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Background: Neonatal hyperbilirubinemia (HB) is common in the first postnatal week, and early gut ecological and metabolic
features may influence bilirubin homeostasis via the gut–liver axis. We sought birthmeconiummicrobiome–metabolome features
linked to HB and evaluated a candidate metabolite in vivo.
Methods: First-pass meconium was collected within 24 h from 219 neonates. A nested case–control subset was analyzed (HB, n
= 21; Healthy Controls (HC), n = 39). Microbiota were profiled by 16S rRNA gene sequencing (V3–V4), and metabolites were
quantified using a targeted absolute-quantification LC–MS panel (Q300). Community structure was assessed using weighted and
unweighted UniFrac distances and tested by analysis of similarities (ANOSIM), with PERMDISP used to evaluate dispersion.
Genus-level differences were explored by LEfSe and interpreted cautiously given the low-biomass nature of meconium. Metabo-
lites were compared by univariate testing, visualized by volcano plots, and adjusted using false discovery rate (FDR). Azelaic
acid (AzA) was tested in an acetylphenylhydrazine-induced rat model with serum total bilirubin, colonic occludin, colonic β-
glucuronidase activity, and fecal 16S profiling.
Results: HB and HC showed modest but statistically significant differences in weighted and unweighted UniFrac distances
(weighted R = 0.1965, p = 0.0030; unweighted R = 0.1225, p = 0.0100). Metabolomics showed limited global separation; AzA
was lower in HB on nominal testing, but no metabolite remained significant after FDR correction. In rats, AzA was associated
with lower serum total bilirubin, directionally higher colonic occludin, decreased colonic β-glucuronidase activity, and suggested
a partial shift in fecal community structure toward controls.
Conclusions: Birth meconium profiling nominated lower AzA as a hypothesis-generating signal; the rat experiment provides
complementary, biologically plausible evidence. Replication in independent neonatal datasets is warranted.
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Introduction

Neonatal hyperbilirubinemia (HB) remains one of the
most common reasons for postnatal evaluation and hos-
pital readmission among otherwise healthy term infants,
and guideline-driven management continues to evolve as
evidence accumulates regarding treatment thresholds and
follow-up strategies [1]. Although most neonatal jaundice
are transient and self-limited, clinically significant bilirubin
elevation still carries a non-trivial risk of bilirubin-induced
neurologic dysfunction when recognition or intervention is
delayed [2,3]. Contemporary practice therefore seeks to
balance prevention of neurotoxicity against avoidance of
unnecessary intervention, particularly the overuse of pho-
totherapy [1,4]. Despite increasingly refined clinical al-
gorithms, the biological determinants that shift an infant

from physiologic jaundice toward treatment-requiring HB
remain incompletely defined, and actionable, mechanism-
informed biomarkers available at birth are limited [2,3].

Bilirubin homeostasis in the early neonatal period is
influenced not only by hepatic conjugation capacity but also
by intestinal handling and enterohepatic cycling. Conju-
gated bilirubin delivered to the gut may undergo deconjuga-
tion and reabsorption, thereby augmenting systemic biliru-
bin exposure—an effect that is particularly relevant when
enteral intake is limited and intestinal transit is delayed. A
key microbial contributor to this process is β-glucuronidase
activity, which can liberate unconjugated bilirubin from
its glucuronides and facilitate reabsorption [5,6]. Be-
yond β-glucuronidases, recent studies have renewed in-
terest in additional microbial bilirubin-transforming path-
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ways. Bilirubin-reducing bacteria and enzymes have been
described in the intestinal ecosystem, supporting the con-
cept that microbial functional potential may influence lu-
minal bilirubin fate [7,8]. In parallel, intestinal barrier in-
tegrity has been proposed as an additional modulator of en-
terohepatic cycling, through effects on mucosal permeabil-
ity, inflammatory tone, and the luminal enzymatic environ-
ment, positioning epithelial tight junction biology as a plau-
sible component of the gut–liver axis relevant to neonatal
bilirubin kinetics [9,10].

These mechanisms intersect with a critical temporal
window in early life, as initial microbial assembly begins
immediately after birth and is strongly patterned by delivery
mode, feeding practices, and perinatal exposures [11,12].
Meconium—despite being a low-biomass matrix that re-
quires careful contamination-aware interpretation—offers
a unique baseline specimen captured before most postna-
tal interventions and often prior to clinical outcome ascer-
tainment. Accumulating evidence indicates that first-pass
meconium can harbor a detectable microbial signal and
may reflect early functional programming relevant to down-
stream host phenotypes [13,14]. However, most clinical
studies examining links between the neonatal microbiome
and jaundice have relied on stool collected after jaundice
recognition and/or after initiation of phototherapy, compli-
cating efforts to disentangle antecedent biological risk from
treatment- or feeding-related effects [15–17]. Moreover,
many reports remain primarily taxonomy-focused, without
integrating the metabolite context through which microbes
interface with bilirubin cycling and mucosal physiology.

Multi-omics approaches are increasingly being ap-
plied to address these limitations. Recent work combin-
ing microbial and metabolic profiling has implicated al-
tered gut bacteria and bile acid metabolism as an axis as-
sociated with neonatal jaundice, highlighting the potential
value of metabolite-centered readouts that may lie closer to
mechanism than community composition alone [18]. Nev-
ertheless, birth-proximal, outcome-agnostic sampling de-
signs andmetabolite-anchored candidates that can be exper-
imentally interrogated remain scarce. This gap is notable
because metabolites are, in principle, tractable: they can
serve as biomarkers, mechanistic probes, and—if safety and
biological plausibility permit—targets for functional vali-
dation.

Within this conceptual framework, azelaic acid
(AzA), a naturally occurring dicarboxylic acid with estab-
lished clinical use in dermatology, emerges as a biolog-
ically plausible candidate. Beyond its antimicrobial and
anti-inflammatory properties, experimental studies in adult
models have suggested that AzA can influence gut inflam-
mation, barrier-associated readouts, andmicrobiota compo-
sition [19,20]. Although these contexts differ from neona-
tal HB, they support the broader notion that AzA can en-
gage gut-centered pathways potentially relevant to entero-
hepatic bilirubin handling. Together with emerging recog-

nition that microbial bilirubin metabolism is enzymatically
programmable, these observations motivate investigation
of an AzA-centered, gut-mediated hypothesis linking lumi-
nal enzymatic activity, barrier function, and bilirubin reab-
sorption.

We analyzed first-pass meconium collected at birth,
prior to outcome ascertainment, and integrated 16S
rRNA gene profiling with targeted absolute-quantification
metabolomics within a nested case–control framework to
identify early microbial and metabolic features associated
with subsequent neonatal HB. On the basis of hypothesis-
generating metabolite screening and biological plausibil-
ity, AzA was prioritized as a candidate for functional
follow-up. We further explored the effects of AzA in
an acetylphenylhydrazine-induced hyperbilirubinemia rat
model, focusing on intestinal readouts relevant to biliru-
bin deconjugation and barrier-associated proteins, in accor-
dance with contemporary expectations for transparent ani-
mal research reporting [21]. Given the exploratory nature
of birth meconium profiling, candidate signals identified in
this setting were interpreted cautiously and require indepen-
dent validation.

Methods

Study Design, Setting, and Ethics
This study was conducted as a nested case–control

analysis within a prospective birth cohort established at
four tertiarymaternity centers in Beijing, China (July 2022–
January 2023), including the Fourth Medical Center of the
Chinese PLA General Hospital, the Sixth Medical Center
of the Chinese PLA General Hospital, the Air Force Spe-
cialty Medical Center, and the Aviation General Hospital.
The cohort was conducted under an ongoing ethics approval
granted by the Ethics Committee of the Seventh Medical
Center, Chinese PLAGeneral Hospital (Approval No.2021-
033). Written informed consent was obtained from par-
ents or legal guardians prior to participation. All proce-
dures were conducted in accordance with the Declaration
of Helsinki and relevant regulations.

Cases were defined as newborns diagnosed with
neonatal HB based on age-specific total serum bilirubin
(TSB) thresholds specified in the Chinese Medical Asso-
ciation Expert Consensus (2014) [22]. The control group
comprised newborns whose bilirubin levels did not meet
the diagnostic threshold for HB andwere randomly selected
from the same cohort. Controls were randomly sampled
from eligible infants within the same birth cohort after ap-
plying the same inclusion and exclusion criteria, using a
computer-generated random number list and without indi-
vidual matching. To minimize interference from perinatal
factors affecting early microbial exposure, both cases and
controls were selected from the same cohort and restricted
to full-term singleton vaginal deliveries. Case-control sam-
pling followed a predefined protocol, prioritizing consis-
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tency in key perinatal variables and sample collection tim-
ing. Clinical management of HB adhered to consensus
guidelines, including phototherapy when indicated during
routine clinical care.

Participant Eligibility and Clinical Data Collection
Neonates were eligible if their mothers were gener-

ally healthy, had routine prenatal care, and had no major
comorbidities during pregnancy (including gestational di-
abetes, hypertension, or thyroid dysfunction). Additional
eligibility criteria were maternal absence of systemic an-
tibiotic exposure within 1 week prior to delivery, and term
vaginal birth (gestational age ≥37 and <42 weeks) with
birth weight 2500–<4000 g. Infants were required to have
no birth asphyxia (Apgar scores ≥8 at 1, 5, and 10 min),
and first-pass meconium had to be successfully collected
within 24 h after birth. Parents/guardians provided writ-
ten informed consent for meconium sampling and agreed
to follow-up assessment at approximately 1 month of age
to ascertain whether neonatal HB was diagnosed.

Infants were excluded if key perinatal data (birth
weight, gestational age, or Apgar scores) were incom-
plete; if HB was attributable to identifiable secondary
causes (e.g., hemolytic jaundice including ABO/Rh in-
compatibility, glucose-6-phosphate dehydrogenase defi-
ciency, clinically significant cephalohematoma or other
major hematoma, biliary obstruction, or breast milk jaun-
dice); if the neonate was diagnosed with conditions other
than HB during the neonatal period; if formula supplemen-
tation reached≥3 feeds per day during the neonatal period;
if the infant received antibiotics or probiotics during the
neonatal period; if meconium collection failed; if follow-
up could not confirmwhether HBwas diagnosed (including
infants noted to have jaundice who did not present for clin-
ical evaluation); or if parents/guardians withdrew consent
for any reason.

A total of 219 neonates were enrolled in the cohort.
The final nested case–control subset used for multi-omics
analysis comprised 21 infants with HB and 39 healthy con-
trols (HC). Demographic and perinatal variables (sex, ges-
tational age, birth weight, feeding pattern during hospital-
ization, and perinatal antibiotic exposure, when applica-
ble) were extracted from the electronic medical record and
follow-up telephone interviews were conducted.

Meconium Collection, Handling, and Storage
Meconium samples were collected as the first-pass

stool within 24 h after birth by trained nurses using stan-
dardized procedures. Sterile fecal collection tubes and dis-
posable sterile swabs were used for all collections. To
minimize environmental contamination, collection was per-
formed prior to application of diaper creams, and contact
with non-sterile surfaces was avoided. Immediately after
passage, meconium was transferred into sterile containers,
temporarily stored at –20 °C, and transferred within 24 h

to –80 °C freezers. During downstream handling, single-
use consumables and filtered pipette tips were used, and
samples were processed in small batches under standard-
ized conditions. All samples were subsequently transported
on dry ice for downstream analyses.

Meconium DNA Extraction and 16S Sequencing
Microbial DNA was extracted from first-pass meco-

nium using a magnetic bead–based extraction workflow
with mechanical disruption (bead beating) following the se-
quencing service provider’s validated protocol (Majorbio
Bio-Pharm Technology Co., Ltd., Shanghai, China). DNA
quantity and purity were assessed using a NanoDrop 2000
spectrophotometer (Thermo Fisher Scientific, Waltham,
MA, USA), and integrity was checked by 1% agarose gel
electrophoresis.

The V3–V4 region of the bacterial 16S
rRNA gene was amplified using primers 338F (5′-
ACTCCTACGGGAGGCAGCAG-3′) and 806R (5′-
GGACTACHVGGGTWTCTAAT-3′). PCR was per-
formed in triplicate using 20 µL reaction mixtures
containing 4 µL of 5× FastPfu buffer, 2 µL of dNTP mix
(2.5 mM each), 0.8 µL of each primer (5 µM), 0.4 µL of
FastPfu DNA polymerase, 0.2 µL of bovine serum albu-
min, ~10 ng of template DNA, and nuclease-free water.
Thermal cycling was 95 °C for 3 min; 30 cycles of 95 °C for
30 s, 55 °C for 30 s, and 72 °C for 45 s; followed by 72 °C
for 10 min and holding at 10 °C. Triplicate amplicons were
pooled per sample, verified on 2% agarose gels, purified
by magnetic-bead cleanup, quantified, pooled equimolarly,
and used for library construction with the NEXTFLEX
Rapid DNA-Seq Kit. Libraries were sequenced on an
Illumina MiSeq PE300 platform (2 × 300 bp) by Majorbio
Bio-Pharm Technology Co., Ltd. (Shanghai, China).

16S Bioinformatics and Statistical Analyses
For the neonatal meconium V3–V4 dataset gener-

ated on the Illumina MiSeq PE300 platform (Illumina, San
Diego, CA, USA), raw reads were quality filtered using
fastp (v0.20.0), merged using FLASH (v1.2.11), and im-
ported into QIIME2 (v2022.2.0) for denoising and ampli-
con sequence variant (ASV) inference using DADA2, with
chimera removal performed using the consensus method.
Taxonomy was assigned using a naïve Bayes classifier
trained on the SILVA database (v138) for the correspond-
ing region.

Alpha diversity (Shannon and Simpson) and beta di-
versity (weighted and unweighted UniFrac) were computed
in QIIME2, and principal coordinates analysis (PCoA) was
used for ordination. For diversity analyses, samples were
rarefied to 26,000 reads per sample. Group differences in
community structure were evaluated using analysis of sim-
ilarities (ANOSIM) (999 permutations), and PERMDISP
was used to check whether group differences could be at-
tributed to unequal dispersion. Exploratory genus-level dif-
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ferential abundance screening was performed using LEfSe
with a Kruskal–Wallis p < 0.05 and a linear discriminant
analysis (LDA) score threshold >3.0. Because meconium
is a low-biomass specimen and extraction/PCR blank con-
trols were not processed alongside samples in the present
study, genus-level findings were interpreted as exploratory
only.

Targeted Metabolomics With Absolute Quantification
Targeted metabolomics profiling of meconium was

performed using a commercial Q300 metabolite panel de-
signed for absolute quantification (Q300 metabolic chip;
Human Metabolomics Institute, Inc., Shenzhen, China).
Approximately 5 mg of meconium was extracted using a
methanol-based solvent containing internal standards and
processed according to the manufacturer’s validated work-
flow, including derivatization steps for applicable metabo-
lite classes (e.g., organic acids), prior to LC–MS/MS anal-
ysis.

Chromatographic separation and mass spectrometric
acquisition were conducted using the vendor’s prevalidated
Q300 quantitative method on an ultra-high-performance
liquid chromatography–tandem mass spectrometry plat-
form. Analyses were performed in both positive and nega-
tive electrospray ionization modes, and absolute concentra-
tions were determined using internal standards and external
calibration as specified by the Q300 workflow. Concentra-
tion tables were exported for downstream statistical analy-
sis.

Exploratory Cross-Domain Analyses
Limited cross-domain analyses were prespecified as

exploratory. Spearman correlation was used to relate ab-
solute concentrations of selected metabolite candidates to
PCoA coordinates derived from weighted UniFrac dis-
tances of the neonatal meconium V3–V4 (Illumina MiSeq
PE300) dataset (Supplementary Table 1).

Animal Experiments and Intestinal
Microenvironmental Readouts

An acetylphenylhydrazine (APH)-induced hyper-
bilirubinemia model was established in specific-pathogen-
free male Sprague–Dawley rats obtained from SPF (Bei-
jing) Biotechnology Co., Ltd. Rats were 6 weeks old and
weighed 180–200 g at study entry. A total of 40 rats were
used in this study and randomly assigned to four groups (n
= 10/group): Ctrl, Model, LowDose, and HighDose. Rats
were housed under controlled temperature and humidity
with a 12 h light/dark cycle and provided standard chow
and water ad libitum. HB was induced by intraperitoneal
injection of freshly prepared 2% APH (Aladdin, Shanghai,
China; Cat. No. A100226) at 1 mL/100 g on day 1 and 0.5
mL/100 g on day 3. Successful model establishment was
defined as a significant elevation in serum total bilirubin in
the APH-treated Model group relative to the Ctrl group at

the prespecified endpoint. The Ctrl group received saline
only, the Model group received APH induction followed
by normal saline, and the LowDose and HighDose groups
receivedAPH induction followed byAzA (Aladdin, Shang-
hai, China; Cat. No. A108439) gavage at 12 mg/100 g/day
and 24 mg/100 g/day, respectively. Outcome assessment
was performed in a blinded manner. From day 4 to day
8, AzA was administered by oral gavage once daily at 12
mg/100 g/day or 24 mg/100 g/day; control groups received
an equivalent volume of normal saline. Animals were mon-
itored daily throughout the experimental period. The over-
all experimental timeline is shown in Supplementary Fig.
1.

At 17:00 on day 8, rats were single-housed without
bedding, with sterile filter paper placed in the cage. Fecal
pellets were collected from each rat into sterile 15 mL tubes
prior to necropsy, stored temporarily at –20 °C, and trans-
ferred on dry ice within 24 h to –80 °C for long-term stor-
age until microbiome sequencing. On the morning of day 9,
rats were deeply anesthetized with inhaled isoflurane (3%–
5% for induction; EZVET, Beijing Yizejia Technology Co.,
Ltd.; batch no. G45993) followed by euthanasia via cer-
vical dislocation. Blood was collected from the abdomi-
nal aorta for serum total bilirubin measurement. The colon
(from the distal cecum to the proximal rectum) was har-
vested for assessment of luminal pH (via colonic lavage),
colonic β-glucuronidase activity, and tight-junction protein
expression (occludin and ZO-1).

Serum total bilirubin was measured using a commer-
cial kit (Solarbio, Beijing, China; Cat. No. BC5185) ac-
cording to the manufacturer’s instructions, with absorbance
read on a SpectraMaxM5microplate reader (Molecular De-
vices, San Jose, CA, USA).

For luminal pH assessment, the colonic lumen was
flushed with 1 mL sterile normal saline, and the lavage
fluid was measured immediately using pH indicator strips
(Merck, Darmstadt, Germany; Cat. Nos. 1.09542.0001
and 1.09543.0001) according to the manufacturer’s instruc-
tions.

Colonic β-glucuronidase activity was measured using
a commercial enzymatic assay kit (Enzyme-linked Biotech-
nology Co., Ltd., Shanghai, China; Cat. No. ml076743) ac-
cording to the manufacturer’s instructions. Briefly, colonic
samples were homogenized in assay buffer, clarified by
centrifugation, and incubated with substrates in a 96-well
plate at 37 °C for 30 min. Absorbance was read at 540
nm on a SpectraMax M5 microplate reader (Molecular De-
vices, San Jose, CA, USA), and enzyme activity was nor-
malized to total protein concentration determined by BCA
assay and expressed as µmol/h/mg protein.

For western blot analysis, colonic tissues were ho-
mogenized in ice-cold RIPA lysis buffer (Solarbio; Cat.
No. R0010) supplemented with protease inhibitor (Solar-
bio; Cat. No. P6730), and protein concentration was de-
termined using a BCA kit (Solarbio; Cat. No. PC0020).
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Equal amounts of protein were separated by SDS–PAGE
and transferred onto 0.22 µm nitrocellulose membranes by
wet transfer at 100 V for 1 h. After washing with 1×TBST,
membranes were blocked for 1 h at room temperature and
incubated overnight at 4 °C with primary antibodies against
β-actin (Affinity, Cat. No. T0022; 1:1000), occludin (Pro-
teintech, Cat. No. 27260-1-AP; 1:5000), and ZO-1 (Pro-
teintech, Cat. No. 21773-1-AP; 1:5000). Membranes were
then washed three times in TBST (10 min each) and incu-
bated for 1 h at room temperaturewithHRP-conjugated sec-
ondary antibodies (Cellway Lab, Cat. Nos. C030270 and
C030272; 1:5000) diluted in 3% non-fat milk in 1× TBST.
Protein bands were visualized using enhanced chemilu-
minescence and imaged on a ChemiScope 6100 system
(CLINX, Shanghai, China). Band intensity was quantified
by densitometry using ImageJ (version 1.53, National Insti-
tutes of Health, Bethesda, MD, USA). β-actin was used as
the loading control.

All animal procedures were approved by the Experi-
mental Animal Ethics Committee of Kangtai Medical Lab-
oratory Service Hebei Co., Ltd. (Approval No. MDL2025-
06-03-02).

Rat Fecal Full-Length 16S rRNA Gene Sequencing
Rat fecal microbiome profiling was performed us-

ing third-generation, full-length 16S rRNA gene sequenc-
ing. Microbial DNA was extracted from fecal pellets us-
ing the TIANMicrobe Magnetic Envir-DNA Kit 4 (TIAN-
GEN Biotech; Cat. No. DP713-T8). The full-length 16S
rRNA gene was amplified using primers 27F (AGRGT-
TYGATYMTGGCTCAG) and 1492R (RGYTACCTTGT-
TACGACTT) in triplicate 20 µL reactions. PCR cycling
was 95 °C for 3 min; 27 cycles of 95 °C for 30 s, 60 °C for
30 s, and 72 °C for 45 s; followed by 72 °C for 10 min and
then held at 10 °C. Triplicate amplicons were pooled per
sample and verified on 2% agarose gels. Amplicons were
purified using a commercial gel-based cleanup workflow
with magnetic-bead capture, then quantified and pooled ac-
cording to the required sequencing depth.

SMRTbell libraries were constructed using the SM-
RTbell prep kit 3.0 and sequenced on a PacBio Sequel
IIe System (Majorbio Bio-Pharm Technology Co., Ltd.,
Shanghai, China). Raw reads were processed using SMRT
Link (v11.0) to generate HiFi reads (minimum full passes
= 3; minimum predicted accuracy = 0.99), demultiplexed
by barcodes, and length-filtered to retain bacterial 16S
reads (1000–1800 bp). Downstream ASV inference and
taxonomy assignment were performed in a QIIME2-based
workflow consistent with the study’s microbiome analy-
ses (DADA2; SILVA v138). Diversity analyses were con-
ducted after normalizing sequencing depth by rarefaction to
a uniform depth across retained samples.

Statistical Analysis

Continuous variables were summarized as mean ±
standard deviation or median (interquartile range), and cat-
egorical variables as counts (percentages). Normality of
continuous variables was assessed using the Shapiro–Wilk
test. Between-group comparisons used the independent-
samples t test or the Mann–Whitney U/Wilcoxon rank-
sum test for continuous variables and Pearson’s χ2 test
or Fisher’s exact test for categorical variables, as appro-
priate. For microbiome data, alpha-diversity comparisons
used non-parametric tests when distributional assumptions
were not met. Community-level differences were evalu-
ated usingANOSIMonUniFrac distancematrices, with ho-
mogeneity of multivariate dispersion assessed using PER-
MDISP prior to interpretation.

For targeted metabolomics, absolute concentrations
derived from kit calibration curves were compared between
groups using parametric or non-parametric tests depending
on distribution. For multi-group comparisons in the an-
imal study, one-way ANOVA or the Kruskal–Wallis test
was used as appropriate. When one-way ANOVA was
used, post hoc pairwise comparisons were performed us-
ing Tukey’s HSD test. When the Kruskal–Wallis test was
used, post hoc pairwise comparisons were performed using
Dunn’s test with Holm adjustment. Multiple testing con-
trol for targeted metabolomics and selected post hoc anal-
yses was performed using the Benjamini–Hochberg false
discovery rate (FDR), with q < 0.05 considered statisti-
cally significant where applicable. Correlation analyses and
lightweight cross-domain linkage analyses were predefined
as exploratory. Statistical analyses were performed in R
(v4.2.0) and GraphPad Prism (v9.0.0; GraphPad Software,
San Diego, CA, USA). A two-sided p value < 0.05 was
considered statistically significant unless otherwise speci-
fied, with exploratory analyses interpreted descriptively.

Results

Study Population and Overall Design
A total of 219 neonates were included in the prospec-

tive birth cohort. First-pass meconiumwas collected within
24 h of birth using sterile procedures and subsequently pro-
cessed and stored at –80 °C. All infants were followed
throughout the neonatal period to ascertain the occurrence
of HB according to established clinical criteria. Using a
nested case–control design, meconium samples from in-
fants who developed HB and from infants who were never
diagnosed with HB were selected for downstream analy-
ses. Of the initially selected samples, 21 neonates with
HB and 42 HC were included. Following microbiome and
metabolomics quality control, three control samples were
excluded due to insufficient sample quality, resulting in a
final analytic set of 21 HB and 39 HC samples. The over-
all study workflow, including cohort inclusion, follow-up,
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Fig. 1. Workflow of the neonatal research and nested case-control design. A prospective birth cohort was established between
July 2022 and January 2023. Eligible mother–infant dyads were enrolled at delivery, and first-pass meconium was collected within 24
h after birth using standardized aseptic procedures. Neonatal hyperbilirubinemia (HB) was defined as total serum bilirubin exceeding
age-specific thresholds according to the 2014 Chinese Medical Association consensus. Within the cohort, a nested case–control set
was constructed, and meconium samples were selected for 16S rRNA gene sequencing (V3–V4) and targeted metabolomics using an
absolute-quantification Q300 panel.

participant exclusions, and final analytic subsets, is sum-
marized in Fig. 1.

The baseline maternal and neonatal characteristics of
the study participants are summarized in Table 1. There
were no statistically significant differences between the HB
and HC groups with respect to maternal age, gestational
age, pre-pregnancy weight, gestational weight gain, body
mass index (BMI) before pregnancy or before delivery,
neonatal birth weight, or infant sex distribution (all p >

0.05).
All cases of HB were identified within the first post-

natal week. Infants diagnosed with HB received standard
phototherapy as part of routine clinical care, and serum to-
tal bilirubin levels declined during treatment. No bilirubin-
related complications were observed during hospitalization.

Microbial Diversity and Community Structure in
Meconium

Within-sample diversity was first compared between
infants who developed HB and HC. Neither Shannon
nor Simpson diversity indices differed between groups
(Wilcoxon rank-sum test; Shannon, p = 0.7038; Simpson, p
= 0.8829; Fig. 2A,B), indicating comparable overall meco-
nium alpha diversity in this cohort.

Between-sample community structure was examined
using UniFrac-based beta diversity. In principal coordi-
nates analysis (PCoA), weighted and unweighted UniFrac
distances showed partially overlapping distributions with
a small shift in group centroids (Fig. 2C,D), alongside
substantial inter-individual variability. Group differences
in community composition were assessed using ANOSIM
based on UniFrac distance matrices (weighted UniFrac, R
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Table 1. Baseline characteristics of the study participants.
Variables HB (n = 21) HC (n = 39) Statistical measure p

Age (years) 32.00 (29.00–36.00) 31.00 (30.00–34.00) Z = 0.46 0.651
Gestation period (days) 277.29 ± 7.23 276.69 ± 8.46 t = 0.27 0.786
Pre-pregnancy weight (kg) 57.26 ± 5.71 58.01 ± 6.33 t = –0.45 0.652
Weight before delivery (kg) 68.45 ± 6.32 69.10 ± 7.24 t = –0.35 0.731
Weight gain during gestation (kg) 11.19 ± 3.58 11.10 ± 4.10 t = 0.08 0.933
Pre-pregnancy BMI (kg/m2) 22.08 ± 2.33 22.41 ± 2.44 t = –0.52 0.606
BMI before delivery (kg/m2) 26.09 ± 2.65 26.39 ± 2.86 t = –0.39 0.697
BMI gain during gestation (kg/m2) 4.01 ± 1.53 3.99 ± 1.64 t = 0.05 0.960
Birth weight (g) 3355.00 ± 357.20 3324.49 ± 323.24 t = 0.34 0.738
Sex (male/female) 14/7 16/23 χ2 = 3.59 0.058
Baseline maternal and neonatal variables are shown for descriptive comparison between the HB and HC groups.
Age was compared using the Mann–Whitney U test and is reported with the corresponding standardized Z value.
Categorical variables were compared using Pearson’s χ2 test, as all expected cell counts were ≥5. p values were
not adjusted for multiple testing. HB, hyperbilirubinemia; HC, healthy control; BMI, body mass index.

= 0.1965, p = 0.0030; unweighted UniFrac, R = 0.1225,
p = 0.0100). Multivariate dispersion was further eval-
uated using PERMDISP, which did not indicate differ-
ences in within-group dispersion between HB and HC
(Supplementary Table 2). These results are consistent
with a modest group-level shift in overall community struc-
ture, while emphasizing that the separation is modest and
occurs against considerable between-infant variability.

Overall, these findings support a modest shift in meco-
nium microbial community structure in relation to hyper-
bilirubinemia status, rather than a strongly discriminative
separation between groups. The ANOSIM effect sizes were
limited and should be interpreted in the context of substan-
tial inter-individual variability and the relatively small sam-
ple size.

Differential Microbial Features Identified by LEfSe
Analysis

Given the low-biomass nature of meconium and the
absence of concurrent negative controls, genus-level find-
ings are presented strictly as exploratory patterns rather than
as evidence of colonizing taxa. To explore the genus-level
features that may underlie the community-level shifts ob-
served in beta diversity, LEfSe analysis was performed. A
set of genera showing differential relative abundance be-
tween infants with HB and HC was identified and sum-
marized by their linear discriminant analysis (LDA) effect
sizes (Fig. 3). Fig. 3 presents the top 10 genera enriched in
HB ranked by LDA score, together with all genera enriched
in HC under the same LEfSe parameters. The complete list
of detected features and associated statistics is provided in
Supplementary Table 3.

The LEfSe-identified genera are therefore interpreted
as hypothesis-generating signals only, and no mechanistic
attribution to individual taxa is made in the present study.

Targeted Metabolomic Profiling of Meconium
Samples

Targeted metabolomic profiling with absolute quan-
tification (Q300 panel) was conducted in the meconium
samples of infants with HB and HC to characterize early-
life metabolic features. Across the 202 quantified metabo-
lites, unsupervised principal component analysis (PCA)
showed substantial overlap between groups, with no evi-
dent global separation in low-dimensional space (Fig. 4A).
Consistent with this pattern, group comparisons of PC1 and
PC2 scores were not significant (PC1, p = 0.735; PC2, p
= 0.559), indicating that between-group differences were
not captured as a dominant source of variance. At the
individual-metabolite level, volcano plot screening identi-
fied a small number of features that were nominally sig-
nificant, but none remained significant after false discov-
ery rate correction (Fig. 4B; Supplementary Tables 4,5).
Among these candidates, AzA was lower in HB than HC
on nominal testing (p = 0.0049; Fig. 4C), although its FDR-
adjusted q value did not support confirmatory inference.

Overall, the targeted absolute-quantification data sug-
gest limited global metabolic separation between groups,
with a small number of hypothesis-generating candidate
features highlighted by univariate screening. These find-
ings are interpreted as exploratory and warrant validation
in independent cohorts.

Effects of AzA on HB, β-Glucuronidase Activity, and
Barrier-Associated Proteins in an Animal Model

In the APH-induced rat model, serum total bilirubin
levels were higher in the Model group than in controls at
the prespecified endpoint (Fig. 5A). Administration of AzA
was associated with a reduction in serum total bilirubin,
with a larger reduction observed in the high-dose group
(Fig. 5A).

Given the relevance of microbial deconjugation to
enterohepatic bilirubin cycling, colonic β-glucuronidase
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Fig. 2. Meconium microbial diversity and overall community structure in HB and healthy controls (HC). (A) Shannon diversity
index of meconium microbiota; group comparison by Wilcoxon rank-sum test (p = 0.7038). (B) Simpson diversity index; group com-
parison by Wilcoxon rank-sum test (p = 0.8829). (C) Principal coordinates analysis (PCoA) based on weighted UniFrac distances (PC1
explains 45.61% of variation); group-level differences assessed by ANOSIM (R = 0.1965, p = 0.0030). (D) PCoA based on unweighted
UniFrac distances (PC1 explains 31.56% of variation); group-level differences assessed by ANOSIM (R = 0.1225, p = 0.0100). Box-
and-whisker plots show median (center line), interquartile range (box), and 1.5× IQR (whiskers), with individual samples overlaid as
points. Each point in PCoA plots represents one infant; ellipses denote 95% confidence regions. Sample sizes: HB, n = 21; HC, n = 39.
PC1, principal coordinate 1; ANOSIM, analysis of similarities; IQR, interquartile range.

activity was next examined. Compared with con-
trols, β-glucuronidase activity was elevated in the Model
group, whereas AzA-treated groups showed lower β-
glucuronidase activity, with the lowest levels observed in
the high-dose group (Fig. 5B).

For barrier-associated proteins, representative im-
munoblots are shown in Fig. 5C, and densitometric quantifi-
cation is shown in Fig. 5D. Occludin expression was lower
in the Model group and showed a directionally higher level
following AzA administration. Given the small western
blot sample size (n = 3/group) and the limited statistical an-
notations shown in Fig. 5D, these protein results should be
interpreted cautiously. ZO-1 showed a similar directional
pattern, with higher expression in the AzA-treated groups

than in theModel group, but no statistically significant pair-
wise differences were observed under the present experi-
mental conditions.

Finally, fecal 16S profiling suggested a partial shift in
overall gut microbial community structure in AzA-treated
animals toward that of the control group (Supplementary
Figs. 2,3). No mortality or overt adverse effects were ob-
served in any experimental group during the study period.

Discussion

Neonatal HB remains among the most frequent clini-
cal problems in the early postnatal period, and a meaningful
subset of infants reaches bilirubin levels that prompt treat-
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Fig. 3. Differential meconium microbial features identified by LEfSe at the genus level. LEfSe results are summarized by LDA
effect size scores. Genera enriched in infants with hyperbilirubinemia (HB) are shown on the left and those enriched in healthy controls
(HC) on the right. For clarity, the plot displays the top 10 HB-enriched genera ranked by LDA score, together with all HC-enriched
genera identified under the same analysis settings. LEfSe parameters, including the significance threshold and LDA cutoff, are described
in Methods. The complete LEfSe output and statistics are provided in Supplementary Table 3. Sample sizes: HB, n = 21; HC, n = 39.
LEfSe, linear discriminant analysis effect size; LDA, linear discriminant analysis.

ment to reduce the risk of bilirubin neurotoxicity [23,24].
The canonical description of bilirubin handling has long
been liver-centered, yet bilirubin enterohepatic circulation
occurs in parallel with rapid, highly dynamic ecological
succession in the neonatal gut during the first days of life,
making the gut–liver axis a plausible additional layer of
regulation [25,26]. We asked whether first-pass meco-
nium collected at birth differs between infants who later
develop HB and those who do not, and whether a candi-
date metabolite from these data can be tested experimen-
tally. The results highlight three aligned observations: (i)
community-level microbiome structure differed modestly
between groups on weighted and unweighted UniFrac, (ii)
targeted metabolomics identified nominal between-group
differences—most notably AzA, which was lower in HB
than HC on nominal testing, and (iii) in an acetylphenylhy-
drazine (APH)-induced HB rat model, AzA administration
was associated with lower serum total bilirubin and barrier-
related intestinal readouts. Two constraints are important:
meconium is low biomass and vulnerable to background
contamination, and metabolomics signals did not remain
significant after FDR correction.

The microbiome findings are best interpreted at the
community level. In the nested case–control analysis, both
weighted and unweighted UniFrac indicated separation be-
tween HB and HC, implying that differences are not re-
stricted to a single rare taxon but reflect broader compo-
sitional structure. This pattern is broadly consistent with an
expanding literature linking neonatal jaundice to gut micro-
bial shifts, including reports describing altered gut micro-
biota in infants with HB and changes following photother-
apy [27,28], as well as recent synthesis work proposing
microbiota-centered frameworks for jaundice development
and heterogeneity [29]. What our data add, specifically, is
that a signal is detectable as early as birth in meconium, be-
fore many of the postnatal exposures that rapidly remodel
the gut community. However, the same timing that makes
the question clinically appealing also makes interpretation
fragile: in very early life, microbial biomass is extremely
low, and apparent “differences” can reflect delivery-room
transfer, early handling, or technical carryover as readily
as biological colonization. Given this constraint, we use
LEfSe to prioritize genera for follow-up rather than to de-
fine disease-associated taxa. Several taxa are biologically
plausible in gut contexts, but some are also taxa that fre-
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Fig. 4. Targeted metabolomics profiling of meconium using absolute quantification (Q300 panel). (A) PCA score plot based
on absolute concentrations of the quantified metabolites. Insets show group-wise comparisons of PC1 and PC2 scores (p-values as
indicated). (B) Volcano plot summarizing univariate comparisons between groups across the 202 quantified metabolites. The x-axis
shows log2 fold change (HC vs HB), and the y-axis shows –log10(p). The dashed horizontal line indicates the nominal significance
threshold (p = 0.05). Colored points indicate metabolites reaching nominal significance (p < 0.05), with red indicating higher and blue
indicating lower concentrations in HC relative to HB. (C) Absolute concentration of AzA in HB and HC meconium (box-and-whisker
plot; center line, median; box, interquartile range; whiskers, 1.5× IQR; points, individual infants); p-value as shown. The list of nominal
candidate metabolites is provided in Supplementary Table 4, and the complete targeted metabolomics results, including FDR-adjusted
q-values, are provided in Supplementary Table 5. HB, hyperbilirubinemia; HC, healthy controls; PCA, principal component analysis;
AzA, azelaic acid. Sample sizes: HB, n = 21; HC, n = 39.

quently appear in low-biomass datasets and can be sensi-
tive to laboratory background; that duality is precisely why
genus-level claims in meconium demand caution.

Low-biomass microbiome work requires an explicit
contamination framework, and this is a primary interpre-
tive limitation for the present study. Multiple lines of ev-
idence argue that very early meconium may not contain a
stable indigenous microbiota, and that signals can be dom-
inated by reagent and environmental contaminants once

stringent negative controls are included [30,31]. Consen-
sus guidance further emphasizes that cross-contamination
and background signal can disproportionately influence
low-biomass studies, and that transparent reporting and
contaminant-control workflows should be treated as min-
imal standards rather than optional best practices [32]. In
practice, without extraction blanks and PCR blanks pro-
cessed alongside samples, one cannot confidently distin-
guish true low-abundance taxa from background signatures,
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Fig. 5. Effects of azelaic acid (AzA) on an acetylphenylhydrazine-induced hyperbilirubinemia (HB) rat model. (A) Serum to-
tal bilirubin levels at the prespecified post-intervention endpoint in Ctrl, Model, LowDose, and HighDose groups. (B) Colonic β-
glucuronidase activity measured as an enzymatic readout relevant to deconjugation processes. (C) Representative immunoblots of oc-
cludin and ZO-1 in colonic tissue. β-actin was detected on parallel membranes using the same protein samples to confirm loading con-
sistency. (D) Densitometric analysis of occludin and ZO-1 expression relative to the corresponding β-actin measurements obtained from
parallel membranes. Bars represent group summaries and points indicate individual animals. Statistical testing and multiple-comparison
procedures were performed as described in the Methods section. Only statistically significant pairwise comparisons are annotated in the
figure; non-significant comparisons are not shown. No statistically significant pairwise differences were observed for ZO-1. Significance
levels are denoted in the figure (* p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001). Ctrl, untreated control; Model, HB model;
LowDose/HighDose, AzA treatment groups (doses as specified in Methods). ZO-1, zonula occludens-1. Sample sizes: n = 10/group for
(A,B); n = 3/group for (C,D).

even when statistical separation is observed. This limita-
tion constrains genus-level inference evenwhen β-diversity
separation is observed. In the present dataset, we therefore
interpret the LEfSe-flagged genera as candidate signals that
could arise from early exposure/transfer at delivery, imme-
diate postnatal handling, and/or technical and processing ef-
fects that are amplified when biomass is low [33,34]. Fu-
ture iterations should incorporate multiple negative controls
(extraction blanks and PCR blanks), quantify bacterial load
(e.g., qPCR-based 16S copy number), and apply formal de-
contamination pipelines using frequency- and prevalence-
based contaminant identification [35]. Those steps would
allow the same question to be revisited with a stronger ba-
sis for biological inference; until then, genus-level findings
should remain explicitly exploratory.

A second, distinct methodological issue concerns the
compositional nature of 16S rRNA gene data. Because our
analysis relied on relative abundances, apparent between-
group differences may partly reflect compositional shifts
rather than absolute changes in microbial biomass [36].

Community-level β-diversity can still capture meaningful
structure under compositional constraints, but genus-level
differential abundance is particularly sensitive to both the
statistical method selected and the presence of covariates.
It is well documented that different differential abundance
methods can yield inconsistent results across datasets, es-
pecially in sparse, low-biomass contexts [37]. LEfSe re-
mains widely used, but it is not designed as a covariate-
adjusted, bias-corrected confirmatory framework, and ex-
perts increasingly expect sensitivity analyses usingmethods
that explicitly address compositional bias and allow covari-
ate adjustment. ANCOM-BC2 is one modern option that
provides a bias-corrected framework and can incorporate
covariates in multi-group settings [38]. We did not apply
ANCOM-BC2 or other multivariable association models
here; accordingly, the most defensible microbiome claim in
the present manuscript is limited to community-level differ-
ences with a set of exploratory candidate taxa, rather than
mechanistic interpretations tied to specific genera.
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The metabolomics results warrant a parallel level
of restraint, but the logic differs from that used for
high-dimensional untargeted discovery. Here, meconium
metabolomics used a targeted, absolute-quantification LC–
MS panel (Q300), meaning that metabolites were quan-
tified against calibration standards and reported as abso-
lute concentrations. In multivariate space, PCA did not
show robust group separation, and at the metabolite level,
multiple features showed nominal differences but none re-
mained significant after FDR correction. That pattern can
be read in two non-exclusive ways: the true effects may be
modest with substantial inter-individual variability, and the
available sample size (n) may be insufficient for multiple-
testing-adjusted significance even when directionality is
reproducible. The advantage of absolute quantification
is that it increases confidence in the direction and mag-
nitude of measured differences—useful for prioritization
and follow-up—yet it does not solve the statistical power
problem created by modest n and multiple comparisons.
For that reason, we interpret the metabolite-level findings
as hypothesis-generating signals measured by an absolute-
quantification workflow, but statistically underpowered af-
ter multiple-testing correction [39,40].

Within that framework, AzA was selected as a prag-
matic candidate for experimental evaluation. In the hu-
man meconium data, AzA was lower in HB than HC on
nominal testing, but it did not meet significance after FDR
correction; it therefore cannot be presented as a validated
biomarker. The decision to prioritize AzA was based on
tractability and biological plausibility rather than on sta-
tistical “winners”. AzA has been reported to modulate in-
flammatory pathways and ameliorate colitis-related pheno-
types in experimental models [19], and barrier-associated
processes are mechanistically relevant to neonatal biliru-
bin physiology because barrier integrity can influence lumi-
nal antigen exposure, epithelial transport dynamics, and in-
flammatory tone—factors that may indirectly shape entero-
hepatic cycling and bilirubin handling. Tight junction pro-
teins including occludin and ZO-1 are increasingly recog-
nized not only as structural components but also as respon-
sive regulators within epithelial stress and repair programs
[41]. The key point for the present manuscript is therefore
not that AzA “explains” neonatal HB, but that ameasurable,
directionally lower candidate signal at birth can be carried
forward into an intervention experiment that probes intesti-
nal readouts relevant to the gut–liver axis.

The animal experiment offers a complementary probe,
while also requiring careful boundary-setting. In the APH-
induced HB model, AzA administration was associated
with reduced serum total bilirubin and coincided with in-
creased colonic occludin expression and lower colonic β-
glucuronidase activity, alongside a partial shift in fecal mi-
crobiome structure toward the control group. These read-
outs are internally consistent with an intestinally relevant
pattern of changes: barrier-related proteins changed in the

expected direction, and a microbial functional phenotype
(β-glucuronidase activity) moved in parallel with bilirubin
reduction. At the same time, the experiment does not, by
itself, identify the dominant causal route. AzA could act di-
rectly on the host epithelium, indirectly through microbial
community changes, or through systemic effects that sec-
ondarily influence the gut. Nor do the animal data prove
that the meconium AzA difference in humans is causal.
The most defensible interpretation is narrower: perturbing
AzA levels in a hyperbilirubinemic context is associated
with a measurable reduction in bilirubin and with intesti-
nal changes that are mechanistically plausible within a gut–
liver framework. Consistent with prior work emphasizing
that barrier modulation should not be over-interpreted as
direct metabolic causation, we view the occludin signal as
supportive of altered epithelial state rather than as proof that
AzA targets bilirubin metabolism per se [42]. Given the
small western blot sample size, ZO-1, included as a com-
plementary marker, is interpreted more cautiously, and we
have therefore kept the emphasis on directionally consis-
tent barrier readouts rather than on over-reading any single
protein result.

A cautious working hypothesis can nonetheless be
articulated by combining the human and animal observa-
tions without conflating evidence levels. Clinically, infants
who develop HB represent a physiological state in which
bilirubin production, conjugation capacity, intestinal tran-
sit, feeding dynamics, and enterohepatic cycling are not
in balance for their age [1,43]. The neonatal gut environ-
ment is rapidly changing, and perturbations—phototherapy
among them—can shift microbial succession andmetabolic
outputs [27,28]. In such a setting, even modest differ-
ences in intestinal microbial enzymatic capacity could in-
fluence the handling of glucuronidated compounds. Awell-
established example is bacterial β-glucuronidase activity,
which can deconjugate glucuronidated molecules in the
gut and thereby influence systemic exposure to reactivated
metabolites; this principle is supported in pharmacological
contexts [44]. Human neonatal cohort evidence also sug-
gests a dynamic association between bilirubin trajectories
and gut microbial genera over the first month of life, con-
sistent with a bidirectional gut–bilirubin relationship rather
than a static snapshot [45]. Our human dataset does not
measure microbial β-glucuronidase genes or activity, and
meconium taxonomic signals remain uncertain in the ab-
sence of negative controls; therefore, we avoid proposing a
specific “taxon→ enzyme→ bilirubin” chain in humans.
What the present study suggests is a tractable, testable idea:
lower AzA in meconium is a candidate signal associated
with HB at the population level, and modulating AzA in
an experimental hyperbilirubinemic context moves biliru-
bin and intestinal readouts in parallel. That is sufficient to
justify targeted validation and mechanistic follow-up, but
not to justify therapeutic claims.
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Several limitations should be addressed proactively,
because each can plausibly account for part of the ob-
served signal if left unacknowledged. First, the sample
size for multi-omics comparisons is modest, particularly
for HB (n = 21), which limits statistical power, increases
uncertainty around effect estimates, and reduces the sta-
bility of feature selection—especially once FDR correc-
tion is applied. This limitation directly explains why the
metabolomics findings remain nominal and why we frame
AzA as a candidate rather than a validated marker. The mit-
igation is equally direct: replication in independent datasets
with larger HB case numbers, ideally with pre-specified
hypotheses and pre-registered analytic plans, is required
before any clinical inference is attempted. Second, low-
biomass contamination remains a key limitation for genus-
level interpretation in meconium (discussed above), and fu-
ture work should incorporate extraction/PCR blanks, bac-
terial load quantification, and decontamination workflows
[35]. Third, selection and generalizability require careful
framing. To reduce heterogeneity in early microbial expo-
sure, our sampling framework focused on a clinically ho-
mogeneous birth context (term singleton vaginal deliveries
per inclusion criteria). This improves internal consistency
for a first-pass meconium question, but it narrows exter-
nal validity: the results may not generalize to preterm in-
fants, cesarean deliveries, antibiotic-exposed births, or dif-
ferent feeding and care environments. Future studies should
treat those groups not as noise but as clinically meaningful
strata. Fourth, the human analysis is observational; asso-
ciations between meconium features and HB cannot estab-
lish causality. The animal experiment improves biological
plausibility but does not replicate neonatal physiology and
therefore cannot be taken as clinical causal proof. Fifth,
the APHmodel reflects hemolysis-drivenHB, which differs
from common neonatal mechanisms such as developmental
immaturity of conjugation pathways; this difference limits
clinical translation and reinforces why we avoid any thera-
peutic language. Finally, mechanistic resolution remains
incomplete even within the animal model: we measured
serum total bilirubin and intestinal readouts, but we did not
partition direct versus indirect bilirubin fractions, nor did
we include broader liver injury panels that could help dis-
criminate between production, conjugation, and clearance
components; likewise, β-glucuronidase activity was mea-
sured at the activity level without distinguishing host versus
microbial sources. These gaps define the immediate next
experiments rather than undermining the present findings:
direct/indirect bilirubin fractionation, liver panel readouts,
intestinal transit metrics, and functional microbial assays
would substantially sharpen causal inference.

Despite these constraints, the study has two strengths
that are directly relevant to early-life microbiome research:
it targets a clinically common neonatal condition with an
early-life specimen collected at a biologically meaning-
ful time point, and it resists over-interpretation by pair-

ing exploratory human signals with a focused experimen-
tal follow-up. The most appropriate reading is therefore
modest but actionable. The human meconium analyses
nominate candidate microbiome structure differences and
a directionally lower AzA signal associated with hyper-
bilirubinemia at birth, while the animal experiment suggests
that AzA perturbation can influence bilirubin and intesti-
nal barrier–related phenotypes in a hyperbilirubinemic set-
ting. The next step is not broader narrative expansion, but
rigorous validation and mechanism: replicate AzA direc-
tionality and magnitude with targeted quantification in in-
dependent neonatal datasets; embed low-biomass controls
and absolute bacterial load measures; quantify microbial
functional capacity (including β-glucuronidase genes and
activity); and test whether the AzA–barrier–bilirubin re-
lationship persists under models that more closely resem-
ble neonatal physiology. Until those steps are completed,
AzA should be viewed primarily as a candidate metabo-
lite that justifies mechanistic clarification and carefully de-
signed clinical studies, rather than as a therapeutic agent.

Conclusions

First-pass meconium profiling at birth identified mod-
est community-level microbiome differences between in-
fants with and without HB and highlighted AzA as a direc-
tionally lower, hypothesis-generating metabolite signal in
HB on nominal testing, without FDR-supportedmetabolite-
level significance. In an APH-induced hyperbilirubinemia
rat model, AzA administration was associated with lower
serum total bilirubin and coincided with barrier-related in-
testinal readouts and lower colonic β-glucuronidase activ-
ity. These findings are consistent with a gut–liver axis–
related hypothesis that can be tested more rigorously in fu-
ture work, but they do not establish causality or clinical ef-
ficacy. Independent replication with low-biomass controls,
larger HB sample sizes, and functional assays is required
before translational claims are considered.
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