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Abstract

Evidence for the association of diet and gastric cancer is equivocal, and the majority of previous
studies have not evaluated the interaction of diet and infection with Helicobacter pylori, the
leading risk factor for gastric cancer. We examined these associations among 226 cases and 451
controls nested within a prospective cohort. Dietary intakes were calculated from validated food
frequency questionnaires. Blood levels of 15 antibodies to Helicobacter pylori proteins were
assessed using multiplex serology. Odds ratios were calculated using logistic regression. Among
individuals infected with high-risk Helicobacter pylori (sero-positivity to 5-6 virulent H. pylori
proteins), increasing intake of red meat, heme iron, and sodium increased risk (comparing highest
tertile to lowest: [ORs (95% CI): 1.85 (1.01-3.40); 1.95 (1.06-3.57); and 1.76 (0.91-3.43),
respectively] while increasing intake of fruit decreased gastric cancer risk [comparing highest
tertile of intake to lowest: OR (95% CI): 0.52 (0.28-0.94)]. No associations of diet with risk were
found among individuals infected with low-risk H. pylori (P for interaction for red meat and
sodium: 0.02 and 0.01, respectively). In this population with over 90% prevalence of CagA-
positive H. pylori infection, categorizing individuals utilizing H. pylori multiplex serology may
identify individuals for whom a diet intervention may be effective.
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INTRODUCTION

Once the most common cancer in the world, gastric cancer incidence has been on the decline
for over half a century, but with consistently low survival rates, it remains the second
leading cause of death from cancer worldwide (1). The bacterium Helicobacter pylori is the
strongest known risk factor for gastric cancer, but the vast majority of individuals infected
with H. pylori will never develop cancer (2). Diet has long been thought to be related to
gastric cancer risk, but the most recent report on diet and cancer from the World Cancer
Research Fund and the American Institute for Cancer Research resulted in equivocal
findings, with a downgrading of the protective effects of fruits and vegetables for gastric
cancer risk from “convincing” to “probable,” salt remaining as a “probable” risk factor, and
the evidence for animal foods of any variety to be associated with gastric cancer risk to be
deemed even weaker, at “limited” (3). However, the vast majority of published studies on
the association of diet and gastric cancer did not take into consideration the role of H. pylori
infection, and its interplay with diet in relation to gastric cancer risk. While a synergistic
interaction between the two has been suggested (4), only 3 previous prospective cohort
studies (5-7) have examined the potential for effect modification. While none of these
studies found significant interaction terms, two of the three studies found evidence
supporting the hypothesis that diet plays a greater role in the etiology of gastric cancer for
individuals who are infected with H. pylori compared to uninfected persons.

In all of the studies that investigated the potential interaction of H. pylori with diet in
relation to risk of gastric cancer, H. pylori status was categorized in a dichotomous manner
(H. pylori— vs. H. pylori+), or, at best, in three categories, incorporating Cytotoxin-
associated antigen (CagA) status (H. pylori—; H. pylori+, CagA—; and H. pylori+, CagA+).
CagA, the most well-known marker of H. pylori strains associated with disease, is a
component of the cag pathogenecity island, and cagA-positive strains of H. pylori inject
CagA into host cells, triggering signaling pathways that ultimately lower the threshold for
carcinogenesis (8, 9). In China and other parts of East Asia where rates of gastric cancer
incidence and mortality are highest in the world (10), the majority of the population is
infected with CagA-positive H. pylori strains, and yet do not develop gastric cancer; thus,
sero-positivity to CagA is not an ideal risk marker in this high-risk area (11). To investigate
the potential of an H. pylori biomarker that would better represent the heterogeneity of the
bacteria, we recently evaluated antibodies to 15 H. pylori proteins in a nested case-control
study of the Shanghai Men’s Health Study, and identified several additional markers of risk.
Overall, we determined that sero-positive results to 5-6 H. pylori proteins was a better
marker of gastric cancer risk in this population than prevalence of CagA-positive infection
alone (12). Thus, we sought to assess the potential effect modification of the diet-gastric
cancer association by H. pylori infection among members of a prospective cohort, with
specific attention to virulent H. pylori sub-types in this population.

MATERIALS AND METHODS

Study population

The Shanghai Men’s Health Study (SMHS), a population-based prospective cohort study,
recruited 61,491 permanent male residents of urban Shanghai aged 40-74 years from 2002
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to 2006, as detailed in previous publications (13, 14). Briefly, at baseline participants were
administered detailed in-person interviews, by trained interviewers, using a structured
questionnaire to collect information on demographic characteristics and other lifestyle
factors, disease and surgery history, and family cancer history. Additionally, at baseline
participants were measured for height, weight, and waist and hip circumference according to
a standard protocol. Using a previously described protocol (15), a 10-ml blood sample was
drawn from 75% of participants, which were stored in insulated boxes with blue ice packs
and then processed within 6 hours for long-term storage at —80°C. Plasma samples were
used for H. pylori biomarker analyses. At the time of blood donation, information was
gathered from each participant on date and time of sample collection and time of last meal,
as well as intake of selected foods, smoking, and use of any medications over the past 24
hours and during the past week.

Usual diet was collected by the in-person administration of a validated food frequency
questionnaire. For each individual food item or group of foods, participants were asked: 1)
how frequently they consumed the item (daily, weekly, monthly, annually, or never); 2) the
amount of that item typically consumed at one time (in liang; 1 liang = 50 g); and 3) how
many months of the year that food item was eaten. Using the Chinese Food Composition
Tables (16), individual nutrient and mineral intakes were calculated by multiplying the
amount of each food item by the nutrient content per gram of the food. The food frequency
questionnaire was validated in a subset of the participants utilizing twelve 24-hour dietary
recalls and a second food frequency questionnaire at the end of the study (17). Average daily
intake of red meat, heme iron, preserved meat, sodium, fruits, and vegetables were chosen as
the dietary exposures of interest for the present study because of previous suggestions of an
association of these food groups, minerals, or nutrients and gastric cancer risk in this
population or similar populations (14, 18, 19). To classify consumption of each food group
as well as heme iron and sodium, baseline dietary information was used to create tertiles of
intake based on the distribution among controls. Heme iron was calculated by summing the
products of the amounts of nondairy animal foods by the iron content of each food using
Chinese food composition tables. Information collected on preserved meat intake in the
FFQ, comprised of intake of smoked meat, salted meat, and Chinese sausage, included
frequency of intake only (and not amount), and thus tertiles for preserved meat intake in this
study are based on times per month of consumption, rather than average daily amount. Daily
sodium intake was derived from foods only, not including preserved foods, and this
definition, excluding seasoning (which is generally adding during cooking and not at the
table in this population) and beverages, results in a lower median intake than would be
observed if all factors related to sodium intake could be measured. The category of fruits
includes all fruit except for watermelon, as watermelon accounts for half of total fruit intake,
and the quantification of fruit eaten in such large quantities can be difficult to assess, and
potentially leads to significant exposure measurement error. Furthermore, watermelon intake
alone was not associated with gastric cancer risk in this population, and our previous study
found a significant association between the category of all fruit except watermelon and distal
gastric cancer risk.
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Case identification

Incident distal gastric cancer cases were defined as those individuals with diagnoses that
were coded by the International Classification of Diseases (ICD) as malignant neoplasm of
the stomach (ICD-9 code 151) and with an ICD-Oncology code of 161-166, 168, or 169, to
capture distal gastric cases and exclude gastric cardia cases (ICD code 160). Cases were
identified through a combination of annual linkage with the Shanghai Cancer Registry and
the Shanghai Vital Statistics database, and active follow-up evaluations. Study employees
confirm cancer diagnoses (and deaths from cancer) for subjects in the cohort by manually
checking all possible matches, performing follow-up home visits, and reviewing medical
charts to collect pathology characteristics of the tumor. Additionally, every two to three
years, a study interviewer visits the last known address of every living cohort member.
These efforts have resulted in response rates of 97.6% and 93.2% for the first (2004-2008)
and second (2008-2011) in-person follow-ups, respectively.

Control selection

For each of the 226 cases included in this study, comprised of distal gastric cancer cases that
were identified between 2002 and 2009 who donated a blood sample and did not have
cancer at baseline or within one month of blood sample collection, two controls were
chosen. Controls were matched on: age (within 2 years), date (within 30 days) and time
(morning or afternoon) of sample collection; time interval since last meal (within 2 hours);
antibiotic use in the last week (yes/no); and availability of plasma.

Helicobacter pylori multiplex serology

H. pylori multiplex serology, a method based on a glutathione S-transferase (GST) capture
immunosorbent assay combined with fluorescent-bead technology (20, 21), has been
described in detail previously (22). For the 677 individuals in the present study, we utilized
H. pylori multiplex serology to assess the quantity of antibodies, calculated as the median
reporter fluorescence intensity (MFI), to fifteen H. pylori specific antigens (UreA, Catalase,
GroEL, NapA, CagA, CagM, Cags, HP0231, VacA, HpaA, Cad, HyuA, Omp, HcpC,
HP0305). Antigen-specific cut-point values for each of the 15 antigens are based on 46 sera
defined as H. pylori seronegative in a previous study (23) and run within this assay. They
were calculated as arithmetic mean of the median reporter fluorescence intensity (MFI) plus
three standard deviations and excluding positive outliers. Among the twelve quality-control
samples from one pooled sample analyzed on 4 separate places (3 per plate), the
determination of sero-positivity for all 15 H. pylori proteins was highly consistent, with only
5 (2.8%) of the total 180 tests not identical with the others. In a previous study, we included
5 replicates for 2 individual controls, and the results of these quality control samples were
very similar, whereby only 1 (3.3%) replicate of 30 was not identical with the others in
determination of sero-positivity for all H. pylori proteins (23).

Statistical analysis

The association of distal gastric cancer risk with dietary intake was initially assessed using
conditional logistic regression to determine odds ratios (ORs) and 95% confidence intervals
(Cls). Factors related to the exposure (diet) and outcome (gastric cancer) and not in the
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causal pathway were adjusted for in the full models, and included age, smoking status,
history of gastritis, regular aspirin use, total energy intake, and high-risk H. pylori infection.
In this population, markers of socio-economic status (education, income, and occupation)
were not associated with gastric cancer incidence, and thus were not included as
confounders in the full models. Indicator variables were entered into the models to represent
tertiles of intake, using the lowest tertile as the reference category. To test for a linear trend
across levels of each food group, mineral, or nutrient, a variable was created and assigned
the median value of consumption for each tertile of food group, mineral, or nutrient.

To examine the potential interaction of H. pylori protein-specific infection in relation to the
association of dietary intake and risk of distal gastric cancer, separate models were created
to stratify the study population into individuals with high-risk H. pylori infection compared
to those without. Previously, we determined that number of sero-positive results to 6 H.
pylori proteins (Omp, HP0305, HyuA, HpaA, CagA, and VacA) may be a risk marker for
individuals at high risk for gastric cancer in a population with overwhelming prevalence of
CagA-positive H. pylori infection (12). For the present study, individuals were classified as
high-risk if they were sero-positive to more than four of the six virulent H. pylori proteins
identified above. This divided the population into two groups: 326 with high-risk H. pylori
infection (140 cases and 211 controls); and 351 without (86 cases and 240 controls). Within
each group, the association of the dietary factors with risk of distal gastric cancer was
assessed with unconditional logistic regression (as limiting the analyses to matched sets
concordant on H. pylori status would have greatly reduced the power for these analyses),
adjusting for all potential confounders as described above. To assess effect modification by
H. pylori status for each of the dietary variables examined, all individuals were included in a
conditional logistic regression model, along with an interaction term of H. pylori status and
dietary intake of the specific food group or nutrient as a trend variable.

To calculate odds ratios that incorporate both dietary intake and H. pylori protein-specific
status, all study participants were classified into one of four categories for each food group
of interest: low-intake and low-risk H. pylori; high intake and low-risk H. pylori; low intake
and high-risk H. pylori; and high intake and high-risk H. pylori. Level of intake was based
on the median value of intake among controls, so that individuals would be classified as low
intake in separate models by food group if they consumed <49.7 g/day of red meat, <3.14
mg/day of heme iron, <0.63 times/month of preserved meat, <3506 mg/day of sodium, <59.2
g/day of fruit, and <325.7 g/day of vegetables. A multivariable-adjusted conditional logistic
regression model for each food group was then conducted, using indicator variables for the
combined characteristics of H. pylori infection and dietary intake, with the category
assumed to be at the lowest risk of cancer (low intake and low-risk H. pylori for red meat,
heme iron, preserved meat, and sodium, and high intake and low-risk H. pylori for fruits and
vegetables) as the reference category.

All statistical analyses were performed using SAS 9.3 (SAS Institute, Cary, NC).
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Compared to the controls, cases of distal gastric cancer were more likely to be ever smokers
and to be have given a diagnosis of gastritis, and were less likely to be a regular aspirin user.
Compared to individuals without high-risk H. pylori infection, study participants with high-

risk H. pylori, both cases and controls, were slightly more likely to have a family history of

gastric cancer, but all other baseline demographic characteristics were similar between those
categorized by H. pylori protein-specific infection (Table 1).

Among all participants, there were suggestions that increasing intake of red meat and heme
iron and decreasing intake of fruit were associated with an increased risk of distal gastric
cancer, but the trends by level of consumption reached statistical significance for heme iron
only (P for trend=0.02) (Table 2). Among only those individuals determined to have high-
risk H. pylori (defined as sero-positivity to >4 of the 6 virulent H. pylori proteins of Omp,
HP0305, HyuA, HpaA, CagA, and VacA), there was a significant direct association between
distal gastric cancer risk and red meat intake (the highest tertile compared to the lowest:
OR=1.85; 95% CI=1.01-3.40; P for trend=0.05) and heme iron intake (the highest tertile
compared to the lowest: OR=1.95; 95% CI=1.06-3.57; P for trend=0.03), and a suggestion
of an increase in risk for increasing sodium intake (the highest tertile compared to the
lowest: OR=1.76; 95% CI1=0.91-3.43; P for trend=0.08). Among these individuals only
there was also a significant inverse association of increasing fruit intake and gastric cancer
risk (the highest tertile compared to the lowest: OR=0.52; 95% C1=0.28-0.94; P for
trend=0.03). No associations between any of the dietary variables and gastric cancer risk
were found among individuals determined to be at low risk by their H. pylori status (defined
as 0—4 sero-positive results). These divergent trends produced significant interaction terms
for red meat intake (P for interaction=0.02) and sodium intake (P for interaction=0.01), and
a suggestion of an interaction by H. pylori status for intake of heme iron (P for
interaction=0.098) and preserved meat (P for interaction=0.09). In this population, intake of
these dietary factors were all significantly correlated with one another, even after adjustment
for total energy intake and age, particularly red meat and heme iron (Pearson correlation
coefficient=0.70, p<0.0001) and sodium and heme iron (Pearson correlation
coefficient=0.57, p<0.0001), and, on a smaller scale, red meat and sodium (Pearson
correlation coefficient=0.24, p<0.0001), and intake of preserved meat and heme iron, red
meat, and sodium (Pearson correlation coefficients of 0.16, 0.12, and 0.12, p-values of
<0.0001, 0.001, and 0.003, respectively).

When categorizing individuals by joint H. pylori status and dietary intake level, individuals
with a high intake of red meat and high-risk H. pylori infection had a 2.77-fold increased
odds of developing gastric cancer compared to those with a low red meat intake and a low-
risk H. pylori status (95% CIl=1.65-4.67), a similar increase in odds as for individuals with
high heme iron intake and high-risk H. pylori infection as compared to those with low heme
iron intake and low-risk H. pylori infection (OR=2.90; 95% CI=1.72-4.89) (Figure 1).
Among individuals with high-risk H. pylori infection, amount of preserved meat intake did
not alter relative odds for gastric cancer occurrence (OR=1.56; 95% CI1=1.00-2.43 and
OR=1.60; 95% CI=1.00-2.56 for individuals with high-risk H. pylori and low or high
preserved meat intake, respectively) compared to individuals with low intake of preserved
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meat and low-risk H. pylori. However, the only individuals for whom high sodium intake
increased risk of gastric cancer were those who were also infected with high-risk H. pylori
(compared to individuals with low intake of sodium and low-risk H. pylori, OR=2.36; 95%
Cl: 1.39-3.99).

DISCUSSION

The present study found that only among individuals infected with a high-risk H. pylori sub-
type is diet associated with risk of distal gastric cancer. Specifically, for these individuals,
increasing red meat, heme iron, and sodium consumption increase risk of gastric cancer, and
increasing fruit intake decreases risk of gastric cancer.

Of the 14 published studies we are aware of that investigate the potential effect modification
by H. pylori status in relation to the diet and gastric cancer association (5-7, 24-34), most
found a suggestion of an association with diet for H. pylori-infected individuals only, but
only 3 studies found significant interactions: for smoked-salted meat and fermented pork fat
(31); for high-salt “preference” (27); and for sodium intake and salt taste preference (33). To
note, all three of these were case-control studies, subject to recall bias for dietary exposure
and misclassification of H. pylori status due to loss of evidence of the bacteria as cancer
develops. Furthermore, none of the 13 previous studies categorized infection with H. pylori
beyond positive versus negative, or in three categories based on the combination of
antibodies to H. pylori as well as CagA, whereas in the present study we utilized a finer
measurement of risk based on results of sero-positivity to antibodies to six H. pylori
proteins. Our finding of a significant interaction for H. pylori infection in the association of
sodium intake and gastric cancer risk, and a suggestion of an interaction with preserved meat
intake, is still consistent with these studies, and the biological plausibility of a synergism
between H. pylori infection and high salt intake with gastric cancer risk has been
demonstrated in animal models (35, 36). It is hypothesized that in gastric cancer etiology,
salt is not a primary cause but rather an adjuvant that increases expression of H. pylori
CagA, secretion of pro-inflammatory cytokines, and rate of cell replication (37, 38).
Recently, analysis of 36 H. pylori strains from individuals in two regions in Colombia with
differing incidences of gastric cancer found that increased salt concentrations affect CagA
expression differently in different strains, again supporting our findings of a difference in
association by H. pylori sub-type (39).

While none of the previous studies found a significant interaction between H. pylori
infection and red meat intake in relation to gastric cancer, as seen in the present study,
analyses of the European Prospective Investigation Into Cancer and Nutrition (EPIC),
comprising over 500,000 individuals from 10 countries, did find a suggestion of such an
association. Specifically, they found significant associations between total, red, and
processed meat intake and noncardia gastric cancer among H. pylori-positive individuals,
but not among H. pylori-negative individuals, although they were limited in these analyses
as only 12 of the noncardia gastric cancer cases were H. pylori-negative (5). It is possible
that the mechanism whereby red meat increases risk of noncardia gastric cancer among H.
pylori-positive individuals only is due to the contribution of iron to the growth of H. pylori,
which would then increase risk of gastric cancer. Recent analyses of dietary intake of heme
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iron and gastric cancer risk in EPIC found that increasing heme iron intake increased risk of
gastric cancer, particularly for individuals with below-average plasma vitamin C (40),
similar to our finding of a direct association of heme iron intake and gastric cancer risk only
among individuals infected with high-risk strains of H. pylori. However, these findings are
not present in all populations as several studies have demonstrated that iron deficiency is a
risk factor for gastric premalignant and malignant lesions in certain populations, and
treatment of H. pylori results in a reversal of this disorder. Further, our group has recently
demonstrated that iron depletion augments the function of the cag virulence locus (41). An
explanation for these seemingly disparate findings could be that iron consumption does
increase the risk of gastric cancer by enhancing the growth of H. pylori, but at the same time
individuals harboring high-risk strains of H. pylori are more likely to be iron-deficient,
whether they be high consumers of iron or not, both because the infection reduces the host’s
ability to absorb iron and because the bacteria is able to scavenge the iron for itself (42).

Our results are also consistent with studies that have found diet as an important risk (or
protective) factor only for high risk groups defined by other established gastric cancer risk
factors, such as sex and/or smoking status. Specifically, a number of studies have found a
stronger protective association of greater fruit intake and a stronger direct association of
increased salt or meat intake among males, compared to females (14, 43, 44). Furthermore,
two studies just among males found strong significant dietary associations (45, 46).
Similarly, two studies that stratified by smoking status found stronger associations with
dietary variables among ever or current smokers, as compared to non-smokers (14, 24).

No studies to our knowledge have examined the possibility of the preventive effects of
reducing red meat, heme iron and/or sodium intake among individuals at high risk for gastric
cancer. In relation to our findings for fruit intake, randomized trials assessing the potential
benefit of vitamin supplements (specifically beta-carotene, vitamin A, vitamin C, and
vitamin E) on gastric cancer risk have generally found null results, and a recent systematic
review of 20 such trials found no evidence of such a protective effect overall (47). However,
the majority of these trials were conducted in countries with sufficient levels of antioxidant
vitamins, and a stronger effect might be seen among individuals who are vitamin deficient,
and/or other populations that are at particularly high risk of gastric cancer. Our findings
support the suggestion (14, 48) that diet as an etiologic factor may be most important in
certain individuals at high risk for gastric cancer, and if this is true, targeted dietary
intervention studies among high-risk individuals — such as those harboring the most virulent
forms of H. pylori — may be the most effective study design for the reduction of the
morbidity and mortality from this important disease.
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Figure 1.

Odds ratios? of distal gastric cancer by the combined status of dietary intake level® and
number of sero-positive results® to 6 H. pylori proteins in a nested case-control study in the
Shanghai Men’s Health Study (226 cases and 451 controls)

a conditional logistic regression, additionally adjusted for adjusted for age, smoking, history
of gastritis, regular aspirin use, and total energy intake.

b based on < median vs. >median values among controls: 49.7 g/day for red meat; 3.14
mg/day for heme iron; 0.63 times per month for preserved meat; and 350.6 mg/day for
sodium.

€ low-risk (Ir) and high-risk (hr) H. pylori (Hp) is defined based on a cut-off of < 4 vs. 5-6
sero-positive results to 6 H. pylori proteins (Omp, HP0305, HyuA, HpaA, CagA, VacA)
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