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Gut microbiome dysbiosis in patients with hepatitis B virus-related
hepatocellular carcinoma after extended hepatectomy liver failure
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Background: Hepatitis B virus-related hepatocellular carcinoma (B-HCC) negatively affects the gut
microbiome. This study aimed to investigate the gut microbiome profiles and functions post-hepatectomy
liver failure (PHLF) after extended hepatectomy (e-PHLF) to obtain valuable insights, identify potential
diagnostic biomarkers, and assist in the treatment of this disease.

Methods: B-HHCC patients who underwent extended hepatectomy were consecutively recruited and divided
into Group A (n=15) and Group B (n=15) based on the presence and absence of e-PHLE, respectively.
The relationships between gut microbiota and extended hepatectomy liver failure were explored using 16S
ribosomal RNA (16S rRNA) gene sequencing data.

Results: Following extended hepatectomy, the a-diversity of Group A was significantly higher than
that of Group B (Shannon P=0.034 or Simpson P=0.031), and the B-diversity differed significantly
between Groups A and B (P=0.004, R=0.100). At the genus level, 10 bacterial genera (Bacteroides, Pantoea,
Methylobacterium-Methylorubrum, Inquilinus, Mycobacterium, Allisonella, Helicobacter, GCA-900066575, 1S-44,
and Faecalibacterium) were significantly enriched in Group A, whereas five genera (Papillibacter; Scardovia,
Turicibacter; Catabacter; and Senegalimassilia) were significantly enriched in Group B. The highly abundant
genera Bacteroides, Pantoea, Faecalibacterium, and Turicibacter participated in multiple amino acid metabolism
pathways, organic acid metabolism pathways, pyrimidine metabolism pathways, palmitate biosynthesis,
and stearate biosynthesis. Redundancy analysis showed that four environmental factors (total bilirubin,
international normalized ratio, prealbumin, and albumin) were significantly correlated with intestinal
microorganisms. The formation of interaction networks between different gut microbiomes revealed
important correlations between the gut microbiome, and there was a significant correlation between the
highly abundant gut microbiome and main functions.

Conclusions: The gut microbiota characteristics in B-HCC patients after extended hepatectomy liver

failure might allow for the use of non-invasive biomarkers for disease diagnosis and treatment.
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Introduction

Hepatocellular carcinoma (HCC) is one of the leading causes
of cancer-related deaths worldwide, with a relatively higher
incidence rate in developing countries, including China (1-3).
The main causes of HCC in the Chinese population are
viral hepatitis or cirrhosis, especially the hepatitis B virus
(4,5). Currently, numerous therapeutic approaches have
been applied for treating HCC, such as surgical resection,
liver transplantation, ablation treatments (3,6), transcatheter
arterial chemoembolization (TACE) (7), radiotherapy (8),
and targeted therapy (9). In advanced cases, tyrosine-protein
kinase inhibitors (i.e., sorafenib) are considered conventional
first-line therapy (10), whereas immune-checkpoint
inhibitors are regarded as new treatment options with a
limited therapeutic response (11). Surgical treatment is still
the most commonly used and effective treatment method
for HCC, despite the advances in the treatment mode
development and application (12).

Nevertheless, post-hepatectomy liver failure (PHLF)
is the most serious complication after liver resection for
HCC (13). Extended liver resection is performed during
surgery to achieve radical resection margins, which
increases the incidence of PHLF (14). As an intrinsic
risk of mortality and a life-threatening complication,
PHLF is a particular focus for hepatic surgeons in clinical
practice. At present, different scoring methods of multiple
clinical factors can predict the incidence and outcomes
of PHLF (15); however, the basic treatment options
are limited to standard intensive care measures, such as
mechanical ventilation, vasopressor therapy, dialysis, and
administration of coagulation factors and albumin, which
provide unsatisfactory results (16). Thus, the development
of a comprehensive evaluation system and effective
treatment options are urgently required for PHLF.

In recent years, the gut microbiome has received
significant attention; it plays a critical role in human health
and has been widely regarded as a “hidden organ” (17). In-
depth studies have emphasized that the gut microbiome is
a key regulator of host metabolism, and there is a complex
interaction between the host and intestinal microbiota.
It is well known that the liver is an important metabolic
organ of the human body. A growing body of evidence
suggests that considerable attention is being paid to the
interaction between the gut microbiome and liver diseases,
since alterations in the microbial composition may induce
or reverse liver damage (18,19). For instance, the increased
abundance of Prevotella, Bacteroides, and ethanol-producing
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gut bacteria, and their detrimental metabolites in non-
alcoholic fatty liver disease (NAFLD) contributes to liver
inflammation by providing toll-like receptor ligands and
altering lipid metabolic pathways (20,21). In addition, the
increased abundance of Streptococcaceae and endotoxin-
producing Enterobacteriaceae coupled with the reduction in
short-chain fatty acid (SCFA)-producing taxa are associated
with the severity of alcoholic liver disease (ALD) (22).

Chronic hepatitis B leads to liver fibrosis, cirrhosis, and
liver cancer, dysregulating gut microbiota and reducing
their diversity (23). Bacteroides, Sclerotinia, and Proteus are
the characteristic gut microbiota at the onset of hepatitis B,
but as the disease progresses (i.e., hepatitis B progression
to liver fibrosis/cirrhosis), the abundance of butyrate-
producing species (Lachnospiraceae and Ruminococcaceae)
decreases, which enhances intestinal barrier permeability
and the gut-liver axis, converting some bacteria from
beneficial to pathogenic (5,24). In patients with hepatitis
B virus-related hepatocellular carcinoma (B-HCC),
the gut microbiome is dysbiotic; the high abundance in
Ruminococcus, Faecalibacterium, and Ruminiclostridium alters
multiple metabolic pathways (such as increased levels of
anti-inflammatory SCFAs), thereby accelerating disease
progression (25).

In addition, the study has shown that surgical treatment
for some liver diseases can also cause damage to the
host liver (26), which leads to a series of complications.
According to a large number of reported data, the
occurrence of complications after liver surgery depends
on a variety of factors, such as ischemia reperfusion
injury (27), application of immunosuppressive drugs after
liver transplantation, or matching based on the donor-
organ recipient (28). The study of gut microbiota in
liver transplantation and mouse models of hepatectomy
has demonstrated that the microbiota plays a vital role
in postoperative outcomes (29). For example, the gut
microbiota exhibited a decreased abundance of Firmicutes,
Clostridiales, Ruminococcaceae, and Lachnospiraceae in a rat
experimental model of hepatectomy. In addition, hepatic
metabolism has been shown to be associated with the
abundance of Lachnospiraceae and Ruminococcaceae, and
the gut microbiota impacts hepatocyte regeneration by
neutralizing the toxicity of bile salts and altering the bile
acid (BA) pool secreted by the liver (30). The imbalanced
BA metabolism increases intestinal permeability or decreases
the production of SCFAs via the bridging function of the
gut-liver axis, altering the gut microbiome composition and
stimulating fibrogenesis, together with immune response
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activation in the graft. Thus, the gut microbiome can be
considered a new therapeutic target for improving the long-
term survival rates after liver transplantation (31).

Previous study has shown that many metabolites are
of microbial origin. For instance, patients with acute-
on-chronic liver failure (ACLF) have a relatively higher
abundance of Enterococcaceae and phylum Proteobacteria,
but a lower abundance of Lachnospiraceae; these changes
in the gut microbiota are an important factor in altering
crucial metabolic pathways (32). Thus, intestinal microbiota
disorders are closely related to metabolic disorders and have
profound effects on the prognosis of patients with liver
diseases.

The core treatment method for liver cancer is still
hepatectomy, despite the dangers of PHLF. Although the
relationship between the gut microbiota and liver diseases
is widely recognized, there remains a lack of clinical studies
exploring the relationship between PHLF after extended
hepatectomy (e-PHLF) and the intestinal microbiome. In
the present study, we recruited 30 patients with B-HCC
who met the inclusion criteria and performed 16S
ribosomal RNA (16S rRNA) gene sequencing to identify
significant differences in gut microbial abundance and
composition related to e-PHLF and non-e-PHLF patients
as well as multiple environmental factors. Our data might
help reduce the incidence rate of e-PHLF and improve
therapeutic outcomes. We present the following article in
accordance with the MDAR reporting checklist (available
at https://atm.amegroups.com/article/view/10.21037/atm-
22-1958/rc).

Methods
Ethics statement

The study was conducted in accordance with the
Declaration of Helsinki (as revised in 2013). The study was
approved by the Research Ethics Committee of Guangxi
Medical University Cancer Hospital (No. KY2019009) and

informed consent was taken from all the patients.

Study cobort and sample collection

All patients who were initially diagnosed with B-HCC
(Child-Pugh Class A) and only treated with extended
hepatectomy at the Department of Hepatobiliary Surgery,
Guangxi Medical University Cancer Hospital (Nanning,
China), from September 2020 to May 2021 were recruited
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in this study. Patients with a history of alcohol addiction,
drug allergy, chronic infectious diseases, metabolic
diseases, inflammatory bowel diseases, non-alcoholic
fatty liver, malignant tumors in sites other than the liver,
gastrointestinal disease, or diabetes were excluded from
the study. None of the participants received any pro-
gastrointestinal prokinetic agents, acid suppressants,
probiotics, or antibiotics within 4 weeks before surgery.

Our analysis cohort included 30 patients with (Group A,
n=15) or without (Group B, n=15) e-PHLF according to the
International Study Group of Liver Surgery (ISGLS) (33).
Groups A and B were further divided into pre-operation
(Ebo.PHLF and Enbo.PHLEF, respectively) and post-
operation (Eao.PHLF and Enao.PHLE, respectively) groups.
Fecal samples were collected at 1 d pre-hepatectomy and 5 d
post-hepatectomy, and were immediately stored at 80 °C.

Deoxyribonucleic acid (DNA) extraction and 16S rRNA
gene amplicon sequencing

Bacterial DNA was extracted from each fecal sample using
the cetyltrimethylammonium bromide (CTAB) method
and used for library construction. The V3-V4 region of the
bacterial small-subunit 16S rRNA gene was amplified using
the primer pair, 341F (5'-CCTAYGGGRBGCASCAG-
3/806R (5'-GACTACHVGGGTATCTAATCC-3"), as
well as and universal sequencing primers. Polymerase chain
reaction (PCR) products were purified using the Genejet
Gel Extraction kit (Thermo-Fisher Scientific, Waltham,
MA, USA). The amplicon libraries were constructed
using the TruSeq DNA PCR-Free Sample Preparation kit
(Illumina, San Diego, CA, USA). The quality of the library
was assessed using the Qubit 2.0 Fluorometer (Thermo-
Fisher Scientific) and the Agilent Bioanalyzer 2100 system
(Agilent, Santa Clara, CA, USA). The libraries were
sequenced on the Illumina Novaseq6000 platform.

16S rYRNA data analysis

Quality filtering and analysis of the original FASTQ file
were performed using FLASH 1.2.7 (http://ccb.jhu.edu/
software/FLASH/) (34) and Qiime 1.9.1 (http://qiime.
org/scripts/split_libraries_fastq.html) (35). Operational
taxonomic units (OTUs) were obtained using Uparse
7.0.1001 (http://www.drive5.com/uparse/), according to
a sequence identity of >97%, and were used to classify
bacteria at the genus level (36). Subsequent analyses of a-
and B-diversity were performed using OT'U normalized
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data at the phylum, class, order, family, genus, and species
levels. Statistical differences in bacterial composition
between the groups were assessed using an analysis of
similarities (ANOSIM) with the weighted UniFrac. The
linear discriminant analysis (LDA) effect size (LEfSe)
method was performed to identify differentially-represented
biomarker(s) between Groups A and B. Redundancy analysis
(RDA) was performed to identify any associations between
the microbial composition and environmental factors.
PICRUST?2 (37) was applied to functional information
from the Integrated Microbial Genomes and Microbiomes
system to predict metabolic pathways based on the Kyoto
Encyclopedia of Genes and Genomes (KEGG) database.
The read abundance data for all predicted pathways were
converted into relative abundance (%). The co-occurrence
network pattern displayed any relationships in the gut
microbiome, and also between gut microbiota and different
functions. The relationship between gut microbiome and
function was investigated using Spearman’s rank-order
correlation.

Statistical analysis

All statistical analyses were performed using SPSS 25.0
(IBM, Armonk, NY, USA). Differences between groups
were identified using Fisher’s exact test and #-test. Analysis
of a- and B-diversity was performed using QIIME 1.9.1
and R (version 2.15.3). LEfSe combines the standard
tests for statistical significance (Kruskal-Wallis test and
pairwise Wilcoxon test) with LDA. The threshold for the
logarithmic LDA score of the discriminative features was
set at 3.0. The Mann-Whitney rank-sum test was used for
comparisons between groups using R 2.15.3. A permutation
test at P<0.05 was used to select a set of environmental
factors that significantly affected the microbial distribution.
Statistical significance was set at P<0.05. The co-occurrence
network pattern, RDA, and Spearman correlations were
depicted using R 3.6.2, and any corrections were performed
using the Benjamini-Hochberg procedure.

Results
Basic clinical characteristics

The demographic and clinical characteristics of Groups A
and B pre-hepatectomy, along with the operation time and
intraoperative bleeding volume, are summarized in Table 1.
Except for the liver failure severity grading (P<0.001), no
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other indices were significantly different between the two
groups.

OTUs and a- and B-diversity

Different microbial taxa were reflected by OTUs. In total,
890 OTUs were observed in Ebo.PHLF vs. Enbo.PHLF;
1,186 in Eao.PHLF vs. Enao.PHLF; 1,522 in Eao.PHLF
vs. Ebo.PHLF; and 1,357 in Enao.PHLF vs. Enbo.PHLF
(Figure 1A). In order to understand the differences in
microbial community structure between different groups,
alpha diversity was measured using the Shannon and Simpson
indices. The gut microbiota of Eao.PHLF indices were all
higher than those of Enao.PHLF (P=0.034 and P=0.031,
respectively), but there were no significant differences
between Ebo.PHLF and Enbo.PHLF (Figure 1B).
As shown in Figure 24, p-diversity was based on the
weighted UniFrac and was represented by principal
coordinates analysis (PCoA), which showed that Ebo.
PHLF vs. Enbo.PHLF, P=0.081 and R=0.051; Eao.PHLF
vs. Enao.PHLEF, P=0.004 and R=0.100; Eao.PHLF vs. Ebo.
PHLE, P=0.002, R=0.180; and Enao.PHLF vs. Enbo.PHLE,
P=0.001, R=0.220. Overall, these results revealed differences
in the gut microbial structure and abundance between Eao.
PHLF and Enao.PHLE.

Microbial taxa signatures

The top 10 bacterial abundances at the phylum, class,
order, family, and genus levels in Ebo.PHLE, Enbo.PHLE,
Eao.PHLEF, and Enao.PHLF are shown in Figure S1 &
Figure 2B. At the phylum level, the top 10 bacterial
members in Ebo.PHLEF, Enbo.PHLE, Eao.PHLF, and Enao.
PHLF were identical, with some proportional differences:
Firmicutes (56.32-47.54%), Bacteroidetes (7.37-24.27%),
Proteobacteria (11.31-23.12%), Verrucomicrobiota (0.14-
5.30%), Actinobacteriota (2.40-7.97%), Fusobacteriota (0.26—
3.15%), unidentified bacteria (0.35-1.60%), Euryarchaeota
(0.06-0.91%), Acidobacteriota (0.03-0.28%), and Chloroflexi
(0.03-0.25%). The dominant bacteria in Eao.PHLF
(21.15%) and Enao.PHLF (7.37%) were Bacteroidota.

At the family and genus levels, the dominant bacteria
in the Ebo.PHLF, Enbo.PHLF, Eao.PHLF, and Enao.
PHLF were identical, with some proportional differences.
At the family level, the dominant bacteria in Ebo.PHLF
and Enbo.PHLF were Ruminococcaceae (18.03% and
10.58%, respectively), whereas in Eao.PHLF and Enao.
PHLF groups were Bacteroidaceae (14.42% and 4.24%,
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Table 1 Comparison of the clinical characteristics between Groups A and B preoperatively

Characteristic Overall (n=30) Group A (n=15) Group B (n=15) P value
Age (years) 47.50+10.81 45.33+8.39 49.67+12.72 0.280
Age (years), n (%) >0.999
<45 13 (43.3) 7 (46.7) 6 (40.0)
=45 17 (56.7) 8 (53.3) 9 (60.0)
Sex, n (%) >0.999
Female 5(16.7) 2(13.3) 3(20.0)
Male 25 (83.3) 13 (86.7) 12 (80.0)
BMI (kg/m?), n (%) 0.715
<24 16 (53.3) 7 (46.7) 9 (60.0)
>24 14 (46.7) 8 (53.3) 6 (40.0)
PLT (10°/L), n (%) >0.999
100-300 15 (50.0) 3(50.0) 12 (50.0)
<100 or >300 15 (50.0) 3(50.0) 12 (50.0)
RBP (ug/mL) 27.23+10.86 26.65+11.67 27.81+£10.36 0.775
TBIL (umol/L), n (%) >0.999
<17.1 19 (63.3) 9 (60.0) 10 (66.7)
>17.1 11 (36.7) 6 (40.0) 5(33.3)
ALB (g/L), n (%) >0.999
<35 19 (63.3) 9 (60.0) 10 (66.7)
=35 11 (36.7) 6 (40.0) 5(33.3)
PA (mg/L) 197.68+54.81 194.05+56.56 201.32+54.73 0.723
ALT (U/L), n (%) >0.999
<40 16 (53.3) 8 (53.3) 8 (53.3)
>40 14 (46.7) 7 (46.7) 7 (46.7)
AST (U/L), n (%) >0.999
<40 17 (56.7) 8 (53.3) 9 (60.0)
>40 13 (43.3) 7 (46.7) 6 (40.0)
HBV-DNA, n (%) >0.999
<10° 3(10.0) 1(6.7) 2(13.3)
>10° 27 (90.0) 14 (93.3) 13 (86.7)
PT (s), n (%) 0.450
<13 19 (63.3) 8 (53.3) 11 (73.3)
>13 11 (36.7) 7 (46.7) 4(26.7)

Table 1 (continued)
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Table 1 (continued)

Characteristic Overall (n=30) Group A (n=15) Group B (n=15) P value

INR, n (%) 0.450
<15 19 (63.3) 8 (63.3) 11 (73.3)
>1.5 11 (36.7) 7 (46.7) 4(26.7)

AFP (ng/mL), n (%) >0.999
<400 14 (46.7) 7 (46.7) 7 (46.7)
>400 16 (563.3) 8 (53.3) 8 (53.3)

Ascites, n (%) >0.999
No 28 (93.3) 14 (93.3) 14 (93.3)
Yes 2(6.7) 1(6.7) 1(6.7)

Smoking, n (%) >0.999
No 20 (66.7) 10 (66.7) 10 (66.7)
Yes 10 (33.3) 5(33.3) 5(33.3)

Drinking, n (%) >0.999
No 28 (93.3) 14 (93.3) 14 (93.3)
Yes 2(6.7) 1(6.7) 1(6.7)

Portal hypertension, n (%) >0.999
No 21 (70.0) 10 (66.7) 11 (73.3)
Yes 9 (30.0) 5(33.3) 4(26.7)

Tumor size (cm) 9.18+4.50 9.24+5.09 9.12+4.00 0.977

With or without envelope, n (%) >0.999
No 13 (43.3) 7 (46.7) 6 (40.0)
Yes 17 (56.7) 8 (53.3) 9 (60.0)

Is the envelope intact, n (%) 0.715
No 14 (46.7) 6 (40.0) 8 (63.3)
Yes 16 (63.3) 9 (60.0) 7 (46.7)

Microvascular tumor thrombus, n (%) 0.715
No 16 (53.3) 9 (60.0) 7 (46.7)
Yes 14 (46.7) 6 (40.0) 8 (563.3)

Liver extended resection, n (%) >0.999
Left 10 (33.3) 5(33.3) 5(33.3)
Right 20 (66.7) 10 (66.7) 10 (66.7)

y-GGT (U/L), n (%) 0.264
<50 12 (40.0) 4(26.7) 8 (53.3)
>50 18 (60.0) 11 (73.3) 7 (46.7)

Table 1 (continued)
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Table 1 (continued)
Characteristic Overall (n=30) Group A (n=15) Group B (n=15) P value
ICG excretion test 7.34+3.87 8.07+4.46 6.61+3.16 0.310
Intraoperative bleeding (mL), n (%) >0.999
<500 21 (70.0) 11 (73.3) 10 (66.7)
>500 9 (30.0) 4(26.7) 5(33.3)
Operation time (minutes) 255.63+67.50 247.07+53.98 264.20+79.80 0.497
Hepatic hilar occlusion time (minutes) 37.77+21.44 33.87+18.53 41.67+24.00 0.381
BCLC stage, n (%) 0.462
A 17 (56.7) 10 (66.7) 7 (46.7)
B 13 (43.3) 5(33.3) 8 (53.3)
Liver failure grade, n (%) <0.001
No 15 (50.0) 0 (0.0) 15 (100.0)
1 5(16.7) 5(33.3) 0(0.0)
2 9 (30.0) 9 (60.0) 0(0.0)
3 1(3.3) 1(6.7) 0(0.0)

The P value was based on Fisher Exact test and t-test. Group A and Group B: Group A (n=15) and Group B (n=15) were divided based
on the presence or absence of PHLF, which was defined according to the consensus definition and severity grading in the ISGLS report.
BMI, body mass index; PLT, platelet; RBP, retinol blinding protein; TBIL, total bilirubin; ALB, albumin; PA, prealbumin; ALT, alanine
aminotransferase; AST, aspartate aminotransferase; HBV-DNA, deoxyribonucleic acid of hepatitis B virus; PT, prothrombin time; INR,
international normalized ratio; AFP, alpha fetoprotein; y-GGT, y-gamma-glutamyltransferase; ICG, constitutional indocyanine green; BCLC

stage, Barcelona Clinic Liver Cancer stage.

respectively) and Ruminococcaceae (8.62% and 4.81%,
respectively). At the genus level, the dominant bacteria in
Ebo.PHLF and Enbo.PHLF were Faecalibacterium (10.75%
and 5.88%, respectively), whereas in Eao.PHLF and Enao.
PHLF were Bacteroides (14.42% and 4.2%, respectively) and
Faecalibacterium (4.15% and 1.63%, respectively).

LEfSe analysis results suggested a significant difference
in gut microbiota between Eao.PHLF vs. Enao.PHLF and
Ebo.PHLF vs. Enbo.PHLE. At the genus level, the relative
abundances of UBA1819, Subdoligranulum, Faecalibacterium,
Dongia, and Nordella were higher in Enbo.PHLF than in Ebo.
PHLE, whereas the relative abundances of genera UCG-009
(the abundance <0.0001) were higher in Ebo.PHLF than in
Enbo.PHLF (Figure 34). In addition, five genera (Turicibacter,
Papillibacter, Scardovia, Catabacter; and Senegalimassilia) were
significantly enriched in Enao.PHLE, whereas 10 genera
(Bacteroides, Faecalibacterium, Pantoea, Allisonella, Helicobacter,
Inquilinus, Mycobacterium, Methylobacterium-Methylorubrum,
GCA_900066575, and IS_44) were significantly enriched in
Eao.PHLF (Figure 3B).

© Annals of Translational Medicine. All rights reserved.

The high abundances of UBA1819 (P=0.015),
Subdoligranulum (P=0.002), and Faecalibacterium (P=0.029)
were significantly altered between Ebo.PHLF and Enbo.
PHLE. Moreover, the abundances of Bacteroides (P=0.002),
Faecalibacterium (P=0.026), and Pantoea (P=0.045) were
significantly higher in Eao.PHLF than in Enao.PHLFE,
whereas the abundance of Turicibacter (P=0.041) was lower
in Eao.PHLF than in Enao.PHLEF. Postoperatively, no
significant differences were observed in the taxonomic
alterations between Subdoligranulum and UBAI1819
microbiota (Figure 4A4). Taxonomic alterations of
Subdoligranulum and UBA1819 were significant between Ebo.
PHLF and Eao.PHLF (P=0.001 and P=0.026, respectively),
but not between Enbo.PHLF and Enao.PHLF. The
abundance of Subdoligranulum was reduced postoperatively,
and that of UBA1819 increased (Figure S2A). The relative
abundance of Faecalibacterium decreased in postoperatively
compared to that preoperatively, and the differences were
statistically significant in both PHLF (P=0.001) and non-
PHLF (P<0.001) patients (Figure 4B). However, the different
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Figure 1 Identification of gut microbe using metagenomics analysis. (A) Venn diagrams show the common OTUs among Ebo.PHLE,
Enbo.PHLE, Eao.PHLE, and Enao.PHLE. (B) Comparison of alpha diversity in Ebo.PHLEF, Enbo.PHLF, Eao.PHLEF, and Enao.PHLF
using Shannon and Simpson indices (a) and (b). The abscissa is the group name, and the ordinate is the exponential average of each group
(*, 0.01<P<0.05). e-PHLF and non-e-PHLF were further divided into pre-operation (Ebo.PHLF and Enbo.PHLE, respectively) and post-
operation (Eao.PHLF and Enao.PHLE, respectively) groups. OTUs, operational taxonomic units; e-PHLEF, post-hepatectomy liver failure

after extended hepatectomy; non-e-PHLEF, post-hepatectomy without liver failure after extended hepatectomy.

relative abundance of Faecalibacterium in Groups A and B
pre- and post-operatively were not significant (Figure 4B).

In addition, the postoperative values in high-
abundance species were not significantly different from the
preoperative values, except for those of Faecalibacterium.
Thus, the postoperative alterations in bacterial taxa might
be reliable microbial markers for detecting the occurrence
of liver failure. We also found an interaction network
between differential bacteria in Eao.PHLF vs. Enao.PHLF
and Ebo.PHLF vs. Enbo.PHLE, as well as in the top 30
bacteria (Figure S2B).

© Annals of Translational Medicine. All rights reserved.

Gut microbiota functional signatures in Eao. PHLF vs.
Enao.PHLF

Analysis of the functional capacity of the gut microbiota in
Eao.PHLF vs. Enao.PHLF predicted 57 pathways related
to the differential gut microbiome at the genus level. As
shown in Figure 5 and Tuble 2, the microbial metabolic
pathways mainly included multiple amino acid metabolic
pathways, organic acid metabolism pathways, pyrimidine
metabolism pathways, palmitate biosynthesis, and stearate
biosynthesis.
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Figure 2 B-diversity analysis and Relative abundance of the top 10 gut microbiota among groups. (A) B-diversity was calculated using PCoA
with weighted UniFrac distances and ANOSIM, and P<0.05 was considered statistically significant. (a) Ebo.PHLF vs. Enbo.PHLF (baseline
control) (P=0.081, R=0.051); (b) Eao.PHLF vs. Enao.PHLF (P=0.004, R=0.100); (c) Eao.PHLF vs. Ebo.PHLF (P=0.002, R=0.180); (d)
Enao.PHLF vs. Enbo.PHLF (P=0.001, R=0.220). (B) Relative abundance of the top 10 gut microbiota among Ebo.PHLE, Enbo.PHLE, Eao.
PHLE, Enao.PHLF at the (a) family and (b) genus level. e-PHLF and non-e-PHLF were further divided into pre-operation (Ebo.PHLF
and Enbo.PHLE, respectively) and post-operation (Eao.PHLF and Enao.PHLE, respectively) groups. PCoA, principal coordinate analysis;

ANOSIM, analysis of similarities; e-PHLE, post-hepatectomy liver failure after extended hepatectomy; non-e-PHLEF, post-hepatectomy

without liver failure after extended hepatectomy.
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Figure 3 Bacterial taxa that best characterize the groups were identified by using LEfSe on OTU tables among. (A) Ebo.PHLF vs. Enbo.
PHLEF. (B) Eao.PHLF vs. Enao.PHLEF. (a) The bar plot based on the LDA selection. (b) Cladogram representing the taxonomic hierarchical
structure. e-PHLF and non-e-PHLF were further divided into pre-operation (Ebo.PHLF and Enbo.PHLE, respectively) and post-operation
(Eao.PHLF and Enao.PHLE, respectively) groups. LDA, linear discriminant analysis; LEfSe, LDA of effect size; OTUs, operational
taxonomic units; e-PHLE, post-hepatectomy liver failure after extended hepatectomy; non-e-PHLE, post-hepatectomy without liver failure

after extended hepatectomy.
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Figure 4 Comparison differences of the high-abundance gut microbiota (A) Comparison differences of the high-abundance gut microbiota
in preoperative (OB) GM changes in the patients with e-PHLF and in the patients without e-PHLE, and postoperative (OA) GM changes
in the patients with e-PHLF and in the patients without e-PHLF. Bacteroides, Faecalibacterium, Pantoea, Turicibacter, Subdoligranulum,
UBA1819. (B) Comparison differences of Faecalibacterium (a) OB vs. OA (e-PHLF group), Equivalent to Eao.PHLF vs. Ebo.PHLF; OB
vs. OA (non-e-PHLF group), Equivalent to Enao.PHLF vs. Enbo.PHLE. (b) (Eao.PHLF minus Ebo.PHLF) vs. (Enao.PHLF minus Enbo.
PHLF); Eao.PHLF minus Ebo.PHLF (blue), Enao.PHLF minus Enbo.PHLF (red). *, P<0.05; **, P<0.01; ***, P<0.001. e-PHLF and non-e-
PHLF were further divided into pre-operation (Ebo.PHLF and Enbo.PHLE, respectively) and post-operation (Eao.PHLF and Enao.PHLE,
respectively) groups. NS, not statistically significant; GM, gut microbiome; OB, before operation; OA, after operation; e-PHLEF, post-

hepatectomy liver failure after extended hepatectomy; non-e-PHLE, post-hepatectomy without liver failure after extended hepatectomy.
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Figure 5 PICRUST?2 prediction of functional alteration caused by gut microbiota change in Eao.PHLF vs. Enao.PHLF. e-PHLF and non-
e-PHLF were further divided into pre-operation (Ebo.PHLF and Enbo.PHLE, respectively) and post-operation (Eao.PHLF and Enao.
PHLE, respectively) groups. e-PHLE, post-hepatectomy liver failure after extended hepatectomy; non-e-PHLE, post-hepatectomy without

liver failure after extended hepatectomy.

Correlation between microbial composition and

environmental factors

The relationship between the environmental factors and
different microbial compositions was analyzed in Eao.PHLF
vs. Enao.PHLF. For bacteria and Eao.PHLF vs. Enao.
PHLF, the RDA axes 1 and 2 accounted for 42.1% and
26.85% of the total variation, respectively. The permutation
test at P<0.05 showed that total bilirubin (TBIL),
international normalized ratio (INR), prealbumin (PA), and
albumin (ALB) were associated with differential bacterial

© Annals of Translational Medicine. All rights reserved.

compositions in Eao.PHLF vs. Enao.PHLEF. Bacteroides,
Fuaecalibacterium, and Pantoea were positively correlated with
TBIL, INR, and ALB, but negatively correlated with PA.
Turicibacter was negatively correlated with TBIL, INR, and
ALB, but positively correlated with PA (Figure 6A).

Complex postoperative network features

In Eao.PHLF vs. Enao.PHLE, 15 different gut microbiota
and the top 30 functional groups were well suited to display

Ann Transl Med 2022;10(10):549 | https://dx.doi.org/10.21037/atm-22-1958
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Table 2 PICRUSt2 analysis of functional alteration caused by microbial change
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Pathway ID Altered pathway P value
DAPLYSINESYN-PWY L-lysine biosynthesis | 0.013
ARGSYN-PWY L-arginine biosynthesis | (via L-ornithine) 0.009
PWY-7400 L-arginine biosynthesis IV (archaebacteria) 0.009
PWY-7196 Superpathway of pyrimidine ribonucleosides salvage 0.012
ARGSYNBSUB-PWY L-arginine biosynthesis Il (acetyl cycle) 0.005
PWY-7199 Pyrimidine deoxyribonucleosides salvage 0.006
PWY0-1061 Superpathway of L-alanine biosynthesis 0.028
PWY-5971 Palmitate biosynthesis Il (bacteria and plants) 0.012
PWY-7200 Superpathway of pyrimidine deoxyribonucleoside salvage 0.032
PWY-7664 Oleate biosynthesis IV (anaerobic) 0.021
PWY-6282 Palmitoleate biosynthesis | (from (5Z)-dodec-5-enoate) 0.023
PWY0-862 (52)-dodec-5-enoate biosynthesis 0.037
PWY-5989 Stearate biosynthesis Il (bacteria and plants) 0.017
PWY-7323 Superpathway of GDP-mannose-derived O-antigen building blocks 0.041
PWY-6519 8-amino-7-oxononanoate biosynthesis | 0.009
BIOTIN-BIOSYNTHESIS-PWY Biotin biosynthesis | 0.013
FASYN-INITIAL-PWY Superpathway of fatty acid 0.015
PWY-5154 L-arginine biosynthesis Ill (via N-acetyl-L-citrulline) 0.020
P108-PWY Pyruvate fermentation to propanoate | 0.039
GLUCUROCAT-PWY Superpathway of &beta;-D-glucuronide and D-glucuronate degradation 0.044
PWY-5676 Acetyl-CoA fermentation to butanoate Il 0.039
NAGLIPASYN-PWY Lipid IVA biosynthesis 0.044
PWY490-3 L-tryptophan degradation 0.019
HISDEG-PWY L-histidine degradation | 0.044
PWY-7456 Mannan degradation 0.013
PWY-6590 Superpathway of Clostridium acetobutylicum acidogenic 0.004
PWY-4984 Urea cycle 0.020
CENTFERM-PWY Pyruvate fermentation to butanoate 0.004
PWY-6478 GDP-D-glycero-&alpha;-D-manno-heptose biosynthesis 0.037
PWY-6572 Chondroitin sulfate degradation | (bacterial) 0.016
PWY-5507 Adenosylcobalamin biosynthesis | (early cobalt insertion) 0.004
LEU-DEG2-PWY L-tyrosine degradation | 0.006
TYRFUMCAT-PWY L-tyrosine degradation | 0.008
P381-PWY Adenosylcobalamin biosynthesis Il (late cobalt incorporation) 0.046
PWY-7376 Cob(ll)yrinate a,c-diamide biosynthesis Il (late cobalt incorporation) 0.041

Table 2 (continued)

© Annals of Translational Medicine. All rights reserved.
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Table 2 (continued)

Peng et al. e-PHLF and gut microbiome

Pathway ID Altered pathway P value
PROTOCATECHUATE-ORTHO-CLEAVAGE-PWY  Protocatechuate degradation Il (ortho-cleavage pathway) 0.022
PWY-5420 Catechol degradation |l (meta-cleavage pathway) 0.018
PWY-7090 UDP-2,3-diacetamido-2,3-dideoxy-alpha-D-mannuronate biosynthesis 0.002
P101-PWY Ectoine biosynthesis 0.033
PWY-5419 Catechol degradation to 2-oxopent-4-enoate Il 0.018
PWY-5181 Toluene degradation Il (aerobic) (via p-cresol) 0.022
NADSYN-PWY NAD biosynthesis Il (from tryptophan) 0.034
DENITRIFICATION-PWY Nitrate reduction | 0.027
PWY-5651 L-tryptophan degradation to 2-amino-3-carboxymuconate semialdehyde 0.034
PWY-5655 L-tryptophan degradation IX 0.034
PWY-6182 Superpathway of salicylate degradation 0.028
PWY-5417 Catechol degradation lll (ortho-cleavage pathway) 0.035
PWY-5431 Aromatic compounds degradation via &beta 0.035
PWY-6505 L-tryptophan degradation Xl (Geobacillus) 0.031
PWY-5178 Toluene degradation IV (aerobic) (via catechol) 0.027
CATECHOL-ORTHO-CLEAVAGE-PWY Catechol degradation to &beta;-ketoadipate 0.037
PWY-5654 2-amino-3-carboxymuconate semialdehyde degradation to 0.033
2-oxopentenoate
PWY-5647 2-nitrobenzoate degradation | 0.035
PWY-6210 2-aminophenol degradation 0.034
PWY-5183 Superpathway of aerobic toluene degradation 0.042
PWY-6992 1,5-anhydrofructose degradation 0.035
PWY-7084 Nitrifier denitrification 0.045

the interaction between the microbiome and various
functions (Figure 6B). In particular, high-abundance
species, including Bacteroides, Faecalibacterium, Pantoea, and
Turicibacter, were found to play a significant role in the
association between major metabolic pathways, including
multiple amino acid metabolic pathways, organic acid
metabolism pathways, pyrimidine metabolism pathways,
palmitate biosynthesis, and stearate biosynthesis, suggesting
their central role in the Eao.PHLF vs. Enao.PHLF
microbiome (Figure 6C).

Discussion

The gut microbiome is considered a “hidden organ” that
regulates human health, including liver function. It seems

© Annals of Translational Medicine. All rights reserved.

to play a complex role in the progression of liver diseases,
and thus, identifying any alterations in intestinal microbial
composition might help to establish novel therapeutic
targets (38). Extended hepatectomy is a well-established
risk factor for PHLEF. Previous study has explored the
correlation between liver diseases and gut microbiota;
however, information on any changes in the intestinal flora
of B-HCC patients with or without PHLF is still limited (39).
In our study, we used 16S rRNA gene sequencing to identify
differential gut microbiota in Eao.PHLF vs. Enao.PHLF
that could be used as non-invasive biomarkers for diagnosis
and treatment in B-HCC patients with e-PHLE.

Based on a- and B-diversity analysis, we found that the
microbial composition and relative abundance at the genus
level changed markedly in Eao.PHLF vs. Enao.PHLEF,

Ann Transl Med 2022;10(10):549 | https://dx.doi.org/10.21037/atm-22-1958
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Figure 6 Correlation between differential bacteria and the following three factors: environment, flora, and flora function. (A) The

association between the 15 differential genera and the relative environmental factor of PHLF revealed by RDA in Eao.PHLF vs. Enao.

PHLEF. (B) Correlation between GM and function. Correlation analysis between differendally abundant taxa was determined by LEfSe and

the function of prediction. The results are displayed using Cytoscape_v3.7.1; Blue, function; red, gut microbiota. The size of the graph was

determined by the relative abundance; red indicates a positive correlation, and blue indicates a negative correlation. The thickness of the line

was determined by the correlation coefficient. (a) Correlation between 15 differential genera and function. (b) Correlation between the high-

abundance differential gut microbiota and function. (C) Correlation between 15 differential genera and function. The heatmap panel shows

the Spearman correlation coefficient between the genera (text color: red, positive; blue, negative). Significance levels in the correlation tests

are denoted as: *, P<0.05; **, P<0.01; ***, P<0.001. RDA, redundancy analysis; GM, gut microbiome; PHLEF, post-hepatectomy liver failure;

LEfSe, linear discriminant analysis of effect size.
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but not in Ebo.PHLF vs. Enbo.PHLEF. Previous study
has shown that the intestinal microbiome causes health
disorders under various conditions, such as abdominal
surgery and antibacterial therapy (40). Consistent with these
reports, our results showed that extended hepatectomy
causes dysbiosis of the intestinal microbiome. In Eao.PHLF
vs. Enao.PHLE, 15 genera had a LDA >3. The abundances
of Bacteroides, Faecalibacterium, and Pantoea were higher
in Eao.PHLF, whereas that of Turicibacter was higher
in Enao.PHLF. The dominant bacteria in Ebo.PHLF
were Faecalibacterium, Subdoligranulum, and UBA1819.
The bacteria with significant postoperative differences
showed no significant differences preoperatively, except
for Faecalibacterium, which could be a potential marker of
disease diagnosis.

Faecalibacterium were reported to be potential markers of
gut health (41); inflammatory processes were promoted when
Faecalibacterium was decreased, leading to the occurrence
of disease (42). Many beneficial bacteria that promote gut
health can be consumed to resist disease (43). We found that
Faecalibacterium both decreased after extended hepatectomy,
especially in the presence of PHLF. Additionally, these
different gut microbiota and the top 30 bacteria were well
suited to promote and repress each other in a cooperative
manner both pre- and post-operatively. We assumed that the
steep reduction in the abundance of Faecalibacterium derived
from its resistance to the occurrence of liver failure as well
as possible constraints from other bacteria. In summary,
we believe that Bacteroides, Faecalibacterium, Pantoea, and
Turicibacter could be used as non-invasive characteristic
biomarkers for e-PHLE.

PICRUST? analysis revealed significant differences in the
microbiome functional abundance between Eao.PHLF and
Enao.PHLEF. In Eao.PHLE, L-lysine biosynthesis, L-arginine
biosynthesis, and L-alanine biosynthesis decreased, whereas
L-tyrosine degradation, L-histidine degradation, L-leucine
degradation, and L-tryptophan degradation increased.
The functional abundance was very low during L-leucine
degradation. In addition, organic acid metabolism pathways
(acetyl-CoA fermentation to butanoate II and pyruvate
fermentation to propanoate I), pyrimidine metabolism
pathways, palmitate biosynthesis, and stearate biosynthesis
were all increased. Amino acid metabolism only functions
in the liver, and any disease or injury, such as hepatitis
B, cirrhosis, and hepatic encephalopathy, is inevitably
accompanied by amino acid balance disorders (44-46). For
instance, arginine reduction is a specific biomarker for acute
liver injury (47); lysine exhibits strong free radical scavenging
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activities, inhibits free radical-mediated damage, and
protects against liver injury (48,49); and decreased alanine
inhibits gluconeogenesis and leaves the glucose-dependent
liver at risk of energy deprivation, ultimately leading to
damage (50,51). Our study found that arginine, lysine, and
alanine biosynthesis decreased significantly in e-PHLE.
Moreover, tyrosine degradation produces metabolites, such
as succinylacetone, that are toxic to the liver (52). In contrast,
histidine supplementation has been shown to suppress
inflammatory processes and decrease liver injury (53). We
observed a significant increase in the histidine degradation
pathway in Group A. Previous studies suggested that hepatic
injury might be related to metabolic disorders in tryptophan
metabolism and that pyrimidine metabolism disorders are
associated with cellular liver damage (54,55). All of these
previous reports are consistent with the findings of our
research.

In e-PHLEF, butyrate and propionate are the products
of organic acid metabolism, which induce gut hormones
and reduce liver inflammation (56). We believe that the gut
microbiota performs multiple functions and plays a vital role
in numerous metabolic systems, especially in the interaction
between the metabolic pathway (57,58). Among them, amino
acid metabolism is affected and/or regulated by diverse
factors, such as synthesis and catabolism, and interacts
with other metabolic pathways (59). Although organic acid
metabolism plays a role in protecting the liver, it cannot
resist other functions that lead to liver injury. In a mouse
model, palmitoleate supplementation was shown to reduce
the number of macrophages/Kupffer cells in the liver and
promote the expression of proinflammatory cytokines (60).
In the present study, palmitoleate biosynthesis and stearate
biosynthesis were significantly increased in Group A.
Overexposure to palmitoleate aggravates cell regeneration
difficulty (61). Also, palmitoleate can further elongate
into stearic acid (59), which promotes the expression of
inflammatory factors (62). Overall, we concluded that the gut
microbiome is involved in the pathogenesis of liver injury.

The levels of TBIL, INR, ALB, and PA are biomarkers
of hepatic damage (63-65). We found that increased TBIL
and INR levels and decreased ALB levels, which reflect
severe liver damage, were negatively correlated with the
RDAL1 axis. In contrast, PA levels were positively correlated
with the RDALI axis. There was also a significant correlation
between TBIL, INR, ALB, and PA and the abundance and
composition of intestinal bacteria, which indicated that the
gut microbiome is highly susceptible to liver disease. Thus,
exploring the changes and functions of intestinal microbiota

Ann Transl Med 2022;10(10):549 | https://dx.doi.org/10.21037/atm-22-1958



Annals of Translational Medicine, Vol 10, No 10 May 2022

post-extended hepatectomy might reveal novel targets for
preventing and treating e-PHLEF.

Through network analysis, we found that the differential
bacteria in Groups A and B after surgery were closely
related to the function of the top 30. The performance
of species was significantly related to their abundance.
It is known that an increase in Bacteroides promotes liver
injury by reducing competitive inhibition between gut
bacteria, increasing the release of inflammatory factors,
and upregulating bacterial toxins (66). Our research found
that an increase in Bacteroides was negatively correlated
with amino acid metabolism, but positively correlated
with pyrimidine metabolism, organic acid metabolism,
palmitoleate biosynthesis, and stearate biosynthesis, thereby
promoting liver injury. It has been reported that the enteric
microbiome and the host complement each other, whereas
any disorder in the gut microecology is exacerbated during
the disease state, with beneficial functions being markedly
impaired (67). Faecalibacterium has been reported to be
a potential marker of gut health (68). We found that it
was negatively correlated with amino acid metabolism in
e-PHLE, and thus, its beneficial function was not sufficient
to protect the liver or may also inhibit the protective effect
of amino acid metabolism on liver. Pantoea is a genus of
gram-negative bacteria belonging to the Enterobacteriaceae
family, which has been isolated in patients with liver
failure accompanied by bloodstream infections (69,70).
Congruent with this, we found that an increase in Pantoea
significantly elevated palmitoleate biosynthesis and organic
acid metabolism. Furthermore, Turicibacter modulates
inflammatory responses and exerts anti-inflammatory
effects (67). In Enbo.PHLE, an increase in Turicibacter
enhanced the synthesis and metabolism of arginine,
but decreased palmitoleate biosynthesis and stearate
biosynthesis, probably protecting the liver. Therefore,
dysbiotic changes in microbial functions and interaction
patterns might affect the progression of e-PHLF.

Our study had some limitations that should be noted.
Firstly, the number of patients involved was small, and
thus, our findings need to be confirmed in a more extensive
cohort. Secondly, we only used 16S rRNA gene sequencing
data, and hence, metagenomics needs to be involved for
further investigation and functional analysis. Lastly, we
only identified associations between e-PHLF and the gut
microbiome, without providing direct causal evidence.
Therefore, research in isolation and cultivation strains as
well as animal models will be beneficial to elucidate the
mechanism of intestinal bacteria in e-PHLFE.

© Annals of Translational Medicine. All rights reserved.

Page 17 of 20

Conclusions

In this study, we analyzed the changes in the composition
and diversity of gut bacteria in B-HCC patients with
extended hepatectomy, and identified specific microbiotas
that could be used as diagnostic biomarkers for e-PHLE.
Overall, our data might assist in the development of novel
strategies for minimizing the occurrence of e-PHLF.
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