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Abstract

Background: Human studies investigating the prospective relationship between microbial metabolites and colorectal cancer
(CRC) risk are lacking. We tested whether higher serum bile acids (BAs) and lower short-chain fatty acids (SCFAs) were associ-
ated with CRC risk. Methods: In baseline serum collected more than 30 years before a CRC diagnosis, we quantified
concentrations of 15 BAs and 6 SCFAs using targeted liquid chromatography with tandem mass spectrometry assays in 1:1
matched cases and controls from the Prostate, Lung, Colorectal, and Ovarian (PLCO) Cancer Screening Trial (men: n =262
cases; women: n =233 cases) and the Alpha-Tocopherol, Beta-Carotene Cancer Prevention Study (men: n =598 cases). We es-
timated odds ratios (ORs) and 95% confidence intervals (Cls) for BA and SCFA quartiles and summary measures with CRC
overall and by anatomic location using multivariable conditional logistic regression models. PLCO analyses were stratified by
sex. All statistical tests were 2-sided. Results: In PLCO women, 7 BAs were strongly associated with increased CRC risk,
including the secondary BAs, deoxycholic (ORqs v g1 =2.85, 95% CI = 1.45 t0 5.60, Qirend = 0.011), glycodeoxycholic (OR q4

Q1= 3.45,95% CI=1.79 t0 6.64, Qirena = 0.006), taurodeoxycholic (OR q4 y g1 = 2.36, 95% CI =1.22 t0 4.55, Qrena = 0.023), and
glycolithocholic acid (ORq4 v g1 =2.71, 95% CI =1.41 t0 5.22, Qtrend = 0.015). Women in the highest compared with lowest
quartile of total SCFAs had a 45% lower risk of CRC (OR =0.55, 95% CI=0.31 to 0.98, Piena = .03). Associations for total BAs and
SCFAs were strongest among women with proximal colon cancer. No statistically significant associations were observed for
BA or SCFA measures among men. Conclusions: Serum concentrations of BAs, particularly downstream microbial
metabolites of cholic acid, were strongly associated with increased risk of CRC among women.

Accumulating evidence from observational studies indicates
that the human microbiota contributes to colorectal cancer
(CRC) development and that decreased microbial diversity in
the colon, assessed in fecal samples, is cross-sectionally associ-
ated with CRC (1). Unfortunately, prediagnostic fecal samples
for studying prospective associations of the microbiome with
CRC risk are not available in most cohorts, but bacteria are met-
abolically active, and microbial metabolites, which likely medi-
ate associations between the gut microbiota and CRC, can be
measured in blood.

Secondary bile acids (BAs) and short-chain fatty acids
(SCFAs) are known microbial metabolites that have been linked
to dietary intake and colorectal carcinogenesis, but in different

ways. High-fat diets increase secretion of primary BAs, and sec-
ondary BAs—namely, deoxycholic (DCA) and lithocholic acid—
are formed from primary BAs by Clostridia species (2) in the distal
small intestine and colon. Experimental evidence indicates that
secondary BAs are carcinogenic to the colon (3). In contrast, high-
fiber diets increase microbial fermentation products, including
the SCFA butyrate. Experimental studies have demonstrated an
inhibitory effect of butyrate on colorectal carcinogenesis through
suppression of inflammation, inhibition of neoplastic cell prolif-
eration and migration, restriction of tumor angiogenesis, and in-
duction of neoplastic apoptosis (4). Furthermore, dietary fiber
has been linked to lower colorectal adenoma and CRC risk in the
Prostate, Lung, Colorectal and Ovarian (PLCO) Cancer Screening
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Trial cohort (5). Despite abundant experimental evidence, human
studies investigating prospective relationships between BAs,
SCFAs, and CRC risk are lacking.

A previous untargeted metabolomics case-control study,
nested in PLCO, found that higher serum levels of glycocheno-
deoxycholic acid were associated with CRC risk among women
but not men (6). However, this study was semiquantitative and
did not assess SCFAs or associations by anatomic location. A
study in in the European Prospective Investigation into Cancer
and Nutrition found that higher levels of several glycine-
conjugated BAs were associated with colon cancer risk, with
stronger associations in women, but this study was also semi-
quantitative and did not include rectal cancer cases or SCFAs
(7). Herein, we explore the prospective associations of serum BA
and SCFA concentrations with CRC risk overall and by anatomic
location.

Materials and Methods

Study Design

The PLCO nested case-control study includes participants from
the screening arm of the study, which enrolled more than
39000 women and more than 38000 men, aged 55-74years, in
the United States from 1993 to 2001. With follow-up for cancer
incidence through December 31, 2014, we identified 495 first pri-
mary-incident CRC cases (ICD-0-3 codes: C180, C182-C189, C199,
C209, C260, excluding ICD morphologies not in the range of
8240-8249, which are carcinoid or neuroendocrine tumors)
among those who completed a baseline questionnaire; con-
sented for biospecimen use; were CRC free at study entry
according to screening sigmoidoscopy; were free of any cancer,
Crohn’s disease, ulcerative colitis, familial polyposis, Gardner’s
syndrome, or colorectal polyps according to baseline question-
naire; did not have a rare cancer during follow-up; had more
than 6 months of follow-up; and had unthawed baseline serum
(n=37412). Cases were individually matched to controls on ran-
domization age (+5years), sex, race, randomization year, and
blood draw season.

The ATBC nested case-control study includes participants
from a Finnish cohort of more than 29000 male smokers, aged
50-69years, at enrollment (1985-1988). With follow-up for can-
cer incidence through December 31, 2015, we identified 598 inci-
dent first primary CRC cases (ICD9: 153.0-153.4, 153.6-153.7, and
154.0-154.1) with unthawed serum and without a subsequent
diagnosis of a rare cancer. Cases were individually matched to
controls on randomization age (*5years), serum draw date
(+30days), and fasting status (<8 or >8 hours fasting).

In both studies, eligible controls were alive and cancer free at
CRC diagnosis date, and data on risk factors were collected at
baseline via self-reported questionnaires; blood was drawn, proc-
essed to serum according to standard procedures, and stored at
—80°C. The institutional review boards of the US National Cancer
Institute and the 10 screening centers approved the PLCO study,
and all participants provided informed consent. The institutional
review boards of the US National Cancer Institute and the
National Public Health Institute of Finland approved the ATBC
Study, and all participants provided informed consent.

Metabolomics Analysis

Study and replicate quality control (QC) samples (rate of 5%-10%)
were blinded; cases and their matched controls were placed

adjacent but in random order. In PLCO, technical reproducibility
was acceptable with inter-batch coefficients of variation (CVs)
less than 18% for all BAs with concentrations above the lower
limit of quantification (LLOQ), except glycodeoxycholic acid
(GDCA; CV=22%), and all SCFAs, except propionic acid
(CV=38%). In PLCO, concentrations of ursodeoxycholic and taur-
oursodeoxycholic acid consistently fell below the LLOQ in QC
samples. In ATBC, technical reproducibility was also acceptable,
with interbatch CVs less than 12% for all BAs and all SCFAs, ex-
cept isovaleric acid (CV = 23%).

BA and SCFA panels were run on separate aliquots. Serum
samples were spiked with corresponding labeled internal stand-
ards for each measured compound, subjected to protein precipi-
tation with organic solvent, and centrifuged. Sample analysis
was carried out in a 96-well plate containing 2 calibration curves
and 6 additional Metabolon QC samples per plate to monitor as-
say performance. For the BA panel, a portion of the organic su-
pernatant was evaporated to dryness in a stream of nitrogen at
40°C. The dried extract was reconstituted, and an aliquot was
injected onto an Agilent 1290 Infinity II/Sciex QTRAP 6500+ or
Agilent 1290 Infinity/Sciex QTRAP 6500 liquid chromatography
with tandem mass spectrometry system equipped with a C18
reverse-phase ultra-high performance liquid chromatography
column. For the SCFA panel, an aliquot of the supernatant was
derivatized forming the corresponding SCFA aryl hydrazides.
The reaction mixture was diluted and injected onto an Agilent
1290/AB Sciex QTrap 5500 LC MS/MS system equipped with a
C18  reversed-phase  ultra-high  performance  liquid
chromatography column. For both panels, the mass
spectrometer was operated in negative mode using electrospray
ionization, and the peak area of each parent or product ion was
measured against the peak area of the respective internal
standard parent or product ion.

Quantitation was performed with Metabolon, Inc.
(Morrisville, North Carolina) using a weighted and linear least
squares regression analysis generated from fortified calibration
standards prepared immediately before each run. Analyte con-
centrations that fell below and above the LOQ were extrapolated
and flagged. Analytes that could not be extrapolated below the
LOQ were assigned a value of one-half the lowest observed con-
centration for a given analyte within a given study.

Statistical Analysis

The distributions of putative CRC risk factors, BAs, and SCFAs
were summarized according to sex and case-control status.
Spearman rank correlation coefficients (p) between BA and
SCFA concentrations were estimated among controls.
Conditional logistic regression models were used to estimate
odds ratios (ORs) and 95% confidence intervals (CIs) for CRC
across quartiles of analyte concentrations, based on the distri-
bution among controls, and for continuously measured analy-
tes. To compare results from PLCO with ATBC and because
previous studies found differences between BA and CRC or co-
lon cancer risk (6), 7 by sex, we stratified PLCO analyses by sex
and tested the multiplicative interaction between sex and each
analyte by including the cross-product term in logistic regres-
sion models; P values for interaction were assessed by ;? tests.
For categorical analyses, if more than 25% of control samples
for a given analyte had concentrations less than the LLOQ, the
analyte was defined as quantifiable or not quantifiable. Trends
across quartiles were calculated by modeling the ordinal vari-
able; P values were corrected for multiple comparisons using a



false discovery rate-corrected Q value (8). For continuous analy-
ses, because concentrations tended to be right-skewed, analytes
were log,-transformed. Thus, a 1-unit increase is interpreted as
a doubling in concentration. All models were conditioned on
study-specific matching factors and adjusted for suspected CRC
risk factors.

In secondary analyses, total measures were created by sum-
ming 15 BAs (total BA), 2 unconjugated and 4 conjugated pri-
mary BAs (total primary BA), and 2 unconjugated and 4
conjugated secondary BAs (total secondary BA); and 6 SCFAs (to-
tal SCFA). Odds ratios and 95% confidence intervals for CRC
were estimated using the main analytic model overall and by
anatomic location. Models were run excluding cases that oc-
curred within 5 years of blood draw. Finally, we used a stepwise
selection process, with an alpha of .05 to enter and .05 to remain
in the model, to test each of the 15 BAs and 6 SCFAs and deter-
mine the set of metabolites that were independently associated
with CRC risk in PLCO, by sex, and in ATBC. Statistical tests
were 2-sided. Differences were considered statistically signifi-
cant if Q values (main analyses) or P values (secondary analyses)
were less than .05. SAS 9.4 (Cary, NC, USA) and RStudio Version
1.2.5033 were used for analysis.

Results

In PLCO, cases occurred throughout the follow-up period with
13%, 42%, and 45% of cases occurring within 5 years of baseline, 5-
10years after baseline, and more than 10 years after baseline, re-
spectively. Approximately 69% of cancers among women and
men were in the proximal colon, whereas 18% and 13% were in
the distal colon and rectum, respectively. The mean time from
blood draw to CRC diagnosis was 10years. Female and male CRC
cases were less likely than controls to report having graduated
from college or being never smokers. Among female cases, total
energy intake and body mass index tended to be higher than con-
trols, and among male cases, unprocessed red and processed
meat intake, total energy intake, and body mass index tended to
be higher than among controls. Distributions of other putative risk
factors appeared similar. Among female cases, mean BA concen-
trations were consistently higher than among controls (Table 1).
In ATBC, cases also occurred throughout the follow-up period,
with 8%, 16%, and 76% of cases occurring within 5years of base-
line, 5-10years after baseline, and more than 10 years after base-
line, respectively. In contrast to PLCO, 30% of cancers occurred in
the proximal colon, and 24% and 46% occurred in the distal colon
and rectum, respectively. The mean time from blood draw to CRC
diagnosis was 15 years. Distributions of putative risk factors gener-
ally appeared similar between the 2 groups. Mean BA concentra-
tions tended to be higher among cases than controls (Table 1).

In PLCO, BAs were generally positively correlated (p >0.57 for
BAs within the same classification). All SCFAs were positively
correlated (0.12 < p <0.63). Acetic acid was negatively correlated
with most BAs (Supplementary Figure 1, available online). In
ATBC, most BAs were also generally positively correlated with
each other (p>0.50 for BAs within the same classification), and
all SCFAs were positively correlated. As in PLCO, acetic acid was
negatively correlated with most BAs (Supplementary Figure 2,
available online).

In PLCO women, higher concentrations of 7 BAs were associ-
ated with higher CRC risk (all Quena < 0.05; Figure 1
Supplementary Table 1, available online). Notably, women in the
highest quartile of DCA had nearly threefold higher odds of CRC
compared with those in the lowest quartile (DCA; ORq4 v g1 =2.85,
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95% CI=1.45 to 5.60, Quena=0.011). The strongest and most con-
sistent associations were observed for conjugated secondary
BAs, with those in the highest quartile of GDCA (ORq4 v q1 =345,
95% CI=1.79 to 6.64, Qiend = 0.006), taurodeoxycholic acid (TDCA;
ORqs v 1 =2.36, 95% CI=1.22 to 4.55, Qyena =0.023), and glycoli-
thocholic acid (ORq4 v g1=2.71, 95% CI=1.41 t0 5.22, Qgeng = 0.015)
having two- to threefold higher odds of CRC. Additionally, a
quantifiable concentration of taurolithocholic acid was also
associated with higher odds of CRC (taurolithocholic acid,;
ORQuantiﬁable v not quantifiable = 1'847 9% CI=116 to 293v
Qtreng = 0.047). Finally, 2 primary conjugated BAs, taurochenodeox-
ycholic acid (ORqs v g1 = 2.98, 95% CI=1.42 t0 6.24, Quena = 0.047)
and glycocholic acid (ORqs v qu =226, 95% CI=1.21 to 4.22,
Qurena=0.022), were associated with higher odds of CRC.
Consistent findings were observed for total BA concentrations,
with women in the highest quartile having twofold higher odds of
CRC (ORqs v q1=1.95, 95% CI=1.04 to 3.66, Pyenq=.01); associa-
tions for total primary BAs and total secondary BAs with CRC were
stronger (Figure 2; Supplementary Table 2, available online).
Stratification by cancer anatomic location revealed that associa-
tions with total BA concentrations were strongest among women
with proximal colon cancer (Table 2).

Individual BAs were not associated with CRC among men in
either PLCO (Figure 1; Supplementary Table 1, available online)
or ATBC (Figure 1; Supplementary Table 3, available online) after
correcting for multiple comparisons; however, a borderline sta-
tistically significant association was observed for GDCA in ATBC
(ORqs v q1=1.54, 95% CI=1.07 to 2.21, Qirena=0.06). No statisti-
cally significant associations between BA concentration totals
and CRC were observed among men in PLCO (Figure 2;
Supplementary Table 2, available online), but in ATBC, men in
the highest quartile of total secondary BAs had higher odds of
CRC (ORqs v q1=1.47, 95% CI=1.04 to 2.07, Pyena=.03) (Figure 2;
Supplementary Table 2, available online). In women and men,
associations of BA concentration totals were generally similar
when excluding cases that occurred within 5 years of blood draw
in both cohorts (Supplementary Tables 4 and 5, available online).

In both PLCO and ATBC, individual SCFAs were not associ-
ated with CRC (all Queng > 0.20; Figure 3; Supplementary Table
6, available online). However, women in the highest quartile of
total SCFAs had 45% lower odds of CRC (ORqs v q1=0.55, 95%
CI=0.31 to 0.98, Pyenq=.03) (Figure 2; Supplementary Table 2,
available online). Again, stratification by anatomic location
revealed that the inverse associations for total SCFAs were
strongest among women with proximal colon cancer (Table 2).
In ATBC, associations for total SCFA concentrations with CRC
were not statistically significant and generally reflected those
among men in PLCO (Supplementary Table 2, available online).
Total SCFA associations were generally similar when excluding
cases that occurred within 5 years of blood draw in both cohorts
(Supplementary Tables 4 and 5, available online).

In a secondary analysis using a stepwise selection process
(Supplementary Table 7, available online), we found that among
PLCO women, GDCA (ORjogigpcaj=1.29, 95% CI=1.10 to 1.50,
P=.003) and isovaleric acid (ORiogjfisovaleric acid]=0.68, 95%
CI=0.48 to 0.96, P=.03) were independently associated with
CRC risk. Among men in ATBC, GDCA was also positively
and independently associated with CRC risk (ORjogz(gpcaj=1.10,
95% CI=1.12 to 1.18, P=.01). In contrast, among men in
PLCO, the strongest associations were for TDCA, which, like
its glycine conjugate, was positively associated with CRC risk
(ORiogoirpea) = 1.06, 95% CI=1.00 to 1.13, P=.04), and ursodeoxy-
cholic acid, which was inversely associated with CRC risk
(ORyogoiupca) = 0.94, 95% CI=0.89 to 0.99, P=.02).
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Table 1. Baseline characteristics of CRC cases and controls in the PLCO Cancer Screening Trial Cohort by sex and the ATBC Cohort?

PLCO Women (n = 466)

PLCO Men (n = 524) ATBC Men (n = 1196)

Controls Cases Controls Cases Controls Cases
Characteristics (n=233) (n=233) (n=262) (n=262) (n =598) (n =598)
Mean age at baseline (SD), y>© 64.1 (5.4) 64.2(5.3) 64.0(5.1) 64.0(5.0) 56.6 (4.8) 56.6 (4.8)
Race, % (No.)
Asian 0.9(2) 0.9 (2) 5.0 (13) 5.0 (13) 0(0) 0(0)
Black, Non-Hispanic 5.6 (13) 5.6 (13) 3.8 (10) 3 8 (10) 0(0) 0(0)
Hispanic, American Indian, or Pacific Islander 1.3(3) 1.3(3) 2.7(7) 7(7) 0(0) 0(0)
Non-Hispanic white® 92.3 (215) 92.3 (215) 88.5 (232) 88 5 (232) 100 (598) 100 (598)
College graduate, % (No.) 34.4 (80) 23.3 (54) 43.3 (114) 37.6 (99) 4.4 (26) 5.1(31)
Current smoker, % (No.) 5.3(12) 9.1(21) 8.4 (22) 11.4 (30) 100 (598) 100 (598)
Self-reported diabetes, % (No.) 4.9(11) 4.8 (11) 7.3(19) 10.8 (28) 3.1(19) 2.5 (15)
Family history of colorectal cancer, % (No.) 14.3 (33) 12.7 (30) 9.1(24) 13.2 (35) — —
Vigorous activity, 4+ h/wk, % (No.) 22.5(52) 21.2 (49) 24.5 (64) 24.5 (64) — —
Leisure time physical activity, 3+ times/wk, % (No.) — — — — 19.9 (119) .7 (106)
Never HRT user (women only), % (No.) 31.1(72) 32.7 (76) — — — —
Alcohol drinker, % (No.) 75.1(175) 70.3 (164) 83.3(218) 86 4 (226) 90.8 (543) 94.7 (566)
Mean alcohol intake (SD), drinks/d 0.4 (0.8) 0.5(1.1) 1.3(1.9) 4(2.9) 1.3(1.5) 1.5(1.6)
Mean whole grain intake (SD), 0z/d/1000 kcal 0.6 (0.4) 0.6 (0.4) 0.5 (0.4) .5 (0.3) 2.1(1.4) 2.0 (1.5)
Mean unprocessed red meat intake (SD), g/d/1000kcal ~ 22.2 (13.9) 22.0(14.5) 29.6 (16.7) 33 0(18.9) 27.1(11.8) 28.0 (11.8)
Mean processed meat intake (SD), g/d/1000 kcal 4.3 (4.5) 4.3(5.8) 6.9 (6.6) .6 (9.3) 28.1(17.9) 28.4 (17.8)
Mean energy intake (SD), kcal/d 1674.9 (595.3) 1753.7 (675.0) 2254.9 (948.2) 2439.5 (925.4) 2725.4 (688.6) 2691.7 (704.4)
Mean body mass index (SD), kg/m? 26.8 (5.4) 27.6 (5.4) 27.1(3.8) 28.6 (4.7) 26.1(3.7) 26.4 (3.7)
Bile acids, Mean (SD)
Chenodeoxycholic acid, ng/mL 61.2(117.4) 115.4(557.6) 123.4(329.9) 107.2(207.3) 132.0(257.0) 151.1(377.8)
Cholic acid, ng/mL 28.1(78.6)  55.2(242.1) 70.1(209.7)  43.9(92.9)  94.7 (192.8) 118.2 (462.5)
Deoxycholic acid, ng/mL 115.7 (123.5)  154.5(203.6) 138.1(210.2) 135 1(145.5) 111 7 (156.9) 124 5(164.7)
Lithocholic acid, ng/mL 2(5.5) 5.3(8.4) 4.5(5.5) .8(7.6) .0(2.9) 3 (4.1)
Ursodeoxycholic acid, ng/mL 17.1(31.7) 32.8 (165.1) 20.4 (40.6) 19 0(34.8) 22 6(38.9) 23 7 (41.9)
Glycochenodeoxycholic acid, ng/mL 263.5(290.0) 359.3 (451.3) 388.5(534.0) 409.9 (558.1) 206.1(237.8) 234.6 (305.5)
Glycocholic acid, ng/mL 114.9(199.0) 1457 (408.1) 120.2(180.0) 168.4(366.3)  51.5(95.0)  65.2 (121.5)
Glycodeoxycholic acid, ng/mL 140.4 (179.7) 205 8(259.1) 170.9(291.6) 177.8(244.8) 53 9(79.7) 65.1(97.6)
Glycolithocholic acid, ng/mL 7.2(13.2) 4 (14.6) 10.0 (17.6) 9.3 (13.1) 9 (5.2) 1(5.0)
Glycoursodeoxycholic acid, ng/mL 48.6 (80.2) 60 9(121.2) 47.3 (65.5) 49.3 (75.4) 36 6 (45.6) 37.2 (49.4)
Taurochenodeoxycholic acid, ng/mL 54.8 (81.3) 68.0 (115.8) 48.8 (79.7) 72.7 (165.5) 26.0 (32.5) 36.6 (128.2)
Taurocholic acid, ng/mL 27.9(80.5)  30.7(105.2)  14.9(31.9)  32.0(11L3) 8.5 (28.0) 14.9 (91.3)
Taurodeoxycholic acid, ng/mL 30 7 (47.7) 40 8(61.7) 21 2 (41.6) 29.5 (57.5) 9.0 (21.0) 10 3(16.4)
Taurolithocholic acid, ng/mL 2(2.3) 4(2.8) .2(2.6) 1.5(3.1) 1.4(15) 4(0.7)
Tauroursodeoxycholic acid, ng/mL .2 (4.6) .6 (6.2) .3(3.6) 2.3(8.9) 1.7 (1.5) .7 (1.9)

Short-chain fatty acids, Mean (SD)

Acetic acid, ng/mL 1747.5 (1455.0) 1470.4 (1227.8) 1661.1 (1458.3) 2264.4 (5601.9) 3223.2 (8269.5) 3165.2 (7084.3)
Butyric acid, ng/mL 315(242)  363(31.2)  311(277)  39.9(744)  38.8(19.0)  39.0(23.1)
Propionic acid, ng/mL 417 (405) 487 (514)  426(407)  49.6(69.3)  756(36.0)  76.9(41.3)
Hexanoic acid, ng/mL 45.4 (21.1) 45.8 (22.2) 40.7 (17.0) 42.3 (18.8) 84.5 (23.8) 86.3 (26.5)
Isobutyric acid, ng/mL 726 (84.3)  82.8(1225) 717(746)  763(1129)  955(250)  96.1(26.3)
Isovaleric acid, ng/mL 59.2(30.5)  56.5(29.2)  72.6(32.8)  75.4(40.2)  84.9(304)  86.0(33.8)

#Values are standardized to the age distribution of the study population. ATBC = Alpha-Tocopherol, Beta-Carotene Cancer Prevention Study; CRC = colorectal cancer;

PLCO = Prostate, Lung, Colorectal, and Ovarian Cancer Screening Trial.
*Matching factor in PLCO.
“Matching factor in ATBC.

Discussion

Compelling experimental evidence links BAs and SCFAs, 2 clas-
ses of gut microbial metabolites, to CRC etiology (3,4,9,10).
Secondary BAs have been shown to cause DNA damage (9) and
to induce colon cancer stem cells (11), whereas butyrate
and other SCFAs have been shown to inhibit carcinogenesis via
multiple mechanisms (4). Supporting such potential causal
relationships, we observed associations for higher serum con-
centrations of nearly all downstream metabolites of cholic acid,
including DCA, the bacteria-derived secondary BA, and its
glycine and taurine conjugated counterparts with increased

CRC risk among women. Total serum SCFA concentrations were
associated with lower CRC risk among women. However, we
observed limited evidence for associations for BAs or SCFAs
among men. Tests for multiplicative interactions between
sex and SCFAs or BAs in PLCO were generally not statistically
significant, but sex differences in CRC etiology, particularly by
anatomic location, are supported by the literature.

Foremost, 2 previous studies found evidence that the associ-
ations between prediagnostic serum BA levels and CRC vary by
sex. First, an untargeted metabolomics case-control study in
PLCO, which overlapped with but had fewer CRC cases than this
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Bile Acid No. cases OR  Pftrend] Qitrend] P[interaction]
Primary unconjugated
Chenodeoxycholic acid

PLCO women 80 t = ! 1.61 M 29 .01
PLCO men 72 L { 0.63 10 19
ATBC men 155 P 0.92 74 a3

Cholic acid
PLCO women 51 t L | 1.39 25 .38 .006
PLCO men 63 — 0.55 04 1
ATBC men 151 —a— 0.99 83 .96

Primary conjugated

Glycochenodeoxycholic acid
PLCO women 61 t ] { 2.04 02 .06 .03
PLCO men 77 } L i 0.90 90 .95
ATBC men 170 —a— 1.33 05 27

Taurochenodeoxycholic acid
PLCO women 78 L L 298 01 .05 16
PLCO men 67 ; L | 0.99 98 .98
ATBC men 170 —a— 1.24 14 45

Glycocholic acid
PLCO women 71 I L J 2.26 003 .02 .16
PLCO men 72 I & { 0.94 92 .95
ATBC men 201 B 1.82 02 15

Taurocholic acid
PLCO women 92 I L | 2.20 01 .05 54
PLCO men 79 t L { 451 41 54
ATBC men 178 —a— 1.18 50 .75

Secondary unconjugated
Deoxycholic acid

PLCO women 74 I = | 2.85 001 .01 .78
PLCO men 75 I L d 1.20 36 50
ATBC men 172 A 1.18 .20 45

Lithocholic acid
PLCO women 66 I L { 1.73 .04 | .89
PLCO men 91 I L { 1.81 05 13
ATBC men* 265 —a— 1.00 99 99

Secondary conjugated
Glycodeoxycholic acid

PLCO women 87 I i 345 <.001 .0o6 21
PLCO men 70 k i i 1.02 9 .85
ATBC men 167 P 1.54 004 .06
Taurodeoxycholic acid
PLCO women a7 I L 1 2.36 004 .02 a2
PLCO men 65 | = | 1.46 30 43
ATBC men* 301 —a— 1.13 33 .55
Glycolithocholic acid
PLCO women 7 k L | 27 .002 .02 70
PLCO men 76 k L d 1.45 23 .36
ATBC men* 286 Fr—— 1.19 16 .45
Taurolithocholic acid
PLCO women* 147 A 1.84 01 047 B0
PLCO men* 138 A 1.40 A3 23
ATBC men* 39 b el | 1.39 21 45
Tertiary unconjugated
Ursodeoxycholic acid
PLCO women 62 I L i 1.63 08 19 .01
PLCO men 85 L L | 0.72 45 56
ATBC men 154 —a— 0.91 28 .53
Tertiary conjugated
Glycoursodeoxycholic acid
PLCO women 59 I ol i 1.35 19 .32 .03
PLCO men 58 €« 0.56 09 a9
ATBC men 131 s 1.01 a7 .99
Tauroursodeoxycholic acid
PLCO women* 149 — 1.05 85 .85 50
PLCO men* 134 b 1.08 70 B4
ATBC men* 73 | — — 0.92 85 B9
T T T T T 1 1 11
0.40 10 16 220 28 34400 652
OR (95% ClI)

Figure 1. Odds ratios (ORs) for bile acids (BA) with colorectal cancer (CRC) risk, estimated by means of conditional logistic regression to account for matching, for indi-
viduals in the highest quartile (Q4) of BA concentrations compared with those in those in the lowest quartile (Q1) based on the BA distribution in controls for either
Prostate, Lung, Colorectal, and Ovarian Cancer Screening Trial (PLCO) or Alpha-Tocopherol, Beta-Carotene Cancer Prevention Study (ATBC). Asterisks indicate odds ra-
tios for individuals with quantifiable concentrations compared with those with concentrations below the limit of quantification for analytes with more than 25% of
concentrations flagged as not quantifiable among controls. Red squares show odds ratios for women, blue squares show odds ratios for men, and grey shaded boxes
highlight analyses run in PLCO. Analyses in PLCO were adjusted for age at baseline (years), body mass index (BMI; kg/m?), smoking status (never, former, current), fam-
ily history of CRC (no, yes), diabetes diagnosis (no, yes), alcohol drinker (no, yes), alcoholic intake (average number of drinks per day), hours spent in vigorous physical
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Summary measure No. cases OR Pltrend]  P[interaction]
Total BA
PLCO women 65 f L] { 1.95 .01 .049
PLCO men 74 F = 1 1.26 .87
ATBC men 184 P 1.44 .06
Total primary BA
PLCO women 66 I L i 2.56 .003 047
PLCO men 77 t L 1 1.23 .86
ATBC men 188 A 1.37 12
Total secondary BA
PLCO women 80 I = 1 2.60 .003 o1
PLCO men 73 F L { 1.38 .39
ATBC men 187 ] 1.47 .03
Total SCFA
PLCO women 52 L d 0.55 .03 .03
PLCO men 69 I = | 1.32 15
ATBC men 151  —__ s s— 0.92 48
[ T T T T T I 11
0.40 1.0 1.6 220 28 34400 5.2

OR (95% CI)

Figure 2. Odds ratios (ORs) for summary bile acid (BA) and short-chain fatty acid (SCFA) concentrations with colorectal cancer (CRC) risk, estimated by means of
conditional logistic regression to account for matching, for individuals in the highest quartile (Q4) of a given summary measure compared with those in those in
the lowest quartile (Q1), based on the distribution in controls for either Prostate, Lung, Colorectal, and Ovarian Cancer Screening Trial cohort (PLCO) or Alpha-
Tocopherol, Beta-Carotene Cancer Prevention Study (ATBC). Red squares show odds ratios for women, blue squares show odds ratios for men, and gray shaded
boxes highlight analyses run in the PLCO. Analyses in the PLCO were adjusted for age at baseline (years), body mass index (BMI; kg/m?), smoking status (never,
former, current), family history of CRC (no, yes), diabetes diagnosis (no, yes), alcohol drinker (no, yes), alcoholic intake (average number of drinks per day), hours
spent in vigorous physical activity (none, <1h/wk, 1h/wk, 2h/wk, 3h/wk, >4h/wk), total unprocessed red meat (g/d/1000kcal), total processed meat (g/d/
1000 keal), whole grains (0z/d/1000kcal), total energy (kcal/d), education (high school graduate or less, some college or post high school training, college graduate
or postgraduate), and hormone replacement therapy status (women only; never, current, former). Analyses in ATBC were adjusted for age at baseline (years), BMI
(kg/m?), smoking intensity (cigarettes per day), diabetes diagnosis (no, yes), average number of alcoholic drinks per day, frequency of physical activity in leisure
time (none, <1/wk, 1-2/wk, >3/wk), total unprocessed red meat (g/d/1000kcal), total processed meat (g/day/1000 kcal), whole grains (0z/d/100kcal), total energy
(kcal/d), and education (less than elementary school, some junior high school, completed junior high school, some senior high school, senior high school
graduate).

study, reported an association between glycochenodeoxycholic Higher rates of microsatellite instability, CpG island methylator
acid and CRC risk among women but not men (6). Second, a phenotype, and BRAF-mutated tumors have similarly been ob-
nested case-control study in the European Prospective served in women (13). Regarding BA specifically, a small-nested
Investigation into Cancer and Nutrition found that higher con- case-control study found that higher fecal CDCA concentrations
centrations of several glycine-conjugated BAs were associated were associated with a more than 6-fold increased odds in prox-
with increased risk of colon cancer, with stronger associations imal but not distal colon cancer (19). Such differences by ana-
in women; odds ratios from sex-stratified analyses were similar tomic site indicate not only that CRC is a heterogenous disease
in magnitude to odds ratios in our study (7). but also that the contents of the bowel, including food waste,
Sex differences in CRC are well documented regarding can- microbes, and microbial metabolites, which vary across sub-
cer incidence, anatomic location, molecular features, and risk sites, likely contribute to different etiologies (17).
factors (12-14). In the United States, the age-adjusted CRC inci- A compelling line of evidence for sex and site differences in
dence rate is higher among men than women (15). The largest BA-CRC associations comes from cohort studies of cholecystec-
disparity is for rectal cancer, with a male-to-female incidence tomy and CRC risk. The gallbladder stores primary BAs, thereby
rate ratio of 1.62, and the smallest is for proximal colon cancer reducing the BA concentrations that escape enterohepatic cir-
(incidence rate ratio = 1.07) (12). This is explained, in part, by culation into the intestine and reducing the rate of formation of
the higher proportion of proximal tumors in women and the secondary BAs (20). A meta-analysis of 10 cohort studies found
higher proportions of distal and rectal tumors in men (12,16). that cholecystectomy was associated with a 30% increase in co-
Moving from the proximal colon, which derives from the em- lon cancer but not rectal cancer risk, and in stratified analyses,
bryonic midgut, to the distal colon and rectum, which derive the statistically significant associations between cholecystec-
from the hindgut, researchers have found that tumor pathologic tomy and CRC and colon cancer risk were observed only among
and molecular features change, with frequencies of high levels women (21).
of microsatellite instability, CpG island methylator phenotype, Despite numerous observational studies of fiber and CRC
and BRAF mutations decreasing more than 10-fold from the risk (22-25) and experimental studies on the anticarcinogenic
proximal colon to rectum (17), and proximal tumors more often potential of SCFAs (3,4,26), we observed limited evidence for an
being mucinous and having serrated pathway signatures (18). association of serum SFCAs with CRC in women and no

activity (none, <1h/wk, 1h/wk, 2h/wk, 3h/wk, >4h/wk), total unprocessed red meat (g/d/1000 kcal), total processed meat (g/d/1000 kcal), whole grains (0z/d/1000 kcal),
total energy (kcal/d), education (high school graduate or less, some college or post high school training, college graduate or postgraduate), and hormone replacement
therapy status (women only; never, current, former). Analyses in ATBC were adjusted for age at baseline (years), BMI (kg/m?), smoking intensity (cigarettes per d), dia-
betes diagnosis (no, yes), average number of alcoholic drinks per day, frequency of physical activity in leisure time (none, <1/wk, 1-2/wk, >3/wk), total red meat (g/d/
1000 keal), total processed meat (g/d/1000 kcal), whole grains (0z/d/100kcal), total energy (kcal/d), and education (less than elementary school, some junior high school,
completed junior high school, some senior high school, senior high school graduate).
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Short Chain Fatty Acid  No. cases CR Pltrend]  Qtrend]  PJinteraction]
Acetic Acid
PLCO women 53 L | 0.57 .02 .20 .02
PLCO men 70 t . { 1.33 35 .70
ATBC men 153 P 0.90 .52 .93
Butyric Acid
PLCO women 81 F i | 1.74 BT .60 Al
PLCO men TT [ L | 1.00 91 91
ATBC men 160 P 1.07 .85 .93
Propionic Acid
PLCC women 73 t L | 1.60 .23 .60 76
PLCO men 84 I - | 14 59 03
ATBC men 141 e 093 .92 .93
Hexanoic Acid
PLCO women 59 L 1 0.59 .25 .60 o ]
PLCO men 84 | = | 1.1 .55 .73
ATBC men 156 i 1.10 40 .93
Isobutyric Acid
PLCO women 59 I L | 0.81 155 73 .87
PLCO men i I L | 0.87 69 .75
ATBC men 167 f———— 0.86 5 .93
Isovaleric Acid
PLCO women 36 L | 0.75 14 .60 2|
PLCO men 78 L | 0.73 46 73
ATBC men 163 —a— 0.97 93 .03
T T T T T T T T 011
0.40 1.0 1.6 220 28 34400 52
OR (95% CI)

Figure 3. Odds ratios (ORs) for short-chain fatty acids (SCFA) with colorectal cancer (CRC) risk, estimated by means of conditional logistic regression to account for
matching, for individuals in the highest quartile (Q4) of SCFA concentrations compared with those in those in the lowest quartile (Q1), based on the SCFA distribution
in controls for either Prostate, Lung, Colorectal, and Ovarian Cancer Screening Trial (PLCO) or Alpha-Tocopherol, Beta-Carotene Cancer Prevention Study (ATBC). Red
squares show odds ratios for women, blue squares show odds ratios for men, and grey shaded boxes highlight analyses run in the PLCO Cancer Screening Trial cohort.
Analyses in PLCO were adjusted for age at baseline (years), body mass index (BMI; kg/m?), smoking status (never, former, current), family history of CRC (no, yes), diabe-
tes diagnosis (no, yes), alcohol drinker (no, yes), alcoholic intake (average number of drinks per day), hours spent in vigorous physical activity (none, <1h/wk, 1h/wk,
2h/wk, 3h/wk, >4 h/wk), total unprocessed red meat (g/d/1000 kcal), total processed meat (g/d/1000 kcal), whole grains (0z/d/1000 kcal), total energy (kcal/d), education
(high school graduate or less, some college or post high school training, college graduate or postgraduate), and hormone replacement therapy status (women only;
never, current, former). Analyses in ATBC were adjusted for age at baseline (years), BMI (kg/m?), smoking intensity (cigarettes per day), diabetes diagnosis (no, yes), av-
erage number of alcoholic drinks per day, frequency of physical activity in leisure time (none, <1/wk, 1-2/wk, >3/wk), total unprocessed red meat (g/d/1000kcal), total
processed meat (g/day/1000 kcal), whole grains (0z/d/100kcal), total energy (kcal/d), and education (less than elementary school, some junior high school, completed

junior high school, some senior high school, senior high school graduate).

evidence in men. Supportive, albeit limited, evidence indicates
that fecal SCFA concentrations are lower among those with co-
lorectal adenoma cases (27,28) and that a lower abundance of
butyrate-producing bacteria are found in CRC cases compared
with healthy controls (29). The lack of association observed in
this study for the individual SCFAs, in contrast to the presence
of associations for BAs, may be explained in part by weak corre-
lations between fecal and serum SCFAs and stronger associa-
tions between fecal and serum BAs, particularly secondary BAs.
A recent study found no or weak correlations between serum
and fecal SCFAs, ranging from —0.05 for acetic acid to 0.24 for
valeric acid, but moderate correlations between serum and fecal
secondary (ie, DCA, r=0.61) and tertiary (ie, ursodeoxycholic
acid, r=0.50) BAs, which are microbially derived (30).

Strengths of our study include its prospective nature, which
allowed us to evaluate the temporality between metabolites
and CRC onset. Similar results for BA concentrations after ex-
cluding cases that occurred during the first 5years of follow-up
are consistent with a possible role for circulating BAs in CRC in-
dependent of underlying disease. Furthermore, PLCO partici-
pants were screened using flexible sigmoidoscopy at baseline
and 3-5years later; those with a screen-detected polyp or mass
were referred for diagnostic follow-up (31). CRC screening in
PLCO likely influenced the distribution of cancers by anatomic
location. With 495 CRC cases in PLCO, we were able to stratify
by sex and explore potential sex differences by tumor location.
We found no association for serum BAs and SCFAs with CRC
risk among men, indicating that sex differences in CRC etiology
may extend to BAs and SCFAs, as well as more broadly to diet,

the microbiome, and other metabolites. Nevertheless, future re-
search is needed to replicate our findings in diverse populations
and to explore possible associations between BAs and CRC risk
factors such as insulin resistance as well as the role of endoge-
nous hormones, such as estrogen, in BA synthesis and metabo-
lism. Unfortunately, as in most cohort studies, fecal samples
were not collected; thus, we were unable to measure fecal
metabolites or the fecal microbiome.

In summary, we found that among women, total circulating
BA and SCFA concentrations were associated with increased
and decreased risk of CRC, respectively. The individual BAs
most strongly associated with increased CRC risk comprised the
downstream metabolites of CA, including the microbially de-
rived DCA, which has been shown repeatedly to be carcinogenic
in experimental studies.
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