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glucuronide are strongly associated with esophageal cancer risk in smokers
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N'-Nitrosonornicotine (NNN) and 4-(methylnitrosamino)-1-
(3-pyridyl)-1-butanone (NNK) are tobacco-specific nitrosamines.
NNN and NNK can induce cancers of the esophagus and lung,
respectively, in laboratory animals, but data on human esopha-
geal cancer are lacking. The association between levels of NNN
and 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanol (NNAL), an
NNK metabolite, in urine samples collected before diagnosis
and risk of esophageal cancer was examined in 77 patients with
esophageal cancer and 223 individually matched controls, all cur-
rent smokers, from a cohort of 18244 Chinese men in Shanghai,
China, followed from 1986 to 2008. Urinary total NNN (free NNN
plus NNN-N-glucuronide) was significantly higher, whereas the
percentage of its detoxification product NNN-N-glucuronide was
significantly lower in cases than controls. Odds ratios (95% con-
fidence intervals) of esophageal cancer for the second and third
tertiles of total NNN were 3.99 (1.25-12.7) and 17.0 (3.99-72.8),
respectively, compared with the first tertile after adjustment for
urinary total NNAL and total cotinine and smoking intensity and
duration (Py.eng < 0.001). The corresponding figures for the per-
centage of NNN-N-glucuronides were 0.37 (0.17-0.80) and 0.27
(0.11-0.62) (Pirena = 0.001). Urinary total NNN and the percent-
age of NNN-N-glucuronides almost completely accounted for the
observed association for urinary total NNAL (free NNAL plus its
glucuronides), urinary total cotinine and smoking intensity with
esophageal cancer risk. These findings along with results of pre-
vious studies in laboratory animals support a significant and
unique role of NNN in esophageal carcinogenesis in humans.

Introduction

Although esophageal cancer is rare in most Western countries, the in-
cidence varies greatly worldwide and is relatively high in Asia (1).
Tobacco smoking and alcohol use are established major risk factors for
esophageal cancer (2-4). However, the association between cigarette
smoking and esophageal cancer risk is not as strong as that for lung
cancer. The relative risk for smokers of more than one pack a day relative
to never-smokers ranges approximately from 2 to 5 for esophageal cancer
(4-6), whereas it ranges from 15 to 30 for lung cancer (7,8). Furthermore,
most smokers do not develop esophageal cancer over their lifetime. The
variation underlying the susceptibility to smoking-related cancer may be
determined by the amounts of carcinogens present in tobacco smoke,
their uptake and metabolism and by genetic and environmental factors.
There are >70 established carcinogens in cigarette smoke (3). Among
these, the tobacco-specific nitrosamine N'-nitrosonornicotine (NNN) is
present in greater concentrations than any other esophageal carcinogens

Abbreviations:  5-MeNNN, 5-methyl-N'-nitrosonornicotine; NNAL,
4-(methylnitrosamino)-1-(3-pyridyl)-1-butanol; NNK, 4-(methylnitrosamino)
-1-(3-pyridyl)-1-butanone; NNN, N’-nitrosonornicotine.

(9,10). The carcinogenic potential of NNN has been clearly demonstrated
in a number of animal models (reviewed in ref. 11). In addition to in-
ducing esophageal tumors in rats, NNN causes lung tumors in mice,
respiratory tract tumors in hamsters and nasal cavity tumors in rats and
mink (11). A mixture of NNN and the related tobacco carcinogen
4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone (NNK)-induced tumors
in the oral cavity of rats (12). On its own, NNK is a potent systemic lung
carcinogen in laboratory animals. NNK also can induce tumors of the
liver and pancreas in rats, but it is not known to induce esophageal tumors
(13). Based on laboratory animal data and related mechanistic studies,
NNN and NNK are classified as human carcinogens (Group I) by the
International Agency for Research on Cancer (13).

Human exposure to NNN can be measured via quantitation of
unchanged NNN (also called free NNN) and its detoxification product
NNN-pyridine-N-glucuronide (NNN-N-Gluc) in urine (14). The sum of
free NNN and NNN-N-Gluc is referred to as total NNN. There have been
no epidemiological studies on NNN in relation to risk of any cancer in
humans. Based on the findings of experimental studies in laboratory
animals, further investigation of the relationship between urinary total
NNN and esophageal cancer risk could provide important information on
the role of this laboratory animal carcinogen in the development of
tobacco-induced esophageal cancer in humans. Moreover, while the
measurement of urinary total NNN is informative in terms of overall
exposure to NNN, separate analysis of free NNN and NNN-N-Gluc may
also provide useful information on the evaluation of the relative effi-
ciency of NNN detoxification in individual smokers. An increased un-
derstanding of esophageal cancer etiology in smokers can point the way
to rational methods of preventing this generally fatal disease.

Human exposure to NNK can be assessed by urinary levels of
4-(methylnitrosamino)-1-(3-pyridyl)-1-butanol (NNAL) and its glu-
curonides (sum of which is denoted as total NNAL). We and others
recently demonstrated a strong association between total NNAL in
serum or urine and risk of lung cancer incidence in smokers (15,16).
It is not known if NNK can induce esophageal cancer in laboratory
animals or humans. Epidemiological studies on NNAL in relation to
risk of esophageal cancer in humans are lacking. Since both NNK and
NNN are present in unburned tobacco and tobacco smoke (13), the
simultaneous examination of both NNAL and NNN would provide
more specific information for understanding their role in the
development of esophageal cancer.

We conducted a prospective case—control study of esophageal can-
cer nested within the Shanghai Cohort Study to examine if smokers
who developed esophageal cancer had higher levels of total NNN and
total NNAL in their urine samples collected before cancer diagnosis
as compared with their smoking counterparts who remained free of
cancer. Since glucuronidation is a detoxification pathway, we also
examined the relationship between the percentage of NNN-N-Gluc
and risk of esophageal cancer.

Materials and methods

Subjects

Details of the Shanghai Cohort Study have been previously published (17,18).
In brief, the cohort consisted of 18 244 men (constituting 80% of eligible
subjects) enrolled from January 1 1986 through September 30 1989 who were
between 45 and 64 years of age and resided in one of four small geographically
defined communities in Shanghai, China. In addition to in-person interviews
eliciting information on use of tobacco and alcohol, usual diet and medical
history, we collected a 10 ml blood sample and one single spot urine sample
from each participant at baseline. The collection of biospecimens from study
subjects usually took place between 5 pm and 9 pm. Following collection, the
urine sample was immediately put in an icebox and transported on the same
day to the processing laboratory to be stored at 4°C. On the next morning, two
aliquots of untreated urine samples (10 ml each) per subject were prepared and
stored at —20°C until 2001 when they were moved to —70°C freezers until
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analysis. Written informed consent was obtained from each subject. The
Shanghai Cohort Study has been approved by the Institutional Review Boards
at the University of Minnesota and the Shanghai Cancer Institute.

Identification of incident esophageal cancer cases and deaths was accom-
plished through annual in-person re-interviews to all surviving cohort members
and routine review of reports from the population-based Shanghai Cancer
Registry and from the Shanghai Municipal Vital Statistics Office. As of
December 31 2008, losses to follow-up totaled 985 individuals (5.4%) after
18-22 years of study.

As of December 31 2008, 115 cohort participants developed esophageal
cancer. Among them, 82 were smokers, 4 were former smokers and 29 were
never-smokers at baseline. The primary objectives of the present study required
all study subjects to be smokers at the time of urine collection at enrollment.
For each case who smoked cigarettes at baseline, we selected three control
subjects randomly from the Shanghai cohort members who were smokers at
enrollment, free of any cancer and alive at the time of cancer diagnosis of the
index case. Controls were matched to the index case by age at enrollment
(+2 years), the year and month of biospecimen collection (+1 month) and
neighborhood of residence at recruitment.

Laboratory measurements

Urine samples of all study subjects were retrieved from the biospecimen bank and
shipped in boxes packed with dry-ice to the Hecht laboratory at the University of
Minnesota where all urinary biomarkers were quantified. Four urine sample
aliquots within a given matched case—control set (the case plus three controls)
were arranged in random order, were identified only by unique codes and were
assayed in the same batch for each urinary biomarker by laboratory personnel
who had no knowledge of the case/control status of the test samples.

To separately analyze free NNN and NNN-N-Gluc in urine samples, we
modified our previously published method for total NNN (19-21). Briefly,
2 ml urine samples were extracted with ethyl acetate after the addition of
5-methyl-N’'-nitrosonornicotine (5-MeNNN) as internal standard. The or-
ganic layer containing free NNN was concentrated to dryness and further
purified by mixed mode cation exchange and normal phase extraction as de-
scribed previously (20). To the aqueous layer containing NNN-N-Gluc,
['3C4,INNN internal standard was added, and the mixture was treated with
10 N NaOH to convert NNN-N-Gluc to NNN (19). After the hydrolysis, the
samples were purified as described previously for total NNN (20). The samples
were analyzed by liquid chromatography—tandem mass spectrometry with se-
lected reaction monitoring for m/z 178 — m/z 148 for NNN, m/z 192 — m/z
162 for 5-MeNNN and m/z 184 — m/z 154 for ['3C¢]NNN. The intra-day
precision measures of the assays for free NNN and NNN-N-Gluc were 7.7%
relative standard deviation (RSD) and 8.4% RSD, respectively. The corre-
sponding inter-day precision measures were 10.6 and 12.8% RSD.

Analysis of total NNAL was performed as described previously (22). Briefly,
the method involved treatment of urine with B-glucuronidase to convert any
NNAL-glucuronides to free NNAL, which was followed by solid-phase extraction
and analysis by liquid chromatography — tandem mass spectrometry. The intra-day
and inter-day precision values of the assay were 7.1 and 7.4% RSD, respectively.

Quantification of total cotinine was carried out by gas chromatography—
mass spectrometry as described previously (23,24). The intra-day precision
of the assay for total cotinine was 1.8% RSD and the inter-day precision
was 2.8% RSD. Urinary creatinine (Cr) was assayed by Fairview-University
Medical Center Diagnostic Laboratories (Minneapolis) with a Kodak
Ektachem 500 chemistry analyzer.

Of the 82 cases and 246 matched controls, 5 cases and 23 controls were
excluded due to insufficient urine samples after previous measurements. We
tested urine samples of 77 cases and 223 controls for all urinary biomarkers
described above. Both free NNN and NNN-N-Gluc were detected in all
samples (limit of detection, 0.5 fmol/ml urine). The assay for urinary NNAL
failed on eight subjects (three cases and five controls). Urinary total NNAL was
detectable (limit of detection, 0.01 pmol/ml) in all but two urine samples. We
included these two subjects in the data analysis after the half value of the limit
of detection was assigned. Thus, the present study included 77 esophageal
cancer cases and their 223 individually matched control subjects for the
analysis of NNN. For the analysis of urinary total NNAL, we included 74
cases and 218 controls.

Statistical analysis

Urinary concentrations of free NNN, NNN-N-Gluc, total NNN (the sum of free
NNN and NNN-N-Gluc) and total NNAL were expressed as fmol/mg creati-
nine (Cr) and cotinine as nmol/mg Cr to correct for varying water contents of
individual spot urine samples. The percentage of NNN-N-Gluc was calculated
as the concentration of NNN-N-Gluc divided by total NNN multiplied by 100.
The distributions of all urinary biomarkers measured except the percentage of
NNN-N-Gluc were markedly skewed toward high values, which were
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corrected to a large extent by transformation to logarithmic values. Therefore,
formal statistical tests were performed on logarithmically transformed values
and geometric means are presented.

The 2 test and the t-test were used to compare the distributions of selected
demographics, cigarette smoking and alcohol consumption between esopha-
geal cancer cases and controls. The analysis of covariance (ANCOVA) method
(25) was used to examine the relationship of concentrations of total NNN and
total NNAL with number of cigarettes per day and levels of urinary total
cotinine. We used the same ANCOVA method to assess the statistical differ-
ences in concentrations of urinary biomarkers between cases and controls.

We used standard statistical methods to analyze data from matched case—
control sets (26). Conditional logistic regression models were used to calculate
odds ratios (ORs) and their corresponding 95% confidence intervals (CIs) and
P values. Study subjects were grouped into tertiles according to the distribution
of each biomarker measured among all control subjects. The linear trend test
for the association between levels of biomarkers and esophageal cancer risk
was based on ordinal values. Multivariate logistic regression models were used
to assess the independent effect of one factor while simultaneously adjusting
for other variables in the same model. To examine the interaction effect,
a product term of the two variables of interest was created and included in
the multivariate logistic regression model that also included the two main term
variables. The result of the product term determined whether the two had
a synergistic effect on risk of the disease.

All statistical analyses were carried out using SAS software version 9.1
(SAS Institute, Cary, NC). All P values reported are two sided and those that
were <0.05 were considered as statistically significant.

Results

Of the 77 cases of esophageal cancer, 58 were confirmed histologi-
cally; there were 49 (84% of confirmed cases) squamous cell cancers,
4 (7%) adenocarcinomas and 5 (9%) other histological types. The
remaining 19 cases were based on clinical diagnosis. The mean age
(« standard deviation) of all case patients at cancer diagnosis was 68.3
(£8.0) years. The corresponding figure for matched control subjects at
the time of cancer diagnosis of index cases was 67.9 (£7.5) years (P =
0.74). The average time interval between baseline biospecimen col-
lection and cancer diagnosis was 11.5 (+5.6) years, ranging from
2 months to 20.7 years. Patients with esophageal cancer had slightly
lower body mass index (21.3 + 2.4 kg/m?) than control subjects (21.9
+ 2.7 kg/m?) (P = 0.055). Case patients attained higher level of
education than controls (P = 0.006).

Table I shows the urinary levels of total NNAL, total NNN, free
NNN, NNN-N-Gluc and the percentage of NNN-N-Gluc by the num-
ber of cigarettes smoked per day or urinary levels of total cotinine
among control subjects only. Urinary levels of total NNAL, total NNN,
free NNN and NNN-N-Gluc all increased with increasing number of
cigarettes per day and urinary levels of total cotinine (all Ps < 0.001).
The percentage of NNN-N-Gluc, however, was not associated with the
number of cigarettes per day or urinary levels of total cotinine.

Urinary levels of total NNN, free NNN and NNN-N-Gluc were
highly correlated with each other. Among control subjects only, the
Spearman’s correlation coefficient was 0.93 between total NNN and
free NNN, 0.95 between total NNN and NNN-N-Gluc and 0.80
between free NNN and NNN-N-Gluc (all Ps < 0.001). Urinary total
NNN also was correlated with urinary total NNAL (r = 0.48,
P < 0.001) and total cotinine (r = 0.67, P < 0.001), although the
correlation coefficients were not as high as those with free NNN and
NNN-N-Gluc. The percentage of NNN-N-Gluc, however, was not
associated with either total NNN (r = —0.07, P = 0.35) or total
NNAL (r = —0.06, P = 0.35) but was inversely correlated with free
NNN (r = —0.39, P < 0.001).

Subjects who developed esophageal cancer had significantly higher
levels of free NNN, NNN-N-Gluc and total NNN in urine at baseline
than control subjects (all Ps < 0.001). In contrast, the percentage of
NNN-N-Gluc was significantly lower in cases than in controls (Table II).

Urinary level of total NNN was significantly associated with in-
creased risk of developing esophageal cancer (Table III). Compared
with the lowest tertile, ORs (95% ClIs) of esophageal cancer for the
second and third tertiles of total NNN were 3.99 (1.25-12.7) and 17.0
(3.99-72.8), respectively, after adjustment for urinary total NNAL,
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Table I. Urinary levels of total NNAL, total NNN, free NNN, NNN-N-Gluc and the percentage of NNN-N-Gluc by number of cigarettes per day and urinary total
cotinine among current smokers of control subjects only, The Shanghai Cohort Study 1986-2008

No. of subjects

Geometric mean (95% CI), fmol/mg creatinine

Mean percentage of

NNN-N-Gluc (95% CI)

Total NNAL? Total NNN Free NNN NNN-N-Gluc
No. of cigarettes/day
<10 36 210 (158-280)  23.0 (15.8-33.4) 9.7 (6.5-14.7) 12.3 (8.4-17.9) 55.0 (50.0-60.1)
10 to <20 79 372 (308-449)  43.3 (33.7-55.6) 18.0 (13.6-23.7)  23.1 (17.9-29.8)  55.6 (52.2-59.0)
20+ 108 475 (404-559)  58.1 (46.9-72.0) 22.7 (18.0-28.8)  31.9 (25.6-39.6)  57.4 (54.5-60.3)
P for trend <0.001 <0.001 <0.001 <0.001 0.34
Urinary total cotinine (nmol/mg creatinine)
First quartile (<5.22) 56 197 (161-241)  15.0 (11.8-19.0) 6.1 (6.6-8.0) 8.1 (6.3-10.3) 56.1 (52.1-60.1)

Second quartile (5.22-11.52) 56

Third quartile (11.53-18.89) 56

Fourth quartile (>18.90) 55
P for trend

326 (267-398)
454 (373-553)
747 (609-916)
<0.001

37.2 (29.4-47.2)
63.3 (50.0-80.3)

119.1 (93.6-151.5)

<0.001

16.0 (12.1-21.0)
24.0 (18.3-31.6)
48.3 (36.6-63.8)
<0.001

19.3 (15.1-24.5)
38.4 (28.6-46.3)
63.4 (49.7-80.9)
<0.001

54.4 (50.3-58.4)
59.1 (55.1-63.1)
55.9 (51.9-60.0)
0.65

“Based on 218 subjects in total after five controls with missing values for total NNAL were excluded from this analysis.

Table II. Urinary levels of total NNN, free NNN and NNN-N-Gluc and the
percentage of NNN-N-Gluc by esophageal cancer status among current
smokers, The Shanghai Cohort Study 1986-2008

Cases Controls P?
(n="177) (n = 223)

Total NNN (fmol/mg creatinine) 118 45.1 <0.001
(89.1-156)°  (38.3-53.1)°

Free NNN (fmol/mg creatinine) 58.2 18.2 <0.001
(43.0-78.7)°  (15.3-21.8)

NNN-N-Gluc (fmol/mg creatinine)  49.8 24.4 0.004
(37.5-66.1)°  (20.6-28.8)"

Percentage of NNN-N-Gluc (%) 46.7 56.4 <0.000
(43.1-50.3)°  (54.2-58.5)°

“Two-sided P values and means were derived from analysis of variance
models retaining matched case—control sets, of which controls were matched
with index cases on current smoking status, age, neighborhood and year and
month of urine collection.

®Geometric mean (95% CI).

€ Arithmetic mean (95% CI).

urinary total cotinine, smoking intensity and duration and alcohol
consumption (P for trend <0.001). Similarly, a positive dose-
dependent association between urinary free NNN levels and esopha-
geal cancer risk was observed. In contrast, a higher percentage of
NNN-N-Gluc was associated with lower risk of esophageal cancer.
Compared with the lowest tertile, the multivariate-adjusted ORs (95%
Cls) for the second and third tertiles of the percentage of NNN-
N-Gluc were 0.37 (0.17-0.80) and 0.27 (0.11-0.62), respectively
(P for trend = 0.001). Further adjustment for total NNN did not alter
the associations between the percentage of NNN-N-Gluc and risk of
esophageal cancer. Similarly, adjustment for the percentage of NNN-
N-Gluc did not materially change the total NNN-esophageal cancer
risk association (data not shown).

Urinary levels of total NNAL and total cotinine were higher in case
patients than in control subjects. Compared with the lowest tertile,
ORs (95% Cls) of esophageal cancer for the second and third tertiles
of total NNAL were 1.69 (0.79-3.64) and 3.63 (1.60-8.21), respec-
tively (P for trend = 0.002) (Table IV). After adjustment for urinary
total NNN and the percentage of NNN-N-Gluc, the association
between urinary total NNAL and esophageal cancer risk no longer
existed (P for trend = 0.98). Similarly, positive associations for
esophageal cancer with urinary total cotinine and number of cigarettes
per day disappeared after adjustment for urinary total NNN and
the percentage of NNN-N-Gluc. The number of years of smoking
was significantly associated with risk of esophageal cancer
even after adjustment for urinary total NNN and the percentage of
NNN-N-Gluc.
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There was a strong dose-dependent association between alcohol
consumption and risk of esophageal cancer. Adjustment for urinary
total NNN and the percentage of NNN-N-Gluc did not materially alter
the alcohol-esophageal cancer risk association (Table IV). We further
examined the potential modifying effect of alcohol intake on the
association between urinary total NNN and risk of esophageal cancer.
Among non-drinkers, ORs (95% ClIs) of esophageal cancer for the
second and third tertiles of total NNN were 0.98 (0.21-4.64) and 2.17
(0.49-9.63), respectively, compared with the lowest tertile after ad-
justment for smoking duration and the percentage of NNN-N-Gluc
(P for trend = 0.25). The corresponding figures among alcohol
drinkers were 13.4 (2.62-68.6) and 34.7 (6.82-176.5) (P for trend
<0.001). A test for the interaction effect between alcohol intake
and urinary total NNN on risk of esophageal cancer was statistically
significant (P for interaction = 0.036).

Discussion

This study demonstrates for the first time that levels of NNN in urine
samples collected years before cancer diagnosis are significantly as-
sociated with the risk of developing esophageal cancer in smokers.
The present study also showed a strong inverse association between
the percentage of NNN-N-Gluc, a detoxifying metabolite of NNN,
and risk of esophageal cancer. Urinary total NNAL, a metabolite of
NNK, however, was not independently associated with risk of esoph-
ageal cancer after adjustment for total NNN and the percentage of
NNN-N-Gluc. These findings are entirely in line with the results of
laboratory experiments that consistently demonstrate the induction by
NNN of esophageal tumors in rats. NNK is a tobacco carcinogen that
targets the lung and other organ sites but has not been shown to induce
esophageal cancer in laboratory animals (13). Furthermore, urinary
total NNN and the percentage of NNN-N-Gluc almost completely
accounted for the observed associations of esophageal cancer risk
with number of cigarettes per day and urinary total cotinine (an
objective marker of uptake and metabolism of nicotine). These
findings along with data from previous animal experiments strongly
suggest that NNN in tobacco smoke may play a significant and unique
role in esophageal carcinogenesis in smokers.

Given the remarkably strong dose-dependent relationship of esoph-
ageal cancer risk with urinary NNN, but lack of association with
urinary total NNAL, additional studies are required to identify factors
that influence amounts of urinary NNN. Some of the variability is
probably due to differing amounts of NNN in the smoke of various
cigarette brands and differences in the ways in which these cigarettes
were smoked. Virtually, all unburned commercial tobacco products
contain NNN and NNK, and they always occur together (13). There is
a great variation in levels of NNN and NNK in mainstream smoke of
cigarettes. This is mainly due to differences in tobacco types used,
agricultural practices, curing methods and manufacturing processes
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Table III. Urinary levels of total NNN, free NNN and the percentage of NNN-N-Gluc in relation to risk of esophageal cancer among current smokers, The

Shanghai Cohort Study 1986-2008

Tertile levels P for trend
First Second Third
Total NNN (fmol/mg creatinine) <29.2 29.2-66.5 >66.5
No. of cases/no. of controls 6/74 23/76 48/73
Matched OR (95% CI)* 1.00 (referent) 4.51 (1.64-12.36) 13.4 (4.64-38.8) <0.001
Adjusted OR (95% cn® 1.00 (referent) 4.17 (1.32-13.17) 18.3 (4.40-76.3) <0.001
NNAL-adjusted OR (95% CI)° 1.00 (referent) 3.99 (1.25-12.72) 17.0 (3.99-72.8) <0.001
Free NNN (fmol/mg creatinine) <104 10.4-28.5 >28.5
No. of cases/no. of controls 7174 15/76 55/73
Matched OR (95% CI)* 1.00 (referent) 2.97 (1.02-8.65) 15.5 (5.18-46.6) <0.001
Adjusted OR (95% cn® 1.00 (referent) 3.30 (0.95-11.52) 16.6 (4.29-64.4) <0.001
NNAL-adjusted OR (95% CI)* 1.00 (referent) 3.24 (0.92-11.36) 15.8 (4.02-62.3) <0.001
Percentage of NNN-N-Gluc (%) <50.5 50.5-62.2 >62.2
No. of cases/no. of controls 45/74 18/76 14/73
Matched OR (95% CI)* 1.00 (referent) 0.35 (0.18-0.69) 0.24 (0.11-0.52) <0.001
Adjusted OR (95% cn® 1.00 (referent) 0.36 (0.17-0.77) 0.25 (0.11-0.59) <0.001
NNAL-adjusted OR (95% CI)° 1.00 (referent) 0.37 (0.17-0.80) 0.27 (0.11-0.62) 0.001

%ORs were derived from conditional logistic regression models that retained the case—control matched sets, of which controls were matched with index cases on
current smoking status, age, neighborhood, and year and month of urine collection.
°In addition to matching factors, ORs were adjusted for number of cigarettes per day, number of years of smoking, number of alcoholic drinks per day and urinary

total cotinine in tertile.

Further adjusted for urinary total NNAL in tertile; an indicator variable for the missing values on total NNAL was created for three cases and five controls who

were included in these analyses.

Table I'V. Urinary total NNAL and total cotinine, cigarette smoking and alcohol consumption in relation to risk of esophageal cancer among current smokers, The

Shanghai Cohort Study 19862008

No. of cases

No. of controls

Matched OR (95% CI)

Total NNN-adjusted OR (95% CI)*

Urinary total NNAL (fmol/mg creatinine)”

First tertile (<278) 14 69
Second tertile (278-522) 23 71
Third tertile (>522) 37 69
P for trend

Urinary total cotinine (nmol/mg creatinine)
First tertile (<7.13) 16 74
Second tertile (7.13-15.64) 25 76
Third tertile (>15.64) 36 73
P for trend

No. of cigarettes per day
<10 8 36
10 to <20 21 79
20+ 48 108
P for trend

No. of years of smoking
<20 9 32
20 to <40 34 140
40+ 34 51
P for trend

No. of drinks of alcoholic beverages per day
Non-drinkers 19 91
<2 17 64
2 to <4 21 43
4+ 20 25
P for trend

1.00 (referent)
1.69 (0.79-3.64)
3.63 (1.60-8.21)
0.002

1.00 (referent)
1.61 (0.78-3.33)
2.46 (1.22-4.99)
0.011

1.00 (referent)
1.14 (0.46-2.85)
1.85 (0.80-4.29)
0.058

1.00 (referent)
0.98 (0.39-2.46)
4.48 (1.48-13.7)
0.001

1.00 (referent)
1.43 (0.65-3.12)
2.56 (1.17-5.61)
4.24 (1.87-9.61)
<0.001

1.00 (referent)
1.00 (0.42-2.41)
1.01 (0.36-2.87)
0.98

1.00 (referent)
0.53 (0.21-1.32)
0.41 (0.15-1.15)
0.11

1.00 (referent)
0.73 (0.26-2.05)
1.17 (0.45-3.09)
0.34

1.00 (referent)
0.93 (0.31-2.75)
6.06 (1.58-23.2)
0.001

1.00 (referent)
1.74 (0.68-4.45)
3.34 (1.28-8.74)
5.15 (1.97-13.5)
<0.001

“In addition to matching factors, ORs were adjusted for urinary total NNN and the percentage of NNN-N-Gluc.
"Three cases and 14 controls (nine who were individually matched controls of these three cases and five additional controls with missing values on total NNAL)

were excluded from this analysis using conditional logistic regression models.

(13). Levels of NNN range from 20 to 58 000 ng/cigarette and NNK
from 19 to 10 745 ng/cigarette in tobacco from commercial cigarettes
sold in different parts of the world. In mainstream smoke, the ranges
of NNN and NNK were reported from 4 to 2830 ng/cigarette and
3-1749 ng/cigarette, respectively (13). In China, for example, the levels
of total tobacco-specific nitrosamine (sum of NNN plus NNK) were

30 times higher in mainstream smoke of Marlboro cigarettes (264 ng/
cigarette) than a domestic brand of cigarettes (8.7 ng/cigarette) (27).
Based on the findings of the present study, decreasing or eliminating
NNN from tobacco products could be a straightforward way to reduce
the exposure to NNN and subsequently decrease esophageal cancer
risk for a smoker. Methods to decrease levels of tobacco-specific
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nitrosamines, including NNN, in tobacco are well established but have
not been widely applied (3).

Another factor contributing to the variability in urinary total NNN
could be the endogenous formation of NNN from the tobacco alkaloids
nornicotine and nicotine via nitrosation in the acidic environment of the
stomach where nornicotine and nicotine from any sources are present
(19,28). Endogenous formation of N-nitrosamines in humans through
the reaction of dietary precursors with nitrosating agents from diet has
been demonstrated in multiple studies (29,30). We recently reported
significantly elevated urinary total NNN in some former smokers who
used nicotine replacement therapy products that were virtually free of
NNN (21,31,32). In the present study, among 92 control subjects who
smoked the same number of cigarettes (one pack) per day, urinary total
NNN of 5th and 95th percentiles were 11.3 and 282.8 fmol/mg Cr,
respectively, an ~25-fold difference. Given that the participants of
the cohort most likely smoked domestic brands of cigarettes with com-
parable NNN contents due to their limited access to imported cigarettes
in the mid-1980’s, this large variation in urinary total NNN could be, at
least partly, due to the difference in endogenous formation of NNN
from nornicotine and nicotine in tobacco smoke. Endogenous forma-
tion of N-nitrosamines can be greatly affected by dietary factors in-
cluding ascorbic acid, vitamin E and phenolic compounds or by
bacteria in the oral cavity and stomach (33). These data suggest that
endogenous formation of NNN may contribute to the risk of developing
esophageal cancer in individuals who are exposed to nicotine and/or
nornicotine from various sources.

A strong inverse association between the percentage of NNN-
N-Gluc and risk of esophageal cancer in the present study suggests
that NNN glucuronidation may play an important role in reducing
the carcinogenic effect of free NNN on the esophagus. Several
genetic polymorphisms in the uridine diphosphate-glucuronosyl-
transferase gene including UGT2BI10 can influence the glucuroni-
dation of NNN (34). Future studies are warranted to study the
potential modifying effect of these genetic polymorphisms on
NNN-related esophageal cancer risk.

The levels of urinary NNN biomarkers observed in this study are in
agreement with previous reports of the same biomarkers in smokers.
We first reported that the arithmetic mean of urinary total NNN was
0.18 pmol/mg creatinine in smokers in the USA and that NNN-
N-Gluc accounted for an average of 59.1% of total NNN in urine
(14). The corresponding figures in this study population are compa-
rable with those in the USA. The arithmetic mean of urinary total
NNN was 0.22 pmol/mg creatinine and the percentage of NNN-
N-Gluc was 56.4% in control subjects.

The lack of association between urinary total NNAL and risk of
esophageal cancer in the present study is in agreement with the find-
ings in experiments with rats. NNN, but not NNK, induces esophageal
tumors in rats treated with the carcinogen in the drinking water (13).
Furthermore, cultured rat esophagus readily catalyzes the metabolic
activation of NNN, but not NNK, by o-hydroxylation. The cyto-
chrome P450 enzyme involved in this process has not been identified
(35,36). The positive association between urinary total NNAL and
risk of esophageal cancer observed in univariate analysis disappeared
after adjustment for urinary total NNN, suggesting that NNN plays
a more important role than NNK in the development of esophageal
cancer in humans, as in rats.

Alcohol consumption is an established risk factor for esophageal
cancer in various populations (37-39). In this study, alcohol intake
was a strong independent risk factor for esophageal cancer. The in-
teraction between alcohol consumption and urinary total NNN for
esophageal squamous cell cancer risk in the present study is consis-
tent with results of previous reports of alcohol and cigarette smoking
on esophageal cancer risk (38,39). The interaction between alcohol
consumption and NNN suggests that they act independently of
each other in the etiology of esophageal cancer. Studies in rats have
not produced consistent results with respect to the effects of ethanol
on esophageal tumor induction by NNN (11). Ethanol itself can cause
local irritation of the upper gastrointestinal tract (40). It may act as
a solvent to increase the physical contact with tobacco carcinogen
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NNN, thereby facilitating the entry of NNN into the esophageal
mucosa, resulting in increased uptake of NNN in cigarette smoke
(41). In studies with porcine oral mucosa, the permeability of
the floor or the mouth to NNN was increased by ethanol (42).
Given the relative small sample size of the present study, the modi-
fying effect of alcohol intake on the NNN-esophageal cancer risk
association needs to be confirmed.

The most important strength of this study is that the biomarkers
were measured in urine samples collected years (11.5 years on aver-
age) before cancer diagnosis, thereby ruling out the possibility of
a spurious association due to smoking behavior changes of patients
close to their time of clinical diagnosis of esophageal cancer. The
remarkably strong dose-dependent NNN-esophageal cancer associa-
tion and consistency with animal studies further strengthen the find-
ings of this study. The simultaneous measurement of urinary free and
conjugated NNN and total NNAL allowed us to examine the indepen-
dent effect of these biomarkers on the development of esophageal
cancer risk and shed some light on esophageal carcinogenesis related
to tobacco smoking.

The present study had several limitations. One limitation was the
single-time assessment of exposure based on spot urine samples at
baseline. Changes in exposure to tobacco-specific nitrosamines after
baseline were not ascertained. However, these changes would occur
equally in both case patients and control subjects and result in an
underestimate of the true effect (i.e. ORs toward null). Timing of
the urine collection also would have an impact on the concentration
of urinary biomarkers measured. However, the spot urine samples
were collected at a similar time of the day (5 pm-9 pm) from both
cases and controls and processed in the same manner. Another con-
cern is the stability of biomarkers in stored urines. Our data have
shown that total NNN is stable for at least 2 years and total NNAL
is stable for at least 4 years in urine samples stored at —20°C. Given
that the duration of storage of controls was individually matched with
that of index cases, the observed association between urinary NNN
and risk of esophageal cancer would be less likely to be biased by the
time of collection and/or handling of urine specimens or degradation
of biomarkers in stored urines. Another limitation of the present study
is its small sample size. Our findings need to be confirmed in a similar
prospective study with a larger sample size. Future studies could also
incorporate polymorphisms in genes that are possibly involved in the
endogenous formation, activation and detoxification of NNN. The
interaction between genetic polymorphisms in NNN metabolism
and risk of esophageal cancer could further elucidate the mechanism
of NNN in human esophageal carcinogenesis.

In summary, using prospectively collected urine samples from par-
ticipants of a Chinese cohort, we demonstrated a remarkable dose-
dependent association between urinary total NNN and increased risk
of esophageal cancer in smokers. The study also showed that smokers
with a higher percentage of glucuronidated NNN experienced signif-
icantly reduced risk of esophageal cancer. Urinary total NNAL was
not independently associated with the risk of esophageal cancer after
the effects of total NNN and the percentage of NNN-N-Gluc were
taken into account. These data along with the results of previous
studies in laboratory animals support a significant and unique role
of NNN in esophageal carcinogenesis in humans.

Funding

United States Public Health Service (RO1 CA129534 and ROl
CA144034).

Acknowledgements

We thank Ms Xue-Li Wang of the Shanghai Cancer Institute for supervising the
fieldwork of the Shanghai Cohort Study. We also thank the Shanghai Cancer
Registry for assistance with identification of cancer outcomes in the Shanghai

Cohort Study.

Conflict of interest statement. None declared.



References

1.Holmes,R.S. et al. (2007) Epidemiology and pathogenesis of esophageal
cancer. Semin. Radiat. Oncol., 17, 2-9.

2.International Agency for Research on Cancer. (1986) Tobacco Smoking.
IARC Monographs on the Evaluation of Carcinogenic Risk of Chemicals to
Humans. IARC Scientific Publications, Lyon.

3.International Agency for Research on Cancer. (2004) Tobacco smoke and
involuntary smoking. IARC Monographs on the Evaluation of Carcinogenic
Risk to Humans. IARC Scientific Publications, Lyon.

4.Fan,Y. et al. (2008) Alcohol, tobacco, and diet in relation to esophageal
cancer: the shanghai cohort study. Nutr. Cancer, 60, 354-363.

5.Vineis,P. et al. (2004) Tobacco and cancer: recent epidemiological evi-
dence. J. Natl Cancer Inst., 96, 99-106.

6.Gammon,M.D. et al. (1997) Tobacco, alcohol, and socioeconomic status
and adenocarcinomas of the esophagus and gastric cardia. J. Natl Cancer
Inst., 89, 1277-1284.

7.U.S. Department of Health and Human Services. (1989) Reducing the
Health Consequences of Smoking: 25 Years of Progress. A Report of the
Surgeon General 1989. US Department of Health and Human Services,
Public Health Service, Rockville, MD.

8. Yuan,J.M. et al. (2001) Prediagnostic levels of serum beta-cryptoxanthin
and retinol predict smoking-related lung cancer risk in Shanghai, China.
Cancer Epidemiol. Biomarkers Prev., 10, 767-773.

9.Hoffmann,D. er al. (1990) Advances in tobacco carcinogenesis. In
Cooper,C.S.Grover,PL. (eds.) Handbood of Experimental Pharmacology.
Springer-Verlag, Heidelberg, Germany, pp. 63—102.

10.Hecht,S.S. et al. (1989) The relevance of tobacco-specific nitrosamines to
human cancer. Cancer Surv., 8, 273-294.

11.Hecht,S.S. (1998) Biochemistry, biology, and carcinogenicity of tobacco-
specific N-nitrosamines. Chem. Res. Toxicol., 11, 559-603.

12.Hecht,S.S. et al. (1986) Induction of oral cavity tumors in F344 rats by
tobacco-specific nitrosamines and snuff. Cancer Res., 46, 4162-4166.

13.International Agency for Research on cancer. (2007) Smokeless Tobacco
and Tobacco-Specific Nitrosamines. IARC Monographs on the Evaluation
of Carcinogenic Risks to Humans. IARC Scientific Publications, Lyon.

14.Stepanov,l. et al. (2005) Tobacco-specific nitrosamines and their pyridine-
N-glucuronides in the urine of smokers and smokeless tobacco users. Can-
cer Epidemiol. Biomarkers Prev., 14, 885-891.

15. Yuan,J. M. et al. (2009) Urinary levels of tobacco-specific nitrosamine me-
tabolites in relation to lung cancer development in two prospective cohorts
of cigarette smokers. Cancer Res., 69, 2990-2995.

16.Church,T.R. et al. (2009) A prospectively measured serum biomarker for
a tobacco-specific carcinogen and lung cancer in smokers. Cancer Epide-
miol. Biomarkers Prev., 18, 260-266.

17.Ross,R.K. ef al. (1992) Urinary aflatoxin biomarkers and risk of hepato-
cellular carcinoma. Lancet, 339, 943-946.

18. Yuan,J. M. et al. (1996) Morbidity and mortality in relation to cigarette
smoking in Shanghai, China. A prospective male cohort study. JAMA,
275, 1646-1650.

19.Porubin,D. et al. (2007) Endogenous formation of N’-nitrosonornicotine
in F344 rats in the presence of some antioxidants and grape seed extract.
J. Agric. Food Chem., 55, 7199-7204.

20. Stepanov, 1. et al. (2008) Detection and quantitation of N’ -nitrosonornicotine
in human toenails by liquid chromatography-electrospray ionization-tandem
mass spectrometry. Cancer Epidemiol. Biomarkers Prev., 17, 945-948.

21.Stepanov,l. et al. (2009) Presence of the carcinogen N'-nitrosonornicotine
in the urine of some users of oral nicotine replacement therapy products.
Cancer Res., 69, 8236-8240.

NNN and esophageal cancer

22.Stepanov,l. et al. (2008) Extensive metabolic activation of the tobacco-
specific carcinogen 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone in
smokers. Cancer Epidemiol. Biomarkers Prev., 17, 1764-1773.

23.Stepanov,l. et al. (2006) Uptake of the tobacco-specific lung carcinogen
4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone by Moldovan children.
Cancer Epidemiol. Biomarkers Prev., 15, 7-11.

24.Hecht,S.S. et al. (1999) Quantitation of urinary metabolites of a tobacco-
specific lung carcinogen after smoking cessation. Cancer Res., 59, 590—
596.

25.Winer,B.J. (1971) Statistical Principles in Experimental Design. McGraw-
Hill, New York, NY.

26.Breslow,N.E. et al. (1980) Statistical Methods in Cancer Research. Volume
1. The Analysis of Case-Control Studies. IARC Scientific Publication,
Lyon.

27.Wu,W. et al. (2005) Determination of carcinogenic tobacco-specific nitros-
amines in mainstream smoke from U.S.-brand and non-U.S.-brand ciga-
rettes from 14 countries. Nicotine Tob. Res., 7, 443-451.

28.Carmella,S.G. et al. (1997) Evidence for endogenous formation of tobacco-
specific nitrosamines in rats treated with tobacco alkaloids and sodium
nitrite. Carcinogenesis, 18, 587-592.

29.Bartsch,H. et al. (1989) Human exposure to endogenous N-nitroso com-
pounds: quantitative estimates in subjects at high risk for cancer of the
oral cavity, oesophagus, stomach and urinary bladder. Cancer Surv., 8,
335-362.

30.Mirvish,S.S. (1995) Role of N-nitroso compounds (NOC) and N-nitrosa-
tion in etiology of gastric, esophageal, nasopharyngeal and bladder cancer
and contribution to cancer of known exposures to NOC. Cancer Lett., 93,
17-48.

31.Stepanov,I. er al. (2006) Tobacco-specific nitrosamines in new tobacco
products. Nicotine Tob. Res., 8, 309-313.

32.Stepanov,l. et al. (2009) Evidence for endogenous formation of N'-
nitrosonornicotine in some long-term nicotine patch users. Nicotine Tob.
Res., 11, 99-105.

33.Bartsch,H. et al. (1988) Inhibitors of endogenous nitrosation. Mechanisms
and implications in human cancer prevention. Mutat. Res., 202, 307-324.

34.Chen,G. et al. (2008) Glucuronidation of tobacco-specific nitrosamines by
UGT2B10. Drug Metab. Dispos., 36, 824-830.

35.Murphy,S.E. et al. (1990) Comparative metabolism of N'-nitrosonornico-
tine and 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone by cultured F344
rat oral tissue and esophagus. Cancer Res., 50, 4685-4691.

36.Murphy,S.E. et al. (2000) Specificity of cytochrome P450 2A3-catalyzed
alpha-hydroxylation of N’-nitrosonornicotine enantiomers. Drug Metab.
Dispos., 28, 1263-1266.

37.Gao,Y.T. et al. (1994) Risk factors for esophageal cancer in Shanghai,
China. I. Role of cigarette smoking and alcohol drinking. Int. J. Cancer,
58, 192-196.

38.Castellsague,X. et al. (1999) Independent and joint effects of tobacco
smoking and alcohol drinking on the risk of esophageal cancer in men
and women. Int. J. Cancer, 82, 657-664.

39.Steevens,J. et al. (2010) Alcohol consumption, cigarette smoking and risk
of subtypes of oesophageal and gastric cancer: a prospective cohort study.
Gut, 59, 39-48.

40.International Agency for Research on Cancer. (1988) Alcohol Drinking.
IARC Monographs on the Evaluation of Carcinogenic Risks to Humans.
IARC Scientific Publications, Lyon.

41.Poschl,G. et al. (2004) Alcohol and cancer. Alcohol Alcohol, 39, 155-165.

42.Squier,C.A. (1986) Penetration of nicotine and nitrosonornicotine across
porcine oral mucosa. J. Appl. Toxicol., 6, 123—128.

Received April 28, 2011; revised June 20, 2011; accepted June 23, 2011

1371



