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Abstract

Purpose of review Cirrhosis is one of the most important global public health problems.
Patients with cirrhosis risk progression to acute-on-chronic liver failure (ACLF), associated
with high mortality rates, and development of hepatocellular carcinoma (HCC). Metabo-
lomics could identify urgently required novel biomarkers to improve disease diagnosis,

monitor progression, and identify therapies. o . .
Recent findings In this review, current metabolic studies in decompensated cirrhosis, ACLF,

and HCC over the past 3 years are summarised. Over numerous metabolomics studies, in
cirrhosis, common alterations in proteins, carbohydrates, lipids, bile acids, and microbial
metabolites were identified. In ACLF, changes in metabolites related to energy metabo-
lism, amino acids, lipids, bile acids, and microbial metabolites were reported. Amino acids,
bile acids, free fatty acids, and phospholipids were identified as important metabolite

classes for discrimination between cirrhosis and HCC. ) ]
Summary Metabolomics can improve our understanding of advanced liver diseases and

provide the basis of the future studies and therapeutic advancements.

Introduction

Cirrhosis causes more than 1.32 million deaths world-  to different causes such as chronic viral hepatitis, chronic
wide each year and is growing in incidence [1]. Cirrhosis  alcohol consumption (50%), and non-alcoholic fatty
is a frequent consequence of chronic liver injury related liver disease (NAFLD) (24%) [2-4]. The natural course
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of cirrhosis is characterised by an asymptomatic com-
pensated stage followed by acute decompensation (AD)
of the liver, which is indicated by the presence of variceal
bleeding, ascites, hepatorenal syndrome, jaundice, or
encephalopathy. Once patients develop acute decom-
pensation, they require hospitalisation and have re-
duced 6-month survival. Three clinical courses were re-
cently identified in patients with AD [5]. Patients with
AD can develop unstable AD which often require
hospitalisation. Other groups can have a more stable
condition and infrequently require hospitalisation. In
addition, the condition of patients with AD can subse-
quently deteriorate and progress to acute on chronic

Metabolomics

liver failure (ACLF). ACLF is characterised by acute dete-
rioration of liver function and the development of mul-
tiple organ failure and high short-term morality [6, 7].
ACLF has poor prognosis which parallels acute liver
failure (ALF), and patients can develop complications
such as hepatic encephalopathy, coagulopathy, sepsis,
and multiple organ failure [8]. Cirrhosis is also a prima-
1y risk factor for the development of hepatocellular car-
cinoma (HCC). The incident for development of HCC is
higher in patients with cirrhosis compared to non-
cirrhosis patients [9]. Therefore, early diagnosis, progno-
sis, and monitoring are important to prevent the pro-
gression of cirrhosis to life-threatening complications.

Metabolomics is field of research which applies analytical chemistry
techniques to the detection and measurement of low molecular weight
metabolites (typically <1KDa) within a biological sample. Metabolic
profiles are generated using advanced analytical platforms and can be
used to gain insight of alterations into a specific condition or disease
[10]. Compared to other omics, such as genomics and proteomics,
metabolomics has the advantage of being a close reflection of molecular
phenotype and reflects rapid changes associated with both acute and
chronic pathophysiological conditions [11]. Therefore, metabolomics can
detect alterations related to cells, tissues, or biochemical pathways asso-
ciated with specific pathological diseases. Given the multiple metabolic
pathways and processes governed in the liver, acute deteriorations in
advanced liver disease may be reflected in abnormal metabolic profiles.
This has the potential to be beneficial in clinical setting where it can be
used to detect biomarkers for early diagnosis and monitoring of disease
progression, thus providing insight about disease pathology [12].

Metabolomics can be applied on different types of samples such as tissues,
cells, and biofluids [13]. Cell cultures can be utilised in metabolomics to
understand cellular process whether through NMR or MS on cell extracts or
supernatants. Tissue obtained from a specific organ can provide an indication of
the physiological or pathological processes within a specific organ [14] as long
as steps are undertaken to arrest metabolism at the point of sampling.
Specialised biofluids such as saliva [15], exhaled breath condensate [16], and
cerebrospinal fluid (CNS) [17] can also be utilised to understand metabolic
changes within a specific organ. In clinical studies, most commonly used
biofluids are urine and serum or plasma because they are less invasive to obtain
and easy to prepare [18].

Metabolites are any small molecule (typically <1KDa) which can be
produced by endogenous anabolic or catabolic processes such as amino
acids, lipids, or organic acid. In addition, metabolites can be produced
from exogenous sources such as food, drug, or microbial by-product.
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Metabolic profiling can be divided into untargeted and targeted analysis.
Untargeted analysis involves the comprehensive characterisation of as many
metabolites within a biological sample as the technique allows and is usually
used for new biomarker discovery [19]. Methods are usually generic and unbi-
ased in terms of sample preparation and analytical conditions. Targeted analysis
focuses on the detection of specific metabolites within biological samples,
providing a more quantitative tool that can be developed for clinical use.
Sample handling is designed to maximise recovery of the analytes of interest,
and analytical conditions are optimised for these compounds. This provides a
very sensitive and quantitative assay, which is often higher throughput than
discovery approaches and requires less sample. Each approach has its advan-
tages and disadvantages; more in-depth descriptions of these can be found in
Cui et al. (2018) [20] and Griffiths et al. (2010) [21].

Metabolomics platforms

Data handling

Different analytical platforms can be used to profile metabolites in biological
samples, including nuclear magnetic resonance (NMR) spectroscopy and mass
spectrometry (MS), the latter coupled to either liquid (LC-MS) or gas chroma-
tography (GC-MS). NMR is a non-destructive analytical platform, offering high
reproducibility and requiring less sample preparation than MS techniques. MS
provides both selectivity and sensitivity, resulting in improved metabolite
discrimination and coverage [22]. When coupled with a separation technique,
metabolites in a complex matrix can be separated before detection, improving
detection and sensitivity further. LC-MS is more widely used in clinical studies
than GC-MS because of the non-volatile nature of the sample required. Impor-
tantly, complete detection, identification, and quantification of metabolites
cannot be achieved by a single platform. Each analytical platform has their
own advantages, and the specific choice depends on many factors, including the
sensitivity, selectivity, and reliability of the analytical platform which have been
discussed in other reviews [23-27].

The data generated by metabolic profiling contain large and complex informa-
tion which—after pre-processing—can be analysed using different statistical
and pattern recognition methods [28]. Typically, there are hundreds or even
thousands of potential metabolites (variables) detected in a single sample.
Univariate analysis (UVA) is applied to examine a single variable of interest
across samples or sample classes, while multivariate analysis (MVA) can assess
the relationship between multiple variables of interest. Commonly applied
MVA include unsupervised analysis, such as principal components analysis
(PCA), and supervised analysis such as partial least-squares discriminant anal-
ysis (PLS-DA) [28, 29]. These approaches can aid in the visualisation of class
differences, outliers, and trends over time. Once important metabolites, such as
amino acids or lipids, which discriminate between healthy and disease groups,
have been identified, a biomarker predictive model can be generated. Models
can be validated within the MVA software. Then, performance evaluation can be
achieved with receiver operating characteristics (ROC) curve analysis [30]. The
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area under the curve (AUC) of the ROC can enable the identification of sensitive
and specific biomarkers. Further studies will then need to be undertaken to
validate these potential biomarkers in a new cohort.

The aim of this review is to summarise and assess recent metabolomic
studies applied to advanced liver disease. The review will cover metabolomic
studies in cirrhosis, ACLF, and HCC published within the past 3 years providing
an overview of the potential metabolites which can be used for diagnosis,
prognostication, and therapy.

Cirrhosis: potential biomarkers

Diagnostic markers of cirrhosis and progressive disease

Once patients develop cirrhosis, they have a high risk of progression to
acute decompensation, which usually necessitates hospital admission.
Therefore, it is important to identify early those patients who are at risk
of developing cirrhosis or progression to acute decompensation or be-
yond to ACLF (Table 1). Yoo et al. (2019) [31] used untargeted LC-MS
to identify potential biomarkers for classifying cirrhosis in serum sam-
ples obtained from patient with cirrthosis (n=94) and age- and sex-
matched healthy controls (n=180). In this study, at baseline all subjects
had normal liver functions and were monitored for 7 years. Those who
developed cirrhosis were included in the cirrhosis group and those who
did not develop cirrhosis were included in the healthy group. Therefore,
any identified metabolic alterations in patients with normal function at
baseline can potentially aid in understanding the mechanism of cirrhosis
development. Important metabolic pathways which were significantly
different between the two groups were related to glyoxylate and
dicarboxylate metabolism, amino acid metabolism, fatty acid metabo-
lism, linoleic acid metabolism, a-linolenic acid metabolism, and arachi-
donic acid metabolism.

Alterations of bile acids, amino acids, and free fatty acids have been shown
to be associated with chronic liver disease regardless of the underlying cause
[42, 43]. Identification of more specific markers can be more useful for the
diagnosis and prognosis of liver cirrhosis. A 'H NMR study was conducted in
serum of heathy control (n=25), HBV patients (n=20), and HBV patients with
cirrhosis (n=25) to identify potential biomarkers to monitor the progression of
cirrhosis in HBV patients [32]. Selected metabolites were considered good
biomarkers when they showed AUC> 0.8. They suggest that different metabo-
lites were associated with different stages of the disease. A potential panel of
metabolites which was found to be associated with HBV progression to develop
cirrhosis included acetate, formate, pyruvate, and glutamine in the serum. In a
targeted LC-MS study, analysis was performed to predict stages of liver cirrhosis
in serum from patients with HBV-associated liver cirrhosis (n=504) and healthy
control (n=502) [33e]. Predictive models were constructed to diagnose patients
with chronic liver disease from healthy controls, to differentiate fibrosis and
cirrhosis and patients with advanced stage from early-stage cirrhosis. Then, a
panel of metabolites was selected based on predictive models including
taurocholate, tyrosine, valine, and linoelaidic acid. These metabolites were
further validated in a second independent cohort showing AUC> 0.8 which
confirmed the strength of their predictive models.
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Table 1. Summary of important metabolites in cirrhosis

Reference  Sample
type
Yoo et al. Serum
(2019)
[31]
Zheng et al. Serum
(2017)
(32]
Xie et al. Serum
(2020)
[33¢]
Salguero Plasma
etal.
(2020)
[34]
Cano et al. Serum
(2017)
(35]
Liu et al. Serum
(2018)
[36°]
Urine

Application

Differentiation

between patient
with cirrhosis
and healthy
control

Identification of

potential
metabolites
associated with
devolvement of
cirrhosis in HBY

Identification of

biomarkers
associated with
stages of
cirrhosis in
patients with
chronic liver
disease

Identification of

metabolites
associated with
advanced
cirrhosis.

Discriminate

different stages
of liver cirrhosis

Identification of

specific bile
acids and their
contribution in
cirrhosis

Important metabolites
reported

Increased

Phenylalanine, tyrosine,

and tryptophan,
palmitoylcarnitine and
oleoylcarnitine,
palmitic acid (C16:0),
LPC (16:0, 18:2, and
22:6),

Acetate, pyruvate, and

glutamine

Taurocholate, tyrosine

Fatty acids, bile acids,

aromatic and sulphur
amino acids, butyrate
derivatives, oxidised
phospholipids,
energy-related
metabolites and
bacterial
fermentation-related
metabolites

taurochenodeoxycholate,

taurocholate,
glycocholate, tyrosine
and PC (16:0/16:0)
phosphatidylcholine

TCA, TCDCA, TUDCA, GCA,

UDCA, CDCA, CA, TLCA,
TDCA, HDCA and LCA.

Decreased

Myristic acid (C14:0),
a-linolenic acid a
(C18:3) and its
downstream -3 PUFA
metabolites,
including and
eicosapentaenoic
acid (C20:5),
leukotriene B4 and
5-HETE, LPA (16:0
and 18:1)

Formate

Valine, linoelaidic acid

LPC and LPE, BCAA and
metabolites of
tricarboxylic acid
cycle, among others

Analytical
platform
used

Untargeted
LC-MS

NMR

Targeted
LC-MS

GC-MS,
LC-MS

LC-MS

Targeted

LC-MS

LC-MS
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Table 1. (Continued)

Reference
type

Shao et al.
(2018)
[37]

Adams Serum
et al.
(2020)
(38]

McPhail Urine
et al.
(2017)
[39]

Mindikoglu
etal.
(2018)
[40]

Bajaj et al. Serum
(2019) and

[41] urine

Sample

Plasma

Application

association
between gut
microbiota and
their metabolites
vs cirrhosis

Investigate the link
between gut
microbiome, bile
acid profile and
liver fibrosis.

Identification of
metabolites
associated with
hepatic
encephalopathy
in patient with
cirrhosis

Identify
metabolites
related to
prognosis (focus
is kidney disease
in cirrhosis)

Characterise
changes in serum
and urine of
patient with
cirrhosis who
develop HE, are
hospitalised or
die

Important metabolites

reported
Increased

Serum bile acids mainly

primary conjugated bile
acids including GCA and

secondary conjugated
bile acids.
Faecal bile acids mainly
secondary unconjugated
bile acids including DCA
Histidine, citrate and
creatinine

S-adenosylhomocysteine,

glucuronate,
trans-aconitate,
3-ureidopropionate,
3-(4-hydroxyphenyl)
lactate,
3-methoxytyramine
sulphate,
arabitol/xylitol,
N-formylmethionine,
phenyllactate and
7-methylguanine
Hospitalisation: top
important cluster in

serum include pyridines
and pyrimidines, sugar

acids, sugar alcohols,
amino acids and
sulphur amino acids

HE: top important cluster

include pyridines and
pyrimidines, sugar acids,
sugar alcohols, amino
acids, phenylacetates,
disaccharides. Mortality:

Analytical
platform
Decreased used
N6-methyladnosine,
1-methyluric acid
cinnamic acid,
deconoylcarnitine
and
phenacetylglutamine
LC-MS
NMR
Untargeted
LC-MS
Hospitalisation: top GC-MS

important cluster in
serum include basic
amino acids,
saturated fatty acids,
dicarboxylic acids,
purines and adipates
HE: top important cluster
include basic amino
acids, saturated fatty
acids, dicarboxylic acids,
purines and adipates
Mortality: top important
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Table 1. (Continued)

Reference

Sample
type

Application Important metabolites Analytical
reported platform
Increased Decreased used
top important cluster cluster include saturated
include pyridines, sugar and unsaturated fatty
acids, sugar alcohols, acidic  acids, purine
amino acids, nucleosides, basic and
phenylacetates, sulphur amino acids,
disaccharides dicarboxylic acids, and
adipates

LPC lysophosphatidylcholine, 5-HETE 5-hydroxyeicosatetraenoic acid, LPA lysophosphatidic acid, LPE lysophosphethanolamine, BCAA branched
chain amino acid, PC phosphocholine, TCA taurocholic acid, TCDA taurochenoxycholic acid, TUDCA tauroursodeoxycholic acid, GCA glycocholic
acid, UDCA ursodeoxycholic acid, CDCA chenodeoxycholic acid, CA cholic acid, TLCA taurolithocholic acid, TDCA tauroursodeoxycholic acid, HDCA
hyodeoxycholic acid, LCA lithocholic acid, DCA deoxycholic acid

To distinguish patients with advanced stage cirrhosis, GC-MS and LC-MS
were performed using plasma from HIV/HCV-coinfected (n=62) and HCV-
monoinfected patients (n=28) [34]. No healthy control group was included in
this study. The results showed increased fatty acids, bile acids, aromatic and
sulphur amino acids, butyrate derivatives, oxidised phospholipids, energy-
related metabolites, and bacterial fermentation-related metabolites in patients
with advanced cirrhosis. In addition, they reported a decrease in
lysophosphatidylcholines (LPC) and lysophosphatidylethanolamines (LPE),
branched-chain amino acids (BCAA) and metabolites of tricarboxylic acid cycle
in advanced stage cirrhosis. Glycolic acid, LPC (16:0), and taurocholic were
selected as most significant metabolites for discriminating patients according to
decompensation stage. AUC was used to evaluate the diagnostic performance
which showed higher value of subsets of metabolites than for each metabolite
separately [34]. This suggests that this panel of metabolites has the potential to
be used as biomarkers for presence of acute decompensated cirrhosis. Another
study showed increased concentrations of taurochenodeoxycholate,
taurocholate, glycocholate, tyrosine, and PC (16:0/16:0) phosphatidylcholine
in patients with advanced cirrhosis [35].

The contribution of bile acids to cirrhosis was assessed by targeted LC-MS,
where 12 bile acids were measured in serum samples from healthy control
(n=27) and cirrhosis (n=32) [36¢]. They identified taurocholate (TCA) as the
highest bile acid in patient with cirrhosis. The specific diagnostic and the
therapeutic potential of TCA was investigated further in an in vitro study to
find out whether this bile acid is a contributing factor to cirrhosis progression.
They suggested that increased TCA in cirrhosis is mainly due to increased bile
acid synthesis due to cholestasis. In addition, the mechanism of TCA contribu-
tion to cirrhosis was proposed to be through the effect of stellate cell activation
via the TLR4 pathway.

Dysbiosis of the intestinal microbiome may also have an important role in
advanced liver disease as a result of multiple interactions with the host immune
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system and gut epithelium. Alteration of gut microbiota and their metabolites
have been investigated in liver cirrhosis because of their contribution to com-
plications associated with cirrhosis, such as infection and hepatic encephalop-
athy [44, 45]. LC-MS was performed in urine from healthy control (n=47),
compensated (n=49) and decompensated cirrhosis (n=46) to investigate the
relationship between the gut microbiome and cirrhosis progression. Urine
contains both host and microbial metabolites. Therefore, it can offer limited
information about the interaction between host and microbial metabolites. The
authors identified decreased level of microbiota-related metabolites, including
N6-methyladnosine, 1-methyluric acid cinnamic acid, deconoylcarnitine, and
phenacetylglutamine in urine which confirmed their finding of decreased mi-
crobiota responsible for sugar fermentation [37]. Adams et al. (2019) examined
the link between bile acid profiles, gut microbiome, and cirrhosis in patients
with NAFLD. They showed an association between alteration in bile acid
profiles and changes in the composition of specific microbiota taxa in advanced
cirrhosis [38].

Patients with cirrhosis are at increased risk for the development of compli-
cations such as hepatic encephalopathy (HE), hospitalisation, and death. Iso-
lated hepatic encephalopathy is a common complication which can be ob-
served in liver cirrhosis. In patients with cirrhosis, metabolic profiling was
performed using urine to classify patient with cirrhosis who developed HE.
Urinary metabolic profiling was found to be able to discriminate between
patient with cirthosis from healthy controls. Compared to healthy controls,
patients with cirrhosis showed higher 1-methyl nicotinamide and lower
hippurate, acetate, phenylacetylglycine, and N-methyl nicotinic acids. In addi-
tion, it was suggested that urinary metabolic profiling may have the potential to
distinguish patients with overt hepatic encephalopathy from patients with no
hepatic encephalopathy. However, in this study the models lacked validity due
to the small sample size involved in this study [39].

Predicting poor outcome

In an exploratory study, GC-MS analysis was performed on serum and urine to
identify potential metabolites which can predict outcomes in patient with
cirrhosis such as hepatic encephalopathy (HE), transplant, hospitalisation,
and death which they followed for 90 days [41]. Several metabolites have been
suggested to discriminate between patients with and without outcome includ-
ing saturated fatty acids, amino acids, and bioenergetic-related metabolites.
Similar changes were found in serum and urine regardless of the specific
complication.

Hepatorenal dysfunction is a serious complication which develops in pa-
tients with liver cirrhosis and is notable for the poor prognosis associated with
this extra hepatic organ failure. Mindikoglu et al. (2018) conducted LC-MS on
plasma from patients with cirrhosis (n=103) focusing on patients with
hepatorenal dysfunction to predict mortality. They identified 34 metabolites
which significantly predicted mortality in patients with cirrhosis including S-
adenosylhomocysteine, glucuronate, trans-aconitate, 3-ureidopropionate, 3-(4-
hydroxyphenyl)lactate, 3-methoxytyramine sulphate, arabitol/xylitol, N-
formylmethionine, phenyllactate, and 7-methylguanine [40]. The identified
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metabolites were found to be independent predictors of glomerular filtration
rate in the patient with cirrhosis. These identified metabolites should be taken
forward to provide mechanistic understanding of potential metabolic media-
tors for the progression to hepatorenal dysfunction in liver cirrhosis.

ACLF: potential biomarkers
-]

Patients with cirrhosis have a high risk for the development of ACLF.
ACLF has short-term mortality estimated between 38 and 50% [46]. A
challenge in clinical settings is to find a rapid method for early diagno-
sis, disease progression, and monitoring therapeutic outcome. Since
ACLF can occur in all aetiologies, but with a diverse cause of deteriora-
tion, it is important to appraise these studies from this standpoint. A
large number of clinical studies have focused on finding potential sig-
nificant biomarkers to predict the development of ACLF and to under-
stand the associated pathophysiology which can decrease the morbidity
and mortality associated with ACLF (Table 2).

In a prospective multicentre study, untargeted LC-MS analysis was conduct-
ed on serum from patients with cirrhosis at the time of admission to identify
possible metabolites for predicting ACLF development. They reported an in-
crease in microbially derived metabolites and hormonal-related metabolites
and a decrease in the level of phospholipids. These reported metabolites were
found to be associated with the development ACLF and high mortality rate. In
addition, they suggested that a combination of metabolites and relevant clinical
parameters yields better prognostic biomarkers [47]. In another multicentre
study, untargeted metabolomic was performed using LC-MS on serum samples
to characterise the metabolomic profile associated with ACLF. Significant alter-
ations in metabolic profile were found in metabolites associated with bioener-
getic failure in ACLF, such as pentose phosphates. In addition, the identified
metabolites correlated with concentrations of inflammatory markers, e.g. tu-
mour necrosis factor a (TNF-a). They suggested that these changes were as
result of the overwhelming inflammation in ACLF, mitochondrial dysfunction
develop and led to development of organ failure [48e].

Lipid mediators can have regulatory effects on the systemic inflammatory
response and development of organ failure in ACLF. The roles of lipid media-
tors in ACLF were assessed by LC-MS in plasma from patients with acute
decompensation of cirrthosis with ACLF (n=119) and without ACLF (n=127)
and healthy controls (n=25) [18]. Lipid mediators were found to distinguish
patients at any stage from healthy controls. For example, leukotriene E4 (LTE4)
was found to gradually increase with severity of the disease showing higher
levels in ACLF patients with advanced stage disease [49¢]. Mucke et al. (2020)
conducted targeted LC-MS to investigate sphingosine-1-phosphate (S1P) as
biomarker for disease severity in chronic liver disease. S1P levels were found
to progressively decrease in patients with acute decompensated cirrhosis to
ACLF and were predictive of early mortality [50].

Together, these studies evaluated different potential metabolites for
predicting and characterising ACLF development as well as predicting disease
severity. In these studies, similar classes of compounds were found to be
associated with ACLF. They reported changes in metabolites related to energy



Metabolomics in Advanced Liver Disease Kano et al. 389

Table 2. Summary of important metabolites in ACLF

Reference Application Sample  Important metabolites reported Analytical
Increased Decreased  platform
Bajaj et al. To identify Serum Microbial metabolites such as Untargeted
(2020) [47] metabolites aromatic compounds, secondary LC-MS
profile which can or sulphated bile acids, and
predict benzoate, oestrogen metabolites
development of
ACLF in high-risk
patient with
cirrhosis
Moreau et al. To assess Serum L-Saccharopine, pentose Untargeted
(2020) metabolomic phosphate, orotidine, LC-MS
[48e] profile associated cystathionine, hexose alcohols,
with ACLF. N-Acetyl-L-tryptophan,

D-Galacturonic
acid,4-acetamidobutanoic acid,
hydroxyphenylacetic acids,
hydroxy-3-methoxyphenylglycol
sulphate, 2-Heptanone,
phenyllactic acid, quinolinic acid

Lopez-Vicario Role of lipid Plasma HETE, DiHETrE, EKODE, Targeted
etal. mediators in ACLF 11,12-DiHETrE, HETrE, HOTrEc, LC-MS
(2020) LTE4, 11-keto-TXB2 and PGE1,

[49¢] PGF2a

Mucke et al. To identify whether Serum S1P Targeted

(2020) [50] S1P concentration LC-MS

is associated with
disease severity in
patients with
different stages of
end stage liver
failure and
mortality.

HETE 8-hydroxyeicosatetraenoic acid, DiHETrE 14,15-dihydroxyeicosatrienoic acid, EKODE 12,13-epoxy-9-keto-10(trans)octadecenoic acid,
HETrE 8 hydroxyeicosatrienoic acid, LTE4 leukotriene E4, HOTrE hydroxyoctadecatrienoic acid, PG prostaglandin, 11-keto-TXB2 11-keto-
thromboxane B2, S1P sphingosine-1-phosphate

metabolism, amino acids, lipids, bile acids, and microbial metabolites (Fig. 1).
These metabolites were suggested to be beneficial in predicting ACLF develop-
ment and associated complications.

HCC: potential biomarkers
- 0000000000000

Patients with cirrhosis have a high risk for the development of HCC. HCC is the
third cause of death related to cancer globally with an approximate 500,000~
1,000,000 new cases per year [51]. When HCC is diagnosed early, resection or
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Pentose phosphate pathway Amino acids

D-Ribulose-5P, D-Xylulose-5P, D-Ribose-SP, Tryptophan and related derivative e.g. L-

D-Ribose-1P kynrinin, Kynurenic acid, Quinolinic acid.
Glucuronuic acid
D-Glucuronate, L-Arabitol, L-Saccharopine, N6,N6,N6-Trimethyl-lIysine

is Xvlitol, D-Threitol, D-Arabitol,

M:\:l;noitol Tt e Phenyliactic acid

ICAcycle Oxidative Cystathionine

phosphorylation

Fatty acvlcarnitines

Butyrylcarnitine, Hexanoylcarnitine Microbiome related metabolites

Octanoylcarnitine Choline: choline, betaine, trimethylamine
Lipid xid

8-hydroxyeicosatetraenoic acid (HETE)
14,15-dihydroxyeicosatrienoic acid ,
12,13-epoxy-9-keto-10(trans)octadecenoic
acid, Leukotriene E4 (LTE4), Prostaglandins
Sphingosine-1-phosphate (S1P)

Aromatic amino acid: 3-indpxyvl
sulfate, 3-propionate

Bile acids: glycocholenate sulfate,
taurocholenate

Xenobiotic: 3-phenylpropionate
Lipid: Lyso-phosphatidylcholine,
lysopphosphatidylethanolamine

Fig. 1. Summary of important metabolites and processes which were identified in patients with ACLF. Highlighted in blue
metabolites which increased and in red metabolites or process which decreased in blood of ACLF patients. Metabolic alterations
were identified in energy-related metabolism, fatty acylcarnitines, lipids, amino acids, and microbial-related metabolites.

liver transplantation can be an effective option for treatment [52]. Therefore,
there is an increasing effort on finding biomarkers for early diagnosis of HCC
given the poor performance of present markers. Metabolites from different
compound classes have been defined including amino acids, bile acids, free
fatty acids, phospholipids, and LPC (Table 3). Similar classes of compounds
were also found to discriminate patients with cirrhosis and ACLF.

In a GC-MS study, analysis was conducted on plasma samples from HCC
(n=63) and patient with cirrhosis (n=65). The study demonstrated that com-
bined clinical parameters such as alpha-fetoprotein (AFP) and underlying
aetiology and metabolites are effective for early diagnosis of HCC and lead to
improved AUC when compared to AFP. The result of their investigation iden-
tified amino acids, sugars, fatty acids, and organic acids as important metabo-
lites to distinguish between cirrhosis and HCC. They reported an increase of
valine, serine, isoleucine, alpha D-glucosamine 1-phosphate, and linoleic acid
[53¢]. Plasma phospholipids were shown to have the potential for discriminat-
ing between HCC and patients with cirrhosis. Higher phosphatidylcholine
(PC), sphingomyelin (SM), and low LPC 20:4 and plasmalogen- phosphatidyl-
ethanolamine (pPE) were found in HCC [54]. Lower concentrations of proline
and higher level of hydroxyourine were reported in HCC patients compared to
patient with cirrhosis [58].

A combination of untargeted GC-MS and targeted LC-MS was used to study
serum samples in healthy control (n=50), HCC (n=53), and cirrhosis (n=47) to
distinguish between cirrhosis and early HCC. Metabolites related to ammonia
recycling, the urea cycle, and amino acid metabolism were found to
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Table 3. Summary of important metabolites in HCC

Reference

Poto et al.
(2017)
(53]

Cotte et al.
(2019)
[54]

Kim et al.
(2019)
[55]

Liang et al.
(2020)
[56]

Luo et al.
(2018)
[57]

Application

To Identify biomarkers
which distinguish
between HC and HCC

To investigate plasma
phospholipids as
possible prognostic
biomarkers for HCC

To distinguish between
patients with cirrhosis

and HCC
octanoylcarnitine

Estimating risk for HCC

development in

patient with cirrhosis

To identify metabolites
for early HCC diagnosis

Sample  Important metabolites Analytical
reported platform
Increased Decreased used
Plasma Valine, serine, Untargeted and
jsoleucine, targeted
alpha GC-MS
D-glucosamine
1-phosphate and
linoleic acid
Plasma higher LPC 20:4 and LC-MS
phosphatidylcholine plasmalogen-
(PC), sphingomyelin phosphatidy
(SM) lethanolamine
(PPE)
Serum Methionine, proline, Pimelylcranitine
ornithine and
Untargeted GC-MS and
Targeted LC-MS
Plasma Phenylalanine Glutamine NMR and LC-MS
Serum Glycocholate (GCA) Phenylalanyl- LC-MS
tryptophan
(Phe-Trp)

discriminate between HCC and patient with cirrhosis. A panel of metabolites
including methionine, proline, ornithine, pimelylcarnitine, and
octanoylcarnitine demonstrated higher AUC (AUC: 0.75) than AFP alone and
was validated in another cohort showing reliability of the established model
[55]. In an exploratory study, untargeted NMR spectroscopy and targeted LC-
MS were conducted to find metabolites for estimating risk of HCC develop-
ment. Analysis showed that phenylalanine and glutamine were associated with
development of HCC in patients with cirrhosis [56].

In a large multicentre study, LC-MS was performed to identify biomarkers
for the diagnosis of HCC. A panel of metabolites including phenylalanyl-
tryptophan (Phe-Trp) and glycocholate (GCA) was identified and validated in
an independent cohort. The identified panel showed a better diagnosis of HCC
in high-risk cirrhosis with an AUC of 0.807-0.930. When the panel combined
with AFP, the sensitivity was further improved. Furthermore, the specificity of
this panel was tested against another two types of cancer with AUC of 0.946 and
0.829 [57s].

Overall, the previous studies focused on finding diagnostic panel of metab-
olites for early diagnosis of HCC in high-risk patient with cirrhosis (Fig. 2).
Although the identified biomarkers showed high specificity and sensitivity and
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Phospholipid Fatty acyl-carnitine
Phosphatidylcholine  Pimelylcarnitine
Sphingomyelin Octanoylcarnotine
Lysophosphatidylcho-
g:" a‘al;C) Bile acid

- Glycocholate

Valine, Serine,
isoleucine,
methionine, proline,
ornitine, glutamine,
phenylalanine,
tryptophan

Fig. 2. Summary of metabolites which were found to be important in discriminating patients with HCC from cirrhosis and predicting
progression. Metabolites from different compound classes have been defined including amino acids, bile acids, free fatty acids,
phospholipids, and lysophatidylcholine (LPC).

a superior predictive power when compared to AFP in discriminating between
HCC and cirrhosis, consistency across multiple studies or appropriate targeted,
quantitative assays have not been performed. A large number of multicentre,
quantitative measurements, with longitudinal follow-up is required to confirm
the clinical utility of the identified biomarkers. At present there are no
metabolomic prognostic biomarkers for HCC.

Conclusions and future directions
-]

Metabolomics is a powerful tool for the identification of novel biomarkers for
disease diagnosis and progression with particular promise in advanced liver
disease. Understanding the significance of altered pathways may aid in the
development of better therapeutic approaches. In this review, current research
from the past 3 years has been summarised with the aim of identifying metab-
olites associated with cirrhosis, decompensation/ACLF, and HCC. In cirrhosis,
alterations in amino acids, carbohydrates, lipids, bile acids, and microbial
metabolites have been identified. Most studies demonstrated a reduction in
lipid concentration and increases in bile acids with a shift to increased aromatic
amino acid concentrations. Many studies evaluated different potential metab-
olites for predicting and characterising ACLF development as well as predicting
disease severity. In these studies, a similar class of compounds were found to be
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associated with ACLF with mitochondrial dysfunction associated with systemic
inflammation a novel pathway of interest to explore. They reported changes in
metabolites related to energy metabolism, amino acids, lipids, bile acids, and
microbial metabolites. Patient with cirrthosis have a high risk for developing
HCC. Therefore, many studies aimed at finding potential biomarkers to distin-
guish between the two groups, but these remain elusive. Metabolites including
amino acids, bile acids, free fatty acids, phospholipids, and LPC have been
identified as important for discrimination between cirrhosis and HCC but
agreement between studies is poor.

Although the previous studies have identified many potential metab-
olites for cirrhosis, ACLF, and HCC, there are some limitations which
prevent the generalisation of these results. Most of the performed studies
are untargeted analyses and so the analytical parameters employed can
vary enormously. Although these approaches have benefits in terms of
being unbiased, this can be the reason for the different reported metab-
olites among the different studies. Different analytical platforms may
have been used by these studies which can generate diverse and often
incomparable metabolomic data. In some studies, untargeted analysis
was performed to find suitable metabolite candidates which were then
quantified using targeted analysis with LC-MS. This can be a better
approach to identify biological relevant metabolites and then accurately
quantify these metabolic alterations. In addition, these studies focused
on studying metabolic alterations in certain underlying causes of cirrho-
sis, such as HCV. This can then be extended to other causes to identify
whether the observed alterations are specific to the underlying cause or
to the cirrhosis process itself in patients.

In these studies, no specific single metabolite has been identified as
an ideal biomarker for the different stages of chronic liver disease, but a
panel of metabolites showed that as disease progressed there were
similar alterations in core metabolites regardless of the underlying
causes. The majority of investigations used serum and plasma to per-
form their metabolic profiling, as these samples are less invasive than
biopsies and they reflect metabolic alteration of endogenous metabo-
lites. The sample size was small in most of these studies which required
replication of these studies in larger diverse cohort. Careful selection of
the control cohort is significant in biomarker discovery, in order to
ensure that any metabolic alterations are specific to the disease under
investigation. Most of the studies included healthy controls to serve as
reference to the diseased group, whereas more appropriate positive
controls such as sepsis (for ACLF) or non-liver cancer (for HCC) would
be more informative to determine the specific metabolites of interest
rather than discover more generic processes with minimal translational
potential. The identified metabolites can form the basis for further
validation and studies but currently lack the validation and quantitation
needed for application into biochemical laboratories clinical practice.

Nevertheless, these studies have progressed our understanding of
metabolic dysfunction in cirrhosis, ACLF, and HCC. However, to con-
firm the clinical utility of the identified biomarkers, larger multicentre
studies with larger cohorts and longer follow-up are needed. Validation
in an external cohort is needed to confirm the clinical utility of the
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identified biomarkers using quantitative assays. A combination of panel
of metabolites and clinical parameters is likely to provide a better
biomarker than a single metabolite, and processes to account for this
require development. Furthermore, the contribution of the identified
biomarker to the pathology of cirrhosis and related complication can
be investigated further in in vitro and in vivo studies to enhance the
understanding of these diseases.
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