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KEY WORDS Abstract  The liver regenerative capacity is crucial for patients with end-stage liver disease following
partial hepatectomy (PHx). The specific bacteria and mechanisms regulating liver regeneration post-PHx
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remain unclear. This study demonstrated dynamic changes in the abundance of Parabacteroides distaso-
nis (P. distasonis) post-PHx, correlating with hepatocyte proliferation. Treatment with live P. distasonis

Parabacteroides N . . . X .
e significantly promoted hepatocyte proliferation and liver regeneration after PHx. Targeted metabolomics
B-hydroxybutyric acid revealed a significant positive correlation between P. distasonis and -hydroxybutyric acid (BHB), as well

as hyodeoxycholic acid and 3-hydroxyphenylacetic acid in the gut after PHx. Notably, treatment with
BHB, but not hyodeoxycholic acid or 3-hydroxyphenylacetic acid, significantly promoted hepatocyte pro-
liferation and liver regeneration in mice after PHx. Moreover, STAT3 inhibitor Stattic attenuated the
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promotive effects of BHB on cell proliferation and liver regeneration both in vitro and in vivo. Mecha-

nistically, P. distasonis upregulated the expression of fatty acid oxidation-related proteins, and increased
BHB levels in the liver, and then BHB activated the STAT3 signaling pathway to promote liver regener-
ation. This study, for the first time, identifies the involvement of P. distasonis and its associated metabolite
BHB in promoting liver regeneration after PHx, providing new insights for considering P. distasonis and
BHB as potential strategies for promoting hepatic regeneration.

© 2025 The Authors. Published by Elsevier B.V. on behalf of Chinese Pharmaceutical Association and
Institute of Materia Medica, Chinese Academy of Medical Sciences. This is an open access article under
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The liver, one of the most important organs for maintaining body
homeostasis, performs multiple functions such as detoxification,
metabolism, biosynthesis and glycogen storage. Meanwhile, liver
disease ranks as the fifth leading cause of death worldwide. In the
case of liver diseases such as liver cirrhosis and end-stage liver
cancer, living-donor liver transplantation and partial hepatectomy
(PHx) are the most prominent treatment strategies'. Notably, the
liver possesses unique regenerative capability”. Liver regeneration
is crucial for the recovery of liver function after transplantation
and PHx’. Numerous cytokines and growth factors are required
for liver regeneration, and it is imperative for the precise and
orderly regulation of liver regeneration”®. In the past decades,
most studies on the molecular mechanisms of liver regeneration
have mainly focused on the liver itself. However, growing evi-
dence suggests that gut microbiota and its metabolites play an
indispensable role in tissue repair and regeneration, and the
contribution of gut microbiota through the gut—liver axis to liver
regeneration has only recently been appreciated”®. Therefore, it is
necessary to understand the involved mechanisms that control
liver regeneration, including the liver-extrinsic signals mediated
by the gut microbiota.

The gut microbiota refers to the entire microbial community in
the gastrointestinal tract, including bacteria, archaea, fungi, pro-
tozoa, and so on’. The gut microbiota, as the second genome of
the human body, produces a variety of bioactive small molecules
that are involved in the development and regression of liver dis-
eases through the “gut—liver axis”. Therefore, modulation of the
gut microbiota, including faecal microbiota transplantation
(FMT), probiotics and prebiotics, has emerged as a potential
therapeutic strategy'®'%. Moreover, evidence suggests that the gut
microbiota holds promise for treating liver diseases. For instance,
Lactobacillus rhamnosus GG, Akkermansia muciniphila, Bacter-
oides acidifaciens and Parabacteroides distasonis (P. distasonis)
have been used to prevent and improve liver fibrosis, alcoholic and
nonalcoholic liver disease'*'°. Ongoing studies have preliminar-
ily demonstrated the dynamic changes in gut microbiota compo-
sition during liver regeneration. Meanwhile, significant time-
dependent alterations in the bacterial flora have been observed
following hepatectomy'”"'®. However, the detailed contributions
of gut microbiota to liver regeneration, and the specific bacteria
and mechanisms involved in regulating liver regeneration post-
PHx remain unclear.

Therefore, the current study aimed to identify the bacterial
species participating in and regulating liver regeneration and the
involved mechanisms. The results demonstrated dynamic changes
in the relative abundance of P. distasonis post-PHx, aligning with
the hepatocyte proliferation kinetics. Treatment with live P.

distasonis significantly promoted hepatocyte proliferation and
liver regeneration after PHx. Targeted metabolomics screening
identified a significant positive correlation between P. distasonis
and the associated metabolite (-hydroxybutyric acid (BHB).
Moreover, BHB treatment significantly promoted hepatocyte
proliferation and liver regeneration in mice after PHx. Mecha-
nistically, P. distasonis upregulated the expression of fatty acid
oxidation-related proteins, boosted hepatic fatty acid oxidation
and increased BHB levels in the liver, and then BHB activated
STAT3 signaling pathway. Taken together, this study, for the first
time, identified P. distasonis and its associated metabolite BHB
could promote liver regeneration via the STAT3 signaling,
providing novel insights for considering P. distasonis or BHB as
potential strategies to promote hepatic regeneration.

2. Materials and methods

2.1.  Chemicals and reagents

Antibodies used in this study include anti-CCNA1 (Sangon
biotech, Cat# D220507, Shanghai, China), anti-CCND1 (Sangon
biotech, Cat# D220509), anti-CCNEI1 (Cell Signaling Technology,
Cat# 2080S, Danvers, MA, USA), anti-CDK4 (Sangon biotech,
Cat# D120396), anti-PPAR« (Abconal, Cat# A18252, Wuhan,
China), anti-CPT1« (Proteintech, Cat# 15148-1, Wuhan, China),
anti-HMGCS2 (Abconal, Cat# A23545), anti-HMGCL (Sangon
biotech, Cat# D122488), anti-BDH1 (Proteintech, Cat# 67448-1),
anti-JAK2 (Cell Signaling Technology, Cat# 3230T), anti-
Phospho-JAK2 (Cell Signaling Technology, Cat# 3771S), anti-
STAT3 (Sangon biotech, Cat# D190759), anti-Phospho-STAT3
(Tyr705) (Cell Signaling Technology, Cat# 9145), anti-acetyl-
Stat3 (Lys685) (Cell Signaling Technology, Cat# 2523) and anti-
c-Myc (Proteintech, Cat# 67447-1). BHB was obtained from
Med Chem Express (HY-113378), Stattic was purchased from
Selleck (S7024).

2.2.  Animal experiments

Male C57BL/6 mice (Specific pathogen-free grade, 7—8-week
old) were purchased from GermPharmatech Co., Ltd. (Foshan,
China) and allowed 1—2 weeks of acclimatization. Mice had free
received food and water ad libitum and were housed in a
temperature-controlled environment (22 °C) under a standard 12 h
light/dark cycle. All animal procedures were approved by the
Ethics Committee on the Care and Use of Laboratory Animals in
Southern Medical University (Approval number: SMUL2022162).

To screen the key bacterial species during liver regeneration
after PHXx, the mice were randomly divided into sham control and
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PHx groups. PHx group was performed according to standard
procedure as previously described'”*°. The sham operation was
performed in the same manner, except that the liver was not
excised. Mice were sacrificed on Days 1, 2, 5, and 7 post-PHx.
Serum, liver tissues, cecum contents, and fecal samples were
collected for further experiments.

To explore the essential role of P. distasonis in liver regener-
ation after PHx, the mice were pretreated with antibiotic (ABX)
cocktail (vancomycin: 100 mg/kg/day, neomycin: 200 mg/kg/day,
metronidazole: 200 mg/kg/day, ampicillin: 200 mg/kg/day) once
daily for 3 days to gut microbiota depletion, and then were gav-
aged with vehicle (PBS), live Parabacteroides merdae (LPM,
1 x 10° cfu/200 pL per mouse in sterilized PBS), live P. distasonis
(LPD, 1 x 10° cfu/200 pL per mouse in sterilized PBS) or heat-
killed P. distasonis (KPD, 1 x 10° c¢fu/200 pL per mouse in
sterilized PBS) for 1 week. Subsequently, all mice were subjected
to PHx and received PBS, LPM, LPD or KPD until the end of the
study. Body weight and dietary intake were monitored during the
experiments. Mice were sacrificed on Days 0, 1,2 and 5 after PHx.
Serum, liver tissues, cecum contents, and fecal samples were
harvested for further experiments.

To explore the essential role of BHB, hyodeoxycholic acid
(HDCA) and 3-hydroxyphenylacetic acid (3HPA) in liver regen-
eration after PHx, the mice were intraperitoneally injected with
vehicle (PBS) or BHB (50 mg/kg/day) or HDCA (25, 50, and
100 mg/kg/day) or 3HPA (25, 50, and 100 mg/kg/day) for 3 days
and then subjected to PHx*'~**. Mice were continued to be treated
with PBS or BHB or HDCA or 3HPA following PHx until the end
of the study. Liver tissue, serum, cecum contents and feces sam-
ples were harvested for further experiments.

To explore the role of STAT3 signaling in BHB-promoted liver
regeneration after PHx, the mice were intraperitoneally injected
with vehicle (PBS) or a STAT3 inhibitor Stattic (10 mg/kg/day) or
BHB (50 mg/kg/day) or Stattic + BHB for 3 days and then sub-
jected to PHx>". Mice were continued to be treated with PBS or
Stattic or BHB or Stattic + BHB following PHx until the end of
the study.

2.3.  Cell culture and treatment

HepG2 (HB-8065) cells were obtained from the American Type
Culture Collection (ATCC, Manassas, VA, USA) and cultured in
Dulbecco’s modified Eagle’s medium (DMEM, Gibco) containing
10% foetal bovine serum (FBS, Gibco) and 50 pg/mL penicillin/
streptomycin at standard cell culture conditions (5% CO,, 95%
air). Cells were treated with BHB solution (1, 5 and 10 mmol/L)
incubated for 3 h*°. For the effects of STAT3 inhibitors on cells,
HepG2 cells were cultured with BHB and Stattic (10 umol/L) for
3n7

2.4.  Microbial strain incubation

P. distasonis and P. merdae were purchased from the Guangdong
Microbial Culture Collection Center (GDMCC 1.1564 and
GDMCC 1.3922) and cultured under anaerobic conditions at
37 °C in the brain heart infusion (BHI) broth (Solarbio, Beijing,
China). The strains of P. distasonis and P. merdae were identified
by comparison of the 16S rRNA sequences with the NCBI
reference database (https://www.ncbi.nlm.nih.gov/), and it showed
99.8% similarity to the sequence of P. distasonis ATCC 8503
(NCBI Reference Sequence: NC_009615.1) and 99.9% similarity
to the sequence of P. merdae ATCC 43184 (NCBI Reference

Sequence: NZ_CP102286.1). P. distasonis and P. merdae were
obtained by centrifuging at 1400xg for 10 min at 4 °C. The
bacteria were suspended in oxygen-free sterilized PBS with a final
density of 1 x 10° cfu/200 pL. To heat-kill the bacteria, P. dis-
tasonis was suspended in oxygen-free sterilized PBS and incu-
bated at 95 °C for 10 min.

2.5.  Histological and biochemical assessment
As previously described”®?, liver tissues were fixed in 4%
paraformaldehyde for 24 h and embedded in paraffin. Paraffin-
embedded tissue slides were stained with hematoxylin and eosin
(H&E) staining and Ki67 antibody (Abcam, Cat# abl6667,
Cambridge, UK). Olympus microscope was used to observe and
obtain the pictures of stained liver sections. For Ki67 staining, the
number of Ki677 cells was counted, and the percentage of Ki67*
cells in the whole section was calculated and statistically
analyzed. The levels of serum aspartate transaminase (AST),
alanine aminotransferase (ALT), alkaline phosphatase (ALP), total
bile acid (TBA) and total bilirubin (TBIL) in the mice were
measured by commercially available kits (Nanjing Jiancheng
Bioengineering Institute, Nanjing, China) following the manu-
facturer’s standard protocols.

2.6. 16S rRNA sequencing

16S rRNA sequencing was conducted as in our previous re-
ports’®*!. Bacterial genomic was extracted from mice feces using
a DNA extraction Kit (Mabio, Guangzhou, China), according to
the manufacturer’s protocol. The total DNA of each sample was
diluted to 5 ng/pl. PCR amplification was performed for the
variable region 4 (V4) region of the bacterial 16S rRNA gene
containing specific barcode tags using the forward primer
(5-GTGTGYCAGCMGCCGCGGTAA-3') and the reverse primer
(5-CCGGACTACNVGGGTWTCTAAT-3'). PCR amplification
procedure: initial denaturation at 95 °C for 2 min, followed by 30
cycles of denaturation at 95 °C for 15 s, annealing at 60 °C for
1 min. 30 cycles of PCR. At the end of the PCR reaction, the PCR
products were mixed according to the ARn value and the quality
of the amplified products was evaluated by agarose gel electro-
phoresis. For microbial diversity analysis, the 16S rRNA V4 re-
gion was amplified and sequenced by using the Illumina NovaSeq
6000 System (Illumina), and the raw sequences were quality-
controlled using QIIME2*?. Operational taxonomic units (OTUs)
were chosen by open reference OTU picking based on 97%
sequence similarity to the Greengenes 13_5 database. Principal
component, alpha diversity, and beta diversity analyses were
performed by using QIIME2.

2.7.  Targeted metabolomic analysis

Mice feces samples on Day 2 after PHx were collected and ho-
mogenized with water. Methanol-containing internal standard was
used to extract the metabolites, and the samples were centrifuged at
18,000x g for 20 min. Then, the supernatant was used by an ultra-
performance liquid chromatography coupled to tandem mass
spectrometry (UPLC—MS/MS) system (ACQUITY UPLC-Xevo
TQ-S, Waters Corp., Milford, MA, USA) to quantitate microbial
metabolites. ACQUITY UPLC BEH C18 1.7 um VanGuard pre-
columns (2.1 mm x 5 mm) and ACQUITY UPLC BEH CI18
1.7 pum analytical columns (2.1 mm x 100 mm) were used for
analysis. The column temperature was 40 °C. The flow rate was
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0.4 mL/min; mobile phase A = water with 0.1% formic acid; and
mobile phase B = acetonitrile/isopropyl alcohol (70:30, v:v). The
analysis was conducted as follows: 0—1 min (5% B), 1—11 min
(5%—78% B), 11—13.5 min (78%—95% B), 13.5—14 min (95%—
100% B), 14—16 min (100% B), 16—16.1 min (100%—5% B),
16.1—18 min (5% B). The raw data files generated by UPLC—MS/
MS were processed using the TMBQ software (v1.0, Metabo-
Profile, Shanghai, China) to perform peak integration, calibration,
and quantitation for each metabolite. The platform iMAP (v1.0,
Metabo-Profile, Shanghai, China) was used for statistical analyses.

2.8.  BHB measurements

Liver, serum and P. distasonis culture medium samples were
collected to measure the BHB levels. Liver tissues were extracted
in a homogenizer at 5000 rpm for 30 s in RIPA lysis buffer
(Thermo Scientific, MA, USA). Serum and P. distasonis culture
medium samples were obtained by centrifugation. BHB levels
were detected in serum by colorimetric assay according to the
manufacturer’s instructions. Data were normalized to total protein
content as detected by BCA assay (Thermo Scientific, MA, USA).

2.9.  Proteomic LC—MS/MS analysis

Following the filter-aided sample preparation (FASP) protocol,
liver tissues were digested and subjected to LC—MS/MS analysis
using a Q Exactive HF-X mass spectrometer (ThermoFisher Sci-
entific, MA, USA).

The peptide samples were separated using the NanoElute UPLC
system (ThermoFisher Scientific, MA, USA). Solvent A is a solu-
tion of 0.1% formic acid and 2% acetonitrile in water, and Solvent
B is a solution of 0.1% formic acid and 100% acetonitrile. The
liquid phase gradient was set as follows: 0—70 min, 6%—24% B;
70—82 min, 24%—35% B; 82—86 min, 35%—80% B; 86—90 min,
80% B, with a constant flow rate of 450 nL/min. The peptides were
subjected to capillary source followed by the timsTOF Pro (Bruker
Daltonics) mass spectrometry. The electrospray voltage applied
was 1.60 kV. Precursors and fragments were analyzed at the TOF
detector, with a MS/MS scan range from 100 to 1700 m/z. The
timsTOF Pro was operated in parallel accumulation serial frag-
mentation (PASEF) mode. Precursors with charge states 0 to 5 were
selected for fragmentation, and 10 PASEF—MS/MS scans were
acquired per cycle. The dynamic exclusion was set to 30 s.

For protein identification, the raw MS/MS data were processed
using MaxQuant search engine (version 1.6.15.0). Tandem mass
spectra were searched against the human SwissProt database
(20422 entries) concatenated with the reverse decoy database.
Trypsin/P was specified as cleavage enzyme allowing up to 2
missing cleavages. The mass tolerance for precursor ions was set
as 20 ppm in the first search and 5 ppm in the main search, and the
mass tolerance for fragment ions was set as 0.02 Da. Carbami-
domethyl on Cys was specified as a fixed modification, and
acetylation on protein N-terminal and oxidation on Met were
specified as variable modifications. The false discovery rate (FDR)
was adjusted to < 1%. The proteins with fold change (FC) > 1.2
and P value < 0.05 were considered as differentially expressed
proteins (DEPs).

2.10. gRT-PCR analysis

Total RNA was isolated and cDNA was synthesized as described
in our previous report™. Total RNA was extracted using TRIzol

reagent (AG, Shanghai, China) and reverse transcribed into cDNA
using Hifair one-step RT-gDNA digestion SuperMix Kit (Yeasen,
Shanghai, China). Then qRT-PCR was performed on an Applied
Biosystem 7500 using Hieff qPCR SYBR Green Master Mix kit
(Yeasen, Shanghai, China) following the instructions from the
manufacturer. The fold changes of mRNA levels were calculated
by the AACt method. All primer sequences used for qRT-PCR are
listed in Supporting Information Table S1.

2.11.  Western blotting

Western blot analysis was conducted according to our previous
report'’. For total protein extraction, liver tissues were homoge-
nized with RIPA lysis buffer containing 1 mmol/L PMSF and
phosphatase inhibitors. BCA Protein Assay Kit (Thermo Scienti-
fic, Rockford, IL, USA) was used to quantify protein concentra-
tion. Protein samples were separated by SDS-PAGE gel and
transferred onto polyvinylidene difluoride membranes (Millipore).
The membranes were blocked in 5% milk for 1 h at room tem-
perature. Then the membranes were incubated with different an-
tibodies 4 °C for overnight. After incubation with a secondary
antibody, the immunoblotting was evaluated using enhanced
chemiluminescence (ECL) kit (Millipore, Darmstadt, Germany)
and a Bio-Rad systems. The immunoblot intensity was quantified
using Image J software.

2.12.  ELISA assays

The protein levels of hepatic IL-6 were measured by commercial
ELISA kits obtained from Neobioscience (EMC004.96, Shenzhen,
China).

2.13.  Statistical analysis

All statistical analyses in this study were performed using
GraphPad Prism 8.4.0 software (GraphPad Software, San Diego,
USA). All data are expressed as the mean + standard deviation
(SD). Unpaired ¢ tests or one-way ANOVA was used to assess the
differences between groups using SPSS 23.0 software (IBM An-
alytics). Taxonomic comparisons from 16S rRNA sequencing
analysis were analyzed by Kruskal—Wallis test with Bonferroni
post hoc test. Correlations between cecal metabolites and P. dis-
tasonis abundance were evaluated using Spearman’s rank corre-
lation analysis. Differences with P values < 0.05 were considered
significant.

2.14.  Data availability statement

The 16S data have been deposited in the Genome Sequence Archive
(GSA): CRAO013483. The metabolome and mass spectrometry
proteomics data have been deposited in the OMIX (Open Archive
for Miscellaneous Data): OMIX005186 and OMIX005187.

3. Results

3.1.  Liver regeneration after PHx in mice

After PHx, the liver/body weight ratio was almost restored to its
original size on Day 7 (Supporting Information Fig. STA—S1C),
consistent with our previously reported ﬁndingslq, H&E staining
showed no apparent liver injury during liver regeneration post-
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PHx. Ki67 immunostaining of liver sections revealed that hepa-
tocyte proliferation was started on Day 1 post-PHx, peaked on
Day 2, and significantly decreased on Day 7 (Fig. S1D and S1E).
The serum levels of AST, ALT, ALP, TBIL, and TBA were also
strongly elevated on Day 1 post-PHx and returned to their normal
levels on Day 7 (Fig. S1F).

3.2.  Alteration in gut microbiota during liver regeneration

To reveal the alteration in gut microbiota during liver regeneration
and identify the bacterial species associated with liver regenera-
tion, 16S rRNA sequencing was performed using mice feces. The
results showed that operational taxonomic unit (OTU) diversities
were not significantly altered during liver regeneration post-PHx
(Supporting Information Fig. S2A); however, there was a distinct
change in gut microbiota composition (Fig. 1A). Moreover, there
was a shift in the composition of gut microbiota at the phylum
level during the process of liver regeneration (Fig. 1B and
Fig. S2B). At the genus level, compared to the sham group, the
relative abundance of Parabacteroides was significantly increased
on Day 1, and gradually decreased but remained significantly
enriched on Days 2 and 5, and returned to normal levels on Day 7
post-PHx (Fig. 1C). Meanwhile, the relative abundance of Bac-
teroides significantly increased on Day 1, reaching the peak, and
then returned to normal levels on Days 5—7 post-PHx. In contrast,
the relative abundance of Lactobacillus significantly decreased at
all time points after PHx (Fig. 1C). MaAsLin2 analysis identified
15 gut microbiota genera significantly associated with liver
regeneration. Bacteroides showed a significant positive correlation
with liver regeneration on Days 1 and 2. Parabacteroides
exhibited a significant positive correlation with liver regeneration
on Days 1 and 2, and a significant negative correlation on Day 5,
which was consistent with the relative abundance of Para-
bacteroides during liver regeneration post-PHx. Furthermore,
Akkermansia and Turicibacter showed significant negative corre-
lations with liver regeneration (Fig. S2C, Supporting Information
Table S2).

We further analyzed the distribution characteristics of these
enriched genera at the species level using qPCR. The relative
abundance of P. merdae was significantly increased at all time
points after PHx, with the most significant increase observed on
Day 5. There were no significant differences in the relative
abundance of Parabacteroides goldsteinii, Bacteroides vulgatus,
and Bacteroides dorei at all time points after PHx. However,
compared to the sham group, the relative abundance of P. dis-
tasonis in mice feces was significantly increased on Day 1,
reaching a peak, decreased on Day 2 but remained significantly
higher than the sham group, and returned to normal levels on Day
7 post-PHx, which was aligned with the hepatocyte proliferation
kinetics after PHx (Fig. 1D, Fig. S1D and S1E). These data sug-
gest that the relative abundance of P. distasonis is positively
correlated with hepatocyte proliferation during the regeneration
process, indicating that P. distasonis may play an important role as
a specific bacterium during liver regeneration after PHx.

3.3.  Treatment with live P. distasonis promotes liver
regeneration after PHx

To further clarify the role of specific key bacteria in liver regen-
eration, C57BL/6 mice were subjected to PHx and were orally
administered the vehicle (PBS), live P. distasonis (LPD) or heat-
killed P. distasonis (KPD). Firstly, the relative abundance of P.

distasonis in the intestines was examined following oral gavage
LPD or KPD. The results showed a significant enrichment of P.
distasonis in the cecum contents and feces of mice gavaged with
LPD for 7 days, while the relative abundance of the KPD-treated
group remained unchanged, indicating that live P. distasonis can
colonize and survive in the mouse intestines (Supporting
Information Fig. S3A). Furthermore, we found that LPD treat-
ment significantly increased liver size and liver/body weight ratio
on Days 2 and 5 post-PHx (Fig. 2A—C). H&E staining and serum
AST, ALT, ALP, TBIL and TBA measurement showed no
apparent liver injury after LPD or KPD treatment (Fig. 2D and
Fig. S3B). The number of Ki67" hepatocytes was substantially
increased after LPD treatment (Fig. 2E and F). In addition, LPD
treatment significantly upregulated levels of the proliferation-
related proteins, including CCNA1, CCND1 and CDK4 post-
PHx (Fig. 2G and Supporting Information Fig. S4). Meanwhile,
since the relative abundance of P. merdae was significantly
increased at all time points after PHx, we further investigated
whether live P. merdae (LPM) could induce liver regeneration
(Supporting Information Fig. S5A). The results show a significant
enrichment of P. merdae in the cecum contents and feces of mice
gavaged with live P. merdae for 7 days, indicating a successful
colonization of P. merdae in the intestine (Fig. S5B). However, P.
merdae treatment did not increase liver size or the liver/body
weight ratio after PHx (Fig. S5C and S5D). Moreover, H&E
staining and measurement of serum AST, ALT, ALP, TBIL and
TBA showed no apparent liver injury after treatment with live P.
merdae (Fig. S5E and S5F).

In conclusion, these findings collectively suggested that the
administration of live P. distasonis accelerated liver regeneration
after PHx by promoting hepatocyte proliferation, but treatment
with live P. merdae could not promote liver regeneration after
PHx.

3.4. P distasonis increases BHB production in cecum contents
and liver after PHx

To reveal the potential involvement of the associated metabolites
during the alterations of gut microbiota composition, targeted
metabolomics quantified more than 300 metabolites to identify
metabolites significantly associated with P. distasonis. The anal-
ysis revealed prominently different metabolites in the cecum
contents between the vehicle-treated and the LPD-treated groups.
As shown in Fig. 3A, principal component analysis (PCA)
demonstrated a notable shift in the metabolic profiles of gut
microbiota in P. distasonis-treated mice, compared with the
vehicle group. We found that 34 metabolites were significantly
changed in the cecum contents of P. distasonis-treated mice,
including hyodeoxycholic acid (HDCA), 3-hydroxyphenylacetic
acid (3HPA), BHB, imidazolepropionic acid and others (Fig. 3B
and C, Supporting Informaiton Table S3). Among these metabo-
lites, BHB concentration was positively correlated with P. dis-
tasonis relative abundance in cecum contents. Moreover, BHB
was also enriched in both liver tissue and peripheral blood serum
in P. distasonis-treated mice after PHx (Fig. 3D and E). However,
the concentration of BHB in the P. distasonis culture medium
showed no significant difference compared to the control medium
in vitro (Fig. 3F). These results showed that P. distasonis treatment
significantly increased the content of BHB in cecum contents,
liver and peripheral blood serum, suggesting that BHB may be
involved in P. distasonis-induced promotion in liver regeneration
after PHx.
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Gut microbiota composition is dynamically changed during liver regeneration. (A) Principal Coordinates Analysis (PCoA) plot using

weighted unifrac distance. (B) Firmicutes/Bacteroidetes (F/B) ratios. (C) Relative abundance of the genera Parabacteroides, Bacteroides and
Lactobacillus during liver regeneration. For (A—C), 16S rRNA sequencing analysis in fecal bacterial DNA was performed during the course of
liver regeneration. (D) qPCR analysis shows relative abundances of P. distasonis, P. merdea, P. goldsteinii, B. vulgatuls and B. dorei during
regeneration. Data are presented as mean £ SD, n = 6; *P < 0.05, ***P < 0.001 compared to the sham group.

3.5.  BHB promotes liver regeneration after PHx

To confirm the contribution of BHB in the vital role of P. dis-
tasonis in liver regeneration, C57BL/6 mice were subjected to
PHXx and treated with either vehicle (PBS) or BHB (Fig. 4A). The
result showed that BHB treatment significantly increased the liver/
body weight ratio on Days 2 and 5 post-PHx (Fig. 4B and C). No

significant differences in serum levels of AST, TBIL and TBA
were observed between the vehicle-treated and BHB-treated
groups. However, BHB treatment significantly reduced serum
ALT level on Day 2 and ALP level on Day 1 (Supporting
Information Fig. S6). H&E staining revealed no apparent liver
injury after BHB treatment (Fig. 4D). Immunohistochemical
staining showed that BHB treatment significantly increased the
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Figure 2

P. distasonis promotes liver regeneration post-PHx in mice. (A) Experimental scheme: mice were treated with antibiotics (vanco-

mycin, neomycin, metronidazole and ampicillin) for 3 days. After antibiotics treatment, 1 x 10° cfu live P. distasonis (LPD) or heat-killed P.
distasonis (KPD) were given by oral transplantation once a day for 1 week. Subsequently, all mice were subjected to PHx and followed by
receiving 1 x 10° cfu LPD or KPD until the end of the study. (B) Representative liver images from PHx mice after vehicle, LPD or KPD
treatment. (C) Liver/body weight ratios (n = 6). (D) H&E and (E) Ki67 staining liver tissues from PHx mice (n = 3). (F) Quantification of the
number of Ki67" cells (n = 3). (G) Western blotting analysis of the proliferation-related proteins CCNA1, CCND1, CCNEI and CDK4 in PHx
mice after the vehicle or LPD administration (n = 6). Data are presented as mean + SD; ns, no significant difference; *P < 0.05, ***P < 0.001
compared to the vehicle group. Scale bar = 50 um.
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Figure 3

P. distasonis increases BHB production in cecum contents and liver after PHx. (A) Scatter plots of principal component analysis

(PCA) for the cecal microbiota metabolomics in PHx mice on Day 2 after vehicle or LPD treatment. (B) Volcano plot of the metabolomic analysis.
(C) The heatmap of intestinal microbial differential metabolites in PHx mice on Day 2 after vehicle or LPD treatment. Red represents high relative
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number of Ki67-positive hepatocytes in the mouse liver tissue
(Fig. 4E and F). Moreover, BHB administration upregulated the
proliferation-related proteins, including CCNA1, CCND1 CCNE1
and CDK4 (Fig. 4G and Supporting Information Fig. S7) after
PHx. These data indicated that BHB treatment promoted hepato-
cyte proliferation after PHXx, thereby facilitating liver regeneration.

On the other hand, since the levels of HDCA and 3HPA were
also significantly elevated in the intestinal contents of P. dis-
tasonis-treated mice after PHx, we further investigated whether
HDCA and 3HPA could induce liver regeneration. The results
showed that HDCA and 3HPA treatment did not increase the liver
size and liver/body weight ratio on Day 2 post-PHx (Supporting
Information Fig. S8A and S8B), suggesting that HDCA and
3HPA could not promote liver regeneration after PHx.

3.6. P distasonis promotes hepatic fatty acid oxidation post-
PHXx in mice

To further illustrate the mechanism underlying P. distasonis-
induced BHB production, we conducted proteomic analysis on
liver tissue collected on Day 2 after PHx, comparing samples
treated with or without P. distasonis. As shown in Supporting
Information Table S4, 59 significantly differentially expressed
proteins (DEPs) were identified, with 41 proteins upregulated and
18 proteins downregulated in the P. distasonis group. Notably, we
identified significant enrichment of proliferation- and lipid
metabolism-related signaling pathways through the biological
process and KEGG pathway analysis of these DEPs between the P.
distasonis-treated and vehicle-treated group (Fig. 5A and B).
Moreover, our analysis of DEPs suggests potential alterations in
fatty acid metabolism-associated pathways in the P. distasonis-
treated mice post-PHx.

To further investigate whether P. distasonis regulates fatty acid
metabolism during liver regeneration after PHx, qPCR was used to
measure the mRNA levels of genes associated with fatty acid
uptake, synthesis, oxidation and BHB production in liver tissue.
The results showed no significant differences in the mRNA levels
of genes related to fatty acid uptake, including long-chain fatty
acid transport protein 1 (Fatp), long-chain fatty acid CoA ligase
(Acsl ), and fatty acid translocase (Cd36), indicating that P. dis-
tasonis treatment did not affect fatty acid uptake in the liver after
PHx (Fig. 5C). Furthermore, there was no difference in fatty acid
synthase (Fasn) mRNA level, while stearoyl-CoA desaturation 1
(Scdl) and perilipin 2 (Plin2) were significantly downregulated in
the P. distasonis-treated mice on Day 2 post-PHx (Fig. 5D).
Interestingly, the mRNA level of carnitine palmitoyl transferase
la (Cptla), a gene associated with fatty acid oxidation, was
significantly upregulated on Day 1 post-PHx. Proliferators-acti-
vated receptors « (Ppara) and long-chain specific acyl-CoA de-
hydrogenase (Lcad ) mRNA levels were slightly increased on Day
1 post-PHx (Fig. 5E). Moreover, those genes related to BHB
production, including hydroxymethylglutaryl-CoA synthase 2
(Hmgcs2), hydroxymethylglutaryl CoA lyase (Hmgcl) and (-
hydroxybutyrate dehydrogenase 1 (Bdhl) were significantly
upregulated in the P. distasonis-treated mice on Day 1 post-PHx
(Fig. 5F). Consistently, we found a significant increase in

protein levels of nuclear PPAR«, total PPARa, CPTIA,
HMGCS2, HMGCL and BDHI1 in the P. distasonis-treated mice
post-PHx (Fig. 6A and B). Taken together, these data suggested
that P. distasonis upregulated the levels of mRNAs and proteins
associated with hepatic fatty acid oxidation, contributing to BHB
production and providing energy for liver regeneration after PHx.

3.7.  BHB promotes liver regeneration by activating the STAT3
signaling pathway in vitro

BHB is not only a key energy metabolite, but also acts as an
epigenetic regulator. It can elevate acetylation levels in both his-
tone and non-histone proteins®*. The transcription activator factor
3 (STAT3) has been implicated in liver regeneration and its
transcriptional of cell growth-related genes can be modulated by
acetylation modification®°, Therefore, to investigate whether
BHB promotes liver regeneration via activating the STAT3
pathway, a Western blot was performed to measure the protein
expression of STAT3 in liver samples from PHx mice. The results
showed that BHB treatment significantly increased the levels of
phosphorylated (p-) JAK2, phosphorylated (p-) STAT3, and the
STAT3 downstream target c-Myc. Additionally, BHB treatment
significantly upregulated protein levels of acetylated H3 (ac-H3)
and acetylated STAT3 (ac-STAT3) in the PHx mice liver (Fig. 7A,
Supporting Information Fig. S9A). Furthermore, we treated
HepG?2 cells with BHB at different time points and found that p-
STAT3 levels were most significantly elevated at 3 h post-
treatment (Fig. S9B). We further treated the cells with BHB at
different concentrations for 3 h. As shown, BHB treatment
significantly increased the expression levels of ac-STAT3, ac-H3,
p-JAK2, p-STAT3, c-Myc and CCNDI1 in a dose-dependent
manner, consistent with in vivo findings (Fig. 7B and C, Fig.
S9C and S9D). Notably, Stattic, a STAT3 phosphorylation inhib-
itor, significantly reduced the BHB-induced increases in p-JAK2,
p-STAT3, c-Myc, and CCND1 levels in vitro (Fig. 7D, Fig. SOE).
Moreover, BHB treatment upregulated IL-6 mRNA and protein
levels (Supporting Information Fig. S10), a pro-inflammatory
cytokine that activates the STAT3 signal. Taken together, these
results suggested that BHB promoted liver regeneration by acti-
vating the STAT3 signaling pathway.

3.8.  BHB promotes liver regeneration by activating the STAT3
signaling pathway in vivo

We further investigated whether BHB promotes liver regeneration
by the STAT3 signaling pathway in vivo. Mice were treated with
the STAT3 inhibitor Stattic to confirm the role of STAT3 signaling
in BHB-induced liver regeneration (Fig. 8A). The results showed
that BHB treatment significantly increased the liver/body weight
ratio of mice on Days 2 and 5 post-PHx, while those of
BHB + Stattic treated mice remained unchanged (Fig. 8B and C).
H&E staining and AST, ALT, ALP, TBIL and TBA levels revealed
no obvious liver injury after BHB and BHB + Stattic treatment
(Fig. 8D, Supporting Information Fig. S11A). The number of
Ki67" hepatocytes in the BHB+Stattic-treated mice was lower
than that in the BHB-treated mice on Day 2 post-PHx (Fig. 8E and

abundance, while blue represents low relative abundance. (D) Heatmap of Spearman correlation coefficients between the relative LPD abundance
and the differential metabolites on Day 2 post-PHx. (E) Levels of BHB in liver, serum and (F) medium samples after LPD treatment during liver
regeneration. Data are presented as mean &+ SD, n = 6; ns, no significant difference; **P < 0.01, ***P < 0.001 compared to the vehicle group at

the same time point.



Parabacteroides distasonis and its associated metabolite BHB promote liver regeneration via STAT3 1439

A B
2/3 hepatectomy PHx 0d PHx 1d PHx 2d PHx 5d

- 5 LA . ‘v
3days 0 1 2 5'days Vehicle

weaficad ime n|nnnmmmnumunmm‘ ||||||m||||n|||n|||un|n||m ‘HItNHllllll*IIHHHH\N\H“ |I|H|HII|IIII|IIH|IHIIIH\|HH

2/3 hepatectomy tom 2 o) ilan 2 tem 2

’Z_. BHB i I 1 >l
3days o 1 2 5 days “ & ‘
Sacrificed time EEE

i IS, p: =3 BB B0:igika, 1o, e T T

0 1cm 2 0 1em 2 0 1em 2 0 1cm
C -e-\ehicle D
Q 5. ~*BHB . PHx 0d PHx1d ‘ PHx2d ' P}Hx5d
E AT
5 41 " * Vehicle
5 34
g
2 -
'§ BHB
L 17
)
E 0 T T T T
0 1 2 5
Time after PHx (day)
PHx 0d PHx 1d PHx 2d - PHx5d
: 5 st : g30 *k 4
Vehicle - % :\é?_'hécle
© 20
2 %
2 10
Q.
BHB ©
¢ 0
0 1 2 5
Time after PHx (day)
Vehicle BHB Vehicle BHB Vehicle BHB
PHx 0 1 2 5 0 1 2 5 01 25 01 2 5 01 2 5 01 2 5days
CCNA1 e ———— o —— L T — ———
CCND1 L rr—— - ——— S ——————" — ——— —————

CCNE1|W‘|W rM
CDK4m:=—=—=—=—|‘-—;;“-d‘-H ;-;‘-[
|

GAPDH l_—_“l ‘.-———.-‘ _———|
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Figure 5 P, distasonis up-regulates mRNA levels of hepatic fatty acid oxidation related genes in livers post-PHx. (A) Biological process and

(B) KEGG signaling pathway enrichment analysis reveal lipid metabolism related functional terms enriched in PHx mice on Day 2 after vehicle or
LPD treatment. (C—F) qPCR analysis shows the mRNA levels of hepatic fatty acid metabolism related genes in PHx mice after vehicle or LPD
treatment (n = 6). (C) The mRNA levels of hepatic fatty acid uptake related genes Fatp, Acsl and Cd36. (D) The mRNA levels of hepatic fatty
acid synthesis related genes Fasn, Scdl and Plin2. (E) The mRNA levels of hepatic fatty acid oxidation associated genes Cptla, Ppara and Lcad.
(F) The mRNA levels of BHB production associated genes Hmgcs2, Hmgcl and Bdhl. Data are presented as mean + SD; *P < 0.05 compared to

the vehicle group at the same time point.
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Figure 6

P. distasonis up-regulates the expression of fatty acid oxidation related proteins in livers after PHx. (A) Western blot analysis of

nuclear PPARq, total PPAR«, CPT1a, HMGCS2, HMGCSL and BDH1 in PHx mice after vehicle or LPD treatment (n = 6). (B) Quantification
of the hepatic fatty acid oxidation related proteins expression. Data are presented as mean + SD; *P < 0.05, **P < 0.01, ***P < 0.001 compared

to the vehicle group.

F). Additionally, the expression of proliferation-related proteins,
including CCNA1, CCND1 CCNE1 and CDK4 were increased in
BHB-treated mice after PHx, but these effects were potently
inhibited in BHB + Stattic-treated mice (Fig. 8G, Fig. S11B).
These results indicated that BHB promoted liver regeneration
potential through STAT3 signaling.

4. Discussion

PHx is the prominent clinical intervention for patients suffering
from diverse end-stage liver diseases. Liver size and function have

to be restored quickly post-PHx to achieve optimal patient out-
comes and prognosis. Therefore, it is crucial to comprehend the
mechanisms that control liver regeneration after PHx, which en-
compasses external factors transmitted through the gut—liver axis.
Recent studies have shown that gut microbiota composition
changes dynamically during liver regeneration and may affect liver
tissue repair and regeneration after liver injury'”"'®. However, the
key bacterial species involved in liver regeneration and the un-
derlying mechanisms remain unclear. The current study clearly
demonstrated that P. distasonis was the most significantly specific
bacteria paralleling the dynamic change of hepatocyte proliferation
and liver regeneration. Treatment with live P distasonis
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Figure 7 BHB promotes liver regeneration by activating the STAT3 signaling pathway in vitro. (A) Western blot analysis of p-JAK2, JAK2, Ac-

STAT3, p-STAT3, STAT3, Ac-H3, H3 and c-Myc in PHx mice after vehicle or BHB treatment. (B) Western blot analysis of Ac-STAT3, STAT3,
Ac-H3 and H3 in HepG2 cells treated with 5 or 10 mmol/L BHB for 3 h. (C) Western blot analysis of p-JAK2, JAK2, p-STAT3, STAT3 and
proliferation protein in HepG2 cells treated with 1, 5 or 10 mmol/L. BHB for 3 h. (D) Western blot analysis of p-JAK2, JAK2, p-STAT3, STAT3
and proliferation protein in HepG2 cells treated with static with or without BHB for 3 h.

significantly promoted hepatocyte proliferation and liver regener-
ation after PHx. Moreover, the metabolite BHB, which was posi-
tively associated with P distasonis, also promoted liver
regeneration after PHx. Mechanistically, P. distasonis boosted fatty
acid oxidation, increased BHB production in the liver. BHB then
activated STAT3 signaling and promoted liver regeneration after
PHx. These findings provide a relevant argument for using P.
distasonis or BHB as a potential strategy for promoting hepatic
regeneration after PHx or transplantation.

P. distasonis is the Gram-negative obligate anaerobic strain
belonging to the genus Parabacteroides, which commonly col-
onizes the gastrointestinal tract of numerous species’’. Several
previous studies have indicated that P. distasonis abundance is
negatively correlated with liver disease severity'®®. The abun-
dance of gut microbial is influenced by multiple factors,
including bile acids produced in the liver, which can affect gut
microbial growth. Specifically, hyodeoxycholic acid has been
reported to create a favorable environment for the proliferation
of P. distasonis, thereby improving non-alcoholic fatty liver
disease”. The current study shows significant dynamic changes
in P. distasonis abundance during liver regeneration, which may

be regulated by bile acids or signals involved in bile acid ho-
meostasis. Previous studies have found that P. distasonis prevents
post-calorie restriction weight regain, improves obesity, ame-
liorates acute pancreatitis, colorectal cancer, liver fibrosis, and
alcoholic hepatitis through regulating related metabolites such as
ursodeoxycholic acid, lithocholic acid, succinate, acetate, and
bile salt hydrolase”””’w. Here, we have found that live P. dis-
tasonis can significantly promote hepatocyte proliferation and
liver regeneration post-PHx by increasing the level of BHB in
mouse liver, indicating that P. distasonis plays an important role
in liver regeneration. It has been found that the cellular com-
ponents of P. distasonis contribute differently to various diseases.
The membrane fraction of P. distasonis prevents colon tumours,
but does not alleviate obesity and refractory epilepsy in mice*"”
“>In this study, we found that KPD did not promote liver
regeneration after PHx, suggesting that the cellular components
of Parabacteroides disasonis may not contribute significantly to
liver regeneration after PHx. Since studies on the role of P.
distasonis in liver regeneration is limited, the present study
provides novel insights for liver P. distasonis in promoting liver
regeneration.
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Since P. distasonis primarily influences the liver microenvi-
ronment and improves liver diseases through the production or
induction of host-derived metabolites, we performed targeted
metabolomic analysis and found that the relative abundance of P.
distasonis is significantly positively correlated with BHB con-
centration in cecal contents and liver post-PHx. Furthermore, P.
distasonis significantly increased BHB levels in the liver post-
PHx. However, we did not observe an increase in BHB levels in
the P. distasonis culture medium in vitro, which is consistent with
previous research findings**. These results suggest that P. dis-
tasonis may stimulate host metabolism to produce BHB. It has
been reported that BHB is predominantly synthesized in the liver
via fatty acid oxidation, and the gut microbiota plays a crucial role
in modulating host lipid metabolism, which might contribute to
BHB synthesis*™*®. Leclercq et al.*’ found that the relative
abundance of P. distasonis in the gut was significantly reduced in
alcohol-dependent patients. At the same time, the inhibition of
fatty acid oxidation in the liver was suppressed and the production
of BHB was reduced, suggesting a potential association between
P. distasonis and hepatic lipid metabolism®’. However, the exact
regulatory effect of P. distasonis on hepatic lipid metabolism re-
mains unclear. The critical role of PPAR« in hepatic lipid meta-
bolism has been widely reported. Its downstream genes, CTP1«
and HMGCS2, are key rate-limiting enzymes for fatty acid
oxidation and hepatic BHB production, respectively. Therefore,
the expression of genes related to fatty acid oxidation and BHB
production was examined**>". We showed that P. distasonis reg-
ulates the fatty acid oxidation pathway in the liver after PHx and
significantly upregulates the protein levels of PPAR«, CPTle,
HMGCS2, HMGCL, and BDHI. These results highlight a novel
role for P. distasonis in regulating hepatic lipid metabolism and
increasing hepatic BHB levels during liver regeneration after PHx.

BHB can not only be utilized as an energy substrate by extra-
hepatic tissues such as the heart, kidneys, and muscles, but also act
as a signaling molecule and epigenetic factor to regulate physio-
logical and pathological processes in the body®. In recent
years, supplementation with exogenous BHB has been shown to
have protective effects in liver diseases, such as liver
ischemia—reperfusion injury, alcoholic liver disease, and immune-
mediated hepatitis”' . Moreover, BHB has been identified as a
potential therapeutic target for non-alcoholic fatty liver disease™. In
the present study, administration of BHB significantly promoted
liver regeneration post-PHx. Moreover, compared to the vehicle
group, BHB significantly reduced the levels of ALP on Day 1 and
ALT on Day 2 in serum post-PHx, suggesting that BHB promotes
the recovery of liver function post-PHx’'. These findings are
consistent with previous reports demonstrating that BHB reduces
hepatocellular necrosis in mouse models of liver ischemia—
reperfusion injury and alcoholic liver disease, and further confirms
the role of BHB in ameliorating liver injury in a novel model of liver
regeneration. On the other hand, the current study showed that
HDCA and 3HPA treatment did not increase the liver size and liver/
body weight ratio on Day 2 post-PHXx, suggesting that HDCA and
3HPA could not promote liver regeneration after PHx.

The critical role of the IL-6—JAK2—STAT3 axis in hepatocyte
proliferation and liver regeneration after PHx has been well-

established. In the present study, administration of BHB upregu-
lated liver regeneration initiating cytokine IL-6 and downstream p-
JAK?2, p-STAT3, CCND1 and c-Myc levels. The nuclear trans-
location and transactivation activity of STAT3 is also regulated by
acetylation at lysine residue 685°°. We found that BHB also
upregulated ac-STAT3 levels. Additionally, BHB could promote
hepatocyte proliferative and liver regeneration by the STAT3
signaling pathway in vitro and in vivo. On the other hand, re-
ports have shown that BHB exerts anti-inflammatory effects by
inhibiting IL-6 and the STAT?3 signaling pathway in mouse models
of Parkinson’s disease and radiation proctopathy”~°. However,
some studies have suggested that BHB upregulates IL-6 expres-
sion by modulating the activation of the NF-«B signaling pathway
in primary alveolar macrophages and calf hepatocytes®>®. These
inconsistencies suggest that the regulation of STAT3 signaling by
BHB may vary across different disease models. Nevertheless, the
specific mechanisms involved still require further investigation.

5. Conclusions

In conclusion, this study identified for the first time that P. dis-
tasonis and its metabolite BHB significantly promote liver
regeneration after PHx. Furthermore, this study revealed a novel
mechanism that P. distasonis promotes liver regeneration via
enhancing hepatic fatty acid oxidation, increasing BHB produc-
tion in the liver, and then triggering BHB-driven STAT3 signaling
activation. These findings provide novel insights for the use of P.
distasonis or BHB as a potential strategy to promote liver
regeneration after PHx.
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