the activation of nucleotide-
binding oligomerization domain-like receptor (NLR) family pyrin
domain-containing 3 (NLRP3) inflammasomes, thereby mitigating
lung inflammation (31). Lung inflammation and oxidative stress
are two primary pathological mechanisms in the occurrence and
development of BPD. Histidine effectively enhances the antioxidant
capacity of the glutathione system by reducing levels of hydrogen
peroxide and malondialdehyde, increasing antioxidant enzyme
activity, and elevating levels of glutamate and cysteine to promote
endogenous glutathione synthesis (32, 33). Currently, there are no
studies investigating the impact of histidine supplementation on
BPD in premature infants. In our study, we observed lower
histidine levels in the blood of BPD premature infants born <28
weeks within 24 h of birth. This may be attributed to increased
histidine consumption in extremely low gestational age newborns
during the early catabolic stress phase of life.

early predictive value for bronchopulmonary dysplasia.

Metabolites BPD(N = 26) No BPD(N = 6) 95% ClI
His 13.74 (11.5,40.4) 19.80 (13.98,76.76) 0.65 025 0.43-0.88
Orn/Cit 3.82 (2.41,5.57) 412 (2.78,6.72) 0.57 0.60 0.33-0.81
C3/Co 0.048 (0.019,0.064) 0.052 (0.029,0.065) 0.55 0.70 0.34-0.77
C5/CO 0.005 (0.004,0.008) 0.006 (0.004,0.007) 0.46 0.74 0.25-0.67

Note: BPD, bronchopulmonary dysplasia; N, number; AUC, area under the curve; CI, credibility interval; His, histidine; Orn, ornithine; Cit, citrulline; C3, propionylcarnitine; C5,

valerylcarnitine; CO0, carnitine.
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Ornithine is a non-essential amino acid produced as an
intermediate in the urea cycle. It serves as a crucial substrate for
the synthesis of polyamines and citrulline, playing an important
role in regulating various metabolic processes (34). Polyamines
play a crucial role in cell proliferation, differentiation, and tissue
repair. Due to incomplete lung development in premature
infants, ornithine promotes polyamine synthesis, supporting lung
cell proliferation and differentiation, thereby aiding in the repair
and development of lung tissue (35, 36). Animal experiment has
demonstrated that pulmonary artery endothelial cells increase
polyamines under hypoxic conditions (37). In our study, the
ratio of ornithine to citrulline in the blood of BPD preterm
infants with GA <28 weeks significantly decreased. This may be
associated with the immature lung development in extremely
preterm infants and the promotion of ornithine conversion to
polyamines under early relative hypoxic conditions. Additionally,
ornithine plays a crucial role in the urea cycle, aiding in the
elimination of excess ammonia and maintaining cellular
homeostasis. In this cycle, ornithine combines with ammonia
and carbon dioxide to form citrulline. Citrulline is a non-
essential amino acid that can alleviate inflammation and
hyperoxic lung injury in preclinical models of BPD. Research has
confirmed its protective effect on early lung development in
neonatal rats (38). In our cohort of extremely preterm infants
with BPD, we observed a decrease in the ratio of ornithine to
citrulline, likely due to a more substantial decline in ornithine
levels and a less pronounced decrease in citrulline levels.

Another essential nutrient, fatty acids, were dysregulated in
neonatal rat models and in rat lung epithelial cells under
hyperoxic conditions (39). Carnitines, comprising free carnitines
and acylcarnitines, serve as essential biomarkers in fatty acid
metabolism. Free carnitines are crucial in the conversion of fatty
acids into acylcarnitines and their subsequent transport into
mitochondria for further energy production via B-oxidation.
Evaluating carnitine patterns in infants with BPD may reveal
alterations in fatty acid metabolism linked to the disease’s
pathogenesis. In animal models, L-carnitine supplementation has
been shown to reduce hyperoxia-induced apoptosis and lung
injury (38). Peterson et al. (40) discovered that neonatal
hyperoxia decreased carnitine and acylcarnitine levels in mouse
lungs. In our study, we observed a significant reduction in
acylcarnitine C3/CO and C5/C0 levels among extremely preterm
infants with BPD. In our ROC analysis, we examined the
predictive performance of four key metabolites in relation to
BPD. Among the metabolites, the AUC value for histidine
suggests that it may have some predictive ability for BPD
occurrence, but it is not a strong standalone predictor.
Further studies in larger cohorts are needed to assess its
diagnostic relevance.

Due to the complex pathophysiology of BPD, it is insufficient
to rely on a single marker for comprehensive assessment and
prediction of its development. Developing and utilizing indicators
linked to specific clinical conditions is critical for early
identification of high-risk newborns predisposed to BPD. The
reflects  the
and environmental
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stimuli, thus enabling the identification of metabolites associated
with specific etiologies. Currently, metabolic patterns of BPD
have been studied in various biological fluids, such as amniotic
fluid, umbilical cord blood, peripheral blood, tracheal aspirate,
and urine. Baraldi et al. (41) conducted a metabolic analysis of
amniotic fluid samples and found that preterm infants with
higher levels of leucine, hydroxy fatty acids, and oxo-fatty acids,
and lower levels of S-adenosylmethionine, were more likely to
develop BPD. This may be linked to oxidative stress. La Frano
et al. (42) conducted a metabolomics study on umbilical cord
blood from preterm infants born at less than 32 weeks gestation.
They observed a negative correlation between phosphatidylcholine
levels in umbilical cord blood and the severity of BPD, suggesting
potential immaturity in lipid biosynthesis as a contributing factor.
Piersigilli et al. (43) analyzed antioxidant metabolite levels in
tracheal aspirates from premature infants with BPD one week
after birth. Their findings revealed elevated levels of histidine,
glutamate, citrulline, glycine, isoleucine, as well as acylcarnitine
C16-OH and C18:1-OH compared to non-BPD infants. This is
inconsistent with our study results, possibly because the oxidative
stress process in newborns has not fully manifested, particularly
in the lungs. Additionally, factors such as oxygen therapy,
inflammation, or oxidative stress may activate metabolic pathways
and compensatory mechanisms at an early stage, which could
affect histidine levels differently in the blood and lung tissue.
Furthermore, Fanos et al. (44) collected urine samples from
infants born at 29 weeks of gestation, while Pintus et al. (45)
analyzed urine samples from infants born at less than 28 weeks
of gestation on their seventh day of life for metabolite
analysis. Both studies found that the levels of lactate and
trimethylamine N-oxide (TMAO) in the urine of BPD infants
showed opposite trends. Currently, there is no consensus on the
metabolic markers for BPD. This may be due to differences in
the types of biological fluids analyzed, the timing of sample
collection, and specific clinical conditions such as gestational
age, sex, and type of nutrition (enteral or parenteral). In our
study, we analyzed amino acid and fatty acid patterns within
the first 24 h after birth, specifically excluding the influence of
enteral and parenteral nutrition. Although biomarkers in
tracheal aspirates can more accurately reflect lung conditions in
the development of BPD, these markers are not routinely
obtained, particularly in healthy newborns without respiratory
support. Therefore, we collected DBS from the enrolled infants
within the first 24 h after birth, as they are easily obtainable
and minimally invasive.

This study has its limitations. We conducted targeted
metabolomics analysis using samples collected within the first
24 h after birth. The limited variety of detected metabolites
prevented the identification of significant metabolic pathways,
potentially overlooking important metabolites. Furthermore, our
subgroup analyses were restricted to gestational age and birth
weight due to the small sample size, without precise adjustment
for other influencing factors. Therefore, based on the preliminary
results of this study, our research team has collaborated with the
Shenzhen Neonatal Data Network to establish a prospective,
multicenter, large-scale, long-term follow-up cohort of infants
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born preterm at less than 32 weeks of gestation. This cohort
includes repositories of biological samples such as blood, urine,
stool, and breast milk collected at multiple time points post-birth.
Our aim is to analyze the metabolic profiles of preterm infants
under different nutritional conditions, identify and validate early
predictive biomarkers for BPD, and integrate various biological
samples and clinical indicators to develop a metabolomics-based
predictive model for the onset and progression of BPD. Ultimately,
our goal is for this approach to eventually be applied in clinical
practice, enabling early identification of high-risk infants. This
could lead to
management strategies, potentially reducing exposure to known

closer monitoring and tailored respiratory
BPD risk factors (e.g., prolonged mechanical ventilation and
oxygen therapy). As a result, this may lower the incidence of severe
BPD in preterm infants in our country and improve both short-

and long-term outcomes.

5 Conclusions

Through metabolic profiling of DBS collected within 24 h after
birth from preterm infants with BPD, we identified four differential
metabolites in those with—GA <28 weeks: histidine, ornithine/
citrulline, C3/C0, and C5/C0. These findings suggest that
histidine may have potential value in the early prediction of BPD
in preterm infants with GA <28 weeks.
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