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Abstract: Severe global metabolic deterioration is a key feature of hepatitis B virus-related acute-on-chronic liver 
failure (HBV-ACLF). To investigate the global metabolic changes of HBV-ACLF patients and explore the prognostic 
potential, extracted metabolic profiling information will shed new light on the pathophysiological process and prog-
nosis of this disease. An NMR-based metabolomics study and its coupled survival prediction ability analysis were 
applied to the serum samples of healthy controls (HC, n=23), chronic hepatitis B patients (CHB, n=27), surviving 
HBV-ACLF patients (ACLF-S, n=24) and non-surviving HBV-ACLF patients (ACLF-NS, n=30). The score plots from the 
metabolomics analysis reveal clear metabolic separations of the HBV-ACLF patients from the CHB individuals and 
of the surviving HBV-ACLF individuals from the non-surviving ones. Ultimately, 14 discriminative metabolites, includ-
ing lipids, LDL and twelve amino acids, presented consecutive changes with the progression of HBV-ACLF. These 
metabolites potentially play important roles in the progression of HBV-ACLF. The averaged sensitivity and specificity 
values of the survival prediction models based on metabolomics data are 76.7% and 83.3%, respectively. The com-
bined use of metabolomics data and clinical parameters raises the sensitivity and specificity values of the predicted 
score plot up to 91.7% and 90%, respectively. The phenotypic metabolomics analyses of HC, CHB, ACLF, ACLF-S and 
ACLF-NS individuals provides an encouraging basis for deeper studies of the HBV-ACLF pathophysiological process 
and demonstrates a proof of concept that global metabolic profiling data is a reliable source to improve the accuracy 
of predicting the survival outcome of HBV-ACLF patients.
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Introduction

Hepatitis B virus-related acute-on-chronic liver 
failure (HBV-ACLF) is one of the most danger-
ous end-stage liver diseases, with varied clini-
cal manifestations and extremely poor progno-
sis caused by progressive multiple organ failure 
[1, 2]. Due to the rapid progress of the disease 
and the less robust treatment options, the mor-
tality rate of ACLF patients is as high as 50-90% 
[1, 3]. To ameliorate the situation, extensive 
effort needs to be put into the HBV-ACLF dis-
ease field, including pathophysiological stud-
ies, the development of novel therapeutic 
methods and the exploration approach for the 
assessment of early prognosis. The achieve-
ments obtained through pathophysiological 

studies of HBV-ACLF will provide a strong basis 
for the development of novel treatments of this 
disease. Meanwhile, with the help of the reli-
able early prognostic assessment, clinicians 
could separate patients with irreversible dete-
rioration, leaving liver transplantation as the 
only realistic therapeutic option, from those 
individuals who will fully recover with only inten-
sive supportive care. It is worth noting that the 
best way to evaluate the severity and prognosis 
of HBV-ACLF patients with a high sensitivity and 
specificity remains a big concern worldwide. In 
practice, the Child-Turcotte-Pugh (CTP) score [4] 
and the Model for End-Stage Liver Disease 
(MELD) score [5, 6] are two commonly used 
parameters for the evaluation of the prognosis 
of cirrhosis patients. In addition, the Chronic 
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Liver Failure-Sequential Organ Failure Assess- 
ment (CLIF-SOFA) score [7] is a newly devel-
oped scoring system for patients with end-
stage liver disease. To evaluate the prognosis 
of HBV-ACLF, the sensitivity and specificity of 
these currently used prognostic approaches 
are debatable because none of them was 
established using data from HBV-ACLF patients 
or taking into account the metabolic perturba-
tions determined by liver diseases. 

The liver is the primary organ of metabolism in 
the human body, and HBV-ACLF will inevitably 
cause perturbations of multiple metabolic 
pathways. In fact, severe global metabolic dete-
rioration is a key feature of HBV-ACLF [8]. 
Therefore, to investigate the global metabolic 
profile changes of HBV-ACLF patients, using a 
metabolomics approach will provide an encour-
aging basis for deeper studies of the patho-
physiological process of this disease. Addit- 
ionally, the extracted metabolic profiling infor-
mation could potentially serve as a comple-
mentary method for the assessment of the 
early prognosis of HBV-ACLF patients. Meta- 
bolomics, which measures the metabolic pro-
files in biological samples, such as isolated 
cells, tissues or biofluids, using multivariate 
analysis techniques and accurately reflects the 
global metabolic status of biological systems, 
has become a promising and powerful tech-
nique for toxicity assessment, disease diagno-
sis and prognosis judgment [9]. In recent years, 
metabolomics has been increasingly applied to 
identify the biomarkers in various liver diseas-
es, including drug-induced liver injury [10], 
autoimmune hepatitis (AIH) [11], viral hepatitis 
[12], cirrhosis [13, 14], hepatic encephalopathy 
[14], and acute and chronic liver failure [15]. 
Moreover, quite a few promising findings have 
been reported. Amathieu et al. [16] found that 
the severity of chronic liver failure is well corre-
lated with the impairments of lipid, glucose and 
amino acid metabolism. Saxena et al. [17] 
reported that a single biomarker (Glutamine) 
could predict an unfavorable outcome with a 
high sensitivity in fulminant hepatic failure 
cases. However, the application of a metabolo-
mics approach in the ACLF/HBV-ACLF research 
field has been rather limited. Specially, no 
metabolomics study has been performed to 
investigate the discriminative metabolic signa-
tures of surviving and non-surviving HBV-ACLF 
patients. Therefore, to extract the global meta-

bolic profile information of HBV-ACLF patients, 
here in this paper, a systematic 1H NMR-based 
metabolomics study was applied to the serum 
samples of healthy control individuals (HC), 
chronic hepatitis B patients (CHB), the surviving 
HBV-ACLF patients (ACLF-S) and the non-surviv-
ing HBV-ACLF patients (ACLF-NS). The metabol-
ic profile differences of the four groups were 
then determined. The multivariate statistical 
models for assessing the severity and predict-
ing the clinical outcomes of HBV-ACLF individu-
als were also established. The averaged sensi-
tivity and specificity of the survival prediction 
models were determined to be 76.7% and 
83.3%, respectively, which indicated an accept-
able prediction capability of the extracted met-
abolic profile data. Specifically, when used in 
combination with clinical parameters, the sen-
sitivity and specificity of the predicted score 
plots reached encouraging values of 91.7% and 
90%, respectively. Our findings provide a great 
basis for further pathophysiological studies  
of HBV-ACLF and a potential complementary 
method for the prognosis of this disease.

Materials and methods

Ethics statement

This research project was performed in accor-
dance with the principles of the Helsinki De- 
claration II and approved by the Human Ethics 
Committees of the Shanghai Public Health 
Clinical Center, Fudan University. All of the par-
ticipants or their guardians provided written 
informed consent for participation in the rese- 
arch project. 

Patients and sample collection

Four cohorts of 54 patients with HBV-ACLF 
(including 24 surviving patients (ACLF-S sub-
group) and 30 non-surviving individuals (ACLF-
NS subgroup)), 27 chronic hepatitis B patients 
(CHB), and 23 age- and sex-matched healthy 
controls (HC) were recruited at the Shanghai 
Public Health Clinical Center. Patients were 
diagnosed with ACLF by following the “Diag- 
nostic and Treatment Guidelines for Liver 
Failure” in China [18]. The diagnostic criteria 
include HBsAg-positive or HBV DNA-positive for 
more than 6 months, acute hepatic insult mani-
festing as jaundice and coagulopathy, pro-
thrombin activity (PTA) ≤ 40% (or international 
normalized ratio (INR) ≥ 1.50), and serum total 
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bilirubin (TBIL) ≥ 10 mg/dL or a daily elevation 
≥ 1 mg/dL. HBV-ACLF individuals with hepatitis 
virus (A, C, D, E) infection, human immunodefi-
ciency virus (HIV) infection, hepatocellular car-
cinoma, any other types of cancer, autoimmune 
diseases, kidney diseases, hematological dis-
eases, diabetes or hyperthyroidism, and perito-
nitis or other severe infection were excluded 
from this project. All healthy volunteers with  
no prior history of liver disease were recruit- 
ed from the medical examination center of 
Shanghai Public Health Clinical Center, and the 
age, gender, and biochemical characteristics of 
these volunteers were recorded.

All the HBV-ACLF patients were followed up  
for at least 90 days after hospital admission. 
According to the 90-day clinical outcomes, pa- 
tients with HBV-ACLF were further divided into 
the survival (n=24) (with remarkably improved 
clinical symptoms, physical signs and liver func-
tion (TBIL < 5 times of the normal upper limit, 
PTA > 40% or INR < 1.50)) and the non-survival 
subgroups (n=30). Additionally, none of these 
surviving patients underwent liver transplanta-
tion. All blood samples were obtained between 
March 2015 and January 2016 from recruited 
patients at Shanghai Public Health Clinical 
Center. Five milliliters of venous peripheral 
blood were extracted under fasting conditions 
within 24 hours of admission to the hospital 
into ethylenediaminetetraacetic acid (EDTA) 
tubes and centrifuged at 12,000 g for 10 min 
at 4°C within 1 hour after sample collection. 
The supernatant (300 μL) was aliquoted in 1.5 
mL Eppendorf tubes and then stored at -80°C 
prior to analysis.

1H NMR spectroscopy 

For NMR analysis, frozen plasma samples we- 
re thawed at room temperature. An aliquot of 
plasma (300 μL) was added to 300 μL of 0.2 M 
phosphate buffer (Na2HPO4/NaH2PO4, pH 7.4) 
and centrifuged at 12,000 g for 10 min at 4°C. 
Samples of supernatant (500 μL) were moved 
into 5 mm NMR tubes and then 50 μL of D2O 
containing 0.01% sodium 3-(trimethylsilyl) [2, 
2, 3, 3-D4] propionate (TSP) was added. 

NMR spectra were acquired in a random, blind-
ed order on a Bruker (Karlsruhe, Germany) 
AvanceTM III 600 MHz spectrometer (Bruker 
GmbH, Rheinstetten, Germany) equipped with 
a cryoprobe operating at 600.13 MHz and 

25°C. The free induced decays (FID) were ac- 
quired using Carr-Purcell-Meiboom-Gill (CPMG) 
spin echo sequence to attenuate the broader 
peaks arising from proteins and lipids. A stan-
dard pulse sequence (relaxation delay-90°-(τ-
180°-τ)n-acquire FID) was employed, and the 
water resonance was pre-saturated during the 
relaxation delay (4 s). A fixed total spin-spin 
relaxation delay (2 nτ) of 120 ms was taken to 
measure spin-echo 1H spectra. For each sam-
ple, 256 transients were recorded into 32 K 
data points over a spectral width of 64 kHz with 
an acquisition time of 2.73 s.

Data processing for statistical analyses

FID processing was performed using the soft-
ware MestReNova Version 8.1.4 (Mestrelab 
Research S.L.). Fourier transformation was per-
formed with the exponential weighting factor of 
a 0.3 Hz line-broadening factor and a zero filing 
factor of 2 to improve the signal-to-noise ratio 
of the spectra. Each spectrum was manually 
phased, baseline-corrected, and carefully align- 
ed. Then, all the 1D NMR spectra were refer-
enced to the methyl group of TSP at 0.00 ppm. 
The spectral region of δ 9.50-0.50 was seg-
mented into 3000 bins, with a 0.003 ppm 
width for each one. The integrals of the region 
of δ 6.50-4.60, with a residual water peak, and 
the regions of δ 2.53-2.61, δ 2.73-2.68, δ 3.07-
3.24, δ 3.59-3.65, with EDTA peaks, were 
excluded from the analysis. The remaining inte-
grals were normalized to 1. Then, the well-pro-
cessed data were imported into SIMCA-P soft-
ware (Version 14.0, Umetrics AB, Umea, Swed- 
en) for multivariate pattern recognition analy-
ses. Principal component analysis (PCA) was 
first performed to detect any group separation 
based on NMR signal variability and to identify 
outliers. Subsequently, the normalized integral 
values were mean-centered for orthogonal par-
tial least-squares discriminant analyses (OPLS-
DA). OPLS-DA was illustrated with the first pre-
dictive (t [1]) and one orthogonal component (to 
[1]). The terms R2X, R2Y, and Q2 were used to 
evaluate the quality of the OPLS-DA models. 
R2X and R2Y were the respective fractions of X 
and Y variance in the data explained by the 
model and indicated goodness of fit. Q2 repre-
sents the cross-validated explained variation 
and indicated predictability. The standard 
7-round cross validation and permutation test 
(200 cycles) was carried out to measure the 
robustness of the model. 
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Variable importance in the projection (VIP) 
derived from the OPLS-DA model ranked the 
importance of each variable for the classifica-
tion, and those variables with VIP > 1.0 were 
initially considered statistically significant in 
this model. The correlation coefficients (r) of 
the variables relative to the first model score 
value in the OPLS-DA model were also extract-
ed from S-plot calculated by Pearson correla-
tion. Cutoff values of r with a significance level 
of 0.05 were used to identify variables that 
were responsible for the discrimination of 
groups. Thus, the integrals of metabolites that 
had a VIP > 1 and the correlation coefficients 
|r| > the critical value when P=0.05 accounted 

for the detected discrimination. The ROC curve 
plot of each statistically significant metabolite 
between groups was illustrated to validate their 
discriminative potential.

Quantitative comparison of metabolites in 1H 
NMR spectra of serum samples

The average changes of metabolites between 
the CHB vs. HC, ACLF vs. CHB, and ACLF-S vs. 
ACLF-NS groups were calculated. Bar graphs 
were used to depict the variations in the inte-
grals of the statistically significant metabolites 
in HC, CHB, ACLF, ACLF-S, and ACLF-NS groups. 
Significant differences in the mean values were 

Table 1. Clinical characteristics of patients with liver diseases (mean ± SD)
Biochemical  
characteristics

ACLF
CHB P 

valueTotal Survivors Non-survivors
No. of patients 54 24 30 27 /
Age (years) 42.87±10.03 37.88±7.51 46.87±10.09 39.11±10.64 0.00
Gender (M/F) 45/9 20/4 25/5 20/7 /
ALT (U/L) 372.76±534.31 506.5±771.65 330.53±455.41 46.96±45.08 0.49
AST (U/L) 83.56±294.80 360.83±462.38 259.16±232.10 33.78±18.59 0.47
AKP (U/L) 140.21±44.35 110.33±31.89 150.17±44.08 100.96±21.83 0.05
GGT (U/L) 71.42±34.21 80.17±27.02 68.50±36.50 57.15±42.59 0.48
CHE (U/L) 3668.30±2340.40 3774.38±1854.72 3583.43±2695.47 7730.87±1383.84 0.77
TBIL (μmol/L) 424.16±208.06 270.78±136.30 472.60±205.52 13.46±3.88 0.04
Alb (g/L) 33.53±23.80 40.79±19.09 31.24±25.12 44.70±3.01 0.43
PAB (mg/L) 33.53±23.80 40.79±19.09 31.24±25.12 210.07±37.79 0.40
INR 2.76±1.67 1.61±0.22 3.21±1.78 1.16±0.12 0.02
PTA (%) 33.56±10.95 38.43±8.63 29.67±11.17 83.25±9.62 0.00
PT (s) 28.4±12.91 19.33±3.47 31.26±13.52 13.87±1.36 0.05
Cr (μmol/L) 74.71±34.38 57.22±12.24 80.23±37.41 63.65±10.80 0.16
Glc (mmol/L) 4.76±1.57 5.61±1.95 4.47±1.36 5.44±1.36 0.13
AFP (ng/ml) 111.38±250.11 61.02±58.90 124.63±279.77 6.27±8.75 0.62
Lactate (mmol/L)  2.31±1.71 1.92±0.49 2.44±1.96 / 0.53
Ammonia (μmol/L) 99.64±40.35 71.5±15.16 108.53±41.94 / 0.05
CRP (mg/L) 13.15±13.42 23.48±26.97 10.43±5.55 / 0.05
HGB (g/L) 109.05±14.72 108±12.12 109.24±15.45 146.69±11.53 0.90
WCC (×109) 7.42±3.27 7.65±3.56 7.35±3.28 5.30±1.59 0.85
PLT (×109) 103.36±55.36 96.67±39.66 105.47±60.24 143.04±37.02 0.74
Sodium (mmol/L) 136.04±4.38 137.47±0.90 135.59±4.95 140.42±3.58 0.37
Potassium (mmol/L) 3.88±0.57 3.79±0.47 3.91±0.61 4.02±0.32 0.66
ACLF grade (0/1/2/3) / 41/7/4/2 21/3/0/0 20/4/4/2 0.02
CLIF-SOFA / 6.56±1.38 6.08±1.21 6.93±1.41 0.02
MELD score 24.63±7.01 20.45±3.82 27.96±7.23 / 0.00
ALT: alanine aminotransferase; AST: aspartate aminotransferase; AKP: alkaline phosphatase; GGT: gamma glutamyltransferase; 
CHE: cholinesterase; TBIL: total bilirubin; Alb: albumin; PAB: prealbumin; INR, International Normalized Ratio; PTA: prothrombin 
activity; PT: prothrombin time; Cr: Creatinine; Glc: glucose; AFP: alpha fetal protein; CRP: C-reactive protein; HGB: hemoglobin; 
WCC: white cell count; PLT: platelet; CLIF-SOFA: Chronic Liver Failure-Sequential Organ Failure Assessment); MELD: Model for 
End-Stage Liver Disease. 
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evaluated by a one-way analysis of variance 
(ANOVA), followed by Bonferroni’s or Turkey’s 
post hoc analysis when appropriate. Statistical 
significance was considered as P ≤ 0.05. All the 
statistical analyses were performed using 
SPSS software (version 17.0, SPSS, Chicago, 
IL). 

The predicative OPLS-DA models for the prog-
nosis of ACLF patients

To evaluate the predictive ability of the OPLS-
DA models for non-classified samples (the pre-

Clinical parameters

The clinical parameters of patients recruited in 
this study are shown in Table 1. Compared to 
the survivors of ACLF, the levels of AKP, TBIL, 
INR, PT, CRP and ammonia were significantly 
elevated in the non-survivors, and the levels of 
PTA were reduced. The non-survivors exhibited 
higher MELD scores; however, no statistically 
significant differences in other clinical parame-
ters were observed in the survivors and fatal 
cases on the day of hospital admission. 

dictive sets defined by ran-
domly picking one-third of 
the total samples in each 
group), the first predictive 
component was used as 
the boundary, and the dis-
tribution of non-classified 
samples was observed in 
the OPLS-DA score plots. 
The sensitivities of the mo- 
dels were calculated from 
the ratio between the true 
positive and the total num-
ber of modeled ACLF spec-
tra, whereas the specifici-
ties were determined from 
the ratio between the true 
negative and the total num-
ber of modeled control spe- 
ctra. Moreover, the predic-
tive ability of metabolomics 
data, metabolomics data 
plus clinical parameters, 
clinical parameters, MELD 
scores and CLIF-SOFA scor- 
es were also evaluated by 
the area under the ROC 
curves (AUROC) plots and 
the predicted scores plots. 
The clinical parameters, 
which were used to achieve 
the predicted score plots, 
include the age of the ex- 
perimental individuals and 
the levels of alkaline phos-
phatase (AKP), TBIL, INR, 
prothrombin activity (PTA), 
prothrombin time (PT), al- 
pha fetal protein (AFP), am- 
monia and C-reactive pro-
tein (CRP) in their serum.

Results 

Figure 1. The OPLS-DA score plots (left panel) and permutation tests (right pan-
el) with the 7-round cross-validation of the 1H NMR spectra derived from the 
serum samples in groups of (A, A’) CHB (■) vs. HC (■), (B, B’) CHB (■) vs. ACLF 
(■), (C, C’) ACLF-S (■) vs. ACLF-NS (■).
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Metabolic alterations of the CHB and the HBV-
ACLF patients 

Figure S1 shows the representative spectra of 
the serum samples of the healthy controls 
(Figure S1A), CHB patients (Figure S1B), and 
ACLF patients (Figure S1C and S1D). Visual 
inspection of the spectra can hardly reveal the 
different metabolic fingerprint profiles of serum 
metabolites among groups. The observed 
metabolites in these four serum spectra includ-
ed creatinine (Cr), creatine (Cre), citrate (Cit), 
isobutyrate (IB), lactate (Lac), succinate (Suc), 
lipid, LDL, VLDL, glucose (Glc), dimethylglycine 
(DMG), formate (For), 3-Methyl-2-oxovalerate 

(MOV), N-methylhydantoin (Mhd), and amino 
acids, including lysine (Lys), alanine (Ala), tyro-
sine (Tyr), valine (Val), glycine (Gly), glutamine 
(Gln), cystine (Cys), isoleucine (Ile), leucine 
(Leu), histidine (His), proline (Pro), threonine 
(Thr), asparagine (Asn), methionine (Met), phe-
nylalanine (Phe), 2-aminobutyrate (2-AB) and 
betaine (Bet), which were all summarized in 
Table S1. 

To obtain a comprehensive comparison of met-
abolic profiles among the groups, PCA analyses 
with the first two principal components (t [1], t 
[2]) were employed (Figure S2), which revealed 
diverse trends among different groups. The 

Table 2. The changing trends of discriminative metabolites between groups

Metabolites

% Average changes
(CHB vs. HC)

(|r|, VIP, p-Value)
(|r| ≥ 0.270)

% Average changes
(ACLF vs. CHB)

(|r|, VIP, p-Value)
(|r| ≥ 0.220)

% Average changes
(ACLF-NS vs. ACLF-S)

(|r|, VIP, p-Value)
(|r| ≥ 0.268)

Succinate / +160.8 (0.62, 1.23, 0.00) /
Betaine / +110.4 (0.57, 1.05, 0.00) +29.7 (0.42, 0.98, 0.01)
Threonine / -19.99 (0.43, 0.88, 0.00) -12.2 (0.47, 1.27, 0.00)
Tyrosine / +124.5 (0.77, 1.39, 0.00) +18.07 (0.41, 0.97, 0.01)
Valine -7.22 (0.32, 1.21, 0.03) -37.36 (0.78, 1.46, 0.00) -21.28 (0.49, 1.25, 0.00)
2-Aminobutyrate / -24.46 (0.62, 1.20, 0.00) -17.27 (0.43, 1.13, 0.01)
3-Methyl-2-oxovalerate / / -17.11 (0.29, 0.98, 0.04)
VLDL -18.67 (0.31, 1.11, 0.01) +63.09 (0.27, 1.01, 0.00) -55.59 (0.62, 1.62, 0.00)
LDL -28.83 (0.35, 1.24, 0.01) -37.66 (0.32, 0.99, 0.00) -57.38 (0.67, 1.74, 0.00)
Asparagine -10.93 (0.36, 0.96, 0.00) -28.79 (0.62, 1.23, 0.00) -10.49 (0.31, 1.10, 0.01)
Citrate +13.52 (0.48, 1.40, 0.01) +15.82 (0.24, 0.45, 0.00) /
Creatine / / +30.69 (0.28, 0.72, 0.02)
Creatinine / -16.71 (0.35, 0.75, 0.00) +10.77 (0.33, 0.79, 0.02)
Cystine -37.8 (0.70, 1.84, 0.00) / /
Dimethylglycine / -28.89 (0.60, 1.17, 0.00) /
Glutamine +8.05 (0.36, 1.11, 0.03) +12.90 (0.20, 0.58, 0.01) +16.95 (0.27, 0.75, 0.02)
Isobutyrate / +29.97 (0.38, 0.89, 0.00) /
Isoleucine -13.84 (0.56, 1.58, 0.00) -41.19 (0.77, 1.49, 0.00) -29.85 (0.63, 1.61, 0.00)
Lactate / +47.09 (0.51, 0.93, 0.00) /
Leucine -10.32 (0.43, 1.40, 0.00) -30.01 (0.63, 1.27, 0.00) -25.28 (0.52, 1.31, 0.00)
Lysine -6.38 (0.41, 1.38, 0.02) +15.48 (0.30, 0.60, 0.00) /
Methionine +9.62 (0.41, 1.25, 0.00) +271.4 (0.56, 1.20, 0.00) +123.7 (0.62, 1.51, 0.00)
N-methylhydantoin / -30.12 (0.56, 1.06, 0.00) /
Phenylalanine / +79.19 (0.71, 1.32, 0.00) +20.35 (041, 1.03, 0.01)
Glycine / +12.97 (0.18, 0.59, 0.01) +17.34 (0.40, 1.02, 0.01)
Alanine -10.08 (0.36, 0.95, 0.01) -18.13 (0.45, 0.89, 0.00) /
Histidine +11.07 (0.44, 1.34, 0.00) -12.27 (0.50, 1.04, 0.00) +9.75 (0.46, 1.16, 0.01)
Glucose +11.68 (0.41, 1.10, 0.00) -19.07 (0.37, 0.67, 0.00) -17.97 (0.41, 0.96, 0.01)
Formate / +44.07 (0.32, 0.67, 0.00) /
Lipid -29.79 (0.36, 1.27, 0.01) -70.55 (0.62, 1.20, 0.00) -51.46 (0.65, 1.67, 0.00)
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healthy individuals and CHB samples clustered 
to the left section, the ACLF-S group was more 
close to the HC and CHB groups than the ACLF-
NS samples. However, partial overlaps among 
groups were also observed in the PCA score 
plots. To identify the metabolic characteristics 
of patients, pairwise OPLS-DA analyses were 
performed. Obvious separations between HC 
and CHB (Figure 1A), CHB and ACLF (Figure 
1B), and ACLF-S and ACLF-NS (Figure 1C), with 
the confirmation of the cross-validation results 
of permutation tests (Figure 1A’, 1B’, 1C’), indi-
cate that significant metabolic alterations oc- 
curred during the progression of liver disease. 

The VIPs and p(corr) values extracted from the 
OPLS-DA plot revealed that the global meta- 
bolic pool of CHB patients was characterized  
by high peaks for citrate, glutamine, histidine, 
methionine, and glucose and decreased excre-
tions of valine, VLDL, LDL, asparagine, cystine, 
isoleucine, leucine, lysine, alanine, and lipid 
(Table 2). Compared with the CHB group mem-
bers, in the sera of the hepatitis B-related ACLF 
patients, the levels of succinate, betaine, tyro-
sine, VLDL, citrate, glutamine, isobutyrate, lac-
tate, lysine, methionine, phenylalanine, glycine, 
and formate were significantly elevated, and 
the levels of lipid, glucose, histidine, alanine, 
N-methylhydantoin, leucine, isoleucine, dimeth-
ylglycine, creatinine, asparagine, LDL, 2-amino-
butyrate, valine, and threonine were significant-
ly downregulated. 

Compared with the ACLF-S group, in the ser- 
um samples of ACLF-NS patients threonine, 
valine, 2-aminobutyrate, 3-methyl-2-oxovaler-
ate, VLDL, LDL, asparagine, isoleucine, leucine, 
glucose, and lipid were significantly downregu-
lated, while betaine, tyrosine, creatine, creati-
nine, glutamine, methionine, phenylalanine, 
glycine, and histidine were considerably upreg-
ulated. All of these abovementioned discrimi-
native metabolites were further validated and 
confirmed by the AUROC values (Figure 2). 
Additionally, we calculated the average chang-
es of metabolites based on the 1H NMR vari-
ables between groups and summarized the 
data in Table 2.

Outcome prediction of ACLF patients by NMR-
based metabolomics data

Three predictive OPLS-DA models were pro-
duced with two-thirds of the total samples in 
the survival and the non-survival groups, 
defined as the training set, and the remaining 

samples were defined as the prediction set. 
The predictive results were elucidated in terms 
of sensitivity and specificity, and the averaged 
sensitivity and specificity of all three models 
were 76.6% and 83.3%, respectively (Figure 3). 
To establish a more robust prognostic predic-
tion model, the predictive abilities of metabolo-
mics data only, metabolomics data plus clinical 
parameters, clinical parameters only, MELD 
scores only, and CLIF-SOFA scores were evalu-
ated using the AUROC plots and the predicted 
scores plots (Figure 4). In general, the data 
clearly illustrates that the predicted score plot 
of the metabolomics data plus the clinical 
parameters has the best sensitivity (91.7%) 
and specificity (90%) with the greatest AUROC 
value of 0.97. 

Discussion

As a life-threatening disease, HBV-ACLF induc-
es massive necrosis of hepatocytes and has  
an extraordinarily high mortality. An early and 
accurate evaluation of the severity of HBV-ACLF 
plays a supportive role in optimizing the treat-
ment program, preventing or delaying the pro-
gression and reducing the mortality of this dis-
ease. In addition to rapidly progressive hepatic 
failure, severe global metabolic deterioration is 
another key feature of HBV-ACLF. To explore the 
global metabolic characteristics of HBV-ACLF 
disease, the use of a metabolomics approach 
can shed new light on the pathophysiological 
process and prognosis of this disease. In this 
study, 1H NMR-based metabolomics was ap- 
plied to the serum samples of healthy control 
individuals, chronic hepatitis B patients, surviv-
ing HBV-ACLF patients and non-surviving HBV-
ACLF patients. Clear group separations were 
observed between HC vs. CHB, CHB vs. ACLF 
and ACLF-NS vs. ACLF-S. Among the identified 
perturbed metabolites (Table 2; Figure 5), eight 
of them (lipid, LDL, glutamine, methionine, 
valine, asparagine, leucine and isoleucine) pre-
sented consecutive changes upon the progres-
sion of HBV-ACLF (ACLF vs. CHB vs. HC). Spe- 
cifically, the changing tendencies for these 
metabolites were also observed in the serum 
samples of ACLF-NS patients vs. ACLF-S indi-
viduals. In addition to the eight discriminative 
metabolites with consecutive changing tenden-
cies, six other metabolites, including betaine, 
threonine, tyrosine, 2-aminobutyrate, phenylal-
anine and glycine, also showed consecutive 
changes after the disease had already occurred 
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Figure 2. AUROC plots for each discriminative metabolite obtained from the OPLS-DA analyses of Figure 1.

Figure 3. The predictive OPLS-DA models derived from the non-classified predictive sets and the training sets from the ACLF-S and ACLF-NS groups. The training sets 
used to generate the predictive OPLS-DA models A, B and C were respectively created by randomly picking two-thirds of the total samples from the ACLF-S group 
and the ACLF-NS group, and the sample compositions for these three training sets were different from each other. A. The sensitivity and specificity of the predictive 
OPLS-DA model A were 70% and 100%, respectively. B. The sensitivity and specificity of the predictive OPLS-DA model B were 80% and 75%, respectively. C. The 
sensitivity and specificity of the predictive OPLS-DA model C were 80% and 75%, respectively.
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(ACLF vs. CHB and ACLF-NS vs. ACLF-S). These 
fourteen metabolites, which might be closely 
related to the development of ACLF, belong to 
either amino acid metabolism pathways or lipid 
metabolism pathways. The detected changes 
of these fourteen metabolites and their poten-
tial roles in the progression of the ACLF disease 
are discussed in detail below.

Among the fourteen consecutively changed me- 
tabolites, twelve of them, including glutamine, 
methionine, valine, asparagine, leucine, isoleu-
cine, betaine, threonine, tyrosine, 2-aminobu-
tyrate, phenylalanine and glycine, are amino 
acids, indicating that amino acid metabolism 
plays a key role in the development and pro-

gression of HBV-ACLF. The liver is a key organ 
for amino acid (AA) metabolism, protein synthe-
sis and protein breakdown. In fact, it has been 
shown that approximately 80% of the AAs 
absorbed from the digestive tract are depleted 
via amino acid and protein metabolism in the 
liver [19]. The striking upregulation of aromatic 
amino acids (AAAs), including tyrosine and phe-
nylalanine, and two other amino acids, includ-
ing methionine and betaine, in the serum sam-
ples of the ACLF patients, especially in the fatal 
cases, might be caused by the impaired hepat-
ic metabolism and portosystemic shunting 
[20]. Under normal conditions, aromatic amino 
acids and methionine are mainly metabolized 
in the liver [21]. In the failing liver, the metabolic 

Figure 4. AUROC plots and predicted score plots derived from metabolomics data only (A, A’), metabolomics data 
plus clinical parameters (B, B’), clinical parameters only (C, C’), MELD scores only (D, D’), and CLIF-SOFA scores only 
(E, E’).
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enzymes of aromatic amino acids and methio-
nine are defective, which then causes the accu-
mulation of aromatic amino acids and methio-
nine in serum [22]. Dejong et al. [23] suggested 
that aromatic amino acids might play critical 
roles in the pathogenesis of liver failure and 
hepatic encephalopathy. Elevated levels of 
serum tyrosine and phenylalanine have also 
been observed in NAFLF/NASH [24] and HCC 
patients [25]. Meanwhile, betaine, which is 
another strikingly upregulated metabolite in the 
ACLF patients, has been well known to play a 
key role in the control of hepatocellular hydra-
tion and hepatoprotection from different kinds 

of stress [26, 27]. Significant changes of beta-
ine and methionine, which are two important 
components of the hepatic methylamine osmo-
lyte metabolism pathway [26], are consistent 
with the severe hepatic damage induced by 
ACLF. Overall, the striking upregulation of tyro-
sine, phenylalanine, methionine and betaine in 
the serum samples of ACLF patients is inti-
mately coupled to the development and pro-
gression of ACLF, and they might potentially 
serve as markers for the prognosis of ACLF. 

Different from the aromatic amino acids, methi-
onine and betaine, all three branched-chain 

Figure 5. The potential meta-
bolic pathways disturbed in the 
development and progression 
of HBV-ACLF disease.
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amino acids (BCAA), including valine, isoleucine 
and leucine, were significantly downregulated 
in the serum samples of the ACLF patients. 
Specifically, in comparison with the survivors, a 
greater decrease for these three amino acids 
was observed in the non-surviving ACLF 
patients (Table 2; Figure 5). Branched-chain 
amino acids are primarily catabolized in the 
skeletal muscle and kidney [28]. However, 
because BCAAs are the major energy source of 
amino acids, the observed decrease in ACLF 
patients might have been caused by the 
increased depletion of these amino acids by 
the extrahepatic tissues to compensate for the 
energy needs during liver insufficiency [20]. 
Advanced liver diseases are commonly accom-
panied by nutritional disturbances, which wors-
en the amino acid imbalance of the patients 
[29]. Consistent with the current knowledge, 
the consecutive accumulation of aromatic 
amino acids (tyrosine and phenylalanine) and 
the increasing breakdown of BCAAs were 
observed in the serum samples of the ACLF 
patients. This finding suggests that the BCAA/
AAA ratio (the Fischer-ratio) could potentially 
serve as a prognostic marker for ACLF. 

It has been reported that glutamine is an impor-
tant index by which to judge the severity and 
the prognosis of liver failure. As reported by 
earlier studies, the elevated level of glutamine 
could be attributed to the disruption of the urea 
cycle [30]. Normally, the liver will promptly 
remove ammonia from the portal blood and 
produce urea through the urea cycle, but when 
hepatic failure occurs, the urea cycle will be 
hampered and some ammonia is fed to pro-
duce glutamine in the kidney and brain. In fact, 
a previous study showed that the magnitude of 
the increase of glutamine is significantly corre-
lated with the severity of encephalopathy in 
patients with fulminant hepatic failure [31]. 
Laubenberger et al. [32] also revealed a signifi-
cant correlation between the glutamine level in 
cerebrospinal fluid and the severity of encepha-
lopathy in patients with decompensated liver 
cirrhosis. Consistent with the reported data, a 
consecutive upregulation of the intensity of glu-
tamine signals in the serum samples of the 
CHB and ACLF patients was detected in our 
study, and more importantly, an additional 
increase of the glutamine level was observed in 
the non-surviving ACLF patients.

In addition to amino acid metabolism, our 
metabolomics data showed that the levels of 
serum lipid and LDL were consecutively down-
regulated upon the progression of ACLF. The 
decreases of the lipid and LDL levels in the 
serum of the ACLF patients could be potentially 
attributed to the loss of the lipid synthesis func-
tion of the liver induced by ACLF. It has been 
reported that lipids play an important role in 
the pathogenesis of liver fibrosis [12]. Our data 
indicate that the blood levels of lipids and LDL 
might be good indicators of liver function. 

As mentioned above, the metabolomics data 
revealed that two groups of metabolites, includ-
ing amino acids and lipids, play key roles in the 
development and progression of HBV-ACLF. 
These metabolites, especially the amino acids, 
could potentially serve as markers for the prog-
nosis of this disease, and the serum BCAA/AAA 
ratio (the Fischer ratio) is linked to the progno-
sis of HBV-ACLF. Because the metabolic pro-
files of healthy controls, HBV carriers, HBV-
ACLF non-survivors and HBV-ACLF survivors did 
show distinct characteristics, prognostic pre-
diction models based on the metabolic profile 
data were then set up and evaluated (Figure 4). 
They clearly illustrate that the sensitivity and 
specificity of the predicted score plot of metab-
olomics data plus the clinical parameters 
reached the encouraging values of 91.7% and 
90%, respectively. In sum, the abovementioned 
findings provide proof of concept that the glob-
al metabolic profiling data obtained from the 
NMR-based metabolomics analysis of the 
serum samples of ACLF patients is a reliable 
source to assess the severity and improve the 
accuracy of predicting the survival outcome of 
HBV-ACLF individuals at admission. This tech-
nique, when used in combination with other 
biochemical methods, could potentially offer 
ACLF patients a wider treatment window prior 
to transplantation.

However, given the relatively limited number of 
participants and analytical platforms used at 
present, further studies with larger prospective 
cohorts and multiple analytical techniques 
should be performed to confirm our metabolo-
mic findings. 
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Figure S1. The 600-MHz 1H NMR CPMG spectra (δ 0.9-4.7, δ 5.3-9.4) of serum samples obtained from the HC (A) 
group, the CHB (B) group, the ACLF-S subgroup (C), and the ACLF-NS subgroup (D). The abbreviations of the metabo-
lites are defined in Table S1.
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Figure S2. Score plot of PCA derived from 1H NMR data of HC (●), CHB (●), ACLF-S (●), ACLF-NS (●) group samples.

Table S1. Resonance assignments of metabolites in 1H NMR spectra

Metabolite (abbreviation) Group δ 1H (ppm) 
(pH=7.4)#

Acetate (Ace) CH3 1.93 (s)
Alanine (Ala) α-CH 3.78 (q)

β-CH3 1.49 (d)
Asparagine (Asn) α-CH 4.02 (dd)

half β-CH2 2.96 (dd)
half β-CH2 2.87 (dd)

Betaine (Bet) α-CH2 3.90 (s)
N (CH3)3 3.27 (s)

Citrate (Cit) half α-CH2 2.55 (d)
half α-CH2 2.68 (d) 

Creatine (Cr) α-CH2 3.95 (s)
N-CH3 3.04 (s)

Creatinine (CRE) α-CH2 4.03 (s)
N-CH3 3.05 (s) 

Cysteine (Cys) α-CH 3.97 (q)
β-CH2 3.06 (dd)
β-CH2 3.11 (dd)

Formate (For) CH 8.46 (s) 
Fumarate (FMA) CH 6.52 (s) 
Glutamine (Gln) α-CH 3.78 (t)

β-CH2 2.44 (m)
γ-CH2 2.14 (m) 

Glycine (Gly) α-CH2 3.57 (s) 
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Histidine (His) α-CH 3.98 (dd)
half β-CH2 3.24 (dd)
half β-CH2 3.14 (dd)

γ-CH2 7.08 (s)
CH 7.87 (s)

Isobutyrate (IB) α-CH 2.49 (m)
2×β-CH3 1.06 (d)

Isoleucine (Ile) α-CH 3.67 (d)
β-CH 2.00 (m)
γ-CH3 1.01 (d)

half γ-CH2 1.42 (m)
half γ-CH2 1.21 (m)

δ-CH3 0.94 (t) 
Lactate (Lac) α-CH 4.13 (q)

β-CH3 1.34 (d)
Low density lipoprotein (LDL) CH3 0.84 (bra)

- (CH2)n- 1.25 (bra)
Leucine (Leu) α-CH 3.73 (m)

half β-CH2 1.73 (m)
half β-CH2 1.70 (m)

γ-CH 1.69 (m)
δ-CH3 0.97 (d)
δ-CH3 0.96 (d)

Lipid CH3 0.93 (bra)
- (CH2)n- 1.31 (bra)

CH2-CH2-CO 1.68 (bra)
CH2C=C 2.04 (bra)
CH2-CO 2.23 (m)

C=CCH2C=C, =CHCH2CH=CH 2.69 (bra)
CH2CH2CH= 5.23 (bra)

Lysine (Lys) α-CH 3.75 (t)
β-CH2 1.90 (m)

half γ-CH2 1.452 (m)
half γ-CH2 1.50 (m)

δ-CH2 1.72 (m)
ε-CH2 3.02 (t)

N, N-dimethylglycine (DMG) α-CH2 3.71 (s)
N (CH3)2 2.93 (s) 

N-methylhydantoin (Mhd) α-CH 4.06 (s)
CH3 2.93 (s)

Methionine (Met) α-CH 3.85 (q)
β-CH2 2.12 (m)
γ-CH2 2.22 (m)
S-CH3 2.11 (s)

Phenylalanine (Phe) α-CH 7.33 (d)
β-CH 7.43 (t)
γ-CH 7.37 (t)

half β-CH2 3.98 (dd)
half β-CH2 3.27 (dd)

α-CH 3.12 (dd) 
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Proline (Pro) α-CH 4.14 (dd)
half β-CH2 2.36 (m)
half β-CH2 2.06 (m)
half γ-CH2 2.02 (m)
half γ-CH2 1.98 (m)
half δ-CH2 3.41 (m)
half δ-CH2 3.34 (m)

Succinate (Suc) 2×CH2 2.40 (s) 
Tyrosine (Tyr)
    Phenyl moiety: α-CH 7.19 (d)

β-CH 6.92 (d)
half β-CH2 3.05 (dd)
half β-CH2 3.19 (dd)

α-CH 3.93 (dd)
Threonine (Thr) α-CH 3.58 (d)

β-CH 4.26 (m)
γ-CH3 1.35 (d)

Valine (Val) α-CH 3.60 (d)
β-CH 2.26 (m)
γ-CH3 1.05 (d)
γ’-CH3 0.99 (d) 

Very low density lipoprotein (VLDL) CH3 0.87 (bra)
- (CH2)n- 1.29 (bra)

2-Aminobutyrate (2-AB) α-CH 3.70 (t)
β-CH2 1.90 (m)
γ-CH3 0.97 (t) 

3-Methyl-2-oxovalerate (MOV) α-CH 2.92 (m)
half β-CH2 1.68 (m)
half β-CH2 1.44 (m)

γ-CH3 0.88 (t)
β-CH3 1.07 (d)

α-Glucose (Glc) 1CH 5.24 (d)
2CH 3.54 (dd)
3CH 3.71 (t)
4CH 3.40 (t)
5CH 3.82 (m)
6CH 3.84 (dd)

β-Glucose 1CH 4.64 (d)
2CH 3.24 (dd)
3CH 3.49 (t)
4CH 3.38 (t)
5CH 3.45 (m)
6CH 3.89 (dd)

Note: #s, singlet; d, doublet; t, triplet; q, quartet; m, multiplet.


