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Abstract

The prevalence of hepatocellular carcinoma (HCC) is rapidly increasing, driven not
least in part by the escalating prevalence of non-alcoholic fatty liver disease (NAFLD).
Bile acid (BA) profiles are altered in patients with HCC and there is a developing body
of evidence from in vitro human cellular models as well as rodent data suggesting that
BA are able to modulate fundamental processes that impact on cellular phenotype
predisposing to the development of HCC including senescence, proliferation and
epithelial-mesenchymal transition.

Changes in BA profiles associated with HCC have the potential to be exploited
clinically. Whilst excellent diagnostic and imaging tools are available, their use to screen
populations with advanced liver disease at risk of HCC is limited by high cost and low
availability. The mainstay for HCC screening among subjects with cirrhosis remains
frequent interval ultrasound scanning. Importantly, currently available serum
biomarkers add little to diagnostic accuracy. Here, we review the current literature on
the use of BA measurements as predictors of HCC incidence in addition to their use as a
potential screening method for the early detection of HCC. Whilst these approaches do
show early promise, there are limitations including the relatively small cohort sizes, the
lack of a standardized approach to BA measurement, and the use of inappropriate

control comparator samples.
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Core Tip:
The rapidly increasing prevalence of hepatocellular carcinoma (HCC) highlights the

unmet clinical need to develop and enhance early diagnostic strategies




Evidence from rodent and in vitro models suggests that bile acids may have a crucial role
in the pathogenesis of HCC

Changes in circulating bile acid profiles are observed in patients with HCC

Serum and urine BA profiles may predict HCC risk and may have potential as a non-

invasive screening tool

INTRODUCTION

The increasing prevalence of hepatocellular carcinoma (HCC) in recent years has
focused the need not only to develop better treatment strategies, but also to identify and
validate accurate, non-invasive early detection strategies with the aim of improving
clinical outcome. In 2018, HCC was ranked as the sixth most common incident cancer
and fourth highest for mortality outcome by the World Health Organization (1). Much
of the increase in incidence is driven by the epidemic of non-alcoholic fatty liver disease
(NAFLD), which is rapidly becoming the most prevalent etiology for cirrhosis, HCC
and liver transplant (2).
Currently, screening strategies for HCC detection are based on_ regular
interval ultrasound scanning (US) (usually 6 moly) while diagnosis is often confirmed
computerized tomography (CT) scan or magnetic resonance imaging (MRI). The
performance of US in early detection of HCC is dependent upon both the expertise of
the operator and the quality of the equipment (3). CT scanning is not recommended for
surveillance due to radiation exposure and MRI is expensive and not as widely
available. Alpha-fetoprotein (AFP) is a the most widely available serum biomarker test
for HCC. Despite being tested as a diagnostic tool, only two studies have investigated
its performance as a stand-alone screening method for early-stage HCC (4, 5). The data
are mixed and to some extent conflicting; whilst one study suggested that AFP
screening can miss many incident HCCs, the other reported improved early detection,
although there was no impact on clinical outcome. Importantly, in both studies, the
major underlying chronic liver disease was either HBV or HCV infection related

cirrhosis. AFP accuracy to detect early-stage HCC remains sub-optimal even when




combined with US, increasing the accuracy by only 6-8% (4, 6). AFP levels may also vary
in patients with HBV and HCV-related cirrhosis following flares of viral replication or
disease progression with further fluctuations being observed in patients with cirrhosis
whenever the underlying liver disease exacerbates (7). Moreover, early-stage HCCs

express AFP in only 10-20% of cases (8).

Bile acids (BA) include a variety of lipid compounds that are synthesized in
hepatocytes, secreted into the biliary tree and stored in the gall bladder. The primary
bile acids (cholic (CA) and chenodeoxycholic acid (CDCA)) are dehydroxylated to
secondary bile acids by gut microbiota, reabsorbed in the intestine and conjugated in
the liver (Figure 1). The amount of BA recirculating within the enterohepatic circulation
is constant (approximately 3g). As little as 0.5mg of BAs spill over into the systemic
circulation and are subsequently excreted into urine. Bile acid composition in serum
and urine is thought to be proportional to concentration in the gallbladder.

The biochemical modifications that BAs undergo during this cycle reflect their functions
as dietary fat emulsifiers. Importantly however, it is now widely recognized that BAs
have a diverse array of functions to regulate cellular metabolic, inflammatory and

proliferative phenotypes, mediated through a series of discrete BA receptors.

Farnesoid X receptor (FXR) is a nuclear receptor expressed in hepatocytes and
enterocytes and is most potently activated by CDCA. FXR activation within the liver
downregulates lipogenesis and enhances lipolysis preventing liver fat accumulation
whilst in the intestine, it promotes inflammation and insulin resistance. Takeda G
protein-coupled receptor 5 (TGR5) is a bile acid-specific G protein-coupled receptor
(GPCR) that activates various intracellular signaling pathways. Pregnane X receptor
(PXR) and constitutive androstane receptor (CAR) are BA nuclear receptors involved in

the regulation of drug metabolism and BA conjugation (9).




In this review, we will discuss the evidence supporting the role of BAs and their
receptors in the pathogenesis of HCC focusing largely on human models. In addition,
we discuss the potential utility of BA profiling as a risk stratification and early

diagnostic tool in the management of patients at risk of developing HCC.

BILE ACIDS AND THE PATHOGENESIS OF HCC

Evidence from rodent models

FXR-null mice accumulate BAs and develop spontaneous HCC in approximately 90% of
cases (10). In addition, liver-specific FXR-knockout mice also develop spontaneous HCC
in 20% of cases whilst intestine-specific FXR-knockout only develop HCC in 5% of
cases. The rate of HCC onset increases with diethylnitrosamine (DEN) treatment, a
well-recognised driver of the development of HCC, as well as treatment with cholic
acid (11). Conversely, in a humanized rodent model of NASH-associated HCC induced
by DEN and high fat choline-deficient diet, activation of FXR via administration of
obeticholic acid (OCA), a synthetic bile acid FXR potent agonist, upregulated p53 and
downregulated STAT3, a regulatory pattern that limits apoptosis and cancer
promotion (12).

The anti-tumor immune response is also modulated by BA. Increased conversion of
primary to secondary bile acids by an altered gut-microbiota has been associated with
CXCL16 downregulation in Natural Killer T-cells (NK) and this has been proposed to
exert a weaker antitumor immune response (13).

In addition to FXR, other BA receptors have been implicated in the pathogenesis of
HCC, although they have been studied in less detail. TGR5 activation may be involved
in the anti-tumor immune response. In a tumor-bearing murine model, administration
of ursodeoxycholic acid (UDCA) restrained T-reg Cell activation working through the
TGR5-AMPK-PKA (AMP-kinase, protein kinase A) axis, resulting in carboxyl terminus
of Hsc70-interacting protein (CHIP) mediated ubiquitination and subsequent
degradation of TGF-beta (14).




To date there are currently no studies that have specifically examined the role of CAR
and PXR in the pathogenesis of HCC and this is clearly an area where further research
is required. PXR is expressed in the intestine and has been suggested to have a role in
the pathogenesis of colon cancer (15). However, the specific pathways maybe different
between colon and liver and therefore dedicated studies in HCC models are warranted.

Evidence from rodent studies would therefore suggest that BA accumulation alongside
suppression of FXR expression may act synergistically in promoting carcinogenesis.
However, it is important to note that there are fundamental differences in BA synthesis
and metabolism between rodents and humans (exemplified by the exclusive generation
of muricholic acids and their metabolites in rodents) and this may limit the

interpretation of rodent derived data.

Evidence from human in vitro models

The data from human in vitro models are complex but do suggest a potential role for BA
in HCC pathogenesis. In Huh-7 and Hep3B cell models, physiological doses of OCA
and CDCA promote epithelial-mesenchymal transition (EMT) through the expression of
TGF-Beta (16). EMT is a process that entails changes in the shape of cells with loss of
polarity, cell-cell adhesion, and gain of spindle shape, migratory and invasive potential
and may be critical for the malignant transformation of hepatocytes. Furthermore, in
human hepatoma HepG2 cells, CDCA promotes cellular proliferation and reduces
sensitivity to the chemotherapeutic agent 5-fluorouracil (17). These data would suggest
that BA may promote HCC development, however, there may also be a dose-
dependency of effect. When administered in higher doses, OCA suppresses cell growth
and induces cell death (16).

Hepatic stellate cells (HSC) are a subgroup of hepatic cells that account for 10% of the
total cell mass of the liver and are fundamental in driving hepatic fibrosis. They
maintain a quiescent phenotype in normal liver and transdifferentiate to myofibroblasts

after a liver injury. There is evidence to suggest that DCA may indirectly promote




hepatocellular carcinogenesis through initiation of HSC senescence. Incubation of HSC
with DCA drives inflammation through the release of TGF-beta and IL-8 and both of
these cytokines are able to modify the expression of adhesion molecules promoting
EMT and subsequent HCC risk (18).

Ursodeoxycholic acid (UDCA), a secondary BA produced by the gut microbiota causes
a dose- and time-dependent increase in HepG2 cell apoptosis by activating the
mitochondrial cell death pathway (19). In addition, taurocholic acid (TCA) has an
antiproliferative effect on HepG2 increasing the expression of adhesion molecules and
promoting apoptosis, that may inhibit or even reverse EMT(20).

Taken together, all these data would suggest that BAs may play a role in the regulation
of cellular phenotype that may predispose to the development of HCC (Figure 1), but

the mechanisms are complex and currently poorly understood.

USING BILE ACID AS A CLINICAL TOOL IN PATIENTS WITH, OR AT RISK OF
HCC

Based on the preclinical evidence, it has been proposed that specific patterns of serum
and urine BAs concentrations may predict HCC risk or facilitate the early detection of
HCC. There are many potential benefits of such approach. Firstly, this may reduce the
number of percutaneous liver biopsies needed. Secondly, it may enhance the rate of

early diagnosis with the potential to improve clinical outcome.

Bile acids as predictors of HCC incidence

Based upon in vitro and preclinical observations, BA profiling has been used as a tool to
predict the subsequent development of HCC. Wang et.al. (21) reported the results of a
retrospective study and showed that elevated total serum bile acids (TBA) levels were
an independent risk factor for the future development of HCC. After adjusting for liver

fibrosis using a non-invasive risk stratification tool (AST to platelet ratio index, APRI)




and the presence of ascites, total BA levels were found to be elevated in those patients
who later developed HCC on a background of HBV-related cirrhosis.

More recently, a further study has reported an increased of risk of developing HCC in
cirrhotic patients with increased total BA. In addition, after adjustment for potential
confounders, the taurochenodeoxycholic  acid/glycochenodeoxycholic  acid
(TCDCA/GCDCA) and the taurodeoxycholic acid/glycodeoxycholic  acid
(TDCA/GDCA) ratios were both associated with a higher risk of developing HCC four
years later. In contrast, a decrease in the TCA/CDCA ratio was associated with a
reduction in the risk of HCC (22).

In a multi-centre, prospective observational cohort study, (23) Stepien ¢f al. defined the
metabolic perturbations that precede the diagnosis of HCC. Among fourteen
metabolites identified in the study, elevated serum levels of glycocholic acid (GCA) and
glycochenodeoxycholic (GCDCA) were associated with an increased risk of developing
HCC. However, it is important to note that in this study, comparison was made against
healthy controls matched to patients with HCC at the time of case occurrence. A
comparison to patients with established cirrhosis was not made and therefore this limits
the interpretation of their findings. However, these results are consistent with those of
previously reported studies suggesting that elevated TBA, and specifically primary bile
acid levels, are associated with an increased risk of developing HCC.

The mechanisms that underpin these observations remain poorly understood. Detailed
studies examining the role of BA conjugation in the development of HCC have not been
performed. However, diets high in saturated and milk-derived fats specifically increase
serum levels of taurine-conjugated bile acids in rodents (24). Increased taurine-
conjugated bile acids levels may therefore be a surrogate marker providing a reflection
of dietary composition that could drive HCC risk through the progression to advanced
NAFLD.

Bile acids and the early detection of HCC




Current screening strategies for the early detection of HCC in patients with advanced
liver disease are heavily reliant on US imaging. However, several studies have tried to
use measurements of serum (and in some cases urine) BA profiles as an early detection
strategy.

Han et al. measured selected BAs (CDCA, GCA and GCDCA) in 3 distinct patient
groups: one group with HCC, one group with cirrhosis but not HCC and a third group
of healthy controls. In both the HCC and cirrhosis groups, levels of GCDCA and GCA
were found to be higher than in healthy controls. CDCA levels were reduced in patients
with HCC compared to both patients with cirrhosis and healthy control subjects,
suggesting a potential protective effect against tumorigenesis (25). In the same study,
samples of HCC tumor tissue were also analyzed. Levels of all three bile acids were
reduced and it is possible that this may provide an environment which allows HCC to
develop by increasing inflammation and disrupting the efficacy of the immune
response (Figure 1).

In a retrospective, case-control study that incorporated an analysis of the serum
metabolome to identify potential markers for HCC, total BA concentrations were higher
in patients with HCC (with and without T2DM) compared to patients with T2DM but
without HCC and to healthy controls (26).

Several other studies have also confirmed higher levels of specific bile acids (most
frequently GCA, but also taurodeoxycholic acid, taurocholate, glycocholate, CDCA and
cholic acid) in the serum or plasma of patients with HCC when compared to healthy
controls (27-33). However, there is some variability as to the underlying etiology of
chronic liver disease predisposing to HCC in these cohorts and direct comparison of BA
profiles amongst these etiologies has not been made. Some of the published data are not
entirely consistent and highlight the critical importance of matching, clinically relevant
comparator cohorts. GCA and GDCA were found to be significantly decreased in a
cohort of patients with HCC when compared to those with cirrhosis, whilst they were

increased with respect to healthy volunteers (34). Another study using samples mainly




from patients with HCV and HBV related cirrhosis and HCC has shown that GCA,
GCDCA, TCA, and TDCA were decreased in patients with HCC compared to those
with cirrhosis (35). Taken together, these data would seem to suggest that the changes
in GCA and GDCA are the most consistent in the majority, although not all, of the
published studies and could offer biomarker potential. However, on their own in
isolation and without additional biomarkers (or the use of machine learning strategies)
they are unlikely to offer sufficient specificity or sensitivity as an early detection test. A

summary of findings from all the published studies is presented in Table 1.

Familial intrahepatic cholestasis is a group of rare genetic disorders involving bile acid
transport and synthetic defects characterized by BA accumulation in liver parenchyma.
Although available data are limited, there is some evidence to suggest, a risk of early
onset HCC in these groups of patients (36). Specific bile acids gre found predominantly
in fetal life or in rare genetic disorders of bile acid synthesis. 7a-hydroxy-3-oxochol-4-
en-24-oic acid and 3-oxochol-4,6-dien-24-oic acid are not normally secreted in adults,
but have been identified in plasma and urine of patients with cirrhosis and HCC (37,
38). An additional study has also suggested that Delta(4)- and/or allo-bile acids levels
in urine are increased in patients with HCC (39). Other chronic liver conditions are also
associated with changes in BA levels that can predispose to malignancy. In cases of
primary biliary cholangitis and primary sclerosing cholangitis, BA accumulation
enhances necrosis and apoptosis of hepatocytes through mitochondrial damage,
membrane disruption and ROS production. The chronic damage with oxidative stress

and pro-inflammatory microenvironment can promote carcinogenesis (9).

Rather than focusing on individual BA levels, machine learning algorithms applied to
BA profiles have been used successfully to differentiate benign from malignant
hepatobiliary strictures (40). Combining BAs and machine learning has not been
applied to the diagnosis of HCC diagnosis but may offer a strategy to improve

diagnostic and prognostic performance.




There are important inconsistencies and limitations in the published data that make
direct comparisons challenging and limit the interpretation of study results. Most
studies used liquid chromatography mass spectrometry to quantity bile acids and their
metabolites. However, the methodology is not standardized and therefore results from
different laboratories may not be completely reproducible or comparable. Race, age,
gender, diet, medication, circadian rhythm are factors that can influence BAs basal
concentration. Therefore, BA pool composition rather than absolute BA concentrations
should be considered to overcome or adjust for individual differences. Furthermore,
since the composition of BA profiles are not consistent, it is difficult to find consensus
over the definition of a standard pool (41). Study designs are also heterogeneous. Some
of the reports are case-control studies designed to detect differences in the risk of
development of HCC, whilst others are cross-sectional studies or retrospective studies
aiming to identify differences in the concentration of specific biomarkers between
patients with HCC and subjects at high risk or healthy control participants. Since most
cases HCC develops on a background of cirrhosis (of differing aetiologies), it is essential
that a biomarker is accurate enough to discriminate patients with disease-specific
cirrhosis from those with HCC. Head-to-head comparisons of BAs measurements
against the standard screening approaches of US+/-AFP have not been performed.
However, these studies would be crucial next step in order to assess the potential
clinical advantage of using BA profiles in replacement or addition to US+/-AFP as

screening strategy.

CONCLUSION

In conclusion, there is a growing body of evidence detailing a role for BAs and their
signaling in the pathogenesis of HCC. It is likely that this translates to clinical
alterations in BA profiles that have been measured in serum and urine from patients

with HCC and those with cirrhosis. What remains uncertain is how these observations




may translate to the development of meaningful biomarkers that might help guide
clinical management or predict clinical outcome. Adopting a standardized approach to
the measurement of BAs, combined with innovative approaches to the analysis and
interpretation, perhaps including the use of artificial intelligence and machine learning,

may facilitate their meaningful clinical use to enhance patient care.
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