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and microbial metabolism. Serum histidine was identified 
as a potential biomarker for HBV patients. Acetate, for-
mate, pyruvate and glutamine in the serum were identified 
as a potential biomarker panel for patients progressed from 
HBV to HBV-LC. In addition, phenylalanine, unsaturated 
lipid, n-acetylglycoprotein and acetone in the serum could 
be considered as a potential common biomarkers panel for 
these patients.
Conclusion  NMR-based serum metabolomic approach 
could be a promising tool to monitor the progression of liver 
disease. Different metabolites may reflect different stages of 
liver disease.

Keywords  Biomarker · Cirrhosis · Liver disease · HBV · 
Metabolism

1  Introduction

Liver cirrhosis (LC) as an advanced liver disease can develop 
into hepatocellular carcinoma (HCC) and seriously affect the 
public health (Mokdad et al. 2014). In general, LC can be 
caused by acute or chronic liver injury, such as alcohol abuse, 
hepatitis virus infection and hepatotoxic chemical exposure 
(Askgaard et al. 2015; Perz et al. 2006). Relative to other 
causes of LC, however, chronic infection with hepatitis B or 
C virus (HBV or HCV) has a higher risk of HCC (Fattovich 
et al. 2004; Bialecki and Bisceglie 2005). Perz et al. (2006) 
reported that 57% of cirrhosis and 78% of HCC were attribut-
able to HBV or HCV infection. Currently, liver transplanta-
tion remains the only therapeutic approach for the treatment 
of LC, but it is only effective for a few patients (Tsochatzis 
et al. 2014). Thus, the best strategy for LC management should 
be prevention, early-diagnosis and early-intervention (Tso-
chatzis et al. 2014). The diagnosis of LC mainly includes liver 
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transaminases test, ultrasonography, computerized tomogra-
phy (CT) and magnetic resonance imaging (MRI) (Schuppan 
and Afdhal 2008). Yet, these methods are not sensitive and 
final diagnosis still needs liver biopsy. Therefore, it is of great 
interest and important to develop a new tool for monitoring 
the progression of LC.

Of note, omics-based approaches have shown great poten-
tial for disease diagnosis by identifying biological phenotypes 
at omics levels, including genomics, proteomics and metab-
olomics. For example, Callewaert et al. (2004) developed a 
clinical glycomics technique to distinguish compensated cir-
rhotic from noncirrhotic chronic liver disease patients with 
79% sensitivity and 86% specificity. Using a genome-wide 
miRNA microarray, miR-106b and miR-181b were identified 
in the serum as specific biomarkers with an AUC of 0.774 for 
chronic HBV-LC and 0.915 for non-chronic HBV-LC (Chen 
et al. 2013). Moreover, Xie et al. (2014) reported that serum 
miR-101 can differentiate between HBV-HCC and HBV-LC 
with 95.5% sensitivity and 90.2% specificity. Serum microfi-
bril-associated protein 4 (MFAP-4) was used for differentiat-
ing LC patients from individuals without liver disease (AUC 
value = 0.97) using a proteomic approach (Mölleken et al. 
2009). In addition, Yin et al. (2009) used a mass spectrometry 
(MS)-based metabolomic approach to identify several poten-
tial serum biomarkers for LC patients such as glycocholic acid, 
glycochenodeoxycholic acid and taurocholic acid. Possible 
fecal biomarkers, including lysophosphatidylcholines, bile 
acids and bile pigments, were also detected in LC patients by 
MS-based metabolomics (Cao et al. 2011). Moreover, nuclear 
magnetic resonance (NMR)-based serum metabolomics was 
also successfully applied to characterize metabolic differences 
between healthy individuals and patients with LC or HCC 
(Gao et al. 2009). However, metabolomics-based diagnosis of 
liver disease is still in its infancy.

In the present study, therefore, serum metabolic profiles 
in healthy individuals as well as patients with HBV and 
HBV-LC were detected using an NMR-based metabolomic 
approach. We then attempted to analyze serum metabolic 
changes from healthy individuals to HBV patients as well 
as from HBV patients to HBV-LC patients via univariate 
and multivariate analyses. Furthermore, possible metabolite 
biomarkers were explored by receiver operating character-
istic curve analysis. Finally, this study will offer potential 
metabolic information for monitoring the progression of 
HBV-LC.

2 � Materials and methods

2.1 � Clinical sample collection

Seventy blood samples were collected from 25 healthy 
individuals (age = 46 ± 2 years; male/female = 15/10), 

20 patients with hepatitis B virus (HBV: age = 45 ± 4 
years; male/female = 13/7) and 25 patients with hepatitis 
B virus-related cirrhosis (HBV-LC: age = 48 ± 2 years; 
male/female = 16/9) from Lishui Central Hospital (Lishui, 
China). All healthy subjects without history of liver dis-
ease had a normal liver biochemistry. Patients with HBV 
were diagnosed by positive serum surface antigen of HBV 
for more than 6 months, but no sign of cirrhosis or any 
tumors. Patients with HBV-LC were diagnosed accord-
ing to clinical biochemistry, imaging and histological 
examinations. Patients with other chronic liver diseases, 
including hepatitis C virus, hepatocellular carcinoma, 
autoimmune hepatitis, alcoholic liver disease and hepatic 
decompensation, were excluded in the present study. Blood 
samples were collected from the antecubital vein in the 
morning before breakfast. Serum sample was then sepa-
rated by centrifugation at 1024 g for 10 min at 4 °C and 
stored at −80 °C until NMR analysis. Written informed 
consents were obtained from all participants. This study 
was approved by the Ethics Committee of Lishui Central 
Hospital in accordance with the Declaration of Helsinki.

2.2 � NMR‑based metabolomic analysis

Serum sample was thawed and vortexed, and 200  μL 
serum sample was mixed with 400 μL of 0.2 M phosphate 
buffer (pH = 7.4) to minimize pH variations. And then, 
the mixture was centrifuged at 12,000×g for 10 min at 
4 °C. Supernatant (500 μL) was transferred to a 5 mm 
NMR tube and mixed with 100 μL D2O for NMR meas-
urement. 1H NMR spectra were recorded using a Bruker 
AVANCE III 600 MHz NMR spectrometer with a 5-mm 
TXI probe (Bruker BioSpin, Rheinstetten, Germany) at 
25 °C. In order to minimize the line-broadening effect 
of macromolecules such as protein and lipid, Carr–Pur-
cell–Meiboom–Gill (CPMG) pulse sequence with a fixed 
receiver-gain value was performed. The main acquisition 
parameters included: acquisition time, 1.64 s per scan; 
relaxation delay, 4 s; data points, 32K; spectral width, 
10,000 Hz.

NMR spectra were automatically preprocessed using 
phase/baseline corrections and referenced to the methyl 
signal of lactate at 1.33 ppm in the Topspin 3.0 software 
(Bruker BioSpin, Rheinstetten, Germany). As shown 
in Fig. 1a, a total of 23 metabolite signals were assigned 
according to the reported data (Nicholson et al. 1995; Psy-
chogios et al. 2011) and the human metabolome database 
(Wishart et al. 2012). Moreover, a representative sample 
was analyzed by two-dimensional 1H-1H COSY and TOCSY 
experiments to confirm the uncertain assignments. The rela-
tive level of each metabolite was calculated via its peak area 
by reference to the total spectrum area.
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2.3 � Data analysis

Metabolite data were Log-transformed and Auto-scaled 
prior to data analysis. Principal component analysis (PCA) 
was used to obtain an overview changes in metabolic pat-
terns among healthy individuals, HBV and HBV-LC patients 
using the assigned metabolites on the MetaboAnalyst 3.0 
(Xia et al. 2015). Partial least squares-discriminate analysis 
(PLS-DA) was carried out to compare the metabolic dif-
ferences between healthy individuals and HBV patients as 
well as between HBV and HBV-LC patients. A leave-one-
out cross-validation (LOO-CV) method was performed, 
where R2 and Q2 were calculated as goodness of fitness and 

predictability of PLS-DA, respectively. These two param-
eters close to 1.0 indicate an excellent PLS-DA model. 
Furthermore, a permutation test with 2000 permutations 
based on separation distance was employed to validate the 
model (Xia et al. 2015). Important metabolites for classifi-
cation between two groups were identified by the variable 
importance in the projection (VIP) method. Metabolites with 
VIP values >1.0 were selected for further analysis. PLS-
DA modeling was also conducted using the MetaboAnalyst 
3.0 (Xia et al. 2015). Metabolite set enrichment analysis 
(MSEA) was performed to inspect changes of main meta-
bolic pathways. Receiver operating characteristic (ROC) 
area under the curve (AUC) analysis was conducted to 

Fig. 1   Serum metabolic 
characterizations during the 
progression of hepatitis B virus 
(HBV)-related liver cirrhosis 
(HBV-LC). a A typical 1H 
NMR spectrum of human serum 
and 23 metabolites assigned in 
this study. b Score plot and c 
loading plot of principal compo-
nent analysis based on serum 
metabolomic data from healthy 
individuals (red color open 
triangle), HBV patients (green 
color plus symbol) and HBV-
LC patients (blue color times 
symbol). Metabolite set enrich-
ment analysis (MSEA) based on 
changes of 23 assigned metabo-
lites from healthy individuals 
to HBV patients (d) as well as 
from HBV to HBV-LC patients 
(e). The red dots represent the 
pathways with a significant 
difference (P < 0.05) between 
two groups, and the numbers 
correspond to the metabolic 
pathways in Table S1
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evaluate the classification ability of each metabolite using 
the MetaboAnalyst 3.0 (Xia et al. 2015). In the present study, 
metabolite with an AUC value >8.0 was considered as a 
good biomarker. The Venn diagram was drawn manually 
using Adobe Photoshop CS6 (Adobe Inc, San Jose CA). 
The difference of each metabolite between two groups was 
analyzed by Student’s t test with Bonferroni correction in 
SAS 9.2 (SAS Institute Inc, Cary, NC). In this study, the 
difference was considered significant if Bonferroni-adjusted 
P value <0.05.

3 � Results

3.1 � Serum metabolic characterizations in HBV 
and HBV‑LC patients

Figure 1a illustrates a typical 1H NMR spectrum obtained 
from human serum. A total of 23 metabolite signals were 
identified, involving 3-hydroxybutyrate, acetate, acetoac-
etate, acetone, alanine, choline, citrate, creatine, formate, 
glucose, glutamine, glycine, histidine, isoleucine, lactate, 
LDL/VLDL, leucine, n-acetylglycoprotein, phenylalanine, 
pyruvate, tyrosine, unsaturated lipid and valine.

PCA score plot shows an obvious difference in serum 
metabolic characterizations among healthy individuals, 
HBV and HBV-LC patients (Fig. 1b). The corresponding 
loading plot reveals that most metabolites were presented in 
the HBV-LC region, as shown in Fig. 1c, mainly involving 
protein metabolism, energy metabolism and lipid metabo-
lism. MSEA results were shown in Fig. 1d from healthy 
individuals to HBV patients as well as Fig. 1e from HBV to 
HBV-LC patients, and the detailed information were listed in 
Table S1. We found that the number of significantly changed 
pathways was obviously increased from HBV patients to 
HBV-LC patients (Fig. 1e) as compared with that from 
healthy individuals to HBV patients (Fig. 1d).

3.2 � Serum metabolic changes during the progression 
of HBV‑LC

We then analyzed changes in metabolic characterizations 
in the serum between healthy individuals and HBV patients 
as well as between patients with HBV and HBV-LC using 
PLS-DA. Clear and statistically significant separations were 
obtained between them as shown in Fig. 2a (H vs. HBV: 
PLS = 2; R2 = 0.61; Q2 = 0.50; P < 0.001) and Fig. 2c (HBV 
vs. HBV-LC: PLS = 2; R2 = 0.58; Q2 = 0.41; P < 0.001). 
Moreover, it can be seen from the corresponding VIP plot 
that histidine, n-acetylglycoprotein, phenylalanine, acetone, 
unsaturated lipid and citrate in the serum were mainly con-
tributed to the metabolic difference between healthy indi-
viduals and HBV patients (VIP > 1.0, Fig. 2b). The change 

in metabolic pattern from HBV to HBV-LC shown in Fig. 2c 
was mainly attributed to unsaturated lipid, phenylalanine, 
acetone, n-acetylglycoprotein, glutamine, formate, acetate 
and pyruvate in the serum (VIP > 1.0, Fig. 2d). From Fig. 2e, 
we can see that serum histidine and citrate were only selected 
as important metabolites that contributed to the metabolic 
difference between healthy individuals and HBV patients. 
ANOVA results show that HBV patients had significantly 
higher levels of histidine and citrate than healthy individuals, 
as shown in Fig. 2f, g, respectively. However, we also found 
that their levels were significantly increased from HBV to 
HBV-LC. A Venn diagram exhibits the common metabolites 
including phenylalanine, unsaturated lipid, n-acetylglycopro-
tein and acetone (Fig. 2e). Serum phenylalanine (Fig. 2h) 
and unsaturated lipid (Fig. 2i) levels were significantly 
increased during the progression of HBV-LC, whereas sig-
nificant reductions were observed in n-acetylglycoprotein 
(Fig. 2j) and acetone (Fig. 2k). In addition, pyruvate, glu-
tamine, creatine, formate and acetate were only identified in 
the serum from the metabolic difference between HBV and 
HBV-LC (Fig. 2e). These findings were in line with ANOVA 
results. Compared with HBV patients, pyruvate (Fig. 2l), 
glutamine (Fig. 2m), creatine (Fig. 2n) and acetate (Fig. 2p) 
levels were significantly higher in HBV-LC patients, while 
serum formate level was significantly decreased (Fig. 2o). 
Yet, there was no significant difference between healthy indi-
viduals and HBV patients.

Figure 3A shows the AUC value of each metabolite for 
distinguishing between healthy individuals and HBV patients 
as well as between HBV and HBV-LC patients. Metabolites 
with an AUC value >0.80 were summarized by a Venn dia-
gram, as shown in Fig. 3b. Similar results were observed 
with PLS-DA results in Fig. 2e, except citrate and creatine. 
Serum histidine had an excellent AUC value of 0.91 for dis-
tinguishing between healthy individuals and HBV patients 
(H → HBV), but not for distinguishing between HBV and 
HBV-LC patients (HBV → HBV-LC, AUC value = 0.73). 
According to Fig. 3a, pyruvate, glutamine, formate and ace-
tate in the serum were able to achieve AUC values >0.80 for 
HBV→HBV-LC, whereas AUC values <0.70 for H → HBV. 
In addition, phenylalanine, unsaturated lipid, n-acetylglyco-
protein and acetone had AUC values of 0.87, 0.81, 0.86 and 
0.87 for H → HBV as well as 0.89, 0.88, 0.87 and 0.87 for 
HBV → HBV-LC, respectively (Fig. 3a).

4 � Discussion

The liver is a central metabolic organ that maintains meta-
bolic homeostasis in humans. Consequently, liver disease 
will certainly result in abnormal metabolism. In this study, 
we also found that patients with HBV or HBV-LC had a 
clear difference in serum metabolic pattern relative to 
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Fig. 2   Serum metabolic changes during the progression of hepati-
tis B virus (HBV)-related liver cirrhosis (HBV-LC). a Score plot of 
partial least squares-discriminate analysis (PLS-DA) based on 23 
assigned metabolites between healthy individuals and HBV patients 
(PLS = 2; R2 = 0.61; Q2 = 0.50; P < 0.001); b VIP plot between 
healthy individuals and HBV patients; c score plot of PLS-DA based 
on 23 assigned metabolites between HBV and HBV-LC patients 
(PLS = 2; R2 = 0.58; Q2 = 0.41; P < 0.001); d VIP plot between HBV 

and HBV-LC patients; e the Venn diagram showing metabolites with 
a VIP value >1.0. The change of metabolite level during the progres-
sion of HBV-LC: f histidine; g citrate; h phenylalanine; i unsaturated 
lipid; j n-acetylglycoprotein; k acetone; l pyruvate; m glutamine; n 
creatine; o formate; p acetate. r.u. relative unit, H healthy individuals, 
HBV patients with HBV, HBV-LC patients with HBV-related liver cir-
rhosis. Significant level: *P < 0.05; **P < 0.01; ***P < 0.001
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healthy individuals. Also, metabolic difference in the serum 
was increasingly pronounced during the progression of 
HBV-LC. Our metabolomic results suggest that the altered 
metabolic pathways may mainly include energy metabolism, 
protein metabolism, lipid metabolism and even microbial 
metabolism.

Disturbance of energy metabolism is a common meta-
bolic feature in cirrhosis. In this study, our metabolomic data 
show that citrate and pyruvate, as a key substrate of Krebs 
cycle, were increased in the serum during the progression of 
HBV-LC, particularly in patients with HBV-LC. These find-
ings indicate an increase in energy metabolism during HBV-
LC progression. Moreover, relative to healthy individuals 
and HBV patients, serum creatine, as an important metabo-
lite in the energy transfer process (Longo et al. 2011), was 
also significantly increased in HBV-LC patients. This result 
seems to further confirm an increased energy metabolism in 
HBV-LC patients. Increased levels of citrate, pyruvate and 
creatine in the serum of LC patients were also identified by 
Embade et al. (2016), Gao et al. (2009) and Qi et al. (2012) 
via an NMR-based metabolomic approach, respectively. 
Taken together, an increase in energy metabolism could be 
considered as an important characteristic during the progres-
sion of HBV-LC. Using indirect heat measurement, however, 
Meng et al. (2010) found that Chinese patients with chronic 
HBV and LC had a lower energy expenditure as well as 
respiratory quotient. We speculate that indicators based on 
indirect heat measurement were not correlated with serum 
metabolomic data for evaluating HBV-LC progression. In 
fact, Tajika et al. (2002) have reported that resting energy 
expenditure was associated with anthropometric param-
eters but not with blood biochemistry. They proposed that 

parameters measured by indirect calorimetry may be mainly 
affected by extrahepatic factors (Tajika et al. 2002). There-
fore, in clinical practice, we should consider that different 
measurements may lead to different interpretations.

Abnormality in protein metabolism occurs commonly 
in liver disease, since the liver is a main organ for amino 
acid conversion. In our study, serum amino acid levels were 
disordered during the progression of HBV-LC, as indicated 
by higher levels of histidine, phenylalanine and glutamine 
in patients with HBV or HBV-LC than healthy individuals. 
Increased phenylalanine and glutamine levels in the serum 
of LC patients were also detected by Gao et al. (2009). We 
speculate that HBV or HBV-LC may be able to activate 
proteolysis. Meng et al. (2010) have reported that patients 
with chronic HBV and LC had a higher protein oxidation 
rate. Thus, enhanced hydrolysis/oxidation of protein may 
result in protein deficiency in HBV and HBV-LC patients. 
In fact, protein-energy malnutrition has been regarded as 
a common feature for LC patients (Huisman et al. 2011). 
Nevertheless, more attention is paid to a decreased level 
of branched-chain amino acids (BCAAs) in LC patients 
(Moriwaki et al. 2004; Holecek 2010). In the present study, 
serum BCAAs were not selected as potential biomarkers 
for HBV and HBV-LC. However, histidine, phenylalanine 
and glutamine in the serum were identified. Therefore, we 
suggest that other amino acids excepting BCAAs also need 
to be considered for the study of liver disease. For example, 
Yang et al. (2012) reported that the ratio of BCAAs to tyros-
ine could be used for the diagnosis, treatment selection and 
prognosis of patients with different stages of HBV infection. 
In addition, we also found that serum n-acetylglycoprotein 
level was significantly decreased during the progression of 

Fig. 3   Receiver operating characteristic area under the curve (AUC) 
analysis. a AUC values of 23 assigned metabolites for distinguishing 
between healthy individuals and HBV patients (H → HBV) as well as 

between HBV and HBV-LC patients (HBV → HBV-LC). b The Venn 
diagram showing metabolites with an AUC value >8.0
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HBV-LC. Using an NMR-based metabolomic approach, 
Amathieu et  al. (2011) and Embade et  al. (2016) also 
observed a reduced level of serum n-acetylglycoprotein in 
patients with chronic liver failure and advanced liver fibro-
sis, respectively. Yet, serum n-acetylglycoprotein was not 
reported for monitoring patients with HBV and HBV-LC.

Liver disease is also associated with impaired lipid 
metabolism. Vere et al. (2012) found significantly lower 
levels of serum lipid and cholesterol in both HBV- and HCV-
LC as compared with controls. Relative to healthy individu-
als, patients with non-alcoholic LC had an increased LDL-
cholesterol but a decreased HDL-cholesterol (Chrostek et al. 
2014). Moreover, serum triglycerides may be considered as 
a marker only for alcoholic cirrhosis (Chrostek et al. 2014). 
Arain et al. (2017) reported that patients with HBV-LC had 
a higher level of saturated/monounsaturated fatty acid and a 
lower level of polyunsaturated fatty acid in the serum than 
healthy controls. In the present study, we observed a sig-
nificantly increased level of unsaturated lipid in the serum 
of patients with HBV and HBV-LC compared with healthy 
individuals. Acetone is mainly produced in the mitochon-
dria of liver cells via lipolysis. The level of serum acetone 
was significantly decreased during the progression of HBV-
LC, indicating an inhibition of lipolysis. Taken together, it 
should not be generalized that the reduction of lipid metabo-
lism is correlated with HBV-LC progression. In addition, 
acetate and formate belong to short-chain fatty acids, which 
are derived from gut microflora fermentation. An alteration 
of gut microflora has been associated with liver cirrhosis in 
humans (Qin et al. 2014). Therefore, our results reveal that 
the increase in acetate and the decrease in formate may be 
attributed to changes of gut microflora.

As discussed above, we can conclude that serum metabo-
lomic analysis could be used as a potential tool for monitor-
ing HBV-LC progression. However, we suggest that different 
metabolites might reflect different stages of liver disease. 
For example, serum histidine could be used as a potential 
biomarker for patients with HBV. Acetate, formate, pyruvate 
and glutamine in the serum could be considered as a poten-
tial biomarker panel for discriminating between patients 
with HBV and HBV-LC. Moreover, a potential biomarker 
panel including phenylalanine, unsaturated lipid, n-acetylg-
lycoprotein and acetone was considered for monitoring the 
development of cirrhosis. The application of metabolomics 
in clinical practice is derived from the assumption that dis-
eases cause disturbance of biochemical pathways, thereby 
resulting in a special metabolic characteristic in patients 
(Monteiro et al. 2013). Individual metabolite test, such as 
glucose, creatinine, bilirubin and ammonia, has been com-
monly used in the daily clinical test. However, this test is not 
effective in the diagnosis of most diseases. Since metabo-
lomics aims to analyze a comprehensive set of metabolites in 
biological samples, it can provide a more precise assessment 

of patients’ physiological status than individual metabolite 
test (Holmes et al. 2008). In the present study, we also pro-
posed a combination biomarker approach for monitoring the 
development of cirrhosis.

Metabolomics shows great potential in biomarker discov-
ery (Monteiro et al. 2013) and disease diagnosis (Medina 
et al. 2014); however, its clinical application is still in an 
early stage. Various metabolite biomarkers have been 
reported in multiple diseases, but so far no one biomarker is 
used in clinical practice. Clinical metabolomics still remains 
a challenging area. On the one hand, metabolome is highly 
sensitive to both internal (e.g. age, gender and genetics) and 
external (e.g. diet, drug and lifestyle) factors. Thus, these 
confounding factors must be considered for clinical metabo-
lomics. In this study, other influence factors, such as age, 
gender, diet and other diseases, were minimized as much 
as possible to make the metabolomic data interpretable. 
On the other hand, metabolome contains a huge amount of 
data. A series of data reduction strategies were developed to 
handle this type of data. For example, in the present study, 
important metabolites related to liver disease were identified 
by PLS-DA and ROC analysis. Therefore, to accelerate the 
development of clinical metabolomics, two aspects need to 
be further explored in the future: (1) building a compre-
hensive disease metabolite database that contains metabolic 
characterizations of various diseases under different condi-
tions; (2) developing more advanced models to analyze and 
manage the metabolome data, such as artificial intelligence 
model. We believe that metabolomics-based approach will 
be developed as an auxiliary diagnostic tool for clinical 
diseases.

5 � Conclusions

In the present study, we found that serum metabolic changes 
were closely associated with the progression of HBV-LC 
using an NMR-based metabolomic approach. Thus, metab-
olomics-based serum analysis could be used to monitor 
HBV-LC progression. Moreover, different metabolites may 
reflect different stages of liver disease. In this study, serum 
histidine was identified as a potential biomarker for patients 
with HBV. Acetate, formate, pyruvate and glutamine in the 
serum were considered as a potential biomarker panel for 
patients progressed from HBV to HBV-LC. In clinical prac-
tice, however, serum metabolome could be affected by many 
factors, such as age, gender and other diseases. Further stud-
ies need to discover more sensitive and specific serum-based 
biomarkers for monitoring the progression of liver disease.
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