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Purpose: Neonatal Acute Respiratory Distress Syndrome (NARDS) is a severe respiratory crisis threatening neonatal life. We aim to 
identify changes in the lung-gut microbiota and lung-plasma tryptophan metabolites in NARDS neonates to provide a differentiated 
tool and aid in finding potential therapeutic targets.
Patients and Methods: Lower respiratory secretions, faeces and plasma were collected from 50 neonates including 25 NARDS 
patients (10 patients with mild NARDS in the NARDS_M group and 15 patients with moderate-to-severe NARDS in the NARDS_S 
group) and 25 control patients screened based on gestational age, postnatal age and birth weight. Lower airway secretions and feces 
underwent 16S rRNA gene sequencing to understand the microbial communities in the lung and gut, while lower airway secretions and 
plasma underwent LC-MS analysis to understand tryptophan metabolites in the lung and blood. Correlation analyses were performed 
by comparing differences in microbiota and tryptophan metabolites between NARDS and control, NARDS_S and NARDS_M groups.
Results: Significant changes in lung and gut microbiota as well as lung and plasma tryptophan metabolites were observed in NARDS 
neonates compared to controls. Proteobacteria and Bacteroidota were increased in the lungs of NARDS neonates, whereas Firmicutes, 
Streptococcus, and Rothia were reduced. Lactobacillus in the lungs decreased in NARDS_S neonates. Indole-3-carboxaldehyde 
decreased in the lungs of NARDS neonates, whereas levels of 3-hydroxykynurenine, indoleacetic acid, indolelactic acid, 3-indole 
propionic acid, indoxyl sulfate, kynurenine, and tryptophan decreased in the lungs of the NARDS_S neonates. Altered microbiota was 
significantly related to tryptophan metabolites, with changes in lung microbiota and tryptophan metabolites having better differentiated 
ability for NARDS diagnosis and grading compared to gut and plasma.
Conclusion: Significant changes occurred in the lung-gut microbiota and lung-plasma tryptophan metabolites of NARDS neonates. 
Alterations in lung microbiota and tryptophan metabolites were better discriminatory for the diagnosis and grading of NARDS.
Keywords: Neonatal acute respiratory distress syndrome, NARDS, lung microbiota, gut microbiota, tryptophan metabolites, 
correlation analysis, predictive diagnosis

Introduction
Neonatal Acute Respiratory Distress Syndrome (NARDS) is a severe life-threatening respiratory crisis in newborns, 
clinically characterized by hypoxemia, diffuse decrease in lung transmittance, and inflammatory exudation with 
decreased lung compliance. The etiology of NARDS is complex and can be divided into direct lung injury (such as 
severe pulmonary infections, pulmonary hemorrhage, meconium or amniotic fluid aspiration) and indirect lung injury 
(such as sepsis, necrotizing enterocolitis, asphyxia).1 Recent multicenter cohort studies have shown mortality rates of up 
to 17%–24% for NARDS, making it a leading cause of neonatal mortality and disability.2 Despite its significance, 
NARDS etiology and pathogenesis remain poorly understood, and effective identification tools and treatments are 
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notably lacking. Therefore, understanding the mechanisms underlying NARDS and finding a better differentiated tool 
and therapeutic targets are critical.

Microbial colonies, often referred to as the “endocrine organ” of the human body, are integral players in coordinating 
microbial signals and immune responses for maintaining homeostasis.3–5 Recent reports challenge the belief that lungs 
are sterile, revealing microbial colonies with concentrations from 103 to 105 per gram of tissue, dominated by genera 
such as Prevotella, Streptococcus, Veillonella, Fusobacterium, and Haemophilus. These colonies are closely associated 
with respiratory diseases.6–9 Lung injury can alter the structure of lung microbial colonies, escalating inflammation, 
disrupting defenses, and triggering a feedback loop that worsens acute lung injury.10–12 The gut, as the largest microbial 
reservoir, influences lung diseases through the “gut-lung axis”.13 Newborns exhibit distinct microbial community 
structures influenced by factors like gestational age and delivery method compared to children and adults.14 Therefore, 
studying the role of the neonatal lung-gut microbiota in NARDS progression is crucial.

Microbial metabolites are a key component of the interaction between the microbiome and the host, linked to various 
inflammatory and metabolic diseases.15–17 Tryptophan is a diet-derived essential amino acid that is absorbed in the gut 
and metabolized by microbes into indoles and derivatives such as indoleacetic acid (ILA), 3-indole propionic acid (IPA), 
indole-3-carboxaldehyde (ICA), and kynurenine (KYN).5,18 After binding to the widely expressed aryl hydrocarbon 
receptor (AhR) and pregnane X receptor (PXR) in the barrier and immune systems, these tryptophan metabolites exhibit 
extensive antioxidative activity, inhibit excessive inflammation, and influence the progression of various diseases, 
including gastrointestinal, respiratory, neurological, and metabolic diseases, and cancers.19–23 According to recent 
studies, AhR is highly active in lung endothelial cells and is a crucial player in lung barrier immunity and the immune 
response in respiratory diseases.24 Currently, there have been no reports on the microbiota composition and tryptophan 
metabolites in newborns with NARDS. Therefore, exploring the changes in microbial structure and tryptophan metabo-
lites in NARDS is of significant importance.

We will explore the microbial colony structure and composition of tryptophan metabolites in the lungs and intestines 
of NARDS neonates using a combined microbiome and metabolomics approach, and analyze the correlation between 
microbial communities and tryptophan metabolites. This will help us to understand the etiology and pathogenesis of 
NARDS, provide a better differentiated tool and find potential therapeutic targets.

Materials and Methods
Ethics and Informed Consent
This study was approved by the Ethics Review Committee of the Children’s Hospital of Chongqing Medical University 
(Approval No. 2022-414), and written informed consent was obtained from the parents for sample collection. The feces, 
venous blood, and lower respiratory tract secretions were the residual samples after the corresponding clinical laboratory 
testing. Our study adhered to the tenets of the Declaration of Helsinki.

Participant Recruitment and Sample Collection
From October 2022 to August 2023, we evaluated patients with NARDS in the neonatal intensive care unit (NICU) of the 
Affiliated Children’s Hospital of Chongqing Medical University using standardized criteria. The inclusion criteria were 
as follows: Preterm or term infants diagnosed with NARDS within one week after birth according to the 2017 “Montreux 
criteria”, with consent of the guardian, complete clinical data and samples, these patients will be included in the NARDS 
group. The “Montreux criteria” for NARDS are as follows: 1) Acute onset (within 1 week). 2) Presence of diffuse, 
irregular opacities, infiltrates, or white-out of both lungs, not explained by other causes such as local effusions, 
atelectasis, Neonatal respiratory distress syndrome (NRDS), Transient tachypnea of the newborn (TTN), or congenital 
anomalies. 3) Pulmonary edema not explained by congenital heart disease. 4) Severity of NARDS was categorized based 
on the oxygenation index (OI) into mild, moderate, and severe (4–7.9 for mild, 8–15.9 for moderate, ≥16 for severe).25 In 
our study, newborns diagnosed with mild NARDS were included in the NARDS_M group, while those diagnosed with 
moderate to severe NARDS were included in the NARDS_S group.
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NARDS can occur in both premature and full-term infants, with 94% diagnosed within the first 3 days, and the acute 
“waterfall” inflammatory cascade is key to NARDS progression.2,25,26 In addition, NARDS often coexists with other 
perinatal diseases. 40.7% of premature infants may have concomitant NRDS in the early postnatal period, while cesarean- 
delivered full-term infants or late preterm infants typically present with TTN, and some infants may even present with both 
NRDS and TTN simultaneously.2,26,27 Furthermore, factors such as gestational age, postnatal age, and birth environment 
can lead to changes in the early microbial structure of newborns.28 Therefore, selecting appropriate controls is crucial for 
studying the specific microbial communities and metabolites in NARDS neonates. NRDS and TTN are common pulmonary 
diseases in the early postnatal period, usually not complicated by pulmonary or systemic infections that significantly affect 
microbial structure. The postnatal age and gestational age of the NRDS and TTN patients are similar to those of NARDS 
patients. Therefore, selecting newborns with NRDS and TTN as controls is the most appropriate choice.

Inclusion criteria for the control group: 1) Newborns diagnosed with NRDS or TTN according to definition. NRDS is 
characterized by bilateral widespread collapse of alveoli and reduced exudation due to insufficient pulmonary surfactant 
caused by lung immaturity in newborns, presenting as progressive respiratory distress within 24 hours after birth.29 TTN 
is transient respiratory distress in newborns after birth due to impaired absorption of lung fluid, typically resolving within 
72 hours.30 2) Normal infection indicators and normal or mildly abnormal chest X-ray. 3) The control group newborns 
were selected based on postnatal age (±2 days), gestational age (±1 week), and birth weight (±500 grams) of the NARDS 
group newborns. 4) Consent of the guardian and complete clinical data and samples.

Exclusion criteria included congenital malformations affecting respiratory function, other diseases affecting microbial 
flora (gastrointestinal diseases such as necrotizing enterocolitis, food protein-induced enterocolitis), unavailability of 
clinical data and samples, and withdrawal upon request by guardians.

Newborns meeting the inclusion criteria were sampled within 24 hours of diagnosis, with collection of plasma, feces, and 
lower respiratory tract secretions. One milliliter of venous blood was collected in sterile anticoagulant tubes, centrifuged (4°C, 
3000 rpm, 10 minutes) to obtain 300 μL of upper plasma layer. Two milliliters of lower respiratory tract secretions were 
collected using sterile centrifuge tubes. For infants on mechanical ventilation, lower respiratory tract secretions are aspirated 
by inserting a sterile suction catheter deep into the trachea. Non-intubated patients have secretions collected by inserting 
a sterile suction catheter below the vocal cords observed with a laryngoscope. Three grams of fresh feces were collected from 
the middle portion without contacting the skin or diaper. The lower respiratory tract secretion and fecal samples underwent 
16S rRNA gene sequencing analysis, while the lower respiratory tract secretion and plasma samples underwent analysis of 
tryptophan metabolites. All samples were immediately stored at −80°C before use.

16S rRNA Gene Sequencing Analysis
DNA extraction from the frozen lower airway secretions and fecal samples by using the MagAttract PowerSoil Pro DNA Kit 
(Qiagen, Germany) and PF Mag-Bind Soil DNA Kit (Omega Bio-Tek, USA). Concentration and purity were determined using 
NanoDrop 2000 (Thermo Scientific, USA). DNA was amplified according to the V3-V4 region of the bacterial 16S rRNA gene 
by using the T100 Thermal Cycler (BIO-RAD, USA) and bacterial primers: 338F (5′-ACTCCTACGGGGGAGGCAGCAG-3′) 
and 806R (5′-GGACTACHVGGGTWTCTAAT-3′). DNA libraries were constructed using the NEXTFLEX Rapid DNA 
Sequencing Kit (Bioo Scientific, USA) and sequenced using the Illumina PE250 platform (Illumina, USA). This process 
provided the representative amplicon sequence variant (ASV) and abundance data.

Bioinformatics analysis was performed using the Majorbio cloud platform (www.majorbio.com). Core and sparse 
curves were employed to ensure that the sample size or sequencing depth was saturated. The Wilcoxon rank-sum test was 
performed to assess differences in the alpha diversity index between the groups. Based on the beta diversity distance 
matrix, Hierarchical clustering analysis was performed to illustrate the microbiota variation between the groups. Venn 
diagrams were plotted to quantify the shared and unique species among the groups. The similarity of the microbiota 
structure between the groups was examined through principal co-ordinate analysis (PCoA), which was based on Bray- 
Curtis. The linear discriminant analysis (LDA) and effect size (LEfSe) (LDA > 3, P < 0.05) highlighted the species 
information that best explained the differences between the groups.
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Targeted LC-MS Metabolomic Analysis
Lower airway secretions and plasma samples were chromatographically separated on a Waters ACQUITY UPLC HSS 
T3 column (Waters, USA) by using an EXIONLC System (SCIEX, USA) for ultra-high-performance liquid chromato-
graphy (UHPLC). The SCIEX 6500 QTRAP+ triple quadrupole mass spectrometer (SCIEX, USA), equipped with the 
IonDrive Turbo V electrospray ionization interface, was employed in the multiple reaction monitoring (MRM) mode for 
assay development. Mass spectrometry (MS) data were quantified using SCIEX Analyst Work Station Software (version 
1.6.3) and SCIEX MultiQuant software (version 3.0.3). A total of 31 tryptophan metabolic pathway-related target 
metabolites were quantified in lower airway secretions and plasma samples by using UHPLC-MRM-MS/MS.

Using SIMCA software (V16.0.2, Umea, Sweden), the principal component analysis (PCA) of metabolites was 
conducted on samples from different groups. The data were further analyzed through orthogonal partial least squares- 
discriminant analysis (OPLS-DA), validated by 7-fold cross-validation to judge model validity based on R2Y and Q2 

values. Permutation tests confirmed model effectiveness, ensuring reliable group differentiation. Univariate and multi-
variate analyses were performed using the metabolites, with volcano plots illustrating upregulated and downregulated 
metabolites. Matchstick plots were applied to indicate significant differences in metabolites between the groups.

Correlation Analysis Between Microbiota and Tryptophan Metabolites
A correlation heatmap analysis was conducted using the Pearson coefficient to assess the correlation between the changes 
in the microbiota and metabolites. P < 0.05 was considered to indicate a significant correlation.

Model Diagnostic Prediction Analysis
The area under the curve (AUC) from the receiver operating characteristic (ROC) curve was calculated to evaluate the 
diagnostic predictive ability of the altered microbiota and tryptophan metabolites for NARDS.

Statistical Analysis
All data were analyzed using SPSS version 25.0 software (SPSS Inc., USA). Normally distributed data were presented as 
mean ± standard deviation and evaluated using independent t-tests or one-way ANOVA. Non-normally distributed data 
were presented using the median (interquartile range) and evaluated using non-parametric tests. Count data were assessed 
using chi-square tests, continuity-corrected chi-square tests, or Fisher’s exact tests. All statistical tests were two-sided, 
and P < 0.05 was considered significant.

Results
Clinical Characteristics
Figure 1 illustrates the flowchart of patient enrollment in the study. The study included 50 neonates, including 25 
NARDS neonates in the NARDS group and 25 NRDS or TTN neonates in the control group. In addition, the NARDS 
group included 15 newborns with moderate to severe NARDS in the NARDS_S group and 10 newborns with mild 
NARDS in the NARDS_M group.

Table 1 presents demographic and clinical characteristics. The NARDS group had an average gestational age, 
a median weight, and a median postnatal age at admission of 35.14 weeks, 2800 g, and 2 h, respectively. This group 
included 40% female infants, 76% cesarean deliveries, and 64% formula-fed infants. The NARDS group exhibited 
median durations of 11 days for total ventilator ventilation time, 17 days for total oxygen time, and 25 days for 
hospitalization time. There was no significant difference in the basic conditions and risk factors between the two groups. 
However, because the condition of newborns in the NARDS group was more severe than that in the control group, the 
duration of ventilator ventilation, total oxygen use, and hospital stay were longer. In addition, all children in both groups 
recovered and were discharged, except for one NARDS patient who stopped treatment due to financial reasons. There 
were no significant differences in the characteristics of newborns between the NARDS_S and NARDS_M groups, except 
for differences in the age at sampling, total duration of oxygen therapy, and length of hospital stay.
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Microbiome Analysis
Changes in the Lung Microbiota of NARDS
A total of 5,363,981 high-quality 16S rDNA reads (average length 425 bps) were obtained from the 50 lower airway 
secretion samples. Core curves revealed consistent core species regardless of sample size increase, indicating sufficient 
sample sequencing (Figure S1a). ACE and Shannon index rarefaction curves reached a plateau at the ASV level, 
confirming adequate sequencing depth (Figure S1b).

The Venn diagram revealed 272 OTUs common to the NARDS and control groups, with 1362 and 1998 unique OTUs in 
the NARDS and control groups, respectively (Figure S1c). Hierarchical clustering analysis highlighted marked differences in 

Figure 1 Flowchart of patient enrollment in the study. 
Abbreviations: NICU, neonatal intensive care unit; NARDS, neonatal acute respiratory distress syndrome; NRDS, neonatal respiratory distress syndrome; TTN, transient 
tachypnea of the newborn.

Table 1 Demographic and Clinical Characteristics of the Study Population

Characteristics and Outcome NARDS (n=25) Control (n=25) P

Total (n=25) NARDS_S (n=15) NARDS_M (n=10) p

Female n,(%) 10 (40%) 7 (47%) 3 (30%) 0.68 13 (52%) 0.40

Postnatal age at admission (h) (IQR) 2.00 (1.50–10.50) 2.00 (1.00–13.00) 2.00 (1.75–10.00) 0.82 2.00 (1.00–2.50) 0.06

Age of sample collection (d) (IQR) 1.00 (1.00–3.00) 2.00 (1.00–3.00) 1.00 (1.00–1.00) <0.01 2.00 (1.00–3.00) 0.88

Birth weight (g) (IQR) 2800.00 (1660.00–3397.50) 2655.67 ±954.92 2421.00 ±955.01 0.55 2720.00 (1765.00–3150.00) 0.57

Gestational age (wk) 35.14 ± 3.81 35.01 ± 3.95 35.33 ± 3.77 0.85 35.84 ± 3.20 0.49

Cesarean delivery n,(%) 19 (76%) 11 (85%) 8 (80%) 1.00 16 (68%) 0.53

Formula-fed (%) 16 (64%) 8 (53%) 2 (20%) 0.21 20 (80%) 0.21

OI (IQR) 8.00 (6.00–13.00) 11.00 (9.00–25.00) 5.50 (4.75–7.00) <0.01 / /

(Continued)
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the colonization of bacteria in the lower airway secretions between the groups (Figure 2a). PCoA revealed significant 
differences in the microbial community structure in the lower airway secretions between the NARDS and control groups 
(R = 0.211, P = 0.001, Figure 2b). The microbial composition in the lower airway secretions differed significantly between the 
NARDS and control groups. At the phylum level, the NARDS group was dominated by Proteobacteria (67.83%), 
Bacteroidota (17.02%), and Firmicutes (9.90%). The control group consisted mainly of Firmicutes (48.91%), 
Proteobacteria (29.56%), and Actinobacteriota (10.79%). At the genus level, Achromobacter (55.81%), and Pedobacter 
(14.43%) dominated the NARDS group. The control group was characterized by Streptococcus (35.72%), Achromobacter 
(22.36%), Staphylococcus (10.36%) (Figure 2c). Differential analysis and LEfSe (LDA = 3, P < 0.05) revealed significant 
disparities at both phylum and genus levels between the NARDS and control groups. The NARDS group exhibited 
significantly higher abundances of Proteobacteria and Bacteroidota and lower abundances of Firmicutes at the phylum 
level. At the genus level, the abundances of Achromobacter, Pedobacter, Pseudomonas, Lawsonella, Friedmanniella, Delftia, 
Cutibacterium, Cloacibacterium, Sphingobacterium, and Rhodobacteraceae significantly increased, whereas Streptococcus 
and Rothia significantly decreased (P < 0.05, Figure 2d and e).

In total, 145 OTUs were shared between the NARDS_S and NARDS_M groups, with 761 and 728 unique OTUs in the 
two groups, respectively (Figure S1d). The LEfSe (LDA = 3, P < 0.05) found no significant phylum-level differences but 
observed a significant reduction in the abundance of Lactobacillus at the genus level in the NARDS_S group (Figure 2f).

Table 1 (Continued). 

Characteristics and Outcome NARDS (n=25) Control (n=25) P

Total (n=25) NARDS_S (n=15) NARDS_M (n=10) p

Risk factors

Grade III meconium-stained amniotic fluid n,(%) 3 (12%) 2 (13%) 2 (20%) 1.00 3 (12%) 1.00

Premature rupture of membranes >18 hours n,(%) 3 (12%) 3 (20%) 0 (0%) 0.25 7 (28%) 0.16

Fetal distress n,(%) 3 (12%) 2 (13%) 0 (0%) 0.50 2 (8%) 1.00

Antepartum infection n,(%) 5 (20%) 3 (20%) 2 (20%) 1.00 2 (8%) 0.41

Use of antepartum antibiotics n,(%) 6 (24%) 3 (20%) 3 (30%) 0.65 5 (20%) 0.73

Gestational hypertension n,(%) 4 (16%) 1 (7%) 3 (30%) 0.27 3 (12%) 1.00

Gestational diabetes n,(%) 4 (16%) 2 (13%) 2 (20%) 1.00 4 (16%) 1.00

Gestational cholestasis n,(%) 3 (12%) 2 (13%) 2 (20%) 1.00 3 (12%) 1.00

Triggers of NARDS

Sepsis n,(%) 12 (48%) 9 (60%) 2 (20%) 0.09 / /

Pneumonia n,(%) 6 (24%) 3 (20%) 3 (30%) 0.65 / /

Perinatal asphyxia n,(%) 4 (16%) 2 (13%) 3 (30%) 0.36 / /

Meconium aspiration n,(%) 3 (12%) 1 (6%) 2 (20%) 0.54 / /

Treatments

Antibiotic use n,(%) 12 (48%) 9 (60%) 3 (30%) 0.23 10 (40%) 0.57

Invasive ventilation duration n,(%) 18 (72%) 15 (100%) 9 (90%) 0.40 0 (0%) <0.01

Non-invasive ventilation duration n,(%) 24 (96%) 11 (73%) 7 (70%) 1.00 9 (36%) <0.01

Outcome

Total duration of ventilator use (d) (IQR) 11.00 (6.00–25.00) 12.00 (7.00–39.00) 7.50 (5.50–20.00) 0.08 0.00 (0.00–4.50) <0.01

Total oxygen therapy duration (d) (IQR) 17.00 (9.50–35.50) 30.00 ± 19.10 12.80 ± 8.26 <0.01 8.00 (3.00–16.50) <0.01

BPD n,(%) 5 (20%) 3 (20%) 2 (20%) 1.00 1 (4%) 0.19

ROP n,(%) 1 (4%) 1 (7%) 0 (0%) 1.00 0 (0%) 1.00

NICU stay (d) (IQR) 25.00 (15.50–46.00) 35.93 ± 17.59 18.70 ± 10.60 <0.01 16.00 (9.00–35.00) 0.04

Note: The summary statistic is expressed as number (%), mean ± sd or median (25th-75th percentiles). 
Abbreviations: NARDS, Neonatal acute respiratory distress syndrome; NARDS_S, moderate-to-severe NARDS; NARDS_M, mild NARDS; IQR, Interquartile Range; wk, 
week; BPD, Bronchopulmonary Dysplasia; ROP, Retinopathy of Prematurity; NICU, Neonatal Intensive Care Unit.
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Changes in the Gut Microbiota of NARDS
Analyzing 50 fecal samples yielded 5,990,534 high-quality 16S rDNA reads (average length 417 bps). Core curves 
indicated sufficient sample size, and ACE and Shannon index rarefaction curves confirmed appropriate sequencing depth 
(Figure S2a and b).

The Venn diagram revealed 442 shared OTUs between NARDS and control groups, with 1447 and 1201 unique 
OTUs in the NARDS and control groups, respectively (Figure S2c). Hierarchical clustering analysis does not provide 
a direct visualization of the disparities in fecal community composition between the NARDS and control group 
(Figure 3a). PCoA highlighted significant differences in the fecal microbial structure of the NARDS and control groups 
(R = 0.0486, P = 0.038, Figure 3b). Proteobacteria and Firmicutes were predominant in both groups (> 90% of total 
bacteria), with significantly higher Deferribacterota abundance in the NARDS group (P < 0.05, Figure 3c and d). At the 
genus level, the fecal microbiota in the NARDS group was characterized by higher abundances of Novosphingobium 
(16.79%), Streptococcus (13.56%), Methylobacterium-Methylorubrum (13.33%). The fecal microbiota in the control 
group predominantly included Enterococcus (23.68%), Novosphingobium (16.11%), Methylobacterium-Methylorubrum 
(11.31%) (Figure 3c). The NARDS group exhibited significant increases in the abundances of Mucispirillum, Roseburia, 
Intestinimonas, and Anaerococcus and decreases in the abundance of Enterococcus (P < 0.05, Figure 3d and e).

A comparative analysis of fecal microbiota between the NARDS_S and NARDS_M groups revealed 179 shared 
OTUs, with 857 and 853 unique OTUs in the NARDS_S and NARDS_M groups, respectively (Figure S2d). At the genus 
level, the NARDS_S group had significantly higher abundances of Streptococcus, Lactococcus, and Kocuria, while 

Figure 2 Microbial Composition and Diversity Analysis in Lower Airway Secretions. (a) Hierarchical clustering analysis visualization depicting significant differences in the 
microbial composition between the NARDS and control groups. (b) PCoA analysis revealed significant differences in the microbiota of lower airway secretions between the 
NARDS and control groups (R = 0.211, P = 0.001). PC1 indicates the variation of samples along the first principal component, and PC2 represents the variation along 
the second principal component. (c) Demonstration of the microbial structure of lower airway secretions from the NARDS and control groups at the phylum and genus 
levels. (d) Differential analysis between the NARDS and control groups highlights significantly different bacteria in the lower airway secretions at both the phylum and genus 
levels (*0.01 < P ≤ 0.05, **0.001 < P ≤ 0.01, ***P ≤ 0.001). (e) LEfSe analysis showed the most significant differences in the lower airway secretions between the NARDS and 
control groups at the phylum and genus levels. (f) LEfSe analysis identifies the most significantly different bacteria in the lower airway secretions between the NARDS_S and 
NARDS_M groups. 
Abbreviations: NARDS, neonatal acute respiratory distress syndrome; CON, control; NARDS_S, moderate-to-severe NARDS; NARDS_M, mild NARDS; PCOA, 
principal co-ordinate analysis; ASV, amplicon sequence variant; LEfSe, linear discriminant analysis effect size.
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abundances of Sediminibacterium, Rikenella, Butyricicoccus, Gastranaerophilales, and Bacteroidales were significantly 
lower (P < 0.05, Figure 3f).

Metabolomic Analysis
Changes in Lung Tryptophan Metabolites in NARDS Patients
In total, 21 metabolites were detected in the lower airway secretions. The PCA unveiled the distribution and dispersion of 
samples between the NARDS and control groups, with principal components PC1 and PC2 accounting for 49.2% and 
12%, respectively (Figure 4a). The OPLS-DA and 7-fold cross-validation confirmed significant metabolomic differences, 
validated by permutation tests (R2Y=0.549, Q2=0.404) (Figure 4b and c).

The volcano plots presented the differences in tryptophan metabolites between the NARDS and control groups. In the 
NARDS group, 6 metabolites were downregulated, whereas 15 metabolites were upregulated (Figure 4d). Seven metabolites 
showed significant changes, including increased levels of 5-hydroxyindoleacetic acid (5-HIAA), 5-hydroxytryptophol 
(5-HTOL), ILA, and kynurenic acid (KYNA), and decreased levels of nicotinic acid, xanthurenic acid (Xa), and ICA (P < 
0.05, Figure 4e). Notably, metabolites linked to microbial metabolism, such as ILA and ICA, exhibited significant alterations. 
Moreover, the kynurenine/tryptophan (KYN/Trp) ratio was significantly increased in the NARDS group (P < 0.05).

A comparative analysis of metabolites in the lower airway secretions between the NARDS_S and NARDS_M groups 
identified nine differentially abundant tryptophan metabolites. In the NARDS_S group, the levels of 3-hydroxykynur-
enine (3-HK), 5-HIAA, indoleacetic acid (IAA), ILA, IPA, indoxyl sulfate (IS), KYN, and Trp were lower, while indole- 

Figure 3 Microbial Structure and Diversity Analysis in Feces. (a) Hierarchical cluster analysis visualized differences in microbial composition of feces between NARDS and 
control groups. (b) PCoA analysis showed significant differences in the microbiota of feces between the NARDS and control group (R = 0.0486, P = 0.038). PC1 indicates the 
variation of samples along the first principal component, and PC2 represents the variation along the second principal component. (c) Demonstration of the microbial 
structure of feces from the NARDS and control groups at the phylum and genus levels. (d) Differential analysis between the NARDS and control groups highlights 
significantly different bacteria in feces at both the phylum and genus levels (*0.01 < P ≤ 0.05). (e) LEfSe analysis showed the most significant differences in the feces between 
the NARDS and control groups. (f) LEfSe analysis identifies the most significantly different bacteria in the the feces between the NARDS_S and NARDS_M groups. 
Abbreviations: NARDS, neonatal acute respiratory distress syndrome; CON, control; NARDS_S, moderate-to-severe NARDS; NARDS_M, mild NARDS; PCOA, 
principal co-ordinate analysis; ASV, amplicon sequence variant; LEfSe, linear discriminant analysis effect size; LDA, linear Discriminant Analysis.
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3-acetonitrile (IAN) increased (Figure 4f). Notably, except for 5-HIAA, all these metabolites, closely tied to microbial 
metabolism, showed significant differences (P < 0.05).

Changes in Plasma Tryptophan Metabolites in NARDS Patients
In total, 22 metabolites were observed in the plasma sample. The PCA exhibited the distribution and dispersion of 
samples between the NARDS and control groups, with PC1 and PC2 accounting for 51.4% and 14.2%, respectively 
(Figure 5a). The OPLS-DA scatter plots exhibited no significant overall differences in metabolites between the NARDS 
and control groups (Figure 5b). The OPLS-DA permutation test yielded R2Y = 0.389 and Q2 = −0.052 (Figure 5c).

The volcano plots reveal that 10 tryptophan metabolites are downregulated, and 12 tryptophan metabolites are 
upregulated in the NARDS group (Figure 5d). The plasma levels of anthranilic acid (AA), ILA, and KYNA were 
significantly increased in the NARDS group. ILA is closely related to microbial metabolism (P < 0.05, Figure 5e). 
Additionally, the KYN/Trp ratio significantly increased in the plasma samples in the NARDS group (P < 0.05).

Differential analysis in the NARDS_S and NARDS_M groups identified two significant metabolites: plasma levels of 
KYN decreased, while IAA increased in the NARDS_S group; both metabolites were associated with microbial 
metabolism (P < 0.05, Figure 5f).

Significant Correlation Between the Altered Microbiota and Tryptophan Metabolites
Pearson’s correlation analysis revealed the correlations between the top five differentially abundant genera in the lungs 
(Achromobacter, Pedobacter, Streptococcus, Pseudomonas, Rothia for NARDS and the control group; Lactobacillus, 
Stenotrophomonas for NARDS_S and NARDS_M groups) and tryptophan metabolites (ICA, ILA for NARDS and the 
control group; 3-HK, IAA, IAN, ILA, IPA, IS, KYN, Trp for NARDS_S and NARDS_M groups). In the NARDS group, 

Figure 4 Tryptophan Metabolite Analysis in Lower Airway Secretions. (a) The PCA Score Plot illustrated the distribution of the lower airway secretion samples. The X-axis 
(PC[1]) and Y-axis (PC[2]) represented the first and second principal components, respectively, indicating the explained variance. Each dot represented a sample. (b) The 
OPLS-DA Score Plot demonstrated the separation of groups. The X-axis (t[1]P) displayed the predictive component scores of the first principal component, highlighting 
differences between groups, while the Y-axis (t[1]O) showed the orthogonal component scores, elucidating variances within groups. Each point represented a sample. (c) 
Permutation test for the OPLS-DA model, with the X-axis denoting permutation iterations and the Y-axis showing the values of R2Y and Q2. R2Y (green circles) and Q2 (blue 
squares) respectively indicate the goodness of fit and predictive ability of the model, with dashed lines representing regression lines for R2Y and Q2. (d) Volcano Plot for 
Tryptophan Metabolites compared the NARDS group to the control group, where red dots represented upregulated metabolites and blue dots indicated downregulated 
metabolites. (e) Matchstick Plot for tryptophan metabolites contrasted the NARDS group with the control group (*0.01 < P < 0.05, **0.001 < P < 0.01, ***P < 0.001). (f) 
Matchstick Plot contrasting the NARDS_S group with the NARDS_M group (*0.01 < P < 0.05, **0.001 < P < 0.01). 
Abbreviations: NARDS, neonatal acute respiratory distress syndrome; CON, control; NARDS_S, moderate-to-severe NARDS; NARDS_M, mild NARDS; PCA, the 
principal component analysis; OPLS-DA, orthogonal partial least squares-discriminant analysis; VIP, variable importance in the projection.
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the decreased abundance of Streptococcus in lower airway secretions was negatively correlated with increased ILA 
levels. Conversely, the increased abundance of Pseudomonas was negatively correlated with decreased ICA levels. 
Higher abundances of Achromobacter and Pedobacter were positively correlated with elevated ILA levels (P < 0.05, 
Figure 6a). In the NARDS_S group, the reduced abundances of Lactobacillus and Stenotrophomonas were positively 
correlated with decreased IPA levels. Additionally, the reduced abundance of Rhodobacteraceae was positively corre-
lated with the decreased HK and ILA levels (P < 0.05, Figure 6b).

Given the substantial microbial community of the gut, modifications in the gut microbiota can alter intestinal 
tryptophan metabolites, influencing other organs through the bloodstream or lymphatic circulation.6 As the gut micro-
biota is approximately 10 times larger than the lung microbiota, alterations in circulating microbe-associated tryptophan 
metabolites are primarily attributed to modifications in intestinal metabolites.8,31,32 The correlation between the top 5 
differentially abundant genera in feces (Enterococcus for NARDS and the control group; Streptococcus for NARDS_S 
and NARDS_M groups) and tryptophan metabolites in plasma (ILA for NARDS and the control group; IAA, KYN for 
NARDS_S and NARDS_M groups) was assessed using Pearson correlation analysis. Consequently, no significant 
correlations were observed between differential fecal bacteria and differential plasma tryptophan metabolites in the 
NARDS and control groups (Figure 6c). However, on analyzing differential fecal bacteria and plasma tryptophan 
metabolites in the NARDS_S and NARDS_M groups, increased abundances of Lactococcus and Kocuria were positively 
correlated with higher IAA concentrations in the NARDS_S group (P < 0.05, Figure 6d).

Changes in Lung Microbiota and Tryptophan Metabolites Have a Better Differentiated 
Ability for NARDS
Based on the top five differentially abundant genera in the lung and intestine, as well as all differential tryptophan 
metabolites associated with microbial metabolism in the lung and plasma, ROC plots were constructed to determine their 

Figure 5 Tryptophan Metabolite Analysis in Plasma. (a) The PCA Score Plot illustrated the distribution of the plasma samples. The X-axis (PC[1]) and Y-axis (PC[2]) 
represented the first and second principal components, respectively, indicating the explained variance. Each dot represented a sample. (b) The OPLS-DA Score Plot 
demonstrated the separation of groups. The X-axis (t[1]P) displayed the predictive component scores of the first principal component, highlighting differences between 
groups, while the Y-axis (t[1]O) showed the orthogonal component scores, elucidating variances within groups. Each point represented a sample. (c) Permutation test for 
the OPLS-DA model, with the X-axis denoting permutation iterations and the Y-axis showing the values of R2Y and Q2. R2Y (green circles) and Q2 (blue squares) 
respectively indicate the goodness of fit and predictive ability of the model, with dashed lines representing regression lines for R2Y and Q2. (d) Volcano Plot for Tryptophan 
Metabolites compared the NARDS group to the control group, where red dots represented upregulated metabolites and blue dots indicated downregulated metabolites. (e) 
Matchstick Plot for tryptophan metabolites contrasted the NARDS group with the control group (*0.01 < P < 0.05). (f) Matchstick Plot contrasting the NARDS_S group 
with the NARDS_M group (*0.01 < P < 0.05). 
Abbreviations: NARDS, neonatal acute respiratory distress syndrome; CON, control; NARDS_S, moderate-to-severe NARDS; NARDS_M, mild NARDS; PCA, the 
principal component analysis; OPLS-DA, orthogonal partial least squares-discriminant analysis; VIP, variable importance in the projection.
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potential diagnostic values for NARDS. AUC values exceeding 0.5 indicate predictive significance, with improved 
diagnostic accuracy as the AUC approaches 1. Conversely, AUC values of ≤ 0.5 suggest no diagnostic value.

The ROC plots were generated using the top five differentially abundant genera and all differential tryptophan 
metabolites in the lungs for the NARDS and control groups, as well as the NARDS_S and NARDS_M groups, which 

Figure 6 Correlation Analysis between Differential Genera and Tryptophan Metabolites. (a) Correlation analysis between distinct bacterial flora and varying tryptophan 
metabolites in the lower airway secretions of the NARDS and control groups. (b) Correlation analysis between diverse bacterial flora and different tryptophan metabolites 
in the lower airway secretions of the NARDS_S and NARDS_M groups. (c) Correlation analysis between varied fecal flora and different tryptophan metabolites in the 
plasma of NARDS and control groups. (d) Correlational analysis between distinct fecal flora and plasma tryptophan metabolites in the NARDS_S group and the NARDS_M 
group. (*0.01 < P ≤ 0.05, **0.001 < P ≤ 0.01, ***P ≤ 0.001, red indicates a positive correlation, while blue signifies a negative correlation). 
Abbreviations: ICA, indole-3-carboxaldehyde; ILA, indoleacetic acid; KTN_Trp, kynurenine/ tryptophan; HK, 3-hydroxykynurenine; IAA, indoleacetic acid; IAN, indole- 
3-acetonitrile; IPA, 3-indole propionic acid; IS, indoxyl sulfate; KYN, kynurenine; Trp, tryptophan; NARDS, neonatal acute respiratory distress syndrome; NARDS_S, 
moderate-to-severe NARDS; NARDS_M, mild NARDS.
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exhibited AUC values of 0.78 and 0.8, respectively. This suggests that the abundance of these genera and metabolites in 
the lungs can predict NARDS and its severity (Figure 7a and b). However, the ROC plots constructed using the top five 
differentially abundant genera in the gut and all differential tryptophan metabolites in plasma samples for the NARDS 
and control groups, as well as the NARDS_S and NARDS_M groups, demonstrated AUC values of 0.5 and 0.45, 
respectively. This indicates that differential gut genera and plasma tryptophan metabolites have no predictive value for 
NARDS diagnosis or severity (Figure 7c and d).

Figure 7 ROC Curve Analysis based on Differential Genera and Tryptophan Metabolites. (a) ROC plotted according to differential genera and tryptophan metabolites in the 
lower airway secretions comparing the NARDS group with the control group. (b) ROC analysis based on differential genera and tryptophan metabolites in the lower airway 
secretions between the NARDS_S and NARDS_M groups. (c) ROC curves were constructed using differential genera in feces and tryptophan metabolites in plasma of 
NARDS and control groups. (d) ROC analysis utilizing differential genera in feces and tryptophan metabolites in plasma between the NARDS_S and NARDS_M groups. (The 
X-axis represents 1-specificity and the Y-axis indicates sensitivity. Marked points on the curves signify optimal thresholds.). 
Abbreviations: ROC, receiver operating characteristic; AUC, area under the curve; NARDS, neonatal acute respiratory distress syndrome; NARDS_S, moderate-to- 
severe NARDS; NARDS_M, mild NARDS.
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Discussion
For the first time, we employed microbiomics and targeted metabolomics to explore the lung-gut microbiome and lung- 
plasma metabolomics in NARDS patients. Significant changes were detected in both the lung-gut microbiota and lung- 
plasma tryptophan metabolites.

The lungs, once considered sterile, harbor extensive microbial communities in healthy individuals.33 According to our 
research findings, the lower airway secretion microbiota exhibits significantly different characteristics in NARDS patients 
compared to the control group. We observed a significant increase in Proteobacteria and Bacteroidota, coupled with 
a decrease in Firmicutes in the lungs of NARDS patients, consistent with findings in respiratory diseases.34,35 Both 
Proteobacteria and Bacteroidota have pro-inflammatory properties and may play a role in lung tissue remodeling and 
promoting lung injury processes.36–38 Additionally, certain Firmicutes genera have established anti-inflammatory proper-
ties. The decline in Firmicutes, along with an increase in Proteobacteria and Bacteroidota, is closely associated with 
inflammatory diseases.39,40 Therefore, dysbiosis in the microbial composition may lead to an imbalance in barrier 
homeostasis and inflammation. In particular, we observed a significant decrease in Streptococcus and Rothia at the 
genus level in the NARDS patients. The reduction in Streptococcus is negatively correlated with the progression and 
severity of lung diseases, potentially indicating dysbiosis in the respiratory microbiota of NARDS patients.41 

Additionally, the abundance of Rothia is negatively correlated with pro-inflammatory markers in sputum, possibly 
alleviating inflammation by inhibiting the activation of the NF-κB pathway.42 Surprisingly, we found a significant 
reduction in the abundance of Lactobacillus in lower airway secretions in the NARDS_S group. Previous studies have 
shown that Lactobacillus, with components such as peptidoglycan and extracellular polysaccharides, plays a regulatory 
role in respiratory immunity and has beneficial effects in respiratory diseases such as infections, asthma and chronic 
obstructive pulmonary disease (COPD).43–47 In recent years, “bacterial therapy” has gradually gained attention, with 
saliva-derived Streptococcus 24SMB and oral Streptococcus 89a being applied in the clinical treatment of respiratory 
diseases.48 Therefore, modifications in lung microbiota may predict disease progression and prognosis, and intervention 
with key lung microbiota bacteria could be an effective treatment for NARDS patients.

The “gut-lung axis” is a crucial mechanism through which gut microbiota influence lung diseases.7 In neonates, the 
acute phase of NARDS typically occurs within the first 3 days of life.26 The gut microbiota in early neonates, influenced 
by birth mode, feeding, and environment, displays low diversity, simple functionality, rapid changes, and significant 
individual differences.28 In our study, Proteobacteria and Firmicutes dominated the fecal microbiota in both NARDS and 
control groups, in line with previous studies.49,50 However, no significant differences in Proteobacteria and Firmicutes 
abundances were observed between the groups. Deferribacterota, although different, was present in very low numbers in 
both groups, with limited studies on its association with aging and hypertension.51,52 The abundance of Enterococcus was 
significantly reduced in the feces of the NARDS patients. This genus activates host immune pathways and pathogen 
tolerance through its peptidoglycan composition and hydrolase activity.53 Interestingly, the abundance of Streptococcus 
was increased in the feces of the NARDS_S group, whereas it was significantly reduced in the lower airway secretions of 
the NARDS patients. This aligns with Shen’s findings in critically ill patients, suggesting it may be attributed to different 
Streptococcus species involved.41 In summary, the gut microbiota of NARDS patients changes, but further exploration is 
needed to understand their impact on lung diseases.

Our study found significant changes in tryptophan metabolites in the lungs and plasma of NARDS patients. After 
absorption by the intestines, tryptophan can be metabolized by microbes into indoles and their derivatives, influencing 
the generation of kynurenine (KYN) and 3-hydroxyanthranilic acid (3-HAA) by regulating the key rate-limiting 
enzyme indoleamine 2,3-dioxygenase (IDO) in the kynurenine pathway.23 Tryptophan metabolites play critical roles 
in many inflammatory diseases.54,55 They can participate in respiratory system diseases by activating AhR, which is 
widely expressed and highly active in the lung barrier and immune system.24,56 Previous studies have found that ICA 
exhibits anti-allergic and antimicrobial effects, while indole-3-acetic acid (IAA) may alleviate inflammation through 
IL-22, exerting protective effects in respiratory system diseases.57–59 However, the role of ILA remains controversial, 
potentially exerting protective effects in conditions such as tumors and neurodegeneration, or being associated with 
chronic kidney disease, cisplatin-induced intestinal pathology, and colitis.60–65 Additionally, the KYN/Trp ratio, 
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a biomarker reflecting underlying inflammation, is associated with poor cancer prognosis, increased risk of cardio-
vascular disease and mortality.54,66–68 Consistent with our results, levels of ILA and KYN/Trp were significantly 
elevated in the lungs and plasma of NARDS neonates, while levels of ICA were significantly decreased in the lungs, 
and levels of 3-HK, IAA, ILA, IPA, IS, KYN, and Trp were significantly decreased in moderate to severe NARDS 
neonates’ lungs. These decreased tryptophan metabolites may fail to exert effective anti-inflammatory and protective 
effects in NARDS neonates, potentially playing critical roles in disease progression. Therefore, tryptophan metabolites 
with significant changes in NARDS patients may be key compounds for treating the disease.

In this study, a significant correlation was observed between altered microbial communities and tryptophan metabo-
lites in NARDS patients. Previous studies support our findings that AhR agonists are deficient in germ-free or dysbiotic 
mice, and Lactobacillus exert a wide range of anti-inflammatory and antioxidant activities through IAA and IPA.54,69,70 

Additionally, Firmicutes such as Lactobacillus rossiae, L. johnsonii, and L. acidophilus produce ICA, which is crucial for 
maintaining intestinal epithelial cells and defending against pathogens.71,72 These findings underscore the close associa-
tion between changes in microbiota and metabolites, which are closely related to disease progression. Therefore, it is 
attractive to consider the use of specific microbiota and metabolite variation in NARDS as biomarkers for disease 
identification and grading. Surprisingly, the variations in microbiota and metabolites in the lungs of NARDS patients 
exhibited discriminatory and grading significance, whereas the differential gut microbiota and plasma metabolites did not 
exhibit this capability. This suggests a closer association between changes in lung microbial communities and metabolites 
with disease progression. The lung microbiota and tryptophan metabolites, as biomarkers, are better suited for identifying 
NARDS and severity grading.

This study lacks a healthy control group. Due to limitations in the collection of respiratory secretion samples 
(typically only collected and tested in clinical respiratory disease cases), we chose NRDS or TTN patients as controls, 
but any disease may present changes in the microbial community. Additionally, there is a risk of contamination during the 
collection process of lower respiratory secretions and feces. All respiratory secretions were collected using sterile 
aspiration catheters inserted below the glottis. Fecal samples were collected from areas not in contact with the skin or 
diaper surface, thus minimizing the risk of contamination. In our study, there was no significant difference in antibiotic 
usage between the two groups, but due to the nature of the disease, there were differences in ventilation therapy between 
the groups. However, we attempted to collect cases as early as possible after birth to minimize the influence of 
confounding factors on the results. Due to the small sample size, we only preliminarily explored the changes in the 
overall microbial community and metabolites in the NARDS population. More patients are needed to further validate the 
results and to delve into the differences among different etiologies and risk factors.

Conclusion
This study, for the first time, integrated metagenomics and metabolomics and observed significant alterations in the lung- 
gut microbiota and lung-plasma tryptophan metabolites in NARDS patients, with a correlation between microbiota and 
metabolites. Additionally, the unique microbial compositions and tryptophan metabolites in the lungs demonstrated 
superior discriminatory and grading abilities for NARDS.
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