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Abstract
Although hydrophobic bile acids have been demonstrated to
exhibit cytotoxic and carcinogenic effects in the colorectum,
ursodeoxycholic acid (UDCA) has been investigated as a potential chemopreventive agent. Vitamin D has been shown to play
a role in both bile acid metabolism and in the development of
colorectal neoplasia. Using a cross-sectional design, we sought
to determine whether baseline circulating concentrations of the
vitamin D metabolites 25(OH)D and 1,25(OH)2D were associated with baseline fecal bile acid concentrations in a trial of
UDCA for the prevention of colorectal adenoma recurrence. We
also prospectively evaluated whether vitamin D metabolite
concentrations modiﬁed the effect of UDCA on adenoma
recurrence. After adjustment for age, sex, BMI, physical activity,
and calcium intake, adequate concentrations of 25(OH)D
(30 ng/mL) were statistically signiﬁcantly associated with

reduced odds for high levels of total [OR, 0.61; 95% conﬁdence
interval (CI), 0.38–0.97], and primary (OR, 0.61; 95% CI,
0.38–0.96) bile acids, as well as individually with chenodeoxycholic acid (OR, 0.39; 95% CI, 0.24–0.63) and cholic acid (OR,
0.56; 95% CI, 0.36–0.90). No signiﬁcant associations were
observed for 1,25(OH)2D and high versus low fecal bile acid
concentrations. In addition, neither 25(OH)D nor 1,25
(OH)2D modiﬁed the effect of UDCA on colorectal adenoma
recurrence. In conclusion, this is the ﬁrst study to demonstrate
an inverse relationship between circulating levels of 25(OH)D
and primary fecal bile acid concentrations. These results
support prior data demonstrating that vitamin D plays a key
role in bile acid metabolism, and suggest a potential mechanism of action for 25(OH)D in colorectal cancer prevention.

Introduction

Although it is clear that bile acids play a key physiologic role in
normal fat metabolism, prolonged exposure of the colon to
hydrophobic BAs, particularly secondary BAs such as LCA and
DCA, has been hypothesized to be carcinogenic (4, 5). Conversely, the hydrophilic BA ursodeoxycholic acid (UDCA) has been
identiﬁed as a potential agent for the chemoprevention of
colorectal cancer (6–11), although this remains a subject of
continuing debate (10, 11). A large, randomized, double-blind
trial of 8 to 10 mg/kg/d UDCA for prevention of colorectal
adenoma recurrence conducted by our group revealed no overall
effect on the development of recurrent colorectal neoplasia;
however, a statistically signiﬁcant reduction in the formation of
lesions with high-grade dysplasia was observed (6). Further
analyses of the same trial revealed that there were sex differences
in response to UDCA treatment, with men, but not women, who
received UDCA having a signiﬁcantly reduced risk of developing
advanced lesions (12). Effect modiﬁcation of UDCA treatment by
genetic variation in cholesterol 7a-hydroxylase (CYP7A1), the
expression of which is controlled primarily by the farnesoid X
receptor (FXR) and liver X receptor (LXR), was also reported (13).
The vitamin D receptor (VDR) also has been identiﬁed as a bile
acid sensor (14), primarily through binding of secondary BAs
directly to VDR followed by receptor activation. Moreover, prior
work has demonstrated that vitamin D speciﬁcally inhibits the
expression of CYP7A1, which in turn reduces the synthesis of bile
acids (15). Vitamin D has also been demonstrated to upregulate
CYP3A4 (16–18), an enzyme with a key role in bile acid detoxiﬁcation (19). However, little is known about the potential role of
circulating concentrations of the vitamin D metabolites 25(OH)D
or 1,25(OH)2D on bile acid metabolism, in vivo. Thus, although

It is estimated that there will be 134,000 new cases and 49,200
deaths from colorectal cancer in the United States in 2016 (1).
Although colonoscopy is an effective preventive measure for detection and removal of colorectal adenomas, the precursor lesions for
colorectal cancer, screening rates remain well below targeted levels
(2). Therefore, the identiﬁcation of modiﬁable risk factors and
potential pathway targets for colorectal carcinogenesis remains
critical for prevention and treatment of this disease. Bile acids (BA)
represent one such avenue of investigation. As requisite components of lipid metabolism, BAs are found in the gastrointestinal
tract after hepatic synthesis of the primary BAs cholic acid (CA) and
chenodeoxycholic acid (CDCA) from cholesterol (3). The majority
of BAs are reabsorbed into the small intestine, but approximately
5% of the BA pool reaches the colon, at which time they are further
metabolized by colonic bacteria ﬂora to secondary bile acids such
as lithocholic acid (LCA) and deoxycholic acid (DCA; ref. 4).
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patient characteristics that may inﬂuence response to UDCA have
been identiﬁed, including those associated with vitamin D, a
further understanding of genetic or lifestyle factors associated
with response may aid in identiﬁcation of targeted populations
who may beneﬁt from UDCA. The goal of the current study was to
determine whether circulating concentrations of vitamin D metabolites were associated with fecal bile acid levels at baseline, as
well as whether they modiﬁed the effect of UDCA treatment on
colorectal adenoma recurrence.

Materials and Methods
Study population
The current study was performed with participant data from a
randomized, double blind, placebo-controlled phase III trial of
UDCA for adenoma prevention that was conducted at the University of Arizona Cancer Center and which has been described in
detail previously (6). Brieﬂy, eligible participants were male and
female Arizona residents (n ¼ 1,192) ranging in age from 40 to 80
years who had one or more colorectal adenomas removed by
colonoscopy within 6 months before entering the study. The goal
of the trial was to compare the effect of UDCA (8–10 mg/kg of
body weight/day) versus placebo on the risk of recurrent colorectal adenomas (6). Primary analyses demonstrated no effect of
UDCA treatment (6). Of the 1,192 participants in the UDCA trial,
complete data for recurrent adenomas and circulating 25(OH)D
and 1,25(OH)2D concentrations were available for 1,150 participants. These study subjects were included in the analysis of
heterogeneity of the treatment effect of UDCA on adenoma
recurrence by vitamin D metabolite levels. A total of 651 of these
participants also had data for baseline fecal bile acid concentrations and were included in the cross-sectional analysis of the
association between vitamin D metabolite levels and fecal bile
acid concentrations. The University of Arizona Human Subjects
committee and local hospital committees approved the UDCA
study, and written informed consent was obtained from each
participant before study enrollment.
Measurement of fecal bile acid concentrations
Analysis of fecal bile acid levels for the UDCA trial was completed in conjunction with the parent clinical trial and has been
described in detail elsewhere (6, 13). Brieﬂy, at baseline, study
participants provided 72-hour stool samples that were frozen and
shipped overnight on dry ice to the University of Arizona Cancer
Center (13). Samples were then homogenized with an equal
weight of water for 15 minutes and centrifuged (13). Fecal water
was comprised of the aqueous phase after centrifugation and was
stored at 80 C. Measurement of bile acids was conducted using
gas chromatography (6, 20). Results were obtained for lithocholic
acid (LCA), deoxycholic acid (DCA), chenodeoxycholic acid
(CDCA), cholic acid (CA), UDCA, ursocholic acid (UC), and
other bile acids, a category that included isodeoxycholic, isoursodeoxycholic, 7-ketolithocholic, and 12-ketolithocholic acids
(6, 13). Concentrations of total primary bile acids were calculated
by summing the values for CDCA and CA, whereas total secondary bile acid concentration was assessed by combining the remaining values.
Analysis of vitamin D metabolites
Analysis of 25(OH)D and 1,25(OH)2D concentrations was
performed at Heartland Assays (Ames, IA). A competitive chemi-
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luminescence immunoassay was used for assessment of 25(OH)
D concentrations (21). These analyses were conducted with quality
assurance and quality control measures including a pooled serum
sample analyzed with batches of study samples to monitor analytical precision and identify possible laboratory shifts over time, as
well as testing of duplicates in different batches. The coefﬁcient of
variation was less than 7.0% for 25(OH)D analyses. For 1,25
(OH)2D concentrations, a 125I-based radioimmunoassay was
employed, as has been described in detail previously (22). The
coefﬁcient of variation was 11.5% for 1,25(OH)2D analyses. All
analyses were conducted in a blinded fashion. For 25(OH)D,
participants were categorized by circulating concentrations into
one of three categories: deﬁcient (<20 ng/mL), inadequate (20
and <30 ng/mL), and adequate (30 ng/mL; refs. 23–26); whereas
for 1,25(OH)2D, tertiles were created on the basis of the distribution of values among the participants.
Dietary and physical activity data
Data for dietary intake were obtained from the Arizona Food
Frequency Questionnaire (AFFQ), a semiquantitative, 175-item
food frequency questionnaire that asked respondents to report
how often and how much they consumed of each food item over
the past 12-month period for over 800 foods (27). The survey has
been tested for reliability and validity in our prior chemoprevention trials of adenoma recurrence (27). Data for physical activity
were obtained via the Arizona Activity Frequency Questionnaire
(AAFQ), a 59-item, validated questionnaire that groups physical
activity by leisure, recreational, household, and "other" activity
categories (28). Output included metabolic equivalents (MET)
units per day and per activity, number of hours per day per
activity, and number of activities reported by respondents for
each category.
Outcome variables
Adenoma characteristics, including number, size, location, and
histology, were obtained from the medical record and the pathology report for each subject (29). Recurrent adenomas were
deﬁned as any colorectal adenoma detected at colonoscopy at
least six months after randomization. Adenomas were classiﬁed as
advanced if they had a diameter of 1 cm or more and/or at least
25% tubulovillous or villous histology. Colorectal adenocarcinomas were included in the advanced recurrence group, whereas
all other adenomas were classiﬁed as non-advanced. In subjects
with more than one adenoma, size and characterization of the
histologic type was based on the largest and/or most advanced
adenoma.
Statistical analyses
Baseline participant characteristics were compared by tertile
of total fecal bile acid concentrations with means and standard
deviations for continuous variables, and frequencies and percentages for categorical variables. Means and SDs for total,
primary and secondary, and individual bile acids were calculated for each category of 25(OH)D concentration and each
tertile of 1,25(OH)2D. Unconditional logistic regression
modeling was used to evaluate the adjusted ORs (95% conﬁdence intervals) for the associations between vitamin D metabolites and the odds of having had high versus low fecal bile
acid concentrations based on the median concentration of each
bile acid. Potential confounding was assessed for age, body
mass index (BMI), sex, race, season of blood draw, family
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Table 1. Baseline characteristics of participants (n ¼ 651) by tertile of baseline fecal bile acid concentrations

Baseline characteristic
Male (n, %)
Age (y, mean  SD)
Race (white, n, %)
BMI (kg/m2, mean  SD)
Previous polypsb (yes, n, %)
Family history CRCc (yes, n, %)
Physical activity (kJ/d, mean  SD)
Dietary intake (mean  SD)
Energy (kcal/d)
Protein (g/d)
Total fat (g/d)
Saturated fat (g/d)
Carbohydrate (g/d)
Total ﬁber (g/d)
Calcium (mg/d)

n ¼220
Mean  SD
94.2  34.9
169 (76.8)
67.7  8.0
205 (93.2)
27.3  3.8
101 (45.9)
69 (31.4)
10,524.3  2,644.4
2,064.2  860.3
76.6  32.7
62.3  32.8
19.8  11.5
299.6  132.2
24.2  11.9
1,075.0  562.7

Total fecal bile acids (mg/mL)
n ¼ 217
Mean  SD
220.1  45.8
136 (62.7)
65.8  8.1
205 (94.5)
28.4  5.1
94 (43.3)
55 (25.3)
9,924.9  2,549.2
1,880.7  772.7
71.3  28.3
56.5  26.8
18.1  9.2
267.3  117.3
21.4  10.2
990.9  461.5

n ¼ 214
Mean  SD
656.4  458.8
123 (57.5)
65.3  8.5
196 (91.6)
28.9  5.4
97 (45.3)
58 (27.1)
10,004.1  2,712.0

Pa
<0.001
<0.01
0.30
<0.001
0.91
0.35
<0.05

1,933.5  824.8
70.8  30.3
60.2  31.6
19.5  11.5
274.8  122.4
20.5  9.4
949.6  462.5

0.09
<0.05
0.46
0.75
<0.05
<0.001
<0.01

P values calculated using ANOVA for categorical baseline characteristics and simple linear regression for continuous variables.
History of polyps before qualifying exam; data missing for 29 participants.
c
Family history of colorectal cancer in at least one ﬁrst-degree relative.
a

b

history of colorectal cancer, current smoking, history of previous polyps, physical activity, and aspirin use, and mean daily
dietary intake of energy, protein, total fat, saturated fat, carbohydrate, total ﬁber, and calcium. A confounding variable was
included in the ﬁnal analysis if it changed the point estimate by
10% or greater (30); thus, the ﬁnal adjusted models for the
association between vitamin D metabolites and baseline bile
acids included age, sex, BMI, physical activity, and calcium
intake. In addition, linear regression models were used to
evaluate the association between continuous values for vitamin
D metabolite concentrations and continuous variables for each
bile acid. We then conducted stratiﬁed analyses of the effect of

UDCA treatment on adenoma recurrence by category of 25
(OH)D and tertile of 1,25(OH)2D concentration to ascertain
whether there was effect modiﬁcation by vitamin D metabolites. The Stata statistical software package (version 10.0, Stata
Corporation) was used for data management and statistical
analysis.

Results
Table 1 presents the baseline characteristics of study participants by tertile of total fecal bile acid concentrations at baseline.
Males, older individuals, and those with lower BMI and greater

Table 2. Association between baseline 25(OH)D and 1,25(OH)2D concentrations and baseline fecal bile acid concentrations

Baseline bile acid concentrations
(mean mg/mL,  SD)
Total bile acids
Primary
Secondary
Chenodeoxycholic
Cholic
Lithocholic
Deoxycholic
Ursodeoxycholic
Ursocholic
Otherb

Baseline bile acid concentrations
(mean mg/mL,  SD)
Total bile acids
Primary
Secondary
Chenodeoxycholic
Cholic
Lithocholic
Deoxycholic
Ursodeoxycholic
Ursocholic
Otherb

Vitamin D status [n, mean 25(OH)D  SD]
Inadequate
Adequate
n ¼ 281
n ¼ 224
20 and <30 ng/mL
30 ng/mL
338.9  405.2
267.2  303.3
66.0  176.8
41.0  115.2
273.2  297.0
226.2  217.0
10.9  34.2
5.5  14.3
55.0  160.9
35.5  104.3
19.3  18.0
17.8  23.5
142.7  110.5
120.5  90.4
18.8  100.6
11.1  31.3
43.1  196.5
32.5  148.8
49.1  42.5
44.3  59.9
Tertile of 1,25(OH)2D concentrations (n, mean  SD)
Tertile 1
Tertile 2
Tertile 3
n ¼ 230
n ¼ 220
n ¼ 201
23.0  4.4 pg/ml
33.6  2.8 pg/ml
47.1  8.4 pg/ml
339.5  357.5
321.8  386.6
315.8  350.6
66.6  153.3
67.0  188.8
51.2  136.6
272.8  267.9
254.8  257.8
264.6  252.2
10.4  31.2
10.5  23.8
8.4  29.1
56.2  141.1
56.4  169.8
42.8  121.2
19.5  23.0
20.3  20.0
21.4  25.5
141.4  109.6
132.8  105.6
140.0  102.9
21.7  112.3
12.9  26.5
12.1  28.0
34.1  101.4
38.5  184.6
43.3  188.0
56.1  68.7
50.4  45.0
47.7  40.9

Deﬁcient
n ¼ 146
<20 ng/mL
392.1  359.1
86.9  186.6
305.2  234.4
14.3  30.7
72.6  167.0
26.3  28.6
155.6  116.2
17.0  32.2
38.6  88.4
67.6  59.3

Pa
<0.01
<0.01
<0.001
<0.01
<0.05
<0.001
<0.001
0.36
0.66
<0.001

Pa
0.50
0.33
0.72
0.47
0.35
0.38
0.87
0.15
0.55
0.10

P values calculated using simple linear regression modeling.
Other includes isodeoxycholic, isoursodeoxycholic, 7-ketolithocholic, and 12-ketolithocholic acids.

a

b

www.aacrjournals.org

Cancer Prev Res; 9(7) July 2016

Downloaded from cancerpreventionresearch.aacrjournals.org on January 17, 2022. © 2016 American Association for Cancer
Research.

591

Published OnlineFirst May 2, 2016; DOI: 10.1158/1940-6207.CAPR-16-0033

Jacobs et al.

Table 3. Adjusteda ORs (95% CIs) for the associations between baseline concentrations of vitamin D metabolites and high versus low baseline fecal bile acid
concentrations
Vitamin D status [n, mean 25(OH)D  SD]
Deﬁcient
Inadequate
Adequate
b
n ¼ 146
n ¼ 280
n ¼ 224
Low vs. high baseline bile
acid concentrations
<20 ng/mL
20 and <30 ng/mL
30 ng/mL
Ptrendc
Total low
High
1.00
0.87 (0.57–1.35)
0.61 (0.38–0.97)
<0.05
Primary low
High
1.00
0.71 (0.46–1.09)
0.61 (0.38–0.96)
<0.05
Secondary low
High
1.00
0.97 (0.62–1.50)
0.66 (0.41–1.06)
<0.05
Chenodeoxycholic low
High
1.00
0.54 (0.35–0.83)
0.39 (0.24–0.63)
<0.001
Cholic low
High
1.00
0.66 (0.43–1.02)
0.56 (0.36–0.90)
<0.05
Lithocholic low
High
1.00
0.89 (0.58–1.36)
0.68 (0.43–1.08)
0.08
Deoxycholic low
High
1.00
1.09 (0.70–1.68)
0.83 (0.52–1.33)
0.33
Ursodeoxycholic low
High
1.00
0.88 (0.58–1.36)
0.67 (0.42–1.07)
0.09
Ursocholic low
High
1.00
0.70 (0.46–1.07)
0.68 (0.43–1.08)
0.13
Otherd low
High
1.00
0.63 (0.41–0.97)
0.60 (0.38–0.96)
<0.05
Tertile of 1,25(OH)2D concentrations n (mean  SD)
Tertile 1
Tertile 2
Tertile 3
Low vs. highb baseline bile
n ¼ 230
n ¼ 220
n ¼ 201
acid concentrations
22.6  4.6 pg/ml
33.5  2.8 pg/ml
46.8  7.9 pg/ml
Ptrendc
Total (Low)
High
Primary (Low)
High
Secondary (Low)
High
Lithocholic (Low)
High
Deoxycholic (Low)
High
Chenodeoxycholic (Low)
High
Cholic (Low)
High
Ursocholic (Low)
High
Ursodeoxycholic (Low)
High
Otherd(Low)
High

1.00

0.89 (0.60–1.31)

1.18 (0.79–1.76)

0.44

1.00

0.86 (0.59–1.28)

0.88 (0.60–1.31)

0.52

1.00

1.03 (0.70–1.53)

1.22 (0.82–1.83)

0.34

1.00

1.31 (0.89–1.92)

1.21 (0.82–1.80)

0.33

1.00

1.04 (0.71–1.55)

1.26 (0.84–1.89)

0.23

1.00

0.90 (0.60–1.34)

0.75 (0.49–1.14)

0.18

1.00

0.82 (0.56–1.20)

0.82 (0.55–1.22)

0.32

1.00

0.78 (0.53–1.15)

0.81 (0.54–1.20)

0.28

1.00

1.05 (0.71–1.56)

1.04 (0.69–1.56)

0.85

1.00

1.07 (0.73–1.58)

1.04 (0.70–1.55)

0.84

a

Models adjusted for age, sex, BMI, physical activity, and calcium intake.
b
Cut-off point for low versus high was median value for each bile acid (mean mg/mL): primary, 7.4; secondary, 197.6; chenodeoxycholic acid, 0.0; cholic acid, 0.0;
lithocholic acid, 15.1; deoxycholic acid, 111.4; ursodeoxycholic acid, 0.0; ursocholic acid, 0.0; other, 39.2; total, 214.0.
c
P values calculated using logistic regression modeling with vitamin D status as a categorical exposure variable.
d
Other includes isodeoxycholic, isoursodeoxycholic, 7-ketolithocholic, and 12-ketolithocholic acids.

physical activity were signiﬁcantly less likely to have high total bile
acid concentrations. Regarding dietary intake, protein, carbohydrate, total ﬁber, and calcium were each signiﬁcantly inversely
associated with total fecal bile acid concentrations.
As shown in Table 2, in unadjusted analyses baseline concentrations of total (P < 0.01), primary (P < 0.01), and secondary (P <
0.001) bile acids were signiﬁcantly inversely associated with
baseline 25(OH)D levels. Individual bile acids, including CDCA
(P < 0.01), CA (P < 0.05), LCA (P < 0.001), DCA (P < 0.001), and
other bile acids (P < 0.001) also exhibited signiﬁcant inverse
relationships with 25(OH)D concentrations. Conversely, neither
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UDCA (P ¼ 0.36) nor UC (P ¼ 0.66) were signiﬁcantly associated
with 25(OH)D. Furthermore, circulating concentrations of 1,25
(OH)2D were not statistically signiﬁcantly associated with any
bile acid.
Table 3 presents the results of adjusted logistic regression
models of the association between vitamin D metabolite concentrations and the odds of fecal bile acid concentrations above
(high) versus equal to or below (low) the median. After adjustment for age, sex, BMI, physical activity, and calcium intake,
adequate concentrations of 25(OH)D were statistically signiﬁcantly associated with reduced odds for high levels of total (OR,
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Table 4. Unadjusted and adjusted linear regression models for 25(OH)D, 1,25 (OH)2D, and baseline fecal bile acid concentrations
25(OH)D (ng/mL)
1,25(OH)sD (pg/mL)
Baseline bile acid
b-coefﬁcient (SE)
b-coefﬁcient (SE)
concentrations (mg/mL)
Unadjusted
Pa
Adjustedb
Pa
Unadjusted
Pa
Adjustedb
Total bile acids
4.49 (1.40)
<0.001
2.56 (1.50)
0.09
1.45 (0.25)
0.25
0.80 (1.28)
Primary
1.64 (0.62)
<0.01
1.21 (0.67)
0.07
0.64 (0.56)
0.26
0.41 (0.57)
Secondary
2.86 (1.00)
<0.01
1.25 (1.07)
0.21
0.81 (0.90)
0.37
0.39 (0.91)
Chenodeoxycholic
0.28 (0.11)
<0.01
0.32 (0.12)
<0.01
0.01 (0.02)
0.55
0.08 (0.10)
Cholic
1.36 (0.56)
<0.05
0.88 (0.60)
0.14
0.003 (0.003)
0.26
0.33 (0.52)
Lithocholic
0.26 (0.09)
<0.01
0.20 (0.09)
<0.05
0.02 (0.02)
0.36
0.10 (0.08)
Deoxycholic
1.74 (0.49)
<0.001
0.61 (0.43)
0.16
0.002 (0.004)
0.72
0.35 (0.37)
Ursodeoxycholic
0.16 (0.27)
0.55
0.16 (0.27)
0.55
0.01 (0.006)
0.08
0.46 (0.25)
Ursocholic
0.28 (0.62)
0.66
0.28 (0.62)
0.66
0.001 (0.003)
0.84
0.07 (0.58)
0.77 (0.20)
<0.001
0.61 (0.22)
<0.01
0.02 (0.008)
<0.01
0.45 (0.19)
Otherc

Pa
0.54
0.48
0.67
0.46
0.52
0.21
0.35
0.06
0.90
<0.05

P value calculated using linear regression modeling.
Models adjusted for age, sex, and BMI.
c
Other includes isodeoxycholic, isoursodeoxycholic, 7-ketolithocholic, and 12-ketolithocholic acids.
a

b

0.61; 95% CI, 0.38–0.97), and primary (OR, 0.61; 95% CI, 0.38–
0.96) fecal bile acids, as well as CDCA (OR, 0.39; 95% CI, 0.24–
0.63), CA (OR, 0.56; 95% CI, 0.36–0.90), and other bile acids
(OR, 0.60; 95% CI, 0.38–0.96). No statistically signiﬁcant associations were observed for 1,25(OH)2D and high versus low fecal
bile acid concentrations.
We next examined the association between continuous variables for 25(OH)D, 1,25(OH)2D, and bile acid concentrations
(Table 4). Similar to the ﬁndings presented in Table 2 by category
of vitamin D metabolites, in unadjusted analyses, statistically
signiﬁcant inverse associations were observed between 25(OH)D
concentrations and all bile acids except for UDCA and UC. After
adjustment for potential confounders, associations were attenuated, with CDCA (P < 0.01), LCA (P < 0.05), and other bile acids
(P < 0.01) remaining signiﬁcant. For 1,25(OH)2D and bile acids,
no signiﬁcant associations were observed with the exception of an
inverse relationship with other bile acids in both adjusted and
unadjusted models.
Finally, we sought to determine whether baseline concentrations of vitamin D metabolites modiﬁed the effect of UDCA
treatment versus placebo on overall or advanced colorectal adenoma recurrence. A prior publication by our group demonstrated
that sex modiﬁed the effect of UDCA treatment on adenoma
recurrence; therefore, we stratiﬁed these results by sex. As shown
in Table 5, in models adjusted for age, BMI, and season of blood
draw, there were no statistically signiﬁcant differences for UDCA
treatment effect by category of vitamin D metabolites for either
overall adenoma recurrence or advanced recurrence among men
or women.

Discussion
To our knowledge, this is the ﬁrst epidemiologic study of the
association between circulating vitamin D metabolite concentrations and fecal bile acid levels. The results demonstrated that
higher circulating 25(OH)D concentrations were signiﬁcantly
associated with lower baseline fecal bile acid concentrations for
all but UDCA and UC. After adjustment for potentially confounding variables, the relationships remained statistically signiﬁcant
for total and primary bile acid concentrations, for CDCA and CA
individually, and for the category of other bile acids. In contrast,
blood levels of 1,25(OH)2D were not related to baseline fecal bile
acid concentrations, and no modiﬁcation of the effect of UDCA
on colorectal adenoma recurrence was observed by levels of either
vitamin D metabolite.
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BAs are required for lipid digestion and metabolism (31), and
the primary BAs, CDCA and CA, are produced in the liver from the
precursor, cholesterol (3). The poor water solubility of lipids
presents problems for digestion because the substrates are not
easily accessible to the digestive enzymes in the aqueous phase,
and the lipolytic products tend to aggregate to larger complexes
that make poor contact with the cell surface and therefore are not
easily absorbed. This latter problem is overcome by "solubilization" of the lipid products with amphipathic bile acids. Bile acids
are cholesterol clearance metabolites that emulsify the products of
dietary fat digestion for intestinal absorption. They undergo active
transport in the ileum, and enterohepatic (re)circulation via the
portal system. As shown in Fig. 1, bile acid synthesis occurs
exclusively in liver, and is catalyzed by 7a- and 12a-hydroxylation
of cholesterol as well as side chain oxidation to a carboxylate
moiety, yielding CA and CDCA as primary bile acids, the latter of
which are subsequently 7-dehydroxylated by microbial enzymes
in the intestinal lumen to deoxycholic and lithocholic secondary
bile acids, respectively. Figure 1 illustrates the integrative crosstalk
between bile acid and vitamin D metabolism, which may form the
molecular basis for the observations reported in the current study.
These pathways constitute an elaborate autoregulatory cascade
that is affected by vitamin D, and mediated by nuclear receptors/
transcription factors, for the maintenance of hepatic cholesterol
catabolism to bile acids, as well as lowering the risk of colon
cancer by the detoxiﬁcation of secondary bile acids. Thus,
although BAs clearly have a key role in fat metabolism, carcinogenic effects in the colorectum are likely present after prolonged
exposure, and these may be mitigated through the vitamin D
pathway.
More than 75 years ago, DCA was identiﬁed as a potential
carcinogen (32); since that time, the role of bile acids in carcinogenesis has been reﬁned and several mechanisms of action have
been proposed. First, it has been hypothesized that chronic
exposure to bile acids in response to a high-fat diet may result
in the selection of apoptosis-resistant cells in the colon, leading to
tumorigenesis (5). Next, several lines of evidence suggest that
hydrophobic bile acids may increase oxidative stress via the
production of reactive oxygen species (ROS) and reactive nitrogen
species (RNS; ref. 5). In addition, some epidemiologic studies
have shown that higher bile acid concentrations in the blood or
serum, particularly CDCA, are observed in patients with colorectal
cancer compared with controls (5, 33). Finally, the emerging bile
acid–gut microbiome axis suggests that there is considerable
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0.82 (0.36–1.85)
0.44
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Models adjusted for age, BMI, and season of blood draw.
Pinteraction calculated with a likelihood-ratio test.
b

a

1.37 (0.42–4.46)
0.98
9 (16.1)/6 (9.5)

14 (10.1)/15 (12.1)

0.68 (0.34–1.35)
1.39 (0.38–5.12)
6 (11.8)/5 (9.1)

18 (12.7)/25 (19.1)

1.01 (0.47–2.17)
1.55 (0.57–4.22)
12 (15.6)/8 (11.0)

19 (15.1)/20 (17.7)

0.70 (0.38–1.31)
0.93
1.15 (0.28–4.64)
0.59
6 (17.1)/5 (10.6)

25 (14.8)/31 (20.1)

0.77 (0.39–1.53)
0.99 (0.31–3.11)
8 (10.1)/7 (9.5)

18 (10.3)/22 (13.4)

0.99 (0.29–3.40)
2.21 (0.79–6.15)
13 (18.6)/7 (10.0)

8 (12.9)/7 (14.0)

OR (95% CI)

Men
Percentage of
recur UDCA/placebo
Percentage of
recur UDCA/placebo

Table 5. Adjusteda ORs (95% CI) for treatment effect of UDCA by concentrations of 25(OH)D, of 1,25(OH)2D, and sex
Recurrence
Women
Men
Vitamin D
n (%) recur
n (%) recur
metabolite
UDCA/placebo
OR (95% CI)
UDCA/placebo
OR (95% CI)
25(OH)D status
Deﬁcient
<20 ng/mL
30 (42.3)/23 (32.9)
1.61 (0.80–3.24)
28 (45.2)/24 (48.0)
0.88 (0.39–1.96)
Inadequate
20 and <30 ng/mL
26 (32.9)/33 (44.6)
0.65 (0.33–1.29)
76 (43.2)/72 (43.9)
0.83 (0.53–1.29)
Adequate
30 ng/mL
11 (31.4)/16 (33.3)
0.81 (0.31–2.17)
71 (42.0)/75 (48.7)
0.99 (0.64–1.53)
Pinteractionb
0.15
0.81
1,25(OH)2D tertile
Tertile 1
23.0  4.4 pg/mL
33 (42.3)/31 (42.5)
1.09 (0.56–2.11)
61 (48.0)/56 (49.6)
1.01 (0.60–1.70)
Tertile 2
33.6  2.8 pg/mL
16 (31.4)/18 (32.7)
0.85 (0.36–1.99)
60 (42.3)/60 (45.8)
0.97 (0.59–1.59)
Tertile 3
47.1  8.4 pg/mL
18 (32.1)/23 (35.9)
0.81 (0.36–1.86)
54 (39.1)/55 (44.4)
0.83 (0.51–1.38)
Pinteractionb
0.82
0.93

Women

Advanced recurrence

OR (95% CI)
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genetic and environmental variation in not only microbiotamediated metabolism of bile acids, but also the potential for
impact of bile acid composition in the colon on gut microbiome–
host physiology interactions (34).
In contrast, UDCA is a hydrophilic bile acid that been examined
in detail as a potential chemopreventive agent for colorectal cancer
(6–11). In our randomized, placebo-controlled UDCA trial, no
overall effect of the intervention was observed, although there was a
statistically signiﬁcant reduction in the formation of lesions with
high-grade dysplasia (6). Secondary analyses of this trial revealed
that treatment with UDCA reduced the risk of advanced recurrent
adenomas among men, but not women (12). Furthermore, an
investigation of the genetic variation in cholesterol 7a-hydroxylase
(CYP7A1) demonstrated that there were signiﬁcant differences in
treatment effect among three SNPs in this gene (13). Because indepth investigations of the UDCA trial have identiﬁed several
patient characteristics that may allow for targeted approaches to
the use of UDCA in chemoprevention, as well as the growing
literature of crosstalk between the bile acid and vitamin D pathways, we sought to determine whether vitamin D metabolite
concentrations might also be related to bile acid levels and/or may
modify the effect of UDCA treatment on adenoma recurrence.
In cross-sectional analyses and after adjustment for potentially
confounding variables such as age, sex, BMI, physical activity, and
calcium intake, we found that circulating concentrations of 25
(OH)D were inversely associated with total and primary fecal bile
acid levels. There are several potential mechanisms of actions that
aid in the understanding of this relationship, as outlined in Fig. 1
and discussed further here. The VDR is now recognized as a bile
acid sensor, and binding of either LCA or the potent vitamin D
metabolite, 1,25(OH)2D, activates the VDR. In fact, the crystal
structure of the VDR ligand–binding pocket in a complex with
LCA and an SRC-2 coactivator peptide dramatically reveals the
binding of two LCA molecules to VDR. One LCA molecule binds
in the ligand-binding pocket, and a second LCA is bound to a site
located on the VDR surface (35). When associated with either the
1,25(OH)2D and/or LCA ligand(s), activated VDR increases the
hepatic expression of the cytochrome P450 enzyme CYP3A4 (14,
17, 18; Fig. 1). CYP3A4-catalyzed hydroxylation of bile acids is a
key step in reducing the hydrophobicity, and thus the toxicity, of
bile acids (36). Therefore, activation of CYP3A4 by either LCA- or
1,25(OH)2D-binding to the VDR commences catabolism of LCA
and other bile acids, ultimately reducing bile acid concentrations
(37), despite the fact that CDCA, CA and other bile acids do not
themselves bind VDR (14). The key role for CYP3A4 in mediating
detoxiﬁcation of bile acids, via a mechanism that is dependent on
VDR, was recently demonstrated in a study with mice that possess
an intestine-speciﬁc disruption of VDR (VdrDIEpC) and exhibit a
signiﬁcant accumulation in bile acid levels. When VdrDIEpC mice
are crossed with a CYP3A4-humanized mouse line that expresses
high levels of CYP3A4 in the gut, the resultant VdrDIEpC/CYP3A4
hybrid strain does not exhibit accumulation of bile acids, along
with a reversal of LCA-induced hepatotoxicity (38). Thus, the
interplay between VDR and CYP3A4 is critical to the likely in vivo
role of VDR as a bona ﬁde bile acid sensor that helps to effect BA
homeostasis (Fig. 1).
In the current work, although a signiﬁcant link was observed
between 25(OH)D and bile acids levels, no association between
circulating concentrations of the primary VDR ligand, 1,25
(OH)2D, and any bile acid was observed. Potential reasons for
this include the homeostatic control of 1,25(OH)2D in
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Figure 1.
Regulation of cholesterol, bile acid, and vitamin D metabolism. An integrative model illustrating the interplay between vitamin D and bile acid metabolism, as
mediated by nuclear receptors/transcription factors, and the potential mechanisms that may drive colon carcinogenesis. The ﬁrst committed/rate-limiting
step in the synthesis of bile acids from cholesterol is the introduction of a hydroxyl group at carbon #7 of the sterol ring by the enzyme cholesterol 7a-hydroxylase
(encoded by CYP7A1). Catabolism of cholesterol to bile acids is regulated by: (i) oxysterols that induce the expression of CYP7A1 via the liganding of
LXRa in cooperation with LRH-1 to feed-forward enhance bile acid synthesis, and (ii) bile acids that repress the expression of CYP7A1 via binding to FXR to induce
SHP, which in turn neutralizes LRH-1, ultimately inhibiting bile acid synthesis. Other transcription factors/nuclear receptors, besides LXRa and FXR that
regulate the expression of CYP7A1 are: LRH-1, SHP, VDR, RXR, and FOXO1. FOXO1 is phosphorylated in response to FGF19 and insulin signaling, and removed
from the nucleus to abolish its induction of CYP7A1. Thus, feedback repression of CYP7A1 is regulated by a trio of nuclear receptors: FXR, SHP, LRH-1, plus
phosphorylation/dephosphorylation of FOXO1. The sequence of molecular events is as follows: Bile acids bind to FXR, the primary bile acid sensor, inducing the
transcription of SHP in liver, and FGF19 in small intestine. Elevated SHP protein inactivates LRH-1 by forming heteromeric complex to elicit promoter-speciﬁc
repression of CYP7A1 and SHP. In the intestine, FGF19 signals that the gut is processing large amounts of bile acids, and FGF19 circulates to the liver to
signal the activation of a kinase that phosphorylates FOXO1 (thereby excluding it from the nucleus) to suppress hepatobiliary CYP7A1 expression. Insulin
similarly signals the activation of phosphorylation of FOXO1 in liver to repress CYP7A1; thus, insulin increases cholesterol levels. Vitamin D is converted to 25(OH)D by
CYP2R1 in the liver, and circulating 25(OH)D is metabolized to the 1,25(OH)2D hormone by CYP27B1 in kidney and extrarenal tissues such as colon. VDR is
also a bile acid sensor that, when liganded, represses CYP7A1 in liver to reduce cholesterol catabolism, as well as triggers LCA detoxiﬁcation in colon by
inducing CYP3A4 and SULT2A when VDR is liganded with either lithocholic acid or 1,25(OH)2D. In bone (osteocytes), 1,25(OH)2D induces FGF23, a phosphaturic
hormone that induces CYP24A1 in colon to initiate catabolism of 1,25(OH)2D to inactive metabolites. This latter action of FGF23 tempers the ability of 1,25(OH)2D to
reduce colon carcinogenesis through induction of CYP3A4/SULT2A, and FGF23 may have additional independent tumor-promoting actions in the colon
(41). LXR, liver X receptor; FXR, farnesoid X (bile acid) receptor; LCA, lithocholic acid; BAs, bile acids; ABC, ATP-binding cassette transporters; 1,25D, 1,25dihydroxyvitamin D; 25D, 25-hydroxyvitamin D.

circulation, which may have limited the variation of this metabolite between study subjects. Second, because many tissues
express 1a-hydroxylase, and as such can convert 25(OH)D to
1,25(OH)2D locally rather than systemically, it is possible that the
key activity for the 1,25(OH)2D-bile acids feedback loop may
occur in bursts at the cellular level and cannot be detected via
measurement of circulating concentrations. Thus, the relevant
biomarker appears to be the 25(OH)D precursor metabolite that
serves as a substrate for locally-expressed CYP27B1 to produce
intestinal 1,25(OH)2D (Fig. 1). Interestingly, as described above
with genetic variation in cholesterol 7a-hydroxylase (CYP7A1)
and the signiﬁcant differences in UDCA treatment effect among
SNPs in this gene (13), the CYP27B1 gene also possesses several
SNPs that modulate its activity in terms of 1,25(OH)2D synthesis
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(39), suggesting that genetic variation and identiﬁcation of relevant multigene SNPs will be vital in personalized medicine
approaches to UDCA and/or vitamin D chemoprevention.
In addition to the absence of a relationship between vitamin D
metabolites and UDCA and UC concentrations at baseline, in
prospective analyses, there was no evidence of effect modiﬁcation
of UDCA by 25(OH)D or 1,25(OH)2D on colorectal adenoma
recurrence. These ﬁndings are in contrast with a recent publication
demonstrating that 25(OH)D concentrations were signiﬁcantly
associated with response to UDCA among patients with primary
biliary cirrhosis, with lower concentrations of 25(OH)D observed
in non-responders (40). The different study population and
endpoints used in that study may account for the contrasting
results observed herein, as the primary ﬁndings of the UDCA trial
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revealed no overall effect of the intervention on recurrent adenomas. Because subsequent analyses revealed that UDCA treatment
signiﬁcantly reduced the risk of an advanced colorectal lesion in
men, but not women (12), the prospective assessment of effect
modiﬁcation by vitamin D metabolite concentrations was stratiﬁed by sex. Although for men we observed a similar relationship
as that previously reported between UDCA and a reduction in risk
for advanced adenoma recurrence, no heterogeneity of treatment
effect was observed by categories of either 25(OH)D or 1,25
(OH)2D.
In summary, the current work demonstrated a signiﬁcant
inverse association between the vitamin D metabolite 25(OH)
D and fecal bile acid concentrations; after adjustment for confounding, these results were largely conﬁned to primary bile acids.
These ﬁndings support prior work showing that vitamin D has a
role in bile acid regulation and metabolism (14, 36, 37), and
indicate that vitamin D should be considered as a potential
preventive or therapeutic strategy in bile-acid related pathology
of the colon (Fig. 1). Conversely, the absence of an association
with baseline concentrations of UDCA and the lack of effect
modiﬁcation of UDCA treatment on adenoma recurrence does
not support a role for circulating vitamin D metabolites in UDCAmediated effects on colorectal neoplasia. However, further work
regarding the potential role of genetic variation in the vitamin D
pathway on UDCA on colorectal cancer prevention or targeted
treatment is warranted.
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