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Abstract

Background: Bile acids have been proposed to promote colon carcinogenesis. However, there are limited prospective data on
circulating bile acid levels and colon cancer risk in humans.

Methods: Associations between prediagnostic plasma levels of 17 primary, secondary, and tertiary bile acid metabolites
(conjugated and unconjugated) and colon cancer risk were evaluated in a nested case-control study within the European
Prospective Investigation into Cancer and Nutrition (EPIC) cohort. Bile acid levels were quantified by tandem mass spectrome-
try in samples from 569 incident colon cancer cases and 569 matched controls. Multivariable logistic regression analyses
were used to estimate odds ratios (ORs) for colon cancer risk across quartiles of bile acid concentrations.

Results: Positive associations were observed between colon cancer risk and plasma levels of seven conjugated bile acid
metabolites: the primary bile acids glycocholic acid (ORguartile 4 vs quartile 1= 2.22, 95% confidence interval [CI] = 1.52 to 3.26),
taurocholic acid (OR=1.78, 95% CI=1.23 to 2.58), glycochenodeoxycholic acid (OR =1.68, 95% CI=1.13 to 2.48),
taurochenodeoxycholic acid (OR =1.62, 95% CI =1.11 to 2.36), and glycohyocholic acid (OR =1.65, 95% CI=1.13 to 2.40), and
the secondary bile acids glycodeoxycholic acid (OR =1.68, 95% CI =1.12 to 2.54) and taurodeoxycholic acid (OR =1.54,

95% CI =1.02 to 2.31). By contrast, unconjugated bile acids and tertiary bile acids were not associated with risk.
Conclusions: This prospective study showed that prediagnostic levels of certain conjugated primary and secondary bile acids
were positively associated with risk of colon cancer. Our findings support experimental data to suggest that a high bile acid
load is colon cancer promotive.
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Bile acids constitute a group of endogenous cholesterol-derived
metabolites with detergent properties. The primary bile acids
cholic acid (CA) and chenodeoxycholic acid (CDCA) are synthe-
sized in the liver and largely conjugated to glycine or taurine.
Conjugation increases their water solubility, lowers their toxic-
ity, and is a precondition for the storage of bile in the gallblad-
der. Bile acids are released into the small intestine in response
to a cholecystokinin stimulus upon meal ingestion. In the gut
lumen, bile acids facilitate transport, digestion, and absorption
of nutrients, particularly lipids and lipid-soluble vitamins. Up to
95% of bile acids are actively reabsorbed in the terminal ileum
and transported back to the liver. Only a small fraction of bile
acids escape this efficient enterohepatic circulation and enter
the systemic circulation. Importantly, bile acids are subject to
transformations by the intestinal microbiota, which deconju-
gate them and, to a lesser extent, dehydroxylize them into the
free secondary bile acids deoxycholic acid (DCA, derived from
CA) and lithocholic acid (LCA, derived from CDCA). In addition,
CDCA is partially transformed into the tertiary bile acid urso-
deoxycholic acid (UDCA) by gut bacteria (1-4).

It has long been proposed that bile acids, particularly sec-
ondary bile acids, may promote colon carcinogenesis by induc-
ing DNA and protein damage as well as mucosal cell
proliferation and inflammation (3,5,6). More recently, impaired
function of the farnesoid X receptor, a nuclear bile acid receptor
that regulates bile acid homeostasis, has also been shown to fa-
cilitate colon cancer development (4). However, some evidence
suggests beneficial roles of bile acids (7). For example, the ter-
tiary bile acid UDCA, used in the treatment of cholangitis, may
be anticarcinogenic according to laboratory-based mechanistic
studies (8). Yet, UDCA supplementation trials among patients
with ulcerative colitis and primary sclerosing cholangitis have
shown mixed results with regard to colon cancer risk (8).

Epidemiological studies on fecal bile acid composition and
colon cancer risk have been inconsistent. The only bile acid that
was statistically significantly increased in the feces of colorectal
adenoma and cancer patients in a meta-analysis of small case-
control studies was CDCA, whereas levels of secondary bile
acids were not elevated (9). Heterogeneity in results from the in-
cluded studies may well be related to large variation in fecal bile
acid content and difficulties with sampling standardization (5).
Thus, it has been suggested that blood levels of bile acids could
be more useful to investigate associations with cancer risk than
fecal bile acids, and small case-control studies have found in-
creased serum DCA levels in patients with colon cancer (10-12).
As prospective studies on bile acid profiles and colon cancer
risk are currently lacking, the aim of the present study was to
evaluate, for the first time, the associations between
prediagnostic plasma bile acid concentrations and colon cancer
risk in the European Prospective Investigation into Cancer and
Nutrition (EPIC), using a validated targeted approach for bile
acid quantification (13).

Methods

Study Population

EPIC is an ongoing multicenter cohort study carried out across
23 study sites in 10 Western European countries. The study was
designed to investigate associations between nutritional, meta-
bolic, hormonal, lifestyle, and genetic factors and cancer risk,
and a detailed study protocol has previously been published
(14). In short, 521 448 adults (~70% female) aged 35 to 75years
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were recruited for EPIC between 1992 and 2000. At baseline, de-
tailed questionnaire- and interview-derived information on ha-
bitual diet, lifestyle, reproductive factors, and health status was
obtained, and anthropometric measurements were taken. Blood
was drawn following standardized procedures and processed
into serum, plasma, buffy coat, and erythrocyte samples. The
majority of these samples were stored at —196°C in liquid nitro-
gen at the International Agency for Research on Cancer (IARC;
Lyon, France). Samples from the Danish and Swedish centers
were stored locally at —150°C in nitrogen vapor and —80°C in
freezers, respectively. For financial and logistical reasons, sam-
ples of participants from Denmark, Sweden, and Norway were
not included in the present analyses.

Since baseline, incident cases of cancer are ascertained by
linkage to cancer registries (Denmark, Sweden, Norway, Italy,
Spain, the Netherlands, and the United Kingdom), or by health
insurance records, cancer and pathology registries, and active
follow-up with subsequent validation of potential cases by clini-
cal records (Naples, France, Germany, and Greece). The
International Classification of Diseases (ICD-10) and the
International Classification of Diseases for Oncology (ICD-0-2)
were used to identify and classify incident cases of colon cancer
(c18).

Cases of primary colon cancer diagnosed between 1993 and
2008 (n=581) were included in the current nested case-control
study. Each case patient was matched to a control individual
free of cancer (with the exception of nonmelanoma skin cancer)
at the index date, that is, the date of diagnosis of the cancer
case. An incidence density sampling protocol with age
(x6months at recruitment), sex, study center, follow-up time,
time of day at blood collection (+4hours), fasting status (less
than 3hours, 3-6hours, and more than 6hours), menopausal
status (premenopausal, perimenopausal, postmenopausal, or
surgically menopausal), current use of exogenous hormones
(oral contraceptives or hormone therapy, yes or no), and phase
of menstrual cycle at blood collection as the underlying match-
ing criteria was used.

The present study was approved by the ethics committees of
the IARC and the individual study centers. All participants pro-
vided written informed consent.

Laboratory Methods

Bile acid concentrations were measured at the Analytical Unit
of the Health Research Institute Hospital La Fe (Valencia, Spain)
using a validated and published ultraperformance liquid chro-
matography  (UPLC)-multiple reaction monitoring-mass
spectrometry method (13). Briefly, 50 uL of plasma was spiked
with deuterated internal standards stock solution. Following
this, proteins were precipitated and samples were dried and
reconstituted in 50puL methanol: water (50:50, V/V). Samples
were analyzed using an Acquity UPLC system (Waters, Elstree,
Herts, UK) equipped with an Acquity UPLC BEH C18 column
(1.7 pm, 2.1 x 100 mm; Waters). The MS analysis was performed
using a Waters Xevo TQ-S mass spectrometer with an electro-
spray ionization source working in the negative-ionization
mode. This targeted profiling method was initially developed to
quantify 31 bile acid metabolites in different matrices, of which
17 are detectable in human blood.

Prior to the present analyses on bile acids and colon cancer,
we showed that the biological reproducibility of most bile acid
metabolites was good (with Spearman coefficients >0.5 for
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intraindividual correlations over 1 year; see Supplementary
Methods and Supplementary Table 1, available online).

The laboratory personnel were blinded to the case-control
status of the samples throughout the entire measurement se-
ries. For logistical reasons, samples were divided into six differ-
ent batches for injection. Intrabatch and interbatch precision
were calculated using an extra sample from a healthy donor,
treated exactly as the other samples and injected repeatedly. All
coefficients of variation were less than 15%. An overview of the
bile acid metabolite levels as well as the number of values below
the limit of detection (LOD) is given in Supplementary Table 2
(available online). The bile acid with the highest proportion of
concentrations less than the LOD was taurohyocholic acid
(THCA), with 54.0% missing values among case patients and
50.3% missing values among control individuals, followed by
tauroursodeoxycholic acid (28.6% and 27.1%), tauro-alpha-
muricholic acid (18.3% and 14.1%), and UDCA (15.3% and 14.8%),
whereas all other bile acids were detectable in more than 95% of
the samples. For statistical analyses, values less than the LOD
were assigned half the LOD.

Statistical Analyses

Spearman rank coefficients were calculated to evaluate correla-
tions between bile acid metabolites among control individuals.
Generalized linear models were used to evaluate associations
between bile acid levels and the covariates used for logistic re-
gression analyses listed below (Supplementary Methods, avail-
able online). Conditional logistic regression models were used
to obtain odds ratios (ORs) and 95% confidence intervals (CIs)
for colon cancer across quartiles of individual bile acid concen-
trations. Analyses were conditioned on the matching factors
(age, sex, study center, follow-up time, time of day at blood col-
lection, fasting status, menopausal status, current use of exoge-
nous hormones, and phase of menstrual cycle), and further
adjusted for education level (no school degree or primary
school, secondary school, technical or professional school, lon-
ger education and/or university degree), physical activity level
(active, moderately active, moderately inactive, inactive;
according to the Cambridge Index [15]), smoking status (never,
former, current), waist circumference (cm), height (cm), and
consumption of red and processed meat (grams per day), fat
(grams per day), fiber (grams per day), and energy (kilocalories
per day). Linear trends were assessed fitting bile acid concentra-
tions continuously on the log2 scale as independent variables,
because tests for nonlinearity by restricted cubic splines did not
indicate nonlinear associations.

Multiplicative interaction between covariates and bile acid
levels was tested for, including cross-product terms in the logis-
tic regression models, and heterogeneity in associations be-
tween bile acids and colon cancer risk by sex and by anatomical
site (proximal vs distal) was assessed by > tests. Sensitivity
analyses were carried out excluding cases that had occurred
during the first 2 years of follow-up from logistic regression
analyses. We further corrected odds ratios from logistic regres-
sion using product-moment correlation coefficients (16) from
our above-mentioned reproducibility study (Supplementary
Methods, available online). Finally, we tested whether concen-
trations of individual bile acids relative to the total of all metab-
olite concentrations were associated with colon cancer.
Statistical tests were all two-sided, and differences were consid-
ered as statistically significant at P values less than .05. SAS 9.4
(Cary, NC) was used for the present analyses.

Results

Study Population

Plasma volumes of 12 of the selected 581 case-control pairs were
not sufficient for bile acid measurements, therefore, the final
sample consisted of 569 case-control pairs. The median age of
case patients and control individuals at blood collection was
57.5years (Table 1). The median follow-up duration was 6.0 years
(range = 0.1-14.4years). Overall, 62.6% of the participants were
female. The majority of samples (65.0%) were taken after a fast-
ing duration of at least 6hours, 16.0% after 3 to 6hours, and
19.0% after up to 3hours. There was a tendency for higher waist
circumference values and lower self-reported physical activity
among case patients compared with control individuals,
whereas other established risk factors for colorectal cancer
showed similar median values and distributions. Median bile
acid concentrations tended to be higher among case patients,
particularly for primary and secondary bile acids (Table 2).
Spearman rank coefficients (p) for correlations between bile
acid metabolites are shown in Supplementary Figure 1 (avail-
able online). High correlations (p >0.7) were observed between
unconjugated primary bile acids (CA, CDCA, and hyocholic acid
[HCA]), between conjugated primary bile acids (glycocholic acid
[GCA], taurocholic acid [TCA], taurochenodeoxycholic acid
[TCDCA], and glycochenodeoxycholic acid [GCDCA]), and be-
tween conjugated secondary bile acids (glycodeoxycholic acid
[GDCA] and taurodeoxycholic acid [TDCA]). Bile acid concentra-
tions were higher among men (Supplementary Table 3, avail-
able online) and lower with longer fasting duration
(Supplementary Table 4, available online). Whereas several
metabolites were further associated with alcohol consumption
(either inversely, or with higher levels both among nonconsum-
ers and high consumers), associations with other covariates
were sporadic (Supplementary Tables 5-9, available online).

Bile Acids and Colon Cancer Risk

Associations between concentrations of individual bile acids
and colon cancer risk are shown in Figure 1 and in more detail
in Table 3. We observed statistically significant positive associa-
tions between most of the conjugated primary bile acids (GCA,
TCA, GCDCA, TCDCA, and glycohyocholic acid [GHCA]) and co-
lon cancer risk when comparing extreme quartiles (Figure 1 and
Table 3). The strongest association was between GCA and colon
cancer risk (ORguartile 4 vs quartite 1 = 2.22, 95% CI = 1.52 to 3.26;
Plinear trena = 0.002), followed by TCA (OunartiIe 4 vs quartile 1 = 1.78
95% CI = 1.23 to 2.58), GCDCA (ORguartile 4 vs quartile 1 = 1.68, 95%
CI = 1.13 to 2.48), GHCA (ORquartile 4 vs quartile 1 = 1.65, 95% CI =
1.13 to 2.40), and TCDCA (ORquartile 4 vs quartite 1 = 1.62, 95% CI =
1.11 to 2.36]). By contrast, none of the unconjugated primary
bile acids (CA, CDCA, HCA) showed a statistically significant as-
sociation with colon cancer. Among the secondary bile acids,
the unconjugated metabolite DCA was not associated with co-
lon cancer, whereas our analyses showed statistically signifi-
cant positive associations for the conjugated metabolites GDCA
and TDCA (OR = 1.68, 95% CI = 1.12 to 2.54, and OR = 1.54, 95% CI
= 1.02 to 2.31, respectively; Figure 1 and Table 3). None of the ter-
tiary bile acids were associated with colon cancer (Figure 1 and
Table 3). Upon correction of P values for multiple testing by the
Bonferroni method (multiplying P values by the number of bile
acid metabolites), only the association between GCA and colon
cancer remained statistically significant (Piinear trena = -032).
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Table 1. Baseline characteristics of the study population

Characteristics

Control individuals

(n=569)

Case patients
(n=>569)

Median age at blood
collection (min, max), y
Sex, No. (%)
Female
Male
Menopausal status, No. (%)
Premenopausal
Postmenopausal
Perimenopausal
Surgical
postmenopausal
Current use of exogenous
hormones, No. (%)
Yes
No
Not specified
Fasting status, No. (%)
0-3 hours
>3-6 hours
>6 hours
Median waist circumfer-
ence (25th percentile,
75th percentile), cm
Median height
(25th percentile,
75th percentile), cm
Median alcohol intake at
recruitment
(25th percentile,
75th percentile), g/d
Median red meat consump-
tion (25th percentile,
75th percentile), g/d
Median processed meat
consumption
(25th percentile,
75th percentile), g/d
Median fiber consumption
(25th percentile,
75th percentile), g/d
Smoking status, No. (%)
Never
Former
Current
Unknown
Education level, No. (%)
Primary school/no
school degree
Secondary school (%)
Technical/professional
school
Longer education/
university degree
Not specified
Cambridge physical activity
index, No. (%)
Inactive
Moderately inactive
Moderately active
Active
Missing

57.5(36.7, 74.3)

108 (19.0)
91 (16.0)

370 (65.0)

87.0 (78.0, 96.0)

163.0 (156.5, 171.0)

6.0 (0.6, 21)

40.8 (23.3, 67.7)

223(9.7,41.1)

21.9(17.8, 26.8)

222 (49.7)

81 (14.2)
105 (18.5)

90 (15.8)

10 (1.8)

57.5(36.7, 74.3)

108
91
370
89.0

19.0)
16.0)
65.0)
79.2,98.5)

—_ e~ o~ —~

164.2 (158.5, 170.5)

5.6 (0.4, 23.8)

38.7 (20.4, 59.8)

23.0 (8.9, 41.6)

21.7 (17.5, 26.5)

212 (48.5)

106 (18.6)
86 (15.1)
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Similarly, only GCA was statistically significantly associated
with colon cancer risk in a mutually adjusted model including
the other bile acid metabolites that were associated with colon
cancer in the above-mentioned multivariable models.

Analyses on THCA and colon cancer risk by quartiles were
not possible because more than 50% of THCA values were less
than the LOD. Modeling THCA levels as a dichotomous variable
(values below the LOD vs detectable values) or a continuous
trend variable on the log2 scale did not show associations with
colon cancer. A similar pattern of associations between all other
bile acid metabolites with colon cancer was found when values
less than the LOD were excluded instead of assigning values at
half the LOD. Odds ratios changed only marginally when cases
that had occurred during the first 2 years of follow-up were ex-
cluded from the analyses and stratifying logistic regression
analyses by median follow-up duration showed no statistically
significant heterogeneity (data not shown).

We did not observe associations between total primary, total
secondary, total conjugated, and total unconjugated bile acids,
or their ratios with colon cancer risk. The ratio between DCA
and CA, for which a positive association with colon cancer was
shown in a smaller study among British women (10), was not
associated with colon cancer risk in our study, neither overall
nor in analyses stratified by sex (data not shown). When using
relative rather than absolute bile acid concentrations in logistic
regression models, only GCA showed a statistically significant
association with colon cancer (OR = 1.48, 95% CI = 1.04 to 2.12;
Plinear trend = -09; see Supplementary Table 10, available online).
There were no statistically significant interactions between bile
acids and possible effect modifiers in relation to colon cancer
risk, and no statistically significant heterogeneity by anatomic
site was observed (Supplementary Table 11, available online).
Although statistical analyses did not show heterogeneity by sex
across associations between bile acid metabolites and colon
cancer, most associations between individual bile acids, partic-
ularly conjugated primary bile acids, and colon cancer risk
tended to be stronger among women than among men (Figure 2
and Supplementary Table 12, available online).

Upon correction of associations between bile acids and colon
cancer for measurement error, some of the odds ratios substan-
tially increased (Supplementary Table 13, available online).
Most strikingly, the odds ratio for colon cancer among partici-
pants in the highest quartile of GCA concentrations was 2.22
(95% CI = 1.52 to 3.26) before and 4.78 (95% CI = 2.01 to 29.89) af-
ter correction.

Discussion

In this large prospective study, we investigated whether
prediagnostic concentrations of circulating bile acids were re-
lated to the risk of colon cancer. We observed that plasma levels
of five conjugated primary bile acids (GCA, TCA, GCDCA,
TCDCA, GHCA) as well as two conjugated secondary bile acids
(GDCA, TDCA) were statistically significantly associated with in-
creased colon cancer risk. Overall, these findings are supportive
of a large body of prior experimental evidence, and in accor-
dance with smaller epidemiological studies, to suggest that
higher bile acid load may promote colon cancer.

Most previous epidemiological studies on bile acids and co-
lorectal cancer risk were case-control comparisons of fecal bile
acid contents. These studies showed that concentrations of
CDCA (unconjugated primary bile acid) and LCA as well as DCA
(unconjugated secondary bile acids) tended to be higher in
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Table 2. Bile acid concentrations (uM) among control individuals and case patients

Bile acid metabolite

Classification

Controls median
(25th percentile, 75th
percentile)
(n=569)

Cases median
(25th percentile,
75th percentile)

(n=569)

Cholic acid
Chenodeoxycholic acid
Hyocholic acid

Glycocholic acid
Taurocholic acid
Glycochenodeoxycholic acid
Taurochenodeoxycholic acid
Glycohyocholic acid
Taurohyocholic acid
Tauro-alpha-muricholic acid
Deoxycholic acid

Primary, unconjugated
Primary, unconjugated
Primary, unconjugated
Primary, conjugated
Primary, conjugated
Primary, conjugated
Primary, conjugated
Primary, conjugated
Primary, conjugated
Primary, conjugated
Secondary, unconjugated

76.5 (26.8, 312.7)
150 4 (55.9, 432)
2(3.0,17.4)
94 9 (48.2, 187.9)
12.9 (5.3, 27.4)
462.9 (224.3, 786.9)
45 0 (20.4, 90.2)
2(5.0,13.1)
2(1.2,2.5)
4(25,6.8)
217 5(99.1, 427.8)

91.7 (30.6, 353.3)
164 3 (61.4, 455.6)
4(2.9,15.7)
119 8 (60.4, 233.5)
15.0 (6.4, 37.4)
496.8 (275.1, 927.2)
50 5 (24.6, 102.9)
9(5.0,13.8)
2(1.2,25)
8(25,7.1)
239 3(113.3, 433.9)

Glycodeoxycholic acid Secondary, conjugated 107.2 (48.0, 228.4) 125.3 (60.4, 254.9)
Taurodeoxycholic acid Secondary, conjugated 14.5 (6.1, 34.0) 17. 0 (7.8, 39.6)
Glycolithocholic acid Secondary, conjugated 10.1 (4.8,23.9) .6 (4.9, 22.0)
Ursodeoxycholic acid Tertiary, unconjugated 23.1(9.1,55.1) 22 9 (8.4,56.1)
Glycoursodeoxycholic acid Tertiary, conjugated 59 1(28.8,105.4) 55.5(30.9, 111.0)
Tauroursodeoxycholic acid Tertiary, conjugated 5(1.2,4.6) 5(1.2,5.0)

Bile acid

OR (95 % CI1) P trend

Primary, unconjugated

Cholic Acid (CA) e 1.32 (0.90-1.94) 0.27

Chenodeoxycholic Acid (CDCA) . 1.12 (0.77-1.64) 0.76

Hyocholic Acid (HCA) A 0.89 (0.61-1.31) 0.60

Primary, conjugated

Glycocholic Acid (GCA) — 2.22(1.52-3.26) 0.002

Taurocholic Acid (TCA) —— 1.78(1.23-2.58) 0.01

Glycochenodeoxycholic Acid (GCDCA) 60— 1.68(1.13-2.48) 0.04

Taurochenodeoxycholic (TCDCA) —e— 1.62(1.11-2.36) 0.02

Glycohyocholic Acid (GHCA) e 1.65(1.13-2.40) 0.06

Tauro-Alpha-Muricholic Acid (TaMCA) e 1.38 (0.98-1.94) 0.09

Secondary, unconjugated

Deoxycholic Acid (DCA) e 1.11 (0.76-1.61) 0.52

Secondary, conjugated

Glycodeoxycholic Acid (GDCA) —— 1.68 (1.12-2.54) 0.10

Taurodeoxycholic Acid (TDCA) —— 1.54 (1.02-2.31) 0.08

Glycolithocholic Acid (GLCA) i 0.91 (0.62-1.35) 0.49

Tertiary, unconjugated

Ursodeoxycholic Acid (UDCA) e 0.98 (0.68-1.41) 0.69

Tertiary, conjugated

Glycoursodeoxycholic Acid (GUDCA) — 1.36 (0.94-1.96) 0.36

Tauroursodeoxycholic Acid (TUDCA) —e— 1.26 (0.88-1.79) 0.24

0.5 1.0 2.0

Figure 1. Odds ratios of colon cancer for individuals in the highest quartile of bile acid concentrations compared with those in the lowest quartile. Results from condi-
tional logistic regression analyses among 569 cases of colon cancer and 569 matched controls, conditioned on age, sex, study center, follow-up time, time of day at
blood collection, fasting status, menopausal status, current use of exogenous hormones, and phase of menstrual cycle, and additionally adjusted for education level,
physical activity level, smoking, waist circumference, height, and consumption of red and processed meat, fat, fiber, and energy; two-sided P values for linear trend
from logistic regression models with bile acid values on the log?2 scale as the independent variable. CI = confidence interval; OR = odds ratio.
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Table 3. Odds ratios (95% confidence intervals) for colon cancer across quartiles of bile acids*

Bile acid metabolite

Primary unconjugated bile acids
Cholic acid
No. cases (%)
OR (95% CI)
Chenodeoxycholic acid
No. cases (%)
OR (95% CI)
Hyocholic acid
No. cases (%)
OR (95% CI)
Primary conjugated bile acids
Glycocholic acid
No. cases (%)
OR (95% CI)
Taurocholic acid
No. cases (%)
OR (95% CI)
Glycochenodeoxycholic acid
No. cases (%)
OR (95% CI)
Taurochenodeoxycholic acid
No. cases (%)
OR (95% CI)
Glycohyocholic acid
No. cases (%)
OR (95% CI)
Tauro-alpha-muricholic acid
No. cases (%)
OR (95% CI)
Secondary unconjugated bile acids
Deoxycholic acid
No. cases (%)
OR (95% CI)
Secondary conjugated bile acids
Glycodeoxycholic acid
No. cases (%)
OR (95% CI)
Taurodeoxycholic acid
No. cases (%)
OR (95% CI)
Glycolithocholic acid
No. cases (%)
OR (95% CI)
Tertiary unconjugated bile acids
Ursodeoxycholic acid
No. cases (%)
OR (95% CI)
Tertiary conjugated bile acids
Glycoursodeoxycholic acid
No. cases (%)
OR (95% CI)
Tauroursodeoxycholic acid
No. cases (%)
OR (95% CI)

Quartile 1

127 (22.3)
(Referent)

134 (23.6)
(Referent)

152 (26.7)
(Referent)
102 (17.9)

(Referent)

111 (19.5)
(Referent)

107 (18.8)
(Referent)

108 (19.0)
(Referent)

152 (26.7)
(Referent)

201 (35.3)

(Referent)

127 (22.4)
(Referent)

107 (18.8)
(Referent)

113 (19.9)
(Referent)

142 (25.0)

(Referent)

147 (25.8)
(Referent)

130 (22.8)
(Referent)

113 (19.9)
(Referent)

Quartile 2

140 (24.6)
1.17 (0.82 to 1.66)

143 (25.1)
1.01 (0.70 to 1.45)

126 (22.1)
0.84 (0.58 to 1.20)
142 (25.0)

1.46 (1.00 to 2.12)

142 (25.0)
1.25 (0.87 to 1.81)

164 (28.8)
1.46 (1.03 to 2.05)

151 (26.5)
1.39 (0.98 to 1.98)

104 (18.3)
1.27 (0.88 to 1.82)

59 (10.4)

1.15 (0.75 to 1.79)

135 (23.8)
1.02 (0.72 to 1.45)

145 (25.5)
1.35 (0.94 to 1.95)

141 (24.8)
1.25 (0.87 to 1.81)

156 (27.4)

1.03 (0.72 to 1.46)

140 (24.6)
0.83 (0.58 to 1.19)

176 (30.9)
1.36 (0.97 to 1.91)

153 (26.9)
1.12 (0.80 to 1.55)

Quartile 3

147 (25.8)
1.18 (0.81 t0 1.72)

141 (24.8)
1.0 (0.69 to 1.45)

164 (28.8)
1.11 (0.78 to 1.58)
133 (23.4)

1.47 (0.99 to 2.19)

132 (23.2)
1.23 (0.84 to 1.79)

130 (22.8)
1.19 (0.81 to 1.76)

142 (25.0)
1.37 (0.95 to 1.96)

161 (28.3)
1.42 (1.00 to 2.01)

157 (27.6)

1.37 (0.99 to 1.91)

159 (28.0)
1.24 (0.86 t0 1.78)

151 (26.5)
1.38 (0.95 to 2.00)

155 (27.2)
1.30 (0.90 to 1.87)

138 (24.3)

0.95 (0.66 to 1.37)

135 (23.7)
0.89 (0.62 to 1.26)

106 (18.6)
0.82 (0.56 to 1.19)

157 (27.6)
0.97 (0.66 to 1.44)

T. Kiihn et al.

Quartile 4

155 (27.2)
1.32 (0.90 to 1.94)

151 (26.5)
1.12 (0.77 to 1.64)

127 (22.3)
0.89 (0.61 to 1.31)
192 (33.7)

2.22 (1.52 to 3.26)

184 (32.3)
1.78 (1.23 to 2.58)

168 (29.5)
1.68 (1.13 to 2.48)

168 (29.5)
1.62 (1.11 to 2.36)

152 (26.7)
1.65 (1.13 to 2.40)

152 (26.7)

1.38 (0.98 to 1.94)

147 (25.9)
1.11 (0.76 to 1.61)

166 (29.2)
1.68 (1.12 to 2.54)

160 (28.1)
1.54 (1.02 to 2.31)

133 (23.4)

0.91 (0.62 to 1.35)

147 (25.8)
0.98 (0.68 to 1.41)

157 (27.6)
1.36 (0.94 to 1.96)

102 (17.9)
1.26 (0.88 to 1.79)
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Pirenat

.27

.76

.60

.002

.01

.04

.02

.06

.09

.52

.10

.08

49

.69

.36

.24

*Results from conditional logistic regression analyses conditioned on age, sex, study center, follow-up time, time of day at blood collection, fasting status, menopausal
status, current use of exogenous hormones, and phase of menstrual cycle, and additionally adjusted for education level, physical activity level, smoking, waist circum-

ference, height, and consumption of red and processed meat, fat, fiber, and energy. CI = confidence interval; OR = odds ratio.

tTwo-sided P value for linear trend from logistic regression models with bile acid values on the log2 scale as the independent variable.
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Bile acid

Primary, unconjugated

OR (95 % CI) P trend

Cholic Acid (CA) —_— 1.41(0.86-2.32) 0.13
—_—0— 0.77 (0.40-1.47) 0.75
Chenodeoxycholic Acid (CDCA) e 1.18(0.73-1.89) 0.34
! o 1 0.79 (0.40-1.58) 0.23
Hyocholic Acid (HCA) T 0.94 (0.57-1.53) 0.45

Primary, conjugated

1 0.91 (0.46-1.80) 0.84

Glycocholic Acid (GCA) —a— 2,52 (1.52-4.20) <0.001
—_—— 1.25(0.67-2.34) 0.89
Taurocholic Acid (TCA) . S 2.46(1.49-4.08) 0.006
—_—— 1.18 (0.65-2.15) 0.80
Glycochenodeoxycholic Acid (GCDCA) —— 2.22(1.33-3.71) 0.007
F O J 0.78 (0.40-1.54) 0.68
Taurochenodeoxycholic (TCDCA) — 2.23(1.37-3.65) 0.009
00— 0.99 (0.53-1.85) 0.99
Glycohyocholic Acid (GHCA) e 1.71(1.06-2.77) 0.02
—_—0— 1.36 (0.70-2.65) 0.95
Tauro-Alpha-Muricholic Acid (TaMCA) —— 1.52(0.88-2.63) 0.46
t O 1 1.65 (0.79-3.44) 0.46
Secondary, unconjugated
Deoxycholic Acid (DCA) — 0.91(0.56-1.47) 0.71
—_—— 1.20(0.63-2.31) 0.69
Secondary, conjugated
Glycodeoxycholic Acid (GDCA) e — 1.58 (0.92-2.71) 0.19
[ O {  2.20(1.06-4.60) 0.46
Taurodeoxycholic Acid (TDCA) ————i 1.54 (0.91-2.62) 0.22
k O ! 1.37(0.69-2.72) 0.44
Glycolithocholic Acid (GLCA) —_——— 0.76 (0.46-1.26) 0.41
O 4 1.50 (0.75-2.99) 0.68
Tertiary, unconjugated
Ursodeoxycholic Acid (UDCA) P — 0.87(0.54-1.38) 0.65
L O i 1.00(0.51-1.98) 0.58
Tertiary, conjugated
Glycoursodeoxycholic Acid (GUDCA) —_——| 1.40(0.87-2.25) 0.16
' O 4 1.23(0.61-2.49) 0.41
Tauroursodeoxycholic Acid (TUDCA) ° | 1.33 (0.86-2.06) 0.14
— 0.95 (0.49-1.83) 0.53

Figure 2. Odds ratios of colon cancer for individuals in the highest quartile of bile acid concentrations compared with those in the lowest quartile, stratified by sex.
Black circles depict odds ratios among women, light circles depict odds ratios among men. Results from conditional logistic regression analyses stratified by sex
(women: n cases = 356, n controls = 356; men: n cases = 213, n controls = 213), conditioned on age, study center, follow-up time, time of day at blood collection, fasting
status, menopausal status, current use of exogenous hormones, and phase of menstrual cycle, and additionally adjusted for education level, physical activity level,
smoking, waist circumference, height, and consumption of red and processed meat, fat, fiber, and energy; two-sided P values for linear trend from logistic regression
models with bile acid values on the log2 scale as the independent variable. CI = confidence interval; OR = odds ratio.

samples of colorectal cancer patients than in samples of control
individuals, although results were inconsistent (9). With regard
to circulating bile acids, two small case-control studies from the
1990s indicated that concentrations of DCA (particularly the
unconjugated fraction) were higher in serum samples of
patients with colorectal adenomas compared with control indi-
viduals (11,12). A smaller prospective study of women from the
United Kingdom (46 incident cases and matched control indi-
viduals from a cohort of 6127 women, with a mean age of
55years at baseline) showed no statistically significant associa-
tions between major bile acid metabolites and colorectal cancer,
even though there was a tendency for increased risk with a
higher DCA:CA ratio (10).

The above-mentioned findings from smaller epidemiological
studies are consistent with experimental data to indicate colon
cancer-promoting effects of unconjugated secondary bile acids
via DNA and protein damage, increased genomic instability,

apoptosis resistance, and enhanced cell proliferation in the co-
lonic epithelium (8,17). Our observation that conjugated rather
than unconjugated primary and secondary bile acids in the cir-
culation were associated with colon cancer may be because bac-
terial deconjugation and dehydroxylation, which increases the
concentrations of cancer-promoting unconjugated secondary
bile acids (DCA, LCA), mostly occurs in the large intestine,
whereas bile acids undergoing the enterohepatic cycle are reab-
sorbed in the terminal ileum, that is, prior to bacterial transfor-
mations (4). In line with this notion, proportions of
unconjugated secondary bile acids are much higher in feces
than in the circulation of healthy individuals, even if unconju-
gated secondary bile acids may occur in the systemic circulation
because of passive absorption in the large intestine (18).
Another interesting line of evidence on bile acids and colon
cancer risk comes from a comprehensive prospective metabolo-
mics study among 254 case patients and 254 control individuals
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embedded in the Prostate, Lung, Colorectal, and Ovarian Cancer
Screening Trial (19). In this study, out of 676 serum metabolites,
GCDCA (conjugated primary) was most strongly associated with
colorectal cancer risk among female study participants (OR =
5.34) (19). Further strong positive associations were observed for
GCA and TCDCA (conjugated primary) and TDCA (conjugated
secondary) among women. These results agree with ours of
stronger associations between concentrations of GCA, TCDCA,
and TDCA and colon cancer among women, although we did not
observe formal statistical heterogeneity by sex for any of the bile
acids. Unlike in our study, the tertiary bile acid glycoursodeoxy-
cholic acid was associated with colon cancer risk among women
in the Prostate, Lung, Colorectal, and Ovarian Cancer Screening
Trial. Reasons for the described potential sex differences remain
unclear, and further studies are needed to investigate possible
underlying mechanisms.

Our study was the first large prospective study with a tar-
geted quantification of prediagnostic blood levels of bile acids in
relation to colon cancer risk. Overall, it supports the hypothesis
of an increased bile acid load promoting colon carcinogenesis.
However, despite the large case number, our sample size may
have been limited for some of the presented subgroup analyses
with smaller strata. We did not have the opportunity to com-
pare blood levels of bile acids with fecal levels in our study (al-
though issues related to the standardization of native fecal
samples may speak against such comparisons), and data on the
composition of the intestinal microbiome are not available in
EPIC. Moreover, we could not detect LCA, the most cytotoxic
secondary bile acid, in its unconjugated form in most of our
samples, although our assay allows a detection of LCA levels be-
tween 0.02 and 0.04 pM as reported in previous studies (10,20).
Given that blood bile acids including LCA seem to be rather sta-
ble with respect to storage conditions and sample processing
(10,21), we have no obvious explanation for the lack of LCA val-
ues in our analyses. Our reproducibility study suggests that a
single assessment of plasma bile acid concentrations may be
sufficient for prospective studies, although the risk associations
we observed may have been underestimated because of regres-
sion dilution. Only a few metabolites, particularly UDCA,
showed lower biological reproducibility, which may explain the
null associations with colon cancer risk for UDCA in our study.
Considering experimental evidence to suggest that bile acid
concentrations can be modulated by dietary interventions or
drugs (22,23), increased bile acids could be modifiable and ame-
nable to prevention and treatment. Because we could not assess
potential interventions to manipulate bile acid concentrations,
future studies are needed to better understand the effects of
specific dietary or medical interventions on the concentrations
of individual bile acids in blood and feces in humans.

In summary, we observed positive associations between
prediagnostic plasma concentrations of bile acids, particularly
conjugated primary and secondary bile acids, and colon cancer.
Our data support experimental evidence to indicate that a
higher bile acid load constitutes a risk factor for colon cancer.
Although it has been suggested that bile acid concentrations
can be manipulated by dietary modification and drugs, future
studies are needed on the effects of specific interventions on
bile acid concentrations in human blood and feces.
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