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Abstract

fibrosis in BDL mice was further evaluated.

Background Previous studies have found a reduction in butyrate-producing bacteria in the gut microbiota of infants
with biliary atresia (BA). Butyrate is also an important inhibitor of histone deacetylase 2 (HDAC2). This study aims to
explore how butyrate alleviates liver fibrosis in BA through HDAC2.

Methods Fibrosis-related pathways associated with butyrate were analyzed using the GSE46960 database. BA liver
sections were used to validate factor expression. The effects of HDAC2 and butyrate and the pathway were performed
in vitro experiments. Butyrate intervention was performed in bile duct ligation (BDL) mice, and alterations in the gut
microbiota were analyzed using fecal 165 rRNA sequencing. The impact of butyrate and related pathways on liver

Results The IL-6/STAT3 pathway showed a clear correlation with butyrate in BA. HDAC2 promoted LX-2 activation via
the IL-6/STAT3 pathway, while butyrate inhibited LX-2 activation by suppressing HDAC2. Butyrate not only alleviated
liver fibrosis but also improved the gut microbiota structure in BDL mice.

Conclusion Butyrate may improve liver fibrosis in BA by regulating HDAC2 expression and modulating the IL-6/STAT3
pathway. Therefore, butyrate could serve as a promising therapeutic option for mitigating liver fibrosis in BA.
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Introduction

Biliary atresia (BA) is a leading cause of neonatal cho-
lestasis and a serious life-threatening condition [1]. BA
is characterized by progressive inflammation and fibrosis
of the biliary tract, with an incidence ranging from 1 in
5,000 to 1 in 20,000 [2, 3]. The exact cause of BA remains
unclear [4, 5, 6, 7]. Hepaticojejunal anastomosis (Kasai)
is the procedure of choice for the treatment of BA, utiliz-
ing Roux-en-Y anastomosis to restore bile drainage and
relieve obstruction. However, after Kasai’s surgery, some
of the infants still had progressive liver fibrosis and even-
tually a liver transplant to save their lives [8]. Early and
rapidly progressive liver fibrosis is an important factor
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leading to poor native liver survival (NLS) in BA. Identi-
fying its potential mechanisms of development is key to
effectively controlling the progression of liver fibrosis and
extending the time of NLS.

Some research has demonstrated that the gut micro-
biota, a key element of the “gut-liver axis’, plays a direct
or indirect role in influencing both the structure and
function of the liver [9, 10]. Under normal conditions,
the gut microbiota and the host maintain a mutually
beneficial symbiosis and the microecological stability
under the joint barrier effect of secretory mucus, intes-
tinal epithelial cells, and the immune microenvironment
[11]. However, liver disease disrupts this balance, leading
to gut microbiota alterations. It has been found that the
balance are significantly altered in BA, and the number
of Bifidobacteria and butyric acid-producing flora is sig-
nificantly reduced [12]. Butyrate, a type of short-chain
fatty acid (SCFA) generated through the metabolic activ-
ity of gut microbiota, is essential for supporting intesti-
nal well-being and modulating immune system activity.
We also found that butyrate-producing Firmicutes were
significantly reduced in BA patients [13]. As a product of
related microbiota, butyrate may have a beneficial impact
on the prognosis of BA.

Histone acetylation and deacetylation are crucial com-
ponents of the epigenetics of diseases. Histone acety-
lation, a reversible epigenetic modification, is closely
associated with the activation of gene transcription,
whereas histone deacetylation typically represses tran-
scriptional activity [14]. The opposing functions of two
enzymes, histone acetyltransferases (HATs) and histone
deacetylases (HDACs), control the equilibrium. HDACs
are key regulators in the activation of hepatic stellate
cells (HSCs) [15]. Butyrate, an important endogenous
HDAC inhibitor, interacts with HDACs to regulate gene
expression and cell proliferation [16]. Butyrate can alle-
viate the progression of non-alcoholic fatty liver disease
(NAFLD) and hepatitis, suppress liver inflammation, and
slow down liver fibrosis [17]. In earlier studies, we found
reduced butyrate levels and elevated HDAC2 expression
in infants with BA, both of which were correlated with
BA-related liver fibrosis [13, 18]. Building on these find-
ings, we propose that butyrate can inhibit HSC activation
and mitigate the progression of liver fibrosis in BA by the
downregulation of HDAC2 expression.

Methods

Human sample

To evaluate the expression of relevant factors, liver tis-
sue samples were obtained from 10 infants diagnosed
with type III BA, while 8 infants with choledochal cysts
(CC) served as disease controls (DCs). All diagnoses were
confirmed by intraoperative cholangiography, and liver
tissue samples were obtained during surgery. Sections of
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liver tissue were utilized for conducting histological and
immunohistochemical staining analyses (Supplementary
material 1).

Cell lines

LX-2  were  purchased from  Procell Life
Science&Technology Co.,Ltd, Wuhan. Cells were cul-
tured in DMEM, 10% fetal bovine serum and 1% peni-
cillin and streptomycin. The cells were maintained in a
controlled environment at 37 °C with 5% CO,. ITSA-1
(Inhibitor Trichostatin A-1, HDAC activators, here-
after referred toas ITSA), sodium butyrate (hereafter
referred to as BU) was added to the medium of LX-2
cells. WP1066 (MedChemExpress, NewJersey) was used
to specifically inhibit JAK/STAT3 signaling pathway in
LX-2. HDAC2 expression in HSCs was knocked down
using siRNA, with a blank control group (Con) and a
siRNA non-targeting control group (si-NC) included
for comparison. Total RNA and protein were extracted,
followed by analysis using quantitative PCR (qPCR) and
western blot (WB) (Supplementary material 1).

Mice module

6-8w male Balb/c mice were obtained from Vital River
Laboratories (Beijing, China). The experimental animals
were randomly assigned to three groups, each consisting
of six mice: the bile duct ligation (BDL) group, the Sham
group, and the BDL + sodium butyrate (BU) group. In the
BDL + BU group, mice were administered BU (0.3 mg/g)
via gavage once per day after common bile duct liga-
tion. The Sham and BDL groups were administered an
equivalent volume of saline via gavage once per day. Tis-
sue samples were collected from all animals after 10 days
post-surgery.

Mice are anesthetized via intraperitoneal injection of
tribromoethanol and placed in a supine position with
their limbs secured to the operating platform. A mid-
line abdominal incision was made to expose the hepatic
hilum, then isolated the common bile duct. The duct was
ligated at both the proximal and distal ends using 8 -0
sutures, and then severed between the two sutures. The
abdominal contents are then repositioned, and the inci-
sion is closed. Liver, serum samples and feces were col-
lected subsequently.

Histological staining

Wedge biopsy specimens of the liver were collected intra-
operatively, fixed in formalin and embedded in paraffin to
make 4 um sections. Each histological section included at
least ten hepatic lobules and was routinely stained using
hematoxylin—eosin (HE), Masson’s trichrome and Sirius
red. Fibrosis grade was assessed using the Metavir score
for all Section [18]. All slides were reviewed by two senior
pathologists and the difference of opinion was solved by a
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common consensus. The observers were unaware of the
clinical data. In this study, stage 1 and stage 2 fibrosis in
BA patients were defined as mild fibrosis, while stage 3
and stage 4 fibrosis were defined as severe fibrosis.

Cell scratch assay

On the bottom of a 6-well plate, draw lines 1 cm apart.
Seed 5x10° cells/well into the 6-well plate. Place the
plate in a cell culture incubator and culture until the cell
density reaches approximately 90%. Use a sterile pipette
tip to make vertical scratches. Wash away non-adherent
cells with PBS buffer and then take photographs under a
microscope. Afterward, add the intervention drug to the
culture medium and continue culturing. After 24 h, take
photos again and compare the extent of cell migration
between different groups.

Cell proliferation assay

LX-2 cells were plated in 96-well plates at 5,000 cells per
well and exposed to either BU or PBS. After 24 h of treat-
ment, 10% CCK-8 solution was added to each well and
incubated for 1 h at 37 °C. Absorbance was measured
at 450 nm, with results reported as optical density (OD)
values.

Butyrate metabolism pathway analysis

The GSE46960 dataset was obtained from the NCBI GEO
platform, which includes 64 BA samples and 14 other
intrahepatic cholestasis diseases excluding BA as the dis-
ease control group. Data preprocessing was carried out
as follows: @ If multiple probes map to a single gene, the
average value is taken as the expression value; @ Missing
values in the data were removed; ® Data were standard-
ized. Differential gene expression analysis (DEG), along
with Gene Ontology (GO), Kyoto Encyclopedia of Genes
and Genomes (KEGG), and Gene Set Enrichment Analy-
sis (GSEA), was conducted using the “clusterProfiler”
package in R.

Butyrate-Metabolism-Related Genes (BMRGs) were
selected (correlation score>5) and downloaded through
the GeneCards database (http://www.genecards.org,
accessed on 31 March 2022). DEGs-related analysis was
performed using the “limma” package in R. The protein-
protein interaction (PPI) network for DEGs related to
BMRGs was constructed and analyzed using Cytoscape
software (v3.9.1), with nodes and edges representing
interactions. The STRING database (https://cn.string-db
.org/) was utilized for interaction analysis, and the MCC
algorithm within the “cytohubba” plugin was employed
to identify key modules.

Fecal 16S rRNA detection and analysis
Fecal samples (~200 mg per case) were collected asep-
tically and stored at — 80 °C. 16S rRNA sequencing and
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bioinformatics analysis were performed by Kingmed
Diagnostics (China). DNA was extracted and the V3-V4
hypervariable regions of the 16S rRNA gene were ampli-
fied by PCR using modified primers (341 F-805R) with
Ilumina adapters and barcodes. Paired-end sequencing
(2x300 bp) was conducted on the Illumina Miseq plat-
form. Raw reads were quality-filtered, assembled into
tags, and clustered into OTUs (97% similarity threshold)
for taxonomic annotation. Microbial community com-
position was visualized via relative abundance analysis
(Wekemo Bioincloud). Random forest analysis and LEfSe
(Galaxy platform) were applied to identify group-specific
features. Alpha diversity (Shannon index) and beta diver-
sity (PLS-DA) were analyzed using QIIME2.

Statistics

Statistical analyses were conducted using R software,
SPSS 25.0, GraphPad Prism 8.0.1, and Image]J 1.8.0. Data
distribution was initially assessed for normality. For
normally distributed continuous variables, results are
expressed as mean t standard deviation (SD), and inter-
group comparisons were performed using the Student’s
t-test. For comparisons involving more than two groups,
one-way analysis of variance (ANOVA) was applied.
Non-normally distributed continuous data are presented
as median (interquartile range), and the Mann-Whitney
U test (rank sum test) was used for group comparisons.
Categorical data are expressed as frequencies, and com-
parisons were conducted using the Chi-square test or
Fisher’s exact test. A P value of <0.05 was considered sta-
tistically significant (*P<0.05, **P<0.01, ***P<0.001).

Study approval

The study received ethical approval from the Ethics
Committee of Tianjin Children’s Hospital (Approval No.
2022-SYYJCY]J-008), and written informed consent was
obtained from the legal guardians of each patient. The
animal experimental protocols were approved by the
Committee on the Ethics of Animal Experiments at Tian-
jin Medical University.

Results

HDAC2 promotes BA liver fibrosis by activating LX-2 cells
In BA, HDAC2 expression in the liver exhibits a positive
correlation with the severity of fibrosis: elevated levels
of liver fibrosis are associated with increased HDAC2
expression (Fig. 1A). The activation of HSCs is recog-
nized as a primary driver of liver fibrosis in BA. To fur-
ther explore the mechanism by which HDAC2 influences
liver fibrosis progression in BA, we treated LX-2 cells
with the HDACs agonist, ITSA-1. The results demon-
strated that the expression of LX-2 activation markers
(COL1A1 and a-SMA) was significantly elevated in the
ITSA group compared to the control group (Fig. 1B, SFig.
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Fig. 1 The Effect of HDAC2 on LX-2 Activation. (A) IHC results of HDAC2 protein in liver tissues from disease control group (DC), and mild and severe liver
fibrosis in BA. (B) Related protein expression after ITSA activation of LX-2 cells. (C) gPCR analysis of HDAC2 mRNA abundance following siRNA-mediated
knockdown of HDAC2. (D-E) LX-2 activation after [TSA intervention in HDAC2 knockdown cells. WB and gPCR analysis of mRNA abundance and protein
expression of LX-2 activation markers. DC, Disease Control; Ctrl, Control Group; ITSA, ITSA intervention in LX-2 cells; ITSA+BU, BU intervention in LX-2 cells
activated by ITSA; con, blank control group; siNC, siRNA non-targeting control group; siHDAC2, siHDAC2, LX-2 Knockdown of HDAC2 by siRNA

1A). Next, we knocked down HDAC?2 expression in LX-2
cells using HDAC2-siRNA. The siHDAC2 group exhib-
ited significantly reduced HDAC2 gene and protein levels
compared to Con group and si-NC groups (S Fig. 1Band
C). After ITSA treatment, the expression of LX-2 acti-
vation markers in the siHDAC2 group was significantly
decreased (Fig. 1D,E). These results suggest that HDAC2
is highly expressed in the liver of BA patients and pro-
motes the development of liver fibrosis. They indicate
that HDAC2 may facilitate liver fibrosis by activating
LX-2 cells.

Butyrate inhibits LX-2 activation by suppressing HDAC2

Our earlier research has shown an inverse correlation
between butyrate levels and BA liver fibrosis, suggest-
ing that butyrate may alleviate liver fibrosis. To investi-
gate this, we treated ITSA-activated LX-2 cells with BU.
qPCR, WB, and IF results revealed that, in comparison to
the ITSA group, the ITSA + BU group exhibited a marked
reduction in the expression of LX-2 activation markers,
along with a marked decrease in HDAC2 expression and
an increase in histone acetylation levels (Figs. 1B and
2A, B and S Fig. 2A). CCK-8 proliferation assays and cell
scratch assays showed that BU significantly inhibited

LX-2 cell proliferation and migration (Fig. 2C and D).
These findings suggest that butyrate affects LX-2 activa-
tion by inhibiting HDAC2 expression.

Butyrate is closely associated with the IL-6/STAT3 pathway

To further investigate the mechanism by which BU inhib-
its LX-2 activation, we used the GSE46960 database to
intersect 151 DEGs with 993 BMRGs, identifying 22 dif-
ferentially expressed BMRGs (Fig. 3A and SFig. 3A). Fur-
ther analysis of key subnetworks revealed the gene IL6
as a key candidate (Fig. 3B and SFig 3B). GSEA showed
that the most significantly affected pathways in BA were
the TNFa/NF«B signaling pathway, epithelial-mesenchy-
mal transition (EMT), inflammation, angiogenesis, and
the IL6/JAK/STAT3 signaling pathway. Pathway enrich-
ment analysis further indicated a strong association
between IL-6 and butyrate in the context of BA (Fig. 3C,
D). Immunohistochemical staining of liver tissues from
infants with BA revealed strong positive expression of
IL-6 and p-STAT3 (Fig. 3E). This indicates that butyrate
is closely associated with the IL-6/STAT3 pathway in BA.
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Fig. 2 BU inhibits ITSA-induced activation of LX-2 cells. (A) gPCR analysis of mRNA abundance of HDAC2, COL1A1, and ACTA2 in LX-2 cells activated by
ITSA after BU intervention. (B) Immunofluorescence analysis of HDAC2, COLTAT, and ACTA2 expression in LX-2 cells activated by ITSA after BU intervention.
(C) Proliferation analysis of LX-2 cells activated by ITSA after BU intervention. (D) Migration analysis of LX-2 cells activated by ITSA after BU intervention

Butyrate inhibits LX-2 activation by regulating the IL-6/
STAT3 pathway

After LX-2 cells were activated by ITSA, the expressions
of IL-6, p-STAT3, and STAT3 were increased (Fig. 4A, B).
This suggests that ITSA activation of LX-2 is associated
with the IL-6/STAT3 pathway. To further investigate the
relationship, LX-2 cells were pretreated with WP1066, a
JAK2/STAT3 pathway inhibitor, prior to ITSA activation.
Results indicated that while WP1066 did not affect the
expression of HDAC2 or IL-6, it significantly suppressed
LX-2 activation (Fig. 4C, D). This indicates that HDAC2
activation of LX-2 is mediated through the IL-6/STAT3
pathway.

Butyrate improves gut microecological environment

To investigate the relationship between BU and liver
fibrosis in vivo, BDL mice liver fibrosis model was estab-
lished (Fig. 5A). Results demonstrated that the BDL
group experienced significant weight loss compared to
the SHAM and BDL + BU groups (Fig. 5B). Liver injury

markers, such as ALT, were markedly elevated, and liver
fibrosis was significantly increased in the BDL group
(Fig. 5C, D, E).

16S rRNA sequencing of fecal samples from the three
groups revealed significant differences in gut microbiota
composition (Fig. 5F, S Fig. 4A). Taxonomic analysis indi-
cated that the gut microbiota composition differed sig-
nificantly among the groups. Compared to the SHAM
group, the BDL group showed an increase in Firmicutes
and Proteobacteria phyla, while Actinobacteria and Bac-
teroidetes were reduced. The BU group showed a reduc-
tion in Proteobacteria and an increase in Actinobacteria
compared to the BDL group (Fig. 6G, H; S Fig. 4C). These
results suggest that the BDL group exhibited dysbiosis
with a reduction in beneficial bacteria, which is consis-
tent with microbiota alterations observed in BA patients.
However, BU significantly improved the gut microeco-
logical environment in the BDL model.
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Butyrate improves BDL mouse liver fibrosis by inhibiting
the HDAC2/IL-6/STAT3 pathway

Comparison of the results from the three groups showed
that BU significantly improved liver injury and reduced
the severity of liver fibrosis in BDL mice (Fig. 5C, D, E).
To further investigate the association between BU and
the HDAC2/IL-6/STAT3 pathway, qPCR indicated a
notable rise in the mRNA abundance of Hdac2, IL-6,
and Stat3 in BDL mice (Fig. 6A). IF showed that in BDL
group, the expression of HDAC2, a-SMA, IL-6, and
p-STAT3 were significantly elevated. Moreover, IL-6 and
p-STAT3 co-localized with the liver stellate cell marker
a-SMA (Fig. 6B). In contrast, in the BU group, the expres-
sion levels of HDAC2, a-SMA, IL-6, and p-STAT3 were
significantly reduced compared to the BDL group. These
findings further suggest that BU alleviates liver fibrosis
in BDL mice by inhibiting the activation of the HDAC2/
IL-6/STAT3 pathway.

Discussion

In previous studies, we found that infants with BA exhib-
ited a significant reduction in both butyrate-produc-
ing microbiota abundance and serum butyrate levels
compared to DC [13]. Additionally, we noted a signifi-
cant increase in HDAC2 protein expression in BA. The
expressions of butyrate and HDAC2 were negatively
correlated and were both strongly associated with the
degree of liver fibrosis. Experimental validation in this
study demonstrated that HDAC2 facilitates HSC activa-
tion, thus aggravating liver fibrosis. In contrast, butyrate
alleviated fibrosis by inhibiting the HDAC2/IL6/STAT3
signaling pathway and improving gut microbiota compo-
sition (Fig. 6C).

HDAC2 activation in LX-2 promotes BA liver fibrosis

During the progression of BA, activation of HSCs and
portal fibroblasts leads to the continuous accumulation
of extracellular matrix (ECM), which drives liver fibro-
sis progression [19, 20]. The HSCs activation is often
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Fig. 4 BU inhibits LX-2 activation by regulating the IL-6/STAT3 pathway. (A) Protein expression of IL-6, p-STAT3, and other related proteins in LX-2 cells
activated by ITSA after BU intervention. (B) gPCR analysis of /-6 and STAT3 gene expression in LX-2 cells activated by ITSA after BU intervention. (C) Protein
expression of related markers in LX-2 cells activated by ITSA after WP1066 intervention. (D) gPCR analysis of related genes in LX-2 cells activated by ITSA

after WP1066 intervention

modified by epigenetic modifications, such as DNA
methylation and histone deacetylation. While epigenetic
studies in BA have primarily focused on DNA methyla-
tion and miRNA post-transcriptional regulation, the role
of histone acetylation has been less explored, despite its
close association with the onset and progression of liver
fibrosis [21]. HATs and HDAC: jointly regulate protein
acetylation. Among the HDAC family, HDAC2, a class I
member, deacetylates the N-terminal of histones H3 and
H4, resulting in a more compact chromatin structure and
gene silencing. HDAC2 is also associated with immune
response-related cytokine signaling and is often overex-
pressed in solid tumors [22, 23]. A study has shown that
in CCL4-induced mice models, the mRNA abundance of
Hdac2is significantly increased [24]. Similarly, our immu-
nohistochemistry results demonstrate a marked increase
in HDAC2 expression in the liver tissue of BA patients
and BDL mice, correlating with liver fibrosis severity
(Figs. 1A and 6Aand B). Furthermore, treatment with the
HDAC?2 agonist ITSA induced LX-2 cell activation and
histone deacetylation (Fig. 1B), while silencing HDAC2

expression suppressed LX-2 activation (Fig. 1D, E). These
findings suggest that increased HDAC2 expression facili-
tates LX-2 cell activation, and overexpression of HDAC2
accelerates liver fibrosis in BA.

Butyrate mediates HDAC2 expression to alleviate liver
fibrosis

In our previous studies, we observed significant changes
in the gut microbiota community and microecologi-
cal dysbiosis of BA. In comparison to the control group,
butyrate-producing bacteria were notably reduced [13].
Butyrate, a key SCFA, relies on gut microbiota compo-
sition and abundance for its concentration. Disruption
of gut microbiota often reduces butyrate production
[25]. Butyrate can pass through the intestinal epithe-
lial barrier and enter the circulation via the portal vein,
with circulating butyrate levels reduced in liver cirrho-
sis. Butyrate exhibits anti-inflammatory, anticancer, and
immunomodulatory properties. It can alleviate the pro-
gression of various liver diseases, such as primary biliary
cholangitis (PBC), nonalcoholic steatohepatitis (NASH),
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Fig. 5 BU improves the gut microbiota environment in BDL mice. (A) Intervention protocol for Sham, BDL, and BDL+BU groups of mice. (B) Weight
change curves of mice in the three groups. (C) Liver function analysis of mice in the three groups. (D) Histological comparison of liver tissues from the
three groups of mice using HE, Masson, and Sirius Red staining. (E) gPCR analysis of fibrosis markers in liver tissues from the three groups of mice. (F)
Kruskal-Wallis test analysis of intra-group -diversity indices in the three groups of mice (p=0.038). (G) Phylum-level microbiota composition in the three
groups of mice. (H) Heatmap of the distribution and abundance of key microbial taxa in the three groups of mice

metal toxin-induced liver fibrosis and others [26, 27, 28,
29]. Butyrate can attenuate NASH-related liver fibrosis
through the non-canonical TGF-p pathway [17]. And
research reported butyrate alleviated cholestasis-induced
liver fibrosis by enhancing FGF21 signaling and modulat-
ing the gut microbiota [28]. As a HDAC inhibitor, butyr-
ate exerts its effects by inhibiting HDACs and promoting
histone acetylation, thereby reducing lysine methylation
and increasing acetylation on histone H3, as well as sup-
pressing chromatin transcriptional activity [30]. Butyrate
can also reduce cancer cell proliferation, induce differ-
entiation or apoptosis, and modulate gene expression by
mediating the inhibition of HDAC activity [31]. However,
no study has yet clarified whether butyrate can improve
liver fibrosis by inhibiting HDAC2 in BA. In the current
investigation, we found treatment with BU significantly
decreased HDAC2 expression, increased H3 acetylation
levels, and substantially weakened LX-2 cell activation
following ITSA-induced activation (Fig. 1B, S Fig. 1A).
This suggests that BU may reduce LX-2 activation by
inhibiting HDAC2.

Additional in vivo experiments were conducted to fur-
ther explore the mechanism of butyrate. These studies
have demonstrated that butyrate alleviates hepatic steato-
sis and inflammation, while also hindering the progres-
sion of hepatic fibrosis in NASH mice module [17]. In
this study, we used BU to intervene in BDL mice model.
The results demonstrated that BU significantly improved
liver fibrosis and alleviated liver injury in BDL mice
(Fig. 5C-E). After BU intervention, HDAC2 expression
was notably reduced in the BDL mice (Fig. 6A, B). These
findings suggest that BU can also reduce liver fibrosis in
the BDL mice by decreasing HDAC2 expression.

Butyrate can improve gut microbiota composition

Through 16S rRNA sequencing to analyze fecal sam-
ples from the three groups of mice, we discovered that
butyrate significantly alleviated the gut microbiota dys-
biosis induced by BDL. The findings revealed that the
characteristic microbiota in the Sham group included
Muribaculaceae and Odoribacter, both of which belong
to the phylum Bacteroidetes and promote the produc-
tion of SCFAs. In contrast, Lactobacillus and Shigella
were enriched in the BDL mice; Shigella is a clinically
common opportunistic pathogen and one of the pre-
dominant bacterial genera in cholestatic liver diseases
[32]. In the BDL +BU group, the key microbial markers
included Blautia, Bifidobacterium, Anaerostipes, and

Akkermansia. Blautia is an anaerobic bacterium with
probiotic properties, capable of biotransformation and
modulating host health, thereby alleviating metabolic
diseases and participating in SCFA synthesis [94]. Akker-
mansia can effectively enhance bile acid metabolism and
mitochondrial oxidation in the gut-liver axis, improve
oxidative stress-induced apoptosis of intestinal cell, and
reshape the gut microbiota composition [95]. Nota-
bly, Bifidobacterium, which is found in maternal vaginal
and fecal microbiota, is a primary colonizer promoting
neonatal gut health [97]. Bifidobacterium can regulate
immune responses and produce butyrate, thus enhanc-
ing the intestinal barrier and modulating the gut microbi-
ota. Furthermore, the dominant microbiota in the Sham
group showed negative correlations with biochemical
markers such as ALT, AST, ALP, TB, and DB levels, while
the dominant microbiota in the BDL + BU group, Anaero-
stipes, was negatively correlated with ALT, AST, and ALP
levels (S Fig. 4D, E). These results provide strong evidence
that butyrate not only inhibits liver fibrosis progression
in BDL mice but also reshapes the ecological structure of
the gut microbiota.

Butyrate regulates HDAC2 through IL-6/STAT3 to
ameliorate fibrosis

The study demonstrated that butyrate reduces LX-2
activation by inhibiting HDAC2 expression. To further
explore the pathway through which HDAC2 influences
LX-2 activation, we performed bioinformatics analysis
to identify key genes, revealing that butyrate may act on
the IL-6/STAT3 pathway to impact liver fibrosis. IL-6 is
a cytokine that exhibits both pro-inflammatory and anti-
inflammatory effects, typically produced by activated
macrophages. In BA, IL-6 induces the accumulation of
inflammatory cells and plays a pivotal role in sustaining
both systemic and localized inflammation [33]. Research
has shown that the IL-6/STAT3 pathway plays a criti-
cal role in HSC activation [34]. Immunohistochemical
analysis revealed a significant increase in the expression
of both IL-6 and p-STAT3 in the livers of BA and BDL
mice (Figs. 3D and 6B), suggesting activation of the IL-6/
STAT3 pathway during liver fibrosis in BA. Addition-
ally, we observed that BU suppressed the elevated IL-6/
STAT3 signaling following LX-2 activation (Fig. 4A). In
a study by Osman et al. [35], it was also noted that butyr-
ate can inhibit the phosphorylation of transcription fac-
tors such as NF-kB, AP1, STAT1, and STAT3. To further
verify this, we used the pathway inhibitor WP1066, and
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Fig. 6 Butyrate inhibits the HDAC2/IL6/STAT3 pathway and improves liver fibrosis in BDL mice. (A) gPCR analysis of Hdac2, /-6, and Stat3 abundance in
liver tissues from the three groups of mice. (B) Immunofluorescence co-localization results of HDAC2, IL-6, p-STAT3, and a-SMA in liver tissues from the
three groups of mice. (C) Schematic model depicting the effect of BU on BA liver fibrosis through the HDAC2/IL-6/STAT3 pathway

the combined results from the above experiments dem-
onstrate that butyrate downregulates HDAC2 and sup-
presses LX-2 activation by modulating the IL-6/STAT3
pathway.

Butyrate plays a significant role in alleviating liver fibro-
sis in BA. However, butyrate also has side effects [36].
High concentrations of butyrate can inhibit intestinal cell
proliferation, activate immune cells, and promote lipid
accumulation [37, 38]. To control butyrate release, encap-
sulation technologies are improving [39]. Clinical stud-
ies in patients with liver cancer have found that butyrate
intervention increased rates of diarrhea and proteinuria
[40]. In clinical trials involving children taking butyrate,
some reported side effects such as nausea and headache,
which gradually resolved after one month of treatment
[41]; while others reported no adverse events [42]. How-
ever, there are currently no clinical trials involving infants

aged 0—6 months. Whether butyrate can be used as a
therapeutic agent in infants with BA requires further
clinical validation.

Conclusion

Based on the analysis of gut microbiota in infants with
BA and controls, this study further investigates the mech-
anisms by which butyrate, a microbial metabolite, influ-
ences liver fibrosis in BA. By analyzing the relationship
between BA liver fibrosis and histone acetylation at the
epigenetic level, we show that butyrate can downregulate
HDAC2 expression and inhibit HSCs activation through
modulation of the IL-6/STAT3 signaling pathway in
both in vitro and in vivo experiments. Our findings sug-
gest that butyrate may play a potential role in suppress-
ing liver fibrosis in BA and improving gut microbiota
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structure, providing a new avenue for enhancing the like-
lihood of NLS in infants with BA.
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