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Abstract

Background—Aside from tobacco carcinogen metabolism, isothiocyanates (ITC) from
cruciferous vegetables may induce apoptosis or steroid metabolism to reduce lung cancer risk. To
separate the effect of these divergent mechanisms of action, we investigated the association
between urinary ITC levels and lung cancer risk among non-smoking women.

Methods—We conducted a nested case-control within the Shanghai Women’s Health Study.
Subjects included 209 incident lung cancer cases who never used tobacco, and 787 individually
matched non-smoking controls. Conditional logistic regression was used to calculate odds ratios
(OR) and 95% confidence intervals (Cl) summarizing the association between urinary ITC levels
and lung cancer. Secondary analyses stratified the ITC-lung cancer analyses by menopausal status,
exposure to environmental tobacco smoke, and GSTM1 and GSTT1 genotypes.

Results—Urinary ITC levels were not significantly associated with lower lung cancer risk
among non-smoking women, regardless of exposure to environmental tobacco smoke or
menopausal status. Furthermore, this association was not modified by GSTT1 genotype. However,
an inverse association was suggested among women with a GSTM1-positive genotype (Q1:
OR=1.0 (reference); Q2: OR=0.35 (0.14, 0.89); Q3: OR=0.47 (0.20, 1.10); Q4: OR=0.63 (0.35,
1.54), p-trend = 0.38)). In contrast, lung cancer risk was positively associated with urinary ITC
levels among women with the GSTM1-null genotype (Q1: OR=1.0 (reference); Q2: OR=1.67
(0.80, 3.50); Q3: OR=1.54 (0.71, 3.33); Q4: OR=2.22 (1.05, 4.67), p-trend = 0.06)).

Conclusion—Urinary ITC levels were not associated overall with lower lung cancer risk among
non-smoking women, but secondary analyses suggested an interaction between urinary ITC levels,
GSTM1 genotype, and lung cancer risk.
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Introduction

Tobacco is clearly the dominant risk factor for lung cancer. However, approximately 25% of
all lung cancer world-wide are diagnosed among persons that have never smoked (1), and
lung cancer among non-smokers has a distinct histology and epidemiology. Unlike
squamous cell carcinomas common among tobacco—-users, the majority of lung tumors
among non-smokers are adenocarcinomas located in the more distal and peripheral airways
and alveoli. Furthermore, gender differences become reversed in that non-smoking women
are at greater risk for lung cancer than non-smoking men (1).

Exposure to environmental tobacco smoke (ETS) or other environmental carcinogens may
contribute to lung carcinogenesis among non-smokers (2). Interestingly, several recent case-
control studies report cruciferous vegetable intake, such as cabbage and bok choy, is
associated with lower lung cancer risk among non-smoking men and women (3-5). These
plants are the primary dietary source for isothiocyanates (ITCs) and indoles known to induce
Phase I (i.e. cytochrome P-450) and Phase 1l (e.g, glutathione S-transferases) systems
responsible for metabolizing tobacco procarcinogens. Indeed, metabolism of the tobacco
carcinogen nitrosamine 4-(methylnitrosamino)-1-3-pyridyl)-1-butanone (NNK) increases
when smokers are exposured to ITCs (6-8), indole-3-carbinol (13C) (9-12) or cruciferous
vegetables (13). Cruciferous vegetable intake is associated with reduced risk of lung cancer
among tobacco users, often jointly with genetic variation in GST enzymes (3;14;15). One
study also reported that genetic variation in GSTM1 modified the protective association
between cruciferous vegetable intake and lung cancer among non-smokers (5).

Other factors perhaps involved in lung carcinogenesis among non-smokers may include
exposure to reactive oxygen species (ROS) from radiation or other sources, bacterial or viral
infection, or increased exposure to estrogens (2). ITCs or indoles derived from crucifers
reduce systemic oxidative stress levels (16-18), alter cytokine activity associated with the
inflammatory response (19), induce apoptosis (20-22), and inhibit angiogenesis (23). ITCs
also have shown anti-bacterial (24) and anti-viral (25) properties. Furthermore, Phase |
induction in response to indoles from cruciferous vegetables may be sufficient to induce
estrogen metabolism (26;27) or reduce estrogen receptor signal transduction (28;29), thus
reducing ER activation on lung epithelial cells.

This study will prospectively investigate the association between cruciferous consumption
and lung cancer among women who have never smoked. Non-smoking Asian women are
among the non-smoking populations with the highest risk of lung cancer (30-32), and our
investigation will utilize data from women living in Shanghai, China. To avoid reporting
biases associated with food frequency questionnaires, we measured urinary ITC levels as an
estimate of the internalized exposure to the biologically active agents derived from
cruciferous vegetable consumption (33;34).

Materials and Methods

Study Subjects

The detailed methods for the SWHS has been published elsewhere (35). The study was
approved by the institutional review boards of all collaborating institutions. From 1997 to
2000, 74,942 Chinese women between the ages of 40 and 70 years and residing in seven
urban communities of Shanghai were recruited into the cohort study. Each woman signed a
consent form at the time of enrollment and completed an in-person survey that included
information on medical history and medication use, demographic characteristics,
anthropometrics, and other lifestyle factors. Each subject was also asked questions to
ascertain their exposure to environmental tobacco smoke from their husband or from
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colleagues in the workplace. Usual dietary habits were ascertained using a validated food
frequency questionnaire (FFQ), and included queries on bok choy, cabbage, Chinese greens,
and turnip consumption. The participation rate for the baseline survey was 92.7%.

Urine Collection

Follow-Up

Of the study participants, 65,754 (87.7%) provided a spot urine sample. Urine samples were
collected into a sterilized cup containing 125 mg ascorbic acid to prevent oxidation of labile
metabolites. After collection, the samples were kept in a portable Styrofoam box with ice
packs (at approximately 0 to 4°C) and processed within 6 hours for long-term storage at
—70°C. At the time of sample procurement, a biospecimen collection form was completed
for each woman, which included the date and time of sample collection, time of last meal,
and day of last menstruation (for premenopausal women), as well as intake of selected
foods, smoking, and use of any medications over the previous 24 hours and during the
previous week.

The cohort was followed through biennial home visits as well as annual record linkage to
cancer incidence and mortality data collected by the Shanghai Cancer Registry and death
certificate data collected by the Shanghai Vital Statistics Unit. Follow-up rates for the first,
second and the third follow-up surveys were 99.8%, 98.7%, and 96.7% respectively. For
cohort members who were diagnosed with cancer, medical charts were reviewed to verify
the diagnosis, and detailed information on the pathologic characteristics of the cancer was
obtained.

Nested Case-Control Study

The nested case-control study includes 228 incident lung cancer cases diagnosed before
February 2003. We included only participants who donated a urine sample before any
cancer diagnosis. The incidence-density method was used for case-control matching. For
each case, a set of controls was selected from women who donated a urine sample at
baseline and were free of any cancer at the time of cancer diagnosis for the index case. In
addition, cases and controls were individually matched on age at baseline (£ 2 years), date
(<30 days) and time (morning or afternoon) of urine collection, interval since last meal (<2
hours), menopausal status (pre- or post-), and antibiotic use (yes/no) in the past week.
Controls for assay were randomly selected from among the pool of eligible controls within
each stratum.

Urinary ITC Assay

The method for analysis of urinary total isothiocyanates (ITCs) and their thiol metabolites
described in detail previously (33) was slightly revised. Briefly, frozen urine samples were
thawed and vortexed; 1 ml samples were placed in 2 ml glass vials and centrifuged (2800
rpm) for 15 min to sediment suspended matter, then placed on ice. Triplicate aliquots of 100
ul clarified urine were pipetted into 2 ml HPLC vials (Chromacol, Inc., Trumbull, CT))
containing 600 ul degassed 2-propanol solution of 10 mM 1,2-benzenedithiol (Lancaster
Synthesis, Inc., Waldham NM) and 500 pl degassed 0.1 M potassium phosphate. The
reaction mixtures in capped vials were vortexed, and incubated for 2 h at 65° C in a shaking
water bath. The reaction mixtures were cooled and centrifuged (2800 rpm, 20 min) prior to
analysis of the reaction product 1,3-benzendithiol-2-thione by HPLC.

Following incubation, samples were analyzed by reverse-phase HPLC using a Waters
puBondapak Cqg (150 x 3.9 mm) with a Waters Cqg guard column and a detection
wavelength of 365 nm. The mobile phase consisted of a mixture of methanol and H,0 (7:3
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v/v) with a flow rate of 1.75 ml/min. A Shimadzu model SCL-10A controller, dual
LEC-10AS pumps, and SIL-10A autosampler (Shimadzu Scientific Instruments, Inc.,
Columbia, MD) were utilized; Axxiom 727 software (Axxiom Chomatography, Inc.,
Moorpark, CA) was utilized to collect and integrate HPLC data. Concurrent triplicate
standards of the N-acetyl conjugate of phenethyl ITC (PEITC-NAC) were prepared in 20
mM phosphate buffer at pH 5 and concentrations of 0 uM (H20), 5 uM, 15uM and 25 uM;
concurrent standards were analyzed with each batch of urine samples. PEITC-NAC was
prepared, and purity and structure were verified by NMR and HPLC in the Organic
Synthesis Laboratory (36). A standard curve (1-100 uM PEITC-NAC in 20 mM phosphate
buffer, pH 5, in triplicate), prepared and analyzed weekly, was used for quantification of
urinary total ITC concentrations. All lab assays were performed in 2007-2008.

GSTM1 and GSTT1 genotyping

DNA was extracted from blood (86.4%) or exfoliated buccal cells (13.6%). Copy number
for the GSTM1 and GSTT1 genes was determined by a duplex real-time quantitative PCR-
based assay, following the method described in the NCI SNP500 project with
modifications(37). The assay was designed to detect whether an individual has zero, one, or
two or more copies of the GSTM1 and GSTT1 genes. The primers used are: GSTM1_F (5'-
GGA CAT TTT GGA GAA CCA GAC C-3), GSTM1_R (5-CAC TCA CAAATT CTG
GAT TG-3'), GSTT1_F (5-TGT GTC CTT TAATCA CTG CAT TTC-3'), GSTTL1_R (5
GGG ACA GAG GAA AGT CAA ATA AAT C-3), BRCA1_F (5-AAA CAT GTT CCT
CCT AAG GTG CTT T-3'), and BRCAL1_R (5'-ATG AAA CCA GAA GTA AGT CCA
CCA GT-3). Each 5 uL volume contained 5 ng of DNA, 300 nM of each primer, 2.5 uL of
TagMan Master Mix (2X), and 250 nM of each probe. The thermal cycling conditions are:
10 minutes at 95°C follow by 40 cycles at 95°C for 30 seconds and 60°C for 1 minute. The
real-time PCR were performed in a 384-well plate in ABI PRISM 7900 Sequence Detection
Systems (Applied Biosystems, Foster City, CA).

Laboratory staff was blind to the case-control status of the samples. Coriell DNA samples
containing the zero, one, or two copies of the GSTM1 and GSTT1 genes were included to
serve as internal quality controls. The concordance rate for quality control samples,
including water, Coriell DNA, and blinded DNA samples, was 100%. GSTT1 genotypes
were within Hardy-Weinburg (H-W) equilibrium among the cases (p=0.73) and the controls
(p=0.15). Similarly, GSTM1 genotypes were within H-W equilibrium among the cases
(p=1.00) and the controls (p=0.10).

Statistical Analyses

We excluded 17 cases and 23 controls currently using tobacco, and 2 cases and 8 controls
who were former tobacco users. We also excluded one control with total energy intake
greater than 3,500 kcal/day because of uncertain data quality. The final analytic dataset
included 209 lung cancer cases and 787 individually matched controls. The frequency of
each case:control matched set was: 1:1 (n=3), 1:2 (n=7), 1:3 (n=26), and 1:4 (n=173).

Urinary ITC levels were standardized to urinary creatinine levels (ng ITC/mg creatinine).
The distribution was right-skewed and ITC values were natural log transformed prior to
analysis. Median and percentages of selected baseline characteristics for cases and controls
were calculated. The Wilcoxon signed rank test for paired data was used to compare ITC
values and other continuous variables between cases and matched controls. The Wald test
from a conditional logistic regression model was used to compare the frequency of
categorical variables between cases and controls. Multivariable conditional logistic
regression was used to calculate odds ratios and 95% confidence intervals summarizing the
association between urinary ITC levels and lung cancer. Urinary ITC levels were analyzed
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as a continuous variable, or categorized as two (non-detected, detected), three (non-detected,
below median, median or above), or four (quartiles of control group distribution) categories.
A P value for linear trend was determined by modeling the categorical variable for urinary
ITC levels as a continuous variable in the logistic model. Analyses were stratified by
menopausal status, exposure to ETS, and GST genotypes using unconditional logistic
regression with the matching variables included in the model. Tests for interaction involved
the significance of cross-product terms between ITC and GST variables while controlling
for each main effect and other covariates.

Cases and controls reported a similar intake of fat, soy food, and cruciferous vegetable, and
were generally similar in overall health-related parameters (Table 1). Cases were marginally
more likely to have a past diagnosis of asthma.

Lung cancer was not significantly associated with total ETS exposure (OR=0.83 (0.53,
1.29), p=0.40) or having a husband who smoked (OR=1.08 (0.79, 1.48), p=0.61)). Similarly,
GSTM1-positive (OR=1.25 (0.91, 1.71), p=0.17) and GSTT1-positive (OR=0.88 (0.65, 1.19,
p=0.40) genotypes were not significantly associated with lung cancer.

There was a weak but significant correlation between urinary ITC levels and reported
cruciferous vegetable intake across all subjects (rspearman = 0.12, p<0.01), regardless of
GSTML1 (rs (GSTM1-null) = 0.14, p<0.01; rg (GSTM1-present) = 0.10, p=0.04) or GSTT1
(rs (GSTT1-null) = 0.15, p<0.01; rg (GSTT1-present) =0.09, p=0.04) genotypes. However,
urinary ITC levels were not significantly correlated with cruciferous vegetable intake among
lung cancer cases ((rs (cases) = —0.01, p=0.86; rg (controls) = 0.16, p<0.01). Average urinary
ITC levels did not significantly differ with GSTM1 genotype (p=0.32), GSTT1 genotype
(p=0.72), exposure to ETS (p=0.19), smoking status of hushand (p=0.20), or menopause
status (p=0.07).

Median urinary ITC did not significantly differ between cases and controls (Table 1). Table
2 summarizes the association between lung cancer and urinary ITC. To support
interpretation against other studies, we developed a priori four scales of ITC exposure,
including ITC levels as a continuous variable (log transformed) and three categorization
methods. Lung cancer risk was not significantly associated with urinary ITC levels.
Adjusting for ETS exposure, GST genotypes, or other potential risk factors did not
substantively change these results.

We stratified analyses by menopausal status and exposure to ETS. Urinary ITC levels were
not significantly associated with lung cancer within either premenopausal or
postmenopausal women (Table 3). Similarly, the association between urinary ITC levels and
lung cancer was not modified by exposure to ETS.

We investigated the association between urinary ITC levels and lung cancer stratified by
GSTM1 or GSTT1 genotypes (Table 4). Urinary ITC levels appeared to be protective for
lung cancer with the GSTM1-present genotype. The test for interaction between GSTM1
and ITC levels (continuous) was significant (p-int=0.03), but not for GSTT1 (p-int = 0.62),
suggesting the association between urinary ITC levels and lung cancer was modified by
GSTM1 genotype. In contrast, greater urinary ITC levels were associated with an increase in
lung cancer risk with the GSTM1-null genotype. GSTT1 genotypes did not substantially
modify associations between urinary ITC and lung cancer.
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Discussion

The incidence of lung cancer is increasing among non-smoking women. Glucosinolates
found in cruciferous vegetables are enzymatically degraded following consumption to yield
multiple ITCs and indoles, and these compounds are believed to affect not only tobacco
carcinogen metabolism but also infection and steroid hormone activity potentially relevant
to lung carcinogenesis. However, contrary to initial hypothesis, this prospective analysis
within the SWHS found greater urinary ITC levels were not consistently associated with
lower lung cancer risk among non-smoking women.

Most prior studies report that the association between cruciferous vegetable intake and lung
cancer is modified by smoking status in a manner consistent with a mechanism involving
tobacco carcinogen metabolism (3-5;15). For example, London and colleagues measured
urinary ITC levels among men in Shanghai with a high prevalence of smoking (cases:
81.5%; controls 47.5%). Despite a high level of non-detectable ITC levels (15%-24% of
participants), a detectable ITC level was associated with lower lung cancer risk among
smokers (RR=0.63 (0.41, 0.95)). The inverse association between urinary ITC levels and
lung cancer was stronger among subjects with the GSTM1-null (RR=0.63 (0.44, 0.91)) or
GSTT1-null (RR=0.82 (0.57, 1.19)) genotypes compared to the respective GST-positive
genotype (14). Perhaps unexpectedly, a similar relationship also was reported among non-
smokers. Zhao and colleagues investigated Chinese women who had never smoked and
found a reduced risk associated with ITC level only among women with the GSTM1-null
genotype (GSTM1-null: OR=0.54 (0.30, 0.95); GSTM1-positive: OR=1.07 (0.50, 2.29)) (5).
Two other studies also reported reduced lung cancer risk with cruciferous intake in non-
smokers, although they found no evidence of modification by GSTM1 or GSTT1 genotypes
(3;4).

Results from our prospective investigation of non-smoking women living in Shanghai found
no overall association between urinary ITC levels and lung cancer risk. We did not find that
lung cancer risk was associated with cruciferous vegetable intake within any GSTT1 or M1
genotypes. Furthermore, urinary ITC levels were not associated with lung cancer among
women exposed to ETS. We also explored menopausal status as a proxy for potential
biologic interaction between cruciferous intake and estrogens, but did not find any
substantive differences in urinary ITC and lung cancer associations between premenopausal
and postmenopausal women.

We also note that lung cancer risk was positively associated with greater urinary ITC levels
among GSTM1-null subjects. This was unexpected, but may suggest indole exposure and
the resulting effects on Phase | and Phase Il enzyme induction could have an overall
unintended effect to activate procarcinogenic species leading to an increased lung cancer
risk (13). For example, perhaps subjects with a GSTM1-null genotype may not be able to
invoke a sufficient or balanced Phase Il enzyme response to rapidly conjugate and excrete
these carcinogens(38;39). We also cannot rule out residual confounding effects or chance as
possible explanations. Further investigation of the association between cruciferous intake
and lung cancer among non-smoking women is clearly needed.

There are several strengths of this study. This study utilized a prospective cohort design, and
all biospecimens and data were collected prior to the diagnosis of lung cancer. Furthermore,
lung cancer cases and controls were individually matched on the timing of urine collection
and other factors, and we controlled for exposure to ETS. Furthermore, we estimated
cruciferous vegetable intake using a well characterized biomarker. Glucosinolate levels may
vary substantially across plant cultivars (40-42), or differences associated with plant age,
weather, or soil conditions. Glucosinolates have little biologic activity (43), but the plant
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enzyme myrosinase responsible for glucosinolate hydrolysis is inactivated when the plant is
cooked. Urinary ITC levels provide a cumulative index of glucosinolate exposure across
plants and myrosinase activity from the plant and the gut microflora necessary for estimating
internalized exposure to ITCs and indoles derived from cruciferae intake. We also scaled
urinary ITC levels using several approaches to allow comparisons with other investigations.

One concern is that urinary ITC levels directly represent cruciferous consumed within the
past 8 to 72 hours (43), and inference from a single urinary ITC level may limit our ability to
estimate exposure to cruciferous phytochemicals over an extended period of time. However,
dietary patterns are less varied in Shanghai than what is found in Western regions (44),
consistent with so few non-detected urinary ITC levels. Most persons living in Shanghai eat
cruciferous vegetables on a routine basis, and there was a significant, albeit modest,
correlation between urinary ITC levels and cruciferous vegetable intake estimated by FFQ.
Most cruciferous vegetables express indole glucosinolates at high levels, although indoles
do not form stable ITCs when hydrolyzed by myrosinase and would not contribute to the
urinary ITC content. However, urinary ITC levels might be expected to provide an index of
myrosinase activity and glucosinolate hydrolysis necessary to produce indoles as well as
ITCs. Median duration of follow-up was just 3.2 years, and additional genes of interest, such
as GSTP1 or CYP1AZ2, will be investigated in future studies.

In summary, we prospectively investigated the hypothesis that urinary ITC levels would be
associated with lower lung cancer risk among never-smoking women. Overall, we found no
association between urinary ITC and lung cancer risk among female non-smokers. However,
there was also indication that GSTM1 genotypes may determine the direction of the
association between urinary ITC levels and lung cancer among non-smoking women.
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