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ABSTRACT
Objective Altered metabolites are important for the 
tumourigenicity of hepatocellular carcinoma (HCC). 
We performed integrative metabolomics analysis of 
the metabolites changes in portal venous blood and in 
comparison with the metabolites changes in liver tissues 
and stool samples of HCC patients and healthy liver 
donors.
Design Serum (portal and central vein), liver tissue 
(HCC tumour and adjacent non- tumour, normal liver) 
and stool samples were collected from 102 subjects (52 
HCC patients and 50 healthy controls) in the discovery 
cohort; and 100 subjects (50 HCC patients and 50 
healthy controls) in an independent validation cohort. 
Untargeted metabolomic profiling was performed 
using high- performance liquid chromatography- mass 
spectrometry. The function of candidate metabolites was 
validated in hepatocyte cell lines.
Results Detailed metabolomic evaluation showed 
distinct clusters of metabolites in serum, liver tissue 
and stool samples from patients with HCC and control 
individuals (p<0.001). HCC patients had significantly 
higher levels of portal vein serum and HCC tissue 
metabolites of DL- 3- phenyllactic acid, L- tryptophan, 
glycocholic acid and 1- methylnicotinamide than healthy 
controls, which were associated with impaired liver 
function and poor survival. On the other hand, HCC 
patients had lower levels of linoleic acid and phenol 
in portal vein and stool samples than healthy controls. 
Linoleic acid and phenol significantly inhibited HCC 
proliferation, inferring their anti- HCC function as 
protective metabolites.
Conclusions The integrative metabolome analysis of 
serum, tissue and stool metabolites revealed unreported 
metabolic alterations in HCC patients. In portal vein, we 
identified elevated and depleted metabolites signifying 
that they might play a role in HCC development.

INTRODUCTION
Hepatocellular carcinoma (HCC) is the third- 
leading cause of cancer deaths worldwide.1 
Although surgical treatment may be effective in 
HCC patients, the 5- year survival rate is only 
50%–70%.2 Moreover, due to the lack of early 
diagnostic marker, most patients with HCC are 
often diagnosed in an advanced stage with poor 

prognosis.3 4 Therefore, there is an urgent need to 
further understand the possible aetiological factors 
and new therapeutic methods to improve the prog-
nosis of HCC patients.

Metabolomics is a promising approach for 
the identification of metabolites which may 
provide insights into aetiology, treatment and 
early diagnosis of diseases.5 A recent study using 

Significance of this study

What is already known on this subject?
 ► Hepatocellular carcinoma (HCC) is the third- leading 
cause of cancer deaths with a 5- year survival of 
50%–70%.

 ► Metabolites play an important role in the 
pathogenesis of HCC.

 ► Most metabolomics studies used peripheral blood 
to reflect metabolic changes in HCC patients, but 
metabolome characteristics in portal vein have not 
been reported.

What are the new findings?
 ► Partial least squares discrimination analysis 
showed distinct clusters of metabolites in portal 
and central vein serum, liver tissue and stool 
samples from HCC patients and control subjects.

 ► There was variable decrease in the abundance of 
different metabolites from portal vein to central 
vein after going through the liver, and the reduction 
was different between HCC patients and controls.

 ► HCC patients had increased portal vein serum and 
tumour tissue pathogenic metabolites of DL- 3- 
phenyllactic acid, L- tryptophan, glycocholic acid 
and 1- methylnicotinamide, which were associated 
with impaired liver function and poor prognosis.

 ► HCC patients had depleted portal vein serum and 
stool protective metabolites of linoleic acid and 
phenol, which inhibited HCC cell proliferation.

How might it impact on clinical practice in the 
foreseeable future?

 ► This is the first report to illustrate the metabolome 
characteristics in portal vein of patients with HCC.

 ► Metabolic alterations may contribute to the 
development and progression of HCC, which 
implies that the altered metabolites may represent 
a potential target to prevent HCC development.
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metabolomics in peripheral blood plasma samples discovered 
that N, N, N- trimethyl- 5- aminovaleric acid could induce fatty 
liver disease through increased lipolysis and decreased fatty 
acid oxidation.6 Intestinal dysbiosis affects the development 
of HCC in part through microbial metabolites. A gut bacterial 
metabolite deoxycholic acid (DCA) causes DNA damage and 
activate tumour- promoting factors in the liver; while blocking 
DCA production prevents HCC development in an obese mice 
model.7 In addition, propionate, a metabolite from gut micro-
biota, inhibits cancer cell proliferation in the liver.8 These studies 
supported the important role of metabolites in the development 
and progression of liver diseases.

Liver has a unique vascular system (portal vein) to receive 
metabolites from the gut and deliver it directly to the liver. 
Because of the structural link to the intestine, the liver is the 
first organ to receive gut- derived metabolites and serves a crit-
ical function between foreign substances and the systemic milieu. 
The milieu of the portal vein system may play an important role 
in HCC development.

Accumulating evidence suggests that metabolites are important 
for HCC formation.9 However, because of the poor accessibility 
of portal vein blood, most metabolomics studies are limited by 
the use of peripheral blood that may not reflect changes in the 
portal venous blood and the liver. Therefore, comparing meta-
bolic changes in portal vein, central vein, liver tissue and stool 
samples between patients with HCC and healthy subjects may be 
helpful for in- depth understanding on the gut- liver axis, evalu-
ating potential aetiology and novel therapeutic targets for HCC 
patients. The aim of this study is to perform detailed metabolo-
mics analysis of HCC patients and healthy liver donors to reveal 
previously unreported metabolic alterations in HCC patients.

MATERIAL AND METHODS
Human subjects
A total of 660 samples, including 102 portal vein blood samples, 
102 central vein blood samples, 52 HCC tissues, 52 adjacent 
non- cancerous, 50 normal liver tissues and 102 faecal samples 
were collected in the discovery cohort from November 2018 
to June 2019. In the independent validation cohort, 100 portal 
vein blood and 100 central vein blood samples were collected 
from March 2020 to June 2020. All samples were collected from 
Shanghai and Anhui liver cancer clinic centres. A total of 202 
participants were enrolled in the discovery (n=102) and valida-
tion (n=100) cohorts, including100 healthy liver donors who 
underwent living- related liver transplantation and 102 HCC 
individuals who underwent liver resection or liver transplan-
tation. The living donors were parents of infants and children 
who required living donor liver transplantation for conditions 
like Wilson’s disease and congenital biliary atresia. The division 
of the discovery and validation cohorts was done prior to data 
analysis.

Inclusion criteria
We enrolled HCC patients (all later confirmed histologically in 
the surgical specimens) and healthy liver donors aged 18 years 
or older.

Exclusion criteria
Exclusion criteria included: (1) prior anticancer treatments, (2) 
intrahepatic cholangiocarcinoma (ICC), (3) subjects with current 
or past history of other malignancies and history of gastrointes-
tinal operations, (4) participants missing clinical information, (5) 
bacterial infection or use of antibiotics within 1 month before 

surgery and (6) presence of hypertension, diabetes or other 
metabolic diseases. The inclusion and exclusion criteria for HCC 
patients and healthy controls in the validation cohort were the 
same as those in the discovery cohort.

Sample collection
The portal vein (n=202) (obtained during surgical operation) 
and central vein (n=202) (obtained immediately after patients 
were anaesthetised before surgical operation) blood samples 
were collected after an overnight fasting to eliminate the distur-
bance of diet. Anaesthetists inserted a line to the right internal 
jugular vein before surgical operation and central vein blood 
were collected from the catheter with syringe. We collected 
portal vein blood from the left branch of portal vein with syringe 
in living donors. For HCC patients, we collected portal vein 
blood from the portal stem vein with syringe before devascu-
larisation of the portal stem vein. Serum samples were stored at 
−80°C for until analysis.

Liver tumour tissues (n=52) and adjacent non- tumour tissues 
(n=52) (≥2 cm from HCC) were collected from 52 HCC patients 
who underwent liver surgical resection or liver transplantation 
under sterile conditions within 30 min of surgery. Normal liver 
tissues (n=50) were collected from 50 healthy liver donors who 
underwent living- related liver transplantation. Tissue samples 
were stored at −80 °C until analysis.

Fresh faecal samples were collected from all HCC patients and 
normal subjects at the hospital during 2–5 days before surgery 
and then snap frozen in −80 °C freezer within 1 hour or stored 
in −20 °C freezers before transporting to −80 °C freezer within 
2 hours.

Untargeted metabolomics by high-performance liquid 
chromatography-mass spectrometry
Metabolic extracts were obtained from portal and central vein 
serum, liver tissues and stool samples following methanol- 
assisted protein precipitation and then analysed by liquid 
chromatography- mass spectrometry (LC- MS) using UHPLC 
System (1290, Agilent Technologies, Santa Clara, California, 
USA), equipped with a ultra performance liquid chromatog-
raphy ethylene bridged hybrids (UPLC BEH) Amide column. 
The mobile phase consisted of 25 mmol/L ammonium acetate 
and 25 mmol/L ammonium hydroxide in water and acetonitrile. 
A triple time- of- flight (TOF) mass spectrometer (AB Sciex) was 
used for its ability to acquire MS/MS spectra on an information- 
dependent acquisition during an LC/MS experiment. In this 
mode, the acquisition software (Analyst TF 1.7, AB Sciex) contin-
uously evaluates the full scan survey MS data as it collects and 
triggers the acquisition of MS/MS spectra depending on prese-
lected criteria. In each cycle, the most intensive 12 precursor 
ions with intensity greater than 100 were chosen for MS/MS at 
collision energy of 30 eV. (See online supplemental methods for 
detailed information).

MS raw data files were converted to the mzXML format by 
ProteoWizard and processed by R package XCMS (V.3.2). The 
process includes peak deconvolution, alignment and integration. 
Minfrac and cut- off are set as 0.5 and 0.3, respectively. In- house 
MS2 database was applied for metabolites identification.

Cell lines
Human HCC cell lines (Hep3B and Huh7) and human normal 
hepatocyte cell line an immortalised human hepatocyte cell line 
(MIHA) were obtained from American Type Culture Collection 
(Manassas, Virginia, USA). All cells were cultured in high- glucose 
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Dulbecco’s Modified Eagle’s Medium (DMEM) (Gibco BRL, 
Grand Island, New York, USA) supplemented with 10% (vol/
vol) fetal bovine serum, and 1% penicillin/streptomycin at 37 °C 
in a humidified atmosphere of 5% CO2.

Cell viability assay
Cell viability was determined by the 3- (4,5- dimethylthiazol- 2- yl
)−2,5- diphenyltetrazolium assay. Hep3B, Huh7 and MIHA cells 
(1000 cells per well) were seeded in 96- well plate and cultured 
with or without indicated metabolites- supplemented DMEM 
for 24 hours. The absorbance was recorded at 570 nm using the 
(Thermo Scientific, Waltham, Massachusetts, USA). All experi-
ments were conducted three times.

Statistical analysis
Data were expressed as mean±SD. All statistical tests were 
performed using SPSS V.25 or Graph- pad Prism V.8 software 
(GraphPad Software, San Diego, California, USA). The differ-
ence in cell viability was determined by two- way analysis of 
variance. A supervised model of partial least squares discrim-
ination analysis (PLS- DA) was applied to assess the metabolic 
alterations among groups. A permutation testing was performed 
200 times to assess the risk of overfitting for the PLS- DA model. 
Overall survival in relation to metabolites median concentration 
was evaluated by the Kaplan- Meier survival curve and the log- 
rank test. Pathway enrichment analysis was conducted by Kyoto 
Encyclopaedia of Genes and Genomes (KEGG) database. HRs 
and 95% CIs were provided by univariate Cox proportional 
hazard models.10 The Pearson correlation coefficient was used 
to evaluate the correlation between metabolites and liver func-
tion indices. Qualitative and quantitative differences between 
subgroups were analysed using χ2 test or Fisher’s exact test for 
categorical parameters, and Student’s t- test or Mann- Whitney U 
test was used to compare the difference in two groups as appro-
priate. Values of p<0.05 were considered as being statistically 
significant.

Additional methods are provided in online supplemental 
material.

RESULTS
Cohort design and characteristics of HCC patients and healthy 
controls
We prospectively recruited two independent cohorts of patients 
with HCC and healthy liver donors with strict inclusion and 
exclusion criteria to avoid the influence on the microbiome 
or microbes- derived metabolites (figure 1A).11 12 Two study 
cohorts were established to explore the association between 
metabolic alterations and HCC. The discovery cohort included 
52 HCC patients and 50 healthy controls, and the validation 
cohort included 50 HCC patients and 50 healthy controls. In 
both the discovery and validation cohorts, chronic hepatitis B 
virus infection was the leading cause of HCC, accounting for 
65.4% and 60%, respectively (online supplemental tables 1 and 
2). Compared with healthy controls, HCC patients were older 
and had higher serum levels of alanine aminotransferase (ALT), 
aspartate aminotransferase (AST), gamma- glutamyl transpep-
tidase (GGT), alkaline phosphatase (ALP), direct bilirubin and 
prothrombin time (PT), but lower levels of total protein, albumin 
and platelets (online supplemental table 1). Untargeted metab-
olomics profiling was performed on 660 samples from HCC 
patients (360 samples) of portal and central vein serum, HCC 
and its adjacent non- cancerous tissues and stool samples, and 
from normal subjects (300 samples) of portal and central vein 

serum, normal liver tissues and stool samples (figure 1B) using 
high- performance LC- MS (figure 1B). Integrative analysis was 
performed based on the altered metabolites of serum, tissue and 
stool (figure 1C). The biofunctions of the candidate metabolites 
were validated in HCC and hepatocyte cell lines (figure 1D).

Overall metabolomic profiling and annotated metabolites in 
all collected samples
Data quality control (QC) was performed by Pearson correla-
tion analysis to obtain stable and accurate metabolome results. 
The Pearson correlation of serum negative electrospray ionisa-
tion (ESI−) and positive ESI (ESI+) QC samples (online supple-
mental figure 1A), tissue ESI− and ESI+ QC samples (online 
supplemental figure 1B) and stool ESI− and ESI+ QC samples 
(online supplemental figure 1C) was high, indicating that the 
data quality was stable and reliable. Additionally, in the prin-
cipal component analysis score plots for both ESI− and ESI+ 
serum (online supplemental figure 2A), tissue (online supple-
mental figure 2B) and stool (online supplemental figure 2C) 
samples, the QC samples clustered tightly together, which 
further confirmed data reliability. A total of 2799 annotated 
metabolites were detected in all collected samples, including 156 
(ESI−) and 285 (ESI+) serum small- molecule metabolites (online 
supplemental table 3A,B); 305 (ESI−) and 535 (ESI+) liver tissue 
metabolites (online supplemental table 3C,D); 440 (ESI−) and 
703 (ESI+) stool metabolites (online supplemental table 3E,F) 
in the discovery cohort and 146 (ESI−) and 229 (ESI+) serum 
small- molecule metabolites (online supplemental table 3G,H) in 
the validation cohort.

Metabolic alterations are identified in HCC patients 
compared with healthy controls
Distinct clusters of metabolites in HCC patients compared with 
control individuals were demonstrated in portal (p<0.001), 
central vein serum (p<0.001), HCC tissue (p<0.001) and stool 
samples (p<0.001) in both ESI− (figure 2A) and ESI+ (online 
supplemental figure 3A) models in the discovery cohort by 
PLS- DA score plots. We then built a model containing metab-
olomic information by fitting an PLS- DA and tested its ability 
to correctly classify new samples during a seven- cross- validation 
through 200 times random permutation testing. The intercepts 
of goodness- of- fit (R2) and goodness- of- prediction (Q2) illus-
trate the PLS- DA model is reliable and not overfitting (figure 2B 
and online supplemental figure 3B).

We plotted fold changes (using volcano plots) in the levels of 
identified metabolites in patients with HCC relative to healthy 
controls, considering the statistically significant difference (p 
value) and variable importance in the projection. As shown in 
figure 2C and online supplemental figure 3C, the levels of the 
differential metabolites in patients with HCC were significantly 
different from those in healthy controls in ESI− (figure 2C) 
and ESI+ (online supplemental figure 3C) models for portal 
vein serum, central vein serum, HCC tissues and stool samples 
compared with their corresponding controls, respectively. Taken 
together, HCC is associated with significant changes in the 
metabolome from multiple sources of portal vein, central vein, 
liver tissue and stool samples.

Metabolic changes from portal vein serum to central vein 
serum are different in HCC patients as compared with healthy 
controls
We then evaluated the relative changes in metabolites between 
the portal vein and central vein as a reflection of alterations after 
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going through the liver.13 We compared the metabolites from 
portal vein to central vein in ESI− (online supplemental table 
4A) and ESI+ (online supplemental table 4B) models in HCC 
patients and healthy controls. The relative abundance of iden-
tified metabolites was changed from portal to central vein and 
tends to be higher in portal vein. We found 17 metabolites in 
HCC patients and 12 metabolites in normal controls that had 
twofold or more reduction changes from portal vein to central 
vein in both ESI− (figure 3A) and ESI+ (figure 3B) models. These 
results suggest that portal vein metabolic alterations are different 
from peripheral blood metabolic changes. Thus, portal vein 
results would provide additional insights on the metabolomic 
alterations contributing to HCC formation.

Pathogenic metabolites are elevated in portal vein serum 
compared with central vein serum in HCC patients
To reveal metabolic phenotypes that are potentially involved 
in HCC formation, we compared the metabolic changes from 
portal vein to central vein serum samples by hierarchical cluster 
analysis. We found 56 significantly elevated metabolites in portal 
vein compared with central vein in HCC including 28 in the 
ESI− (figure 4A) and 28 in ESI+ (figure 4B) models (online 
supplemental table 5A,B). In particular, these 56 elevated 
metabolites identified in portal vein of HCC patients were 
also significantly higher as compared with healthy controls 
both in ESI− (figure 4A) and ESI+ (figure 4B) models (online 

Figure 1 Flow chart showing the methods used for metabolomics analysis and biological validation. (A) Patient recruitment and inclusion and 
exclusion criteria. (B) Various clinical samples were obtained from HCC patients and healthy controls. (C) Integrative analysis for potential harmful 
and beneficial metabolites based on serum, tissue and stool samples HPLC- MS spectra. (D) In vitro biological function validation. HPLC- MS, high- 
performance liquid chromatography- mass spectrometry. HCC, hepatocellular carcinoma; HPLC- MS, high- performance liquid chromatography- mass 
spectrometry.
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supplemental table 5A,B). Moreover, these elevated metabo-
lites were validated in the independent cohort and 25 of them 
were also increased in portal vein serum of HCC patients as 
compared with healthy controls (online supplemental table 6). 

In order to understand the functional characteristics and classi-
fication of these elevated portal vein metabolites, we conducted 
pathway enrichment analysis using the KEGG and identified the 
significant enriched pathways in both ESI− (figure 4C) and ESI+ 

Figure 2 Metabolic alterations in HCC were found in various samples. (A) PLS- DA score plots for portal and central vein serum, HCC tissues and 
stool samples in ESI− model. HCC patients are shown in red, and normal controls are shown in blue. X axis and Y axis represent contributions of 
persons to the first two principal components (PC1 and PC2). (B) Cross- validation plot with a permutation test repeated 200 times. The intercepts of 
R2= (0.0, 0.4) and Q2= (0.0,–0.43), R2= (0.0, 0.42) and Q2= (0.0,–0.47), R2= (0.0, 0.29) and Q2= (0.0,–0.41) and R2= (0.0, 0.58) and Q2= (0.0,–0.37) 
suggest that the PLS- DA model is not overfitting. (C) Volcano plots showing the results of pairwise comparisons of metabolites in each HCC sample’s 
group relative to healthy controls (CP_V/N_PV, C_CV/N_CV, C_TT/N_NT, C_S/N_S, respectively). The vertical dashed lines indicate the threshold for 
the twofold abundance difference. The horizontal dashed line indicates the p=0.05 threshold. Between- group comparisons were performed using 
Student’s t test. metabolites with significant changes are presented in red (upregulated) or green (downregulated). C_PV, portal vein of HCC patients; 
N_PV, portal vein of healthy controls; C_CV, central vein of HCC patients; N_CV, central vein of healthy controls; C_TT, HCC tissue of HCC patients; 
N_NT, normal tissue of healthy controls; C_S, stool samples of HCC patients; N_S, stool samples of healthy controls. VIP, variable importance in the 
projection. ESI−, negative electrospray ionisation; HCC, hepatocellular carcinoma; PLS- DA, partial least squares discrimination analysis.
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(figure 4D) models. We found that primary bile acid biosyn-
thesis, taurine and hypotaurine metabolism, and phenylalanine 
and tryptophan metabolism were the top pathways altered in 
portal vein metabolites of patients with HCC. These pathways- 
associated metabolites were reported to contribute to systemic 
liver inflammation.14 15 We performed functional validation for 
the elevated portal vein metabolite like L- tryptophan using HCC 
cell lines Hep3B, Huh7 and normal hepatocyte cell line MIHA. 
L- tryptophan has been reported as an important cancer nutrient 
and its removal can lead to destruction of the tumour.16 We 
found that L- tryptophan significantly promoted cell prolifera-
tion in HCC cells (Hep3B and Huh7) but not in MIHA in a time- 
dependent manner (online supplemental figure 4). Collectively, 
these findings suggested that the elevated metabolites in portal 
vein may contribute to the tumourigenesis of HCC.

The elevated metabolites in HCC tumour tissues compared 
with healthy controls
We identified 116 elevated metabolites in tumour tissues 
compared with adjacent non- tumour tissues in HCC patients 
including 43 in ESI− (figure 5A) and 73 in ESI+ (figure 5B) 
models. In particular, these 116 elevated metabolites identified 
in tumour tissues of HCC patients were also significantly higher 
as compare to healthy controls in both ESI− (figure 5A) and ESI+ 
(figure 5B) models. Among them, the elevated portal vein metab-
olites of DL- 3- phenyllactic acid, L- tryptophan, glycocholic acid 
and 1- methylnicotinamide were also significantly higher in HCC 
tumour tissues compared with normal liver tissues (figure 5C). 
We compared the levels of these metabolites with the biochemical 
parameters of liver function and found that DL- 3- phenyllactic 
acid, glycocholic acid and 1- methylnicotinamide had posi-
tive correlation with the level of serum AST (p=0.04), ALT 
(p=0.02), ALP (p=3.63E- 05), GGT (p=0.02), total serum bili-
rubin (p=4.37E- 08) and PT (p=2.22E- 06) and negative correla-
tion with the level of serum albumin (p=0.0002) and platelets 
(p=0.006) (figure 5D), indicating the elevated metabolites both 
in portal vein and tumour tissue of HCC patients are associ-
ated with impaired liver function. To further evaluate the role 
of these potential harmful metabolites in association of HCC 
prognosis (online supplemental table 7 for details of follow- up 
information), we stratified HCC patients into high vs low cate-
gories based on the median relative concentration of these four 

metabolites. When the cohort was dichotomised by the median 
value of individual metabolites, the hazard ratios for overall 
mortality were 3.975 (95% CI 0.825 to 19.162) for DL- 3- 
phenyllactic acid, 3.662 (95% CI 0.760 to 17.645) for L- tryp-
tophan, 3.975 (95% CI 0.825 to 19.162) for glycocholic acid 
and 3.487 (95% CI 0.724 to 16.806) for 1- methylnicotinamide 
(figure 5E). Additionally, the proportional hazards assumption is 
well met (online supplemental figure 5). These results support 
the harmful nature of these enhanced metabolites in both portal 
vein and HCC tumour tissues.

Depleted metabolites in portal vein of HCC patients are 
protective against HCC in vitro
On the other hand, we evaluated the depleted metabolites in 
portal vein samples of HCC patients and overlapped with the 
depleted metabolites in stool samples of the same patients. 
We found that linoleic acid and phenol were significantly 
decreased metabolites in both portal vein serum and stool 
samples of HCC patients as compared with heathy controls 
in the discovery cohort (online supplemental table 8A,B). 
In particular, these two depleted metabolites were further 
confirmed in portal vein serum samples of HCC patients in the 
validation cohort (online supplemental table 8C). The func-
tional importance of linoleic acid and phenol were studied in 
HCC cell lines. We found that both Linoleic acid and phenol 
significantly inhibited cell proliferation in HCC cells Hep3B 
and Huh7 in a time- dependent manner, but not in normal 
hepatocyte cell line (figure 6A). This growth- inhibitory effect 
for HCC cells were confirmed by colony formation assay 
(figure 6B). Moreover, linoleic acid and phenol increased 
apoptosis of HCC cells (figure 6C). Taken together, linoleic 
acid and phenol suppressed cells proliferation and induced 
apoptosis in HCC cells, inferring their anti- HCC function as 
protective metabolites.

DISCUSSION
In this study, we performed in- depth integrative metabolome 
analyses of portal and central vein serum, liver tissue and stool 
samples to identify HCC- associated metabolites as compared 
with healthy subjects. In total, 2799 metabolites were anno-
tated in all collected samples, and significant alterations in 

Figure 3 A twofold or more reduction in metabolites from portal to central vein in HCC patients and healthy controls. (A, B) Relative change of 
identified metabolites from portal vein to central vein was calculated by (MPV- MCV)/MCV for HCC patients and healthy controls in ESI− (A) and 
ESI+ (B) models. A twofold or more reduction in metabolites from the portal vein to central vein was seen in 17 metabolites in HCC patients and 12 
metabolites in normal controls. The vertical dashed lines indicate the twofold reduction. ESI−, negative electrospray ionisation; ESI+, positive ESI; HCC, 
hepatocellular carcinoma; MPV, mean value of metabolites concentration in portal vein; MCV, mean value of metabolites concentration in central vein.
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the metabolomic composition were observed in HCC patients 
(figure 2). These observations suggest that metabolic repro-
gramming occurs in HCC patients to overcome the low 
nutrient availability and generate energy essential to sustain 
HCC cell proliferation and survival. This metabolic repro-
gramming could be a potential driving factor for the HCC 
tumourigenicity.

As a direct connection between the intestine and the liver, 
the portal vein is the major source of hepatic blood supply. 
Portal vein serum metabolomics profiling can reflect altered 
intestinal metabolites, and consequently elicit a shift in meta-
bolic substrate in HCC patients. As such, portal and central 
vein serum metabolite profiling of HCC patients and healthy 
controls were compared and 56 metabolites were specifically 
elevated in the portal vein of HCC patients compared with 
central vein and healthy controls (figure 4). Pathway analysis 
of these differentially affected metabolites in portal venous of 

HCC patients demonstrated significant enrichment of several 
processes including those relevant to increased activity of 
primary bile acid biosynthesis, taurine and hypotaurine metab-
olism, as well as phenylalanine and tryptophan metabolism 
(figure 4). These pathways and pathway- associated metab-
olites were reported to contribute to systemic inflammation 
and liver cancer. Disruption of bile acid homoeostasis changes 
metabolic homoeostasis in liver and can cause hepatic inflam-
mation and liver cancer.14 17 18 It was reported that liver cancer 
is characterised by taurine, hypotaurine metabolism and tyro-
sine metabolism.19

Glycocholic acid, glycochenodeoxycholate, taurocholate, tauro-
chenodeoxycholate and glycolithocholic acid were reported to 
be the key metabolites to impact hepatic lipid accumulation and 
inflammation in HCC development.15 Moreover, our portal vein 
metabolites results are consistent with recent studies indicating 
that several bile acid metabolites such as tauroursodeoxycholic 

Figure 4 Pathogenic metabolites in portal vein of HCC patients. (A, B) Hierarchical cluster analysis of portal vein and central vein differential 
metabolites between HCC patients and healthy controls in ESI− (A) and ESI+ (B) models, respectively. Red colour represents high relative concentration 
of metabolites in each group, blue colour represents low relative concentration of metabolites in each group. Metabolites with star labelled were 
significantly increased in both portal vein and tumour tissues of HCC patients. (C, D) Pathway enrichment analysis of significantly elevated metabolites 
in portal venous of HCC patients according to the KEGG pathway in both ESI− (C) and ESI+ (D) models. ESI−, negative electrospray ionisation; ESI+, 
positive ESI; HCC, hepatocellular carcinoma; KEGG, Kyoto Encyclopaedia of Genes and Genomes.
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acid (TUDCA), glycochenodeoxycholate, taurocholic acid are 
significantly elevated in tumour tissues of patients with HCC 
and ICC.20 DCA, a product of chenodeoxycholic acid, has been 
reported to promote liver carcinogenesis through the senescence 
secretome.21 These data collectively suggested that the metabolic 
alterations in portal vein are different from peripheral blood in 

HCC patients, which is also different from healthy controls. These 
altered metabolites and their enriched functional pathways at least 
in part contribute to the HCC development.

The liver is exposed to the gut metabolites and products 
through the portal vein and is central to the homoeostasis of 
global metabolism. Metabolic reprogramming of HCC cells 

Figure 5 Validation of pathogenic metabolites in HCC tumour tissues. (A, B) Hierarchical cluster analysis of significantly elevated metabolites in 
HCC tissues compared with adjacent non- cancerous and normal tissues in ESI− (A) and ESI+ (B) models, respectively. Metabolites with star labelled 
were significantly increased in both portal vein and tumour tissues of HCC patients. Red colour represents high relative concentration of metabolites 
in each group, blue colour represents low relative concentration of metabolites in each group. (C) Scatter plots show the relative abundance of the 
selected pathogenic metabolites in tumour tissues of HCC patients and healthy controls. Data are expressed as mean±SD statistical significance 
was determined by two- way analysis of variance. ***P<0.001, ****p<0.0001. (D) A heatmap shows the correlation between selected pathogenic 
metabolites with liver function indices. Red colour represents positive correlation, blue colour represents negative correlation. P<0.05 was considered 
statistically significant. (E) Pathogenic metabolites influence the outcome of HCC patients. Kaplan- Meier plots showing a lower overall survival 
patient with DL- 3- phenyllactic acid, glycocholic acid, L- tryptophan and 1- methylnicotinamide in HCC tissues above the median values. AST, aspartate 
aminotransferase; ALT, alanine aminotransferase; ESI−, negative electrospray ionisation; ESI+, positive ESI; HCC, hepatocellular carcinoma; GGT, 
gamma- glutamyl transpeptidase.
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affected by gut metabolites via portal vein could be key to 
their tumourigenicity and aggressiveness of HCC. We, there-
fore, further compared the metabolite profiling in tumour and 
the adjacent non- tumour tissues of HCC patients and healthy 
controls. In total, 116 metabolites were specifically altered in 
tumour tissues compared with adjacent non- tumour and normal 
liver tissues (figure 5). Focusing on overlapping metabolites, 
we found six metabolites including four elevated metabolites 
(DL- 3- phenyllactic acid, L- tryptophan, glycocholic acid and 
1- methylnicotinamide) and two depleted metabolites (linoleic 
acid and phenol) as predominant metabolite alteration featured 
both in the tumour tissue and portal vein of HCC patients. These 
six altered metabolites were further validated in an independent 

validation cohort of HCC patients. To evaluate the functional 
significance of the four elevated metabolites in HCC, we 
demonstrated that higher levels of the four elevated metabolites 
correlated with impaired liver function, poorer survival after 
HCC surgical treatment (figure 5) and promoted cell prolifera-
tion by L- tryptophan in HCC cells in vitro. In keeping with our 
findings, other reports suggested that DL- 3- phenyllactic acid, 
L- tryptophan, glycocholic acid and 1- methylnicotinamide have 
close relationships with the onset or progression of different 
cancers.22–29 DL- 3- phenyllactic acid was recognised as a poten-
tial biomarker for ovarian cancer,23 oral squamous cell carci-
noma22 and cervical cancer.25 DL- 3- phenyllactic acid promotes 
cell migration and invasion in cervical cancer.24 Glycocholic 

Figure 6 Validation of potential protective metabolites for HCC in vitro. (A) linoleic acid and phenol significantly inhibited the cell viability of 
HCC cells Hep3B and Huh7, but not normal hepatocyte cell MIHA, as determined by MTT assay. (B) linoleic acid and phenol significantly suppressed 
the colony formation of HCC cells but not normal hepatocyte cells. (C) linoleic acid and phenol significantly increased HCC cell apoptosis. Data are 
expressed as mean±SD statistical significance was determined by unpaired t- test or two- way analysis of variance, where appropriate. *P<0.05, 
**p<0.01, ****p<0.0001. HCC, hepatocellular carcinoma; MTT, 3- (4,5- dimethylthiazol- 2- yl)−2,5- diphenyltetrazolium; NS, no significant.
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acid, a primary and conjugated bile acid, increases the risk of 
colorectal cancer development.26 Nicotinamide N- methyltrans-
ferase contributes to tumourigenesis by consuming methyl units 
to produce stable metabolic product 1- methylnicotinamide to 
impair the methylation potential of cancer cells.27 Moreover, 
studies have indicated that 1- methylnicotinamide inhibits acti-
vation of the ASK- P38- MAPK pathway, resulting in increased 
resistance of colorectal cancer cells to 5- fluorouracil.30 Thus, 
1- methylnicotinamide may be a potential therapeutic target for 
colorectal cancer treatment by enhancing the proapoptotic effect 
of 5- fluorouracil. L- tryptophan was also reported to promote 
tumour progression through suppressing antitumour immune 
responses and increasing the malignant properties of cancer 
cells.28 29 There is evidence for a role of nicotinamide adenine 
dinucleotide (NAD+) generated via the tryptophan de novo 
pathway in cancer biology. Studies in mice showed that impaired 
tryptophan metabolism leads to suppression of de novo NAD+ 
synthesis in the liver and facilitates hepatic tumourigenesis 
through DNA damage.31 Taken together, our data suggest that 
elevated metabolites of DL- 3- phenyllactic acid, L- tryptophan, 
glycocholic acid and 1- methylnicotinamide in the portal vein 
and liver tissues contribute to HCC tumourigenesis.

The two depleted metabolites (linoleic acid and phenol) in the 
portal vein were also significantly decreased in the stool samples 
of HCC patients as compared with healthy controls, which was 
confirmed in the validation cohort. Portal vein metabolome is 
presumed to reflect alterations to intestinal metabolism. The 
depletion of metabolites both in portal vein serum and in stool 
samples of HCC patients suggests their potential protective role 
in HCC progression. As anticipated, linoleic acid and phenol 
inhibited cell proliferation and induced apoptosis in HCC 
cells (figure 6). Similarly, linoleic acid was reported to suppress 
colorectal cancer cell growth by inducing apoptosis.32 Moreover, 
linoleic acid supplementation is a potential adjuvant treatment 
for breast cancer.33 34 Phenol- containing molecules exhibited 
anticancer effects.35 Phenolics enhances the immune system to 
recognise and destroy cancer cells and inhibiting the angiogen-
esis.36 Collectively, these reduced metabolites of linoleic acid and 
phenol in portal vein and stool could play a protective effects 
against HCC development.

Our study has a few limitations. First, although this multi-
centre project included different types of samples, we were 
not able to observe the metabolic influence by liver cirrhosis 
alone because most HCC patients are cirrhotic. Therefore, 
larger studies covering patients with different disease severity 
are needed. Second, it was impossible to match the age of 
HCC patients and healthy controls because of the demographic 
features of HCC. That being said, our analysis did not suggest 
that the observed metabolite alterations were due to age (online 
supplemental figure 6). Third, portal vein and central vein 
samples were collected during surgical operations. It is unclear 
if surgical manipulation and anaesthesia treatment could affect 
the metabolites. Fourth, we used an independent validation 
cohort and in vitro studies to confirm our findings instead of 
correcting for multiple testing, because the current sample size 
was insufficient to support correction for multiple testing, or 
many potentially relevant metabolites might be missed. Finally, 
the metabolic alteration had already happened at the time of the 
diagnosis in HCC patients. Therefore, larger functional studies 
in in vivo and in vitro are needed to identify the relationship 
between metabolic changes and HCC.

In conclusion, this study identified previously unreported 
metabolic alterations in patients with HCC based on the integra-
tive metabolome analysis of serum (portal and central vein), liver 

tissue (paired HCC and normal control) and stool metabolites. 
In portal vein, the key humoral communication route between 
the intestine and liver, we identified elevated pathogenic and 
depleted protective metabolites, signifying their critical role in 
HCC development.
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