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Abstract

Folate plays a key role in DNA synthesis and methylation. Limited evidence suggests high intake may reduce risks of
esophageal cancer overall; however, associations with esophageal cancer subtypes and Barrett's esophagus (BE), a
precancerous lesion, remain unexplored. We evaluated the relation between intake of folate, B vitamins, and methyl-group
donors (methionine, choline, betaine) from foods and supplements, polymorphisms in key folate-metabolizing genes, and risk
of BE, esophageal adenocarcinoma (EAC), and esophageal squamous cell carcinoma (ESCC) in 2 population-based case-control
studies in Australia. BE patients without (n = 266) or with (n=101) dysplasia were compared with population controls (n=577);
similarly, EAC (n = 636) or ESCC (n = 245) patients were compared with population controls (n = 1507) using multivariable
adjusted logistic regression. Increasing intake of folate from foods was associated with reduced EAC risk (P-trend = 0.01) and
mitigated the increased risks of ESCC associated with smoking and alcohol consumption. In contrast, high intake of folic acid
from supplements was associated with a significantly elevated risk of BE with dysplasia. High intakes of riboflavin and
methionine from food were associated with increased EAC risk, whereas increasing betaine intake was associated with
reduced risks of BE without (P-trend = 0.004) or with dysplasia (Ptrend = 0.02). Supplemental thiamin, riboflavin, niacin, and
vitamin B-12 were associated with increased EAC risk. There were no consistent associations between genetic
polymorphisms studied and BE or EAC risk. High intake of folate-containing foods may reduce risk of EAC, but our data raise

the possibility that folic acid supplementation may increase risks of BE with dysplasia and EAC. J. Nutr. 141: 274-283, 2011.

Introduction

Cancer of the esophagus is the 5th leading cause of cancer-
related death among men and the 7th leading cause of cancer
death among women globally (1). There are 2 major histologic
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types: esophageal adenocarcinoma (EAC)* and esophageal
squamous cell carcinoma (ESCC). In high-income regions of
the world, the incidence of ESCC is declining, whereas that of
EAC is increasing rapidly, particularly among white males in
Western Europe, North America, and Australia (2-7). ESCC is
associated with alcohol consumption and smoking (8-10) and
risk factors for EAC include gastroesophageal reflux disease,
smoking, and obesity (8,11-15). Long-standing gastroesopha-
geal reflux disease predisposes to Barrett’s esophagus (BE), a
condition in which metaplastic epithelium resembling the
intestine replaces the stratified squamous epithelium that
normally lines the distal esophagus (16). BE may progress to
dysplasia and invasive adenocarcinoma. The factors that deter-
mine progression from BE to cancer are not clear, although
micronutrient intake may be important (17).

4 Abbreviations used: ACS, Australian Cancer Study; BE, Barrett's esophagus;
EAC, esophageal adenocarcinoma; EGJAC, esophagogastric junction adenocar-
cinoma; ESCC, esophageal squamous cell carcinoma; NSAID, nonsteroidal
antiinflammatory drug; SDH, Study of Digestive Health; SNP, single nucleotide
polymorphism; WCRF, World Cancer Research Fund.

© 2011 American Society for Nutrition.

274 Manuscript received August 16, 2010. Initial review completed September 13, 2010. Revision accepted November 17, 2010.

First published online December 22, 2010; doi:10.3945/jn.110.131235.



Folate is a water-soluble B vitamin that occurs naturally in
dark green leafy vegetables, dry peas and beans, and citrus fruits.
The essential role of folate in preventing neural tube defect has
led many countries, including Australia (18,19), to introduce
folic acid fortification of certain foods, including ready-to-eat
breakfast cereals, fruit juices, and flour. Folate also plays a key
role in DNA synthesis and methylation, and adequate intake is
essential to maintain DNA integrity, stability and repair (20);
thus, folate deficiency may increase cancer risk. The 2007 World
Cancer Research Fund (WCRF) review of nutrition and cancer
concluded that there was some evidence that foods containing
folate might protect against pancreatic and colorectal cancers
and might partially mitigate the increased risk of breast cancer
associated with increasing alcohol intake (7). However, DNA
synthesis is also a key component of cancer development, and
antifolates have long been used to treat some types of cancer,
including leukemias and breast and lung cancer. Recent studies
have suggested that high folate levels might actually increase
cancer incidence (21) or promote progression of preneoplastic
lesions to cancer (22) and it has been suggested that the
introduction of mandatory folate fortification in Canada and the
US may explain increases in colorectal cancer rates (23).

Besides folate, other nutrients, including methionine, choline,
and betaine, are reported to be involved in one-carbon metab-
olism (24-26), a network of interrelated biochemical pathways
that generate one-carbon groups needed for physiologic pro-
cesses (27,28). The coenzymes necessary for several of these
pathways include riboflavin vitamin B-6 and vitamin B-12 (27).
Furthermore, polymorphisms in key folate- and methyl-metab-
olizing genes have been hypothesized to influence susceptibility
to cancer (25,29,30). Other potential modifiers include alcohol,
which blocks folate uptake (31), and smoking, which reduces the
level of folate in the plasma (32,33).

The role of folate in esophageal carcinogenesis is unclear.
Results of epidemiological studies investigating the association
between folate intake and EAC (34-37) or ESCC risks (36,38—
41) have been mixed. The 2007 WCREF report concluded there
was limited evidence that high intake of folate-containing foods
was associated with reduced risks of cancer of the esophagus (7),
but there was insufficient evidence to consider whether such
effects might vary for EAC and ESCC. Furthermore, few studies
have considered potential interactions between folate intake,
other micronutrients, environmental factors and genotype, or
were considered the effect of folate on BE. We report the findings
of an investigation into the association between intake of folate,
B vitamins, and methyl donors, common polymorphisms in the
methylene tetrahydrofolate reductase (MTHFR), methylene
synthase (MTR), and methylene synthase reductase (MTRR)
genes and other environmental factors, including alcohol and
smoking and risk of EAC, its precursor BE, and ESCC.

Materials and NMethods

Study population. Data for the present study came from 2 studies that
were conducted concurrently. The Study of Digestive Health (SDH) was
a population-based case-control study of BE (42). In summary, eligible
cases were people aged 18—79 y living in the Greater Brisbane area with
a new diagnosis of histologically confirmed BE or BE with dysplasia
between 2003 and 2006. BE was defined as the presence of specialized
intestinal metaplasia or columnar epithelium with goblet cells in a biopsy
taken from the esophagus by upper gastrointestinal endoscopy, regard-
less of the length of involvement (43). Eligible patients were prospec-
tively identified through the 2 major private pathology laboratories and a
single public pathology laboratory serving metropolitan Brisbane
(population 1.5 million) during the study period. We excluded all those

with a previous diagnosis of BE who did not have a first diagnosis of
dysplasia during the recruitment period (prevalent cases), those who did
not speak English, or those who were too ill to participate. Of 479 eligible
cases, 393 (82%) took part in this study. Control participants, sampled
from the same geographic regions as cases, were randomly selected from
the Australian Electoral Roll (enrolment is compulsory) and broadly
matched by age (in 5-y age groups) and sex to the BE case series. Of a total
of 1116 potential controls contacted, 646 (58%) agreed to take part.

Australian Cancer Study (ACS) was a population-based case-control
study of esophageal cancer, the details of which have been described in full
elsewhere (15). Briefly, participants aged 18-79 y with a histologically
confirmed primary invasive EAC or esophagogastric junction adenocar-
cinoma (EGJAC) or ESCC of the esophagus diagnosed between 2002 and
2005, were recruited either through major treatment centers or state-based
cancer registries (cancer notification is mandatory in Australia). A total of
1577 patients with esophageal cancer received an invitation to participate
in the study, of whom 1102 patients (858 through clinics and 244 through
cancer registries) returned a completed questionnaire (70% of all invited;
35% of all living and deceased persons in mainland Australia who had
been diagnosed with incident esophageal cancer). Seven case patients were
subsequently deemed ineligible on pathology review and were excluded
from analysis, leaving 364 EAC cases, 425 EGJAC, and 306 ESCC
patients. ACS control participants were randomly selected from the
Australian Electoral Roll within strata of age (in 5-y age groups) and state
of residence to the distributions of BE and cancer case series. We aimed for
similar numbers of male cases and controls in each stratum of age and
state; female controls were oversampled for a parallel study of ovarian
cancer. Of 3042 potential controls meeting the inclusion criteria, 1680
(55%) gave consent to take part and 1580 returned completed main
questionnaires.

Participants provided informed written consent and both studies were
approved by the human research ethics committee of the Queensland
Institute of Medical Research and all participating institutions.

Data collection. We collected data from all participants via a self-
administered questionnaire. Information was collected on education as
well as height and weight 1y previously (1 y before diagnosis for cases).
Participants were asked whether, over their whole life, they had ever
smoked >100 cigarettes, cigars, or pipes; positive responses elicited
further questions about ages started and stopped smoking and typical
daily consumption. Pack-years of smoking were derived from duration
and intensity of smoking. We assessed the frequency of symptoms of
gastroesophageal reflux, defined as the presence of heartburn (‘a burning
pain behind the breastbone after eating’) or acid reflux (‘a sour taste from
acid or bile rising up into the mouth or throat’) 10 y before diagnosis.
Participants were also asked to report the frequency with which they
consumed different types of alcoholic beverages between ages 20 and 29,
30 and 49, and =50 y, as applicable. Total alcohol consumption was
summed across all age groups and calculated as the mean number of
standard drinks (10 g ethanol) consumed per week between age 20 y and
current age. We also obtained information on intake of nonsteroidal
antiinflammatory drugs (NSAID).

Dietary assessment. Dietary data were obtained using a 135-item
semiquantitative FFQ that asked participants how often they consumed
a specified amount of each food item in the previous year (controls) or in
the year before their diagnosis (cases). Participants who reported that
their diet had changed in the last year or 2 were asked to report their
usual diet before the change. The FFQ was based on the instrument
developed by Willett et al. (44) but modified and calibrated against
weighed food records (45-47) and serum biomarkers (48) and found to
be reproducible (49) for use in Australia. The FFQ had 9 possible
response options for intake of each item, ranging from never to 4+ times/d.
Reported frequencies were converted into intake in grams per day by
multiplying the standard serving size of each food item as specified in the
FFQ by the frequency of consumption. Dietary intakes of total energy,
folic acid added to food, folate, thiamin, riboflavin, niacin (thiamin and
niacin were included for completeness), vitamin B-6, vitamin B-12, and
methionine were estimated using the 2007 electronic release version of
the Australian food composition tables (NUTTAB 2006) (50).
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The correlation coefficients of agreement between nutrients esti-
mated using semiquantitative FFQ and nutrients estimated using a mean
of 12 d of weighed food records were moderate (51) and are as follows:
r = 0.46 for thiamin, r = 0.58 for riboflavin, r = 0.42 for niacin, and r =
0.45 for protein (47), while the measure of agreement obtained from
administering the same FFQ 1 y apart was r = 0.58 for folate (49). The
USDA database for choline content of common foods Release2 (2008)
was used to estimate intakes of betaine and total choline (calculated as
the sum of choline moieties from free choline, phosphocholine, glycerol-
phosphocholine, phosphatidylcholine, and sphingomyelin). To correct
intake of micronutrients for total energy intake, we used the regression-
residual method described by Willett and Stampfer (52). Participants
were asked to report whether they regularly took any multivitamin or
vitamin B supplements and, if they did, the brand, type, strength, and
number of tablets taken per week were queried. Information regarding
ingredients was obtained from the Australian Register of Therapeutic
goods database as reported by product sponsors and translated into a
common unit for each substance following a process previously reported
by Ashton et al. (53)

The nutrition component of the ACS began 6 mo after the main study
commenced and no attempt was made to collect dietary data from those
who had already taken part. Cases that did not complete an FFQ and
those who completed FFQ did not differ significantly in age, gender,
education, BMI, smoking status, reflux symptoms, and reported lifetime
intake of alcohol. Controls differed only in terms of lifetime alcohol
intake and reflux symptoms; controls were less likely to drink alcohol or
have reflux symptoms.

Exclusions and final sample size. For nutrient analyses, we excluded
participants who did not complete a FFQ (SDH: 60 controls, 12 BE
without dysplasia and 6 BE with dysplasia; ACS: 47 controls, 45 EAC,
68 EGJAC, and 39 ESCC). We also excluded those who missed >10% of
food items on the FFQ (SDH: 1 control, 0 cases; ACS: 5 controls, 12
EAC, 13 EGJAC, and 10 ESCC) or had implausible total daily energy
intake defined as MJ <3.36 or >21.0 for men and <2.94 or >16.8 for
women (SDH: 8 controls, 7 BE without dysplasia and 1 BE with
dysplasia; ACS: 21 controls, 8 EAC, 7 EGJAC, and 12 ESCC). For SDH
this left 577 controls, 266 BE without dysplasia and 101 BE with
dysplasia cases for analyses and for ACS there were 1507 controls, 299
EAC, 337 EGJAC, and 245 ESCC cases. For EAC analyses, we included
patients with adenocarcinomas arising in both the esophagus and
esophagogastric junction, because they share similar histology and
incidence patterns (9,54).

Single nucleotide polymorphism selection and genotyping. DNA
samples for genotyping single nucleotide polymorphisms (SNP) were
selected on the basis that they were associated with altered enzyme
activity and previously had been associated with cancer risk (29,55-58).
Four SNP were selected from 3 key folate and methyl group-metabo-
lizing genes: MTHFR, (A1298C, rs1801131, and C677T, rs1801133),
MTRR (A66G, rs1801394), and MTR (A2756G, rs1805087). Genotyp-
ing was conducted using the Sequenom iPLEX protocol (Sequenom) as
previously described (59). Similar to the dietary data, blood samples for
DNA extraction were not available for all participants; we had SNP data
for 514 controls, 242 BE without dysplasia and 93 BE with dysplasia
cases for SDH; and 1323 controls, 518 EAC and 193 ESCC cases for
ACS.

Statistical analyses. We used unconditional multivariable-adjusted
logistic regression to estimate OR and 95% CI. Energy-adjusted
micronutrients were categorized into 4 equal groups using quartile
cutpoints based on the distribution among ACS controls. Quartile
1 served as referent category for all regression analyses. We simulta-
neously adjusted for the confounding effects of age (y), sex (male,
female), BMI 1 y previously (<25, 25.0-29.9, =30.0), education (high
school only, technical college or diploma, university), frequency of
heartburn or acid reflux symptoms in the 10 y before diagnosis (never,
less than monthly, less than weekly, more than weekly, daily), pack-years
of smoking (0, 1-14.9, 15-29.9, =30), average lifetime alcohol intake
(never, <1-6, 7-20, =21 standard drinks/wk), NSAID use in the past 5y
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(never, occasionally, less than weekly, at least weekly), and total energy
intake (kJ). To test for linear trends, categorical variables were included
in the multivariable model as ordinal variables (with category values
taking the median of the range for the group). Chi-squared statistics were
used to compare proportions in 2 or more groups.

In separate analyses, tests for multiplicative interactions between
SNP in the MTHFR, MTRR, and MTR genes and quartiles of food
folate, each of the B-vitamins and each of the methyl donors were
performed by including a product term between each SNP and
micronutrient in relation to BE, EAC, and ESCC in a multivariable
logistic regression model. If interactions were present, we stratified the
analysis by high and low levels of intake of the micronutrients. To assess
biological (additive) interactions among food folate, alcohol, and
smoking, we created new variables that reclassified participants
according to their combined levels of exposure to these factors (viz.
low/low, low/high, high/low, high/high). Median folate and micro-
nutrient levels were used to define cutpoints for high and low intake,
smoking status was categorized as ever/never, and 170 g/wk was used as
the cutpoint for alcohol intake, because alcohol intake above this level
previously has been associated with increased esophageal cancer risk in
this population (60). Intake of supplements (apart from folic acid from
fortified foods) was categorized as never use, low intake, and high intake.
Risks for each category of combined exposure were estimated relative to
the reference (low/low) category.

All analyses were performed using SAS version 9.1 (SAS Institute)
and a 2-sided P < 0.05 was considered significant.

Results

Overall, participants with cancer were less likely to be 50 y or
younger and less likely to have a university degree than BE cases
and controls (Table 1). BE and EAC cases were more likely to be
obese (BMI = 30) and to have more frequent symptoms of daily
reflux than ESCC cases and controls. ESCC and EAC cases were
more likely to smoke =30 pack-years of cigarettes and consume
=21 standard drinks/wk of alcoholic beverages than BE cases
and controls.

Intake of micronutrients from food. Increasing intake of food
folate was inversely associated with the risk of EAC (P-trend =
0.01) (Table 2). We found a borderline increased risk of EAC
[OR = 1.32 (95%CI = 0.98-1.80); P-trend = 0.07] among
participants with high intake of dietary riboflavin relative to low
intake, whereas high intake of niacin and vitamin B-6 [OR =
0.53 (95% CI = 0.39-0.74)] was associated with decreased risk.
Participants with high intakes of thiamin had decreased ESCC
risk (P-trend = 0.001). Increasing intake of dietary methionine
was associated with increased EAC risk (P-trend = 0.04),
whereas increasing intake of betaine from food was inversely
associated with BE with (P-trend = 0.02) or without dysplasia
(P-trend = 0.004).

Intake of micronutrients from supplements. We found no
significant association between folic acid from fortified foods
and risks of BE or esophageal cancers (Table 3). However,
compared with never users, high intake of folic acid from
supplement was associated with nonsignificantly increased risk
of EAC (P-trend = 0.08); additionally, intakes of thiamin (P-
trend = 0.003), riboflavin (P-trend = 0.002), niacin (P-trend =
0.008), vitamin B-6 (P-trend = 0.03), and vitamin B-12 (P-trend =
0.004) from supplements were associated with increased EAC
risk. Similarly, high intake of folic acid intake from supplements
was associated with increased risk of BE with dysplasia [OR =
2.18 (95% CI = 1.01-4.71)]. Intakes of micronutrients from
supplements were not associated with BE without dysplasia or

ESCC (Table 3).



TABLE 1

Characteristics of BE and esophageal cancer cases and controls

SDH ACS
Controls BE without dysplasia BE with dysplasia P-value' Controls EAC ESCC P-value'
n (%) n{%)
n 577 266 101 1507 636 245
Age, y 0.08 <0.0001
<50 110 (19.0) 54 (20.3) 14 (13.9) 268 (17.8) 55 (8.6) 17 (6.8)
50-59 200 (34.6) 84 (31.6) 24 (23.8) 393 (26.1) 178 (28.0) 59 (24.3)
60-69 179 (31.0) 84 (31.6) 37 (36.6) 507 (33.6) 220 (34.6) 85 (34.7)
=70 89 (15.4) 44 (16.5) 26 (25.7) 339 (22.5) 183 (28.8) 84 (34.3)
Gender 0.02 <0.0001
Male 369 (64.0) 168 (63.2) 79 (78.2) 996 (66.1) 560 (88.1) 147 (60.0)
Female 208 (36.0) 98 (36.8) 22 (21.8) 511 (33.9) 79 (12.0) 98 (40.0)
Educational status <0.001 <0.0001
High school only 226 (39.3) 130 (48.9) 35(34.7) 616 (40.9) 266 (41.8) 140 (57.1)
Technical/diploma 224 (38.8) 101 (38.0) 54 (53.5) 657 (43.6) 315 (49.0) 84 (34.3)
University 127 (22.0) 35(13.2) 12 (11.9) 234 (15.5) 55 (8.7) 21(8.6)
BMI, kg/m? 0.02 <0.0001
<25.0, 211 (37.0) 76 (29.1) 27 (27.0) 541 (36.2) 150 (24.1) 130 (55.6)
25-29.9 235 (41.2) 105 (40.2) 47 (47.0) 642 (42.9) 253 (40.7) 70 (29.9)
=30.0 124 (21.9) 80 (30.7) 26 (26.0) 312 (20.9) 219(35.2) 34 (14.5)
Heartburn or acid reflux symptoms in previous 10 y <0.001 <(0.0001
Never 282 (49.0) 40 (15.2) 10 (10.0) 649(43.1) 162 (25.6) 111 (45.9)
<1/mo 156 (27.0) 36 (13.6) 17 (17.0) 460 (30.5) 94 (14.8) 31(12.8)
=1/mo but <1/wk 80 (13.8) 74 (28.0) 25(25.0) 218 (14.5) 143 (22.6) 32(13.2)
Daily 59 (10.2) 114 (43.2) 48 (48.0) 180 (11.9) 235 (37.1) 68 (28.1)
Pack-years of smoking <0.001 <0.0001
Never smoked 307 (53.1) 90 (33.8) 23(22.8) 673 (44.7) 157 (24.7) 56 (23.1)
>0-14.9 113 (19.6) 63 (23.7) 24 (23.8) 380 (25.2) 127 (20.0) 48 (19.8)
15-29.9 67 (11.6) 54 (20.3) 27 (26.7) 199 (13.2) 123 (20.8) 49 (20.2)
=30.0 90 (15.7) 59 (22.2) 27 (26.7) 255 (16.9) 220 (34.6) 90 (37.0)
Alcohol intake,? standard drinks/wk 0.17 <0.0001
None 65 (11.3) 36 (13.6) 4(4.0) 161 (10.7) 50 (7.9) 31(12.7)
<1-6 221 (38.4) 104 (39.3) 40 (40.0) 573 (38.0) 182 (28.7) 65 (26.6)
7-20 180 (31.3) 69 (26.0) 32(32.0) 482 (32.0) 222 (35.0) 51 (20.9)
=21 110 (19.1) 56 (21.1) 24 (24.0) 291 (19.3) 181 (28.5) 97 (39.8)
NSAID use in previous 5y 0.16 0.23
Never 270 (46.8) 129 (48.5) 49 (48.5) 657 (43.7) 2968 (47.0) 124 (51.5)
Occasionally 177 (30.7) 70 (26.3) 28 (27.7) 472 (31.4) 173 (27.5) 66 (27.4)
Less than weekly 62 (10.8) 20 (7.5) 7(6.9) 145 (9.7) 57 (9.1) 19 (7.9)
At least weekly 68 (11.8) 47 (17.7) 17 (16.8) 228 (15.2) 114 (16.5) 32(13.3)

' P-value from chi-square test used to compare frequencies or proportions in 2 or more groups.

2 One standard drink contains 10 g of ethanol.

Folate-metabolizing genes. The genotype frequency distribu-
tion for SDH and ACS controls were very similar and there was
no deviation from Hardy-Weinberg equilibrium in either control
group. The homozygous CC variant of the MTHFR A1298C
polymorphism was associated with an increased risk of ESCC
[OR = 1.79 (95% CI = 1.03-3.13)] compared with AA
homozygotes (Table 4). Other than this, we found no consistent
evidence of increased or decreased risks of BE, EAC, or ESCC
associated with any of the polymorphisms studied, notwith-
standing a small number of significant associations. For the
MTHFR C677T polymorphism, we observed a significantly
increased risk of BE with dysplasia among CT heterozygotes but
a significantly decreased risk among TT homozygotes compared
with the CC variant. The MTRR A66G and MTR A2756G
polymorphisms were not associated with risk of BE or esoph-
ageal cancer. We investigated the combined effect of the variant
alleles compared with the wild type for MTHFR 1298 and 677

genotypes separately and found no significant association
between the genotypes and risk of BE or esophageal cancer. In
a diplotype analysis, we further investigated the association
between the sum of the variant alleles for MTHFR 1298 and 677
genotypes compared with the wild types on risk of BE and the
esophageal cancers and found no significant association. There
was no indication of a multiplicative interaction between any of
the genetic polymorphisms studied and food folate, B vitamins,
or one-carbon group donors in relation to risk of BE or
esophageal cancer (data not shown).

Alcohol, smoking, and food folate. Consistent with our
previous observation (60), we found a strong positive associa-
tion between alcohol intake = 170 g/wk and risk of ESCC.
When participants were cross-classified according to their
intakes of both alcohol and folate, we found that the increased
risk of ESCC associated with alcohol was restricted to those with
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TABLE 2 Associations between food sources of folate, other B-vitamins, methyl group donors, and risk of BE and esophageal cancers
in SDH and ACS participants

SDH ACS
Controls, BE no dysplasia BE with dysplasia Contrals, EAC ESCC

Nutrients’ n n OR (95% Cl)? n OR (95% Cl)? n n OR (95% Cl)? n OR (95% Cl)?
Food folate, wg/d

Q1 [196 (42-230)] 160 70 1.0 (ref) 35 1.0 (ref) 372 191 1.0 (ref) 76 1.0 (ref)

Q2 [255 (230-282)] 146 69 1.22 (0.75-1.98) 27 0.81(0.38-1.71) 369 182 1.01 (0.76-1.34) 63 1.11 (0.73-1.67)

Q3 [306 (282-336)] 124 61 1.62 (0.97-2.72) 18 0.75 (0.32-1.75) 375 123 0.71 (0.52-0.96) 30 0.45 (0.27-0.73)

Q4 [379 (336-673)] 139 58 1.17 (0.70-1.96) 18 0.76 (0.33-1.76) 374 117 0.72 (0.53-0.98) 56 0.78 (0.51-1.19)

P-trend 0.44 0.50 0.01 0.06
Thiamin, mg/d

Q1 1.3 (0.4-1.5)] 141 66 1.0 (ref) 31 1.0 (ref) 372 165 1.0 (ref) 67 1.0 (ref)

Q2 1.6 (1.5-1.8)] 152 Al 1.13 (0.69-1.83) 31 1.30 (0.62-2.72) 374 152 1.03 (0.77-1.39) 60 0.86 (0.57-1.30)

Q31[1.9(1.8-2.1)] 159 79 1.36 (0.84-2.22) 22 0.95 (0.42-2.14) 372 149 1.16 (0.86-1.56) 41 0.79 (0.52-1.20)

Q4 [2.4 (2.1-5.8)] 17 42 1.12 (0.63-1.96) 15 1.49 (0.61-3.64) 372 147 0.78 (0.57-1.07) 57 0.41 (0.25-0.67)

P-trend 0.53 0.53 0.18 0.001
Riboflavin, mg/d

Q1[1.6 (0.5-1.8)] 124 56 1.0 (ref) 28 1.0 (ref) 372 150 1.0 (ref) 71 1.0 (ref)

02 (2.0 (1.8-2.2)] 133 67 1.21(0.73-2.02) 30 0.84 (0.38-1.82) 372 156 1.16 (0.86-1.57) 55 0.84 (0.55-1.29)

Q31[25(2.2-27) 160 65 1.11 (0.67-1.84) 23 0.83 (0.38-1.83) 376 161 1.21 (0.90-1.63) 49 0.81 (0.52-1.26)

Q4 [3.1 (27-7.1)] 152 70 0.92 (0.55-1.53) 18 0.62 (0.27-1.42) 372 146 1.32 (0.98-1.80) 50 0.78 (0.50-1.21)

P-trend 0.60 0.27 0.07 0.27
Niacin, mg/d

Q119 (4.3-21)] 120 57 1.0 (ref) 28 1.0 (ref) 372 178 1.0 (ref) 57 1.0 (ref)

Q2 [23 (21-24)] 157 66 0.89 (0.54-1.48) 29 1.29 (0.59-2.80) 374 159 1.06 (0.79-1.41) 67 1.21(0.79-1.87)

Q3 [26 (24-28)] 133 75 1.19 (0.72-1.97) 21 0.81(0.35-1.87) 372 133 0.89 (0.66-1.20) 52 1.35 (0.88-2.06)

Q4 [30 (28-50)] 159 60 1.03 (0.61-1.73) Al 0.97 (0.42-2.22) 372 143 0.71 (0.52-0.96) 49 0.69 (0.43-1.12)

P-trend 0.67 0.67 0.02 0.23
Vitamin B-6, mg/d

Q1[0.93 (0.3-1.1)] 151 78 1.0 (ref) 34 1.0 (ref) 373 197 1.0 (ref) 57 1.0 (ref)

Q2012 (11-13) 148 63 0.86 (0.53-1.39) 23 0.59 (0.27-1.28) 37N 153 0.80 (0.60-1.07) 69 1.04 (0.67-1.61)

Q3[1.4(1.3-1.5)] 144 59 0.97 (0.60-1.59) 26 0.93 (0.43-2.05) 375 117 0.83 (0.62-1.11) 47 1.02 (0.66-1.58)

Q4 1.7 (1.5-3.0)] 126 58 1.11 (0.67-1.83) 16 0.65 (0.27-1.55) 3an 146 0.53 (0.39-0.74) 52 0.66 (0.42-1.05)

P-trend 0.62 0.50 0.002 0.08
Vitamin B-12, wg/d

Q1[0.8 (0.0-1.1)] 136 63 1.0 (ref) 25 1.0 (ref) 370 149 1.0 (ref) 63 1.0 (ref)

02 [1.3 (1.1-1.5)] 138 61 1.19 (0.72-1.98) 18 0.67 (0.28-1.59) 372 151 0.81 (0.59-1.09) 50 0.79 (0.51-1.23)

Q3 [1.8 (1.5-2.1)1 142 54 0.85 (0.50-1.42) 26 1.08 (0.48-2.47) 375 158 0.87 (0.64-1.17) 47 0.78 (0.50-1.22)

Q4125(21,7.8)] 153 80 1.41 (0.86-2.32) 30 1.66 (0.75-3.70) 373 155 0.96 (0.71-1.30) 65 0.89 (0.58-1.32)

P-trend 0.26 0.10 0.96 0.74
Methionine, mg/d

Q1 [938 (256-1069)] 13 53 1.0 (ref) 30 1.0 (ref) 370 144 1.0 (ref) 65 1.0 (ref)

Q2 [1174 (1069-1259)] 135 61 1.10 (0.65-1.87) 17 0.53 (0.22-1.27) 374 146 1.15 (0.85-1.56) 51 0.76 (0.49-1.17)

Q3 [1361 (1259-1482)] 151 64 0.93 (0.55-1.56) 24 0.73 (0.33-1.62) 3N 168 1.18 (0.87-1.60) 58 1.02 (0.71-1.67)

Q4 [1667 (1482-3068)] 170 80 0.91 (0.55-1.52) 28 0.87 (0.39-1.93) 375 155 1.39 (1.02-1.89) 51 0.84 (0.51-1.32)

P-trend 057 0.98 0.04 0.74
Betaine, mg/d

Q1 [85 (36-100)] 218 19 1.0 (ref) 53 1.0 (ref) 373 175 1.0 (ref) 49 1.0 (ref)

Q2 [112 (100-124)] 151 68 0.66 (0.42-1.02) 22 0.54 (0.28-1.03) 370 146 0.88 (0.65-1.19) 49 0.95 (0.60-1.52)

Q3 [138 (124-154)] 104 48 0.73 (0.45-1.20) 14 0.54 (0.26-1.12) 372 142 0.75 (0.56-1.03) 42 0.72 (0.44-1.18)

Q4 185 (154, 725)] 96 23 0.40 (0.22-0.74) 10 0.41 (0.18-0.96) 375 150 0.79 (0.58-1.07) 85 1.30 (0.83-1.99)

P-trend 0.004 0.02 0.12 0.21
Choline, mg/d

Q1 [380 (124-435)] 122 54 1.0 (ref) 26 1.0 (ref) 373 107 1.0 (ref) 37 1.0 (ref)

Q2 [510 (435-618)] 150 63 0.62 (0.37-1.06) 21 0.54 (0.23-1.25) 370 165 1.34 (0.97-1.85) 63 1.67 (1.03-2.69)

Q3 [754 (618-1003)] 150 68 0.78 (0.46-1.32) 22 0.72 (0.31-1.70) 370 169 1.25(0.91-1.73) 61 1.48 (0.91-2.40)

Q4 (1171 (1003-2984)] 147 73 0.69 (0.41-1.16) 30 0.59 (0.26-1.34) 373 172 1.25(0.91-1.72) 64 1.39 (0.88-2.30)

P-trend 0.45 0.44 0.48

" Values are [medians (range)]. Nutrients were categorized into quartiles based on intake in controls and corrected for energy intake using the residual method described by Willett
and Stampfer (52).

2 Multivariable adjustment for age, gender, education, BMI 1y previously, frequency of heartburn or acid reflux 10 y prior to diagnosis, lifetime alcohol intake, pack-years of
smoking, NSAID use, and total energy intake.
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TABLE 3 Associations between supplemental sources of folic acid, other B vitamins, methyl group donors, and risk of BE and

esophageal cancers in SDH and ACS participants

SDH ACS
Controls, BE no dysplasia BE with dysplasia Controls, EAC ESCC

Supplements’ n n OR (95% CI)? n OR (95% Cl)? n n OR (95% Cl)? n OR (95% Cl)?
Folic acid from fortified foods,” ug/d

Q1 (6.8 (0-22)] 132 57 1.0 (ref) 32 1.0 (ref) 374 136 1.0 (ref) 67 1.0 (ref)

02 [39 (22-59)] 145 77 1.10 (0.68-1.79) 23 0.61(0.27-1.34) 373 180 1.53 (1.13-2.07) 64 1.15 (0.76-1.74)

Q3 [80 (59-109)] 165 Al 1.13 (0.69-1.85) 23 0.16 (0.28-1.33) 372 170 1.27 (0.94-1.73) 51 0.89 (0.57-1.37)

Q4 149 (109-672)] 127 53 1.20 (0.71-2.03) 20 0.93 (0.41-2.12) 3N 127 1.18 (0.86-1.62) 42 0.77 (0.49-1.21)

P—trend 0.51 0.97 0.79 0.14
Folic acid from supplements’

Never use 438 202 1.0 (ref) 72 1.0 (ref) 1200 506 1.0 (ref) 190 1.0 (ref)

Low intake® 81 32 0.81(0.47-1.37) 15 1.37 (0.64-2.94) 165 66 1.30 (0.92-1.83) 23 0.86 (0.51-1.45)

High intake* 58 32 1.07 (0.62-1.87) 14 2.18 (1.01-4.71) 142 64 1.29 (0.90-1.85) 32 1.39 (0.85-1.26)

P—trend 0.94 0.04 0.08 0.34
Thiamin from supplements’

Never use 436 207 1.0 (ref) 74 1.0 (ref) 1214 506 1.0 (ref) 193 1.0 (ref)

Low intake® 71 27 0.68 (0.38-1.19) 12 1.15 (0.52-2.51) 144 58 1.12 (0.78-1.61) 22 0.91 (0.53-1.57)

High intake* 70 32 0.88 (0.51-1.52) 15 1.74 (0.82-3.70) 149 72 1.73 (1.22-2.48) 30 1.22 (0.75-1.98)

P-trend 0.39 0.16 0.003 0.55
Riboflavin from supplements'

Never use 425 206 1.0 (ref) 72 1.0 (ref) 1189 491 1.0 (ref) 198 1.0 (ref)

Low intake® 96 31 0.59 (0.35-1.00) 16 1.18 (0.58-2.40) 168 70 1.19 (0.85-1.67) 19 0.62 (0.35-1.11)

High intake* 56 29 0.93 (0.52-1.66) 13 1.94 (0.86-4.37) 150 75 1.72 (1.22-2.44) 28 1.08 (0.66-1.77)

P—trend 0.33 0.13 0.002 0.77
Niacin from supplements’

Never use 426 206 1.0 (ref) 73 1.0 (ref) 1188 491 1.0 (ref) 198 1.0 (ref)

Low intake® 86 32 0.70 (0.41-1.18) 13 1.05 (0.49-2.24) 162 75 1.34 (0.96-1.87) 24 0.79 (0.46-1.34)

High intake* 65 28 0.77 (0.43-1.36) 15 1.95 (0.91-1.19) 157 70 1.50 (1.06-2.14) 23 0.89 (0.53-1.50)

P—trend 0.19 0.12 0.008 0.48
Vitamin B-6 from supplements’

Never use 416 205 1.0 (ref) 72 1.0 (ref) 1162 490 1.0 (ref) 193 1.0 (ref)

Low intake® 131 50 0.70 (0.45-1.10) 24 1.34 (0.73-2.45) 168 75 1.26 (0.90-1.75) 31 1.08 (0.67-1.74)

High intake* 30 " 0.71 (0.29-1.74) 5 2.33 (0.68-7.96) 177 7 1.38 (0.98-1.94) 21 0.74 (0.43-1.27)

P—trend 0.12 0.13 0.03 0.39
Vitamin B-12 from supplements’

Never use 440 21 1.0 (ref) 77 1.0 (ref) 1218 501 1.0 (ref) 199 1.0 (ref)

Low intake® 77 il 0.75 (0.44-1.28) 14 1.51 (0.72-3.14) 163 79 1.33 (0.96-1.85) 27 0.92 (0.56-1.52)

High intake® 60 24 0.74 (0.41-1.34) 10 1.28 (0.54-3.02) 126 56 1.63 (1.11-2.41) 19 0.84 (0.47-1.50)

P—trend 0.21 0.36 0.004 0.52

' Supplements were categorized into never use, low intake, and high intake [except folic acid from fortified foods; value was median, (range)].
2 Multivariable adjustment for age, gender, education, BMI 1y previously, frequency of heartburn or acid reflux 10 y prior to diagnosis, lifetime alcohol intake, pack-years of

smoking, and NSAID use. No energy adjustment.

3 Low intake = <median for folic acid supplement = 180 ug/d; thiamin = 9.2 mg/d; riboflavin = 10.0 mg/d; niacin = 25.0 mg/d; vitamin B-6 = 5.8mg/d; vitamin B-12 = 10.0 ug/d;

choline = 10.25 mg/d based on intakes in controls.

4 High intake = =median for folic acid supplement = 180 wg/d; thiamin = 9.2 mg/d; riboflavin = 10.0 mg/d; niacin = 25.0 mg/d; vitamin B-6 = 5.8mg/d; vitamin B-12 = 10.0 ug/d;

choline = 10.25mg/d based on intakes in controls.
5 Values are [medians (range)l.

low food folate intake [OR =2.67 (95% CI = 1.65-4.35)] (Table
5). Risks of EAC were significantly lower among participants
with high food folate intake regardless of their level of alcohol
consumption.

Overall, smoking was associated with increased risk of BE
and esophageal cancer. The risk of ESCC associated with
smoking appeared to be partially mitigated by high food folate
intake such that, compared with nonsmokers with low folate
intake, the RR of ESCC among smokers with high folate intake
[OR =2.96 (95% CI = 1.57-5.58)] was one-half that of smokers
with low folate intake [OR = 5.90 (95% CI = 3.21-10.9)]. There
was little evidence of such effect modification for BE or EAC.

Discussion

In these paired studies of BE and esophageal cancer, we found a
decreased risk of EAC, and to a lesser extent ESCC, associated
with higher intakes of food folate. This finding is consistent with
nonsignificant (37,41,61) and significant (35,36,40) inverse
associations found between food folate and esophageal cancers
in epidemiological studies, with folate’s role in mediating
transfer of one-carbon group for DNA synthesis and methyla-
tion hypothesized as the basis for the decreased cancer risk
(20,62). Inadequate folate intake has been hypothesized to
influence cancer risk by inducing misincorporation of uracil into
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TABLE 4 Associations between polymorphisms in MTHFR (A1298C, C677T), MTRR (A66G), and MTR (A2756G) and the risk of BE
and esophageal cancers in SDH and ACS participants

SDH ACS
Frequency BE without dysplasia, BE with dysplasia, EAC ESCC
SNP Genotype in ACS controls 510 Controls, 236 cases 510 Controls, 91 cases 1303 Controls, 501 cases 1303 Controls, 177 cases
% OR (95%CI?
MTHFR A1298C, rs1801131 AA (46.8) 1.0 (ref) 1.0 (ref) 1.0 (ref) 1.0 (ref)
AC (43.9) 1.33(0.91-1.94) 1.45 (0.84-2.50) 1.19 (0.93-1.52) 0.98 (0.68-1.43)
CC (9.3) 0.82 (0.40-1.69) 0.51(0.15-1.77) 1.22 (0.80-1.84) 1.79 (1.03-3.13)
Pvalue' 0.22 0.16 035 0.07
MTHFR C677T, rs1801133 cC (45.6) 1.0 (ref) 1.0 (ref) 1.0 (ref) 1.0 (ref)
CT (42.6) 1.15(0.77-1.70) 1.90 (1.08-3.36) 1.06 (0.83-1.35) 0.85 (0.58-1.23)
1T (11.8) 0.94 (0.52-1.71) 0.28 (0.08-0.97) 0.70 (0.47-1.05) 0.96 (0.56-1.66)
Pvalug 0.72 0.003 0.61 0.61
MTRR AB6G, rs1801394 GG (31.2) 1.0 (ref) 1.0 (ref) 1.0 (ref) 1.0 (ref)
GA (50.7) 1.10 (0.71-1.69) 0.61(0.32-1.14) 0.93 (0.72-1.20) 0.94 (0.63-1.40)
AA (18.1) 1.16 (0.68-1.98) 1.28 (0.64-2.57) 0.96 (0.69-1.35) 1.46 (0.90-2.37)
Pvalue’ 084 0.17 0.84 013
MTR A2756G, rs1805087 AA (63.9) 1.0 (ref) 1.0 (ref) 1.0 (ref) 1.0 (ref)
AG (32.7) 0.84 (0.56—1.26) 1.42 (0.82-2.45) 0.89 (0.69-1.15) 1.08 (0.74-1.57)
GG (3.4) 1.81 (0.74-4.40) 1.57 (0.30-8.31) 1.28 (0.68-2.39) 1.02 (0.41-2.97)
Pvalue’ 0.24 043 0.48 091

" Type 3 analysis of effect, Wald chi-square.
2 Multivariable adjustment for age, gender, education, BMI 1y previously, frequency of heartburn or acid reflux 10 y prior to diagnosis, lifetime alcohol intake, pack-years of
smoking, NSAID use, and total energy intake.

DNA, which could lead to chromosomal breaks and mutations Our data showed that the association between food folate
and by causing aberrant DNA methylation, resulting in altered  and EAC was largely independent of alcohol and smoking
expression of tumor suppressor genes (25). status, but high folate intake appeared to eliminate the increased

TABLE 5 Associations between alcohol intake, smoking, combined levels of food folate, alcohol, and smoking and risk of BE and
esophageal cancer in SDH and ACS participants

SDH ACS
Controls, BE without dysplasia BE with dysplasia Controls, EAC ESCC
n n OR (95% CI)® n OR (95% CI)® n n OR (95% CI)® n OR (95% CI)®

Alcohol

Low alcohol intake, <170 g/wk 408 181 1.0 (ref) 69 1.0 (ref) 1046 446 1.0 (ref) 116 1.0 (ref)

High alcohol intake, =170 g/wk 98 43 0.96 (0.57-1.60) 26 1.65 (0.86-3.17) 284 138 1.01(0.75-1.36) 84  1.81(1.20-2.73)

Pvalue? 0.86 0.13 0.94 0.0043

Low alcohol," low food folate 208 91 1.0 (ref) 36 1.0 (ref) 469 239 1.0 (ref) 55 1.0 (ref)

Low alcohol,? high food folate 200 90 1.15 (0.77-1.71) 33 0.88 (0.48-1.62) 577 207 0.75(0.59-0.95) 61  0.87 (0.60-1.28)

High alcohol," low food folate 62 25 0.78 (0.41-1.48) 16 1.41 (0.63-3.15) 155 98  1.08(0.75-1.54) 69 267 (1.65-4.35)

High alcohol,? high food folate 36 18 1.50 (0.72-3.12) 10 1.88 (0.71-5.01) 129 40  0.64(0.41-0.99) 15 0.68(0.35-1.34)
Smoking

Never smoked 254 65 1.0 (ref) 21 1.0 (ref) 541 124 1.0 (ref) 32 1.0 (ref)

Ever smoked 252 159 2.53 (1.47-4.30) 74 2.89(1.34-6.23) 789 460  2.53(1.88-341) 168  4.29(2.70-6.80)

P-value 0.0006 0.007 <0.001 <0.001

Never smoked,' low food folate 130 31 1.0 (ref) " 1.0 (ref) 242 78 1.0 (ref) 15 1.0 (ref)

Never smoked,? high food folate 124 34 1.00 (0.57-1.75) 10 0.73 (0.28-1.90) 299 46 0.65(0.44-0.95) 17 1.02 (0.55-1.90)

Ever smoked,” low food folate 140 85 2.11(1.12-3.97) 41 2.47 (1.00-6.08) 382 259  2.33(1.62-333) 109 590 (3.21-10.9)

Ever smoked.? high food folate 112 74 3.08 (1.62-5.86) 33 261 (1.04-6.34) 407 201 1.74 (1.20-2.54) 59 296 (1.57-5.58)

" Low food folate < 275 ug/d.

2 High food folate = 275ug/d.

3 Multivariable adjustment for age, gender, education, BMI 1y previously, frequency of heartburn or acid reflux 10 y prior to diagnosis, lifetime alcohol intake, pack-years of
smoking, NSAID use, and total energy intake.
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risk of ESCC associated with alcohol consumption and to
partially mitigate the risk associated with smoking. This is in
part consistent with results of a smaller multicenter case-control
study conducted in Italy and Switzerland where a stronger
protective effect of food folate among heavy drinkers than
smokers was found (40). These findings add further evidence
that, as suggested by the 2007 WCRF report, consumption of
foods rich in folate is associated with decreased risk of
esophageal cancers (7,25).

Our observation of elevated risks of precancerous BE with
dysplasia and EAC in relation to high intake of folic acid
supplement is interesting and may be analogous to the finding of
Cole et al. (22). In that study, administration of high doses of
folic acid appeared to accelerate the progression of preexisting
colorectal cancer precursors and increase the risk of developing
advanced adenomas, supporting the notion that folic acid might
increase cancer risk once initial lesions are present (63).

Like dietary folate, riboflavin, vitamin B-6, vitamin B-12, and
methyl donors have also been considered potential cancer-
preventive agents because of the role they play in one-carbon
metabolism. Methionine, choline, and betaine are interchange-
able sources of one-carbon moieties; riboflavin is a precursor for
flavin adenine dinucleotide, the cofactor for critical folate-
dependent enzyme MTHFR; vitamin B-6 and vitamin B-12 are
coenzymes of serine hydroxymethyl transferase and methionine
synthase, respectively, both of which are involved in folate
metabolism, while methionine is required for the synthesis of S-
adenosyl methionine, the universal methyl donor required for
DNA methylation for all biological processes (26). Results of
studies examining the association between these micronutrients
and esophageal cancers have been mixed. In our study, we found
that high intake of vitamin B-6 from food sources was
significantly associated with decreased risks of EAC; this is
consistent with the findings of a case-control study from the US
(36,37), with others also reporting nonsignificant inverse asso-
ciations (35,40). We found a borderline positive association
between high intake of riboflavin and EAC risk; this is consistent
in part with findings of a case-control study from the US (36)
that reported a nonsignificantly increased risk for EAC but was
inconsistent with inverse findings reported by Chen et al. (35)
and Brown et al. (34). Studies that have investigated the
association among riboflavin, methionine, and risk of esopha-
geal cancers are very few; thus, we are uncertain as to the reason
why high intakes of riboflavin and methionine might increase the
risk of EAC. Results from epidemiologic studies investigating
the association between riboflavin and risk of cancers have been
inconsistent. For instance, whereas inverse associations have
been reported for plasma riboflavin and gastric (64) or colorectal
adenomas (65,66), a null association was reported between
riboflavin and risk of breast cancer in a prospective study (67). It
has been suggested that effects of folate deficiency on DNA
methylation are gene and site specific, highly complex, and seem
to depend on cell type, target organ, stage of transformation,
and degree and duration of folate depletion (68). We do not
claim a causal association, because the observed association may
reflect residual confounding or a chance finding. Thus, our
observation must await replication from other studies before
considering further investigation. The inverse association we
observed between betaine from food and risk of BE with and
without dysplasia may be analogous to a weak inverse associ-
ation found between betaine intake and colorectal adenoma risk
(24). Neither methionine nor choline from food was associated
with decreased BE or esophageal cancer risk; rather, we found an
elevated risk of EAC with increasing methionine intake. Impor-

tantly, our findings showed no beneficial effect for folic acid or
vitamin B supplementation in the prevention of BE or esopha-
geal cancers. In contrast, we found 2-fold increased risk of BE
with dysplasia, a nonsignificantly increased risk of EAC (P-trend
= 0.08) with high intake of folic acid supplement, and elevated
EAC risk with high intakes of B vitamin supplement. It is quite
possible that increased risks with intake of vitamins from
supplement could represent increasing intake of supplements
among those diagnosed with BE or esophageal cancer. However,
all cases were asked to report their diet 1 y prior to their
diagnosis to minimize this possibility.

Our finding of a significantly increased risk of ESCC among
carriers of the CC compared with AA variant of MTHFR at
nucleotide 1298 is consistent with an earlier Chinese study (57).
A case-cohort study conducted in China had only 3 ESCC cases
and no controls with MTHFR 1298 CC genotype, making it
difficult to compare our results to that study (55); however, the
same study found a nonsignificant increased risk of gastric
cardia adenocarcinoma among carriers of the MTHFR 1298 CC
genotypes compared with the AA variant (55). We found no
association between the MTHFR 677 TT genotype and ESCC
risk but did find higher risks of BE with dysplasia among those
carrying the CT variant of MTHFR 677 genotype and a
decreased risk among those carrying the TT variant compared
with the CC variant. The majority of previous studies on genetic
variations in relation to one-carbon metabolism and esophageal
cancers have been conducted in Asian populations. Published
results from predominantly Caucasian populations from the
European Prospective Investigation into Cancer and Nutrition
studies also showed no associations between polymorphisms in
MTHFR, MTRR, and MTR genes and other gastrointestinal
cancers, including colorectal (65) and gastric (64) cancers.
Nevertheless, we do not discount the possibility that our sample
size might have been too small to detect modest associations
between the genetic variants and risk of BE or esophageal cancer.

Our study has strengths and limitations. The sample size was
larger than most previous investigations and cases were
recruited soon after diagnosis across the country. Moreover, by
conducting 2 case-control studies in parallel, we were able to
examine both cancer and precancer. Finally, ours is one of very
few studies in the field of esophageal neoplasia to capture
information regarding environmental and dietary factors, phe-
notype, and medical history and to collect DNA samples. Taken
together, these design features provided a rare opportunity to
test these topical hypotheses. Limitations include the possibil-
ities of selection bias, recall bias with respect to reporting of
dietary intake, and also the possibility that cases might have
changed their diet with the onset of disease. Whereas the
participation fractions, especially among controls, were less than
ideal, we are reassured that mean daily intakes of total energy,
thiamin, riboflavin, and folate in our ACS control population
(9270 kJ, 1.8 mg, 2.3 mg, and 279 ug, respectively) were very
similar to those reported for adults aged 19 y and over in the
Australian population (9240 kJ, 1.6 mg, 2.1 mg, and 269 ug,
respectively) (69). We also reanalyzed our data excluding those
who reported changing their usual eating habits in the year prior
to recruitment and observed no material difference in the
estimates obtained. All dietary assessment tools (FFQ) are prone
to measurement error; however, any nondifferential measure-
ment error is likely to have attenuated the associations that we
have observed. Objective measures of biomarkers such as
plasma folate or B vitamins would overcome some of these
limitations. However, in a case-control study, it is likely that
nutrient levels in samples collected after diagnosis would be
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affected by changes in diet arising from the disease process and
treatment and thus would not be representative of the usual
premorbid diet in cases.

In conclusion, our findings provide some support for the
hypothesis that increasing intake of folate-rich foods may reduce
overall risks of EAC and ESCC; the effects on the latter appear to
be greatest among smokers and drinkers. There remains the
possibility that high folic acid intake may increase risk of BE
progressing to dysplasia and EAC, although such a finding needs
to be tested in other studies, ideally using a prospective design.
We found no evidence that genetic polymorphisms in folate-
metabolizing genes play a major role in esophageal carcinogenesis.

Acknowledgements

We thank to Dr. Ian Brown, Sullivan and Nicolaides Pathology,
Dr. Neal Walker, Queensland Medical Laboratories, and Barry
Jackson of the Queensland Health Pathology Service for iden-
tifying participants for the SDH. D.C.W., PM.W., and A.C.G.
designed research; Z.Z.Z., G.M., and N.H. contributed to
genotyping necessary for the research; T.L.I. and M.C.H. con-
tributed to nutrient extraction necessary for the research; T.L.I.
and N.P. analyzed data; T.I.I.,, D.C.W., and PM.W. wrote the
paper; and D.C.W., PM.W.,; and A.C.G. had primary respon-
sibility for final content. All authors read and approved the final
manuscript.

Literature Cited

1. WHO. The global burden of disease: 2004 update [cited 2010 8 Feb].
Available from: http://www.who.int/healthinfo/global_burden_disease/
GBD_report_2004update_full.pdf2008.

2. Baquet CR, Commiskey P, Mack K, Meltzer S, Mishra SI. Esophageal
cancer epidemiology in blacks and whites: racial and gender disparities
in incidence, mortality, survival rates and histology. ] Natl Med Assoc.
2005;97:1471-8.

3. Lagergren J. Adenocarcinoma of oesophagus: what exactly is the size of
the problem and who is at risk? Gut. 2005;54 Suppl 1:i1-35.

4. Lord RV, Law MG, Ward RL, Giles GG, Thomas RJ, Thursfield V.
Rising incidence of oesophageal adenocarcinoma in men in Australia.
J Gastroenterol Hepatol. 1998;13:356-62.

5. Stavrou EP, McElroy HJ, Baker DF, Smith G, Bishop JE Adenocarci-
noma of the oesophagus: incidence and survival rates in New South
Wales, 1972-2005. Med ] Aust. 2009;191:310-4.

6. Thomas RJS, Lade S, Giles GG, Thursfield V. Incidence trends in
oesophageal and proximal gastric carcinoma in Victoria. Aust N Z J
Surg. 1996;66:271-5.

7. World Cancer Research Fund / American Institute for Cancer Research.
Food, nutrition, physical activity, and the prevention of cancer: a global
perspective. Washington, DC: AICR; 2007.

8. Engel LS, Chow W-H, Vaughan TL, Gammon MD, Risch HA, Stanford
JL, Schoenberg JB, Mayne ST, Dubrow R, et al. Population attributable
risks of esophageal and gastric cancers. ] Natl Cancer Inst. 2003;95:
1404-13.

9. Gammon MD, Schoenberg JB, Ahsan H, Risch HA, Vaughan TL, Chow
WH, Rotterdam H, West AB, Dubrow R, et al. Tobacco, alcohol, and
socioeconomic status and adenocarcinomas of the oesophagus and
gastric cardia. ] Natl Cancer Inst. 1997;89:1277-84.

10. Zambon P, Talamini R, La Vecchia C, Dal Maso L, Negri E, Tognazzo
S, Simonato L. Smoking, type of alcoholic beverage and squamous-cell
oesophageal cancer in Northern Italy Int J Cancer. 2000;86:144-9.

11. Chow WH, Finkle WD, McLaughlin JK, Frankl H, Ziel HK, Fraumeni
JF Jr. The relation of gastroesophageal reflux disease and its treatment
to adenocarcinomas of the esophagus and gastric cardia. JAMA. 1995;
274:474-7.

12. Chow WH, Blot W], Vaughan TL, Risch HA, Gammon MD, Stanford
JL, Dubrow R, Schoenberg JB, Mayne ST, et al. Body mass index and
risk of adenocarcinomas of the esophagus and gastric cardia. ] Natl
Cancer Inst. 1998;90:150-5.

282 Ibiebele et al.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Lagergren ], Bergstrom R, Lindgren A, Nyren O. Symptomatic
gastroesophageal reflux as a risk factor for esophageal adenocarcinoma.
N Engl ] Med. 1999;340:825-31.

Merry AHH, Schouten L], Goldbohm RA, van den Brandt PA. Body
mass index, height and risk of adenocarcinoma of the oesophagus and
gastric cardia: a prospective cohort study. Gut. 2007;56:1503-11.
Whiteman DC, Sadeghi S, Pandeya N, Smithers BM, Gotley DC, Bain
CJ, Webb PM, Green AC. Combined effects of obesity, acid reflux and
smoking on the risk of adenocarcinomas of the oesophagus. Gut.
2008;57:173-80.

Spechler SJ, Dixon MF, Genta R, Hainaut P, Lambert R, Siewert R.
Adenocarcinoma of the oesophago-gastric junction. In: Hamilton SR,
Aaltonen LA, editors. Pathology and genetics. Tumours of the digestive
system. WHO Classification of tumours, 3rd ed, 2nd vol. Lyon: IARC
Press; 2000.

Dong LM, Kristal AR, Peters U, Schenk JM, Sanchez CA, Rabinovitch
PS, Blount PL, Odze RD, Ayub K, et al. Dietary supplement use and risk
of neoplastic progression in esophageal adenocarcinoma: a prospective
study. Nutr Cancer. 2008;60:39-48.

Bower C, Stanley FJ. Case of mandatory fortification of food with folate
in Australia, for the prevention of neural tube defects. Birth Defects Res
A Clin Mol Teratol. 2004;70:842-3.

Food Standards Australia New Zealand. Mandatory folic acid fortifi-
cation in Australia. 2009 [cited 2010 Mar 31]. Available from: http://
www.foodstandards.gov.au/.

Choi SW, Mason JB. Folate and carcinogenesis: an integrated scheme.
J Nutr. 2000;130:129-32.

Ebbing M, Bonaa KH, Nygard O, Arnesen E, Ueland PM, Nordrehaug
JE, Rasmussen K, Njolstad I, Refsum H, et al. Cancer incidence and
mortality after treatment with folic acid and vitamin B12. JAMA.
2009;302:2119-26.

Cole BE, Baron JA, Sandler RS, Haile RW, Ahnen D], Bresalier RS,
McKeown-Eyssen G, Summers RW, Rothstein R, et al. Folic acid for
the prevention of colorectal adenomas: a randomized clinical trial.
JAMA. 2007;297:2351-9.

Mason JB, Dickstein A, Jacques PE Haggarty P, Selhub J, Dallal G,
Rosenberg TH. A temporal association between folic acid fortification
and an increase in colorectal cancer rates may be illuminating important
biological principles: a hypothesis. Cancer Epidemiol Biomarkers Prev.
2007;16:1325-9.

Cho E, Willett WC, Colditz GA, Fuchs CS, Wu K, Chan AT, Zeisel
SH, Giovannucci EL. Dietary choline and betaine and the risk of
distal colorectal adenoma in women. J Natl Cancer Inst. 2007;99:
1224-31.

Larsson SC, Giovannucci E, Wolk A. Folate intake, MTHFR polymor-
phisms, and risk of esophageal, gastric, and pancreatic cancer: a meta-
analysis. Gastroenterology. 2006;131:1271-83.

Niculescu MD, Zeisel SH. Diet, methyl donors and DNA methylation:
interactions between dietary folate, methionine and choline. J Nutr.
2002; 132 Suppl 8:52333-5.

Mason JB. Biomarkers of nutrient exposure and status in one-carbon
(methyl) metabolism. J Nutr. 2003;133 Suppl 3:5941-7.

Ziegler RG, Lim U. One-carbon metabolism, colorectal carcinogenesis,
chemoprevention—with caution. J Natl Cancer Inst. 2007;99:1214-5.
Ott N, Geddert H, Sarbia M. Polymorphisms in methionine synthase
(A2756G) and cystathionine beta-synthase (844ins68) and susceptibility
to carcinomas of the upper gastrointestinal tract. ] Cancer Res Clin
Oncol. 2008;134:405-10.

Lin J, Spitz MR, Wang Y, Schabath MB, Gorlov IP, Hernandez LM,
Pillow PC, Grossman HB, Wu X. Polymorphisms of folate metabolic
genes and susceptibility to bladder cancer: a case-control study.
Carcinogenesis. 2004;25:1639-47.

Halsted CH, Villanueva JA, Devlin AM, Chandler CJ. Metabolic
interactions of alcohol and folate. J Nutr. 2002; 132 Suppl 8:
$2367-72.

Gabriel HE, Crott JW, Ghandour GED, Sang-Woon C, Keyes MK, Jang
H, Liu Z, Nadeau M, Mager D, et al. Chronic cigarette smoking is
associated with diminished folate status, altered folated form distribu-
tion, and increased genetic damage in the buccal mucosa of healthy
adults. Am J Clin Nutr. 2006;83:835-41.

Piyathilake CJ, Macaluso M, Hine R], Richards EW, Krumdieck CL.
Local and systemic effects of cigarette smoking on folate and vitamin
B-12. Am ] Clin Nutr. 1994;60:559-66.



34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

Brown LM, Swanson CA, Gridley G, Swanson GM, Schoenberg JB,
Greenberg RS, Silverman DT, Pottern LM, Hayes RB, et al. Adenocar-
cinoma of the esophagus: role of obesity and diet. J Natl Cancer Inst.
1995;87:104-9.

Chen H, Tucker KL, Graubard BI, Heineman EF Markin RS,
Potischman NA, Russell RM, Weisenburger DD, Ward MH. Nutrient
intakes and adenocarcinoma of the esophagus and distal stomach. Nutr
Cancer. 2002;42:33-40.

Mayne ST, Risch HA, Dubrow R, Chow WH, Gammon MD, Vaughan
TL, Farrow DC, Schoenberg JB, Stanford JL, et al. Nutrient intake and
risk of subtypes of esophageal and gastric cancer. Cancer Epidemiol
Biomarkers Prev. 2001;10:1055-62.

Zhang ZF, Kurtz RC, Yu GP, Sun M, Gargon N, Karpeh M Jr, Fein ]S,
Harlap S. Adenocarcinomas of the esophagus and gastric cardia: the
role of diet. Nutr Cancer. 1997;27:298-309.

De Stefani E, Deneo-Pellegrini H, Mendilaharsu M, Ronco A. Diet and
risk of cancer of the upper aerodigestive tract-I. Foods. Oral Oncol.
1999;35:17-21.

Franceschi S, Bidoli E, Negri E, Zambon P, Talamini R, Ruol A, Parpinel
M, Levi E Simonato L, et al. Role of macronutrients, vitamins and
minerals in the aetiology of squamous-cell carcinoma of the oesopha-
gus. Int J Cancer. 2000;86:626-31.

Galeone C, Pelucchi C, Levi F, Negri E, Talamini R, Franceschi S, La
Vecchia C. Folate intake and squamous-cell carcinoma of the oesoph-
agus in Italian and Swiss men. Ann Oncol. 2006;17:521-5.

Yang CX, Matsuo K, Ito H, Shinoda M, Hatooka S, Hirose K, Wakai K,
Saito T, Suzuki T, et al. Gene-environment interactions between alcohol
drinking and the MTHFR C677T polymorphism impact on esophageal
cancer risk: results of a case-control study in Japan. Carcinogenesis.
2005;26:1285-90.

Smith KJ, O’Brien SM, Green AC, Webb PM, Whiteman DC. Current
and past smoking significantly increase risk for Barrett’s esophagus. Clin
Gastroenterol Hepatol. 2009;7:840-8.

Sampliner RE. Updated guidelines for the diagnosis, surveillance, and
therapy of Barrett’s esophagus. Am ] Gastroenterol. 2002;97:1888-95.
Willett WC, Sampson L, Stampfer MJ, Rosner B, Bain C, Witschi ],
Hennekens CH, Speizer FE. Reproducibility and validity of a semiquan-
titative food frequency questionnaire. Am ] Epidemiol. 1985;122:51-65.
Ashton BA, Marks GC, Battistutta D, Green AC, The Nambour Study
Group. Under reporting of energy intake in two methods of dietary
assessment in the Nambour trial. Aust J Nutr Diet. 1996;53:53-60.
Marks GC, Hughes MC, van der Pols JC. Relative validity of food
intake estimates using a food frequency questionnaire is associated
with sex, age, and other personal characteristics. J Nutr. 2006;136:
459-65.

Marks GC, Hughes MC, van der Pols JC. The effect of personal
characteristics on the validity of nutrient intake estimates using food
frequency questionnaire. Public Health Nutr. 2006;9:394-402.
McNaughton SA, Marks GC, Gaffney P, Williams G, Green AC.
Validation of a food-frequency questionnaire assessment of carotenoid
and vitamin E intake using weighed food records and plasma bio-
markers: the method of triads model. Eur J Clin Nutr. 2005;59:211-8.
Ibiebele TI, Parekh S, Mallitt KA, Hughes MC, O’Rourke PK, Webb
PM. Reproducibility of food and nutrient intake estimates using a semi-
quantitative FFQ in Australian adults. Public Health Nutr. 2009;12:
2359-65.

Food Standards Australia New Zealand. NUTTAB 2006: Australian
food composition tables. Canberra: FSANZ; 2007.

Landis JR, Koch GG. The measurement of observer agreement for
categorical data. Biometrics. 1977;33:159-74.

52.

53.

54.

55.

S6.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

Willett W, Stampfer MJ. Total energy intake: implications for epidemi-
ologic analyses. Am J Epidemiol. 1986;124:17-27.

Ashton BA, Ambrosini GL, Marks GC, Harvey PW, Bain C. Develop-
ment of a dietary supplement database. Aust N Z J Public Health.
1997;21:699-702.

Blot WJ, Devesa SS, Kneller RW, Fraumeni JF Jr. Rising incidence of
adenocarcinoma of the esophagus and gastric cardia. JAMA. 1991;
265:1287-9.

Stolzenberg-Solomon RZ, Qiao Y-L, Abnet AC, Ratnasinghe L, Dawsey
SM, Dong ZW, Dong ZW, Taylor PR, Mark SD. Esophageal and gastric
cardia cancer risk and folate- and vitamin By,-related polymorphysims
in Linxian, China. Cancer Epidemiol Biomarkers Prev. 2003;12:1222-6.
Zhang SM, Willett WC, Selhub ], Hunter DJ, Giovannucci EL, Holmes
MD, Colditz GA, Hankinson SE. Plasma folate, vitamin B6, vitamin
B12, homocysteine, and risk of breast cancer. ] Natl Cancer Inst.
2003;95:373-80.

Song C, Xing D, Tan W, Wei Q, Lin D. Methylenetetrahydrofolate
reductase polymorphisms increase risk of esophageal squamous cell
carcinoma in a Chinese population. Cancer Res. 2001;61:3272-5.
Zhang FF, Terry MB, Hou L, Chen ], Lissowska J, Yeager M, Zatonski
W, Chanock S, Morabia A, et al. Genetic polymorphisms in folate me-
tabolism and the risk of stomach cancer. Cancer Epidemiol Biomarkers
Prev. 2007;16:115-21.

Doecke JD, Zhao ZZ, Stark MS, Green AC, Hayward NK, Mont-
gomery GW, Webb PM, Whiteman DC. Single nucleotide polymor-
phisms in obesity-related genes and the risk of esophageal cancers.
Cancer Epidemiol Biomarkers Prev. 2008;17:1007-12.

Pandeya N, Williams G, Green AC, Webb PM, Whiteman DC. Alcohol
consumption and the risks of adenocarcinoma and squamous cell
carcinoma of the esophagus. Gastroenterology. 2009;136:1215-24.
Brown LM, Blot WJ, Schuman SH, Smith VM, Ershow AG, Marks RD,
Fraumeni JE Environmental factors and high risk of esophageal cancer
among men in coastal South Carolina. ] Natl Cancer Inst. 1988;80:1620-5.
Duthie SJ, Narayanan S, Brand GM, Pirie L, Grant G. Impact of folate
deficiency on DNA stability. ] Nutr. 2002; 132 Suppl 8:52444-9.
Ulrich CM, Potter JD. Folate and cancer—timing is everything. JAMA.
2007;297:2408-9.

Eussen SJ, Vollset SE, Hustad S, Midttun O, Meyer K, Fredriksen A,
Ueland PM, Jenab M, Slimani N, et al. Vitamins B2 and B6 and genetic
polymorphisms related to one-carbon metabolism as risk factors for
gastric adenocarcinoma in the European prospective investigation into
cancer and nutrition. Cancer Epidemiol Biomarkers Prev. 2010;19:
28-38.

Eussen SJ, Vollset SE, Hustad S, Midttun O, Meyer K, Fredriksen A,
Ueland PM, Jenab M, Slimani N, et al. Plasma vitamins B2, B6, B12,
and related genetic variants as predictors of colorectal cancer risk.
Cancer Epidemiol Biomarkers Prev. 2010;19:2549-61.

van den Donk M, Buijsse B, van den Berg SW, Ocke MC, Harryvan JL,
Nagengast FM, Kok FJ, Kampman E. Dietary intake of folate and
riboflavin, MTHFR C677T genotype, and colorectal adenoma risk: a
Dutch case-control study. Cancer Epidemiol Biomarkers Prev. 2005;14:
1562-6.

Cho E, Holmes M, Hankinson SE, Willett WC. Nutrients involved in
one-carbon metabolism and risk of breast cancer among premenopausal
women. Cancer Epidemiol Biomarkers Prev. 2007;16:2787-90.

Kim YL Nutritional epigenetics: impact of folate deficiency on DNA
methylation and colon cancer susceptibility. ] Nutr. 2005;135:2703-9.
Australia Bureau of Statistics. National Nutrition Survey Nutrient
Intakes and Physical Measurements Australia 1995, ABS Catalogue No
4805.0, Commonwealth of Australia. Canberra, ACT; 1998.

Folate, related nutrients, and esophageal neoplasms 283



