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Colorectal cancer is not strictly considered a tobacco-related
malignancy, but modest associations have emerged from large
meta-analyses. Most studies, however, use self-reported data,
which are subject to misclassification. Biomarkers of tobacco
exposure may reduce misclassification and provide insight into
metabolic variability that potentially influences carcinogen-
esis. Our aim was to identify metabolites that represent smok-
ing habits and individual variation in tobacco metabolism, and
investigate their association with colorectal cancer. In a nested
case-control study of 255 colorectal cancers and 254 matched
controls identified in the Prostate, Lung, Colorectal and Ovarian
cancer screening trial, baseline serum was used to identify metab-
olites by ultra-high-performance liquid-phase chromatography
and mass spectrometry, as well as gas chromatography with tan-
dem mass spectrometry. Odds ratios (OR) and 95% confidence
intervals (CI) were estimated by logistic regression. Self-reported
current smoking was associated with serum cotinine, O-cresol
sulfate and hydroxycotinine. Self-reported current smoking of
any tobacco (OR =1.90,95% CI: 1.02-3.54) and current cigarette
smoking (OR = 1.51, 95% CI: 0.75-3.04) were associated with
elevated colorectal cancer risks, although the latter was not statis-
tically significant. Individuals with detectable levels of hydroxy-
cotinine had an increased colorectal cancer risk compared with
those with undetectable levels (OR = 2.68, 95% CI: 1.33-5.40).
Although those with detectable levels of cotinine had a suggestive
elevated risk of this malignancy (OR = 1.81, 95% CI: 0.98-3.33),
those with detectable levels of O-cresol sulfate did not (OR = 1.16,
95% CI: 0.57-2.37). Biomarkers capturing smoking behavior and
metabolic variation exhibit stronger associations with colorectal
cancer than self-report, providing additional evidence for a role
for tobacco in this malignancy.

Introduction

It is well established that smoking is a risk factor for cancers of the
respiratory tract (1,2); however, the effect of smoking on colorec-
tal cancer has been less clear. In 2004, the International Agency for
Research on Cancer concluded that there was insufficient evidence
for a causal relationship between smoking and colorectal cancer
(2) and the United States Surgeon General’s report concluded that
the association was only ‘suggestive’ (1). A few studies since then
have observed elevated risks with tobacco smoking (3—7) but most
do not reach statistical significance (8—14) or they are null (15-32).
However, in 2008, a meta-analysis of case-control and cohort stud-
ies reported a borderline statistically significant 7% increased risk of

Abbreviations: BMI, body mass index; CI, confidence interval; OR, odds
ratio; RR, relative risk.
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colorectal cancer for current smokers [relative risk (RR) = 1.07, 95%
confidence interval (CI): 0.99-1.16] (33). Two further meta-analyses
published in 2009 provided additional support; one meta-analyses of
36 prospective studies reported a 17% increased risk for colorectal
cancer in current smokers (RR = 1.17, 95% CI: 0.97-1.40) (34), and
another meta-analyses of 28 cohorts reported a 20% increased risk
in current smokers (RR = 1.20, 95% CI: 1.10-1.30) (35). Based on
the available data in 2009, the International Agency for Research on
Cancer included colorectal cancer as a smoking-related malignancy
(36). Nevertheless, the magnitude of the association between smoking
and colorectal cancer in these observational studies is small, leading
to concerns about whether these associations were causal, or simply
reflected confounding or bias.

Tobacco smoking causes many physiologic changes and there are
several metabolic intermediates of tobacco. The epidemiologic lit-
erature, however, consists almost entirely of studies that examined
tobacco smoking by self-report. Self-report is invariably subject to
misclassification and is also not able to consider metabolic processes
that affect internal biologic exposure. Although self-report is effec-
tive at detecting strong associations between tobacco smoking and a
number of cancers, such as those of the lung, larynx, esophagus and
bladder, misclassification may have a particularly important effect on
cancers with weaker associations. Furthermore, using metabolites of
tobacco, rather than self-reported data, enable the incorporation of
both exposure and individual variability in carcinogen metabolism.
The aim of our study was first to identify biomarkers of tobacco using
non-targeted metabolomics and second to use the biomarkers iden-
tified to reevaluate the relationship between smoking and colorectal
cancer.

Methods

The Prostate, Lung, Colorectal and Ovarian cancer screening trial

We conducted a nested case-control study within the screening arm of the
Prostate, Lung, Colorectal and Ovarian cancer screening trial, which is a
large randomized controlled trial to test the efficacy of screening methods
for these four cancers (37-39). At baseline (1993-2001), ~155 000 men and
women from 10 United States centers, aged 55-74 years who had no history
of prostate, lung, colorectal or ovarian cancer, were enrolled and randomly
assigned to the screened or the non-screened arm. Those in the screened arm
(n="177445) were offered a flexible sigmoidoscopy at study entry to examine the
distal colorectum (60 cm), of which 83% (n = 64 658) were compliant and 89%
(n =57 559) of these were considered successful (insertion to at least 50cm
with >90% of mucosa visible or a suspect lesion identified). If neoplas-
tic lesions were detected during flexible sigmoidoscopy, participants were
referred for a colonoscopy. All participants in the screening arm required a
follow-up flexible sigmoidoscopy either 3 or 5 years after baseline.

Medical and pathologic reports during follow-up were obtained and
abstracted. The institutional review boards of the United States National
Cancer Institute and the 10 screening centers approved the study, and all par-
ticipants provided informed consent.

Study sample

Within the screening arm of the trial, our sample was drawn from those who
completed the baseline risk factor questionnaire and the dietary questionnaire,
provided consent for biospecimens to be used in etiologic studies and did not
have colorectal cancer at baseline (n = 52 705). We excluded individuals who
had a self-reported personal history of cancer (except basal cell skin cancer;
n =4924), had <6 months of follow-up (an additional 168 individuals), had a
rare cancer during follow-up (an additional 1074), had self-reported Crohn’s
disease, ulcerative colitis, familial polyposis, Gardner’s syndrome or colorec-
tal polyps (an additional 6429) and those who did not have any serum avail-
able from baseline (an additional 2866 individuals); some individuals fell into
multiple exclusion categories.

After these inclusion/exclusion criteria, we selected the 255 first primary
incident colorectal cancers [International Classification of Diseases for
Oncology (third edition) codes: C180-189, C199, C209, C260] (40) whose
International Classification of Diseases for Oncology morphologies were not
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in the range of 8240-8249 and were identified at least 6 months after baseline
through February 2011. Controls (n = 254) were free from any cancer at the
time the matched case was diagnosed and were incidence-density sampled and
matched to the cases on age at randomization (5 year intervals), gender, race,
year of randomization and season of blood draw.

Questionnaire data

At baseline, participants completed a risk factor questionnaire, which queried
whether they had ever smoked cigarettes regularly for 6 months or longer and
whether they were currently regularly smoking cigarettes. Furthermore, they
were asked at what age they started smoking cigarettes, at what age they quit
smoking (if they quit), how many cigarettes they usually smoked per day and
whether they usually smoked filtered or non-filtered cigarettes. Finally, the
questionnaire asked whether they had ever smoked a pipe or cigar regularly.

Metabolite assessment

Non-fasting serum samples from baseline that had not previously been thawed
were arranged in batches so that matched cases and controls were consecutive
samples within a batch, and the order of case versus control was counterbal-
anced within each batch. Blinded quality control samples of pooled serum
were inserted at a level of 10% randomly throughout each batch, in addition to
an unblinded standard every sixth sample.

The metabolomics methods used have been described previously in detail
(41). In brief, a non-targeted single methanol extraction was performed, fol-
lowed by protein precipitation, to allow identification of a range of metabo-
lites approximately under 1000 Daltons. Ultra-high-performance liquid-phase
chromatography and mass spectrometry, as well as gas chromatography cou-
pled with tandem mass spectrometry, was used to identify peaks, as described
previously (41). Using a chemical reference library generated from 2500 stand-
ards, mass spectral peaks, retention times and mass-to-charge ratios were used
to identify individual metabolites as well as their relative quantities. A total
of 446 metabolites were identified, including amino acids, carbohydrates,
fatty acids, androgens and xenobiotics. Using the quality control samples to
assess technical reliability, the median coefficients of variation across all of the
metabolites was 0.10 (inter-quartile range: 0.04-0.21).

Statistical analysis

We describe demographic information in the case and control groups, with
P-values calculated by either Fisher’s exact test (categorical variables) or
Wilcoxon rank test (continuous) for characteristics not used in matching indi-
viduals. Each metabolite value was batch normalized by dividing it by the
batch median (of the non-missing values). Unless otherwise stated, values
were log transformed, with values less than the detection threshold being set to
the minimum observed value.

We first identified metabolites associated with smoking. We modeled the
effect of current smoking status on metabolite level by linear regression
adjusted for age, gender, race, study center and body mass index (BMI). To
account for multiple comparisons, we used a Bonferroni corrected P-value
of 0.05/446 as the threshold of statistical significance. We then considered
whether there was a dose-response relationship for the study participants who
were current cigarette smokers (we did not have dose information for cigars or
pipes) by modeling the effect of self-reported maximum number of cigarettes
smoked per day on metabolite levels by linear regression.

We then compared the relationships between both self-reported smoking
and smoking-related metabolites with colorectal cancer. For self-reported
responses, we estimated odds ratios (OR) and 95% Cls for colorectal cancer,
as compared with never smokers, for each grouping by conditional logistic
regression, conditioned on the matching factors, and additionally adjusted for
study center and BMI. When former smokers were omitted from the analysis,
we estimated the OR by unconditional logistic regression adjusted for age,
gender, race, study center and BMI. For smoking-related metabolites, we
characterized individuals as exposed (i.e. detectable levels) or unexposed (i.e.
below detection threshold) and estimated the OR between the two groups by
conditional logistic regression adjusted for study center and BMI. To assess
the dose response, the exposed group was further divided by whether their
unnormalized level was above the median. For all analyses, the P-trend was
calculated by assigning ordered numeric values 0, 1, ... , K, to the K categories
(e.g. K =3 when categorized as unexposed, below median and above median)
and then performing a likelihood ratio test comparing models with and without
that ordinal variable.

Results

The median follow-up time from serum collection to diagnosis of
colorectal cancer was 7.8 years (25th and 75th percentiles were 5.6
and 10.1 years). None of the baseline characteristics were significantly
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different between cases and controls (Table I). There were a total of
55 individuals who were current smokers of any tobacco (cigarettes,
cigars or pipes).

After correcting for multiple testing, we identified eight metabolites
that were significantly associated with self-reported current smok-
ing of any tobacco among controls (Table II). The metabolites most
strongly associated with self-reported current smoking were cotinine,
O-cresol sulfate and hydroxycotinine; these associations were evident
among both the cases and the controls. Other metabolites associated
with self-reported current smoking included trigonelline (N’-methyl
nicotinate) and N-(2-furoyl)glycine in both cases and controls, as well
as 1-methylxanthine, 1-methylurate and paraxanthine in the controls
only. To reduce the possibility of chance findings, we only carried
forward cotinine, O-cresol sulfate and hydroxycotinine to the main
analysis because these were the most significantly associated with
self-reported current smoking. There was modest correlation between
cotinine and both O-cresol sulfate (r = 0.63) and hydroxycotinine
(r = 0.76), and the lowest correlation was between hydroxycotinine
and O-cresol sulfate (r = 0.49).

Defining current smokers using the self-reported questionnaire data,
50 of the 55 current smokers had detectable levels of cotinine in their
serum, 35 had O-cresol sulfate and 37 had hydroxycotinine; therefore,
cotinine appeared to be the most sensitive marker of current smoking.
In current cigarette smokers, we further investigated whether serum
cotinine, O-cresol sulfate and hydroxycotinine increased with self-
reported cigarettes smoked per day, and we observed evidence for a
dose response with cotinine (P-trend = 0.010; Figure 1A), O-cresol
sulfate (P-trend = 0.058; Figure 1B) and hydroxycotinine (P-trend
= 0.010; Figure 1C). There was only one individual at the highest
end of exposure who smoked 60 cigarettes per day; if this data point
was excluded, the dose response was still evident for cotinine and
hydroxycotinine (P-trend = 0.012, and P-trend = 0.037, respectively),
but not for O-cresol sulfate (P-trend = 0.187).

Using only the questionnaire-based data, current users of any
tobacco had an elevated risk of colorectal cancer compared with
non-current users (OR = 1.90, 95% CI: 1.02-3.54; P-trend = 0.042;
Table IIT). Examining cigarette smoking specifically, current cigarette
smokers had an elevated, but not statistically significant, risk of colo-
rectal cancer, compared with those who had never smoked cigarettes
(OR = 1.51, 95% CI: 0.75-3.04). Within current cigarette smokers,
there was no association by cigarettes per day, years smoked, pack
years smoked or preference of filtered versus non-filtered cigarettes
and colorectal cancer; furthermore, within former smokers, there was
no effect of time since quitting (Table III).

Using the metabolite data, there were 59 individuals who had
detectable levels of cotinine in their serum, and compared with those
with undetectable levels of cotinine, they had an elevated risk of colo-
rectal cancer, but the estimate did not quite reach statistical signifi-
cance (OR = 1.81, 95% CI: 0.98-3.33) and was of a similar magnitude
to that obtained from self-reported current smoking of any tobacco
(Table IV). Defining cotinine exposure as low or high, compared
with those with undetectable levels of cotinine in their serum, did not
change the risk estimates obtained (OR = 1.84, 95% CI: 0.80—4.23
and OR =1.78, 95% CI: 0.78-4.07, respectively). There were 40 indi-
viduals who had detectable levels of O-cresol sulfate in their serum,
but this metabolite was not associated with colorectal cancer (OR for
exposed versus unexposed = 1.16, 95% CI: 0.57-2.37; OR for high-
est category of exposure versus no exposure = 1.99, 0.72-5.49; Table
IV). Hydroxycotinine was present in the serum of 47 individuals at
baseline, and this conferred an increased risk for colorectal cancer
during follow-up (OR for exposed versus unexposed = 2.68, 95% CI:
1.33-5.40); this risk was further elevated among those in the highest
exposure category compared with those unexposed (OR = 3.19, 95%
CI: 1.13-9.04; P-trend = 0.006; Table IV).

Five cases, but zero controls, tested positive for hydroxycotinine
but not cotinine; whereas 17 individuals tested positive for coti-
nine (nine cases and eight controls) but not hydroxycotinine. In
exploratory analyses, we investigated the ratio of serum cotinine to
hydroxycotinine in relation to colorectal cancer; however, we did not
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Table I. Participant characteristics (mean + SD)*

Cases (n = 255) Controls (n =254) P-value®
Gender Men 143 143
‘Women 112 111 Matched
Age (years) 64.3(5.1) 64.3(5.1) Matched
Race White 227 226
Black 13 13
Other 15 15 Matched
Cigarette smoking status Current 26 19
Former 120 121
Never 109 114 0.57
Cigar smoking status Current 5 2
Former 28 35
Never 220 217 0.36
Pipe smoking status Current 4 2
Former 40 41
Never 208 211 0.79
Cigarettes per day (current smokers) 10 6 3
20 11 8
>30 8 8 0.79
Pack years (current smokers) 0.25 to <41 10 4
41-60 7 8
>60 8 7 0.41
Years since quit cigarettes (former smokers) >20 62 72
>10to 20 33 24
<10 22 22 0.50
Education High school or less 85 84
Posthigh school training/some college 85 75
College or postgraduate 85 94 0.59
BMI (kg/m?) <25 78 88
25 to <30 103 112
30 to <35 54 41
35+ 19 10 0.14
Vigorous physical activity (h/week) <l 75 78
1-3 112 95
4+ 65 75 0.35
Menopausal hormone use® Never 38 28
Former 19 21
Current 53 62 0.31
Regular aspirin use No 124 131
Yes 131 123 0.54
Regular ibuprofen use No 174 183
Yes 80 71 0.44
Alcohol (g/day) 12.2(23.0) 13.2(23.6) 0.44

“May not add to total due to some missing values.

PFisher’s exact test (categorical variables) or Wilcoxon rank test (continuous data).

¢Among women only.

observe any significant associations. Because cotinine and hydroxy-
cotinine are both metabolites of nicotine, we examined a combined
exposure by summing normalized (mean = 0, standard deviation =
1) versions of these two variables. The results we obtained from this
combined cotinine/hydroxycotinine variable revealed similar correla-
tions with self-reported tobacco smoking within cases and controls
combined (» = 0.78, P = 5.68e-112), within controls only (r = 0.73,
P-value = 1.07e-47), and within cases only (r = 0.82, P = 3.86e-58).
The combined cotinine/hydroxycotinine variable was associated
with colorectal cancer when comparing those exposed to unexposed
(multivariable OR = 2.10, 95% CI: 1.17-3.75; P-trend = 0.012), and
when comparing those in the highest category of exposure (above the
median among those who were exposed) compared with the unex-
posed individuals (multivariable OR = 2.66, 95% CI: 1.15-6.14;
P-trend = 0.009).

Discussion

The association between self-reported smoking and colorectal cancer
has been inconsistent in previous literature and the magnitude of the
risks observed has been small. In this study, we used metabolomics
to identify tobacco-related metabolites in serum that represent an
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internal biologic measure of tobacco exposure that incorporates both
exposure and metabolism. Using these circulating biological exposure
measures, we observed that one of these biomarkers, serum hydroxy-
cotinine, had a stronger association with colorectal cancer than did
self-reported tobacco use alone.

The International Agency for Research on Cancer determined that
colorectal cancer is a smoking-associated malignancy and that the
colorectum may be exposed to numerous tobacco-related carcinogens
via the circulatory system (42). Yet, associations between smoking
and colorectal cancer have been modest and inconsistent across previ-
ous epidemiologic studies. Three meta-analyses have determined that
there is a positive association between smoking and colorectal cancer,
but the risks were only bordering on statistical significance (RR for
current versus never smokers = 1.07, 95% CI: 0.99-1.16 (33); 1.17,
95% CI: 0.97-1.40 (34); 1.20, 95% CI: 1.10-1.30 (35), respectively).
Studies performed subsequent to these meta-analyses have also been
inconsistent showing both positive and null associations (6,7,14).

Nearly all epidemiologic studies of tobacco smoking have relied on
self-reported assessment, which is subject to reporting bias and meas-
urement error. Self-reported data have effectively been used to detect
associations between tobacco smoking and a number of other malig-
nancies; however, measurement error may be more problematic for
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Table II. Metabolites associated with self-reported current smoking of cigarettes, pipes or cigars®

Cases and controls Controls Cases
Metabolite r P-value Metabolite r P-value Metabolite r P-value
Cotinine 0.88 2.64e-158 Cotinine 0.84 1.1e-60 Cotinine 0.91 3.45e-94
O-Cresol sulfate 0.72 3.98e-78 O-Cresol sulfate 0.69 2.63e-35 O-Cresol sulfate 0.74 1.22e-42
Hydroxycotinine 0.67 2.56e-60 Hydroxycotinine 0.66 1.33e-28 Hydroxycotinine 0.68 5.41e-32
4-Vinylphenol sulfate 0.29 6.26e-10 1-Methylxanthine 0.34 9.23e-07 4-Vinylphenol sulfate 0.35 5.52e-09
N-(2-furoyl)glycine 0.25 2.19e-09 1-Methylurate 0.32 1.42e-06 N-(2-furoyl)glycine 0.23 8.67e-06
1-Methylurate 0.27 3.86e-09 Trigonelline (V- 0.28 2.84e-05 Catechol sulfate 0.23 5.72e-05
methyl nicotinate)
1-Methylxanthine 0.29 8.87e-09 N-(2-furoyl)glycine 0.27 9.37e-05 Trigonelline (N-methyl 0.23 7.96e-05
nicotinate
Trigonelline (NV'-methyl 0.25 3.83e-08 Paraxanthine 0.23 9.81e-05 Threonate -0.29 0.000125
nicotinate)
Threonate -0.25 5.05e-08 1,3-Dimethylurate 0.27 0.000147 21-Hydroxypregnenolone 0.30 0.000167
disulfate
Catechol sulfate 0.25 2.03e-07 Threonate -0.20 0.000163 Pregnenolone sulfate 0.30 2e-04
Quinate 0.22 4.45e-06 Catechol sulfate 0.27 0.000624 1-Methylurate 0.24 0.000369
4-Ethylphenylsulfate 0.21 4.61e-06 1,3,7-Trimethylurate 0.23 0.000719 Quinate 0.19 0.000388
Scyllo-inositol -0.19 2.36e-05 Quinate 0.26 0.000813 1-Methylxanthine 0.25 0.000493
Paraxanthine 0.19 6.2e-05 4-Ethylphenylsulfate 0.22 0.00101 Andro steroid monosulfate 2 0.23 0.000967
3-Hydroxyhippurate 0.17 7.07e-05 Theophylline 0.20 0.00114 4-Ethylphenylsulfate 0.20 0.0012
21-Hydroxypregnenolone 0.22 0.00014 1-Palmitoylglycerol -0.23 0.00292 Carnitine 0.16 0.00184
disulfate
Piperine -0.14 0.000174 Hippurate 0.21 0.00329 Scyllo-inositol -0.25 0.00197
1,3,7-Trimethylurate 0.17 0.000371 3-Hydroxyhippurate 0.21 0.00339 3-Carboxy-4-methyl-5- -0.21 0.00256
propyl-2-furanpropanoate
Pregnenolone sulfate 0.22 0.000645 Caffeine 0.17 0.00376 2-Hydroxystearate 0.15 0.00272
1,3-Dimethylurate 0.18 0.000824 4-Vinylphenol sulfate 0.22 0.00585 Dehydroisoandrosterone 0.25 0.00276
sulfate
Shaded cells reach the Bonferroni corrected P-value of 0.05/446.
“Adjusted for age, gender, race, study center and BMIL
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Fig. 1. (A) Serum cotinine and self-reported cigarettes smoked per day among current cigarette smokers, with a lowess smoother, P-trend = 0.010; if the outlier of
60 cigarettes per day is removed, the P-trend = 0.012. (B) Serum O-cresol sulfate and self-reported cigarettes smoked per day among current cigarette smokers, with
a lowess smoother, P-trend = 0.058; if the outlier of 60 cigarettes per day is removed, the P-trend = 0.187. (C) Serum hydroxycotinine and self-reported cigarettes
smoked per day among current cigarette smokers, with a lowess smoother, P-trend = 0.010; if the outlier of 60 cigarettes per day is removed, the P-trend = 0.037.

cancers with modest associations. Biomarkers can potentially serve as
objective markers of tobacco exposure that also incorporate individual
variability in carcinogen metabolism to facilitate both our understand-
ing of cancer etiology and tobacco carcinogenesis.

We found a number of small metabolites associated with tobacco
smoking. Serum cotinine, O-cresol sulfate and hydroxycotinine were
all associated with self-reported smoking in both cases and controls;
moreover, they showed evidence for a dose response according to cig-
arettes smoked per day among current smokers. Our findings revealed
that serum hydroxycotinine was a stronger predictor of colorectal
cancer risk than cotinine and O-cresol sulfate. Different associations
between particular metabolites and cancer could potentially reflect the
pharmacokinetics of each.

Approximately 70-80% of nicotine is metabolized to cotinine by the
liver; this is further metabolized into several other metabolites, with

the majority (33—-40%) becoming hydroxycotinine (43). Although we
conducted exploratory analyses of the ratio of cotinine to hydroxyco-
tinine, our study had insufficient power to investigate this combined
exposure. Although the half-life of nicotine in the blood is only ~2
h, its metabolites, such as cotinine and hydroxycotinine, have longer
half-lives of around 5-20 h (43). The clearance of nicotine metabo-
lites may be pertinent to cancer risk.

A previous study showed that among ~1500 people who reported
to have smoked ‘today or yesterday’, 5.2% did not have measurable
levels of cotinine in their serum; furthermore, ~60% did not have coti-
nine in their serum if they had not smoked ‘today or yesterday’ but
had smoked within the last month (44). This provides evidence that
not all smokers have nicotine metabolites in their blood at any given
time, although this previous study did not investigate hydroxycoti-
nine. In addition, it is clear that variants of the CYP2A6 gene result
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in varying rates of nicotine metabolism. A recent study showed that
genetic variation within the nicotinic acetylcholine receptor gene
cluster had a stronger influence on circulating cotinine levels than
self-reported cigarettes per day (45); this study also did not investi-
gate hydroxycotinine.

In our study, neither serum cotinine nor O-cresol sulfate was statisti-
cally significantly associated with colorectal cancer. Cotinine present
in blood or urine has been used as a biomarker for tobacco smok-
ing for several years (46). Previous prospective studies of tobacco-
related malignancies have investigated plasma or urinary cotinine
and reported an elevated risk of pancreatic (47) and lung cancer (48),

Table III. Self-reported smoking variables and colorectal cancer risk

OR (95% CI)*
Any tobacco use (cigarette, cigar and pipe)
Never/former any tobacco 1.0
Current any tobacco 1.90 (1.02-3.54)
P-trend 0.042
Cigarette smoking status
Never 1.0
Former 1.09 (0.72-1.65)
Current 1.51 (0.75-3.04)
P-trend 0.294
Cigarettes per day (current smokers)
Never 1.0
10 1.66 (0.34-8.18)
20 1.57 (0.57-4.34)
230 1.11 (0.34-3.62)
P-trend 0.488
Years smoked (current smokers)
Never 1.0
0.5-40 3.04 (0.84-11.05)
>40 1.09 (0.47-2.55)
P-trend 0.543
Pack years (current smokers)
Never 1.0
0.25-40 2.63 (0.71-9.78)
41-60 0.95 (0.31-2.87)
>60 1.30 (0.38-4.42)
P-trend 0.599
Filtered cigarettes
Never 1.0
Filtered 1.36 (0.90-2.06)
Unfiltered 0.74 (0.44-1.25)
P-trend 0.592
Years since quit cigarettes (former smokers)
Never 1.0
>20 0.94 (0.59-1.48)
>10to 20 1.54 (0.83-2.86)
<10 1.05 (0.53-2.07)
P-trend 0.210

*Conditional logistic regression with models adjusted for study center and BMI.

respectively. Although there have been other studies of cotinine,
very little is known about the association between O-cresol sulfate
and cancer risk. O-cresol sulfate is a known metabolite of toluene,
which has been identified in tobacco smoke (49) but has not been
extensively studied.

Our study revealed that individuals with hydroxycotinine in their
serum had an increased risk of colorectal cancer. To our knowledge,
no previous epidemiologic study has investigated serum hydroxycoti-
nine in relation to colorectal cancer. Previous studies have shown that
urinary excretion of hydroxycotinine is induced by tobacco smoking
(50). Hydroxycotinine is a metabolite of cotinine and the formation
of hydroxycotinine is dependent on the activity of the polymorphic
hepatic enzyme CYP2AG6 (43).

Serum hydroxycotinine may identify those who are less efficient
at eliminating nicotine metabolites and, therefore, those most at risk.
Using these serologic biomarkers could improve exposure assessment
to enable the investigation of other cancers where associations with
smoking have been unclear. Serologic measures of tobacco expo-
sure may also be a superior means of controlling for confounding by
tobacco because they incorporate metabolism and all sources of expo-
sure to tobacco. Because hydroxycotinine was present in individuals
who had undetectable levels of cotinine and who were not currently
smoking according to the self-report data (n = 3 former smokers and
n = 2 never smokers), there may be other exposures to tobacco that
could explain the increased risk of disease observed with this metabo-
lite, or it may be that this metabolite is capturing other exposures.

Strengths of our study include the prospective design whereby
self-reported data, as well as blood samples, were obtained prior
to the onset of disease; this is important because the disease
state can result in changes in behavior, as well as perturbations
in metabolite levels. Nevertheless, there are some limitations of
our study. The association between smoking and colorectal cancer
may be stronger among certain subtypes of this malignancy, such
as those characterized by microsatellite instability (16,51); how-
ever, we were unable to investigate this due to a lack of informa-
tion on this subtype in our study. In addition, our metabolomics
analyses were limited to metabolites <1000 Daltons, metabolites
that were detectable by mass-spectrometry-based platforms, and
the data obtained from the platforms were in relative, rather than
absolute concentrations. Our agnostic analysis did not identify
markers of the tobacco-specific carcinogen 4-(methylnitrosamino)-
1-(3-pyridyl)-1-butanone. Previous studies of lung cancer have
conducted a targeted analysis of the 4-(methylnitrosamino)-1-
(3-pyridyl)-1-butanone metabolite: 4-(methylnitrosamino)-1-(3-
pyridyl)-1-butanol and its glucuronides and reported an increased
risk of lung cancer with a unit standard deviation increase in
serum total 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanol (52);
however, 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone and
4-(methylnitrosamino)-1-(3-pyridyl)-1-butanol require metabolic
activation to exert their carcinogenic effects and therefore in any
individual their effects can vary. Finally, we were limited by the

Table IV. Serum metabolites associated with self-reported smoking in relation to colorectal cancer

Low® metabolite
level versus

Exposed versus unexposed High® metabolite level

versus unexposed

unexposed
Metabolite Exposed Exposed Unexposed Unexposed OR (95% CI)° P-value OR (95% CI)® OR (95% CI)° P-trend
cases controls  cases controls
Self-reported current smoker® 33 22 219 232 1.90 (1.02-3.54) 0.042 — — —
Cotinine 36 23 219 231 1.81 (0.98-3.33) 0.058 1.84 (0.80-4.23) 1.78 (0.78-4.07) 0.078
0O-Cresol sulfate 21 19 234 235 1.16 (0.57-2.37)  0.685 0.68 (0.25-1.85) 1.99 (0.72-5.49) 0.384
Hydroxycotinine 32 15 223 239 2.68 (1.33-5.40) 0.006 2.32(0.91-5.88) 3.19(1.13-9.04) 0.006

Categorical variable using the median level as a cutpoint among those with values >0.

*Conditional logistic regression with models adjusted for study center and BML

‘Current smoker of any tobacco (cigarettes, pipes and cigars) versus everyone else is also given in Table III, but listed again here as comparison.
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measurement of metabolites at a single timepoint and, therefore,
we are unable to quantify past or lifetime exposure; and due to
small numbers, it is possible that our observations could be due
to chance.

In conclusion, we identified serum cotinine, O-cresol sulfate and
hydroxycotinine as biomarkers of self-reported current smoking.
Hydroxycotinine was significantly associated with colorectal cancer,
and the risk observed was stronger than that for self-reported tobacco
use and this malignancy; thus, our findings provide additional evi-
dence for an association between tobacco smoking and colorectal
cancer.
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