Pre-diagnostic alterations in circulating bile acid profiles in the development of hepatocellular
carcinoma
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Novelty and Impact

We studied BA metabolism in hepatocellular carcinoma (HCC) development using pre-diagnostically
collected plasma samples from a multicentric prospective cohort. We observed perturbed BA metabolism
in HCC, apparent from several years before diagnosis. Compared to matched controls, HCC cases
showed increased total BAs with a shift towards taurine-conjugation, with adjustment for lifestyle/metabolic
confounders. Future studies should explore the potential for modulation of BA metabolism in HCC

development and BA profiling for clinical surveillance of high-risk patients.

List of abbreviations: AFP, alpha-fetoprotein; ALT, alanine aminotransferase; ALD, alcoholic liver
disease; ALP, alkaline phosphatase; AST, aspartate aminotransferase; BA, bile acid; BMI, body mass
index; CA, cholic acid; CDCA, chenodeoxycholic acid; DCA, deoxycholic acid; ESI, electrospray ionization;
EPIC, European Prospective Investigation into Cancer and Nutrition cohort; FLI, fatty liver index; GCA,
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acid; LOD, limit of detection; LOQ, limit of quantification; MS, mass spectrometry; NAFLD, non-alcoholic
fatty liver disease; NASH, non-alcoholic steatohepatitis; OR, odds ratio; PLSDA, partial least square
discriminant analyses; ROC, receiver operation characteristics; TaMCA, tauro-alfa-muricholic acid; TDCA,

taurodeoxycholic acid; TG, triglycerides; THCA, Taurohyocholic acid; TUDCA, tauroursodeoxycholic acid.
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Abstract

Bile acids (BA) play different roles in cancer development. Some are carcinogenic and BA signaling is also
involved in various metabolic, inflammatory, and immune-related processes. The liver is the primary site
of BA synthesis. Liver dysfunction and microbiome compositional changes, such as during hepatocellular
carcinoma (HCC) development, may modulate BA metabolism increasing concentration of carcinogenic
BAs. Observations from prospective cohorts are sparse. We conducted a study (233 HCC case-control
pairs) nested within a large observational prospective cohort with blood samples taken at recruitment when
healthy with follow-up over time for later cancer development. A targeted metabolomics method was used
to quantify 17 BAs (primary/secondary/tertiary; conjugated/un-conjugated) in pre-diagnostic plasma. Odd
ratios (OR) for HCC risk associations were calculated by multivariable conditional logistic regression
models. Positive HCC risk associations were observed for the molar sum of all BAs (ORgoubing=2.30,
95%Cl1=1.76-3.00) and choline- and taurine-conjugated BAs. Relative concentrations of BAs showed
positive HCC risk associations for glycoholic acid and most taurine-conjugated BAs. We observe an
association between increased HCC risk and higher levels of major circulating BAs, from several years
prior to tumor diagnosis and after multivariable adjustment for confounders and liver functionality.
Increased in BA concentration is accompanied by a shift in BA profile towards higher proportions of taurine-
conjugated BAs, indicating early alterations of BA metabolism with HCC development. Future studies are
needed to assess BA profiles for improved stratification of patients at high HCC risk and to determine

whether supplementation with certain BAs may ameliorate liver dysfunction.

Introduction

Hepatocellular carcinoma (HCC) is the most common type of primary liver cancer, is a leading cause of
cancer-related mortality worldwide and has limited therapeutic options. There is considerable
understanding about the roles of chronic hepatitis B/C infection, heavy alcohol drinking, smoking and
dietary aflatoxin exposures in HCC development in different populations. However, obesity, diabetes and
non-alcoholic fatty liver disease (NAFLD) are also emerging as important HCC risk factors, particularly as

rates of obesity and diabetes increase concomitantly with decreasing rates of chronic hepatitis infections

1-3
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One of the major biological functions of the liver is bile acid (BA) biosynthesis, metabolism and excretion,
meaning that the organ is exposed to BAs from both de novo synthesis within the liver itself and from
intestinal/gut re-absorption of primary and secondary BAs . BAs are essential for intestinal lipid absorption
and have numerous important metabolic, regulatory, and signalling functions # 5. But, they can also
promote cell proliferation, inflammation and oxidative stress, potentially leading to DNA damage and
tumour growth & 7. Primary BA are synthesized in the liver, conjugated with taurine or glycine, and stored
in the gall bladder as bile which is excreted into the intestinal tract with food consumption 8. Excreted BA
are largely deconjugated, the majority are re-absorbed via the entero-hepatic circulation and some reach
the colon where they are converted to secondary BA by gut microbial action before also being largely re-
absorbed 8.
BA metabolism is affected by the functional capacity of the liver, as well as by various dietary and lifestyle
exposures % '° and the composition of the gut microbiota '*. These factors can each alter not only the total
levels of BAs but also the overall profile of the body BA pool, for example via alterations in the conjugation
profile of BAs and changes in the rate of conversion of primary-to-secondary BAs brought about by
modifications in gut microbiome composition ° 2 3, BA metabolism may also be altered by various disease
states. For example, NAFLD is often accompanied by elevation of BA levels and a change in circulating
BA profiles ' while non-alcoholic steatohepatitis (NASH) and alcoholic hepatitis lead to accumulation of
more hepato-toxic BAs and enhanced transformation of primary to secondary BAs 516,
De-regulation of BA metabolism is a likely early event in HCC development '” '8, Increasing perturbations
of BA metabolism and accumulation of toxic BAs have been observed in the progression of liver cirrhosis
and the development of cirrhosis-derived HCC '°. We have previously observed strong positive HCC risk
associations with circulating levels of two secondary glycine-conjugated bile acids, glycocholic acid (GCA)
and glycochenodeoxycholic acid (GCDCA), in the European Prospective Investigation into Cancer (EPIC),
an observational cohort study ?°. Similar observations also exist in separate cohorts of male Finnish
smokers 2!, Taiwanese hepatitis B or C positive individuals ?? and in the Singapore Chinese Health Study
2. De-regulation of BA metabolism and higher total BA levels in HCC have also been observed in other
prospective ?22° and retrospective 2 cohorts as well as in studies of HCC patients 2?8, To date, most of
the publications on this topic have been based on Asian populations and there is a paucity of information

from prospective cohort studies from European populations. In this detailed analysis, we build on our
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previous observations 2° by conducting comprehensive profiling and quantification of individual BAs within
the EPIC study, a large multi-centre European observational prospective cohort, using pre-diagnostically
collected plasma samples taken from healthy participants at enrolment who were then followed-up until

disease diagnosis.

Material and Methods

Study design

The rationale, study population and data collection methods of the EPIC cohort have been previously
described 2°. Briefly, between 1992-2000 over 520,000 apparently healthy men/women were recruited
from 10 European countries: Denmark, France, Germany, Greece, Italy, Norway, Spain, Sweden, the
Netherlands, and United Kingdom. Detailed dietary/lifestyle/anthropometry data and blood samples were
collected at recruitment. Participants were followed-up for determination of post-recruitment cancer
diagnoses. Approval was obtained from the relevant ethical review boards of the participating institutions
and from the IARC Ethics Committee. All cohort participants provided written informed consent. Cancer
diagnoses were determined through record linkage with regional population cancer registries or by active
follow up via a combination of methods up to 2012. Cases were defined as C22.0 (with morphology codes
8170/3, 8171/3, 8180/3), according to the 10th revision of the International Statistical Classification of
Diseases, Injury and Causes of Death (ICD10) and the 2nd edition of the International Classification of

Diseases for Oncology (ICD-0-2).

Nested case-control study design

After a mean of 8.6 years (maximum 19 years) post-recruitment, 233 cohort participants developed first-
incident, primary, histologically confirmed HCC and had available baseline blood samples for laboratory
measurements. Each HCC case was matched to one healthy control participant using incidence density
sampling from all cohort participants alive and free of cancer (except non-melanoma skin cancer).
Matching criteria were: age at blood collection (x1 year), sex, study center, time of the day at blood
collection (3 hours), fasting status at blood collection (<3, 3-6, and >6 hours; to account for potential

differences in BA concentrations by fasting); women were additionally matched by menopausal status
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(pre-/peri-/post-menopausal), and hormone replacement therapy use at time of blood collection (yes/no).

Additional design details are provided in Supplementary Methods.

Laboratory measurement of circulating bile acids

A series of 17 plasma BAs were quantitatively measured using a targeted metabolomic profiling method
%0 To retain all participants in the analyses, the value of the relevant limit was assigned to those whose
measured BA concentrations were either below the limit of detection (LOD) or below/above the limit of
quantification (LOQ). THCA was excluded from the main analyses because >40% of total subjects (48%
cases; 76% controls) had values below the LOD or LOQ. BAs were expressed as concentrations
(nanomoles, nM) and in terms of relative contribution (calculated as the percentage of each BA to the
molar sum of the 17 BAs and expressed as % of total BAs), groupings of BA families by species, BAs of
hepatic or bacterial origin (i.e. primary, secondary), BA hydrophilicity/hydrophobicity and conjugation

status. Ratios of specific BAs were also computed.

Assessment of liver/metabolic dysfunction, definition of “suspected” NAFLD

Existing measures of biomarkers of metabolic/liver function and hepatitis B/C infection (Supplementary
Methods) were used to assess correlations with circulating BAs. The fatty liver index (FLI) 3" and a
metabolic syndrome score *? were also calculated using existing biomarkers/data (see Supplementary
Methods and Table 1 footnotes). Individuals with “suspected” NAFLD were defined as cases/controls with
no prevalent viral hepatitis B/C infection, moderate alcohol intake of <30g/d (men) or <20 g/d (women) and
characterized with at least one of the following: ALT>55 U/L, GGT>64 U/L in men and GGT>36 U/L in

women, FLI>60, or presence of the metabolic syndrome.

Statistical Analyses

Conditional logistic regression was used to compute odds ratios (OR) and 95% confidence intervals
(95%CI) to assess the association between BAs and HCC risk. BAs were log2-transformed and assessed
as both continuous exposures and by tertiles with cut-points based on the distribution of controls. OR from
continuous analyses indicate HCC risk corresponding to a doubling of circulating BA concentration or

relative contribution of each BA to the molar sum of BAs. A crude model, conditioned on the matching
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criteria only, was applied first, followed by a detailed multivariable model with additional a priori-defined
adjustments for BMI (kg/m?), waist circumference (cm), recreational/household physical activity (Met-
hours/week), baseline alcohol consumption (g/day), lifetime alcohol intake pattern, smoking status and
highest level of education attainment (see Table 1). We also tested additional dietary variables and fasting
status as potential confounders, but they did not appear as such (<10% change in estimate) in preliminary
testing and were thus not included in the final multivariable model. In a second series of multivariable
models, additional adjustments for circulating GGT concentrations or FLI (to account for differences in BA
concentrations potentially due to disparities in liver functional capacity between cases and their matched
controls), as well as hepatitis B/C positivity were implemented. Additional dietary variables and fasting
status did not appear as confounders when tested and were not included in the multivariable models.
Sensitivity analyses were also run limiting the analyses to case-control pairs where the case was:

(a) diagnosed >2 years post-enrolment (to assess reverse causality; n case-control pairs=209), or

(b) free of hepatitis B/C infection at baseline (to assess the role of BAs without viral etiology; n case-control
pairs=114).

Two sub-group analyses were also conducted with the aim to assess the BA-HCC association under
different severities of liver dysfunction in HCC cases and under conditions of severe metabolic dysfunction,
respectively:

(a) stratification by number of abnormal liver function parameters in HCC cases (i.e. cases with none or 1
(n case-control pairs=123) vs cases with 2-5 abnormal cumulative liver function parameters (n case-control
pairs=110); see Table 1 and 3 footnotes), and

(b) restriction to case-control pairs where both participants were “suspected” NAFLD” patients (n case-
control pairs=27, crude models; defined above).

All statistical tests were two-sided and p values <0.05 were considered statistically significant. The p-
values presented in the tables are the original p-values. The threshold p-value for Bonferroni correction
for multiple testing considering 17 BAs is 0.003 for linear models. For categorical models in tertiles, the
threshold p-value for Bonferroni correction was calculated to be 0.0015 (i.e. 0.05 divided by 34 individual

tests). Statistical analyses were conducted using SAS version 9.2 (SAS Institute, NC).

Results
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Baseline characteristics
Table 1 shows baseline characteristics of HCC cases and their matched controls. The median absolute
concentration of total BAs was higher in HCC cases than controls (5,600 nM vs 2,311 nM; Table 1).
Compared to controls, HCC cases had generally higher levels of individual BAs (ranging from 1.2 (DCA)
to 4.5 (TCA) times), higher level of conjugated BAs (87.1% vs 61.5% in controls) and differing levels of
glycine- (71% vs 89%) and taurine-conjugation (29% vs 11%). Correlations between circulating BAs and

by liver function parameters are shown in Supplementary Figure 1.

Concentration of BAs and HCC risk

Associations between circulating BA concentrations and HCC risk are shown in Table 2. After Bonferroni
p-value corrections for multiple comparisons, total circulating BAs (nM) were positively associated with
HCC risk (multivariable adjusted OR per doubling of concentration=2.30; 95%Cl:1.76-3.00). Positive HCC
risk associations were observed for individual taurine- and glycine-conjugated BAs (Table 2). In both crude
and multivariable adjusted continuous models, the findings were not altered by further adjustment for
circulating GGT levels (Table 2) or FLI (Supplementary Table 2a). These additional adjustments were
applied to control for the severity of liver dysfunction and potential disparity in liver functionality between
cases and matched controls.

Associations for plasma concentrations of groupings of BAs are shown in Supplementary Table 3a. In
multivariable models, higher concentration of groupings of primary (OR per doubling of
concentration=2.20, 95%CI:1.72 - 2.82), secondary (OR per doubling of concentration=1.71, 95%CI:1.39
- 2.10) and total conjugated BAs (OR per doubling of concentration=2.31, 95%CI:1.77 - 3.00) were
associated with increased HCC risk, whereas no risk associations were observed for groupings of
unconjugated BAs. Further adjustments for FLI, hepatitis B/C status and sensitivity analyses restricted to
cases diagnosed after 2 years of follow-up did not alter observed associations.

Loess curves showed a clear difference in the concentrations of total and conjugated BAs between HCC

cases and controls up to 10 years prior to HCC diagnosis (Supplementary Figure 2).

Relative proportions of specific BAs and HCC risk
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Supplementary Table 1 shows HCC risk estimates for relative proportions of BA (% concentration of each
BA relative to total sum of all BAs). Glycine- and taurine-conjugated forms of CA, i.e. GCA (OR=2.13,
95%Cl: 1.58-2.86) and TCA (OR=1.83, 95%CI: 1.50-2.22), showed positive HCC risk associations in
continuous multivariable adjusted models (per doubling of relative proportion). Similar associations were
observed for other taurine-conjugated BA, i.e. TaMCA (OR=1.47, 95%CI: 1.25-1.74), TCDCA (OR=1.74,
95%Cl: 1.40-2.15), and TUDCA (OR=1.39, 95%CI: 1.13-1.72)(per doubling of relative proportion).
However, inverse HCC risk associations were observed for unconjugated BAs and two glycine-conjugated
BAs (GDCA and GLCA); while no association was observed for the remaining BAs. Most of these
associations were maintained with further adjustment for FLI and in sensitivity analyses (Supplementary
Table 2b). Analyses by groupings of BAs showed positive HCC risk associations conjugated BAs while

unconjugated BAs were inversely associated (Supplementary Table 3b).

Sub-group analyses

Table 3 shows HCC risk associations for plasma BA concentrations stratified by case-control sets where
the case has <1 abnormal liver function parameter compared to a group where the case has 2-5 abnormal
parameters. The former group showed modest but significant positive HCC risk associations for all BAs
(OR per doubling of concentration of total sum of BAs=1.55, 95%Cl:1.22-1.97), while the group with higher
severity of liver dysfunction demonstrated stronger HCC risk associations (OR=5.61, 95%CI:2.78-11.33).
We also performed a second sub-analysis restricting to a sub-set of 27 case-control pairs with “suspected”
NAFLD. Baseline characteristics for this sub-group are shown in Supplementary Table 4 and the HCC
risk associations in Supplementary Table 5. Overall findings in this sub-set of subjects were not

remarkably different from those observed for the whole series of HCC case-control pairs.

Discussion

This study was based on the EPIC observational prospective cohort composed of apparently healthy
participants from whom blood samples were collected at baseline prior to diagnosis, with subsequent
follow-up over time for cancer diagnoses, including HCC. We observed that participants who had higher
baseline circulating concentration of total BAs had a greater HCC risk even after accounting for possible

confounding by established HCC risk factors and additional adjustment for GGT levels or FLI as markers
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of potential liver dysfunction. Our data also showed changes in relative proportions of BAs in HCC
development, with a BA profile composed of higher proportion of GCA and several taurine-conjugates, at
the expense of primary BAs, being more closely associated with HCC risk. We also observed clear
increases in the concentration of conjugated BAs in cases compared to matched controls up to 10 years
prior to HCC diagnosis. Collectively, our findings indicate that alteration of BA metabolism is an early event

in HCC development — a key strength of our prospective design.

Our observations of increased circulating BA levels and changes in BA profiles in HCC development were
not confounded by hepatitis infection status and are apparent even after adjustment for degree of liver
dysfunction. Liver dysfunction may affect BA metabolism in several ways, such as impaired hepatic BA
clearance, increased BA synthesis, leakage of BAs from injured hepatocytes, and alterations in the
composition of the gut microbiome leading to changes in the production of secondary/tertiary BAs. We
accounted for the influence of liver dysfunction on our findings in two separate ways. First, we modelled
an additional adjustment for circulating GGT levels and secondly, we added FLI into our multivariable
model. In both situations, our observation of a positive association between higher BA levels and HCC
development were largely unchanged suggesting that our observations are only partially explained by

severity of liver dysfunctionality.

We further explored the role of liver dysfunction by stratification into two different sub-groups, one with
HCC case-control pairs where the case had no or low liver impairment and the second with those where
the case had moderate to severe liver impairment. We show similar patterns of HCC risk association with
BA profiles in the two sub-groups, although the magnitude of associations was lower in the sub-group with
low liver impairment. This observation highlights the connection between BA metabolism and liver
functionality. More importantly, it demonstrates that even in those with good liver functionality, alterations
in BA metabolism may be indicative of HCC development. Coupled to our sensitivity analyses showing
that exclusion of cases diagnosed within 2 years of baseline did not alter our observations, these results
indicate alteration of BA metabolism as an early event in HCC development. This raises the possibility of
additional studies to explore dysregulated BA metabolism as an additional tool for more refined

stratification of patients who may be at higher risk for HCC development.
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Unhealthy lifestyle exposures may, on the one hand, bring about a cancer promotive environment in the
liver linked to metabolic dysfunction and inflammation, and on the other hand, also affect unfavourable
changes in the gut microbiome, further impacting BA profile changes, possibly towards ones that contain
more harmful/carcinogenic species, hence inducing a vicious cycle of further liver impairment, induction of
malignant change and promotion of liver tumour growth. However, in our statistical modelling adjustment

for smoking, alcohol consumption and physical activity did not meaningfully change our findings.

The comprehensive targeted, quantitative BA profiling method we applied allowed the differentiation of
individual glycine- and taurine-conjugates, showing that HCC cases had higher relative proportions of
taurine-conjugated BAs and GCA compared to matched controls, similar to observations from the
Singapore Chinese Health Study cohort 23, which applied a comparable BA profiling method to that used
in our study. Another recent study in different ethnic groups showed elevated TCA, TDCA and GCA
proportions and a lower proportion of DCA in patients with broad hepatic impairment compared to healthy
subjects 3, in line with our findings. Elevated glycine- and taurine-conjugated BAs have also been
identified as main discriminants for HCC development in Chinese hepatitis patients 25, and higher TUDCA
has been associated with HCC risk in a Korean cohort study 2*. Another recent study based on two cohorts
of chronic hepatitis B and C patients of Chinese ancestry from Taiwan — using the Metabolon metabolomics
platform - has also shown a positive HCC risk association with increased circulating levels of primary and
taurine- or glycine-conjugated primary BA measured in pre-diagnostically collected blood ?2. Interestingly,
we also observed a strong linear positive HCC risk association with levels of TaMCA, a murine taurine-
conjugated BA not usually observed in humans 34. The presence of TaMCA may be indicative of gut
microbiome dysbiosis, i.e. alteration of the microbiome as a feature of poor dietary/lifestyle habits and
processes of disease development, which affects BA metabolism, synthesis and composition *. In fact,
we can speculate, based on our observations, that taurine-conjugation of BAs increases with impaired
liver function in HCC development, possibly as an adaptive mechanism aimed to protect the liver from
unfavourable metabolic effects of chronic exposure to more toxic BA. A potential shift towards taurine-
conjugation of BAs in HCC development has also been observed in the recent analysis of the Singapore

Chinese Health Study #. The authors speculate an increased production of these BA with higher fat
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consumption, and a role for them in promotion of liver cirrhosis and gut barrier dysfunction 23, But other
studies suggest potentially protective roles for taurine-conjugated BA in the presence of cardiometabolic
risk factors % — something that deserves further investigation in relation to liver diseases. BA deconjugation
and production of secondary BAs is dependent on the gut bacterial microbiome 8. Interestingly, Petrick et
al observed an inverse HCC risk association between secondary BA and HCC risk in chronic hepatitis
patients 2, also possibly implicating alterations in the bacterial microbiome composition, something that
has previously been observed during hepatitis infections 738, In HCC, alteration of the composition of the
gut microbiome towards more pathogenic bacteria has been observed, with a reduction of microbial
diversity and an increase in bacterial genera that produce lipopolysaccharide (LPS) 8. These observations
are in line with our own previous findings of a strong, positive HCC risk association with increased LPS
exposures *°, suggesting an alteration of the gut microbiome composition that may then modulate the body
BA pool, alter circulating BA profiles and affect various complex microbiome-BA signalling pathways
possibly creating a pro-inflammatory hepatic environment &. Following from this, it has been recently
suggested that modulation of BA towards more favourable profiles through manipulation of gut microbiome
composition may be a treatment strategy for liver cancer patients “°. In addition, we also observe that
higher relative concentration of hydrophilic BA (UDCA and CA) are associated with lower HCC risk. These
BA are known to be liver protective, and it may thus be speculated that their supplementation may be

effective in ameliorating liver dysfunction.

NAFLD is emerging as an important HCC risk factor ' and has been associated with elevation of
circulating BAs ™, in line with our present observations. Similar observations were made in the Singapore
Chinese Health Study cohort 2. We assessed the BA-HCC risk association in a restricted sub-set of
subjects where we speculate that both the case and matched control pair had “suspected” NAFLD. We
acknowledge that the lack of a clinical diagnosis of NAFLD in our cases is a limitation, but we surmise that
subjects with a specific series of exposures — very low alcohol intake, high GGT and FLI, and metabolic
syndrome — were likely to have NAFLD. Interestingly, this smaller sub-group showed the same pattern of
observations seen in the full case series, i.e. association of HCC risk associated with elevated total and
conjugated BAs, indicating that perturbations of BA metabolism are a factor in HCC development

irrespective of the main etiology of the HCC. Our findings did not demonstrate differing BA profiles by
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hepatitis infection status or in the suspected NAFLD sub-group. However, a recent patient study has shown
distinct BA profiles in patients with different chronic liver diseases “2. The challenge for future studies will
be to determine whether BA profiling may be utilized as a tool for early diagnosis and differentiation of

various chronic liver diseases, including HCC.

Our study has several key strengths, but foremost is its prospective design, nested within a large, multi-
national observational cohort. We also collected detailed pre-diagnostic baseline and confounder
information and biological samples on which our biomarker analyses were based. A key limitation pertains
to the unavailability of clinical data in our HCC cases, particularly on fibrosis or cirrhosis. We addressed
this by carefully adjusting for indices of liver functionality and steatosis. We also included fasting status at

blood collection as a matching criterion to account for the effect of this variable on BA metabolism.

In conclusion, in this study based on cases and controls from a well characterized prospective
observational cohort, we show that increased circulating BA levels, particularly GCA and taurine-
conjugated BAs, were strongly associated with HCC development. It remains to be determined whether
BA profiling can serve in better risk stratification of subjects who are at higher risk of HCC development
and whether manipulation of BA profiles towards less toxic species may improve liver impairment in these

patients.
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Table 1. Baseline demographic, anthropometric, lifestyle characteristics and biomarker measures of hepatocellular
carcinoma cases (HCC; n=233) and their matched controls (n=233) in the EPIC nested case-control study.

Matched Controls HCC Cases p value
Age at blood collection ! 59.1 (6.9) 59.1 (6.9)
Sex!
Men 153 (65.67) 153.0 (65.7)
Women 80 (34.33) 80.0 (34.3)
Body Mass Index (BMI, kg/m?) 26.7 (3.8) 28.4(4.9) <0.0001
Fasting status !
Not fasted (<3 h) 99 (42.5) 104 (44.6)
In between (3-6 h) 53 (22.8) 50 (21.5)
Fasted (>6 h) 77 (30.1) 74 (31.8)
Waist circumference (cm) 91.3(11.5) 96.7 (13.6) <0.0001
Physical activity (Mets) 84.5 (52.5) 85.6 (54.8) 0.81
Baseline dietary intakes(g/d)
Fat 85.9(29.7) 84.8 (36.6) 0.67
Fibre 23.5(8.1) 22.1(9.4) 0.05
Sugar 100.6 (44.8) 107.4 (50.1) 0.10
Energy (kcal/d) 2208.4 (639.4) 2264.5 (940.6) 0.37
Alcohol (g/d) 16.0(19.4) 23.9 (33.5) 0.02
Alcohol drinking pattern
Never drinker 15 ( 6.44) 16 ( 6.87) 0.02
Former drinker 12 (5.15) 31(13.3)
Drinker at recruitment 27 (11.59) 29(12.45)
Lifetime drinker 179 ( 76.82) 157 (67.38)
Highest education level
Primary school completed 111 (47.64) 123 (52.79) 0.23
Technical/professional school 51 (21.89) 55 (23.61)
Secondary school 31(13.3) 16 ( 6.87)
Longer education (incl. University) 35 ( 15.02) 34 (14.59)
Not specified 5 (2.15) 5(2.15)
Smoking status
Never 103 (44.21) 66 ( 28.33) <0.0001
Former 78(33.48) 71(30.47)
Smoker 51(21.89) 94 (40.34)
Unknown 1(0.43) 2(0.86)

Bile Acid levels (nM)

Cholic acid (CA) 75.4 (10, 1557.4) 116.8 (13.2, 1642.3) 0.04

Chenodeoxycholic acid (CDCA) 161.1 (21.3, 2,083.8) 262.2 (17.7, 2566.0) 0.30
Hyocholic acid (HCA) 7.3 (1.2, 52.0) 10.6 (1.2, 67.0) <0.0001

Deoxycholic acid (DCA) 256.6 (14.7,1,171.9) 308.3 (16.6, 1450.1) 0.64

Ursodeoxycholic acid (UDCA) 23 (2.4, 199.5) 35.5(2.4,478.8) 0.003
Glycocholic acid (GCA) 173.6(29.9, 855.7) 496.7 (69.5, 9706) <0.0001
Glycochenodeoxycholic acid (GCDCA) 804.0 (162.8, 2,887.2) 1687.5(211.9, 13,566.0) <0.0001
Glycodeoxycholic acid (GDCA) 194.7 (18.5, 803.7) 315.7 (37.4,2,890.1) <0.0001
Glycohyocholic acid (GHCA) 9.1 (5, 34.8) 14.9 (5.0, 205.6) <0.0001
Glycolithocholic acid (GLCA) 17.4 (3, 105.6) 27.8(3.3,192.9) <0.0001
Glycoursodeoxycholic acid (GUDCA) 74.3 (14.8,397.7) 147.3 (20.6,1,585.2) <0.0001




Tauro-alfa-muricholic acid (TaMCA) 18.7 (3.2, 168.1) 84.6 (8.1, 6,630.0) <0.0001
Taurocholic acid (TCA) 65.7 (13.0, 439.9) 246.7 (20.4 , 8,536.0) <0.0001
Taurochenodeoxycholic acid (TCDCA) 24.4(2.5,175.3) 63.7 (4.3, 900.7) <0.0001
Taurodeoxycholic acid (TDCA) 1.2 (1.2,7.2) 2.8(1.2,196.8) <0.0001
Tauroursodeoxycholic acid (TUDCA) 3.9 (1.2, 19.7) 14 (1.2, 404.7) <0.0001
Total BAsum 2,311 (662, 8847) 5,600 (1,059, 78,310) <0.0001
Biomarkers of Liver functionality
Gamma-glutamyl transferase (GGT; IU/L) 25.5 (33.4) 125.7 (207.4) <0.0001
For menonly 29.5(36.8) 166.1 (242.5) <0.0001
For women only 18.0(24.0) 49.3 (64.2) <0.0001
Alanine aminotransferase (ALT; IU/L) 20.9 (15.3) 41.0(36.7) <0.0001
Alkaline Phosphatase (ALP; IU/L) 58.5(20.7) 81.1(61.9) <0.0001
Total Bilirubin (umol/L) 8.5 (4.3) 10.7 (8.6) <0.0001
Aspartate aminotransferase (AST; IU/L) 23.4(11.2) 47.1(36.8) <0.0001
Aspartate aminotransferase to Alanine
aminotransferase ratio (AST/ALT) 1.5 (1.2) 1.6 (1.9) 0.34
Fatty liver index (FLI)2 38.5(28.2) 59.7 (31.2) <0.0001
BARD fibrosis score 1.65 (1.08) 1.96 (1.26) <0.0001
Viral status
Hepatitis B positive 13 ( 5.6) 37 (15.9) <0.0001
Hepatitis C positive 5 (2.2) 54 (23.2) <0.0001
Hepatitis B and/or C positive 17 (7.3) 82(35.2) <0.0001
Metabolic syndrome
No 136 (58.4) 97 (41.6) 0.0003
Yes 87(37.3) 126 (54.1)
Diabetes status
No 199(85.4) 182 (78.1) 0.05
Yes 12(5.2) 29(12.4)
Do not know 5(2.1) 6(2.6)
Hypertension
No 142(61) 127 ( 54.5) 0.08
Yes 58(24.9) 80 (34.3)
Do not know 12 (5.2) 8(3.4)
Cardiovascular problem
No 144 (61.8) 120 ( 51.5) 0.01
Yes 62(26.6) 86 (36.9)
1a case-control matching factor.
2 please see supplementary methods for information on the calculation algorithm for the FLI

Continuous variables are presented as means (standard deviation) or median (5, 95%; bile acids). Categorical variables
are presented as n (%). Paired sample t-test or non-parametric Wilcoxon’s signed rank test was used to test the difference
between cases and controls for continuous variables and chi-square test for categorical variables.

Metabolic syndrome (MetS) defined as any 3 of the following: abdominal obesity (waist circumference >=94 cm in men
or >=80 cm or women, elevated triglycerides (>1.7 mmol/L), reduced HDL cholesterol (<1.03 mmol/L in men or <1.29
mmol/L in women), elevated BP (systolic >130, diastolic >=85, or previously diagnosed hypertension), abnormal glucose
metabolism (HbAlc >=5.7% or self-reported diabetes at baseline). Clinical thresholds for liver function biomarkers:
ALT>55 IU/L (n controls=12; n HCC cases=51), AST>34 |U/L (n controls=26; n HCC cases=126), GGT >64 IU/L for men (n
controls=14; n HCC cases=88) and > 36 U/L for women (n controls=9; n HCC cases=27), ALP > 150 U/L (n controls=0; n
HCC cases=13), total bilirubin > 20.5 pmol/L (n controls=5; n HCC cases=18); values were provided by the laboratory.
Number of control participants with abnormal liver function parameters: no abnormal parameters=187, one abnormal
parameter=32, two abnormal parameters=11, three abnormal parameters=3, four abnormal parameters=0, five
abnormal parameters=0. Number of HCC cases with abnormal liver function parameters: no abnormal parameters=80,



one abnormal parameter=43, two abnormal parameters=61, three abnormal parameters=40, four abnormal
parameters=7, five abnormal parameters=2. The number of matched case-control sets where: (a) both have a similar
number of abnormal liver function parameters=69, (b) the HCC case has lesser number of abnormal liver function
parameters than its matched control=23, (c) the HCC case has a greater number of abnormal liver function parameters
than its matched control=141. The number of matched case-control sets where the HCC case has no or one abnormal
liver function parameter=123. The number of matched case-control sets where the HCC case has between two to five
abnormal liver function parameter=110. Missing values present for controls (fasting status n=4, MetS n=3, self-reported:
diabetes status n=17, hypertension n=21, cardiovascular problem n=27, physical activity n=12) and HCC cases (fasting
status n=5, MetS n=1, self-reported: diabetes status n=16, hypertension n=18, cardiovascular problem n=27).



Table 2. Odds ratios (95 % confidence intervals) of HCC risk across tertiles of individual bile acid levels.

Continuous 3 Continuous *

Tertile 1 Tertile 2 Tertile 3 ptrend (perdoublingof  p-value (plus additional p-value
concentration) adjustment for GGT)
Unconjugated primary bile acids
Cholic acid (CA) Tertile range (nM) 4.79 -38.1 >38.1-146.6 >=146.6
1.30 1.68 1.09 1.08
C E Ref. . .04 1
rude mode € (0.80, 2.13) 105,267 %% (101,119 0.040 (0.97, 1.20) 0-165
Multivariable 1.24 1.86 1.11 1.15
adjusted model2 R (0.68,2.27)  (1.03,336) 0% (100,129 0040 (1.01, 1.31) 0.032
Chenodeoxycholicacid 7. tie range ("M)  1.19-85.9 >85.9 - 334.4 >=334.4
(CDCA)
1.03 1.37 1.11 1.10
E Ref. 1 . 1
Crude mode € (0.65, 1.64) 0.88,214) %1% (1.01,1.21) 0.030 (0.98, 1.24) 0.100
Multivariable 0.78 1.03 1.07 1.14
Ref. . 27 067
adjusted model2 "¢ (0.4, 1.39) (059,181 % (095 1.19) 0.270 (0.99, 1.32) 0.06
Hyocholic acid (HCA) Tertile range (nM) 1.19-4.1 >4.1-12.1 >=12.1
1.19 1.75 1.23 1.24
E Ref. .01 <0.001 .007
Crude mode € (0.73, 1.94) (1.10,2.76) 0010 (109,138 ~ <2001 (1.06, 1.44) 0.00
Multivariable 1.12 2.00 1.29 1.32
adjusted model2 R (059,213)  (111,362) 290 (111,150 20 (1.09, 1.59) 0.004
Unconjugated secondary/tertiary bile acids
Deoxycholic acid (DCA) Tertile range (nM) 2.39-173.5 >173.5-384.2 >=384.2
0.67 0.98 1.01 0.99
E Ref. . . 832
Crude mode € (0.42, 1.07) (0.62,154) 250 092 1.12) 0.800 (0.86, 1.13) 0.83
Multivariable 0.47 0.71 0.94 1.01
adjusted model2 e (0.24,090)  (040,127) %799 (03,107 03 (0.86, 1.20) 0.887
Ursodeoxycholic acid . _
(UDCA) Tertile range (nM) 2.39-13.5 >13.5-40.3 >=40.3
1.32 1.80 1.20 1.18
1
Crude model Ref. (0.82,2.12) (1.14,2.85) 2010 (108,133 <000 (1.04, 1.39) 0.012
Multivariable 1.61 1.70 1.17 1.24
. 2 .02 .01
adjusted model2 R (0.88, 2.93) 0.96,3.00) 2290 (103,133 0.020 (1.05, 1.47) 0.010

Glycine-conjugated bile acids



Glycocholic acid (GCA)

Glycochenodeoxycholic

acid (GCDCA)

Glycodeoxycholic acid

(GDCA)

Glycohyocholic acid

(GHCA)

Glycolithocholic acid

(GLCA)

Glycoursodeoxycholic

acid (GUDCA)

Tertile range (nM)
Crude model !

Multivariable
adjusted model 2

Tertile range (nM)

Crude model !

Multivariable
adjusted model 2

Tertile range (nM)

Crude model !

Multivariable
adjusted model 2

Tertile range (nM)

Crude model !

Multivariable
adjusted model 2

Tertile range (nM)

Crude model !

Multivariable
adjusted model 2

Tertile range (nM)

Crude model ?

5.09-106.1

Ref.

Ref.

40.29 -509

Ref.

Ref.

2.39-126.1

Ref.

Ref.

1.19-6.7

Ref.

Ref.

1.19-9.6

Ref.

Ref.

2.39-46.7

Ref.

>106.1 - 237.1
1.97
(1.03, 3.79)
1.69
(0.81, 3.55)

>509 - 1074.3

1.75
(0.92, 3.32)
1.27
(0.60, 2.69)

>126.1-307.6

1.47
(0.87, 2.49)
1.14
(0.60, 2.14)

>6.7-13.3

1.21
(0.74, 1.98)
1.21
(0.63, 2.32)

>0.6-37.3

1.81
(1.12, 2.94)
1.89
(1.04, 3.44)

>46.7 - 111.3

1.11
(0.66, 1.87)

>=237.1
8.31

(4.27, 16.17)
9.15

(4.25, 19.71)

>=1074

6.95

(3.58, 13.50)
6.20

(2.87, 13.36)

>=307.6

2.59

(1.54, 4.35)
2.15

(1.14, 4.04)

>=13.3

2.49

(1.57, 3.94)
3.43

(1.84, 6.38)

>=37.3

2.08
(1.26, 3.42)
1.93
(1.07, 3.48)

>=111.3

2.50
(1.54, 4.04)

<0.001

<0.001

<0.001

<0.001

<0.001

0.006

<0.001

<0.001

0.030

0.120

<0.001

1.99
(1.65, 2.39)
2.11
(1.67, 2.66)

2.04 (1.68,
2.49)
2.08 (1.63,
2.64)

1.39
(1.23, 1.58)
1.32
(1.14, 1.53)

1.67
(1.40, 1.99)
1.97
(1.54, 2.53)

1.21
(1.08, 1.37)
1.23
(1.06, 1.41)

1.48
(1.29, 1.69)

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.006

<0.001

1.65
(1.35, 2.01)
1.80
(1.39, 2.32)

1.70 (1.35, 2.13)

1.76 (1.32, 2.35)

1.22
(1.04, 1.42)
1.22
(1.01, 1.48)

1.56
(1.23, 1.99)
1.65
(1.22, 2.23)

1.12
(0.95, 1.32)
1.07
(0.89, 1.30)

1.33
(1.13,1.57)

<0.001

<0.001

<0.001

<0.001

0.015

0.039

<0.001

<0.001

0.174

0.460

<0.001




acid (TaMCA)

Taurocholic acid (TCA)

Taurochenodeoxycholic

acid (TCDCA)

Taurodeoxycholic acid

(TDCA)

Tauroursodeoxycholic

acid (TUDCA)

Multivariable
adjusted model 2

Taurine-conjugated bile acids
Tauro-alfa-muricholic

Tertile range (nM)

Crude model !

Multivariable
adjusted model 2

Tertile range (nM)

Crude model !

Multivariable
adjusted model 2

Tertile range (nM)

Crude model !

Multivariable
adjusted model 2

Tertile range (nM)

Crude model !

Multivariable
adjusted model 2

Tertile range (nM)

Crude model !

Multivariable
adjusted model 2

Ref.

1.19-2.6

Ref.

Ref.

1.19-12

Ref.

Ref.

4.99-41.6

Ref.

Ref.

1.19-144

Ref.

Ref.

1.19-25

Ref.

1.09
(0.57,2.11)

>2.6-6.1

1.43
(0.80, 2.54)
1.54
(0.75, 3.16)

>12-27.5
2.30

(1.09, 4.87)
2.47

(1.03, 5.90)

>41.6-96.3

1.60
(0.80, 3.22)
0.93
(0.39, 2.23)

>14.4-37.7

1.17
(0.66, 2.07)
1.36
(0.67, 2.76)

>2.5-4.7

1.08
(0.51, 2.29)
1.48
(0.60, 3.67)

2.62
(1.43, 4.79)

>=6.1

5.34

(3.05, 9.36)
6.77

(3.35, 13.68)

>=27.5
14.40

(6.58,31.52)
19.53

7.55,50.51

>=96.3

9.17

(4.57, 18.42)
8.65

(3.73, 20.07)

>=37.7

5.96
(3.16, 11.24)
6.95

(3.13, 15.44)

>=4.7
4.73

(2.30,9.72)
6.04

(2.47, 14.75)

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

1.50
(1.26, 1.79)

1.85
(1.57, 2.19)
1.94
(1.58, 2.37)

1.84
(1.56, 2.16)
1.88
(1.55, 2.28)

1.88
(1.59, 2.23)
1.91
(1.57, 2.33)

1.61
(1.40, 1.84)
1.60
(1.35, 1.89)

1.84
(1.56, 2.18)
1.92
(1.56, 2.37)

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

1.42
(1.15, 1.76)

1.76
(1.42, 2.19)
1.94
(1.47, 2.56)

1.60
(1.34,1.91)
1.68
(1.35, 2.08)

1.67
(1.38, 2.03)
1.69
(1.34, 2.14)

1.41
(1.20, 1.66)
1.40
(1.15, 1.70)

1.61
(1.33, 1.96)
1.65
(1.30, 2.08)

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001




272.8 - >1704.5 -

5 H —
Total sum of all BAs Tertile range (nM) 1704.5 3918.6 >=3218.6
1.48 5.59 2.23 1.77
1 el
Crude model Ref. (0.78,2.82)  (3.09,10.11) 01 (179,276 ~ 0001 (1.40, 2.25) =0.001
Multivariable 1.52 6.07 2.30 1.91
adjusted model2 R (0.72,323)  (2.98,12.37) 0901 (176,300 200 (1.41, 2.59) <0.001

Odd Ratios (OR) and 95% confidence intervals (95% Cl) or p-values that are bolded indicate statistically significant values. OR (95%Cl) or p-values that are both bolded and
underlined indicate statistical significance with Bonferroni correction for multiple testing. In linear models, the threshold of the Bonferroni correction for multiple testing
p-value was calculated to be 0.003 (i.e. 0.05/17). In categorical models, the threshold for Bonferroni correction was calculated to be 0.0015 (i.e. 0.05/34).

1 OR (95% Cl) conditioned on the matching factors. The number of matched case-control sets where the HCC case has no or one abnormal liver function parameter=123.
The number of matched case-control sets where the HCC case has between two to five abnormal liver function parameters=110.

2 0R (95% Cl) calculated with multivariable adjusted conditional regression models (adjustment factors: matching factors + body mass index, waist circumference, alcohol
intake at recruitment, physical activity, smoking status, alcohol intake pattern and attained education level).

3 Continuous models with either crude or multivariable adjustment, where OR (95% Cl) are indicative of the HCC risk associated with a doubling of the concentration (nM)
of the respective BA.

4 Continuous models with either crude or multivariable adjustment plus additional adjustment for circulating GGT concentration (IU/L) included in the model as a
continuous variable, where OR (95% Cl) are indicative of the HCC risk associated with a doubling of the concentration (nM) of the respective BA. Risk estimates adjusted
for Fatty Liver Index (FLI), a composite score incorporating GGT, triglycerides, BMI, and waist circumference, are also provided in Supplementary Table 2.

> Total BA sum is the sum of nM concentrations of each individual BA.




Table 3. Odds ratios (95 % confidence intervals) of HCC risk in relation to the doubling of bile acid concentrations (nM)

among sub-groups of HCC cases based on their degree of liver dysfunctionality.

Cases with None or 1 abnormal liver
function parameter!
N case-control pairs=123

Cases with 2 to 5 abnormal liver

function parameters®
N case-control pairs=110

Unconjugated primary bile acids

Cholic acid (CA)
Chenodeoxycholic acid (CDCA)
Hyocholic acid (HCA)
Unconjugated secondary/tertiary bile
acids
Deoxycholic acid (DCA)
Ursodeoxycholic acid (UDCA)

Glycine-conjugated bile acids
Glycocholic acid (GCA)
Glycochenodeoxycholic acid (GCDCA)
Glycodeoxycholic acid (GDCA)
Glycohyocholic acid (GHCA)
Glycolithocholic acid (GLCA)
Glycoursodeoxycholic acid (GUDCA)

Taurine-conjugated bile acids
Tauro-alfa-muricholic acid (TaMCA)
Taurocholic acid (TCA)
Taurochenodeoxycholic acid (TCDCA)
Taurodeoxycholic acid (TDCA)
Tauroursodeoxycholic acid (TUDCA)

Total sum of all BAs

FD

1.0

1.2

1.2

1.0

1.3

14

14

1.2

1.3

11

1.2

2.2

25

2.0

2.1

2.6

15

OR (95% CI)?
1.01 (0.91, 1.12)
1.05 (0.93, 1.18)

1.08 (0.92, 1.28)

1.00 (0.87, 1.15)

1.12 (0.98, 1.28)

1.47 (1.21, 1.79)
1.48 (1.18, 1.86)
1.18 (1.01, 1.39)
1.31 (1.02, 1.68)
1.06 (0.90, 1.25)

1.27 (1.07, 1.52)

1.60 (1.29, 1.98)
1.50 (1.26, 1.80)
1.54 (1.27, 1.87)
1.35 (1.15, 1.59)
1.57 (1.27, 1.94)

1.55(1.22,1.97)

p

0.880
0.430

0.350

0.970

0.100

0.0001
0.0008
0.040
0.040
0.490

0.008

<0.0001
<0.0001
<0.0001
0.0003
<0.0001

0.0003

FD

2.1

2.0

1.8

13

1.8

6.4

3.6

2.6

3.2

2.2

2.7

8.7

16.5

7.2

3.8

5.8

3.2

OR (95% Cl)?
1.22 (1.06, 1.41)
1.19 (1.03, 1.39)

1.39 (1.16, 1.65)

1.03 (0.89, 1.19)

1.31 (1.11, 1.55)

5.41 (2.42, 12.08)
3.83 (2.27, 6.45)
1.70 (1.37, 2.10)
2.08 (1.55, 2.78)
1.38 (1.15, 1.64)

1.77 (1.40, 2.23)

2.23 (1.65, 3.02)
2.91 (1.81, 4.68)
2.78 (1.85, 4.18)
2.14 (1.61, 2.83)
2.30 (1.68, 3.14)

5.61 (2.78,11.33)

0.005
0.020

0.0003

0.710

0.002

<0.0001
<0.0001
<0.0001
<0.0001
0.0004

<0.0001

<0.0001
<0.0001
<0.0001
<0.0001
<0.0001

<0.0001

Odd Ratios (OR) and 95% confidence intervals (95% Cl) indicate HCC risk per doubling of the concentration. OR (95%Cl) or
p-values that are bolded indicate statistically significant values. OR (95%Cl) or p-values that are both bolded and underlined



indicate statistical significance with Bonferroni correction for multiple testing. The threshold of the Bonferroni correction
for multiple testing p-value was calculated to be 0.0015 (i.e. 0.05/34). FD: Fold difference (FD) between median levels of
BA in HCC cases compared to matched controls. ! abnormal liver parameters refer to ALT>55 U/L, AST>34 U/L, GGT >64
U/L for men and > 36 U/L for women, ALP > 150 U/L, total bilirubin > 20.5 pmol/L. 2 OR (95% CI) calculated with
multivariable adjusted conditional regression models (adjustment factors: matching factors + body mass index, waist
circumference, alcohol intake at recruitment, physical activity, smoking status, alcohol intake pattern and attained
education level). The number of matched case-control sets where the HCC case has no or one abnormal liver function
parameter=123. The number of matched case-control sets where the HCC case has between two to five abnormal liver
function parameter=110.
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