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Background: Cholestasis is characterized by disrupted 
bile flow and can lead to severe liver disease in newborns, 
of which biliary atresia (BA) is a common cause. The gut 
microbiome plays a crucial role in aggravating liver injury 
in BA and non-BA cholestasis. However, information is 
lacking regarding the differences in gut microbiome com
position between patients with BA and non-BA cholestasis.
Purpose: This study aimed to assess the gut microbiome 
profile of infants with BA versus those with non-BA chole
stasis and healthy controls in an Indonesian population.
Methods: We investigated the changes in the microbial 
composition of fecal samples from 12 infants with BA and 
8 with non-BA cholestasis and compared them with those 
of 8 age-matched healthy controls (HCs). Fecal DNA from 
all the participants was subjected to 16S rRNA amplicon 
sequencing.
Results: The fecal microbiome at the phylum level differed 
between the BA and non-BA cholestasis groups with 
increased Proteobacteria and decreased Firmicutes. At the 
genus level, the BA group was enriched with Bacteroides, 
unclassified Enterobacteriaceae, and Dialister (P<0.05), 
whereas the non-BA group was enriched with Klebsiella, 
Chryseobacterium, Acinetobacter, and Pseudomonas 
(P<0.05). Parabacteroides, unclassified Lachnospiraceae, 
Actinomyces, Anaerococcus, Clostridium innocuum group, 
Collinsella, Gemella, and Peptostreptococcaceae (P<0.05) 
were more enriched in the HC than in the other 2 groups. 
Detected cytomegalovirus in fecal samples was associated 
with significant microbial shifts, including increased 
Lactobacillus, decreased Escherichia-Shigella, and altered 
Faith’s phylogenetic diversity, highlighting its potential 
role in gut microbiome modulation. Microbial alterations 
in patients with BA versus non-BA cholestasis were 
significantly correlated with liver function indicators.
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Conclusion: The BA and non-BA groups showed specific 
genus enrichment, highlighting the urgent need to 
identify potential treatments to inhibit the progression of 
liver injury in infants with cholestasis.
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infections, Fecal microbiota, Infant

Key message
Question: How does the gut microbiota profile of infants 

with biliary atresia (BA) differ from that of infants with 
non-BA cholestasis and healthy infants in the Indone
sian population?

Finding: The unique fecal microbiome composition of 
the BA group differed significantly from that of the other 
2 groups.

Meaning: There is an urgent need to improve dysbiosis in 
BA and non-BA cholestasis to prevent worsening liver 
injury in cholestasis.

Introduction

Cholestasis is a condition in which bile production and/
or flow is disrupted, and it may affect both the intrahepatic 
and extrahepatic bile ducts or be restricted to one or the 
other.1) Jaundice or yellowing symptoms typically occur 
in newborn babies. However, prolonged jaundice beyond 
2 weeks of age, followed by pale stool and elevated liver 
enzymes, might be a serious indicator of severe liver dis
ease. The most common cause of cholestasis is biliary 
atresia (BA), which is defined as an obliterative condition 
of the biliary tract resulting in bile flow blockage.2) The 
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initial management of BA is the Kasai portoenterostomy 
(KPE) procedure. Nearly 70%–80% of patients after KPE 
experience end-stage liver cirrhosis, requiring liver trans
plantation or dying from liver failure. On the other hand, 
the remaining 11% are free from clinical and biochemical 
signs of liver disease 10 years after the procedure.3) There
fore, early identification and timely intervention are 
essential to improve outcomes in infants with cholestasis, 
especially those with BA.

It is increasingly recognized that the gut microbiota plays 
a role in the developing liver injury in BA.4) The mechanism 
is facilitated by the gut-liver axis, which is connected by 
the bile duct and portal vein. Under normal physiological 
conditions, the gut microbiota regulates immune respons
es, tissue repair, protection against pathogens, vitamin 
synthesis, and digestion.5) In cholestasis, the retention 
of bile within the liver prevents its flow into the intestine, 
disrupting gut homeostasis and contributing to microbial 
dysbiosis. This dysbiosis can increase intestinal epithelial 
permeability, elevate the risk of infection, disrupt meta
bolic functions, exacerbate inflammation, and impair 
immune responses.6) Increased gut permeability and the 
overgrowth of pathogenic microbes may facilitate bacterial 
and toxin (e.g., lipopolysaccharide) translocation to the 
liver, thereby aggravating hepatic injury.7) In addition, 
previous studies have shown that bile acid accumulation in 
the liver fails to promote liver injury in the absence of the 

microbiome in vivo.8) This confirms the important role of 
the gut microbiome in the development of liver injury in 
cholestasis.

Previous studies have revealed a gut microbial imbalance 
in BA patients compared with healthy controls (HCs).4,9) 
Van Wessel et al.4) reported increased abundances of 
Acinetobacter and the family Clostridiaceae and decreased 
abundances of Enterobacteriaceae (including Klebsiella, 
Salmonella, and Trabulsiella) and Bifidobacterium.4) In 
particular, gut microbiome alterations in BA and non-BA 
cholestasis patients are relatively new, and data showing 
their differences are lacking. Moreover, the gut microbiome 
composition in BA and non-BA cholestasis needs to be 
explored. Here, we performed a comprehensive analysis 
of the gut microbiota in BA patients and non-BA patients. 
In the present study, we characterized the structure of 
the microbial composition in BA and non-BA cholestasis, 
specifically in the Indonesian population. In addition, we 
analyzed the correlation of the fecal microbiome with liver 
function indicators in infants with cholestasis.

Methods

1. Study design
We enrolled 12 patients with BA and 8 non-BA cholestasis 

from Cipto Mangunkusumo Hospital, an Indonesian 

Graphical abstract. CMV, cytomegalovirus; BA, biliary atresia; HC, healthy control.
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referral hospital. We also enrolled 8 HC infants from in
tegrated health service posts, a center for pre- and post
natal health care in Central Jakarta. The general inclusion 
criteria were age less than 4 months, no history of diarrhea 
or gastrointestinal diseases, and no antibiotic use within 
2 weeks prior to sample collection. BA patients were 
confirmed through intraoperative cholangiography. Non-
BA cholestasis patients must meet the criteria of direct/
conjugated bilirubin levels exceeding 1 mg/dL when 
total bilirubin is below 5 mg/dL or more than 20% of total 
bilirubin when total bilirubin is above 5 mg/dL. The HC 
group comprised the infants who were age-matched to 
those with cholestasis and were cleared as healthy by a 
medical doctor in integrated health service posts, a center 
for pre- and postnatal health care in Central Jakarta. 
One infant in the BA group and one infant in the non-
BA cholestasis group were born preterm (35–36 weeks’ 
gestation), while the remaining participants were born 
full-term. None of the infants had a history of total pa
renteral nutrition (TPN), no complementary feeding, no 
gastrointestinal disease, or other underlying conditions 
known to affect liver function or gut microbiota compo
sition. The study was approved by the Ethical Committee 
of Cipto Mangunkususo Hospital and Faculty of Medicine, 
Universitas Indonesia, with the number KET-1676/UN2.F1/
LTIK/PPM.00.02/2023.

2. Sample collection
  Informed consent was obtained from each participant’s 

guardians before sample collection. We also collected 
supporting data, which included the demographic charac
teristics of patients via questionnaires. We collected fecal 
samples from BA patients, non-BA cholestasis patients, 
and HCs. The samples were collected immediately after 
defecation and transferred to the laboratory in ice gel 
within 1 hour. The collected fecal samples were preserved 
at -80°C until further analysis. The medical records of BA 
and non-BA groups were collected for further analysis.

3. DNA extraction and quantification
DNA was extracted from the fecal samples following 

instructions from the QIAamp Fast DNA Stool Mini Kit 
(51604, QIAGEN, Germany). Two hundred milligrams of 
stool samples were weighed in a centrifuge tube, and 1 
mL of Inhibitex Buffer was added to each sample. The 
mixture was then homogenized and incubated at 95°C for 
10 minutes. After incubation, the mixture was centrifuged, 
and the supernatant was added to a new tube containing 
Protease K. Buffer AL was added to the mixture and 
incubated at 70°C for 10 minutes. Ethanol was added to 
the mixture, which was subsequently homogenized and 
transferred to the spin column for centrifugation. Wash 

buffers 1 and 2 were added sequentially to the spin column. 
After that, elution buffer was added, and the mixture 
was finally centrifuged. A NanoDrop spectrophotometer 
2000 (Thermo Scientific, USA) was used to determine 
DNA concentration and purity. Qubit 4.0 (Invitrogen, USA) 
was used to measure dsDNA accurately before library 
preparation.

4. Library preparation and metagenomic sequencing
The hypervariable V3-V4 regions of the bacterial 16S 

rRNA gene were amplified with the primers 341F and 
805R. The polymerase chain reactions (PCRs) product 
was then cleaned using AMPure. After that, index PCR 
was performed, and DNA clean-up was performed again. 
Purified amplicons were pooled in equimolar amounts 
and paired end sequenced on an Illumina MiSeq System 
(Illumina, USA).

5. Bioinformatic analysis of metagenomic sequencing
Illumina raw reads were analyzed using Quantitative 

Insights Into Microbial Ecology 2 (QIIME2). The forward 
and reverse reads were demultiplexed, quality-filtered, 
and visualized. The primers and adapters were removed 
using the QIIME2 cutadapt plugin. The reads containing 
low-quality bases (Q<30) were trimmed. The reads were 
clustered into features on the basis of 97% similarity. The 
retained features were aligned with SILVA 132 ribosomal 
RNA databases at 99% shared identity via the “qiime 
feature-classifier classify-sklearn” command. Alpha and 
beta diversity were calculated for the taxonomic level of 
the species using the Shannon, Pielou, Faith and Jaccard 
similarity indices.

6. Statistical analysis
IBM SPSS Statistics ver. 29.0 (IBM Co., 9 USA) was used 

to analyze the data in this study. We present demographic 
data as median values (minimum, maximum), while 
microbiome counts are presented as mean±standard 
deviation. Student t tests and analysis of variance (ANOVA) 
were used to analyze the clinical and demographic data. 
The statistical significance of differences between groups 
was calculated using the Mann-Whitney U test or indepen
dent t test for 2 groups, whereas the Kruskall-Wallis test 
or ANOVA was used for 3 groups. The differences were 
considered significant at P<0.05. Principal coordinate 
analysis (PCoA) between species was used to evaluate 
the β-diversity of the gut microbial composition and per
mutational multivariate ANOVA (PERMANOVA) was per
formed using R. Spearman correlation coefficients were 
calculated to investigate the relationships between liver 
function indicators and the gut microbiome composition.
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total bilirubin, direct bilirubin, albumin, alkaline phos
phatase (ALP), aspartate transferase (AST), or alanine 
transaminase (ALT). A significant difference was found in 
the gamma glutamyl transferase (GGT) level, which was 
greater in the BA group 1,044 U/L (204–2,311 U/L) than in 
the non-BA group 247 U/L (43–625 U/L).

2. Taxonomic profiles of the fecal microbiota in the BA, 
non-BA cholestasis, and HC groups

We analyzed the gut microbial community features 
within the group using 16S rRNA gene sequencing tar
geting the V3-V4 regions. Relative taxonomic abundances 
in the BA groups were compared with those in the non-
BA cholestasis and HC groups. A total of 802 features were 
annotated into 9 phyla, 14 classes, 35 ordos, 61 families, and 
96 genera.

At the phylum level, Proteobacteria, Firmicutes, and 
Bacteroidota were the most prevalent among all groups. 
Proteobacteria were highly enriched in the non-BA group, 
contributing 65.3%, followed by the BA group (43.21 %) and 

Results

1. Characteristic of the BA, non-BA, and HCs
We included 12 BA patients and 8 non-BA cholestasis 

patients, with median ages of 80 days (29–93 days) and 
76.5 days (20–115 days), respectively. Eight age-matched 
healthy infants were recruited at similar ages to those 
in the BA and non-BA groups. Table 1 summarizes the 
baseline characteristics of the total infants recruited. The 
demographic characteristics revealed that none of the 
above environmental factors significantly differed (all 
P>0.05) between the BA and non-BA groups.

The baseline diet was equivalent between the BA and 
non-BA groups but significantly different between the 
cholestasis and healthy groups. A higher proportion of 
HC infants were exclusively breastfed, whereas infants in 
both the BA and non-BA cholestasis groups primarily re
ceived formula milk supplemented with medium-chain 
triglycerides (MCTs). Compared to HCs, infants in the 
non-BA cholestasis group exhibited shorter stature and 
lower body weight, while infants in the BA group had 
significantly lower body weight than those HC infants.

One preterm infant in each of the BA and non-BA groups 
was born at 35–36 weeks of gestation, with birth weights 
of 2,000 and 3,000 g, respectively. The preterm BA infant 
received enteral nutrition (feeding tube) and was managed 
with standard nursing care, while the preterm non-BA 
infant demonstrated regular oral feeding. Neither infant 
had a history of TPN, antibiotic exposure prior to stool 
sampling, or clinically documented sepsis.

Table 2 shows the clinical characteristics of liver func
tion indices from BA and non-BA groups. There were no 
significant differences between BA and non-BA groups in 

Table 1. Demographic characteristics of all patients

Characteristic Non-BA (n=8) BA (n=12) HC (n=8)
P value

BA vs. non-BA BA vs. HC Non-BA vs. HC

Sex 0.592 1.000 0.626
  Male 5 (62.5) 6 (50.0) 4 (50.0)
  Female 3 (37.5) 6 (50.0) 4 (50.0)
Prematurity 1 (12.5) 1 (8.3) 0 (0) 0.767 0.414 0.317
Mode of birth 0.276 0.592 0.143
  Pervaginam 2 (25.0) 6 (50.0) 5 (62.5)
  C-section 6 (75.0) 6 (50.0) 5 (62.5)
Diet 0.535 0.045 0.039
  Breastmilk - 2 (16.7) 5 (62.5)
  Mixed breast-formula milk 7 (87.5) 5 (41.7) 2 (25.0)
  Formula milk 1 (12.5) 5 (41.7) 1 (12.5)
Age (day) 80 (29–93) 76.5 (20–115) 73 (28–124) 0.737 0.948 0.841
Height (cm) 52 (44,58) 53 (39–58) 58 (50–68) 0.532 0.052 0.039
Weight (kg) 3.45 (2.02–5.4) 4 (2.7–6.6) 5.05 (4.2–7.8) 0.35 0.034 0.018
Values are presented as number (%) or median (interquartile range).
BA, biliary atresia; non-BA, nonbiliary atresia cholestasis; HC, healthy control.
Boldface indicates a statistically significant difference with P<0.05.

Table 2. Liver function characteristics of patients with BA 
versus non-BA cholestasis
Clinical parameter Non-BA BA P value

TBIL (mg/dL) 9.06 (1.76–17.91) 11.24 (6.71–34.97) 0.247
DBIL (mg/dL) 6.64 (1.15–12.15) 8.42 (5.25–25.68) 0.165
Albumin (g/dL) 3.85 (2.30–4.40) 3.8 (2.8–4.4) 0.938
GGT (U/L) 247 (43–625) 1,044 (204–2,311) 0.004
ALP (U/L) 502 (166–657) 644 (48–929) 0.449
AST (U/L) 218 (78–576) 244.5 (99.0–499.0) 0.741
ALT (U/L) 212 (69–534) 185.4 (60.0–327.0) 0.522
BA, biliary atresia; non-BA, nonbiliary atresia cholestasis; TBIL, total bilirubin; 
DBIL, direct bilirubin; GGT, gamma glutamyl transferase; ALP, alkaline 
phosphatase; AST, aspartate transferase; ALT, alanine transaminase.
Boldface indicates a statistically significant difference with P<0.05. 
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the HC group (31.78%). Compared with the HC group, the 
BA and non-BA cholestasis groups presented a conspicu
ously lower abundance of Firmicutes with almost similar 
percentages (21.95% and 23.42%). The Bacteroidota account
ed for 26.55% of the bacteria in the BA group, which was 
significantly greater than the 20.66% in the HC group. 
Moreover, Bacteroidota was found in only 6.48% of the 
non-BA cholestasis group. The phylum-level composition 
of each group is presented in Fig. 1A.

To investigate the differences in microbial composition 
at the deeper taxonomic level, we analyzed the relative 
microbial abundance at the genus level. Fig. 1B shows the 11 
most abundant genera among the 3 groups. Streptococcus 
and Gammaproteobacteria were visually dominant in 
all the groups, whereas Allorhizobium-Neorhizobium-
Pararhizobium-Rhizobium was more common in the BA 

and non-BA cholestasis groups. The HC group had the 
greatest number of genera with 76 genera identified, fol
lowed by the BA group with 62 genera. In contrast, the 
non-BA cholestasis group showed a notable reduction in 
fecal microbiome diversity, with only 50 genera detected.

The genus-level characterization proved to be more 
complex and variable than at the phylum level. Several 
bacterial genera significantly differed among the groups 
(P<0.05, Mann-Whitney U test). As shown in Fig. 2A, Bac
teroides was a dominant genus and was significantly more 
abundant in the BA group (25.40%) than in the non-BA 
cholestasis group (6.42%). Additionally, a higher number 
of unclassified genera from the family Enterobacteriaceae 
was also found in the BA group than in the HC group 
(Fig. 2B). Klebsiella was significantly enriched in the non-
BA cholestasis group compared with the HC group (Fig. 

Fig. 1. Intergroup fecal microbiome variations. (A) Diagram of the fecal microbiota composition 
at the phylum level. (B) A bar plot showing the distribution of gut microbial genera within 
groups. BA, biliary atresia; HC, healthy control; non-BA, nonbiliary atresia cholestasis.

hhttps://doi.org/10.3345/cep.2025.00563
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3. Comparable alpha and beta diversity of fecal micro
biota in the BA, non-BA cholestasis, and HC groups

The microbial alpha diversity was calculated to evaluate 
differences in the gut microbiome composition across 
groups. The results revealed that the alpha diversity in 
the HC group was significantly lower than that in the 
BA group, as measured by the Shannon index (P=0.008) 
and Pielou’s evenness index (P=0.023) (Fig. 3A and B). Ad
ditionally, the Pielou index significantly differed between 
the non-BA and HC groups (P=0.037) (Fig. 3B). However, 
no significant differences were observed among the 3 
groups for phylogenetic richness, as analyzed by Faith’s 
phylogenetic diversity index.

To clarify the differences in the gut microbiota among 
the study groups, we analyzed community structure 
variation via PCoA based on the Jaccard similarity index. 

2C), whereas the abundance of the unclassified family 
Lachnospiraceae was significantly greater in the HC group 
(Fig. 2D). Parabacteroides was also more prevalent in the 
HC group than in the other groups, as displayed in Fig. 2E. 
Fig. 2F illustrates the elevated abundance of Bacteroides 
fragilis, as the dominant Bacteroides in the BA group.

Other significant differences in the relative abundance 
of several genera were observed within the groups. Dialis
ter was significantly enriched in the BA group compared 
with the other 2 groups. In contrast, the abundances of 
Chryseobacterium, Acinetobacter, and Pseudomonas were 
significantly greater in the non-BA cholestasis group than 
in the other 2 groups. The HC group was significantly 
enriched with Actinomyces, Anaerococcus, Clostridium 
innocuum group, Collinsella, Gemella, and Peptostrepto
coccaceae. However, these taxa were not classifically do
minant since their relative abundances were less than 1%.

Fig. 2. Relative abundance of the most affected genera: Bacteroides (A), unclassified Enterobacteriaceae 
(B), Klebsiella (C), unclassified Lachnospiraceae (D), Parabacteroides (E), and Bacteroides fragilis (F). BA, 
biliary atresia; HC, healthy control; non-BA, nonbiliary atresia cholestasis. *P<0.05, **P<0.01.

Fig. 3. Intergroup changes in the diversity and structure of the gut microbiota. (A) Shannon index. (B) Pielou index. (C) The 
principal coordinate analysis of the gut microbiome based on the Jaccard similarity index BA, biliary atresia; HC, healthy control; 
non-BA, nonbiliary atresia cholestasis; ns, not significant *P<0.05. **P<0.01.
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Our findings demonstrated distinct divergence in overall 
fecal microbiome compositions in the BA and non-BA 
groups, which deviated from each other. In contrast, the 
HC group exhibited greater dispersion. The PERMANOVA 
indicated that the composition of the fecal microbiota 
significantly differed between the groups (P=0.01) (Fig. 3C).

To determine the differences in microbiota composition 
and diversity in cytomegalovirus (CMV)-positive (CMV+) 
and CMV-negative (CMV-) subjects, we analyzed each sub
group. Lactobacillus abundance was significantly higher 
in CMV-positive patients compared to CMV-negative pa
tients within both the BA group (P=0.037) and the non-
BA group (P=0.022) as shown in Fig. 4A. Additionally, 
Escherichia-Shigella was found to be significantly more 
abundant in the non-BA CMV  ̄ group, with a relative 
abundance of 43.97%, with a P value of 0.025 (Fig. 4B). Alpha 
diversity measured by Faith’s phylogenetic diversity index 
was also significantly greater in CMV+ patients in both 
BA (P=0.012) and non-BA subgroups (P=0.036), indicating 
increased microbial richness associated with CMV infec
tion (Fig. 4C and D). However, due to the small sample 
size in each group, beta diversity analysis was performed 
on the combined cholestasis group, where no significant 
differences were observed between CMV+ and CMV– 
patients (PERMANOVA test, P=0.659), suggesting similar 

overall microbial community structures regardless of 
fecal CMV status at the broader group level.

4. Liver function indicator correlate with gut microbial 
alteration

To investigate the relationship between gut microbiota 
and liver enzyme levels, we performed Spearman's cor
relation analysis. As shown in Fig. 5, the abundance of the 
uncultured family Neisseriaceae, which belongs to the 
phylum Proteobacteria, was negatively correlated with 
bilirubin and transaminase enzymes. Corynebacterium, 
Lactobacillus, Veillonella, and Klebsiella showed a positive 
correlation with the serum albumin concentration, 
whereas Acinetobacter, Acidaminococcus, Pseudomonas, 
and Stenotrophomonas were negatively correlated with 
the albumin concentration.

Interestingly, Bacteroides was positively correlated with 
GGT levels. Notably, Bacteroides fragilis was markedly 
elevated in the BA group accounting for 25.97% of the 
Bacteroides genus, compared to 1.47% in the HC group and 
6.56% in the non-BA group (Fig. 2F). Parabacteroides also 
showed a positive correlation with GGT levels, whereas 
Eikenella was negatively correlated with GGT levels. 
Furthermore, we also found that Rothia, unclassified 
ordo Aeromonadales, and unclassified family Enterobac

Fig. 4. Gut microbiome characteristics stratified by fecal CMV detection in BA and non-BA cholestasis. (A) 
Relative abundance of Lactobacillus in CMV+ and CMV- individuals across the BA and non-BA groups. (B) 
Relative abundance of Escherichia-Shigella in CMV+ and CMV- individuals across the non-BA group. (C) 
Faith’s phylogenetic diversity in the BA group. (D) Faith’s phylogenetic diversity of the non-BA group. BA, 
biliary atresia; CMV, cytomegalovirus; CMV+, CMV-positive; CMV-, CMV-negative; HC, healthy control; non-
BA, nonbiliary atresia cholestasis; ns, not significant. *P<0.05, **P<0.01.
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teriaceae were positively correlated with ALP levels, while 
Parabacteroides and Pseudomonas were negatively 
correlated with ALP levels. In addition, several genera, 
including Chryseobacterium, Dialister, Roseomonas, 
Allorhizobium-Neorhizobium-Pararhizobium-Rhizobium, 
the unclassified family Sphingomonadaceae, the un
cultured family Neissseraceae, and Escherichia-Shigella, 
were negatively correlated with transaminase enzymes, 
while Stenotrophomonas exhibited a positive correlation. 
These findings highlight the significant correlation 
between specific gut microbial taxa and liver function 
markers, suggesting that certain bacteria may exert either 
pathogenic or hepatoprotective roles in liver health.

Discussion

Alterations in the human gut microbiome are widely 
known to correlate with the progression of liver diseases. 
An imbalance in the gut microbiome disrupts intestinal 
permeability, which allows bacterial translocation to the 
liver via the portal vein. Moreover, bacterial translocation 
aggravates inflammation in the liver cells.7) Thus, restoring 
gut microbiome dysbiosis has emerged as a promising 
therapy to delay liver injury progression in various liver 
diseases.

Cholestasis is a liver disease commonly found in new
borns and infants, with various etiologies including in
fection, drug-related, immune-mediated, circulation dis
orders, and genetic/metabolic causes.10) Among these, 
BA is the most frequent cause of cholestasis in infants, 

contributing to the most common cause of liver trans
plants in children.11) Several studies have shown the 
disturbance of the gut microbiome in BA. Song et al.9) 
reported the dominance of Klebsiella, Streptococcus, 
Veillonella, and Enterococcus in BA.9) Another study by 
Van Wessel et al.4) found a greater abundance of Strepto
coccus and a lower abundance of Lachnospiraceae and 
Bifidobacteriaceae in the BA of the Dutch population.4) We 
conclude that gut microbiome disturbance in BA varies 
between populations. This finding is also supported by 
Syromyatnikov et al.,12) who summarized the different gut 
microbiome compositions between nationalities.

The gut microbiome diversity in infants is strongly 
influenced by several factors, including mode of birth 
delivery, disease condition, breastmilk diet, and formula 
milk diet.13) Our study revealed that mode of delivery and 
diet patterns impacted several genera. Overall, the results 
revealed that infants born by cesarean section have 
lower diversity than those born vaginally. This reduction 
in diversity may be attributed to the lack of exposure to 
maternal vaginal microbiota during birth.14) Moreover, 
this study revealed that the genus Bacteroides was more 
abundant in infants with a formula-fed diet. Wang et al.13) 
reported that Bacteroides was found in breast milk, and 
its proportion continues to increase as the infant matures. 
Bacteroides is widely known as a regulator of human milk 
oligosaccharide metabolism, highlighting its importance 
in early gut colonization and development

This study explored gut microbiome disturbance in 
BA patients within the Indonesian population. Bile duct 
obstruction in BA enables bile flow to the intestine, where

Fig. 5. Heatmap of correlations between liver function indicators and gut bacterial genera. TBIL, total 
bilirubin; DBIL, direct bilirubin; GGT, gamma glutamyl transferase; ALP, alkaline phosphatase; AST, 
aspartate transferase; ALT, alanine transaminase. *P<0.05, **P<0.01.
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as other causes of cholestasis are characterized by reduced 
bile flow.11) To account for these physiological differences, 
we also investigated the gut microbiome composition in 
non-BA cholestasis patients, given the known disparities 
in intestinal bile acid concentrations between BA and 
non-BA cholestasis. Compared to the HC group, both 
cholestasis groups exhibited notable alterations in gut 
microbiota including the elimination of specific taxa, fluc
tuations in bacterial density, and significant differences in 
microbial diversity.

At the phylum level, the cholestasis group presented an 
increased abundance of Proteobacteria and a decreased 
abundance of Firmicutes. Proteobacteria are the largest 
phylum within the bacterial domain and are well-known 
as an opportunistic pathogen causing both intestinal and 
extraintestinal diseases. However, it is also noteworthy 
that Proteobacteria are generally abundant in healthy 
newborns, and their proportion typically declines with 
age.15) Firmicutes comprises gram-positive bacteria that 
play essential roles in nutrient metabolism and host phy
siological processes by synthesizing short-chain fatty acids 
(SCFAs).16) SCFAs are critical for maintaining intestinal 
metabolism, preserving intestinal barrier integrity, and 
suppressing proinflammatory cytokine production.17)

Interestingly, the relative abundance of Bacteroidota was 
significantly greater in the BA group than in the HC group 
and was excessively lower in the non-BA group. Along with 
Firmicutes, Bacteroidetes are essential for maintaining gut 
homeostasis.16) However, higher Bacteroidetes reduced the 
Firmicutes/Bacteroidetes (F/B) ratio. Disruption of the F/B 
ratio has been widely associated with gut dysbiosis in the 
gastrointestinal tract, which affects host immunity and 
promotes inflammatory responses. Several diseases have 
been repeatedly reported to be correlated with changes 
in the F/B ratio, including obesity, type 2 diabetes, and 
inflammatory bowel disease.16)

The classification at the genus level revealed considerable 
complexity and variability across groups. The probiotic 
genus, Bacteroides, was surprisingly more abundant in the 
BA group than in the HC and non-BA groups. Bacteroides 
are commensal bacteria in the digestive tract that that are 
important for providing protection against pathogens and 
supplying nutritions to other gut inhabitant microbes.18) 
However, we also noted that the abundance of Bacteroides 
fragilis was higher in the BA group compared to the 
other 2 groups. Teo et al.19) reported that B. fragilis causes 
liver abscess and pyelonephritis in a 68-year-old man. 
Furthermore, our study identified that Bacteroides was 
positively correlated with GGT level elevation. Effenberger 
et al.20) also demonstrated that B. fragilis is associated 
with cholangitis, highlighting its established role as an 
infectious agent in the biliary tract. GGT is predominantly 

localized in the endothelial cells of the bile ducts and the 
cytoplasm of hepatocytes. Thus, biliary tract infections 
can lead to elevated serum GGT levels.

The number of genera unclassified within the family 
Enterobacteriaceae was significantly greater in the BA 
group than in the HC group, whereas the abundance of 
Klebsiella was significantly higher in the non-BA group 
than in the HC group. Members of the Enterobacteriaceae 
are widely known as opportunistic pathogen bacteria that 
typically exist at low concentrations in the gut without 
causing symptoms. However, a significant increase in 
Enterobacteriaceae abundance may affect host immunity 
responses and has been associated with the pathogenesis 
of various diseases, including type 2 diabetes, nonalcoholic 
fatty liver disease, and other obesity-related diseases.21) 
This study consistently revealed a positive correlation 
between unclassified Enterobacteriaceae and ALP levels.

Dialister was also enriched in the BA group compared 
with the HC group, whereas Chryseobacterium, Acineto
bacter, and Pseudomonas were significantly enriched in 
the non-BA group. An increased abundance of Pseudo
monas, Klebsiella, and Dialister has been associated with 
various diseases, such as pneumonia and infections of soft 
tissue and surgical wounds, gastrointestinal tract, urinary 
tract, and the bloodstream.22-24) Interestingly, Klebsiella 
was positively correlated with the albumin concentration, 
while Dialister was negatively correlated with the ALT 
concentration in the cholestasis group.

Parabacteroides contribute to host health through their 
role in carbohydrate metabolism and SCFA synthesis.25) 

Surprisingly, this study revealed that Parabacteroides 
abundance was positively correlated with GGT but 
negatively correlated with ALP in the cholestasis groups. 
Despite these correlations, our data report that the 
abundance of Parabacteroides was extremely low in the 
cholestasis groups. Unclassified genera belonging to the 
family Lachnospiraceae were detected exclusively in HC. 
Along with Clostridiaceae and Peptostreptococcaceae, 
Lachnospiraceae is among the major producers of the 
SCFA butyrate.25) Consistently, unclassified Peptostrep
tococcaceae were also significantly enriched in HC. In 
addition, several genera, including Actinomyces, Anaero
coccus, Clostridium innocuum group, Collinsella, and 
Gemella, were enriched in HC. Actinomyces, Clostridium, 
Collinsella, and Gemella, have been identified as SCFA 
producers contributing to the synthesis of propionate, 
butyrate, lactate, and acetate.25-27)

The overall composition of the gut microbiome was 
comparable across groups based on alpha and beta diver
sity. The Shannon diversity index was significantly higher 
in the BA group compared to those in the HC, whereas 
Pielou evenness was higher in the BA and non-BA groups 
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than in the HC group. Wang et al.28) previously reported 
that alpha diversity in BA patients was significantly lower 
than in healthy individuals. However, according to Shade 
et al.,29) the interpretation of alpha diversity requires more 
than just measurements of numerical indices, but also 
background data. Even though the BA and non-BA groups 
exhibited higher Shannon and Pielou indices than the 
HC group in our study, the HC group showed the greatest 
variation in the number of genera (76 genera), followed by 
the BA (62 genera) and non-BA (50 genera) groups.

Patients with cholestasis are often characterized by 
hyperbilirubinemia and elevated liver function markers. 
In our study, several genera exhibit a strong correlation 
with liver enzyme levels. Other than those previously 
mentioned, Rothia, unclassified Aeromonadales, and 
Stenotrophomonas were positively correlated with liver 
enzymes. Rothia has been identified as an opportunistic 
pathogen associated with infection in various sites, 
including the abdomen, lungs, brain, and periodontium.30) 
Stenotrophomonas has also been identified as a pathogen 
that usually infects immunocompromised individuals.31) 
Consistently, Stenotrophomonas negatively correlated 
with the albumin concentration, further supporting its 
potential role in disease severity.

Several genera, including Chryseobacterium, Roseomo
nas, Allorhizobium-Neorhizobium-Pararhizobium-Rhizobium, 
unclassified family Sphingomonadaceae, Elkenella, un
cultured genus from the family Neisseriaceae, and Esche
richia-Shigella, were negatively correlated with liver 
enzyme levels. Although the aforementioned genera are 
commonly identified as opportunistic pathogens, our 
correlation tests suggest that they also exert potentially 
beneficial effects. For instance, Roseomonas is often 
associated with various infections. However, recent evi
dence has demonstrated that Roseomonas mucosa could 
improve atopic dermatitis through enhancing epithelial 
barrier function and producing immunomodulatory 
phospholipids.32)

Serum albumin concentration is a critical marker for 
assessing liver function and detecting hepatic injury. In 
cholestasis disease, albumin levels are typically reduced 
due to impaired synthesis by hepatocytes.33) Corynebac
terium, Lactobacillus, and Veillonella were positively 
correlated with serum albumin levels in the cholestasis 
groups. Recent studies have highlighted the beneficial 
role of various Corynebacterium spp. in promoting gut 
health by producing antimicrobial peptides that inhibit 
pathogenic infection, stimulate cytokine production, 
and reduce human cholesterol levels.34) Lactobacillus and 
Veillonella are well-known as probiotic genera capable 
of producing SCFA, contributing to gut and metabolic 
health.35)

Our data indicate that certain bacterial genera are 
associated with changes in liver indicators. However, some 
genera still showed inconsistent or unclear correlations 
with these changes. For example, Pseudomonas and 
Escherichia-Shigella, which are widely recognized as 
pathogenic, exhibited reduced abundance in parallel 
with elevated liver enzyme levels. These elevated enzyme 
concentrations may be influenced by cytomegalovirus 
(CMV) infection, particularly in infants with cholestasis. 
We detected CMV DNA in the fecal samples of 5 non-BA 
patients and 4 BA patients included in this study.36) Ye 
and Zhao37) previously reported a link between CMV 
infection and the elevated liver enzymes. CMV infection 
has been shown to activate nuclear factor kappa B and 
proinflammatory cytokines, which may contribute to 
hepatic injury and the subsequent increase in ALT and 
AST levels.37)

In subgroup analysis, we found a higher number of 
Lactobacillus among CMV-positive individuals in the BA 
and non-BA groups. Lactobacillus is known to have anti-
inflammatory properties and to modulate host immune 
responses.38) CMV infection can trigger inflammation and 
immune activation.37) We speculated that Lactobacillus 
enrichment in CMV-positive patients may be the body's 
response to counteracting inflammation. In contrast, the 
enrichment of Escherichia-Shigella among CMV-negatives 
in the non-BA group may be due to the absence of innate 
and adaptive immune responses induced by CMV infec
tion, thus allowing opportunistic pathogens such as 
Escherichia-Shigella to escalate. Another possibility may 
be due to the low abundance of Lactobacillus in CMV-
negative. Lactobacillus is known to inhibit the growth 
of pathogenic bacteria through acidification of the en
vironment and production of antimicrobial compounds.39) 
Therefore, the absence of Lactobacillus dominance might 
allow Escherichia-Shigella to thrive.

Several factors constitute the limitations of this study. 
Although the BA patients were recruited from various 
regions across Indonesia, the overall sample size was 
relatively small. This reflects the rarity of BA and the lo
gistical challenges associated with recruiting participants 
and collecting high-quality stool samples from infants 
with cholestasis. Furthermore, the analysis did not in
clude SCFA measurements, which could have provided 
further insight into functional correlations with the gut 
microbiome.

Another important limitation of this study is the im
balance in feeding methods among groups, which may 
introduce potential confounding in the interpreting of 
gut microbiome differences. While the mode of admini
stration was comparable across groups, most infants in 
the BA and non-BA cholestasis groups received formula 
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feeding, including specialized formulas containing MCTs, 
whereas most HCs were breastfed. Given that infant diet 
is a well-established determinant of early gut microbiota 
composition, it is possible that some of the observed 
microbial differences are influenced by feeding patterns 
rather than disease status alone. Future studies with larger 
sample sizes and better-matched feeding practices, or 
with feeding-stratified analyses, are warranted to clarify 
the specific contributions of disease-related microbial 
alterations.

Despite these limitations, this study provides novel 
insights into the gut microbiome profiles of infants with 
BA and non-BA cholestasis. To the best of our knowledge, 
our data constitute the first report describing gut micro
biome profiles in BA and non-BA cholestasis patients from 
the Indonesian population. In addition, the study provides 
important preliminary insights that can inform future, 
larger-scale investigations.

In conclusion, the microbiome compositions of BA and 
non-BA patients were notably different from those in 
HCs. Alpha and beta diversity were significantly different 
between the BA and HC groups, as well as between the 
non-BA and HC groups. The correlation between the 
microbiota and liver indicators indicates that several taxa, 
such as Bacteroides, Klebsiella, Parabacteroides, and 
Enterobacteriaceae might impact liver injury severity in 
cholestasis infants. Our data reveal possible microbial-
specific alterations, which are important for future poten
tial treatments to inhibit liver disease progression in 
cholestasis infants.
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