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Abstract The clinicopathological characteristics and outcomes of patients infected with hepatitis B

virus (HBV) differ between genotypes B and C. However, the potential metabolic mechanisms and

differences in certain biological pathways associated with different HBV genotypes remain unclear

to date. To obtain a better understanding of the effects of liver diseases caused by HBV genotypes B

and C on host metabolism, an untargeted metabolomics analysis was performed to assess the dif-

ferences among the serum metabolic profiles of healthy controls and patients infected with geno-

types B or C. Here, a total of 54 serum samples were obtained from healthy controls and

patients with chronic HBV infections caused by genotypes B and C, and the samples were subjected

to metabolomics analysis. The serum metabolite profiles were analyzed using an ultrahigh-

performance liquid chromatography-quadrupole-time-of-flight/mass spectrometry (UHPLC-Q-

TOF/MS)-based untargeted metabolomics approach for identifying the differentially expressed

metabolites that were upregulated or downregulated by at least 1.5-foldin the serum samples of

patients infected with HBV genotypes B and C. A total of 63 metabolites were found to be differ-

entially expressed between the serum samples of healthy controls and patients infected with HBV

genotype B, while 57 metabolites were differentially expressed between the serum samples of healthy

controls and patients infected with HBV genotype C. The majority of these metabolites were

involved in regulating the bile acid (BA) metabolism pathways. The results also indicated that 8 dif-

ferentially expressed metabolites can serve as potential metabolic biomarkers for distinguishing

between individuals infected with the HBV genotype B and C. Altogether, the untargeted metabo-

lomics analysis revealed that infection with HBV genotypes B and C is associated with different
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metabolic profiles, and the study provided fundamental information for further detailed investiga-

tions of the mechanism underlying metabolic dysregulation in HBV infections.

� 2023 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Hepatitis B virus (HBV) is a noncytopathic DNA virus that belongs to

the Orthohepadnavirus genus under the Hepadnaviridae family. The

3200 bp long relaxed circular partially double-stranded DNA genome

comprises four major overlapping open reading frames denoted as S

(surface antigen), C (core), X (HBx protein), and P (polymerase)

(Iannacone and Guidotti, 2022,Seto et al., 2018, Tong and Revill,

2016). The burden of HBV-induced liver disease has been effectively

reduced by extensive vaccination programs and antiviral therapies

against HBV; however, there are no curative treatment options for

eradicating the virus from the host (Palak et al., 2023, Seto et al.,

2018, Liu et al., 2019). According to the World Health Organization

(WHO), almost one-third of the global population has been exposed

to HBV at some stage in their lives. Chronic HBV infections are preva-

lent in an estimated 296 million individuals worldwide, and HBV

causes approximately 820,000 deaths annually (Iannacone and

Guidotti, 2022, Geneva: World Health Organization, 2022). As HBV

DNA integrates into the genome of hepatocytes, HBV infections cause

inflammation and necrosis of liver tissues by activating host immunity,

which targets and destroys infected liver cells. This leads to persistent

infections and even serious liver disease, including hepatic failure, liver

decompensation, liver fibrosis and cirrhosis, and hepatocellular carci-

noma (HCC) in infected individuals (Di Stefano et al., 2023, Tang

et al., 2018, Kuipery et al., 2020). Epidemiological studies have clearly

demonstrated that several viral factors, including the viral genotype

and serotype, levels of HBV DNA, and mutations specific to certain

phenotypes, are associated with the development of HBV-related liver

diseases and cause disparities in clinical manifestations (Iannacone and

Guidotti, 2022, Tong and Revill, 2016, Yuen et al., 2018). One of the

major viral factors is the genotype, which is associated with distinct

clinical manifestations of HBV and affects the natural course of

HBV endemicity, transmission modes,and progression of liver diseases

(An et al., 2018, Lin and Kao, 2017).

Based on an intergenotypic sequence divergence of 8% or more

across the entire genome, HBV can be grouped into 10 known geno-

types (A to J) and numerous subgenotypes with distinct ethnic and

geographical distributions globally (Di Stefano et al., 2023, Lin and

Kao, 2017, Tian and Jia, 2016). Genotypes B and C are most prevalent

in East Asian countries, including China, with genotype B being more

common in the southern regions and genotype C being more prevalent

in northern Asia where vertical transmission is the predominant mode

of transmission (Bello et al., 2023, Lin and Kao, 2017, Tian and Jia,

2016). Different HBV genotypes have been found to be associated with

genome mutations, clinical phenotypes, prognosis, vaccination proba-

bility, response to antiviral treatment, and disease progression (Lin

and Kao, 2017, Tian and Jia, 2016, Wai et al., 2004, Kao et al.,

2003). For instance, some studies have reported that compared to

genotype B, genotype C is more frequent in patients with a higher fre-

quency of specific mutations, higher viral load, more active disease,

prolonged HBeAg phase, and an elevated risk of hepatic cirrhosis

and HCC (Choiet al., 2023, Liet al., 2023, Chan et al., 2008). A study

on 1106 patients from Hong Kong demonstrated that patients infected

with HBV genotype C had a significantly higher frequency of advanced

fibrosis at presentation (25% vs. 19%, P = 0.015) and an insignifi-

cantly lower incidence of fibrosis (42% vs. 55%, P = 0.0001) com-

pared than individuals infected with HBV genotype B (Chan et al.,

2009). Another study on 193 patients with resectable HBV-related

HCC revealed that patients infected with HBV genotype B had a lower

rate of hepatic cirrhosis (33% vs. 51%, P = 0.01), but a higher fre-
quency of solitary tumors (86% vs. 94%, P = 0.048) than patients

infected with HBV genotype C (Lin et al., 2007). Notably, genotype

B was more common in younger patients with HCC who

were<50 years old than in age-matched asymptomatic HBV carriers.

However, HBV genotype C was found to be associated with patients

with hepatic cirrhosis and older patients with HCC who were aged

older than 50 years, compared to age-matched asymptomatic HBV

carriers (Liet al., 2023, Kao et al., 2000). The study reported that the

incidence of HBV genotype B was considerably higher in younger

patients with HCC, with 90% of inpatients aged under 35 years,

who were mostly noncirrhotic (Kao et al., 2000). These findings

strongly demonstrate that there are significant differences in the clini-

cal manifestations of patients infected with HBV genotypes B and C.

Although the effect of genotypes B and C on the progression and clin-

ical outcomes of HBV-related liver disease has been known for dec-

ades, the virologic and metabolic mechanisms underlying the

characteristics of the immune response in patients infected with the

two different genotypes remain to be elucidated.

The liver is the most important organ for the metabolism of xenobi-

otics, carbohydrates, and lipids (Tong and Revill, 2016, Zeisel et al.,

2021). In general,HBV infections inducemarked alterations in themeta-

bolism of related substances, which can in turn modify the synthesis of

metabolites in the host by causing changes in the host metabolic profile,

optimizing the conditions for viral replication, and increasing the long-

term survival of HBV (Zeisel et al., 2021, Yang, 2018). Notably, these

alterations may lead to epigenetic modifications in the cellular regula-

tory networks of host metabolites that are associated with establishing

the infection and subsequent pathogenesis of HBV-related liver diseases

(Kim et al., 2021, Lamontagne et al., 2016). Accumulating evidence indi-

cates thatHBVgenotypeC infects patientswith a higher population of T

helper 2 (Th2) cytokine-producing T cells and a lower level of Th1

cytokine-producing T cells than genotype B, which suggests that infec-

tion with HBV genotype C decreases the ratio of Th1/Th2 cytokines

compared to infections with genotype B (Yuen et al., 2007, Han et al.,

2011). Therefore, the levels of Th1 and Th2 cytokine-producing T cells

are downregulated and upregulated, respectively, in patients infected

with HBV genotype C, and these patients are more likely to develop

HCC. In our recent study on the quantitative serum proteomics analysis

of patients infected with HBV genotypes B and C, we observed that the

proteins that were dysregulated in the serum of patients infected with

HBV genotype B were mostly involved in various biological processes,

including the complement and coagulation cascades, NF-jB signaling

pathway, focal adhesion, PI3K-Akt signaling pathway, ECM-receptor

interaction, and cellular adhesion, while the proteins that were dysregu-

lated in the serum of patients infected with genotype C were primarily

associated with the regulation of Staphylococcus aureus infections and

the complement and coagulation cascades (Chen et al., 2021). The find-

ings implied the existence of specificmolecular andmetabolic differences

in themolecular pathogenesis of patients infectedwithHBVgenotypesB

and C. However, the precise metabolic mechanisms associated with

these differences remain to be elucidated.

Comparative metabolomics with ultrahigh-performance liquid

chromatography-quadrupole-time-of-flight/mass spectrometry

(UHPLC-Q-TOF/MS) is an unsupervised or discovery-based

approach to capture chemical exposures without having preexisting

knowledge about the identities of metabolites in a biospecimen and

is extensively employed for investigating the metabolic characteristics

of host responses during viral infections (Jaberet al., 2022, Melo

et al., 2017, Zhou et al., 2021,Voge et al., 2016). This approach is cap-

able of measuring and comparing multiple classes of metabolites that

http://creativecommons.org/licenses/by-nc-nd/4.0/
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are altered in response to manipulation of a biological system, and aids

in determining the alterations in host metabolism and physiology, and

identifying possible diagnostic biomarkers and intervention strategies

against viral infections (Newgard, 2017,Kumari et al., 2021). There-

fore, UHPLC-Q-TOF/MS-based serum metabolomics strategies can

be applied for screening and identifying disease-specific metabolic

biomarkers for the early recognition, detection, and hence appropriate

and timely treatment of viral diseases. This strategy also enables us to

explore the host factors that mediate alterations in metabolic path-

ways, allowing us to further understand the molecular pathogenesis

of viral infections (Voge et al., 2016,Usman et al., 2022, Kumar

et al., 2020). However, the application of serum metabolomics

approaches for determining the differences between the serum meta-

bolic profiles of patients infected with HBV genotypes B and C has

not been reported to date. To gain a better understanding of the meta-

bolic differences in the underlying mechanisms of host resistance to

HBV genotypes B and C, we performed a comparative untargeted

metabolomics analysis of serum samples collected from patients

infected with HBV genotypes B and C. Therefore, this study aimed

to explore the metabolic differences between patients infected with

the two different HBV genotypes, and the results could provide novel

insights into the hepatic pathophysiology underlying these differences.

2. Materials and methods

2.1. Patients and sample collection

Healthy controls and consecutive patients with chronic hepati-

tis B (CHB) infections who were identified as seropositive for
HBV infection were recruited from the Department of Infec-
tious Diseases of the Affiliated Hospital of Jiaxing University
in East China between January 2018 and June 2020. A total of

18 serum samples from healthy controls (Group A) and 36
serum samples from patients infected with HBV genotype B
(Group B) or C (Group C) were selected for the study. A com-

mercial HBV genotyping kit (Shanghai Fosun Pharmaceutical
Co. Ltd., China) was used to determine HBV genotypes by
real-time fluorescence quantitative PCR, according to the

manufacturer’s instructions and as previously described (Wei
et al., 2015, Wei et al., 2016). Patients with the following demo-
Table 1 Clinical characteristics of patients enrolled in this study.

Characteristic Health Controls (n = 18)

Gender (female/male) 12/6

Age (yrs.) 40.11 ± 9.02

ALT (U/L) 30.21 ± 6.39

AST (U/L) 23.69 ± 11.25

ALP (U/L) 88.09 ± 28.39

GGT (U/L) 39.89 ± 11.59

PLT (109 L-1) 129.56 ± 15.11

TB (umol/L) 7.88 ± 0.89

TBA (umol/L) 9.55 ± 12.30

ALB（g/L） 39.68 ± 3.78

APRI 0.46 ± 0.12

PT (s) 12.58 ± 1.02

APTT (s) 34.47 ± 4.25

FIB (g/L) 2.61 ± 0.36

HBeAg NA

HBV viral load (log10) NA

Notes: ALT, Alanine transferase; AST, aspartate transferase; ALP, alka

total bilirubin; TBA, Total Bile Acids; ALB, albumin；APRI, aspartat

APTT, activated partial thromboplasting time; FIB, fibrinogen; HBeAg, h

between HBV-B and healthy controls*, and between HBV-C and HBV-B
graphic and clinical characteristics were excluded from the
study: antiviral treatment in the past 2 years; coinfection with
other viruses, such as HIV or HCV; occurrence of liver-related

diseases, including decompensated liver disease, cirrhosis, or
HCC; and autoimmune or immunologically mediated disease.
The anonymized personal data related to the clinical character-

istics of the patients, including the biochemical data, are pro-
vided in Table 1. The use of samples in this study was
reviewed and approved by the Institutional Ethics Committee

of Affiliated Hospital of Jiaxing University (approval number:
LS2019-327). Written informed consent was obtained from all
the participants prior to enrollment.

2.2. Sample preparation

Human serum samples were collected and pretreated from
each patient according to standard operating procedures for

HBV serological tests, after which the samples were divided
into aliquots and stored frozen at �80 �C for subsequent
experiments. Metabolite extraction was performed as previ-

ously described (Melo et al., 2017, Kumariet al., 2019,
Zhang et al., 2023). Briefly, 400 lL of an ice-cold extraction
solvent containing methanol/acetonitrile/water (2:2:1, v/v/v)

was transferred to EP tubes, mixed thoroughly with 100 lL
of the serum sample using a vortex shaker, and subsequently
incubated on ice for 15 min. After centrifugation at
14,000 � g for 20 min at 4 �C, the supernatant was pipetted

into a new tube and dried in a vacuum centrifuge. Each of
the lyophilized samples was redissolved in 100 lL of solvent
mixture (water:acetonitrile = 1:1, v/v), vortexed for 2 min,

and then centrifuged at 14,000 � g for 20 min at 4 �C. The
supernatant from each sample was transferred to LC vials
for subsequent UHPLC-Q-TOF/MS analysis.

2.3. UHPLC-Q-TOF/MS analysis

For untargeted metabolomics analysis with UPLC-Q-TOF

MS/MS, the extracted samples were injected into an AB
HBV-B group (n = 18) HBV-C group (n = 18)

12/6 12/6

41.69 ± 9.38 42.83 ± 10.21

285.25 ± 201.98* 514.22 ± 459.37§

159.36 ± 147.35* 332.63 ± 298.67§

95.69 ± 27.36 112.02 ± 33.25

79.51 ± 42.94* 118.20 ± 98.56§

151.52 ± 40.08 154.33 ± 57.56

28.05 ± 30.56* 44.32 ± 51.28§

48.66 ± 32.23* 44.7.85 ± 35.64

44.25 ± 4.95 40.28 ± 4.39

3.12 ± 3.04* 6.66 ± 5.95§

15.39 ± 1.92* 14.85 ± 1.73

40.45 ± 4.25 39.69 ± 4.55

2.74 ± 0.65 2.89 ± 0.71

188.63 ± 282.96 488.23 ± 521.78§

6.14 ± 1.47 6.71 ± 1.58

line phosphatase; GGT, c-Glutamyl transferase; PLT, Platelet; TB,

e aminotransferase -to- platelet ratio index; PT, prothrombin time;

epatitis B e antigen. Data are means ± SD; P< 0.05 for comparisons
§.
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SCIEX Triple TOF 6600 System (AB SCIEX, Framingham,
MA, United States) integrated with hydrophilic interaction liq-
uid chromatography system with electrospray ionization (ESI;

performed by Shanghai Applied Protein Technology Co., Ltd.,
China).The sample was separated on an ACQUITY UPLC
BEH Amide column (2.1 � 100 mm, 1.7 lm particle size

(Waters, Manchester, UK) using a linear gradient of 25 mM
ammonium acetate and 25 mM ammonium hydroxide in water
(buffer A) and acetonitrile (buffer B) for both positive (POS)

and negative (NEG) ionization modes at 25 �C. Elution was
initiated with 85% buffer B for 1 min, which was linearly
reduced to 65% buffer B over 10 min, further reduced to
40% over 0.1 min, maintained for 5 min, and finally increased

to 85% for a 5-min re-equilibration. The injection volume ali-
quot was set at 2 mL, and the delivery flow rate was 0.4 ml/min.
The operating conditions of the ESI source were as follows:

source temperature (TEM), 600 �C; ion source gas (Gas)
one, 60, and Gas two, 60 psi: curtain gas (CUR), 30 psi; ion
spray voltage floating (ISVF), ± 5500 V; MS over a m/z range,

25–1000 Da; and product ion scanning, 0.05 s/spectra. Infor-
mation dependent acquisition (IDA) was accomplished in high
sensitivity mode for detecting and identifying MS/MS spectra.

The etting parameters were set as follows: declustering poten-
tial (DP) was 60 V (+) and �60 V (-); collision energy (CE)
was 35 V ± 15 eV; isotopes within 4 Da were excluded, and
a total of 10 candidate ions were monitored per cycle.

2.4. Analysis of metabolomic data

The original MS data acquired from UPLC-Q-TOF MS/MS

were converted into MzXML files using ProteoWizard MS
convert software, and subsequently processed with the freely
available XCMS online software (https://xcmsonline.scripps.

edu/landing_page.php?pgcontent = mainPage) for extracting
the peak intensities, peak matching, and correcting the reten-
tion time, using default parameters. The obtained datasets

were further processed using SIMCA-p software V14.1 (Umet-
rics, Umea, Sweden) for multivariate statistical analysis to
screen the differential metabolites. The fitness and prediction
ability of the principal component analysis (PCA) and orthog-

onal partial least-squares discrimination analysis (OPLS-DA)
models was calculated by multiple correlation coefficient (R2)
and cross-validated R2 (Q2). Based on OPLS-DA, the variable

importance for projection (VIP) score was recognized as an
important variable for determining their relative contributions
to the classification. The potential metabolites were selected

based on VIP value > 1 and P value < 0.05, which was deter-
mined to be statistically significant.

2.5. Bioinformatics and statistical analyses

The potential metabolites were subjected to a BLAST search
against the online Kyoto Encyclopedia of Genes and Genomes
(KEGG) and Gene Ontology (GO) databases to determine the

effect of the differentially expressed metabolites. Hierarchical
clustering analysis (HCA) was carried out using Cluster soft-
ware V 3.0 and Java Treeview software. Heatmaps were pre-

pared for data visualization in addition to dendrograms. All
statistical analyses were conducted using SPSS software V
22.0 (SPSS Inc., Chicago, IL, USA). The results of quantita-

tive data are represented as the mean ± SD, and analyzed
using a two-tailed Student’s t tests for multiple comparisons.
Only differences with two-tailed P values<0.05 were consid-
ered to indicate statistical significance.

2.6. Targeted metabolomics analysis of bile acids (BAs)

To verify the results of untargeted metabolomics analysis, the

metabolic profiles and levels of BAs were determined by tar-
geted metabolomics analysis,as previously described with mod-
ifications (Wei et al., 2022). The serum BAs were assayed using

a Waters ACQUITY UPLC I-Class-MS/MS system equipped
with a Waters ACQUITY UPLC BEH C18 analytical column
(1.7 lm, 2.1 mm � 100 mm) (ACQUITYUPLCXevo TQ-S,

Waters Corp., Milford, MA, USA). The mobile phase was
0.1% formic acid in water (phase A) and methanol (phase B).
The samples were placed in an autosampler at 8 �C with an
injection volume of 2 lL, a flow rate of 300 lL/min, and a col-

umn temperature of 45 �C. The working parameters of the 5500
QTRAP for MS analyses were as follows: source temperature,
550 �C; ion source gas 1, 55; ion source gas 2, 55; CUR, 40; and

ISVF, 4500 V. The multiple reaction monitoring (MRM)
method was selected for quantifying data acquisition by MS.

3. Results

3.1. Clinical characteristics of the study participants

A total of 54 serum samples were collected from healthy con-
trols and patients with chronic HBV infections caused by

genotypes B and C, and subjected to metabolomics analysis.
A total of 18 samples were obtained in each group. The demo-
graphic characteristics of the study participants are provided in
Table 1. Evidently, the age distribution, sex ratio, and the

levels of alkaline phosphatase (ALP), total BA (TBA), and fib-
rinogen (FIB) were similar across the three groups. However,
compared to patients in the HBV-B group, the patients in

the HBV-C group had significantly higher mean serum levels
of alanine transferase (ALT) (285.25 ± 201.98 vs. 514.22 ± 4
59.37), aspartate transferase (AST) (159.36 ± 147.35 vs. 332.

63 ± 298.67), c-glutamyl transferase (GGT) (79.51 ± 42.94
vs. 118.20 ± 98.56), total bilirubin (TB) (28.05 ± 30.56 vs.
44.32 ± 51.28), AST- platelet (PLT) ratio index (APRI)
(3.12 ± 3.04 vs. 6.66 ± 5.95), and HBeAg (188.63 ± 282.96

vs. 488.23 ± 521.78).

3.2. Global serum metabolic profiling

A total of 22,691 features were obtained from the serum sam-
ples, including 11,454 and 11,237 features in the POS mode
and NEG modes, respectively, by matching the substance

database with data obtained by UPLC-Q-TOF MS/MS analy-
sis. Of these features, 28 of the 199 defined features in the POS
metabolite mode and 35 of the 241 defined features in the NEG

metabolite mode were found to be significantly different based
on the VIP values (>1) and P values (<0.05) (Fig. 1A). After
combining the POS and NEG ion models, the 380 identified
metabolites were further categorized according to their chem-

ical taxonomy based on the annotations in the Human Meta-
bolome Database. Broadly, 37.63% of these compounds were
categorized as undefined metabolites, 17.63% were lipids and

https://xcmsonline.scripps.edu/landing_page.php?pgcontent
https://xcmsonline.scripps.edu/landing_page.php?pgcontent


Fig. 1 Features of the metabolome dataset of serum metabolites in patients infected with HBV genotypes B and C. (A) Number of

features identified by metabolomic analysis. (B) Chemical taxonomy of the differentially expressed metabolites.
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lipid-like molecules, 17.11% were organic acids and deriva-
tives, and the other four main categories included organohete-
rocyclic compounds (7.63%), organic oxygen compounds

(7.11%), benzenoids (5.26%), and nucleosides, nucleotides,
and analogs (4.21%) (Fig. 1B).

The metabolomic data were subsequently subjected to mul-
tivariate statistical analyses by PCA, PLS-DA, and OPLS-DA.

All the QC samples clustered closely together in the PCA plot,
which indicated good stability and reproducibility in the ana-
lytical system (Supplementary Fig. 1, Fig. 2A and Supplemen-

tary Fig. 2A). To optimize the separation between the groups,
the PLS-DA and OPLS-DA modes were used for further anal-
ysis of the metabolite profiles of the two sample sets after

removing the QC samples. As depicted in Fig. 2B, Fig. 2C,
Supplementary Fig. 2B and Supplementary Fig. 2C, the scores
of PLS-DA and OPLS-DA indicated an aggregation within
groups and separation between groups, including HBV-Band

healthy controls (Groups B vs. A) and HBV-C and healthy
Fig. 2 Multivariate statistical analyses of the serum samples of patien

(B) PLS-DA, and (C) OPLS-DA scores of the overall sample. (D) PLS

(200 times).
controls (Groups C vs. A), in both modes, but was more evi-
dent in OPLS-DA. The results of the 200 permutation tests
revealed that the proportion of the Y variable increased, while

the R2 and Q2 values of the random model decreased gradually
with a gradual reduction in permutation retention, indicating
that there was no overfitting in the original model (Fig. 2D,
Fig. 2E, Supplementary Fig. 2D and Supplementary

Fig. 2E). These findings revealed that the models met the
acceptable requirements and can be used for subsequent clas-
sification of the metabolites that were differentially expressed

between groups, suggesting that the model had high reliability
and predictive power.

3.3. Screening of key differentially expressed serum metabolites

To screen and identify the differentially expressed serum
metabolites, the relative abundance values of the metabolites

in each of the HBV groups were compared to those in the
ts infected with HBV genotypes B and C in POS mode. (A) PCA,

-DA and (E) OPLS-DA were performed for the permutation test
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healthy control group. Based on hierarchical clustering analy-
sis, 63 qualitative metabolites, including 28 and 35 in the POS
and NEG modes, respectively, were determined to be differen-

tially expressed in the sera of patients in the HBV-B group
compared to that in the sera of the healthy controls (Groups
B vs. A) under the conditions of VIP value > 1 and P

value < 0.05 (Fig. 3A, Supplementary Fig. 3A, Supplementary
Table 1 and Supplementary Table 3). When the ratios of these
differentially expressed serum metabolites were plotted on a

heatmap, 37 (16 and 21 in POS and NEG modes, respectively)
and 26 metabolites (12 and 14 in POS and NEG modes, respec-
tively) were found to be upregulated and downregulated,
respectively, between the serum samples of the HBV-B group

and those of the healthy controls. Additionally, these two sets
of metabolites were found to be separated into distinct clusters
(Fig. 3B and Supplementary Fig. 3B).

We subsequently performed a similar comparative analysis
of the serum samples of the HBV-C group and healthy con-
trols (Groups C vs. A) based on the abovementioned criteria.

A total of 34 upregulated metabolites (15 and 19 in the POS
and NEG modes, respectively) and 23 downregulated metabo-
lites (8 and 15 in the POS and NEG modes, respectively) were

found to be differentially expressed between the sera of
Fig. 3 Bioinformatics analysis of the differentially expressed metabo

protein abundance in the serum samples of healthy controls and patient

clustering of the 28 dysregulated metabolites between the serum sampl

(Groups B vs. A). (C) Volcano plot representing the differences in prot

patients infected with HBV genotype C (Groups C vs. A). (D) Hiera

serum samples of healthy controls and patients infected with HBV ge
patients in the HBV-C group and healthy controls, and the
metabolites formed clearly distinct clusters (Fig. 3C, Fig. 3D,
Supplementary Fig. 3C, Supplementary Fig. 3D, Supplemen-

tary Table 2 and Supplementary Table 4). The metabolites that
were typically differentially expressed are depicted in Table 2.
However, the expression of the common dysregulated metabo-

lites altered variably between the two groups infected with dif-
ferent genotypes of HBV. These findings suggested that the
metabolic processes and backgrounds are highly differentially

regulated between individuals infected with HBV genotype B
and individuals infected with HBV genotype C. This further
indicated that patients infected with HBV genotypes B and C
have differential metabolic profiles.

3.4. Correlation and KEGG pathway analysis of the key

differentially expressed metabolites

The serum metabolite profiles were further investigated by sys-
tematic analysis of the differentially expressed metabolites by
correlation analysis and clustering heatmap based on Pearson

correlation analysis for determining the most strongly corre-
lated and uncorrelated metabolite pairs. The absolute values
of the correlation coefficients are indicated by different color
lites in POS mode. (A) Volcano plot representing the differences in

s infected with HBV genotype B (Groups B vs. A). (B) Hierarchical

es of healthy controls and patients infected with HBV genotype B

ein abundance between the serum samples of healthy controls and

rchical clustering of the 23 metabolites dysregulated between the

notype C (Groups C vs. A).



Table 2 List of the typically differential metabolites of serum samples between HBV gentotype B and C infection.

Metabolite

ID

Adducted

form

Metabolite name Fold change HBV-B/

Healthy controls

Fold change HBV-C/

Healthy controls

Fold change

HBV-C/HBV-B

Mode

M466T520 (M + H)+ Glycocholic acid 28.37 17.60 0.62 Positive

M517T283 (M + NH4)

+

Taurodeoxycholic acid 5.51 7.35 1.33 Positive

M450T438 (M + H)+ Glycochenodeoxycholate 9.47 9.29 0.98 Positive

M471T136 (M + H)+ Enoxolone 8.41 8.23 0.98 Positive

M274T708 (M + H)+ Val-Arg 4.45 5.92 1.33 Positive

M416T405 (M + H-

H2O)+

Glycolithocholic acid 4.04 3.67 0.91 Positive

M500T341 (M + H)+ Taurochenodeoxycholate 4.03 4.25 1.05 Positive

M498T416 (M + H-

H2O)+

Taurocholate 3.82 2.47 0.65 Positive

M498T178_3 (M�H)- Taurochenodeoxycholate 48.60 69.39 1.43 Negative

M514T361 (M�H)- Taurocholate 47 52.82 1.12 Negative

M464T460_2 (M�H)- Glycocholic acid 29.86 20.87 0.70 Negative

M448T375 (M�H)- Glycochenodeoxycholate 14.15 10.89 0.77 Negative

M515T123 (M�H)- Adynerin 11.68 8.64 0.74 Negative

M163T147 (M�H)- Benzenebutanoic acid 10.07 9.25 0.92 Negative

M143T78_2 (M�H)- Caprylic acid 7.06 6.03 0.85 Negative

M482T74 (M�H)- Taurolithocholic acid 5.89 8.72 1.48 Negative

M193T726 (M�H)- D-galacturonic acid 4.63 3.86 0.83 Negative

M583T74 (M�H)- Bilirubin 4.34 2.21 0.51 Negative

M469T78 (M�H)- 11-Keto-beta-boswellic

acid

3.78 4.06 1.07 Negative

M178T357 (M�H)- Hippuric acid 0.61 0.28 0.46 Negative

M179T107 (M�H)- Theophylline 0.28 0.39 1.39 Negative

M409T450 (M�H)- 1-Palmitoyl

Lysophosphatidic Acid

0.17 0.15 0.88 Negative
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intensities. As expected, the majority of these differentially
expressed metabolites were positively correlated with each

other (Fig. 4A, Fig. 4B, Supplementary Fig. 4A, Supplemen-
tary Fig. 4B, Supplementary Fig. 5A and Supplementary
Fig. 5B). In particular, glycochenodeoxycholate (GCDC), gly-

cocholic acid (GCA), and taurodeoxycholic acid (TDCA) were
the most significantly correlated metabolites (Fig. 4C, Fig. 4D,
Supplementary Fig. 4C, Supplementary Fig. 4D,Supplemen-

tary Fig. 5A and Supplementary Fig. 5B). For instance, in
the HBV-B group, TDCA was positively correlated with
GCDC (R = 0.9148, P < 0.01) and GCA (R = 0.9140,
P < 0.01), and GCDC was also positively correlated with

GCA (R = 0.9558, P < 0.01) in the POS mode. A similar cor-
relation was observed in the HBV-C group. These three
metabolites were primarily associated with the metabolism of

BA, indicating their effects on hepatic and intestinal functions.
To further investigate the metabolic pathways that are dif-

ferentially regulated following infection with HBV genotypes B

and C, we conducted KEGG pathway-based enrichment anal-
ysis of the dysregulated metabolites. The results demonstrated
that specific metabolic pathways contributed to the metabolic
differences between individuals infected with HBV genotypes

B and C, although some common metabolic pathways were
also identified. KEGG pathway enrichment analysis demon-
strated that the dysregulated metabolites in the sera of patients

in the HBV-B group were mostly related to the regulation of
bile secretion, cholesterol metabolism, primary BA biosynthe-
sis, and biosynthesis of unsaturated fatty acids, while the dys-

regulated metabolites in the sera of patients in the HBV-C
group were primarily enriched in the biosynthesis of unsatu-
rated fatty acids, cholesterol metabolism, primary BA biosyn-
thesis, protein digestion and absorption, bile secretion, and
ABC transporters (Fig. 5A, Fig. 5B, Fig. 6A and Fig. 6B).

Interestingly, all the aforementioned pathways were differen-
tially regulated in patients infected with different HBV geno-
types, and the majority of these dysregulated metabolic

pathways have been reported to be tightly associated with
BA metabolism pathways, including bile secretion, cholesterol
metabolism, and primary BA biosynthesis. Therefore, the

results of metabolic pathway analysis demonstrated that BA
metabolism pathways may contribute to modulating the devel-
opment of HBV-related liver diseases by regulating differen-
tially expressed metabolites following infection with HBV

genotypes B and C.

3.5. Targeted metabolomics analysis of BAs

The results of untargeted metabolomics analysis showed that
the majority of the enriched dysregulated metabolic pathways
were BA metabolism pathways. We therefore performed tar-

geted metabolomics studies for quantifying the concentrations
of various BA subspecies in the serum for obtaining complete
insight into the alterations in BA metabolism. The targeted

metabolomics study aimed to verify the aforementioned con-
jecture that the differential expression of metabolites was
attributed to infection by the different HBV genotypes, B
and C. A total of 24 different subspecies of BAs were identified

and precisely quantified in all the serum samples (Supplemen-
tary Table 5, Fig. 7A and Fig. 7B). The BA subspecies were
consistent in the serum of the HBV-B and HBV-C groups, of

which glycochenodeoxycholic acid (GCDCA), glycour-



Fig. 4 Correlation analysis of the differentially expressed metabolites in POS mode. (A) Heatmap of the results of correlation analysis of

the 28 metabolites dysregulated between the serum samples of healthy controls and patients infected with HBV genotype B. (B) Heatmap

depicting the results of correlation analysis of the 23 metabolites dysregulated between the serum samples of healthy controls and patients

infected with HBV genotype C. (C) Predicted network of the metabolites that were differentially expressed between the serum samples of

healthy controls and patients infected with HBV genotype B. (D) Predicted network of the metabolites that were differentially expressed

between the serum samples of healthy controls and patients infected with HBV genotype C.
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sodeoxycholic acid (GUDCA), taurochenodeoxycholic acid

(TCDCA), taurocholic acid (TCA), and GCA were the most
abundant (Fig. 7C). The concentrations of each BA varied
between the HBV-B and HBV-C groups, with GCDCA and

TCDCA being the most abundant in the HBV-B and HBV-
C, respectively (Fig. 7C and Fig. 8). Notably, the levels of
GUDCA, taurolithocholic acid (TLCA), ursodeoxycholic acid
(UDCA), and TCA were significantly upregulated by 2.01-

fold, 1.55-fold, 1.44-fold, and 1.36-fold, respectively, in the
HBV-C group, compared to their serum levels in the HBV-B
group (n = 16 patients; P < 0.01 for all metabolites), while

the serum levels of apocholic acid (ApoCA) did not differ sig-
nificantly between the HBV-B and HBV-C groups (Fig. 8). The
total concentration of the BAs in the HBV-C group was signif-

icantly higher than that in the HBV-B group, and this finding
was consistent with the results obtained by untargeted metabo-
lomics analysis. These data indicate that patients infected with

HBV genotypes B and C have different metabolic profiles
owing to differences in BA metabolism.
4. Discussion

Although the rate of HBV infection has recently declined on a
yearly basis, HBV infections continue to exert a heavy burden
on individuals and society owing to their widespread preva-
lence and high incidence of morbidity and mortality from

HBV-induced liver diseases (Iannacone and Guidotti, 2022,
Seto et al., 2018, Huang et al., 2022). The genotypes of HBV
are likely to be responsible for the differences in HBV endemic-

ity, transmission modes, natural history, disease progression,
and treatment outcomes, and therefore play a key role in liver
function and metabolic alterations during the progression of

HBV-induced hepatic diseases (Iannacone and Guidotti,
2022,Seto et al., 2018). The present study employed a conven-
tional UPLC-Q-TOF MS/MS-based untargeted metabolomics

approach for investigating the serum metabolomics profiles of
infected patients to gain novel insights into the differential
pathophysiology of HBV infections caused by genotypes B
and C. This study is the first to analyze the global serum meta-



Fig. 5 KEGG annotation of the dysregulated metabolites. (A) KEGG pathway enrichment of the differentially expressed metabolites

and (B) differential abundance score map of the metabolic pathways dysregulated between healthy individuals and the HBV-B group.(C)

KEGG pathway enrichment of the differentially expressed metabolites and (D) differential abundance score map of the metabolic

pathways dysregulated between healthy controls and the HBV-C group.
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bolic profiles of healthy controls and patients with chronic
HBV infections caused by genotypes B and C determine the
mechanism underlying the differences in the clinicopathologi-
cal characteristics and outcomes of individuals infected with

HBV genotypes B and C. The results confirm the findings of
earlier studies, which reported that the genotype of HBV clo-
sely associates with the clinical manifestation and that infec-

tion with HBV genotype C can cause more severe outcomes
of HBV-induced liver disease compared to genotype B. In
addition, the study provides novel information regarding the

metabolic differences between infections caused by HBV geno-
types B and C for obtaining deeper insights into the develop-
ment of HBV-induced systemic metabolic reprogramming.

The present study employed an untargeted metabolomics

approach for analyzing the serum samples of three groups,
namely, healthy control individuals, patients with HBV-B,
and patients with HBV-C, to quantify the metabolic differ-
ences in the global serum metabolome of patients infected with
different HBV genotypes. Comprehensive analysis of the dys-
regulated metabolites revealed significantly large metabolic

changes among the healthy control, HBV-B, and HBV-C
groups. The 440 metabolites identified in this study, with
VIP score > 1 and P < 0.05, were common in all 54 serum

samples, which indicated the stability of the experimental
method and the reliability of the research results. Based on
the criteria for identification of dysregulated metabolites,

namely, fold change �± 1.5 and P < 0.05, a total of 63
metabolites (28 and 35 in POS and NEG modes, respectively)
were found to be differentially expressed between the healthy
controls and HBV-B group, and 57 metabolites (23 and 34

in the POS and NEG modes, respectively) were found to be
dysregulated between the healthy controls and HBV-C group.



Fig. 6 Thekey signaling pathways identified by analysis of the serum samples of patients infectedwithHBVgenotypesB andC.KEGGpathway-

based enrichment analysis revealed that the dysregulated metabolites were associated with (A) cholesterol metabolism and (B) bile secretion.
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Fig. 7 Analysis of the differentially expressed metabolites by targeted metabolomics analysis of the differential BA levels between the

serum samples of (A) healthy controls and patients infected with HBV genotype B, (B) healthy controls and patients infected with HBV

genotype C, and (C) patients infected with HBV genotype B and individuals infected with HBV genotype C.

Fig. 8 Validation of the selected differentially expressed metabolites in the serum samples from patients infected with HBV genotypes B

and C by targeted metabolomics analysis of BAs in the validation cohort. The data are expressed as the mean ± standard error of the

mean (SEM);n = 15, *P < 0.05, **P < 0.01.
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Analysis of the key metabolic pathways by KEGG and
MetaboAnalyst revealed that a total of 11 pathways were dif-
ferentially expressed between the healthy controls and HBV-B
group, while 12 pathways were dysregulated between the

healthy controls and HBV-C group. Although these pathways
correlated with the aforementioned dysregulated metabolites
are important players in the course of infection with HBV

genotypes B and C, the majority of these dysregulated metabo-
lites were associated with relevant BA metabolism pathways,
including bile secretion, cholesterol metabolism, and primary
BA biosynthesis. The results demonstrated that BA metabo-
lism pathways may contribute to the regulation of clinical
characteristics and progression of HBV-related diseases caused

by disorders in BA metabolism pathways during the process of
infection with HBV genotypes B and C.

BAs are key signaling molecules that function as metabolic

regulators of lipids and participate in glucose and energy meta-
bolism. They belong to a family of anphipathic cholesterol
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metabolites that are critical for antibacterial defense, hepatic
lipid and glucose metabolism, and maintenance of energy and
metabolic homeostasis (Evangelakos et al., 2021, Chiang,

2013). BAs are synthesized in hepatocytes via a complex pro-
cess comprising multiple factors and multiple catalytic steps
that involve mitochondrial, peroxisomal, and cytosolic

enzymes. BA synthesis occurs via two different well-
characterized metabolic pathways, namely, the classical or neu-
tral pathway, which is initiated by cholesterol 7a-hydroxylase
(CYP7A1), followed by several enzymatic conversions, and
the alternative or acidic pathway, which is triggered by sterol
27-hydroxylase (CYP27A1) to form 27-hydroxycholesterol
(Evangelakos et al., 2021, Chiang, 2013,Režen et al., 2022,

Perino and Schoonjans, 2022). In the context of viral infections,
the activation of BA metabolism pathways initiates innate
antiviral immunity and inflammation by inducing the transcrip-

tion of the BA transporter gene and genes encoding the rate-
limiting biosynthesis enzymes, including CYP7A1 and
CYP27A1. Additionally, BA metabolism pathways are critical

determinants of viral replication, antiretroviral treatment, and
the development of virus-induced liver diseases (Hu et al., 2019,
Appelman et al., 2021). Therefore, the results of the present

study confirmed that the clinical difference in HBV infections
caused by genotypes B and C strongly depends on the systemic
BA homeostasis of the host, which explains the involvement of
the BA signaling pathways following infection with HBV geno-

types B and C.
Furthermore, targeted metabolism analysis of BAs was per-

formed for verifying the aforementioned conjecture that infec-

tion with HBV genotypes B and C can regulate the distribution
of overall metabolic dysregulation, and BA metabolism was
the primary pathway targeted during HBV infections. Nota-

bly, the levels of total BAs in the serum samples of the
HBV-B and HBV-C groups were significantly increased com-
pared to those of the control group, which was consistent with

the results of untargeted metabolism analysis. The findings
also revealed that 8 metabolites, including GCDCA, GCA,
TCDCA, ApoCA, GUDCA, TLCA, UDCA, and TCA, were
dysregulated in the 3 groups, namely, the healthy control,

HBV-B, and HBV-C groups. Of these differentially expressed
metabolites, the level of GCDCA was significantly upregulated
in the serum samples of individuals in the HBV-B group com-

pared to that of the healthy controls and individuals in the
HBV-C group. GCDCA is a BA that also functions as a bio-
surfactant to solubilize lipids for absorption, and itself under-

goes absorption. GCDCA is the primary biliary acid that is
directly derived from cholesterol in the liver and conjugates
with taurine or glycine, which play crucial roles in several dis-
eases and signaling pathways (Gao et al., 2019, Shi et al., 2020,

Shao et al., 2021). It has been reported that GCDCA can
enhance the invasive ability of HCC cells by activating autop-
hagy and increasing the level of BAs via the AMPK/mTOR

pathway (Gao et al., 2019). Additionally, GCDCA promotes
chemoresistance in HCC cells by inducing CSC-like character-
istics and the EMT phenotype, and by activating the STAT3

signaling pathway, which serves as a potential target in HCC
chemotherapy (Shi et al., 2020). Therefore, abnormal levels
of GCDCA pose a potential risk factor for HCC in individuals

with HBV infection. The levels of GUDCA, TLCA, UDCA,
and TCA were significantly higher in the serum samples of
the HBV-C group than in those of the HBV-B group, and
the changes in the levels of GUDCA were more significant
than those of TLCA, UDCA, and TCA. The changes in the
serum levels of BAs suggest some characteristic modifications
in BA-related pathways between individuals infected with

HBV genotype C and those infected with HBV genotype B.
GUDCA is a glycine-conjugated form of UDCA, and is the
main metabolite derived from the oral administration of

UDCA. GUDCA is considered to have multiple biological
effects, including the reduction of circulating total cholesterol
and suppression of foam cell formation, in addition to having

antiapoptotic, anti-inflammatory, and antioxidant effects (Shi
et al., 2020, Shao et al., 2021, Huang et al., 2021). Several
ex vivo studies have indicated that GUDCA prevents the
bilirubin-induced production of lactate dehydrogenase

(LDH) and reduction of glutathione (GSH), and reduces oxy-
gen consumption by inducing extracellular adenosine triphos-
phate (ATP) release (Huang et al., 2022, Fernandes et al.,

2007). Another ex vivo study showed that GUDCA prevents
the bilirubin-induced production of interleukin (IL)-6, IL-1b,
and tumor necrosis factor (TNF)-a (Huang et al., 2022,

Brito et al., 2008). These functions could partly explain the
higher levels of GUDCA in patients infected with HBV geno-
type C compared to those infected with genotype B. Consistent

with the results of KEGG pathway analysis, previous studies
have demonstrated that BA metabolism pathways are involved
in hepatic cholesterol metabolism disorders and constitute one
of the most important pathogenic factors for hepatic inflam-

mation during chronic HBV infections in humans. The present
study revealed that several metabolites, including GCDCA,
GCA, TCDCA, ApoCA, GUDCA, TLCA, UDCA, and

TCA, which are associated with these functions, were dysreg-
ulated. BA metabolism pathways may contribute to the regu-
lation of HBV-related liver diseases by modulating the serum

levels of several metabolites. Therefore, the levels of these dif-
ferentially expressed metabolites might act as potential
biomarkers for distinguishing between patients infected with

HBV genotypes B and C. Additionally, these serum metabolite
markers may also serve as potential therapeutic targets for
HBV infections caused by genotypes B and C, and may aid
in the prevention and control of HBV and related diseases.

However, the underlying mechanism by which these metabo-
lites regulate BA metabolism pathways remains to be eluci-
dated, and further studies are necessary in this regard.

Altogether, the serum metabolite profiles of healthy con-
trols and patients infected with HBV genotypes B and C were
analyzed in this study. The findings revealed that BA metabo-

lism pathways could aid in the treatment of diseases caused by
HBV genotypes B and C by regulating potential metabolite
biomarkers and possible therapeutic targets. However, the pre-
sent study has several limitations which are described here-

after. The study only employed UPLC-Q-TOF MS/MS for
analyzing a relatively small sample of patients infected with

HBV genotypes B and C, and the levels of only the differen-

tially expressed metabolites were analyzed. It is therefore nec-
essary to validate the results obtained herein and investigate
the key dysregulated metabolites by biochemical studies with

large sample sizes.

5. Conclusion

Here, an UPLC-Q-TOF MS/MS-based untargeted metabolomics

approach was employed for assessing the metabolic differences among

the serum proteome profiles of healthy controls, patients infected with
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HBV genotype B, and individuals infected with HBV genotype C. Sixty-

three metabolites were found to be differentially expressed between the

serum samples of healthy controls and patients infected with HBV

genotype B, while 57 metabolites were differentially expressed between

the serum samples of healthy controls and patients infected with HBV

genotype C. KEGG pathway enrichment analysis indicated that the dif-

ferentially expressed metabolites in the serum of patients in the HBV-B

group were mostly involved in the regulation of bile secretion, choles-

terol metabolism and primary BA biosynthesis, while those in the serum

of patients in the HBV-C group primarily participated in the biosynthe-

sis of unsaturated fatty acids, cholesterol metabolism, primary BA

biosynthesis, protein digestion and absorption and bile secretion. As

expected, the results revealed that the individuals infected with HBV

genotypes B and C had distinct serum metabolic fingerprints, suggest-

ing that the two genotypes of HBV have different effects on cellular

metabolism. The results were further verified by targeted metabolomics

analyses, in which the differences in the BA metabolism pathways of

patients infected with genotypes B and C were investigated. Although

quantitative metabolomics analysis mostly provided descriptive results,

altogether, the results reveal new insights into the metabolic differences

between patients infected with HBV genotypes B and C. The study also

suggests that the dysregulated metabolites associated with BA metabo-

lism pathways, including GCDCA, GCA, TCDCA, ApoCA, GUDCA,

TLCA, UDCA, and TCA, could serve as potential biomarkers for dis-

tinguishing between patients infected with HBV genotype B and C.
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