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ABSTRACT
Diet has been hypothesized to play a major role in the etiology of gastrointestinal cancer, but
the specific dietary factors involved remain unclear. The aims of this thesis were: to examine
the associations of dietary magnesium and vitamin B6 intakes with risk of colorectal cancer in
the Swedish Mammography Cohort (SMC); to evaluate the relation between folate intake and
risk of pancreatic cancer in the SMC and the Cohort of Swedish Men (COSM); to use metaanalysis to summarize the evidence from published studies of the associations of folate intake
and polymorphisms in the gene encoding 5,10-methylenetetrahydrofolate reductase (MTHFR
C677T and A1298C), a central enzyme in one-carbon metabolism, with risk of esophageal,
gastric, pancreatic, and colorectal cancer; and to perform a meta-analysis of epidemiologic
studies of the relationship between processed meat consumption and risk of gastric cancer.
The SMC is a prospective cohort study of 61 433 women in central Sweden who were
cancer-free and had completed a dietary questionnaire at enrollment between 1987 and 1990.
Participants received a second questionnaire in 1997 that included details on diet and other
lifestyle factors. The COSM is a prospective cohort study of 45 306 men in central Sweden
who were cancer-free and had completed a questionnaire in 1997. Multivariate rate ratios and
95% confidence intervals (CIs) were estimated using Cox proportional hazards models.
We ascertained 805 incident cases of colorectal cancer in the SMC from baseline through
June 30, 2004. Dietary intakes of magnesium and vitamin B6 were statistically significantly
inversely associated with the risk of colorectal cancer. The multivariate rate ratios comparing
the highest with the lowest quintile of intake were 0.59 (95% CI, 0.40-0.87; Ptrend = 0.006) for
magnesium and 0.66 (95% CI, 0.50-0.86; Ptrend = 0.002) for vitamin B6.
In the SMC and the COSM, 135 incident cases of pancreatic cancer were diagnosed from
1998 through December 31, 2004. Intake of folate from diet but not from supplements was
inversely associated with the risk of pancreatic cancer. The multivariate rate ratio for women
and men in the highest category of dietary folate intake (≥350 ȝg/day) compared with those
in the lowest category (<200 ȝg/day) was 0.25 (95% CI, 0.11-0.59; Ptrend = 0.002).
For the meta-analyses, epidemiologic studies were identified by searching MEDLINE
(1966–March 2006) and the reference lists of pertinent articles. Study-specific results were
combined using a random-effects model. The summary relative risks (95% CI) for the highest
versus the lowest dietary folate intake category were 0.62 (0.53-0.72) for esophageal cancer
(7 case-control), 0.90 (0.72-1.13) for gastric cancer (9 case-control, 2 cohorts), 0.49 (0.350.67) for pancreatic cancer (1 case-control, 4 cohorts), and 0.75 (0.66-0.87) for colorectal
cancer (6 cohorts). Comparing the MTHFR 677TT genotype with the 677CC genotype, the
summary odds ratios (95% CI) were 1.59 (0.98-2.58) for esophageal cancer, 1.90 (1.38-2.60)
for gastric cardia cancer, 1.68 (1.29-2.19) for gastric cancer, 2.28 (0.91-5.71) for pancreatic
cancer, and 0.84 (0.75-0.95) for colorectal cancer. For colorectal cancer, the summary odds
ratio for the MTHFR 1298CC versus the 1298AA genotype was 0.82 (95% CI, 0.65-1.03).
Six prospective studies and nine case-control studies were included in the dose-response
meta-analysis of processed meat consumption and gastric cancer risk. The summary relative
risks for a 30 g/day increment in processed meat consumption were 1.15 (95% CI, 1.04-1.27)
in prospective studies and 1.38 (95% CI, 1.19-1.60) in case-control studies.
In conclusion, our findings provide support for a role of diet and one-carbon metabolism
related gene polymorphisms in the etiology of gastrointestinal cancer. Specifically, our results
suggest that increased consumption of foods rich in magnesium, vitamin B6, and folate as
well as reduced consumption of processed meat may lower the risk of gastrointestinal cancer.
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INTRODUCTION
Gastrointestinal cancers include cancer of the esophagus, stomach, small intestine, colon,
rectum, and anus as well as cancer of the pancreas, liver, gallbladder, and biliary system. In
the United States and Sweden about 20% of all incident cancers are gastrointestinal, with the
majority of these occurring in the colon and rectum (Ries et al., 2006; National Board of
Health and Welfare 2006). The next sites most commonly affected by gastrointestinal cancers
are the pancreas and stomach (FIGURE 1).
Diet has long been suspected to play an important role in the etiology of cancer, although
the specific components of diet that influence cancer risk remain unclear. In the early 1980s,
Doll and Peto estimated that 35% (range 10%–70%) of cancer deaths might be attributable to
– and thus preventable by – diet (Doll and Peto, 1981). The purpose of this thesis was to
examine the role of diet, especially of one-carbon metabolism related nutrients (i.e., vitamin
B6 and folate) and related gene polymorphisms, in the etiology of gastrointestinal cancer, with
focus on colorectal, pancreatic, and gastric (stomach) cancer.
FIGURE 1. Age-standardized incidence rates of the most common gastrointestinal cancers in
the United States and Sweden*
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COLORECTAL CANCER
1.1 COLORECTUM ANATOMY
The colorectum (large intestine) is about 1.5 m long, with a diameter of 6 cm. It consists of
the cecum, appendix, colon (ascending, transverse, descending, and sigmoid colon), rectum,
and anal canal (FIGURE 2).

FIGURE 2. Anatomy of colorectum (Reprinted from Iacopetta B, International Journal of
Cancer 2002, with permission from the International Journal of Cancer)

COLORECTAL CARCINOGENESIS
Colorectal cancers are postulated to arise as the result of a series of histopathologic and
molecular changes that transform normal colonic epithelial cells into a colorectal carcinoma,
with an adenomatous polyp as an intermediate step in this process (Kinzler and Vogelstein,
1998). Several events have been identified as occurring early or late in the multistage process
in which colonic cells accumulate alterations of multiple genes that control cell growth and
differentiation, resulting in the neoplastic phenotype. For example, the mutation or loss of the
APC tumor suppressor gene occurs early in colorectal carcinogenesis, the K-ras protooncogene tends to mutate in the middle of the process, whereas loss of the p53 tumor
suppressor gene is frequently a late event (Fearon and Vogelstein, 1990) (FIGURE 3).
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FIGURE 3. A genetic model for colorectal cancer (Modified from Fearon and Vogelstein, 1990)
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DESCRIPTIVE EPIDEMIOLOGY
Worldwide, colorectal cancer ranks third in frequency of incidence after cancers of the lung
and breast (Parkin et al., 2005). In 2002, approximately 1 million new cases of colorectal
cancer were diagnosed (9.4% of new cases of cancer) and 529 000 individuals died from this
malignancy (Parkin et al., 2005). Colorectal cancer occurs with almost the same frequency in
men and women (ratio, 1.2:1). Incidence rates vary approximately 25-fold around the world,
with the highest rates in Japan, Australia/New Zealand, North America, and Europe and the
lowest rates in Africa and Asia (FIGURE 4).
Colorectal cancer is the third most common cancer among men and women combined in
Sweden and the United States (National Board of Health and Welfare, 2006; Ries et al.,
2006). In Sweden in 2004, 1779 men and 1842 women were diagnosed with colon cancer;
1120 men and 782 women were diagnosed with rectal cancer (National Board of Health and
Welfare, 2006). At current rates, approximately 6%–8% of Swedish and US men and women
will develop colorectal cancer within their lifetime, and about half of them will die from the
disease (National Board of Health and Welfare, 2006; Ries et al., 2006).
FIGURE 4. Age-standardized incidence rates of colorectal cancer*
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*Rates are age-standardized to the world population. Data from GLOBOCAN 2002.
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Time Trends

The incidence rates of colon and rectal cancer have been increasing among Swedish men and
women for several decades (FIGURE 5), whereas the mortality rates have been declining
(National Board of Health and Welfare, 2006). In the United States, the incidence rates of
colorectal cancer have been declining during the last two decades (Ries et al., 2006), which
may partly reflect an increase in screening and removal of premalignant polyps.
FIGURE 5. Trends in incidence rates of colon and rectal cancer among males (upper line) and
females (lower line) in Sweden, 1960–2004*

Per 100 000
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Colon Cancer
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*Rates are per 100 000 population and were adjusted to the 2000 Swedish age distribution (National
Board of Health and Welfare, 2006).
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Prognosis

As a result of improved diagnostic tools and treatment, the mortality and survival rates for
colorectal cancer have been improved in the last two decades. In Sweden, the 5-year relative
survival following diagnosis of both colon and rectal cancers is 56% for men and 58% for
women (Swedish Cancer Society, 2005). In the United States, the 5-year relative survival rate
is about 65% (Ries et al., 2006). Survival depends largely on stage of diagnosis. Statistics
from the National Cancer Institute show that about 90% of patients diagnosed with localized
colorectal cancer (39% of patients) survive beyond five years, compared to 68% of those
diagnosed with regional disease, and 10% of those whose cancers are metastatic at diagnosis
(Ries et al., 2006).

Age of Onset

The age-specific incidence rates of colon and rectal cancer among Swedish women and men
are presented in FIGURE 6. Colon and rectal cancer incidence rates rise sharply after age 50,
with 95% of disease occurring in individuals over 50 years of age (National Board of Health
and Welfare, 2006). Although the incidence rates of colon and rectal cancer are higher in men
than in women (FIGURE 6), the number of new cases is approximately equal between sexes
because women tend to live longer than men.
FIGURE 6. Age-specific incidence rates of colon and rectal cancer among men and women in
Sweden
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DIETARY FACTORS
The international differences and trends together with data from migrant studies implies that
environmental factors play an important role in the etiology of colorectal cancer (Parkin et al.,
2005). The 25-fold geographic variation may be explained, in large part, by different dietary
and other environmental factors; in fact, even though the incidence rate of colorectal cancer
in Japan have been low even until quite recently, the highest rate in the world are now seen
among Hawaiian Japanese (Parkin et al., 2005). Below is a summary of the literature on diet
in relation to colorectal cancer risk, with focus on data from prospective studies.

Red Meat and Processed Meat

There is considerable evidence that high consumption of red meat and processed meat may
increase the risk of colorectal cancer. We quantitatively assessed the associations of red and
processed meat consumption with colorectal cancer in a meta-analysis of prospective studies
published to February 2006 (Larsson and Wolk, 2006a). In total, 15 prospective studies on
red meat and 14 prospective studies on processed meat consumption were included in the
meta-analysis. Summary results indicated that individuals in the highest relative to the lowest
category of red meat consumption had a 28% increased risk of colorectal cancer (FIGURE 7).
Similarly, high versus low processed meat consumption was associated with a 20% increase
in colorectal cancer risk (RR, 1.20; 95% CI, 1.11-1.31) (Larsson and Wolk, 2006a).
FIGURE 7. Relative risks of colorectal cancer associated with red meat consumption (highest
vs. lowest category) in individual prospective studies and for all studies combined
Study

Country

Cases

RR (95% CI)

Bostick et al., 1994
Kato et al., 1997
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USA
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Hsing et al., 1998
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1.90 (0.90-4.30)

Singh et al., 1998
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Pietinen et al., 1999

Finland
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Järvinen et al., 2001a

Finland

109

1.50 (0.77-2.94)

Tiemersma et al., 2002
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1.60 (0.90-2.90)

Flood et al., 2003

USA
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1.10 (0.83-1.45)

Wei et al., 2004*
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Wei et al., 2004†

USA
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English et al., 2004

Australia
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1.40 (1.00-1.90)

Larsson et al., 2005a
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733

1.32 (1.03-1.68)

Chao et al., 2005

USA

1667

1.36 (0.93-2.00)

Norat et al., 2005

Europe

1329

1.35 (0.96-1.88)

All studies

7367

1.28 (1.15-1.42)

Test for heterogeneity:
Q = 4.86; P = 0.99; I2 = 0%

0.6

1

1.5

2.5

4.5

Relative Risk (95% CI)

*Nurses’ Health Study; †Health Professionals Follow-up Study. Data from Larsson and Wolk, 2006a.
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Red meat and processed meat consumption was associated with an increased risk of both
colon and rectal cancer, although the association with red meat appeared to be stronger for
rectal cancer (Larsson and Wolk, 2006a). The positive association with processed meat intake
was stronger for distal colon (RR, 1.41; 95% CI, 1.09-1.84) than for proximal colon cancer
(RR, 1.02; 95% CI, 0.82-1.26), but these results were based on data from only three cohort
studies (Chao et al., 2005; Norat et al., 2005; Larsson et al., 2005a). Dose-response metaanalyses showed a statistically significant 31% increase in colorectal cancer risk associated
with each 120 g/day increment of red meat consumption, and a statistically significant 11%
increased risk for each 30 g/day increment of processed meats (Larsson and Wolk, 2006a).
The increased risk of colorectal cancer associated with high consumption of red meat and
processed meat may be related to a combination of factors such as the content of fat, protein,
and heme iron, and/or meat preparation methods (e.g., cooking and preserving methods). The
fat content of meat may influence the risk of colorectal cancer by increasing the production of
secondary bile acids (Reddy et al., 1980) which may promote colon carcinogenesis (Narisawa
et al., 1974). However, epidemiologic studies have generally not shown a relation between fat
intake and risk of colon cancer (Giovannucci and Goldin, 1997).
Red meat contains higher amounts of heme iron than white meat (poultry and fish). Heme
iron damages the colonic mucosa and stimulates epithelial cell proliferation in animal studies
(Sesink et al., 1999). Intake of heme iron was statistically significantly positively associated
with the risk of colon cancer in the Iowa Women’s Health Study (Lee et al., 2004) and in the
Swedish Mammography Cohort (Larsson et al., 2005b). Controlled human intervention
studies have shown that ingestion of red meat (but not white meat) and heme iron (but not
inorganic iron) increase the endogenous formation of N-nitroso compounds (NOCs) in the
intestine (Bingham et al., 1996; Hughes et al., 2001; Bingham et al., 2002; Cross et al., 2003;
Lewin et al., 2006). Several NOCs are potential human carcinogens (IARC, 1978). High-red
meat diets have been found to increase the formation of DNA adducts in human colon cells
(Lewin et al., 2006). The relationship between processed meat consumption and colorectal
cancer risk may be partly due to NOCs already present in the meat.
A group of compounds known as heterocyclic amines (HCAs) are formed in meat cooked
at high temperatures, such as frying and grilling (Cross and Sinha, 2004). HCAs are potent
mutagens and carcinogens in animal models (Cross and Sinha, 2004). Higher intake of HCAs
was associated with an increased risk of colon or colorectal cancers or adenoma in three US
case-control studies (Sinha et al., 2001; Nowell et al., 2002; Butler et al., 2003), but not in a
Swedish case-control study (Augustsson et al., 1999). In the prospective Health Professionals
Follow-up Study (Wu et al., 2006), high intake of meat-derived mutagenicity was associated
with a nonsignificant increased risk of distal colon adenoma (highest vs. lowest quintile: RR,
1.29; 95% CI, 0.97-1.72). White meat may contain high HCAs levels (Layton et al., 1995),
yet white meat consumption do not appear to be associated with increased risk of colorectal
cancer; if anything, white meat consumption may lower the risk (see below).
An alternative mechanism through which red meat consumption might increase the risk
of colorectal cancer is by increasing circulating insulin-like growth factor-I (IGF-I) levels. In
a cross-sectional study of Swedish men, we found a statistically significant positive relation
between red meat intake and serum IGF-I; men in the highest quintile of red meat intake had
13% higher serum IGF-I levels than men in the lowest quintile (Larsson et al., 2005c).
In summary, convincing evidence from prospective studies indicates that high intakes of
red meat and processed meat may increase the risk of colorectal cancer.
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Poultry and Fish

The associations between consumption of poultry and fish and colorectal cancer risk remain
unclear. Although several prospective studies have reported an inverse association between
poultry/chicken or fish consumption and risk of colorectal cancer (Willett et al., 1990; Kato et
al., 1997; English et al., 2004; Norat et al., 2005; Larsson et al., 2005a), others observed no
significant relation (Giovannucci et al., 1994; Pietinen et al., 1999; Tiemersma et al., 2002;
Kobayashi et al., 2004; Kojima et al., 2004; Lüchtenborg et al., 2005) or found an increase in
risk associated with high consumption of chicken (Järvinen et al., 2001a) or fish (Hsing et al.,
1998) (FIGURE 8). In the Cancer Prevention Study II Nutrition Cohort, consumption of total
white meat (poultry and fish) was nonsignificantly inversely associated with the risk of colon
cancer (highest vs. lowest quintile: multivariate RR, 0.84; 95% CI, 0.70-1.02) (Chao et al.,
2005). No association between total white meat consumption and colorectal cancer was found
in three other cohort studies (Bostick et al., 1994; Singh and Fraser, 1998; Flood et al., 2003).
FIGURE 8. Relative risks of colorectal cancer associated with consumption of poultry/chicken
or fish (highest vs. lowest category) in prospective studies
Relative Risk
(95% CI)

Poultry/Chicken
Willett et al., 1990*
Giovannucci et al., 1994*
Kato et al., 1997
Hsing et al., 1998
Pietinen et al., 1999
Järvinen et al., 2001a
Tiemersma et al., 2002
Kojima et al., 2004
English et al., 2004
Larsson et al., 2005a
Norat et al., 2005
Lüchtenborg et al., 2005
Summary estimate
Fish
Willett et al., 1990*
Giovannucci et al., 1994*
Gaard et al., 1996*
Kato et al., 1997
Hsing et al., 1998
Pietinen et al., 1999
Tiemersma et al., 2002
Kobayashi et al., 2004
English et al., 2004
Larsson et al., 2005a
Norat et al., 2005
Lüchtenborg et al., 2005
Summary estimate

0.47 (0.26-0.84)
0.82 (0.54-1.24)
0.79 (0.46-1.35)
1.10 (0.52-2.31)
1.20 (0.80-1.80)
1.59 (1.04-2.44)
0.70 (0.39-1.26)
0.96 (0.67-1.37)
0.70 (0.54-0.90)
0.75 (0.55-1.02)
0.92 (0.76-1.12)
0.93 (0.73-1.18)
0.88 (0.76-1.01)
1.06 (0.36-3.12)
1.06 (0.70-1.60)
0.60 (0.32-1.13)
0.49 (0.27-0.89)
1.50 (0.88-2.55)
0.90 (0.59-1.37)
0.70 (0.39-1.26)
1.05 (0.82-1.35)
0.90 (0.69-1.18)
1.08 (0.81-1.43)
0.69 (0.54-0.88)
1.00 (0.77-1.29)
0.91 (0.79-1.05)
0.3

0.5

0.7

1

1.2

1.5

2

2.5

Relative Risk (95% CI)

Test for heterogeneity: poultry/chicken, Q = 20.00, P = 0.05, I2 = 45.0%; fish, Q = 18.69, P = 0.07, I2
= 41.1 %.*Colon cancer.

Dairy Products

Dairy products are the major source of dietary vitamin D and calcium in Sweden (Becker and
Pearson, 2002) and in the United States (Cotton et al., 2004) (milk products are fortified with
vitamin D in these countries), and also contain other potentially anticarcinogenic compounds,
including conjugated linoleic acid (CLA) and sphingolipids (Parodi, 1997; Molkentin, 2000).
CLA has been shown to inhibit colorectal carcinogenesis in animal models (Liew et al., 1995;
Park et al., 2001; Kim and Park, 2003). In the Swedish Mammography Cohort, we observed
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statistically significant inverse associations between intakes of CLA and high-fat dairy foods
(the main source of CLA) and risk of colorectal cancer (Larsson et al., 2005d).
The relationship between milk consumption and risk of colorectal cancer was examined
in the Pooling Project of Prospective Studies of Diet and Cancer, in which the primary data
from 10 cohort studies (in five countries) were pooled (Cho et al., 2004a). The study included
534 536 individuals, among whom 4992 incident colorectal cancers were diagnosed between
6 and 16 years of follow-up. The pooled results revealed a statistically significant inverse
association between milk consumption and colorectal cancer risk (Ptrend <0.001); compared to
individuals in the lowest category of milk consumption (<70 g/day), the multivariate relative
risk for those in the highest category (≥250 g/day) was 0.85 (95% CI, 0.78-0.94) (Cho et al.,
2004a). An inverse association between milk consumption and colorectal cancer risk has also
been observed in three European cohort studies that were not included in the Pooling Project
(Järvinen et al., 2001b; Kesse et al., 2005; Larsson et al., 2006b), but not in two cohort studies
in the United States (McCullough et al., 2003; Lin et al., 2005) and one in Japan (Kojima et
al., 2004). In the Cohort of Swedish Men, men in the highest category of milk consumption
(≥1.5 glass/day) had a statistically significant 33% lower risk of colorectal cancer compared
with those who consumed less than two glasses of milk per week (Larsson et al., 2006b).
Total dairy food consumption has been inversely associated with risk of colorectal cancer
in several prospective cohort studies (Kato et al., 1997; Hsing et al., 1998; Sellers et al., 1998;
Pietinen et al., 1999; Kesse et al., 2005; Larsson et al., 2005d; Larsson et al., 2006b), but not
in all (Järvinen et al., 2001b; McCullough et al., 2003; Lin et al., 2005) (FIGURE 9).
In summary, there is compelling evidence from prospective studies that high consumption
of milk and total dairy foods may lower the risk of colorectal cancer.
FIGURE 9. Relative risks of colorectal cancer associated with total dairy food consumption
(highest vs. lowest category) in prospective studies
Study

Country

Cases

RR (95% CI)

Kato et al., 1997
Hsing et al., 1998

USA

100

0.69 (0.40-1.20)

USA

145

0.60 (0.30-1.20)

Sellers et al., 1998

USA

241

0.70 (0.40-1.00)

Pietinen et al., 1999

Finland

185

0.60 (0.70-0.90)

Järvinen et al., 2001b

Finland

72

1.03 (0.46-2.32)

McCullough et al., 2003

USA

683

1.00 (0.75-1.34)

Lin et al., 2005

USA

223

0.89 (0.54-1.47)

Kesse et al., 2005

France

172

0.78 (0.49-1.22)

Larsson et al., 2005d (SMC)

Sweden

798

0.84 (0.63-1.12)

Larsson et al., 2006b (COSM)

Sweden

449

0.46 (0.30-0.71)

3068

0.75 (0.64-0.88)

All studies
Test for heterogeneity:
Q = 12.04; P = 0.21; I2 = 25.3%

0.3 0.5 0.7 1 1.5

2.5

Relative Risk (95% CI)
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Vitamin D

More than two decades ago, Garland and Garland (1980) hypothesized that vitamin D may be
a protective factor against colon cancer. This hypothesis originated with the observation that
colon cancer death rates were lowest in places of the United States with the highest amounts
of sunlight (Garland and Garland, 1980). Vitamin D is synthesized in the skin in response to
exposure to ultraviolet radiation, and is obtained from the diet. There are, however, only a
few foods naturally rich in vitamin D (most notably fatty fish) and therefore vitamin D intake
usually comes from fortified dairy products, fortified margarines (in Sweden) or multivitamin
supplements. Experimental studies suggest that vitamin D may reduce colorectal cancer risk
by inhibition of cellular proliferation and by inducing cellular differentiation (Shabahang et
al., 1994; Diaz et al., 2000; Palmer et al., 2001; Holt et al., 2002).
Studies that have examined circulating 25-hydroxyvitamin D [25(OH)D] concentrations
and risk of colon or colorectal cancer or adenoma have found a reduced risk associated with
higher 25(OH)D concentrations (Garland et al., 1989; Tangrea et al., 1997; Levine et al.,
2001; Peters et al., 2001; Grau et al., 2003; Feskanich et al., 2004; Peters et al., 2004;
Wactawski-Wende et al., 2006), with two exceptions (Braun et al., 1995; Platz et al., 2000)
(FIGURE 10). In the Washington County, Maryland cohort, an inverse relationship between
25(OH)D concentrations and risk of colon cancer was observed in the first nine years after
the blood sample collection (Garland et al., 1989), but the association was weakened and not
statistically significant when considering cases diagnosed 10-17 years after blood collection
(Braun et al., 1995). In a nested case-control study within the Prostate, Lung, Colorectal and
Ovarian Cancer Screening trial, serum 25(OH)D concentrations were inversely associated
with risk of colorectal adenoma in women but not in men (Peters et al., 2004) (FIGURE 10).
FIGURE 10. Relative risks for the association between 25(OH)D concentrations (highest vs.
lowest category) and colorectal cancer or adenoma in case-control and prospective studies
Relative Risk
(95% CI)

Cancer
Garland et al., 1989
Braun et al., 1995
Tangrea et al., 1997
Feskanich et al., 2004
Wactawski-Wende et al., 2006
Summary estimate

0.21 (0.05-0.86)
0.40 (0.10-1.40)
0.60 (0.30-1.10)
0.53 (0.27-1.04)
0.40 (0.23-0.67)
0.46 (0.33-0.64)

Adenoma
Platz et al., 2000
Peters et al., 2001*
Levine et al., 2001*
Grau et al., 2003
Peters et al., 2003 (M)
Peters et al., 2003 (F)
Summary estimate

1.04 (0.66-1.66)
0.43 (0.23-0.81)
0.74 (0.51-1.09)
0.71 (0.57-0.89)
1.10 (0.60-2.05)
0.27 (0.11-0.69)
0.71 (0.53-0.94)
0.1

0.2

0.4

0.7

1

1.5

2

Relative Risk (95% CI)

Test for heterogeneity: cancer, Q = 2.28, P = 0.68, I2 = 0%; adenoma, Q = 11.26, P = 0.05, I2 = 55.6%.
*Case-control study. M = male; F = female.
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Giovannucci et al. (2006) analyzed data from the Health Professionals Follow-up Study
cohort who had measurements of 25(OH)D levels available, and used geographic region, skin
pigmentation, dietary and supplemental vitamin D intake, adiposity [which lowers circulating
25(OH)D], and leisure-time physical activity (a surrogate of sunlight exposure) to develop a
model to predict 25(OH)D score. In the whole cohort, 691 incident cases of colorectal cancer
were diagnosed over 14 years of follow-up. An increase of 25 nmol/L in predicted 25(OH)D
concentrations was associated with a statistically significant 37% reduced risk of colorectal
cancer (Giovannucci et al., 2006).
Six prospective cohort studies have examined the relation between total vitamin D intake
(including supplements) and colorectal cancer risk (Bostick et al., 1993; Kearney et al., 1996;
Martinez et al., 1996; Zheng et al., 1998; McCullough et al., 2003; Lin et al., 2005). All but
one of these studies reported a reduced risk of colorectal cancer associated with a high total
vitamin D intake, but the association was statistically significant in only one study (Martinez
et al., 1996) (FIGURE 11). Findings from prospective studies relating dietary vitamin D intake
to risk of colorectal cancer (Garland et al., 1985; Kearney et al., 1996; Martinez et al., 1996;
Järvinen et al., 2001b; Terry et al., 2002a; McCullough et al., 2003; Kesse et al., 2005; Lin et
al., 2005) have largely been null with the exception of one small study that observed a
statistically significant about halving in incidence for individuals in the highest relative to the
the lowest quartile of intake (Garland et al., 1985) (FIGURE 11).
FIGURE 11. Relative risks of colorectal cancer associated with total and dietary vitamin D
intake (highest vs. lowest category) in prospective studies
Relative Risk
(95% CI)

Total vitamin D
Bostick et al., 1993
Kearney et al., 1996
Martinez et al., 1996
Zheng et al. 1998
McCullough et al., 2003
Lin et al., 2005
Summary estimate

0.73 (0.45-1.18)
0.66 (0.42-1.05)
0.42 (0.19-0.91)
0.76 (0.50-1.16)
0.80 (0.62-1.02)
1.34 (0.84-2.13)
0.79 (0.63-0.99)

Dietary vitamin D
Garland et al., 1985
Kearney et al., 1996
Martinez et al., 1996
Järvinen et al., 2001b
Terry et al., 2002
McCullough et al., 2003
Lin et al., 2005
Kesse et al., 2005
Summary estimate

0.53 (0.20-0.90)
0.88 (0.54-1.42)
0.72 (0.34-1.54)
1.74 (0.82-3.68)
1.05 (0.83-1.33)
0.92 (0.71-1.18)
0.96 (0.60-1.55)
0.89 (0.58-1.36)
0.95 (0.83-1.09)
0.3

0.5

0.7

1

1.5

2

Relative Risk (95% CI)

Test for heterogeneity: total vitamin D (from diet and supplements combined), Q = 8.19, P = 0.15, I2 =
38.9%; dietary vitamin D, Q = 6.27, P = 0.51, I2 = 0%.
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In the Women’s Health Initiative trial, the number of incident cases of colorectal cancer
during an average follow-up of 7 years did not differ significantly between women assigned
to calcium plus vitamin D supplementation and those assigned to placebo (168 and 154 cases;
RR, 1.08; 95% CI, 0.86-1.34) (Wactawski-Wende et al., 2006). It is possible, however, that
the dose of 400 IU of vitamin D3 per day may have been insufficient and the trial may have
been too short for a benefit to appear. Of note, findings from this trial showed a statistically
significant inverse relation between baseline serum 25(OH)D concentrations and colorectal
cancer risk (Ptrend = 0.02) (FIGURE 10).
Overall, the data for 25(OH)D concentrations and colorectal cancer and adenoma risk are
compatible with the hypothesis that a low vitamin D status may increase the risk of colorectal
cancer. High intakes of total vitamin D, but not dietary vitamin D, seem to be associated with
lower risk of colorectal cancer, though data are relatively limited. As assessment of vitamin D
intake is problematic, measurement of prediagnostic blood levels is particularly relevant.

Calcium

Calcium has been hypothesized to reduce the risk of colorectal cancer by binding secondary
bile acids and ionized fatty acids to form insoluble soups in the colonic lumen, thereby
diminishing the potential proliferative stimulus of these compounds on colonic mucosa
(Newmark et al., 1984). Calcium may also directly influence the proliferative activity of the
colonic mucosa and may also influence differentiation and apoptosis (Lamprecht and Lipkin,
2003). Studies in animals and some, although not all, clinical trials have shown that increased
calcium intake could decrease colonic epithelial cell proliferation (Holt et al., 1998; Lipkin,
1999). Additionally, in randomized trials, calcium supplementation reduces the recurrence of
colorectal adenoma (Hofstad et al., 1998; Baron et al., 1999; Bonithon-Kopp et al., 2000)
consistent with a role of calcium in the early stages of carcinogenesis. The Women’s Health
Initiative randomly assigned 36 282 women to receive 1000 mg of calcium and 400 IU of
vitamin D daily or placebo (Wactawski-Wende et al., 2006). No association with colorectal
cancer incidence was found after an average of 7 years of follow-up. However, a suggestive
inverse relation was observed for colorectal cancer mortality (RR, 0.82; 95% CI, 0.52-1.29).
Reviews (WCRF/AICR, 1997; Martinez and Willett, 1998) and a meta-analysis (BergsmaKadijk et al., 1996) of the evidence from case-control and prospective studies published
through the mid- to late-1990s suggested little or no protective association between calcium
intake and the risk of colorectal adenoma or cancer. Subsequently, a fairly consistent modest
inverse relationship between calcium intake and risk of colorectal cancer has been observed
in several large prospective studies (Cho et al., 2004a; Flood et al., 2005; Kesse et al., 2005;
Shin et al., 2006; Larsson et al., 2006b) and in a case-control study with about 2000 cases of
colon cancer (Kampman et al., 2000). In the Pooling Project of Prospective Studies of Diet
and Cancer, which combined data from 10 cohort studies, the multivariate relative risks of
colorectal cancer comparing the highest with the lowest quintile of intake were 0.86 (95% CI,
0.78-0.95) for dietary calcium and 0.78 (95% CI, 0.69-0.88) for total calcium (including
supplements) (Cho et al., 2004a). In the Cohort of Swedish Men, men in the highest quartile
of total calcium intake (≥1445 mg/day) compared to those in the lowest quartile (<956
mg/day) had a statistically significant 32% lower risk of colorectal cancer (Larsson et al.,
2006b). There was a suggestion of a threshold effect, with little further reduction in colorectal
cancer risk with total calcium intakes of more than approximately 1400 mg/day (Larsson et
al., 2006b) (FIGURE 12).
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The totality of evidence from laboratory studies, observational epidemiologic studies, and
randomized trials of colorectal polyp recurrence supports the hypothesis that a high intake of
calcium reduces the risk of colorectal cancer.
FIGURE 12. Multivariate relative risks of colorectal cancer according to total calcium intake
in the Cohort of Swedish Men, 1998–2005

Data from Larsson et al., 2006b (follow-up through June 30, 2005).

Magnesium, Zinc, and Selenium

Magnesium and zinc are essential minerals involved in DNA replication, DNA repair, and
gene expression (Ho, 2004; Wolf et al., 2006). These minerals also play an important role in
maintaining genomic stability and protecting cellular components from oxidation and damage
to DNA (Ho, 2004; Wolf et al., 2006). Magnesium supplementation has been demonstrated to
reduce the incidence of experimentally induced colon cancer in animals (Tanaka et al., 1989;
Mori et al., 1993). It is at present unknown, however, whether a high magnesium intake may
lower the risk of colorectal cancer in humans. Epidemiologic studies of zinc intake in relation
to colorectal cancer risk are sparse. Dietary zinc intake was statistically significantly inversely
associated with the risk of colon cancer in the Iowa Women’s Health Study (Lee et al., 2004)
but not in the Swedish Mammography Cohort (Larsson et al., 2005b).
Selenium, which may prevent carcinogenesis through several biochemical pathways, is
an essential trace element found mainly in fish, meat, egg, and cereals. In a randomized trial,
a statistically significant 61% reduction in colorectal cancer incidence was observed among
participants randomly assigned to the selenium supplement group (Clark et al., 1996). Several
observational studies have supported a role for selenium in colorectal adenoma and cancer
prevention (Nomura et al., 1987; Clark et al., 1993; Russo et al., 1997; Ghadirian et al., 2000;
Fernandez-Banares et al., 2002; Jacobs et al., 2004; Peters et al., 2006). Relatively few
observational studies have found either no association (Knekt et al., 1990; van den Brandt et
al., 1993) or a nonsignificant positive association (Garland et al., 1995; Nelson et al., 1995).
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Fruits and Vegetables

Besides being a rich source of dietary fiber, carotenoids, certain vitamins (particularly folate
and vitamin C), and magnesium, fruits and vegetables contain numerous phytochemicals that
may have anticarcinogenic properties. Although the majority of about 30 case-control studies
have found inverse associations between fruit and/or vegetable consumption and colorectal
cancer risk, findings from prospective cohort studies have been less consistent (IARC, 2003).
A randomized controlled trial showed that intervention over a 3 year period with a diet low in
fat and high in fruits and vegetables had no effect on recurrence of colorectal adenomas
(Schatzkin et al., 2000). An extensive report by the International Agency for Research on
Cancer concluded that a higher intake of fruits “possibly” lowers the risk of colorectal cancer
and that a higher intake of vegetables “probably” reduces the risk (IARC, 2003). In a metaanalysis (Riboli and Norat, 2003), the estimated relative risks for a 100 g/day increase in fruit
consumption were 0.93 (95% CI, 0.87-0.99) in case-control studies and 0.96 (95% CI, 0.901.01) in cohort studies. The corresponding relative risks for vegetable consumption was 0.87
(95% CI, 0.80-0.95) in case-control and 0.96 (95% CI, 0.90-1.05) in cohort studies (Riboli
and Norat, 2003). In summary, the hypothesis that high consumption of fruits and vegetables
may reduce the risk of colorectal cancer has not been firmly established.

Folate

Folate is a water-soluble B vitamin found abundantly in fruit and vegetables (especially citrus
fruits, green leafy vegetables, and cruciferous vegetables), legumes, cereals, and liver. Folate
is an important methyl-group donor involved in DNA synthesis and repair as well as in DNA
methylation. Over the last decade, the relation between folate intake and colorectal cancer has
been increasingly investigated and the epidemiologic literature to January 2004 was reviewed
and results summarized in meta-analysis by Sanjoaquin et al. (2005). In their meta-analysis,
the relative risks of colorectal cancer for high versus low dietary folate intake were 0.76 (95%
CI, 0.60-0.95) in case-control studies (n = 7) and 0.75 (95% CI, 0.64-0.89) in cohort studies
(n = 5) (Sanjoaquin et al., 2005). Total folate intake was not significantly associated with
colorectal cancer in case-control (RR, 0.81; 95% CI, 0.62-1.05; n = 3) or cohort studies (RR,
0.95; 95% CI, 0.81-1.11; n = 3). Results from an updated meta-analysis of folate intake and
risk of colorectal cancer are provided in the Results section of this thesis (pages 77-79).

Dietary Fiber

The idea that a high-fiber diet might protect against colorectal cancer dates back to the early
1970s, when Burkitt postulated that the low occurrence of colorectal cancer he observed in
southern Africa was related to high fiber intake (Burkitt, 1971). Potential mechanisms for a
protective effect of a high-fiber diet against colorectal cancer include dilution and binding of
fecal carcinogens and procarcinogens, reduction of transit time of feces through the bowel,
and production of short-chain fatty acids, which reduce pH and the conversion of primary bile
acids to secondary bile acids (Bingham, 1990). The short-chain fatty acid butyrate is an
energy substrate for the colonic mucosa. In cell lines, butyrate reduces cell proliferation and
induces apoptosis, factors related to inhibition of the transformation of the colonic epithelium
to carcinoma (Bingham, 1990; Boffa et al., 1992; Menzel et al., 2002).
While the fiber hypothesis gained support from a number of case-control studies from
different countries, the findings from cohort studies of dietary fiber intake in relation to risk
of colorectal cancer have been inconsistent (Kushi et al., 1999). In the European Prospective
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Investigation into Cancer and Nutrition (EPIC) study, with 1721 cases of colorectal cancer
diagnosed during an average follow-up of 6.2 years, total dietary fiber intake was statistically
significantly inversely associated with risk of colorectal cancer (Bingham et al., 2005). After
adjustment for potential confounders, the EPIC investigators observed a 21% reduction in the
risk of colorectal cancer for individuals in the highest relative to the lowest quintile of dietary
fiber intake. In the Swedish Mammography Cohort, with 805 cases of colorectal cancer, high
intake of cereal fiber was associated with a nonsignificant 24% lower risk of colon cancer but
was not associated with risk of rectal cancer (Larsson et al., 2005e). The Pooling Project of
Prospective Studies of Diet and Cancer (including 13 cohort studies) with 8081 colorectal
cancer cases did not support a significant trend of decreasing risk of colorectal cancer with
increasing total dietary fiber intake after controlling for other risk factors (Park et al., 2005);
however, there was a statistically significant 18% increase in risk of colorectal cancer among
individuals with a dietary fiber intake of less than 10 g/day (11% of the study population)
compared to those with an intake of 10–15 g/day. After correction for measurement error, the
relative risk for fiber intakes of less than 10 g/day versus 10 or more g/day changed from 1.22
(95% CI, 1.10-1.35) to 2.16 (95% CI, 1.12-4.16). For colorectal cancer overall, no further
reduction in risk was seen at higher fiber intakes. For rectal cancer, there was a suggestion
that individuals in the highest quintile of dietary fiber intake had a decreased risk compared
with those in the lowest quintile (RR, 0.85; 95% CI, 0.72-1.01) (Park et al., 2005).
In the Prostate, Lung, Colorectal, and Ovarian (PLCO) Cancer Screening Trial (involving
3591 cases with adenoma and 33 971 participants who were sigmoidoscopy-negative for
polyps), high dietary fiber intake was associated with a lower risk of colorectal adenoma after
adjustment for potential dietary and nondietary risk factors (Peters et al., 2003). Participants
in the highest quintile of dietary fiber intake had a statistically significant 27% lower risk of
adenoma than those in the lowest quintile. The inverse relationship was strongest for fiber
from cereals and fruits (Peters et al., 2003).
There is some evidence that a high-fiber diet may reduce the risk of colorectal adenoma
recurrence. A combined analysis of two large randomized intervention trials – the Wheat
Bran Fiber Trial and the Polyp Prevention Trial – showed that, among men, those in the highfiber (intervention) group had a statistically significantly reduced odds of colorectal adenoma
recurrence (OR, 0.81; 95% CI, 0.67-0.98) than did the low-fiber (control) group; however, no
statistically significant effect was observed for women (Jacobs et al., 2006).
To summarize, findings from large prospective cohort studies provide some indications
that dietary fiber intake might be related in some way to risk of colon or rectal neoplasia.

Glycemic Index and Glycemic Load

Consumption of diets with high glycemic index and glycemic load has been hypothesized to
increase colorectal cancer risk by raising postprandial glucose levels and increasing insulin
secretion. To date, two case-control and six cohort studies have explored this hypothesis. The
two case-control studies reported a statistically significant 1.5-fold to 1.8-fold elevated risk of
colorectal cancer associated with a high glycemic index or a high glycemic load (Slattery et
al., 1997a; Franceschi et al., 2001). In the Women’s Health Study, diets with high glycemic
index and glycemic load were associated with a 1.7- to 2.9-fold increased risk of colorectal
cancer (Higginbotham et al., 2004). In the Health Professionals Follow-up Study (Michaud et
al., 2005), men in the highest quintile of glycemic load had a nonsignificant increase in risk
of colorectal cancer (RR, 1.32; 95% CI, 0.98-1.79) compared with men in the lowest quintile.
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No overall associations of glycemic index or glycemic load with colorectal cancer risk were
observed in the Canadian National Breast Screening Study (Terry et al., 2003), the Nurses’
Health Study (Michaud et al., 2005), the Iowa Women’s Health Study (McCarl et al., 2006),
or in the Swedish Mammography Cohort (Larsson et al., in press). Nevertheless, in the Iowa
Women’s Health Study, both glycemic index and glycemic load were significantly positively
associated with risk of colorectal cancer among obese women (BMI ≥30 kg/m2) (McCarl et
al., 2006). The associations with glycemic index/load were not modified by BMI in the other
three cohorts of women (Terry et al., 2003; Michaud et al., 2005; Larsson et al., in press).

Alcohol

The association of alcohol consumption with risk of colorectal cancer has been evaluated in
numerous case-control and cohort studies. A panel of experts concluded that “high alcohol
consumption probably increases the risk of cancers of the colon and rectum” and that the
association is likely to be “related to total ethanol intake, irrespective of the type of drink”
(WCRF/AICR, 1997). In the Pooling Project of Prospective Studies of Diet and Cancer
(which combined data from eight cohort studies), compared with nondrinkers of alcohol, the
pooled multivariate relative risks of colorectal cancer were 1.16 (95% CI, 0.99-1.36) for
individuals who consumed 30–45 g/day of alcohol and 1.41 (95% CI, 1.16-1.72) for those
who consumed 45 g/day or more (Cho et al., 2004b) (FIGURE 13). The positive association
was observed for cancer of the proximal colon, distal colon, and rectum, and there was no
clear difference in relative risks among specific alcoholic beverages. Alcohol consumption
was not associated with colorectal cancer risk among individuals with high methionine intake
or among those who used multivitamins, most of which contain folic acid (Cho et al., 2004b).
FIGURE 13. Multivariate relative risks of colorectal cancer by alcohol intake categories in the
Pooling Project of Prospective Studies of Diet and Cancer
1,8

Relative Risk (95% CI)
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P for trend < 0.001
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Data from Cho et al., 2004b.
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There are several plausible biologic mechanisms by which alcohol may increase the risk
of colorectal cancer. First, the metabolism of alcohol leads to the generation of acetaldehyde
and free radicals. Acetaldehyde has direct mutagenic and carcinogenic effects, and may
indirectly affect carcinogenesis by interfering with DNA synthesis and repair (Poschl and
Seitz, 2004). Second, alcohol may act through its anti-folate effects or more specifically via
its effects on DNA methylation (Giovannucci, 2004). Finally, chronic alcohol consumption
results in the induction of cytochrome P450 2E1 in gastrointestinal mucosa cells and in the
liver, leading to increased activation of various dietary and environmental procarcinogens,
including nitrosamines (Poschl and Seitz, 2004).

Coffee and Tea

Coffee consumption has been inversely associated with colorectal cancer risk in several casecontrol studies. In a meta-analysis, the summary results of 12 case-control studies showed a
statistically significant 28% reduction in risk of colorectal cancer for high versus low coffee
consumption (Giovannucci, 1998a). Recent results from four large prospective cohort studies
have not supported an association with coffee consumption (Michels et al., 2005; Larsson et
al., 2006c). In the Swedish Mammography Cohort and the Cohort of Swedish Men (Larsson
et al., 2006c), there was no association between coffee consumption and incidence of colon or
rectal cancer; the multivariate relative risk of colorectal cancer for an increment of 1 cup of
coffee per day was 1.00 (95% CI, 0.97-1.04). Likewise, caffeinated coffee consumption was
not associated with incidence of colon or rectal cancer in the Nurses’ Health Study and the
Health Professionals Follow-up Study (Michels et al., 2005); the multivariate relative risk of
colorectal cancer for an increment of 1 cup of coffee per day was 0.99 (95% CI, 0.96-1.03).
Nevertheless, regular consumption of decaffeinated coffee was associated with a lower risk of
rectal cancer in these cohorts, but the association was not linear; the multivariate relative risks
of rectal cancer were 1.00, 0.46, 0.57, 0.58, and 0.48 in ascending categories of decaffeinated
coffee consumption (never, 0.25 cup/day, 0.5 cup/day, 1-1.9 cups/day, and ≥2 cups/day)
(Michels et al., 2005). In a small cohort study in Japan, coffee consumption was associated
with a reduced risk of colon cancer in women (≥1 cup/day vs. <1 cup/month: RR, 0.43; 95%
CI, 0.22-0.85) but not in men (Oba et al., 2006).
Antioxidant polyphenols (such as catechins and flavonols) are abundantly present in both
green and black teas and have been shown to have anticarcinogenic properties in laboratory
studies (Lunder, 1992; Yang and Wang, 1993). However, case-control and prospective cohort
studies of the relation between tea consumption and colorectal cancer have been inconsistent.
In a meta-analysis of epidemiologic studies published to July 2006, the summary relative
risks of colorectal cancer for high versus low consumption were 0.99 (95% CI, 0.87-1.13) for
black tea (based on results from 13 case-control and 7 cohort studies) and 0.82 (95% CI,
0.69-0.98) for green tea (4 case-control and 4 cohort studies) (Sun et al., 2006). The inverse
association with green tea consumption was limited to case-control studies (OR, 0.74; 95%
CI, 0.63-0.86); cohort studies did not support an association (RR, 0.97; 95% CI, 0.82-1.16)
(Sun et al., 2006). Findings from a cohort study in Japan published after that meta-analysis
revealed no relationship between green tea consumption and mortality from colorectal cancer
(Kuriyama et al., 2006).
In summary, the overall evidence from prospective studies suggests that consumption of
coffee and tea probably is not related to the risk of colorectal cancer.
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NONDIETARY FACTORS
Overweight and Obesity

The relationship between body size and risk of colorectal cancer has been evaluated in many
epidemiologic studies. In most prospective studies, body mass index (BMI) has been found to
be positively related to risk of colon cancer in both men and women, though the association
appears to be stronger in men (Bostick et al., 1994; Murphy et al., 2000; Lin et al., 2004;
MacInnis et al., 2004; Moore et al., 2004; Wei et al., 2004; Batty et al., 2005; Engeland et al.,
2005; Oh et al., 2005; Rapp et al., 2005; Otani et al., 2005a; Bowers et al., 2006; Pischon et
al., 2006; Samanic et al., 2006; Larsson et al., 2006d). A fewer number of prospective studies
have examined the association of BMI with rectal cancer risk, and the results are inconsistent
(Lin et al., 2004; Wei et al., 2004; Engeland et al., 2005; Rapp et al., 2005; Otani et al.,
2005a; Bowers et al., 2006; Pischon et al., 2006; Samanic et al., 2006; Larsson et al., 2006d).
In the EPIC study, BMI was statistically significantly positively associated with colon cancer
risk in men but not in women (Pischon et al., 2006). However, both waist circumference and
waist-to-hip ratio were statistically significantly positively associated with colon cancer risk
in both sexes (Pischon et al., 2006). None of the anthropometric measures was statistically
significantly related to rectal cancer (Pischon et al., 2006). In the Cohort of Swedish Men,
compared with men of normal weight, obese men had a statistically significant 60% increased
risk of colon cancer and a nonsignificant 44% elevated risk of rectal cancer (Larsson et al.,
2006d). Other large prospective studies have also reported a positive relationship between
BMI and risk of rectal cancer in men (Engeland et al., 2005; Rapp et al., 2005; Samanic et al.,
2006) but not in women (Engeland et al., 2005; Rapp et al., 2005). In contrast, obesity was
associated with a statistically significant increased risk of rectal cancer in the Nurses’ Health
Study but not in the Health Professionals Follow-up Study (Wei et al., 2004).
The exact biologic mechanisms linking obesity with increased colon cancer risk are not
fully understood, but may involve insulin resistance and alterations in the insulin-like growth
factor (IGF) system. Obesity, especially abdominal obesity, is related to insulin resistance and
hyperinsulinemia (Kahn and Flier, 2000). Insulin stimulates growth of colon cancer cell lines
(Giovannucci, 1995). Several prospective studies have reported positive associations between
circulating levels of insulin and C-peptide (a marker of insulin production) and colorectal
cancer risk (Schoen et al., 1999; Kaaks et al., 2000; Ma et al., 2004; Wei et al., 2005a).
Hyperinsulinemia may lead to increased IGF-I bioavailability as a result of insulin-mediated
alterations in insulin-like growth factor binding proteins (Sandhu et al., 2002). IGF-I has been
shown to be involved in the development, progression, and metastatic potential of colon
cancer (Singh and Rubin, 1993; Wu et al., 2002). High IGF-I levels, particularly relative to
IGFBP-3, have been associated with increased risk of colorectal cancer in prospective studies
(Ma et al., 1999a; Giovannucci et al., 2000; Kaaks et al., 2000; Palmqvist et al., 2002).
Obesity also increases serum levels of leptin, which has been positively related to risk of
colon cancer (Stattin et al., 2003; Stattin et al., 2004; Tamakoshi et al., 2005). Furthermore,
body fat is inversely associated with circulating levels of adiponectin, an insulin-sensitizing
hormone secreted by adipocytes (Trujillo and Scherer, 2005). In a nested case-control study
within the Health Professionals Follow-up Study (Wei et al., 2005b), men in the lowest
quintile of plasma adiponectin levels had about a 2-fold increased risk of colorectal cancer
compared to men in the four upper quintiles. A case-control study found significantly lower
adiponectin levels in colorectal adenoma patients than in healthy controls (Otake et al., 2005).
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Physical Activity

Convincing epidemiologic data support the role of physical activity in reducing colon cancer
risk (IARC, 2002; Samad et al., 2005). In a meta-analysis of studies published up to January
2002, the summary results based on prospective studies were consistent with a statistically
significant inverse association between leisure-time physical activity, but not occupational
activity, and risk of colon cancer (Samad et al., 2005). FIGURE 14 shows the results from an
updated meta-analysis of prospective studies (published through October 2006) on leisuretime physical activity and risk of colon and rectal cancer. The summary estimate indicates a
statistically significant 24% lower risk of colon cancer for individuals in the highest relative
to the lowest category of leisure-time physical activity (RR, 0.76; 95% CI, 0.67-0.86). This
association is seen for both men (RR, 0.75; 95% CI, 0.63-0.89) and women (RR, 0.79; 95%
CI, 0.66-0.95). In contrast to colon cancer, there is no association between physical activity
and risk of rectal cancer (FIGURE 14).
Several mechanisms have been proposed for the relationship between physical activity
and colon cancer risk. Higher physical activity is associated with a general metabolic milieu
(lower insulin, glucose, and triacylglycerol and possibly lower levels of other growth factors)
that is less favorable to the growth of cancer in general and perhaps colon cancer in particular
(McKeown-Eyssen, 1994; Giovannucci, 1995). Other proposed mechanisms include reduced
gastrointestinal transit time, improved immune function, changes in bile acid metabolism, and
altered prostaglandin levels (Bartram and Wynder, 1989).
FIGURE 14. Relative risks of colon and rectal cancer associated with leisure-time physical
activity (highest vs. lowest category) in prospective studies
Colon cancer
Gerhardsson et al., 1988 (M)
Gerhardsson et al., 1988 (F)
Severson et al., 1989 (M)
Lee al., 1991 (M)
Bostick et al., 1994 (F)
Thune al., 1996 (M)
Thune al., 1996 (F)
Lee al., 1997 (M)
Colbert al., 1997 (M)
Wei et al., 2004 (M)
Wei et al., 2004 (F)
Chao et al., 2004 (M)
Chao et al., 2004 (F)
Schnohr et al., 2005 (M)
Schnohr et al., 2005 (F)
Larsson et al., 2006d (M)
Summary estimate

Relative Risk
(95% CI)
0.71 (0.38-1.25)
0.48 (0.20-1.11)
0.66 (0.49-0.88)
0.50 (0.27-0.93)
0.95 (0.68-1.39)
1.33 (0.90-1.98)
0.84 (0.43-1.65)
1.10 (0.70-1.60)
0.82 (0.59-1.13)
0.71 (0.52-0.96)
0.73 (0.53-1.01)
0.58 (0.39-0.87)
0.65 (0.39-1.11)
0.72 (0.47-1.11)
0.90 (0.56-1.46)
0.56 (0.37-0.83)
0.76 (0.67-0.86)

Rectal cancer
Severson et al., 1989 (M)
Lee al., 1991 (M)
Thune al., 1996 (M)
Thune al., 1996 (F)
Colbert al., 1997 (M)
Wei et al., 2004 (M)
Wei et al., 2004 (F)
Chao et al., 2004 (M/F)
Schnohr et al., 2005 (M)
Larsson et al., 2006d (M)
Summary estimate

1.41 (0.84-2.36)
1.72 (0.38-7.71)
0.98 (0.60-1.61)
1.49 (0.53-4.22)
0.93 (0.63-1.37)
0.95 (0.56-1.60)
1.28 (0.77-2.12)
0.83 (0.59-1.16)
0.89 (0.53-1.49)
0.59 (0.34-1.02)
0.96 (0.82-1.12)
0.3

0.5

0.7

1

1.5

2.5

Relative Risk (95% CI)

Test for heterogeneity: colon cancer, Q = 21.49, P = 0.12, I2 = 30.2%; rectal cancer, Q = 8.48, P =
0.49, I2 = 0%. M, male; F, female.
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Diabetes Mellitus

A history of diabetes mellitus has been associated with an elevated risk of colorectal cancer in
many case-control and prospective cohort studies. We have conducted a meta-analysis of six
case-control and nine prospective studies published through July 2005 and found a significant
30% increased risk of incident colorectal cancer among individuals with a history of diabetes
(Larsson et al., 2005f). In an updated meta-analysis of studies published through October
2006 [including five additional studies (Rousseau et al., 2005; Bowers et al., 2006; Inoue et
al., 2006; Khan et al., 2006; Seow et al., 2006)], a history of diabetes was related to a 33%
increased risk of incident colorectal cancer in case-control studies and with a 30% increased
risk in prospective studies (FIGURE 15). Among 12 case-control and prospective studies that
provided results by cancer site, the summary relative risks were 1.40 (95% CI, 1.27-1.54) for
colon cancer and 1.32 (95% CI, 1.16-1.49) for rectal cancer. In a meta-analysis of four cohort
studies of diabetic patients (Ragozzino et al., 1982; Weiderpass et al., 1997; Wideroff et al.,
1997; Limburg et al., 2006), the summary standardized incidence ratio of colorectal cancer
for diabetic patients compared with the general population was 1.24 (95% CI, 1.11-1.39).
Type 2 diabetes mellitus is associated with peripheral insulin resistance and compensatory
hyperinsulinemia during the early stages of the disease (Bach and Rechler, 1992; Macaulay,
1992). This hyperinsulinemic state could, at least partly, be the mechanism that underlies the
relationship between diabetes and colorectal cancer risk. Hyperinsulinemia and factors related
to insulin resistance, such as hyperglycemia or hypertriglyceridemia, have been implicated in
colorectal carcinogenesis (McKeown-Eyssen, 1994; Giovannucci, 1995; Schoen et al., 1999).
FIGURE 15. Association between diabetes mellitus and incidence of colorectal cancer in casecontrol and prospective studies
Case-control studies
O'Mara et al., 1985
Kune et al., 1988
Le Marchand et al., 1997
La Vecchia et al., 1997
Levi et al., 2002
Yang et al., 2005
Rousseau et al., 2005
Summary estimate

Relative Risk
(95% CI)
1.16 (0.86-1.57)
1.02 (0.62-1.67)
1.40 (1.00-2.10)
1.30 (1.00-1.60)
1.75 (0.95-3.25)
1.42 (1.25-1.62)
1.07 (0.74-1.54)
1.33 (1.21-1.47)

Prospective studies
Steenland et al., 1995
Will et al., 1998
Hu et al., 1999
Schoen et al., 1999
Nilsen et al., 2001
Khaw et al., 2004
Limburg et al., 2005
Jee et al., 2005
Larsson et al., 2005
Seow et al., 2006
Khan et al., 2006
Bowers et al., 2006
Inoue et al., 2006
Summary estimate

1.41 (0.80-2.52)
1.24 (1.04-1.49)
1.43 (1.10-1.87)
1.40 (0.80-2.40)
1.05 (0.50-2.40)
2.78 (1.10-7.00)
1.40 (1.10-1.80)
1.13 (1.03-1.23)
1.49 (1.14-1.96)
1.50 (1.20-1.80)
1.37 (0.95-1.96)
1.09 (0.66-1.80)
1.13 (0.81-1.57)
1.30 (1.19-1.41)
0.6

0.8

1

1.2

1.5

2

3

Relative Risk (95% CI)

Test for heterogeneity: case-control studies, Q = 5.10, P = 0.53, I2 = 0%; prospective studies, Q =
15.73, P = 0.20, I2 = 23.7%.
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Inflammatory Bowel Disease

Compared to the general population, patients with the inflammatory bowel diseases ulcerative
colitis and Crohn’s disease are at an increased risk of developing colorectal cancer (Eaden et
al., 2001; Jess et al., 2005). Colorectal cancer risk increases with duration of ulcerative colitis
(Eaden et al., 2001). The inflammatory bowel diseases may increase the risk of colorectal
cancer due to loss of the intestinal brush border, possibly bringing proliferative stem cells into
contact with the fecal steam without requiring prior adenoma formation (Potter, 1999).

Aspirin and Nonsteroidal Anti-Inflammatory Drugs

Numerous case-control and cohort studies have found that long-term users of aspirin or other
nonsteroidal anti-inflammatory drugs (NSAIDs) have a lower risk of colorectal cancer than
nonusers (Thun et al., 2002). Overall, the risk of colorectal cancer appears to be reduced by
approximately 30%–50% among aspirin users. Several observational studies of colorectal
adenomas have also supported a similar risk reduction (Thun et al., 2002). Furthermore,
randomized controlled trials of patients with prior colorectal adenoma or cancer have shown
that regular use of aspirin decreases the risk of recurrent adenoma within one to three years
(Baron et al., 2003; Benamouzig et al., 2003; Sandler et al., 2003). Randomized trials have
also confirmed that two NSAIDs, the prodrug sulindac (Labayle et al., 1991; Giardiello et al.,
1993; Nugent et al., 1993) and the selective cyclooxygenase (COX)-2 inhibitor celecoxib
(Steinbach et al., 2000), effectively inhibit the growth of adenomatous polyps and cause
regression of existing polyps in patients with the hereditary condition FAP.
Two randomized trials of low-dose aspirin that specifically examined colorectal cancer as
an outcome did not indicate a benefit after five to ten years (Gann et al., 1993; Cook et al.,
2005). It is possible, however, that the five or ten year intervention periods may have been
too short. In fact, several observational studies have suggested that a statistically significant
reduction in risk of colorectal cancer is apparent only after one to two decades of aspirin or
NSAID use (Thun et al., 1993; Collet et al., 1999; Chan et al., 2005; Larsson et al., 2006e).
Additionally, the anticancer effect of aspirin appears to be dose-dependent (Suh et al., 1993;
Peleg et al., 1994; Garcia-Rodriguez and Huerta-Alvarez, 2001; Chan et al., 2005; Larsson et
al., 2006e). For example, in the Nurses’ Health Study, the greatest reduction in colorectal
cancer risk was at doses greater than 14 aspirin tablets (325-mg) per week (Chan et al., 2005).
The mechanisms of action of aspirin and other NSAIDs have been proposed to be
inhibition of the COX-system as well as COX-independent effects. NSAIDs inhibit both
COX-1 and COX-2 (catalytic enzymes involved in prostaglandin synthesis) by irreversible
acetylation and competitive inhibition, respectively (Taketo, 1998). COX-1 is constitutively
expressed in many tissues, whereas COX-2 is expressed only in response to certain stimuli
such as mitogens, cytokines, growth factors, or hormones. Analysis of COX-2 expression
shows that it is elevated in up to 90% of sporadic colorectal carcinomas and 40% of colonic
adenomas, but is not elevated in the normal colonic epithelium (Eberhart et al., 1994; Fujita
et al., 1998). The mechanisms whereby the inhibition of COX-2 leads to decreased colorectal
carcinogenesis remains uncertain, but may involve an increase in apoptosis (Chan et al.,
1998; Sheng et al., 1998), the regulation of angiogenesis (Tsujii et al., 1998), or both. The
COX-independent mechanisms may involve inhibition of the activation of nuclear factor-țB
(Yamamoto et al., 1999), interference with the binding of the peroxisome proliferatoractivated receptor (PPAR)-į to DNA (He et al., 1999), or activation of PPAR-Ȗ, which leads
to cell differentiation and apoptosis in human colon cancer cell lines (Shureiqi et al., 2000).
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Exogenous Hormones

Meta-analyses of case-control and prospective cohort studies have suggested that use of oral
contraceptives (Fernandez et al., 2001) and postmenopausal hormones (Hebert-Croteau,
1998; Grodstein et al., 1999) may lower the risk of colorectal cancer by approximately 20%.
For postmenopausal hormones, the most pronounced reduction in risk was observed among
current users, whose risk was reduced by 34% compared with never users (Grodstein et al.,
1999). The association was also stronger among users of more than 5 years as compared with
short-term users (Hebert-Croteau, 1998). In the Women’s Health Initiative, a randomized
controlled trial, women who received postmenopausal hormones (estrogen plus progestin)
had a significant 37% lower risk of colorectal cancer than women who received placebo
(Rossouw et al., 2002). However, the use of estrogen alone in another trial from the Women’s
Health Initiative did not show any significant protective effect (Anderson et al., 2004).
Exogenous estrogens may decrease colorectal cancer risk by reducing the likelihood that
the estrogen receptor gene will be silenced by methylation (Issa et al., 1994; Potter, 1995), by
decreasing serum concentrations of IGF-I (Weissberger et al., 1991; Kelly et al., 1993), by
reducing the production of secondary bile acids (Grodstein et al., 1999), or by a combination
of these mechanisms.

Cigarette Smoking

The majority of studies published in the past several years have reported an elevated risk of
colorectal cancer associated with an early onset and a very long history of cigarette smoking
(Giovannucci, 2001), though some large studies have not been supportive (Nyrén et al., 1996;
Nordlund et al., 1997; Tavani et al., 1998). Essentially all studies that have investigated the
association between long-term, heavy cigarette smoking and risk of colorectal adenoma have
observed a 2-fold to 3-fold increased risk (Giovannucci, 2001).
Cigarette smoke contains many carcinogens, including nitrosamines, polycyclic aromatic
hydrocarbons, and heterocyclic amines. These carcinogens can reach the colorectal mucosa
through the alimentary tract or the circulatory system and may damage or alter expression of
important cancer-related genes (Giovannucci, 2001).

Inherited Predisposition

In a study of 44 788 Scandinavian twin pairs, the excess risk of colorectal cancer was 4.4-fold
(women) to 5.9-fold (men) if the twin pair was dizygotic and 6.9-fold (men) to 14.3-fold
(women) if the twin pair was monozygotic (Lichtenstein et al., 2000). It was further estimated
that 35% (10%–48%) of colorectal cancers may be explained by inherited genes (Lichtenstein
et al., 2000). There are two inherited syndromes that markedly increase colorectal cancer risk:
familial adenomatous polyposis (FAP) and hereditary nonpolyposis colorectal cancer
(HNPCC). FAP is a rare autosomal dominant syndrome caused by an inherited mutation in
the APC gene and probably accounts for less than 1% of all colorectal cancers (Rustgi, 1994).
This syndrome is characterized by the presence of hundreds to thousands of adenomatous
polyps that develop within the first decades of life. Affected individuals have a nearly 100%
risk of developing colorectal cancer by their forties (Winawer et al., 1997). HNPCC is more
common than FAP and may account for about 2% of all colorectal cancers (Aaltonen et al.,
1998). Inherited mutations in DNA mismatch-repair genes are responsible for increased risk
of colon cancer in individuals affected by HNPCC (Lynch and Smyrk, 1996). Patients with
HNPCC also have a greater risk of other cancers, including pancreatic and gastric cancer.
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PANCREATIC CANCER
PANCREAS ANATOMY AND PHYSIOLOGY
The pancreas is a 15–20 cm long, tongue-shaped glandular organ lying below and behind the
stomach (FIGURE 16). It is composed of two distinct functional entities: the exocrine part and
the endocrine part. The exocrine pancreas, which consists of acinar and ductal cells, secretes
pancreatic juice (containing digestive enzymes) into the small intestine. The islet cells, which
form the endocrine pancreas, are scattered throughout the pancreas and account for only
about 2% of the organ. The endocrine pancreas secretes the hormones insulin and glucagon,
which regulate blood glucose concentrations. Unlike other parts of the gastrointestinal tract,
the pancreas is never exposed either directly (mouth to anus) or indirectly (liver) to ingested
foods. The effects of diet on pancreatic carcinogenesis are therefore certainly via blood-born
factors and/or via changes in the internal metabolic environment.

FIGURE 16. Anatomy of the pancreas

TYPES OF PANCREATIC CANCER
Pancreatic tumors are classified as either exocrine or endocrine tumors depending on which
type of tissue they arise from within the gland. Most pancreatic cancers occur in the tissues of
the exocrine pancreas. Ductal adenocarcinomas arise in the cells that line the ducts of the
exocrine pancreas and account for approximately 90% of pancreatic cancers (Longnecker et
al., 2000). Malignancies rarely arise from acinar cells that form the bulk of the pancreas
(Longnecker et al., 2000). Islet cell carcinomas (endocrine pancreatic cancers) account for
less than 2% of all pancreatic cancers and have better prognosis than pancreatic ductal
adenocarcinomas (Hine et al., 2003). Two-thirds of pancreatic tumors occur in the head of the
pancreas (Mack and Paganini-Hill, 1981; Sener et al., 1991) (FIGURE 16).
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PANCREATIC CARCINOGENESIS
Activation of the K-ras oncogene, silencing of tumor suppressor genes, amplification of
certain oncogenes, alterations in DNA methylation, overexpression of growth factors, and
inactivation of DNA mismatch repair genes play key roles in pancreatic cancer pathogenesis
(Hine et al., 2003). More than 90% of pancreatic ductal carcinomas have an activating point
mutation in the K-ras gene at an early stage of pancreatic carcinogenesis (Almoguera et al.,
1988). The p16 tumor suppressor gene is inactivated in around 80% of pancreatic cancers,
p53 in 50-75%, and DPC4 in 50% (Hruban et al., 1998). Inactivation of the DPC4 gene may
be rather specific for pancreatic cancer. DPC4 is inactivated in as few as 15% of colorectal
cancers and in less than 10% of other major cancer types (Hruban et al., 1998).

1.2 DESCRIPTIVE EPIDEMIOLOGY
Worldwide, pancreatic cancer ranks thirteenth with regard to incidence (232 000 or 2.1% of
all new cancers) and is considered a relatively rare tumor. Nevertheless, because the mortality
rate approaches 100%, the number of deaths (227 000) is almost the same as the number of
new cases. Pancreatic cancer is the eight most common cause of death from cancer in both
sexes combined (Parkin et al., 2005). The burden of pancreatic cancer is greatest in developed
countries, where incidence and mortality rates are between 7 and 9 per 100 000 in men and
4.5 and 6 per 100 000 in women, with lower rates in developing countries (FIGURE 17).
FIGURE 17. Age-standardized incidence rates of pancreatic cancer*
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In Sweden, pancreatic cancer is the sixth leading cause of cancer-related death (Swedish
Cancer Society, 2005), and in the United States it is the fourth (Jemal et al., 2005). Pancreatic
cancer accounts for about 2% of all new cancer cases in these countries (National Board of
Health and Welfare, 2006; Ries et al., 2006). Over the lifetime, more than 1% of the Swedish
and US population is affected (National Board of Health and Welfare, 2006; Ries et al, 2006).

Time Trends

In Sweden, pancreatic cancer incidence rates decreased between 1980 and 2000 (FIGURE 18).
Pancreatic cancer incidence and mortality rates in the United States have been stable during
the last decades (Ries et al., 2006).
FIGURE 18. Trends in incidence rates of pancreatic cancer among males (upper line) and
females (lower line) in Sweden, 1960–2004*
Per 100 000

*Rates are per 100 000 population and were adjusted to the 2000 Swedish age distribution (National
Board of Health and Welfare, 2006).

Prognosis

Pancreatic cancer is the most rapidly fatal cancer in adults (Ries et al., 2006). In Sweden and
the United States, the 5-year relative survival following diagnosis is around 3%–5% (Swedish
Cancer Society, 2005; Ries et al., 2006). Median survival is less than six months (Ekbom and
Hunter, 2002). The high case-fatality rate is due to the absence of specific symptoms, which
results in its detection at an advanced and incurable stage, and the resistance of pancreatic
tumors to standard chemotherapies (Cardenes et al., 2006). Statistics from the National
Cancer Institute show that while survival rate is highest (19.6%) when the tumor is localized
at diagnosis, less than 10% of the tumors are detected at that stage (Ries et al., 2006).

Age of Onset

As with most other tumors, pancreatic cancer occurs mostly in older persons; only about 20%
of patients develop this tumor below 60 years of age. A positive family history for pancreatic
cancer or a genetic defect is usually present in patients with an early onset pancreatic cancer.
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DIETARY FACTORS
Most studies investigating the association between diet and pancreatic cancer risk have used a
case-control design, with retrospective assessment of diet. Case-control studies of pancreatic
cancer are particularly susceptible to bias due to the early and high case-fatality associated
with the disease. Consequently, these studies have usually included only survivors or have
relied on next-of-kin interviews to determine exposures. Dietary data obtained from spouses
or family members may be inaccurate. Findings from case-control studies should therefore be
interpreted with caution. Prospective cohort studies, with collection of exposure information
preceding the cancer diagnosis, offer a unique advantage to study the relation between diet
and risk of pancreatic cancer. In the literature to date, there are relatively few prospective
studies relating to dietary factors and risk of pancreatic cancer. Presented below is a review of
the literature on diet and pancreatic cancer risk.

Meat, Poultry, and Fish

Epidemiologic studies of meat consumption in relation to pancreatic cancer risk have yielded
inconsistent findings. Consumption of total meat or red meat (beef and pork) was positively
associated with pancreatic cancer risk in eight case-control studies (Mack et al., 1986; Norell
et al., 1986a; Falk et al., 1988; Olsen et al., 1989; Farrow and Davis, 1990a; Lyon et al.,
1993; Soler et al., 1998; Anderson et al., 2002a), but not in six other (Gold et al., 1985;
Raymond et al., 1987; La Vecchia et al., 1990; Bueno de Mesquita et al., 1991; Ji et al., 1995;
Silverman et al., 1998). Case-control studies of poultry or fish consumption and pancreatic
cancer risk have found increased (Farrow and Davis, 1990a; Bueno de Mesquita et al., 1991),
decreased (Silverman et al., 1998; Soler et al., 1998), or no significant association (Gold et
al., 1985; Norell et al., 1986a; Raymond et al., 1987; Olsen et al., 1989; Lyon et al., 1993).
In prospective cohort studies, high consumption of red meat and/or processed meat was
associated with an increased risk of pancreatic cancer in four studies (Zheng et al., 1993;
Nöthlings et al., 2005; Stolzenberg-Solomon et al., 2006a; Larsson et al., 2006f) but not in
three other (Coughlin et al., 2000; Stolzenberg-Solomon et al., 2002a; Michaud et al., 2003)
(FIGURE 19). Consumption of poultry, but not fish, was inversely associated with pancreatic
cancer risk in the Swedish Mammography (Larsson et al., 2006f). Neither poultry nor fish
consumption was associated with risk of pancreatic cancer in four other prospective studies
(Zheng et al., 1993; Stolzenberg-Solomon et al., 2002a; Michaud et al., 2003; Nöthlings et
al., 2005).
Cooking meat at high temperatures (e.g., frying and grilling) results in the formation of
heterocyclic amines (HCAs), which are potent mutagens and animal carcinogens (Cross and
Sinha, 2004). In a case-control study in the United States, high intakes of grilled/barbecued
red meat and HCAs were related to a statistically significant about 2-fold increased risk of
pancreatic cancer (Anderson et al., 2002a; Anderson et al., 2005). In a Swedish case-control
study, the odds ratios for daily versus seldom consumption of fried/grilled meat were 13.4 in
comparison with population controls and 4.6 in comparison with hospital controls (Norell et
al., 1986a). Two other case-control studies reported a significant positive association between
deep-fried or grilled food consumption and pancreatic cancer risk (Farrow and Davis, 1990a;
Ji et al., 1995).
In summary, the current evidence is suggestive of an increased risk of pancreatic cancer
associated with high consumption of red meat, processed meat, and fried/grilled/barbecued
meats. Poultry and fish consumption probably is not associated with risk of this malignancy.
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FIGURE 19. Relative risks of pancreatic cancer associated with red meat and processed meat
consumption (highest vs. lowest category) in prospective studies
Relative Risk
(95% CI)

Red meat
Zheng et al., 1993
Coughlin et al., 2000
Stolzenberg-Solomon et al., 2002a
Michaud et al., 2003
Nöthlings et al., 2005
Larsson et al., 2006f
Stolzenberg-Solomon et al., 2006
Summary estimate

2.40 (1.00-6.10)
0.97 (0.89-1.06)
0.95 (0.58-1.56)
0.87 (0.46-1.65)
1.45 (1.19-1.76)
1.73 (0.99-2.98)
1.53 (1.13-2.06)
1.27 (0.99-1.62)

Processed meat
Stolzenberg-Solomon et al., 2002a
Michaud et al., 2003
Nöthlings et al., 2005
Larsson et al., 2006f
Summary estimate

1.04 (0.66-1.65)
1.28 (0.86-1.92)
1.68 (1.35-2.07)
0.94 (0.61-1.44)
1.26 (0.94-1.69)
0.5

0.7

1

1.2

1.5

2

3

Relative Risk (95% CI)

Test for heterogeneity: red meat, P < 0.001, I2 = 77.1%; processed meat, P = 0.05, I2 = 62.1%.

Dairy Products

The overall evidence from case-control studies (WCRF/AICR, 1997; Silverman et al., 1998;
Soler et al., 1998) and prospective cohort studies (Zheng et al., 1993; Stolzenberg-Solomon et
al., 2002a; Michaud et al., 2003; Nöthlings et al., 2005) indicates that consumption of dairy
products probably is not associated with risk of pancreatic cancer.

Vitamin D

Laboratory studies have shown that vitamin D analogues inhibit tumor growth in the pancreas
(Zugmaier et al., 1996; Pettersson et al., 2000). In the Nurses’ Health Study and the Health
Professionals Follow-up Study, participants in the highest compared to the lowest category of
total vitamin D intake had a significant 41% reduced risk of pancreatic cancer (Skinner et al.,
2006). In contrast, in the Alpha-Tocopherol, Beta-Carotene Cancer Prevention Study of male
Finnish smokers, higher prediagnostic serum 25(OH)vitamin D levels were associated with a
significant 3-fold greater risk for pancreatic cancer (Stolzenberg-Solomon et al., 2006b).

Dietary Fat

In the literature to date, there are four prospective studies of fat intake and pancreatic cancer.
In the Alpha-Tocopherol, Beta-Carotene Cancer Prevention Study, saturated fat intake was
positively associated with pancreatic cancer risk (highest vs. lowest quintile: RR, 1.60; 95%
CI, 0.96-2.64; Ptrend = 0.02) (Stolzenberg-Solomon et al., 2002a). Intake of saturated fat from
meat, but not from dairy foods, was associated with an increased risk of pancreatic cancer in
the Multiethnic Cohort Study (Nöthlings et al., 2005). Two other prospective studies found
no association with total fat (Harnack et al., 1997; Michaud et al., 2003) or specific fatty acids
(Michaud et al., 2003). The results of case-control studies are inconclusive, and, overall, do
not support an increase in pancreatic cancer risk with higher fat intake (WCRF/AICR, 1997).
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Carbohydrates and Sugar

An international ecological analysis found sugar consumption to be the environmental factor
most strongly and positively correlated with pancreatic cancer mortality in women (r = 0.6; P
<0.01) (Armstrong and Doll, 1975). However, findings from analytic epidemiologic studies
of carbohydrate and sugar intake in relation to pancreatic cancer risk have been inconclusive.
Howe et al. reported on a combined analysis of five case-control studies of pancreatic cancer,
involving 802 cases and 1669 controls from various populations with differing diets. In this
large study, a positive dose-response relationship between carbohydrate intake and pancreatic
cancer risk was found; the energy- and smoking-adjusted odds ratio for the highest compared
with the lowest quartile of carbohydrate intake was 2.57 (95% CI, 1.64-4.03) (Howe et al.,
1992). Two other separate case-control studies also observed a positive association between
carbohydrate intake and risk of pancreatic cancer, particularly in women (Lyon et al., 1993;
Silverman et al., 1998), but no association with carbohydrate intake was found in three other
case-control studies (Olsen et al., 1989; Kalapothaki et al., 1993a; Ji et al., 1995). High intake
of refined or simple sugars was associated with an approximately 2-fold increase in risk of
pancreatic cancer in two case-control studies (Bueno de Mesquita et al., 1990; Baghurst et al.,
1991). Another case-control study found an elevated risk associated with high intake of added
sugar (i.e., sugar added to coffee, tea, cereals etc), particularly in women (high vs. low intake:
OR, 3.7; 95% CI, 1.5-9.1 for women and OR, 1.3; 95%, 0.6-2.5 for men) (Lyon et al., 1993).
In the Nurses’ Health study, an increase in pancreatic cancer risk was observed with high
intakes of fructose and sucrose but not with total carbohydrates (Michaud et al., 2002). The
positive association with sugar intake was particularly pronounced among women who were
overweight or sedentary (Michaud et al., 2002). In the subgroup of women who were both
overweight and sedentary, those in the highest quartile of fructose intake (versus the lowest)
had a 3.2-fold increased risk of pancreatic cancer. In the Swedish mammography Cohort and
the Cohort of Swedish Men, frequent consumption of added sugar was associated with an
increased risk of pancreatic cancer (≥5.0 servings/day vs. never consumption: RR, 1.69; 95%
CI, 0.99-2.89) (Larsson et al., 2006g). In contrast, in the Alpha-Tocopherol, Beta-Carotene
Cancer Prevention Study, the risk of pancreatic cancer decreased with increasing intakes of
carbohydrates and simple sugars (Stolzenberg-Solomon et al., 2002a; Stolzenberg-Solomon
et al., 2002b). Two other cohort studies of women in the United States (Harnack et al., 1997)
and Canada (Silvera et al., 2005) observed no significant association between carbohydrate or
sugar intake and risk of pancreatic cancer.
Overall, the epidemiologic evidence relating to diets high in carbohydrates and sugar and
pancreatic cancer risk is inconclusive, with most studies showing either an increased risk with
higher intakes of carbohydrates or sugar or no relationship.

Glycemic Index and Glycemic Load

Consumption of diets with a high glycemic index and load might increase pancreatic cancer
risk by raising postprandial glucose levels and insulin secretion. In the Nurses’ Health Study,
Michaud et al. (2002) observed a nonsignificant 53% increase in the risk of pancreatic cancer
for women in the highest versus the lowest quartile of glycemic load. In this same study, high
glycemic index and high glycemic load were associated with a statistically significant almost
3-fold elevated risk of pancreatic cancer in overweight women with low physical activity. No
appreciable association with glycemic index or glycemic load was found in two other cohort
studies of women (Johnson et al., 2005; Silvera et al., 2005).
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Fruits and Vegetables

Fruit and vegetable consumption has been inversely associated with pancreatic cancer risk in
most case-control studies (IARC, 2003). However, prospective studies have not supported a
significant association between overall fruit or vegetable consumption and pancreatic cancer
(Mills et al., 1988; Zheng et al., 1993; Shibata et al., 1994; Coughlin et al., 2000; Appleby et
al., 2002; Stolzenberg-Solomon et al., 2002a; Sauvaget et al., 2003; Nöthlings et al., 2006a;
Larsson et al., 2006h) (FIGURE 20), suggesting that the findings from case-control studies
may have been overstated because of differential recall of diet or selection bias. It is possible,
however, that certain constituents of fruits and vegetables (e.g., folate) or specific fruit and/or
vegetable groups (e.g., cruciferous vegetables and green leafy vegetables) may be protective.
FIGURE 20. Relative risks of pancreatic cancer associated with total fruit and total vegetable
consumption (highest vs. lowest category) in prospective studies
Relative Risk
(95% CI)

Fruit
Shibata et al., 1994
Appleby et al., 2002
Stolzenberg-Solomon et al., 2002a
Sauvaget et al., 2003
Larsson et al., 2006h
Summary estimate

0.89 (0.49-1.62)
0.83 (0.38-1.80)
0.85 (0.53-1.35)
0.81 (0.55-1.20)
1.10 (0.64-1.88)
0.88 (0.70-1.11)

Vegetables
Hirayama et al., 1990*
Shibata et al., 1994
Coughlin et al., 2000 (M)
Coughlin et al., 2000 (F)
Stolzenberg-Solomon et al., 2002a
Sauvaget et al., 2003
Larsson et al., 2006h
Nöthlings et al., 2006a
Summary estimate

1.11 (0.96-1.29)
0.82 (0.44-1.51)
0.90 (0.80-1.00)
0.90 (0.80-1.10)
0.77 (0.47-1.27)
0.82 (0.54-1.24)
1.08 (0.63-1.85)
0.86 (0.65-1.14)
0.94 (0.87-1.02)

0.4

0.6

0.8

1

1.2

1.5

2

Relative Risk (95% CI)

Test for heterogeneity: fruit, Q = 0.88, P = 0.93, I2 = 0%; vegetables, Q = 7.60, P = 0.37, I2 = 7.8%.
The studies by Mills et al., 1988 and Zheng et al, 1993 were not included in the meta-analysis because
these studies did not provide estimates of relative risk for fruit or vegetable intake (they only reported
that these foods were not associated with risk). *Green-yellow vegetables only. M, male; F, female.

Alcohol

Heavy alcohol consumption is a major determinant of chronic pancreatitis (Go et al., 2005), a
suspected risk factor for pancreatic cancer (see below, pages 35-36). To date, 12 prospective
studies have examined the relationship between alcohol consumption and risk of pancreatic
cancer in nonalcoholic populations (Heuch et al., 1983; Hiatt et al., 1988; Hirayama, 1989;
Friedman and van den Eeden, 1993; Zheng et al., 1993; Shibata et al., 1994; Harnack et al.,
1997; Coughlin et al., 2000; Michaud et al., 2001a; Isaksson et al., 2002; Lin et al., 2002a;
Inoue et al., 2003). Three of these studies reported a positive association (Heuch et al., 1983;
Zheng et al., 1993; Harnack et al., 1997), and a fourth study found an increased risk among
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whiskey drinkers (Hirayama, 1989). However, results from one study were not statistically
significant (Harnack et al., 1997), and one study did not control for cigarette smoking (Heuch
et al., 1983). Of the remaining eight studies, two showed an increase in pancreatic cancer risk
among past drinkers (Hiatt et al., 1988; Inoue et al., 2003), whereas six studies observed no
statistically significant association (Friedman and van den Eeden, 1993; Shibata et al., 1994;
Coughlin et al., 2000; Michaud et al., 2001a; Isaksson et al., 2002; Lin et al., 2002a).
Taken together, the evidence from prospective studies along with data from case-control
studies (summarized in the WCRF/AICR report, 1997) suggests that alcohol consumption
probably is not associated with pancreatic cancer risk.

Coffee and Tea

A possible association between coffee consumption and pancreatic cancer was raised in 1981
when a case-control study reported that those who consumed three or more cups of coffee per
day had a statistically significant 2.7-fold increased risk of pancreatic cancer compared with
nondrinkers after adjustment for cigarette smoking (MacMahon et al., 1981). However, most
subsequent case-control and prospective cohort studies have not supported an association
between coffee consumption and risk of pancreatic cancer. Based on the existing literature in
1991, the IARC Working Group concluded that there was little evidence to support a causal
relationship between coffee consumption and pancreatic cancer (IARC, 1991). The majority
of prospective studies, although not all (Harnack et al., 1997; Lin et al., 2002a), published
since then are consistent with their conclusion (Friedman and van den Eeden, 1993; Zheng et
al., 1993; Shibata et al., 1994; Stensvold and Jacobsen, 1994; Michaud et al., 2001a; Isaksson
et al., 2002; Stolzenberg-Solomon et al., 2002a).
The epidemiologic literature on tea consumption in relation to risk of pancreatic cancer is
inconsistent. While tea consumption was associated a nonsignificant lower risk of pancreatic
cancer in a cohort of male Finnish smokers (Stolzenberg-Solomon et al., 2002a) and in a
small cohort of elderly US women and men (Shibata et al., 1994), no association was found
in other prospective studies in the United States (Hiatt et al., 1988; Harnack et al., 1997;
Michaud et al., 2001a), Hawaii (Heilbrun et al., 1986), United Kingdom (Kinlen et al., 1988),
and Japan (Nagano et al., 2001). A statistically significant inverse relationship between tea
consumption and pancreatic cancer risk was observed in two case-control studies (Zatonski et
al., 1993; Ji et al., 1997), whereas other case-control studies reported null results (MacMahon
et al., 1981; Mack et al., 1986; Bueno de Mesquita et al., 1992; La Vecchia et al., 1992).
In summary, consumption of coffee and tea probably has no relationship with the risk of
pancreatic cancer.

Soft Drinks

In a prospective analysis of US nurses and health professionals (Schernhammer et al., 2005),
women who consumed sugar-sweetened soft drinks more than three times per week had a
statistically significant 57% greater risk of pancreatic cancer compared to women who rarely
(less than monthly) drank sugar-sweetened soft drinks; no increase in risk was found in men.
Similarly, in a combined analysis of the Swedish mammography Cohort and the Cohort of
Swedish Men, consumption of soft drinks was positively associated with risk of pancreatic
cancer; women and men who consumed two or more servings of soft drinks per day had a
statistically significant 1.9-fold elevated risk of pancreatic cancer compared with those who
never drank soft drinks (Larsson et al., 2006g).
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NONDIETARY FACTORS
Cigarette Smoking

Cigarette smoking is an established risk factor for pancreatic cancer (IARC, 2004). Current
smokers have about two to three times the risk of never smokers, and risk tends to increase
with increasing dose and duration of smoking (Howe et al., 1991; Silverman et al., 1994;
Boyle et al., 1996; Fuchs et al., 1996; Lin et al., 2002b; Larsson et al., 2005g). Most studies
have found that the risk of pancreatic cancer among past smokers approaches that for never
smokers within about a decade following smoking cessation (Howe et al., 1991; Boyle et al.,
1996; Fuchs et al., 1996; Nilsen and Vatten, 2000; Lin et al., 2002b; Larsson et al., 2005g). It
has been estimated from results of studies in the United States that 25%–29% of pancreatic
cancers may be attributable to cigarette smoking (Silverman et al., 1994; Fuchs et al., 1996).
In the Swedish Mammography Cohort and the Cohort of Swedish Men, the relative risk
of developing pancreatic cancer for current smokers compared with never smokers was 3.06
(95% CI, 1.99-4.72) (Larsson et al., 2005g). Pancreatic cancer risk increased with increasing
dose of smoking, with current smokers of 40 or more pack-years having a 5-fold elevated risk
(Larsson et al., 2005g).
Cigarette smoke contains many carcinogenic substances such as nitrosamines, polycyclic
aromatic hydrocarbons, and heterocyclic amines. Studies in animals have demonstrated that
nitrosamines in tobacco smoke induce pancreatic tumors (Rivenson et al., 1988). Cigarette
smoke also contains cadmium, which might be a risk factor for pancreatic cancer (Schwartz
and Reis, 2000; Kriegel et al., 2006). Carcinogens derived from cigarette smoke could
theoretically reach the pancreas via the blood or refluxed bile. Tobacco smoke might also
contribute to pancreatic cancer by inducing chronic inflammation (Wittel et al., 2006).
Moreover, acute bouts of cigarette smoking have been shown to provoke hyperglycemia and
hyperinsulinemia (Frati et al., 1996), which may be implicated in pancreatic carcinogenesis
(see Glucose Intolerance and Hyperinsulinemia below).

Glucose Intolerance and Hyperinsulinemia

Accumulating evidence has implicated abnormal glucose metabolism and hyperinsulinemia
in pancreatic carcinogenesis. Prospective studies have found an approximately 2-fold increase
in pancreatic cancer incidence and/or mortality for individuals in the highest relative to the
lowest category of postload plasma glucose (Gapstur et al., 2000) and fasting serum glucose
(Jee et al., 2005; Stolzenberg-Solomon et al., 2005) and insulin levels (Stolzenberg-Solomon
et al., 2005). Moreover, factors related to glucose intolerance and insulin resistance, including
obesity, physical inactivity, and type 2 diabetes mellitus, have been associated with increased
risk of pancreatic cancer in prospective studies (see below, pages 32-35).
Hyperinsulinemia has been shown to increase local blood flow and cell division within
the pancreas (Henderson et al., 1981; Fisher et al., 1996). The exocrine pancreas is exposed to
very high insulin levels in the hyperinsulinemic state because its blood supply passes through
the islet cell region (Williams and Goldfine, 1985). Elevated insulin levels could activate the
insulin-like growth factor-I (IGF-I) receptor, resulting in growth-promoting effects (LeRoith
et al., 1995). In addition, by down-regulating the insulin-like growth factor binding protein-1,
excess insulin may lead to increased exposure to free IGF-I (Giovannucci, 2003). Insulin and
IGF-I have been shown to promote growth in pancreatic cancer cell lines (Ohmura et al.,
1990; Takeda and Escribano, 1991; Bergmann et al., 1995; Fisher et al., 1996).
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Overweight and Obesity

Obesity results in metabolic abnormalities, including glucose intolerance, insulin resistance,
and hyperinsulinemia (Kahn and Flier, 2000; IARC, 2002), and is a risk factor for type 2
diabetes mellitus (Hu, 2006). Hence, obesity may be a risk factor for pancreatic cancer. We
have performed a meta-analysis of prospective studies (published through October 2006) that
have evaluated the association between body mass index (BMI) and risk of pancreatic cancer
(Larsson et al., 2006i). FIGURE 21 shows the estimated relative risks for pancreatic cancer
associated with a 5 kg/m2 increase in BMI for the 21 prospective studies included in the
meta-analysis (Friedman and van den Eeden, 1993; Shibata et al., 1994; Gapstur et al., 2000;
Michaud et al., 2001b; Isaksson et al., 2002; Stolzenberg-Solomon et al., 2002c; Calle et al.,
2003; Lee et al., 2003; Batty et al., 2005; Kuriyama et al., 2005; Oh et al., 2005; Patel et al.,
2005; Rapp et al., 2005; Sinner et al., 2005; Larsson et al., 2005g; Berrington de González et
al., 2006; Lukanova et al., 2006; Samanic et al., 2006; Nöthlings and Kolonel, 2006b). The
21 studies combined included 8062 cases of pancreatic cancer. Overall, the summary estimate
indicated a statistically significant 12% increase in pancreatic cancer risk per 5 kg/m2 higher
BMI (FIGURE 21). BMI was positively associated with risk of pancreatic cancer among both
men and women (Larsson et al., 2006i). In addition to these prospective studies, three recordlinkage cohort studies observed that individuals hospitalized with a diagnosis of obesity had a
statistically significantly increased risk of pancreatic cancer as compared with the general
population (Møller et al., 1994; Wolk et al., 2001; Samanic et al., 2004).
FIGURE 21. Relative risks for pancreatic cancer associated with a 5 kg/m2 increase in body
mass index for individual prospective studies and all studies combined
Relative Risk
(95% CI)
1.10 (1.00-1.22)
1.22 (0.76-1.96)
1.38 (0.74-2.58)
1.28 (0.98-1.66)
1.16 (0.98-1.37)
1.16 (0.87-1.54)
0.87 (0.69-1.10)
1.07 (0.81-1.40)
1.17 (1.12-1.22)
1.08 (0.64-1.83)
1.43 (1.19-1.71)
1.06 (0.88-1.27)
1.06 (0.74-1.52)
0.92 (0.76-1.10)
1.30 (0.97-1.74)
1.34 (0.94-1.90)
1.22 (0.87-1.70)
1.05 (0.69-1.58)
1.06 (0.83-1.36)
1.09 (0.95-1.24)
1.02 (0.91-1.14)
1.12 (1.06-1.17)

Study
Friedman et al., 1993
Shibata et al., 1994
Gapstur et al., 2000
Michaud et al., 2001b (HPFS)*
Michaud et al., 2001b (NHS)†
Isaksson et al., 2002
Stolzenberg-Solomon et al., 2002c*
Lee et al., 2003
Calle et al., 2003
Kuriyama et al., 2005
Patel et al., 2005
Sinner et al., 2005†
Batty et al., 2005*
Oh et al., 2005*
Rapp et al., 2005
Larsson et al., 2005g (COSM)*
Larsson et al., 2005g (SMC)†
Lukanova et al., 2006
Nöthlings et al., 2006b
Berrington de González et al., 2006
Samanic et al., 2006*
Summary estimate
0.6

0.8

1

1.2

1.5

2

Relative Risk (95% CI)

Test for heterogeneity: Q = 27.07, P = 0.13, I2 = 26.1%. *Men only; †Women only; HPFS, Health
Professionals Follow-up Study; NHS, Nurses’ Health Study; COSM, Cohort of Swedish Men; SMC,
Swedish Mammography Cohort. Data from Larsson et al., 2006i.
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To date, three cohort studies have provided data on central adiposity in relation to risk of
pancreatic cancer (Patel et al., 2005; Larsson et al., 2005g; Berrington de González et al.,
2006). In the Swedish Mammography Cohort and the Cohort of Swedish Men (Larsson et al.,
2005g), waist circumference was positively associated with pancreatic cancer risk. Likewise,
in the European Prospective Investigation into Cancer and Nutrition (EPIC) study, a greater
waist circumference and waist-to-hip-ratio were both associated with a statistically significant
increased risk of developing pancreatic cancer (Berrington de González et al., 2006). In the
Cancer Prevention Study II Nutrition Cohort, individuals who reported a tendency for central
weight gain were at an increased risk of pancreatic cancer compared with those who reported
peripheral weight gain (RR, 1.45; 95% CI, 1.02-2.07) (Patel et al., 2005).
Taken together, the evidence from prospective studies suggests that obesity is a probable
risk factor for pancreatic cancer.

Physical Activity

Because physical activity influences glucose tolerance and insulin sensitivity (Giovannucci,
1995; Goodyear and Kahn, 1998), physical activity could be an important modifiable risk
factor for pancreatic cancer. To date, one case-control study (Hanley et al., 2001) and nine
prospective studies (Nilsen and Vatten, 2000; Michaud et al., 2001b; Isaksson et al., 2002;
Stolzenberg-Solomon et al., 2002c; Inoue et al., 2003; Lee et al., 2003; Patel et al., 2005;
Sinner et al., 2005; Berrington de González et al., 2006) have reported results on leisure-time
physical activity in relation to pancreatic cancer risk. Seven of these studies reported relative
risk estimates below 1 for the highest versus lowest category of leisure-time physical activity,
but the association was statistically significant in the case-control study only (FIGURE 22).
FIGURE 22. Relative risks of pancreatic cancer associated with leisure-time physical activity
(highest vs. lowest category) in one case-control study and nine prospective studies
Study

Country

Cases

RR (95% CI)

Hanley et al., 2001 (M)*
Hanley et al., 2001 (F)*
Nilsen & Vatten, 2000 (M)
Nilsen & Vatten, 2000 (F)
Michaud et al., 2001b (M)
Michaud et al., 2001b (F)
Isaksson et al., 2002
Stolzenberg-Solomon, 2002c
Lee et al., 2003
Inoue et al., 2003 (M)
Inoue et al., 2003 (F)
Sinner et al., 2005
Patel et al., 2005 (M)
Patel et al., 2005 (F)
Berrington de González, 2006

Canada
Canada
Norway
Norway
USA
USA
Sweden
Finland
USA
Japan
Japan
USA
USA
USA
Europe

127
98
78
53
139
110
146
172
212
122
78
209
137
103
299

0.53 (0.31 0.90)
0.80 (0.41-1.54)
1.00 (0.50-1.80)
0.60 (0.30-1.30)
0.72 (0.40-1.27)
0.78 (0.42-1.47)
0.65 (0.41-1.04)
0.88 (0.65-1.20)
1.31 (0.69-1.92)
0.73 (0.42-1.27)
0.55 (0.27-1.10)
1.29 (0.93-1.77)
1.12 (0.64-1.95)
0.97 (0.40-2.35)
0.94 (0.71-1.25)

All studies

0.87 (0.75-1.01)

Test for heterogeneity:
Q = 17.85, P = 0.21, I2 = 21.6

0.3

0.5

0.7

1

1.5

2.5

Relative Risk (95% CI)

*Case-control study. M, male; F, female.
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Type of exercise (moderate vs. vigorous) has been investigated in one case-control study
(Hanley et al., 2001) and four prospective cohort studies (Michaud et al., 2001b; Lee et al.,
2003; Sinner et al., 2005; Berrington de González et al., 2006), with inconclusive results. The
case-control study found no association between moderate exercise and pancreatic cancer but
reported an approximately 50% reduction in risk associated with regular vigorous exercise in
men (Hanley et al., 2001). In the Nurses’ Health Study and the Health Professionals Followup Study, regular moderate exercise (versus sedentary) was associated with more than a 50%
lower risk of pancreatic cancer in both men and women, whereas no association was found
for vigorous exercise (Michaud et al., 2001b). Three other cohort studies did not observe an
inverse association of moderate or vigorous physical activity with pancreatic cancer risk (Lee
et al., 2003; Sinner et al., 2005; Berrington de González et al., 2006).
Four cohort studies have examined the association between occupational activity and risk
of pancreatic cancer (Nilsen and Vatten, 2000; Isaksson et al., 2002; Stolzenberg-Solomon et
al., 2002c; Berrington de González et al., 2006). In a cohort of male smokers, men with both
moderate/high occupational and leisure-time activity had a statistically significant 58% lower
risk of pancreatic cancer compared with those who were sedentary at work and at leisure time
(Stolzenberg-Solomon et al., 2002c). Similarly, in a cohort of Swedish twins, a statistically
significant 58% increased risk of pancreatic cancer was observed among individuals with a
sedentary job (Isaksson et al., 2002). In contrast, in a Norwegian cohort study, a statistically
significant increase in pancreatic cancer risk was found among men and women who usually
became worn out after a day’s work (Nilsen and Vatten, 2000). No relation with occupational
activity was observed in the EPIC study (Berrington de González et al., 2006),
In summary, available data for pancreatic cancer incidence are suggestive of a benefit from
physical activity.

Diabetes Mellitus

The relationship between type 2 diabetes and risk of pancreatic cancer is well-documented
(Everhart and Wright, 1995; Huxley et al., 2005). Nevertheless, there has been controversy as
to whether diabetes is a causal risk factor, preceding and predisposing to the development of
pancreatic cancer, or is solely an early manifestation of the cancer; evidence exists supporting
both hypotheses (Wang et al., 2003; Chari et al., 2005). FIGURE 23 shows the relative risks of
pancreatic cancer associated with diabetes diagnosed five or more years prior to diagnosis of
pancreatic cancer or pancreatic cancer death in case-control and prospective studies published
through October 2006. The summary estimates indicate that individuals who had diabetes for
five or more years had about a 65% increased risk of pancreatic cancer compared with those
without diabetes. Ten studies have provided results for the association between long-standing
diabetes (diagnosed 10 or more years prior to diagnosis of pancreatic cancer) and pancreatic
cancer (Jain et al., 1991; Kalapothaki et al., 1993b; Gullo et al., 1994; La Vecchia et al.,
1994a; Chow et al., 1995; Wideroff et al., 1997; Calle et al., 1998; Silverman et al., 1999;
Batty et al., 2004; Wang et al., 2006). Combining the results from these studies yielded a
summary relative risk of 1.44 (95% CI, 1.19-1.73). These results suggest that a diabetic state,
which develops 10 or more years before cancer diagnosis is causally linked to pancreatic
cancer. The positive relationship between type 2 diabetes and risk of pancreatic cancer may
be related to the years of elevated postload glucose levels and hyperinsulinemia. Abnormal
glucose metabolism and hyperinsulinemia may play a role in pancreatic carcinogenesis (see
Glucose Intolerance and Hyperinsulinemia above, page 31).
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FIGURE 23. Relative risks of pancreatic cancer associated with diabetes diagnosed five or
more years prior to pancreatic cancer diagnosis or death in case-control and cohort studies
Case-control studies
Norell et al., 1986b
Cuzick et al., 1989
Jain et al., 1991
Bueno de Mesquita, 1992
Kalapothaki et al., 1993b
Gullo et al., 1994
La Vecchia et al., 1994a
Silverman et al., 1998
Frye et al., 2000
Bonelli et al., 2003
Rousseau et al., 2005
Wang et al., 2006
Summary estimate

Relative Risk
(95% CI)
2.40 (0.45-12.7)
4.03 (1.03-23.7)
1.50 (0.78-2.80)
0.72 (0.23-2.30)
3.60 (1.80-7.10)
1.40 (0.93-2.10)
1.67 (0.96-2.92)
1.57 (1.14-2.15)
1.33 (0.42-4.32)
2.07 (1.02-4.20)
1.10 (0.40-3.30)
1.31 (0.57-2.99)
1.62 (1.35-1.94)

Prospective cohort studies
Whittemore et al., 1983
Hiatt et al., 1988
Balkau et al., 1993
Chow et al., 1995
Wideroff et al., 1997
Calle et al., 1998
Stolzenberg-Solomon et al., 2002c
Batty et al., 2004
Larsson et al., 2005g
Inoue et al., 2006
Summary estimate

6.08 (0.99-47.0)
4.50 (1.20-16.7)
4.90 (1.30-18.0)
1.77 (1.60-1.97)
1.30 (1.10-1.50)
1.37 (1.18-1.59)
2.23 (1.08-4.60)
3.34 (0.81-13.8)
1.59 (0.65-3.89)
1.78 (1.00-3.20)
1.65 (1.37-1.99)

0.4

0.7

1

2

4

8

16

Relative Risk (95% CI)

Test for heterogeneity: case-control studies, Q = 10.56, P = 0.48, I2 = 0%; prospective cohort studies,
Q = 23.40, P = 0.005, I2 = 61.5%.

Chronic Pancreatitis

Some types of chronic pancreatitis, particularly hereditary pancreatitis, have been proposed as
risk factors for the development of pancreatic cancer. Chronic pancreatitis is a progressive,
destructive inflammatory disease that ends in total destruction of the pancreatic gland and
results in maldigestion, diabetes mellitus, and severe pain (Etemad and Whitcomb, 2001).
Heavy alcohol consumption is the most common cause of chronic pancreatitis, and accounts
for approximately 70% of the cases (Whitcomb, 2004). The remaining cases are classified as
idiopathic chronic pancreatitis, including tropical pancreatitis, metabolic pancreatitis, cystic
fibrosis, and hereditary pancreatitis (Whitcomb, 2004).
Hereditary pancreatitis is an autosomal dominant condition, accounting for approximately
1% of all reported cases of chronic pancreatitis (Maisonneuve and Lowenfels, 2002). In an
international epidemiologic study of 246 patients with hereditary pancreatitis, eight cases of
pancreatic cancer were diagnosed during a mean follow-up of 15 years (Lowenfels et al.,
1997). The expected number of pancreatic cancers was 0.15, giving a standardized incidence
ratio (SIR) of 53; the cumulative risk of pancreatic cancer in these patients to age 70 years
was 40% (Lowenfels et al., 1997). These results were corroborated by the European Registry
of Hereditary Pancreatitis and Pancreatic Cancer study, which represents the largest study of
hereditary pancreatitis to date and reports the incidence of pancreatic cancer in 112 families
from 14 countries ascertained from 418 effected individuals (Howes et al., 2004). In this
study, the SIR was 67 and the cumulative risk of pancreatic cancer was 44% at 70 years from
symptom onset (Howes et al., 2004). In a follow-up study of the original international study
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by Lowenfels et al. (1997), including 497 patients with hereditary pancreatitis and 19 cases of
pancreatic cancer, the SIR was 57 (Lowenfels et al., 2001). Findings from three other cohort
studies of patients with chronic pancreatitis (mainly alcoholic pancreatitis) also showed very
high risks of pancreatic cancer (SIR = 16.5-19) when compared with the general population
(Lowenfels et al., 1993; Talamini et al., 1999; Malka et al., 2002). In two of these studies, the
standardized incidence ratio remained high (SIR = 13-14) after excluding patients who had
developed pancreatic cancer within the first four or five years after clinical onset of chronic
pancreatitis (Lowenfels et al., 1993; Talamini et al., 1999).
Others have argued that chronic pancreatitis is not likely to be causally associated with
pancreatic cancer because in a cohort study using record linkage, the excess risk of pancreatic
cancer was only 2-fold 10 or more years after a discharge for chronic pancreatitis (compared
to a SIR of 22 considering cancers arising 1-4 years since diagnosis of pancreatitis) (Karlson
et al., 1997). Given that chronic pancreatitis patients are more likely to be heavy drinkers and
thus smokers, the increased risk of pancreatic cancer among these patients could be due to
confounding by smoking (Karlson et al., 1997). If there is a causal relationship, chronic
pancreatitis may account for no more than 3%–4% of all pancreatic cancers (Lowenfels and
Maisonneuve, 1999).

Cholecystectomy and Cholelithiasis

Cholecystokinin (CCK) has been shown to promote pancreatic carcinogenesis and stimulate
the growth of the pancreas in animal models (Howatson and Carter, 1985; Smith et al., 1990;
Rivard et al., 1991). The presumed increased secretion of CCK following cholecystectomy
(gallbladder removal) (Hyvarinen and Partanen, 1987) might contribute to an elevated risk of
pancreatic cancer. Several case-control studies have reported an increased risk of pancreatic
cancer among individuals who had undergone a cholecystectomy (Cuzick and Babiker, 1989;
Silverman et al., 1999) or among individuals with a history of gallstones/gallbladder disease
(cholelithiasis) (Norell et al., 1986b; Cuzick and Babiker, 1989; Kalapothaki et al., 1993b;
Schattner et al., 1997). In one of these studies, a 70% excess risk persisted when allowing 20
or more years between cholecystectomy and diagnosis of pancreatic cancer (Silverman et al.,
1999). Other case-control studies observed no statistically significant association with these
medical conditions (Mack et al., 1986; La Vecchia et al., 1990; Farrow and Davis, 1990b;
Gullo, 1999; Bosetti et al., 2003).
Four cohort studies reported statistically significant relative risks of 1.2-2.5 of pancreatic
cancer among individuals with a history of cholecystectomy (Shibata et al., 1994; Chow et
al., 1999a; Coughlin et al., 2000) and/or gallstones (Coughlin et al., 2000; Lin et al., 2002a).
In two cohort studies (Shibata et al., 1994; Chow et al., 1999a), the risk remained elevated
when restricting to individuals who had undergone a cholecystectomy more than four or five
years before cancer diagnosis. However, two large cohort studies observed no significant
increased risk of pancreatic cancer among individuals with a cholecystectomy performed at
least two years before cancer diagnosis (Ye et al., 2001; Schernhammer et al., 2002) or after
adjusting for obesity and other confounders (Schernhammer et al., 2002). Furthermore, in one
of these studies (Schernhammer et al., 2002) as well as in another cohort study (StolzenbergSolomon et al., 2002c), no association was reported for gallstones.
Overall, it is unclear from available data whether cholecystectomy and cholelithiasis are
risk factors for pancreatic cancer and if the positive associations found in some studies were
due to recall or selection bias (in case-control studies) or confounding from other risk factors.
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Pernicious Anemia

Some cohort studies (Borch et al., 1988; Hsing et al., 1993; Karlson et al., 2000), but not all
(Mellemkjaer et al., 1996), have reported an excess risk of pancreatic cancer among patients
with pernicious anemia.

Allergies

In a meta-analysis of 14 studies (four cohort and ten population-based case-control studies), a
history of allergy was associated with a 18% lower risk of pancreatic cancer (RR, 0.82; 95%
CI, 0.68-0.99) (Gandini et al., 2005). The risk reduction was stronger for allergies related to
atopy (RR, 0.71; 95% CI, 0.64-0.80); allergies related asthma or to food or drugs were not
associated with risk of pancreatic cancer.

Helicobacter Pylori

Three studies have examined the relationship between Helicobacter pylori infection and risk
of pancreatic cancer (Raderer et al., 1998; Stolzenberg-Solomon et al., 2001a; Borgström et
al., 2004). In a nested-case control study within the Alpha-Tocopherol, Beta-Carotene Cancer
Prevention Study, men tested positive for H. pylori had a statistically significant 1.9-fold
greater risk of pancreatic cancer than seronegative men (Stolzenberg-Solomon et al., 2001a).
Likewise, a case-control study observed higher H. pylori seropositivity among 92 pancreatic
cancer cases (65%) than among 62 controls (45%), with an odds ratio of 2.1 (95% CI, 1.14.1) (Raderer et al., 1998). No association between H. pylori infection and pancreatic cancer
was found in a nested-case control study in Sweden (Borgström et al., 2004).

Aspirin and Nonsteroidal Anti-Inflammatory Drugs

Data from in vitro and animal studies suggest that aspirin and nonsteroidal anti-inflammatory
drugs (NSAIDs) inhibit pancreatic carcinogenesis (Takahashi et al., 1990; McDade et al.,
1999; Perugini et al., 2000; Kokawa et al., 2001; Yip-Schneider et al., 2001; Schuller et al.,
2002). Six prospective cohort studies (Schreinemachers and Everson, 1994; Anderson et al.,
2002b; Friis et al., 2003; Jacobs et al., 2004; Ratnasinghe et al., 2004; Schernhammer et al.,
2004) and one hospital-based case-control study (Menezes et al., 2002) have specifically
examined the relation between aspirin use and pancreatic cancer risk. In the Iowa Women’s
Health Study (including 80 cases), frequent use of aspirin was associated with a significantly
lower risk of pancreatic cancer (RR, 0.40; 95% CI, 0.20-0.82, for aspirin use ≥6 times/week
vs. no use) (Anderson et al., 2002b). In contrast, in the Nurses’ Health Study (including 161
cases), women who reported more than 20 years of regular aspirin use had a statistically
significant increased risk of pancreatic cancer (RR, 1.58; 95% CI, 1.03-2.43). No association
between aspirin use and pancreatic cancer risk was observed in the Cancer Prevention Study
II cohort (including 4577 pancreatic cancer deaths) (Jacobs et al., 2004), in two US cohort
studies (Schreinemachers and Everson, 1994; Ratnasinghe et al., 2004), or in a US hospitalbased case-control study (Menezes et al., 2002). A Danish study that used pharmacy database
information found no association with low-dose aspirin prescriptions (Friis et al., 2003).
Findings from a randomized controlled trial among about 40 000 US women suggest that
aspirin use does not reduce the risk of pancreatic cancer (Cook et al., 2005). In that trial,
pancreatic cancer incidence over a period of 10 years was slightly greater among women who
received low-dose aspirin (100 mg on alternate days) than among those who received placebo
(30 vs. 21 cases; RR, 1.42; 95% CI, 0.81-2.49).
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Four studies have examined use of nonaspirin or overall NSAIDs in relation to pancreatic
cancer risk. In a case-control study in the United Kingdom that used pharmacy database
information, receipt of seven or more NSAID prescriptions 13-36 months before the date of
diagnosis was associated with a statistically significant 49% increase in pancreatic cancer risk
(Langman et al., 2000). However, this study could not exclude the possibility that patients
were taken NSAIDs for pain related to pancreatic cancer before diagnosis. Nonaspirin or
overall NSAID use was not associated with risk of pancreatic cancer in the Iowa Women’s
Health Study (Anderson et al., 2002b), in a hospital-based case-control study (Coogan et al.,
2000), or in a Danish study that used pharmacy database information (Sørensen et al., 2003).
Overall, existing data from observational studies and a randomized controlled trial do not
support an inverse association between use of aspirin or NSAIDs and pancreatic cancer risk.

Parity and Reproductive Factors

Results of epidemiologic studies of parity and pancreatic cancer risk have been inconsistent.
In the largest prospective cohort study (the Cancer Prevention Study II cohort), 1959 women
died from pancreatic cancer during 18 years of follow-up (Teras et al., 2005). Women who
had five or more births had a statistically significant 20% lower death rate from pancreatic
cancer than did nulliparous women; however, there was no linear trend of decreasing risk
with increasing parity (Teras et al., 2005). An inverse relation between parity and pancreatic
cancer risk was also reported in two other prospective studies (Hanley et al., 2001; Skinner et
al., 2003) and three case-control studies (Kalapothaki et al., 1993b; Fernandez et al., 1995;
Kreiger et al., 2001), whereas two prospective studies (Kvåle et al., 1994; Navarro Silvera et
al., 2005) and one case-control study (Ji et al., 1996a) observed a positive relationship. Two
studies found no association (Karlson et al., 1998; Duell and Holly, 2005). Other reproductive
and hormonal factors, including age at menarche, age at first birth, menopausal status, age at
menopause, oral contraceptive use, and postmenopausal hormone use, have not consistently
been associated with pancreatic cancer risk (Adami et al., 1989; Fernandez et al., 1995;
Persson et al., 1996; Ji et al., 1996a; Karlson et al., 1998; Kreiger et al., 2001; Skinner et al.,
2003; Duell and Holly, 2005; Navarro Silvera et al., 2005; Teras et al., 2005).

Occupational Exposures

Occupational exposure to carcinogens (e.g., chlorinated hydrocarbon solvents, formaldehyde,
pesticides, organochlorines) has been suspected as a risk factor for pancreatic cancer, but the
evidence is insufficient to identify any specific exposure as likely to substantially increase the
risk of this malignancy (Garabrant et al., 1992; Kauppinen et al., 1995; Ojajärvi et al., 2000;
Collins et al., 2001).

Inherited Predisposition

In an analysis of 44 788 Scandinavian twin pairs, heritability was estimated to account for
36% (0–53%) of the variation in susceptibility to pancreatic cancer (Lichtenstein et al., 2000).
Several germ line defects have been detected in families with pancreatic cancer, including
familial breast cancer (BRCA2 mutations), hereditary pancreatitis, hereditary nonpolyposis
colorectal cancer (HNPCC), familial adenomatous polyposis (FAP), familial pancreatic
cancer, familial atypical multiple mole melanoma syndrome (FAMMM), and Peutz-Jegher’s
syndrome (Lowenfels and Maisonneuve, 1999). While BRCA2 is the most common inherited
disorder, hereditary pancreatitis confers the greatest excess risk (Efthimiou et al., 2001).
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GASTRIC (STOMACH) CANCER
STOMACH ANATOMY
The stomach is a J-shaped organ lying between the esophagus and duodenum (FIGURE 24). It
is about 30 cm long and 15 cm wide at its widest point. It has a volume of about 50 ml when
empty. After a meal, it can expand to hold about 1 liter of food, but can expand to hold as
much as 4 liters. The stomach is divided into four sections: cardia, fundus, body, and pylorus.

FIGURE 24. Anatomy of the stomach

HISTOLOGIC TYPES AND ANATOMIC SUBSITES
About 95% of gastric malignancies are adenocarcinomas (Dicken et al., 2005), which are
subdivided into two major histologic types: (1) well-differentiated or intestinal type, and (2)
undifferentiated or diffuse type. The intestinal type is more common in males and older age
groups, whereas the diffuse type has a more equal male-to-female ratio and is more frequent
in younger individuals (Correa et al., 1973; Ekström et al., 2000a). Gastric cancers may also
be classified by subsite within the stomach and the most important distinction being between
cardia (the proximal part of the stomach) and noncardia (body) (FIGURE 24). As there is no
firm consensus about the anatomic definition of cardia cancer, available data on the frequency
of this cancer vary by 10%–35% of all gastric malignancies (Nyrén and Adami, 2002).

GASTRIC CARCINOGENESIS
Gastric carcinogenesis is a multifactorial process. Correa (1988) has proposed a multistep
model for gastric carcinogenesis by which dietary and non-dietary factors are involved at
different stages in the process. The following sequence has been proposed: normal mucosa;
superficial gastritis; chronic atrophic gastritis; intestinal metaplasia; dysplasia; and carcinoma
(Correa, 1988). Helicobacter pylori infection and high intake of salt have been postulated to
be implicated in development of superficial and chronic atrophic gastritis. Salt may also exert
a promoting effect at later stages. Carotenoids and other dietary components with antioxidant
properties might suppress the progression from atrophic gastritis to carcinoma.
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DESCRIPTIVE EPIDEMIOLOGY
Until recently, gastric cancer was the second most common cancer worldwide, but now, with
an estimated 934 000 new cases in 2002 (8.6% of all new cancer cases), it is in the fourth
place behind lung, breast, and colorectal cancer (Parkin et al., 2005). It is the second leading
cause of death from cancer (700 000 deaths annually). Nearly two-thirds of the cases occur in
developing countries and 42% in China alone (Parkin et al., 2005). There is a 15- to 20-fold
variation in incidence of gastric cancer around the world; high-risk areas (age-standardized
incidence rate in men, >20 per 100 000) include East Asia (Korea, Japan, and China), Eastern
Europe, and South America (FIGURE 25). Incidence rates are low (<10 per 100 000 in men)
in most parts of Africa, South-Central Asia, and North America.
In Sweden, gastric cancer accounts for only 2% of all new cancer cases (National Board
of Health and Welfare, 2006). However, because of its poor prognosis, gastric cancer is the
sixth leading cause of cancer-related mortality (Swedish Cancer Society, 2005). The lifetime
risk of being diagnosed with gastric cancer is 1.6% for men and 0.8% for women (National
Board of Health and Welfare).
FIGURE 25. Age-standardized incidence rates of gastric cancer*
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Time Trends

There has been a steady decline in gastric cancer incidence and mortality rates over several
decades in most countries (Palli, 2000). In the United States, gastric cancer was the leading
cause of cancer death in 1930, but in 2005 it was only ranked number 14 (Jemal et al., 2005).
Over the last 40 years, the age-standardized incidence rates of gastric cancer in Sweden
dropped from about 60 to 15 cases per 100 000 men and from 30 to 10 cases per 100 000
women (FIGURE 26). In a population-based prospective study in Sweden, during six years of
observation (1989–1994), the incidence of noncardia gastric cancer declined by 9% yearly,
whereas the incidence of gastric cardia cancer remained stable (Ekström et al., 2000a). Both
main histologic types (intestinal/diffuse) of noncardia gastric cancer declined markedly.
FIGURE 26. Trends in incidence rates of gastric cancer among males (upper line) and females
(lower line) in Sweden, 1960–2004*
Per 100 000

*Rates are per 100 000 population and were adjusted to the 2000 Swedish age distribution (National
Board of Health and Welfare, 2006).

Prognosis

Survival from gastric cancer is fairly good only in Japan (52%), where mass screening by
photofluoroscopy has been practiced since the 1960s (Parkin et al., 2005). The prognosis of
gastric cancer in Europe (Coleman et al., 2003) and in the United States (Ries et al., 2006) is
poor. The 5-year relative survival rate following diagnosis of gastric cancer is around 20% in
Sweden (Swedish Cancer Society, 2005) and 24% in the United States (Ries et al., 2006).
Statistics from the National Cancer Institute show that while survival rate is highest (62%)
when the tumor is localized at diagnosis, less than one fourth of the tumors are detected at
that stage; the survival rate is only about 3% for patients whose cancer are distant at diagnosis
(33% of patients) (Ries et al., 2006).

Age of Onset

Gastric cancer incidence increases almost exponentially with age. In Sweden, about 85% of
the disease occurs in individuals over age 60 (National Board of Health and Welfare, 2006).
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DIETARY FACTORS
Dietary factors are thought to play an important role in gastric cancer etiology (WCRF/AICR,
1997). Below is a summary of the epidemiologic literature on diet in relation to risk of gastric
cancer.

Meat

Findings from case-control studies of meat consumption and risk of gastric cancer have been
inconclusive. Some studies reported a statistically significant (Buiatti et al., 1989; Ward et al.,
1997; Ward and Lopez-Carrillo, 1999; Chen et al., 2002a) or a non–statistically significant
(Lee et al., 1990; De Stefani et al., 2001; Takezaki et al., 2001; Lissowska et al., 2004)
positive relationship between total meat or red meat consumption and risk of gastric cancer,
whereas other studies observed no association (González et al., 1991; Boeing et al., 1991a;
Hoshiyama and Sasaba, 1992; Ji et al., 1998; Ito et al., 2003; De Stefani et al., 2004) or a
statistically significant inverse association (Tuyns et al., 1992).
Relatively few prospective studies have examined the relationship between fresh meat
consumption and gastric cancer risk. In the European Prospective Investigation Into Cancer
and Nutrition (EPIC), with 330 incident gastric cancer cases diagnosed during a mean followup of 6.5 years, individuals in the highest quartile of consumption of total meat or red meat
had a statistically significant 50% increased risk of gastric cancer compared with those in the
lowest quartile (González et al., 2006a). The positive associations with meat consumption
appeared to be stronger or limited to noncardia gastric cancer, whereas little or no association
was found for gastric cardia cancer (González et al., 2006a). No association between red meat
consumption and risk of gastric cancer was observed in the Swedish Mammography Cohort
(Larsson et al., 2006j) or in a large cohort study in Japan (Tokui et al., 2005). Three other
cohort studies also did not reveal any relation between meat consumption and gastric cancer
(Nomura et al., 1990; Knekt et al., 1999; Ngoan et al., 2002).
Overall, the majority of case-control and prospective studies have observed no significant
association between total meat or red meat consumption and risk of gastric cancer. A positive
relation between consumption of processed meat (a source of nitrite, N-nitroso compounds,
and salt) and risk of gastric cancer appears to be more consistent (see Paper V).

Nitrite and N-Nitroso Compounds

Humans are exposed to different N-nitroso compounds (NOCs) or to their precursors through
diet, tobacco smoke, work place, and drinking water (Tricker and Preussmann, 1991; Bartsch
and Spiegelhalder, 1996). Preformed exogenous NOCs are found mainly in processed meats
(preserved with nitrates/nitrites), smoked preserved foods, pickled and salty preserved foods,
and foods dried at high temperatures (e.g., beer, whisky, and dry milk) (Österdahl, 1988;
Tricker and Preussmann, 1991). Vegetables and drinking water are the main dietary sources
of nitrate, which can be converted into nitrite in the saliva. NOCs are formed endogenously in
the stomach from nitrite and secondary amines or amides. Various NOCs have been found to
be carcinogenic in multiple organs in more than 40 different animal species (Tricker, 1997).
N-nitrosodimethylamine (NDMA), the most frequently occurring NOC in foods (Österdahl,
1988) has been classified as probably carcinogenic to humans (group 2A) by the International
Agency for Research on Cancer (IARC, 1978).
Results from case-control and prospective cohort studies of the relation between intake of
nitrite and NOCs (NDMA or nitrosamines) and gastric cancer risk are shown in FIGURE 27.

42

Six of eight case-control studies of nitrite intake and risk of gastric cancer reported a positive
association (Risch et al., 1985; Buiatti et al., 1990; González et al., 1994; Pobel et al., 1995;
La Vecchia et al., 1997a; De Stefani et al., 1998a; Mayne et al., 2001; Palli et al., 2001), and
in four studies, the relationship was statistically significant. Of six case-control studies of
NDMA or nitrosamine intake (Risch et al., 1985; González et al., 1994; La Vecchia et al.,
1995; Pobel et al., 1995; De Stefani et al., 1998a; Palli et al., 2001), four found a statistically
significant 1.4-fold to 7-fold increased risk for high versus low intake (González et al., 1994;
La Vecchia et al., 1995; Pobel et al., 1995; De Stefani et al., 1998a).
Among prospective cohort studies, NDMA intake was statistically significantly positively
associated with risk of gastric cancer in the Swedish Mammography Cohort (Larsson et al.,
2006j), while a small Finnish cohort study (Knekt et al., 1999) and the EPIC study (Jakszyn
et al., 2006) observed no association (FIGURE 27). Nevertheless, in the EPIC study, an index
of endogenous formation of NOCs was statistically significantly positively associated with
noncardia gastric cancer risk. The association seemed to be confined to individuals with low
plasma vitamin C levels or those with Helicobacter pylori infection (Jakszyn et al., 2006). In
the Netherlands Cohort Study, high nitrite intake was associated with a nonsignificant about
1.4-fold increased risk of gastric cancer (van Loon et al., 1998a). No association with nitrite
intake was observed in the Finnish cohort study (Knekt et al., 1999).
In summary, current evidence suggests that a high exposure to dietary nitrite or NOCs or
endogenously formed NOCs may increase the risk of gastric cancer, but is as yet insufficient.
FIGURE 27. Relative risks of gastric cancer associated with nitrite and N-nitroso compound
intake (highest vs. lowest category) in case-control and prospective studies
Relative Risk
(95% CI)

Case-control studies
Nitrite
Risch et al., 1985
Buiatti et al., 1990
Gonzalez et al., 1994
Pobel et al., 1995
La Vecchia et al., 1997a
De Stefani et al., 1998a
Mayne et al., 2001*
Palli et al., 2001
NOCs
Risch et al., 1985
Gonzalez et al., 1994
La Vecchia et al., 1995
Pobel et al., 1995
De Stefani et al., 1998a
Palli et al., 2001

1.71 (1.24-2.37)
1.20 (0.80-1.80)
1.28
0.88 (0.44-1.79)
1.44 (1.20-1.70)
0.53 (0.42-0.67)
1.65 (1.26-2.16)
1.40 (1.00-2.00)
0.94 (0.14-6.13)
2.09
1.37 (1.10-1.70)
7.00 (1.85-26.5)
3.62 (2.38-5.51)
1.10 (0.80-2.50)

Prospective studies
Nitrite
Knekt et al., 1999
van Loon et al., 1998a
NOCs
Knekt et al., 1999
Jakszyn et al., 2006*
Jakszyn et al., 2006*†
Larsson et al., 2006j

0.71 (0.28-1.78)
1.44 (0.95-2.18)
0.75 (0.37-1.51)
1.09 (0.65-1.88)
1.61 (1.01-2.58)
1.96 (1.08-3.58)
0.4

0.7
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3

6

Relative Risk (95% CI)

*Noncardia gastric cancer. †Index of endogenous formation of N-nitroso compounds.
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Salt and Salted Foods

Evidence suggests that high intakes of salt may damage the protective mucosal layer in the
stomach, resulting in gastritis and increased DNA synthesis and cell proliferation (Charnley
and Tannenbaum, 1985; Fox et al., 1999). Excess salt also makes the mucosa cells more
susceptible to dietary carcinogens. In animal studies, salt enhances the carcinogenic effects of
gastric carcinogens, such as the N-nitroso compound N-methyl-N´-nitro-N-nitrosoguanidine
(Tatematsu et al., 1975; Takahashi et al., 1983; Takahashi et al., 1994).
Several case-control studies have reported an increased risk of gastric cancer associated
with high intake of salt and salted foods (WCRF/AICR, 1997; Ji et al., 1998; Sriamporn et al.,
2002; Phukan et al., 2006; Strumylaite et al., 2006). Results of the few prospective studies on
salt and salted food consumption in relation to risk of gastric cancer have been inconsistent.
A cohort study in Japan reported a statistically significant 3-fold increase in gastric cancer
risk associated with high salt intake (Shikata et al., 2006). In another Japanese cohort study, a
positive relation between salt intake and risk of gastric cancer was observed in men but not in
women (Tsugane et al., 2004). In this same cohort, consumption of salted fish roe and salted
fish preserves was strongly associated with an increased risk of gastric cancer in both sexes
(Tsugane et al., 2004). In the Netherlands Cohort Study, dietary salt intake was weakly
positively associated with gastric cancer risk, but no association was observed for table salt
(van den Brandt et al., 2003). A cohort of Japanese residents of Hawaii found no relationship
between consumption of salted foods and gastric cancer risk (Galanis et al., 1998).
Indirect support for the salt hypothesis derives from the consistent inverse association of
long-term use of refrigerators with gastric cancer risk observed in many case-control studies
even after adjusting for socioeconomic status (WCRF/AICR, 1997). Refrigeration may have
lead to a reduction in gastric cancer risk via a reduced intake of salted foods. Refrigeration
may, however, have influenced gastric cancer risk in other ways than decreasing the exposure
to salt. Refrigeration also reduced the need for other methods of food preservation, including
smoking or the addition of nitrates or nitrites. Furthermore, access to a refrigerator facilitated
availability of fresh fruits and vegetables throughout the year.
In summary, the epidemiologic and experimental evidence suggests that diets high in salt
probably increase the risk of gastric cancer.

Fruits and Vegetables

Fruits and vegetables contain numerous potentially beneficial vitamins, carotenoids and other
bioactive substances such as flavonoids, indoles, lignans, terpenes, and phenols that may help
prevent cancer (IARC, 2003). Although the majority of about 40 case-control studies have
found an inverse association between fruit and/or vegetable consumption and gastric cancer
risk, cohort studies have been less convincing (IARC, 2003). A review by the International
Agency for Research on Cancer identified 12 cohort studies that had examined the relation
between fruit and/or vegetable consumption and risk of gastric cancer (IARC, 2003). Five of
those 12 studies found a statistically significant reduced risk of gastric cancer associated with
high consumption of total fruits (Nomura et al., 1995; Galanis et al., 1998; Sauvaget et al.,
2003), total vegetables (Chyou et al., 1990; Nomura et al., 1995), or combined fruits and
vegetables (Terry et al., 1998). Since the IARC review, four additional prospective studies
have reported on fruit and vegetable consumption in relation to risk of gastric cancer. In the
Alpha-Tocopherol, Beta-Carotene Cancer Prevention Study (Nouraie et al., 2005), moderate
to high fruit consumption was associated with a significant lower risk of gastric cancer (≥61

44

g/d vs. <61 g/d: RR, 0.51; 95% CI, 0.37-0.71). The relationship appeared to be nonlinear; the
relative risks were 1.00, 0.41, 0.50, and 0.66 in ascending quartiles of fruit intake (Nouraie et
al., 2005). A nonlinear relationship was also found in the Swedish Mammography Cohort and
the Cohort of Swedish Men (Larsson et al., 2006k); in these cohorts, the multivariate relative
risks were 1.00, 0.63, 0.66, and 0.54 (95% CI, 0.32-0.91) in increasing categories of fruit and
vegetable consumption (<2.0, 2.0-3.4, 3.5-4.9, and ≥5.0 servings/day). A prospective study in
China reported an inverse association between fruit consumption and risk of cardia cancer,
but not of noncardia gastric cancer (Tran et al., 2005). In the EPIC study (González et al.,
2006b), no overall association was found between consumption of fruits or vegetables and
risk of cardia or noncardia gastric cancer; however, an increase of 100 g/d of vegetables was
associated with a nonsignificant 34% reduction in risk of gastric cancer of the intestinal type.
Taken together, the evidence suggests that consumption of fruits and vegetables probably
lowers the risk of gastric cancer.

Vitamin A, Retinol, and Carotenoids

Vitamin A may influence gastric carcinogenesis through its essential role in controlling cell
proliferation and cell differentiation. Vitamin A is a generic term referring to both preformed
vitamin A (largely retinol and its esters) and some of the carotenoids (IARC, 1998). Retinol is
present in foods of animal origin, such as organ meats, dairy products, and egg, whereas fruits
and vegetables are the predominant sources of provitamin A carotenoids (largely Į-carotene,
ȕ-carotene, and ȕ-cryptoxanthin). In addition to their ability to be converted into vitamin A,
carotenoids have antioxidant properties and may reduce gastric cancer risk by neutralizing
DNA-damaging free radicals (IARC, 1997).
The relation between intake of total vitamin A (from retinol and provitamin A carotenoids
combined) and gastric cancer has been examined in at least 15 case-control studies (Correa et
al., 1985; Risch et al., 1985; Ramon et al., 1993; Hansson et al., 1994; Harrison et al., 1997; Ji
et al., 1998; Lopez-Carrillo et al., 1999; De Stefani et al., 2000; Mayne et al., 2001; Muñoz et
al., 2001; Chen et al., 2002b; Nomura et al., 2003; Lissowska et al., 2004; Kim et al., 2005;
Qiu et al., 2005). All but two of those 15 studies observed an inverse association, and in five
studies the relationship was statistically significant (Ji et al., 1998; De Stefani et al., 2000;
Mayne et al., 2001; Nomura et al., 2003; Kim et al., 2005). In most case-control studies of
retinol intake and gastric cancer risk, the odds ratios were essentially null (Buiatti et al., 1990;
González et al., 1994; Hansson et al., 1994; La Vecchia et al., 1994b; Mayne et al., 2001;
Chen et al., 2002b) or inverse but not statistically significant (Harrison et al., 1997; Muñoz et
al., 2001; Nomura et al., 2003; Kim et al., 2005). Only one case-control study (Lissowska et
al., 2004) have reported a statistically significant decrease in risk of gastric cancer for high
versus low retinol intake (OR = 0.4), whereas one case-control study (Graham et al., 1990)
observed a statistically significant increase in risk (OR = 3.1 for men; OR = 2.1 for women).
Although prospective data on total vitamin A intake and gastric cancer risk are lacking,
several prospective studies have provided results on dietary retinol and/or blood retinol levels
(FIGURE 28). Three prospective studies reported a statistically significant inverse relationship
between retinol intake (Nouraie et al., 2005) or serum/plasma retinol levels and gastric cancer
risk (Stähelin et al., 1991; Jenab et al., 2006a). However, other prospective studies have not
observed any statistically significant association with dietary intake (Zheng et al., 1995;
Botterweck et al., 2000) or blood retinol levels (Nomura et al., 1995; Abnet et al., 2003; Yuan
et al., 2004; Ito et al., 2005; Nouraie et al., 2005).
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FIGURE 28. Relative risks of gastric cancer associated with dietary intake or blood levels of
retinol (highest vs. lowest category) in prospective studies
Relative Risk
(95% CI)

Dietary intake
Zheng et al., 1995
Botterweck et al., 2000
Nouraie et al., 2005 (cardia)
Nouraie et al., 2005 (noncardia)
Summary estimate

0.60 (0.20-1.70)
1.20 (0.80-1.70)
0.41 (0.19-0.86)
0.78 (0.49-1.24)
0.77 (0.48-1.22)

Blood levels
Stähelin et al., 1991
Nomura et al., 1995
Abnet et al., 1995 (cardia)
Abnet et al., 1995 (noncardia)
Yuan et al., 2004
Nouraie et al., 2005 (cardia)
Nouraie et al., 2005 (noncardia)
Ito et al., 2005
Jenab et al., 2006a
Summary estimate

0.37 (0.15-0.93)*
1.20 (0.60-2.20)
0.82 (0.59-1.20)
0.79 (0.39-1.60)
0.86 (0.52-1.43)
0.75 (0.37-1.54)
0.94 (0.60-1.48)
1.16 (0.26-4.79)
0.55 (0.33-0.93)
0.80 (0.66-0.96)
0.2

0.4

0.7

1

1.5

3

Relative Risk (95% CI)

*Converted relative risk; the original one was for low versus high blood levels. Test for heterogeneity:
dietary intake, Q = 7.28, P = 0.06, I2 = 58.8%; blood levels, Q = 7.12, P = 0.52, I2 = 0%.

Dietary ȕ-carotene intake has been statistically significantly (Risch et al., 1985; You et
al., 1988; Graham et al., 1990; La Vecchia et al., 1994b; Ji et al., 1998; Kaaks et al., 1998;
Ekström et al., 2000b; Mayne et al., 2001; Palli et al., 2001; Nomura et al., 2003; Lissowska
et al., 2004; Kim et al., 2005) or nonsignificantly (Hansson et al., 1994; Harrison et al., 1997;
De Stefani et al., 2000) inversely associated with the risk of gastric cancer in the majority of
case-control studies. Findings from prospective studies of dietary intake (Zheng et al., 1995;
Botterweck et al., 2000; Nouraie et al., 2005) and/or blood levels (Stähelin et al., 1991;
Nomura et al., 1995; Abnet et al., 2003; Yuan et al., 2004; Ito et al., 2005; Nouraie et al.,
2005; Jenab et al., 2006a) of ȕ-carotene in relation to gastric cancer have been mixed, with
four of nine studies showing a statistically significant (Stähelin et al., 1991; Nomura et al.,
1995) or a nonsignificant (Zheng et al., 1995; Yuan et al., 2004) inverse relation (FIGURE 29)
Few prospective studies have investigated the association between specific carotenoids
besides ȕ-carotene and gastric cancer risk. In the EPIC study, a statistically significant inverse
association was observed with plasma ȕ-cryptoxanthin and zeaxanthin, but not with plasma
Į-carotene, lutein or lycopene (Jenab et al., 2006a). Lycopene intake was inversely associated
with noncardia gastric cancer risk in the Alpha-Tocopherol, Beta-Carotene Cancer Prevention
Study (Nouraie et al., 2005). Four other prospective studies did not observe any significant
association with Į-carotene, lutein/zeaxanthin, ȕ-cryptoxanthin, and/or lycopene (Botterweck
et al., 2000; Abnet et al., 2003; Yuan et al., 2004; Ito et al., 2005).
Overall, whether high intakes of vitamin A, retinol, and carotenoids may lower the risk of
gastric cancer remains uncertain because of limited (vitamin A and specific carotenoids) and
inconsistent (retinol and ȕ-carotene) results from prospective studies.
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FIGURE 29. Relative risks of gastric cancer associated with dietary intake or blood levels of
ȕ-carotene (highest vs. lowest category) in prospective studies

Dietary intake
Zheng et al., 1995
Botterweck et al., 2000
Nouraie et al., 2005 (cardia)
Nouraie et al., 2005 (noncardia)
Summary estimate

Relative Risk
(95% CI)
0.30 (0.10-1.10)
1.20 (0.80-1.80)
0.85 (0.35-2.05)
1.33 (0.80-2.22)
1.00 (0.64-1.56)

Blood levels
Stähelin et al., 1991
Nomura et al., 1995
Abnet et al., 2003 (cardia)
Abnet et al., 2003 (noncardia)
Yuan et al., 2004
Nouraie et al., 2005 (cardia)
Nouraie et al., 2005 (noncardia)
Ito et al., 2005
Jenab et al., 2006a
Summary estimate

0.29 (0.12-0.72)*
0.30 (0.20-0.70)
0.95 (0.67-1.40)
1.90 (0.89-3.90)
0.62 (0.37-1.06)
0.92 (0.44-1.95)
1.05 (0.67-1.67)
0.62 (0.17-2.31)
1.13 (0.69-1.86)
0.77 (0.54-1.10)
0.1

0.2

0.4

0.7

1

1.5

2.5

Relative Risk (95% CI)

*Converted relative risk; the original one was for low versus high blood levels. Test for heterogeneity:
dietary intake, Q = 5.55, P = 0.14, I2 = 45.9%; blood levels, Q = 24.73, P = 0.002, I2 = 67.6%.

Vitamin C

Vitamin C is an antioxidant and an inhibitor of carcinogenic NOC production in the stomach
(Mirvish, 1994). In animal studies, the inhibition of tumor formation has been found when
vitamin C is fed together with nitrite and amines or amides, or with preformed carcinogens
(Mirvish, 1983; Mirvish, 1986). A number of case-control studies have found an approximate
halving of gastric cancer risk associated with high compared to low dietary vitamin C intake
(WCRF/AICR, 1997; Ji et al., 1998; Kaaks et al., 1998; Ekström et al., 2000b; Mayne et al.,
2001; Chen et al., 2002b; Lissowska et al., 2004; Kim et al., 2005).
Prospective data on dietary intake or blood levels of vitamin C and risk of gastric cancer
are limited and inconsistent (FIGURE 30). Vitamin C intake was nonsignificantly inversely
associated with risk of gastric cancer in the Iowa Women’s Health Study (Zheng et al., 1995)
and with noncardia gastric cancer in the Alpha-Tocopherol, Beta-Carotene Cancer Prevention
Study (Nouraie et al., 2005). In the Netherlands Cohort Study (Botterweck et al., 2000), high
vitamin C intake was associated with an overall 30% reduced risk of gastric cancer; however,
this association was attenuated and not significant after exclusion of cases diagnosed during
the first two years of follow-up. In a case-control study nested within the EPIC study, dietary
vitamin C intake was not associated with gastric cancer risk (Jenab et al., 2006b). However,
plasma vitamin C levels were statistically significantly inversely associated with risk, and this
association remained after exclusion of cases diagnosed within the first two years of followup (OR, 0.40; 95% CI, 0.19-0.83) (Jenab et al., 2006b). The inverse relationship was more
pronounced in individuals with high red and processed meat consumption, a factor that may
increase the intra-gastric formation of NOCs. In the Basel Study, serum levels of vitamin C
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were statistically significantly inversely related to gastric cancer risk in individuals who were
60 years of age or younger (Stähelin et al., 1991). No association of serum vitamin C levels
with gastric cancer risk was found in a prospective study in China (Yuan et al., 2004).
To summarize, available evidence suggests that diets high in vitamin C possibly decrease
the risk of gastric cancer. It cannot be ruled out, however, that vitamin C serves as a proxy for
other potentially protective constituents of the same foods, i.e., fruits and vegetables.
FIGURE 30. Relative risks of gastric cancer associated with dietary intake or blood levels of
vitamin C (highest vs. lowest category) in prospective studies
Relative Risk
(95% CI)

Dietary intake
Zheng et al., 1995
Botterweck et al., 2000
Nouraie et al., 2005 (cardia)
Nouraie et al., 2005 (noncardia)
Jenab et al., 2006b
Summary estimate

0.50 (0.20-1.30)
0.70 (0.50-1.00)
1.00 (0.42-2.36)
0.77 (0.47-1.26)
1.02 (0.60-1.74)
0.77 (0.61-0.97)

Blood levels
Stähelin et al., 1991 (age <60 y)
Stähelin et al., 1991 (age ≥60 y)
Yuan et al., 2004
Jenab et al., 2006b
Summary estimate

1.10 (0.30-4.30)*
0.40 (0.20-0.70)*
0.92 (0.55-1.55)
0.55 (0.31-0.97)
0.64 (0.41-0.98)

0.2

0.4

0.7

1

2

Relative Risk (95% CI)

*Converted relative risk; the original one was for low versus high blood levels. Test for heterogeneity:
dietary intake, Q = 2.53, P = 0.64, I2 = 0%; blood levels, Q = 4.95, P = 0.18, I2 = 39.5%.

Vitamin E

Vitamin E, which may play a role in carcinogenesis through its antioxidant properties (Lee
and Park, 2003), is found mainly in margarines, vegetable oils, nuts and seeds, wheat germ,
and green leafy vegetables. Vitamin E occurs in eight structurally related forms, the two most
important being Į-tocopherol and Ȗ-tocopherol (Jiang et al., 2001).
Of 19 case-control studies of gastric cancer that have evaluated dietary vitamin E, nine
reported a statistically significant inverse association, with odds ratios ranging from 0.4 to 0.7
for the highest versus the lowest intake category (Buiatti et al., 1990; Hansson et al., 1994; Ji
et al., 1998; Lopez-Carrillo et al., 1999; Ekström et al., 2000b; Mayne et al., 2001; Palli et al.,
2001; Lissowska et al., 2004; Kim et al., 2005). The other ten studies observed no statistically
significant relationship (Risch et al., 1985; Graham et al., 1990; Ramon et al., 1993; González
et al., 1994; La Vecchia et al., 1994b; Harrison et al., 1997; Chen et al., 2002b; Nomura et al.,
2003; Qiu et al., 2005; Lunet et al., 2006).
Results of 10 prospective studies of dietary intake and/or prediagnostic blood vitamin E
levels in relation to gastric cancer risk have been conflicting. In the EPIC study (Jenab et al.,
2006a), plasma Į-tocopherol levels were statistically significantly inversely associated with
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risk of gastric cancer (highest vs. lowest quartile: OR, 0.59; 95% CI, 0.37-0.94). The inverse
association did not differ by subsite but seemed to be limited to the diffuse histologic subtype
(OR, 0.26; 95% CI, 0.11-0.65) (Jenab et al., 2006a). In this same cohort, no associations were
observed with plasma Ȗ-tocopherol levels or dietary vitamin E intake (Jenab et al., 2006a). In
the Alpha-Tocopherol, Beta-Carotene Cancer Prevention Study (Nouraie et al., 2005), dietary
Į-tocopherol and Ȗ-tocopherol intakes were significantly inversely associated with noncardia
risk of gastric cancer (Ptrend = 0.01) but significantly positively associated with gastric cardia
cancer. In contrast, findings from the General Population Trial in Linxian, China, showed a
positive relationship between serum Į-tocopherol levels and risk of noncardia gastric cancer
(highest vs. lowest quartile: RR, 2.05; 95% CI, 0.89-4.75; Ptrend = 0.03) but showed no
association with gastric cardia cancer (Taylor et al., 2003). The remaining prospective studies
relating to dietary intake (Chyou et al., 1990; Zheng et al., 1995; Botterweck et al., 2000) or
blood vitamin E levels (mainly Į-tocopherol) (Stähelin et al., 1991; Nomura et al., 1995;
Yuan et al., 2004; Ito et al., 2005) and gastric cancer risk reported no association.
In summary, vitamin E intake possibly has no relationship with the risk of gastric cancer.

Selenium

Four prospective studies and one case-control study have examined the relationship between
serum or toenail selenium levels and risk of gastric cancer. A Finnish cohort study reported
an inverse relation between serum selenium levels and gastric cancer incidence in both men
(RR = 0.1; Ptrend = 0.002) and women (RR = 0.3; Ptrend = 0.15) (Knekt et al., 1990), whereas a
study of Japanese men in Hawaii found no relationship (Nomura et al., 1987). In the General
Population Trial in Linxian, serum selenium levels (measured in pretrial) were statistically
significantly inversely associated with incidence of cardia cancer (highest vs. lowest quartile:
RR, 0.47; 95% CI, 0.33-0.65) but not with noncardia gastric cancer (Mark et al., 2000). In the
Netherlands Cohort Study, toenail selenium levels were inversely associated with gastric
cancer incidence in men (highest vs. lowest quintile: RR, 0.40; 95% CI, 0.17-0.96) but
showed no protective association for women (van den Brandt et al., 1993). In a case-control
study in Poland, plasma selenium levels were statistically significantly lower in patients with
gastric cancer compared to healthy control subjects (Scieszka et al., 1997). An ecologic study
in China showed an inverse correlation between serum selenium levels and gastric cancer
mortality (r = -0.33 in men; r = -0.39 in women); the inverse correlation remained in multiple
regression analysis including dietary ȕ-carotene and vitamin C (Kneller et al., 1992).
In summary, available data for gastric cancer are suggestive of a benefit from selenium,
but the evidence is yet insufficient.

Micronutrient Supplementation Trials

Five intervention trials have investigated whether micronutrient supplementation may reduce
the risk of gastric cancer. Two trials were conducted in Linxian, China, where the rates of
esophageal and gastric cancers are among the highest in the world and diets are low in several
micronutrients (Blot et al., 1993; Li et al., 1993). In one of these trials, the effects of four
combinations of micronutrients were tested: retinol (5000 IU) and zinc (22.5 mg); riboflavin
(3.2 mg) and niacin (40 mg); vitamin C (120 mg) and molybdenum (30 ȝg); and ȕ-carotene
(15 mg), vitamin E (30 mg), and selenium (50 ȝg) (Blot et al., 1993). A total of 331 gastric
cancer deaths occurred among the approximately 30 000 participants during the 5-year
intervention period. Supplements containing ȕ-carotene, vitamin E, and selenium statistically
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significantly reduced the incidence of gastric cancer with 16% and the mortality with 21%
(Blot et al., 1993). No effect was observed with the other supplement combinations. In the
other trial in China, more than 3000 individuals with cytologic evidence of esophageal
dysplasia were randomly assigned to receive daily supplementation with 14 vitamins and 12
minerals or placebo (Li et al., 1993). Over the 6 year intervention, slightly more incident
cases (96 vs. 81) and deaths (42 vs. 35) occurred in the supplement group, although these
differences were not statistically significant (Li et al., 1993).
A third trial among approximately 22 000 male US physicians involved supplementation
with ȕ-carotene (50 mg on alternate days) or placebo (Hennekens et al., 1996). After an
average of 12 years of follow-up, the number of incident cases of gastric cancer was low and
almost equal in the supplement and placebo groups (19 vs. 21 cases).
A fourth trial (the Alpha-Tocopherol, Beta-Carotene Cancer Prevention Study) involving
about 30 000 male Finnish smokers aged 50-69 years, assigned participants to one of four
supplements: ȕ-carotene (20 mg), vitamin E (50 mg), both, or placebo (Malila et al., 2002).
Over a period of 5-8 years, slightly more cases of gastric cancer were diagnosed among those
who received ȕ-carotene and/or vitamin E than among those who received placebo; these
differences were, however, not statistically significant (Malila et al., 2002).
In a fifth trial in Linqu County, Shandong Province, China, 3365 adults aged 35-64 years
were randomly assigned in a factorial design to three interventions or placebo: vitamin C
(250 mg), vitamin E (100 IU), and selenium (37.5 ȝg) (one tablet twice a day); garlic extract
and steam-distilled garlic oil; and amoxicillin and omeprazole (H. pylori treatment) (You et
al., 2006). No significant beneficial effects on the prevalence of precancerous gastric lesions
or on gastric cancer incidence were observed for micronutrient or garlic supplements after 7.3
years of intervention (You et al., 2006).

Cereals

The majority of case-control studies that have evaluated broad food categories called “refined
cereals”, “grains”, or “starchy foods” have reported an increased risk of gastric cancer with
higher intakes, with odds ratios ranging from 1.4 to 4.7 (WCRF/AICR, 1997; Chatenoud et
al., 1999; De Stefani et al., 1999a; Mathew et al., 2000; Muñoz et al., 2001; Lissowska et al.,
2004). A 1998 review of the literature on whole grain intake and cancer summarized seven
case-control studies of gastric cancer that evaluated intake of whole-grain bread or pasta,
wholemeal bread, non-white bread, brown bread, or crisp bread (Jacobs et al., 1998). All but
one of these studies reported odds ratios of less than 1.0 (ranging from 0.31 to 0.65) for high
compared with low consumption of whole grain foods. The only published prospective study
on whole grains and gastric cancer risk found no association (McCullough et al., 2001).

Alcohol and Alcoholic Beverages

Results of research relating alcohol consumption to gastric cancer risk are inconclusive. In an
extensive review by the World Cancer Research Fund and the American Institute for Cancer
Research of the literature published up to 1996, it was concluded that alcohol is probably not
related to gastric cancer as a whole, but may possibly increase the risk of gastric cardia cancer
specifically (WCRF/AICR, 1997). Case-control studies (Gajalakshmi and Shanta, 1996; Ji et
al., 1996b; De Stefani et al., 1998b; Gao et al., 1999; Ye et al., 1999; Chow et al., 1999b;
Chen et al., 2000; Mathew et al., 2000; Zaridze et al., 2000; Wu et al., 2001; Rao et al., 2002)
and prospective studies (Galanis et al., 1998; Sasazuki et al., 2002; Barstad et al., 2005) of

50

alcohol consumption and gastric cancer risk published since that review showed either a null
(Gajalakshmi and Shanta, 1996; Galanis et al., 1998; Gao et al., 1999; Ye et al., 1999; Chow
et al., 1999a; Wu et al., 2001; Rao et al., 2002; Sasazuki et al., 2002; Barstad et al., 2005) or a
statistically significant positive association with overall (Chen et al., 2000; Mathew et al.,
2000; Zaridze et al., 2000) or noncardia gastric cancer (Ji et al., 1996b; De Stefani et al.,
1998b). In a meta-analysis of 14 case-control and two cohort studies, the summary relative
risk estimates for alcohol intakes of 25 g/day and 50 g/day were 1.15 (95% CI, 1.09-1.22) and
1.32 (95% CI, 1.18-1.49), respectively (Bagnardi et al., 2001).
In the Swedish Mammography Cohort, with 161 incident gastric cancer cases diagnosed
during a mean follow-up of 15.7 years, alcohol intake was not associated with gastric cancer
risk, but alcohol intake in this study cohort was very low (Larsson et al., 2006l). However,
women who consumed more than one serving of medium-strong/strong beer per week had a
statistically significant 2-fold increased risk of gastric cancer (RR, 2.09; 95% CI, 95% CI,
1.11-3.93) compared to those who never consumed beer (Larsson et al., 2006l). Consumption
of hard liquor was associated with a nonsignificant increase in risk (RR, 1.38; 95% CI, 0.722.65), whereas no association was observed for light beer or wine. Only two other prospective
cohort studies have reported on type of alcoholic beverage in relation to gastric cancer risk. In
a cohort of 28 463 Danish men and women (including 122 cases), hard liquor consumption
was positively and wine consumption inversely associated with gastric cancer risk, whereas
no association was observed for beer (Barstad et al., 2005). A cohort of 7990 American men
of Japanese ancestry (including 150 cases) reported no association with any type of alcoholic
beverage (Nomura et al., 1990). Findings from case-control studies on alcoholic beverages
and gastric cancer risk have been inconclusive (reviewed in Larsson et al., 2006l).

Coffee and Tea

The association between coffee consumption and gastric cancer risk has been the subject of a
number of case-control studies, with most studies showing no relationship (WCRF/AICR,
1997). In prospective cohort studies, coffee consumption was positively associated with risk
of gastric cancer in the Swedish Mammography Cohort (≥4 cups/day vs. <2 cups/day: RR:
1.86; 95% CI, 1.07-3.25) (Larsson et al., 2006m), in a cohort of Japanese residents of Hawaii
(≥2 cups/day vs. nondrinkers: RR: 1.8; 95% CI, 1.0-3.3) (Galanis et al., 1998), and in a
Norwegian cohort study (≥7 cups/day vs. <3 cups/day: RR: 1.46) (Jacobsen et al., 1986). No
significant association with coffee drinking was found in two other cohort studies (Nomura et
al., 1986; Stensvold and Jacobsen, 1994).
Although laboratory studies have shown that polyphenolic compounds present in green
and black tea inhibit gastric carcinogenesis (Yang and Wang, 1993; Hibasami et al., 1998),
epidemiologic studies on tea consumption and risk of gastric cancer have yielded inconsistent
results. A report by the World Cancer Research Fund concluded that high consumption of
green tea possibly reduces the risk of gastric cancer, whereas black tea consumption probably
is not associated with risk (WCRF/AICR, 1997). Six of seven prospective cohort studies (all
from Japan) published since that report did not support an inverse relationship between green
tea consumption and gastric cancer risk (Galanis et al., 1998; Nakachi et al., 2000; Nagano et
al., 2001; Tsubono et al., 2001; Hoshiyama et al., 2002; Kuriyama et al., 2006); one cohort
study observed a statistically significant about 50% decreased risk of noncardia stomach
cancer for high compared to low consumption of green tea (≥5 cups/day versus <1 cup/day)
in women but found no association in men (Sasazuki et al., 2004).
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NONDIETARY FACTORS
Helicobacter Pylori

Colonization of the stomach with Helicobacter Pylori is an established risk factor for gastric
cancer (IARC, 1994; Helicobacter and Cancer Collaborative Group, 2001). A meta-analysis
of 12 prospective studies showed that the association with H. Pylori was limited to noncardia
gastric cancer (RR, 3.0; 95% CI, 2.3-3.8) and was stronger when blood samples for H. Pylori
serology were collected 10 or more years before cancer diagnosis (RR, 5.9; 95% CI, 3.410.3)(Helicobacter and Cancer Collaborative Group, 2001). H. Pylori infection seems to play
a role in both the intestinal and diffuse histologic types. The prevalence of H. Pylori infection
varies between populations (∼20%–90%) and is associated with low social class and poor
housing conditions during childhood, probably accounting for the high prevalence of
infection in developing countries (80%–90%), and has decreased in successive generations in
western countries.

Socioeconomic Status

A strong association between socioeconomic status and gastric cancer risk has been observed
frequently, with individuals of lower status having an elevated risk (van Loon et al., 1998b).
Socioeconomic status is, of course, not a causal risk factor, but is a surrogate for many other
factors, including H. Pylori infection, lifestyle, and diet.

Cigarette Smoking

The International Agency for Research on Cancer Working Group has concluded that there is
sufficient evidence that tobacco smoking causes gastric cancer (IARC, 2004). The summary
results of a meta-analysis of 40 studies indicated that the risk of gastric cancer is 50%–60%
higher, on average, in smokers than in non-smokers (Tredaniel et al., 1997). The majority of
prospective studies published since 1990 have reported statistically significantly 1.7- to 2.7fold increases in gastric cancer risk among current smokers (Nomura et al., 1990; Kneller et
al., 1991; Mizoue et al., 2000; Chao et al., 2002; Sasazuki et al., 2002; González et al., 2003;
Koizumi et al., 2004). Current smoking has been associated with an increased risk of both
gastric cardia and noncardia gastric cancer, and with the intestinal and diffuse histologic types
(González et al., 2003; Koizumi et al., 2004). It has been estimated that the proportion of
gastric cancer cases and deaths attributable to smoking is 21%–28% among men and 14%
among women in the United States (Chao et al., 2002) and Europe (González et al., 2003).

Aspirin and Nonsteroidal Anti-Inflammatory Drugs

Available evidence suggests that aspirin and NSAID use may lower the risk of gastric cancer.
In a meta-analysis of eight case-control studies (Wang et al., 2003), the summary estimate
indicated a statistically significant 22% decreased risk of gastric cancer associated with use of
aspirin/NSAIDs. Aspirin and non-aspirin NSAID users experienced similar magnitudes of
risk reduction. Use of NSAIDs was associated with a statistically significant reduced risk of
noncardia gastric cancer (OR, 0.72; 95% CI, 0.58-0.89) but not of gastric cardia cancer (OR,
0.80; 95% CI, 0.53-1.20) (Wang et al., 2003). Some prospective studies (Thun et al., 1993;
Lindblad et al., 2005a) but not all (Friis et al., 2003; Ratnasinghe et al., 2004) have supported
an inverse relationship with aspirin/NSAID use. A randomized trial among about 40 000 US
women suggest that aspirin use does not lower the risk of gastric cancer (Cook et al., 2005).
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Body Mass and Physical Activity

Although obesity has not been linked to risk of overall gastric cancer (Møller et al., 1994;
Wolk et al., 2001; Calle et al., 2003; Kuriyama et al., 2005; Oh et al., 2005; Rapp et al., 2005;
Samanic et al., 2006), data from prospective studies (Samanic et al., 2004; Lindblad et al.,
2005b; MacInnis et al., 2006) and population-based case-control studies (Chow et al., 1998;
Lagergren et al., 1999; Wu et al., 2001) suggest that obesity is a risk factor for gastric cardia
cancer. In a large cohort of male US veterans hospitalized with a diagnosis of obesity, risk
was statistically significantly elevated by 38% for gastric cardia cancer among white veterans
(Samanic et al., 2004). In another cohort study, obesity was associated with an increased risk
of adenocarcinoma of the lower esophagus and cardia combined (RR, 3.7; 95% CI, 1.1-12.4)
but showed little relationship with noncardia gastric cancer (MacInnis et al., 2006).
Physical activity was nonsignificantly inversely associated with gastric cancer risk (Ptrend
= 0.15) in a cohort of 7588 British men (Wannamethee et al., 2001), but was not associated
with risk in a cohort of Japanese in Hawaii (Nomura et al., 1995). Occupational activity was
inversely associated with the risk of gastric cancer in some case-control studies (Brownson et
al., 1991; Vigen et al., 2006) but not in all (Dosemeci et al., 1993).

Diabetes Mellitus

Most case-control (O'Mara et al., 1985; La Vecchia et al., 1994a) and cohort studies (Kessler,
1970; Ragozzino et al., 1982; Adami et al., 1991; Sasaki et al., 1996; Wideroff et al., 1997;
Verlato et al., 2003; Batty et al., 2004; Coughlin et al., 2004; Swerdlow et al., 2005) have not
reported an association between diabetes mellitus and gastric cancer risk. However, a cohort
study in Japan observed that a history of diabetes was associated with a significant about 60%
increased risk of gastric cancer in women (Inoue et al., 2006). In contrast, another cohort in
Japan found a 33% and 51% reduced risk of gastric cancer in men and women, respectively,
with diabetes (Khan et al., 2006). A cohort study in Sweden showed an excess risk of gastric
cancer among type 1 diabetes patients (SIR, 2.3; 95% CI, 1.1-4.1) (Zendehdel et al., 2003).

Pernicious Anemia

Most cohort studies of patients with pernicious anemia have demonstrated that this condition
is associated with a 2- to 3-fold excess risk of gastric cancer (Blackburn et al., 1968; Brinton
et al., 1989; Hsing et al., 1993; Mellemkjaer et al., 1996; Ye and Nyrén, 2003).

Inherited Predisposition

Patients with hereditary nonpolyposis colorectal cancer (HNPCC), an autosomal dominant
disorder with a high degree of penetrance, have an increased risk for gastric cancer (Lynch et
al., 1993). Familial clustering of gastric cancer has been reported in several case-control
studies (Hemminki and Jiang, 2002). However, many of these studies relied on unconfirmed
reports of gastric cancer in family members, and are therefore subject to recall bias. A large
population-based study in Sweden, including 34 000 gastric cancer cases, found an estimated
familial relative risk of 1.31 (95% CI, 0.97-1.70) (Hemminki and Jiang, 2002). In an analysis
of 44 788 Scandinavian twin pairs, the excess risk of gastric cancer was 6.2-fold (women) to
6.6-fold (men) if the twin pair was dizygotic and 10-fold (men) to 20-fold (women) if the
twin pair was monozygotic (Lichtenstein et al., 2000). It was further estimated that inherited
genes contribute 28% (0–51%) to the risk of gastric cancer and that shared and non-shared
environmental factors contribute 10% and 62%, respectively (Lichtenstein et al., 2000).
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ONE–CARBON METABOLISM
One-carbon metabolism is a network of interrelated biochemical reactions that provide onecarbon groups for the conversion of methionine to S-adenosylmethionine (SAM) – the methyl
group donor for methylation of DNA – as well as for the de novo biosynthesis of purines and
thymidylate required for DNA synthesis and repair (Choi and Mason, 2002) (FIGURE 31).
Folate (as well as methionine and choline) is the major source of one-carbon groups from the
diet. Other B vitamins, including vitamins B2 (riboflavin), B6, and B12, also play a role in onecarbon metabolism as enzyme cofactors (FIGURE 31). Low intake of folate and other dietary
factors of one-carbon metabolism could potentially promote carcinogenesis by two prominent
mechanisms: (1) by causing aberrant DNA methylation, resulting in altered expression of
critical proto-oncogenes and tumor suppressor genes as well as DNA instability; and/or (2) by
inducing misincorporation of uracil during DNA synthesis, which could lead to chromosomal
breaks and mutations (Blount et al., 1997; Choi and Mason, 2002; Kim, 2004a). Folate intake
has been inversely related to risk of several malignancies, including colon (Sanjoaquin et al.,
2005; Larsson et al., 2005h), pancreatic (Stolzenberg-Solomon et al., 2001b), esophageal
(Mayne et al., 2001), breast (Zhang et al., 2005), and ovarian cancer (Larsson et al., 2004).
Epidemiologic data on other nutrients of one-carbon metabolism and cancer risk are limited.
Besides a low intake of nutrients of one-carbon metabolism, functional polymorphisms in
genes coding for enzymes involved in one-carbon metabolism may influence susceptibility to
cancer. Among several genetic polymorphisms of one-carbon metabolism identified so far,
polymorphisms in the 5,10-methylenetetrahydrofolate reductase (MTHFR) gene have been
the most extensively studied. MTHFR is a central enzyme in one-carbon metabolism that
catalyzes the irreversible conversion of 5,10-methylenetetrahydrofolate (5,10-methyleneTHF)
to 5-methyltetrahydrofolate (5-methylTHF), the principal form of folate in the circulation.
Hence, MTHFR acts as a critical branch point in one-carbon metabolism by directing folate
metabolites towards remethylation of homocysteine to form methionine, at the expense of
purine and thymidylate synthesis (FIGURE 31). A common single nucleotide polymorphism of
the MTHFR gene (C677T) is associated with enzyme thermolability and reduced enzyme
activity (Frosst et al., 1995). Heterozygotes (CT) and homozygotes (TT) for the C677T
polymorphism have about 65% and 30%, respectively, the MTHFR activity of individuals
with the wild-type (CC) genotype (Frosst et al., 1995). Individuals with the 677TT genotype
tend to accumulate 5,10-methyleneTHF intracellularly, whereas individuals with the 677CC
or 677CT genotypes have primarily 5-methylTHF (Bagley and Selhub, 1998). Moreover, the
677TT genotype has been shown to correlate with reduced folate and increased homocysteine
levels in serum or plasma (Friedman et al., 1999; Ma et al., 1999b; Klerk et al., 2002). A
second polymorphism of the MTHFR gene (A1298C) has been identified (Weisberg et al.,
1998). Similar to the C677T polymorphism, the A1298C polymorphism results in decreased
MTHFR activity but does not lead to a thermolabile protein (van der Put et al., 1998;
Weisberg et al., 1998). Homozygotes (1298CC) have about 60% of normal MTHFR activity
(Weisberg et al., 1998). The effect of the A1298C polymorphism on folate and homocysteine
levels is unclear, and its functional relevance has not yet been well characterized (Weisberg et
al., 1998; Friedman et al., 1999; Lievers et al., 2001). Several studies have examined whether
the MTHFR C677T and A1298C polymorphisms modify the risk of gastrointestinal cancer,
particularly colorectal cancer (see Paper IV and Results section of this thesis, pages 81-86).
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FIGURE 31. Simplified overview of one-carbon metabolism
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Enzymes are shown in italics. CBS, cystathionine ȕ-synthase; dUMP, deoxyuridine monophosphate;
dTMP, deoxythymidine monophosphate; MTHFR, 5,10-methylenetetrahydrofolate reductase; MTR,
methionine synthase; SAM, S-adenosylmethionine; SAH, S-adenosylhomocysteine; SHMT, serine
hydroxymethyltransferase; THF, tetrahydrofolate; TS, thymidylate synthase.

Methionine synthase (MTR) encodes a vitamin B12-dependent enzyme that catalyzes the
transfer of a methyl group from 5-methylTHF to homocysteine, generating methionine and
tetrahydrofolate (THF) (FIGURE 31). A polymorphism in the MTR gene (A2756G), resulting
in the substitution of aspartic acid by glycine, has been described (Leclerc et al., 1996). The
variant genotype (GG) has been associated with reduced plasma homocysteine levels in some
(Harmon et al., 1999; Chen et al., 2001) but not all studies (Ma et al., 1999b; Jacques et al.,
2003). Five studies – three in the United States (Ma et al., 1999b; Le Marchand et al., 2002;
Ulrich et al., 2005), one in Norway (Ulvik et al., 2004), and one in Japan (Matsuo et al.,
2005) – have exameind the association between the MTR A2756G polymorphism and risk of
colorectal cancer. Three studies found that individuals with the GG genotype had a decreased
risk of colorectal cancer compared to those with the AA genotype (Ma et al., 1999b; Ulvik et
al., 2004; Ulrich et al., 2005), whereas one study observed an increased risk associated with
the GG genotype (Matsuo et al., 2005); the association was statistically significant only in the
largest of these studies (Ulvik et al., 2004). Studies of esophageal squamous cell carcinoma
(Yang et al., 2005) and pancreatic cancer (Wang et al., 2006) showed no significant relation
with the MTR A2756G polymorphism.
MTR is maintained in its active form by methionine synthase reductase (MTRR). MTRR
is polymorphic at nucleotide 66 (A>G), but the functional relevance of this polymorphism is
still unclear (Gaughan et al., 2001; Jacques et al., 2003). The MTRR 66GG genotype was
associated with a nonsignificant increased risk of colorectal cancer (OR, 1.40; 95% CI, 0.902.00) in a case-control study in the United States (Le Marchand et al., 2002). Another study
showed no association with the GG genotype but had only one case with this genotype (Otani
et al., 2005b). In a nested case-control study in China (Stolzenberg-Solomon et al., 2003), the
GG genotype was associated with a nonsignificant elevated risk of esophageal squamous cell
carcinoma (OR, 1.94; 95% CI, 0.98-3.85) but was not associated with gastric cardia cancer.
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Cytosolic serine hydroxymethyltransferase (SHMT) encodes a vitamin B6-dependent
enzyme that regulates the availability of 5,10-methyleneTHF (FIGURE 31). A polymorphism
has been identified in cSHMT (C1420T), and it has been reported that individuals with the CC
genotype have decreased red blood cell folate and plasma folate levels (Heil et al., 2001). In a
case-control study in China, the CT vs. CC genotype was associated with a reduced risk of
esophageal squamous cell carcinoma and gastric cardia adenocarcinoma (Wang et al., 2006).
Cystathionine ȕ-synthase (CBS) is a vitamin B6-dependent enzyme that catalyzes the
conversion of homocysteine to cystathionine (FIGURE 31). The 844ins68 variant of CBS has a
68 bp insertion, resulting in an enzyme that might have increased activity because it has been
associated with slightly decreased plasma homocysteine levels (Wang et al., 1999; Dekou et
al., 2001). In a case-control study in Australia (Shannon et al., 2002), compared with healthy
control subjects, the 844ins68 variant of CBS was less frequent in colorectal cancer patients
(P = 0.05), especially in those with proximal colon cancer (P = 0.02). A case-control study in
the United States reported no significant relationship between the 844ins68 variant genotype
and risk of colorectal cancer (Le Marchand et al., 2002).
Thymidylate synthase (TS) catalyzes the conversion of deoxyuridine monophosphate
(dUMP) to thymidine monophosphate (dTMP), the rate-limiting nucleotide in DNA synthesis
(FIGURE 31). Several polymorphisms in the TS untranslated regions (UTRs) have been
described. One of them is a tandem repeat sequence in the TS 5’UTR that contains two, three,
or infrequently more 28 bp repeats (Horie et al., 1995). Individuals homozygous for the triple
repeats (3R/3R) have higher TS mRNA levels compared with those with the double repeat
(2R/2R) genotype (Pullarkat et al., 2001). A G>C single nucleotide polymorphism within the
second repeat of the 3R allele has been identified. The 3R sequence with guanine (3G) shows
three to four times greater efficiency of translation than the 3R with cytidine (3C) and the 2R
sequence (Kawakami and Watanabe, 2003; Mandola et al., 2003). The 2R/2R genotype has
been associated with lower plasma folate levels (Chen et al., 2003). In a nested case-control
study within the prospective Physicians’ Health Study, men with the 2R/2R genotype had a
statistically significant decreased risk of colorectal cancer (OR, 0.59, 95% CI, 0.36-0.98)
compared with those with the 3R/3R genotype (Chen et al., 2003). A large case-control study
observed a similar association in men but not in women (Ulrich et al., 2005). No significant
relation between the 2R/2R genotype and colorectal cancer was found in a case-control study
in Japan (Matsuo et al., 2005). Three of five studies of the TS 5’UTR polymorphism and risk
of esophageal and/or gastric cancer (Graziano et al., 2004; Zhang et al., 2004; Wang et al.,
2005; Zhang et al., 2005; Wang et al., 2006) have reported an increased cancer risk associated
with the 2R/2R versus 3R/3R or 3Rg/3Rg genotypes.
Another TS polymorphism, a 6 bp deletion/insertion at bp 1494 in the 3’-UTR, has been
found (Ulrich et al., 2000). The allele with a 6 bp deletion (-6 bp) has been associated with
decreased mRNA stability in vitro and lower intra-tumoral TS expression in vivo (Mandola et
al., 2004). Of two studies of the 6 bp deletion/insertion polymorphism in relation to gastric
cancer, the -6 bp/-6 bp genotype compared to the +6 bp/+ 6 bp genotype was associated with
an elevated risk in one study (OR, 2.11; 95% CI, 0.99-4.46) (Graziano et al., 2004) and with a
decreased risk in the other (OR, 0.51; 95% CI, 0.31-0.85) (Zhang et al., 2005). There was no
association between the 6 bp deletion/insertion polymorphism and risk of esophageal cancer
in two case-control studies in China (Gao et al., 2004; Zhang et al., 2004).
Overall, the evidence relating to polymorphisms in genes encoding MTR, MTRR, SHMT,
CBS, and TS and the risk of gastrointestinal cancer is limited and inconclusive.
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AIMS
The general objective was to examine the role of diet, especially of one-carbon metabolism
related nutrients (i.e., vitamin B6 and folate) and related gene polymorphisms, in the etiology
of gastrointestinal cancer.
The specific aims were:
• To test the hypothesis that a high dietary magnesium intake is associated with reduced risk
of colorectal cancer by using data from a prospective cohort of Swedish women.
• To examine whether dietary vitamin B6 intake is inversely related to colorectal cancer risk
in a prospective cohort of Swedish women.
• To evaluate the hypothesis that folate intake is inversely associated with risk of pancreatic
cancer by using data from two prospective cohorts of Swedish women and men.
• To perform meta-analyses to summarize the current epidemiologic evidence concerning
the associations of folate intake and blood folate levels with the risk of esophageal, gastric,
pancreatic, and colorectal cancer.
• To comprehensively assess the associations between polymorphisms in the gene encoding
5,10-methylenetetrahydrofolate reductase (MTHFR C677T and A1298C), a key enzyme in
one-carbon metabolism, and risk of esophageal, gastric, pancreatic, and colorectal cancer
by conducting meta-analyses of available epidemiologic studies.
• To systematically review the current literature to examine whether the association between
the MTHFR C677T polymorphism and gastrointestinal cancer risk is modified by alcohol
consumption, cigarette smoking, or one-carbon metabolism related nutrients.
• To use meta-analysis as a systematic approach to review epidemiologic studies of the risk
of gastric cancer associated with processed meat consumption.
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METHODS
COHORT STUDIES
The first three papers in this thesis are based on data from two prospective population-based
cohort studies of middle-aged and elderly women and men in central Sweden: the Swedish
Mammography Cohort (Papers I-III) and the Cohort of Swedish Men (Paper III).

Study Population
The Swedish Mammography Cohort
The Swedish Mammography Cohort (SMC) was established between 1987 and 1990 when
all 90 303 women born between 1914 and 1948 and residing in Västmanland and Uppsala
counties in central Sweden received an invitation by mail to participate in a population-based
mammography screening program. Enclosed with this invitation was a questionnaire that
elicited information on diet, weight, height, and education. A total of 66 651 women (74% of
the source population) returned a completed questionnaire. In the autumn of 1997, a more
comprehensive questionnaire (about 350 items) was sent to the 56 030 participants who were
still alive and residing in the study area; a completed questionnaire was received from 39 227
women (70% response rate).
From the baseline cohort, we excluded women who were outside the age range of 40–76
years (n = 165); those with an erroneous or missing national registration number (n = 1120);
and those for whom a date on the questionnaire (n = 608), date of moving out of the study
area (n = 79), or date of death (n = 16) was lacking. After additional exclusion of women with
an implausible total energy intake (i.e., three standard deviations from the loge-transformed
mean energy intake; n = 793) and those with a cancer diagnosis (except nonmelanoma skin
cancer) prior to baseline (n = 2437), the baseline cohort comprised 61 433 women (study
population for Papers I-II) (FIGURE 32).
For those analyses based on information from the second (1997) questionnaire (Paper III),
36 616 women were eligible after exclusion of those with an erroneous or missing national
registration number (n = 243), those with an implausible total energy intake on the second
dietary questionnaire (n = 531), and those with a diagnosis of cancer other than nonmelanoma
skin cancer between baseline and January 1998 (n = 1837) (FIGURE 32).
The Cohort of Swedish Men
The Cohort of Swedish Men (COSM) began in the autumn of 1997, when all 100 303 men
who were born between 1918 and 1952 and who resided in Västmanland and Örebro counties
in central Sweden received a questionnaire that was identical (except for some sex-specific
questions) to the SMC questionnaire from 1997; 48 850 men (49% of the source population)
answered the questionnaire.
After exclusion of men with implausible values for total energy intake (i.e., three standard
deviations from the loge-transformed mean energy intake; n = 600), those with an incorrect or
incomplete national registration number (n = 260), and those with a cancer diagnosis (except
nonmelanoma skin cancer) before January 1998 (n = 2684), the analytic cohort consisted of
45 306 men (Paper III) (FIGURE 32).
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FIGURE 32. Source populations, exclusions, and study populations for Papers I-III
SMC Source Population (1987-1990)
90 303 women born 1914-48, residing
in Västmanland and Uppsala counties

66 651 respondents (74%)

Excluded (n = 5218)
• Incorrect national registration number
• Outside the age range of 40-76 years
• Lacking date on the questionnaire, date
of migration, or date of death
• Extreme energy intake
• Previous cancer diagnosis

Västmanland

Study Population for Papers I-II
61 433 women (805 CRC cases*)

Uppsala

Örebro

Excluded (n = 5403)
• Died or moved out of the study area
between baseline and autumn 1997
• Wrong address

Second questionnarie sent to
56 030 women (1997)

COSM Source Population (1997)
100 303 men born 1918-52, residing
in Västmanland and Örebro counties

39 227 respondents (70%)

48 850 respondents (49%)

Excluded (n = 3544)
• Incorrect national registration number
• Extreme energy intake
• Cancer diagnosis before January 1998

Excluded (n = 2611)
• Incorrect national registration number
• Extreme energy intake
• Cancer diagnosis before January 1998

Study Population for Paper III
36 616 women and 45 306 men
(135 pancreatic cancer cases†)

*Colorectal cancers diagnosed from 1987-90 through June 2004. †Pancreatic cancers diagnosed from
1998 through Dec 2004. SMC, Swedish Mammography Cohort; COSM, Cohort of Swedish Men.
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Dietary Assessment
Among women in the SMC, diet was assessed in 1987-1990 (baseline) and in 1997; among
men in the COSM, diet was assessed in 1997 (baseline). In the SMC, the food-frequency
questionnaire used for the baseline dietary assessment included 67 food items (FIGURE 33).
On this questionnaire, women were asked to indicate their average frequency of consumption
of each food item over the previous six months. The eight predefined responses ranged from
“never or seldom” to “four or more times per day”. A more comprehensive food-frequency
questionnaire (96 items) was used to assess dietary intake in the SMC and the COSM in
1997. On this questionnaire, participants reported their average frequency of consumption of
each food item during the previous year. Eight predefined response categories were provided,
ranging from “never” to “three or more times per day”. There were also open questions for
some commonly consumed foods, including dairy foods, coffee, tea, light beer, soft drinks,
sugar/honey, and bread. The 1997 questionnaire collected information on the use of dietary
supplements, such as multivitamins and specific folic acid supplements. Total folate intake
was calculated by adding intakes from foods and dietary supplements.
Intakes of individual nutrients were calculated by multiplying the average frequency of
consumption of each food by the nutrient content of age- and sex-specific portion sizes.
Values for the nutrient amounts in foods were obtained from the Swedish National Food
Administration Database (Bergström et al., 1991). Because nutrient intakes were positively
correlated with energy intake, all nutrients were energy-adjusted using the residual-regression
method (Willett and Stampfer, 1986). This approach is based on the concept that the
composition of the diet, independent of total energy intake, is of primary interest in relation to
disease risk. Adjustment for energy intake can also limit misclassification of nutrient intake
due to differences in body size, physical activity, and metabolic efficiency (Willett and
Stampfer, 1986). Alcohol and supplemental vitamin use was not correlated with total energy
intake; therefore, values for alcohol and supplemental vitamins were not energy-adjusted.
The validity of nutrient estimates based on the food-frequency questionnaire used in the
SMC at baseline was assessed in a subsample of 129 randomly selected women from the
cohort (A. Wolk, unpublished data 1992). During four 1-week periods (3-4 months apart)
each participant weighed and recorded all foods consumed. The correlation coefficients for a
comparison between the diet records and the food-frequency questionnaire were 0.44 for
magnesium and 0.46 for vitamin B6. The 1997 food-frequency questionnaire has been
validated among 248 men in the study area; the correlation coefficients between the average
of fourteen 24-hour recall interviews and the food-frequency questionnaire were 0.50 for total
folate intake (Messerer et al., 2004)

Assessment of Nondietary Exposures
The baseline questionnaire in the SMC and the 1997 questionnaire (second questionnaire in
the SMC; baseline questionnaire in the COSM) collected information on age, education, body
weight, and height. Through the 1997 questionnaire, participants further provided information
on smoking history, physical activity, medical history, and use of medications. Body mass
index was calculated as weight in kilograms divided by the square of height in meters. Packyears were estimated from smoking history by multiplying the average number of packs of
cigarettes smoked per day by the number of years of smoking.
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FIGURE 33. Example of questions in the 67-item food-frequency questionnaire used to assess
dietary intake in the Swedish Mammography Cohort at baseline (1987-1990)
How often, on average, during the past six months have you eaten following foods?
Never or
seldom

1
1-3
per
per
month week

Butter on sandwiches
Margarine on sandwiches
Cheese
Low-fat milk, 0.5% fat
Milk, 1.5% fat
Whole milk, 3% fat
Cultured milk, yoghurt, 0.5% fat
Cultured milk, yoghurt, 3% fat
White bread
Whole meal bread, soft
Whole meal bread, hard
Potatoes, cooked
Potatoes, fried
French Fries
Root vegetables (carrots, beets etc)
Cabbage
Tomatoes
Iceberg or head lettuce, cucumber
Spinach or kale
Apples or pears
Citrus fruits
Bananas
Juice
Cooked oat meal, porridge or gruel
Cold breakfast cereal or muesli
Pancakes or waffles
Rice
Spaghetti or macaroni
Beans or pea soup
Meat, whole pieces
Meat, stews/casseroles
Bacon or side pork
Minced meat
Sausage or hot dogs
Blood pudding/sausage
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2-3
4-6
per
per
week week

1
per
day

2-3
per
day

4+
per
day

Case Ascertainment and Follow-up
Incident cases of colon cancer (International Classification of Diseases, Ninth Revision [ICD9] code 153), rectal cancer (ICD-9 codes 154.0 and 154.1), and pancreatic cancer (ICD-9
code 157) that occurred in the cohorts were ascertained by computerized record linkage of the
study population (using the national registration number assigned to each Swedish resident)
with the National Swedish Cancer Registry and the Regional Cancer Registry covering the
study area. These cancer registries have been estimated to be almost 100% complete (Mattson
and Wallgren, 1984). In our analyses of pancreatic cancer (Paper III), islet cell carcinomas
(ICD-9 code 157.4; n = 3) were not included as cases because the etiology of these tumors
may be different from that of the exocrine tumors.
Dates of death for deceased participants and dates of migration were ascertained through
linkage to the Swedish Death Registry (100% complete) and the Swedish Population Registry
(∼100% complete), both of which are maintained by Statistics Sweden.

Statistical Analysis
Each participant contributed follow-up time from start of follow-up (i.e., the date of entry into
the SMC cohort for Papers I-II and January 1, 1998 for Paper III) to the date of diagnosis of
colorectal or pancreatic cancer, the date of death from any cause, the date of migration, or the
end of follow-up, whichever occurred first. The end of follow-up was June 30, 2004 (Papers
I-II) or December 31, 2004 (Paper III). Cox proportional hazards models (Cox and Oakes,
1984) were used to estimate rate ratios (RRs) with corresponding 95% confidence intervals
(CIs). Age in months at baseline and the year of entry into the cohort (Papers I-II) were used
as stratification variables. Stratifying jointly by age at baseline and the year of entry into the
cohort and treating follow-up time (in years) as the time metric in the Cox model is
equivalent to treating age as the time metric and stratifying jointly on calendar time (in years)
and duration of time in the study (Smith-Warner et al., 2006). In analyses of women and men
combined (Paper III), we controlled for sex as a stratum variable in the Cox model to allow
for different baseline hazard rates. The proportional hazards assumption was tested using the
likelihood ratio test, comparing nested models with and without product terms for the
interaction between exposure (in categories) and follow-up time (in years). None of the tests
were statistically significant, indicating that the hazard ratio for the exposures could be
assumed of being reasonably constant over time.
In our primary analyses of vitamin B6 intake and colorectal cancer risk (Paper II), we
calculated cumulative averaged vitamin B6 intake to better represent long-term intake and to
reduce random within-person variation (Hu et al., 1999). Specifically, the vitamin B6 intake
from the baseline questionnaire was used to predict colorectal cancers diagnosed from
baseline through 1997, and the average intake from the baseline and 1997 questionnaires
were used to predict outcomes from 1998 through June 30, 2004.
Tests for trend were conducted by assigning each participant the median value for their
exposure category and treating this variable as a single continuous variable in the Cox model
[to minimize the influence of outliers (Rothman, 1998)] . In addition, restricted cubic spline
regressions (with four or five knots) were used to flexibly model the associations between
magnesium, vitamin B6, and folate intakes (as continuous variables) and risk of colorectal and
pancreatic cancer, avoiding the need for prior specification of the risk function or the location
of a possible threshold exposure value (Durrleman and Simon, 1989; Greenland, 1995).
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We examined the association between vitamin B6 intake and colorectal cancer risk by
strata of alcohol consumption, and the association between folate intake and pancreatic
cancer risk by strata of alcohol consumption and smoking status. The statistical significance
of the interactions was tested by using the likelihood ratio test. The Wald statistic was used to
test for homogeneity of the rate ratio for colon and rectal cancers (Greenland and Rothman,
1998). SAS statistical software (SAS Institute Inc., Cary, NC) was used for all analyses. All
statistical tests were two-sided; P<0.05 was considered statistically significant.

META-ANALYSES
We performed meta-analyses of published epidemiologic studies to summarize the evidence
regarding the associations of folate intake, blood folate levels, and genetic polymorphisms in
MTHFR with risk of gastrointestinal cancer, and of processed meat consumption and gastric
cancer risk. Data reporting conforms with the guidelines proposed by the Meta-analysis of
Observational Studies in Epidemiology (MOOSE) group (Stroup et al., 2000).

Search Strategy
Studies were identified by searching the MEDLINE database for articles published from 1966
through March 2006, and by manually searching the reference lists of pertinent publications.
For Paper IV, the following Medical Subject Headings and/or text words were used for the
computerized search: folate, folic acid, or MTHFR combined with cancer, neoplasm, or the
individual cancer sites. For Paper V, we used the search terms meat or foods in combination
with stomach cancer, stomach neoplasm, gastric cancer, or gastric neoplasm. No language
restrictions were imposed.

Study Selection
Studies were included if they presented original data from case-control or cohort studies and
reported relative risk estimates (odds ratio or rate ratio/hazard ratio) with corresponding 95%
confidence intervals, or provided sufficient data to permit their calculation. To avoid violating
independence assumptions, studies were included only once; for the same reason, only one
set of controls could be included. We therefore decided, a priori, on the following hierarchy:
when there were multiple publications from the same study population, the relative risks that
adjusted for the most appropriate confounding factors were used; otherwise, we included the
publication with the largest number of subjects. When results for more than one control group
were reported, population-based controls were preferred to hospital-based controls.

Data Extraction
The following data were extracted from each publication: the first author’s last name; year of
publication; country; study design; sample size (number of cases and controls or cohort size);
selection of controls (population-based or hospital-based); duration of follow-up; prevalence
of MTHFR variant genotypes among controls; covariates for adjustment in the multivariate
analyses; and the relative risks with corresponding 95% confidence intervals associated with
folate intake, blood folate levels, MTHFR variant genotypes, or processed meat consumption.
From each study, we extracted the relative risk that reflected the greatest degree of control for
potential confounders.
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Statistical Analysis
Relative risk (RR) was used as the measure of association. Because the absolute risk of the
considered cancers is low, odds ratio in case-control studies and rate ratio in cohort studies
yield similar estimates of RR (Greenland, 1987). Relative risks from individual studies and
the corresponding standard errors (derived from the confidence intervals) were transformed to
their natural logarithms to normalize the distributions and to stabilize the variances. Summary
RRs were estimated by use of random-effects model, which considers both within-study and
between-study variation (DerSimonian and Laird, 1986).
For the dose-response meta-analysis of processed meat consumption, the method proposed
by Greenland and Longnecker (Greenland and Longnecker, 1992; Orsini et al., 2006) was
used to compute study-specific slopes (linear trends) from the correlated natural logarithms of
the RRs across categories of processed meat consumption. Only studies that reported the
number of cases and controls and the RR with its corresponding confidence interval for three
or more quantitative exposure categories were included in these analyses. For studies that did
not provide the number of cases and controls in each category, we estimated the slopes using
variance-weighted least squares regression models. We rescaled processed meat consumption
to grams per day using 50 g as the approximate average portion (serving) size (Norat et al.,
2002). The median or mean level of processed meat consumption for each category was
assigned to each corresponding RR. If data were not available, the median was estimated
using the midpoint of each category. If an upper bound was not reported for the highest
category of intake, it was assumed to be of the same amplitude as the preceding category. We
used an increment in processed meat consumption of 30 g per day, which is approximately
half of an average serving. The summary RRs estimates were obtained from random-effects
models (DerSimonian and Laird, 1986) applied to the study-specific dose-response slopes.
Statistical heterogeneity among studies was evaluated using the Q and I2 statistics
(Higgins and Thompson, 2002). The Q-test is a chi-square test with degrees of freedom equal
to the number of studies minus one, and is used to test the null hypothesis that the difference
between the study estimates of RR is due to chance (the smaller the P value, the larger is the
heterogeneity among studies). Because statistical tests for heterogeneity usually have low
power (Hardy and Thompson, 1998), heterogeneity was considered present if the P value
from the Q-test was less than 0.1 (rather than P<0.05). The I2 statistic [I2 = (Q – (k – 1))/Q]
describes the percentage of total variation in estimates of the RR across studies that is due to
heterogeneity rather than chance (Higgins et al., 2003). Thus, the I2 gives a quantification of
the heterogeneity. A value of 0% indicates no observed heterogeneity.
Subgroup analyses were conducted by study design (case-control vs. cohort), type of
controls in case-control studies (population-based vs. hospital-based), and geographic region.
Random effects meta-regression analysis was used to examine sources of heterogeneity and
to provide an estimate of unexplained heterogeneity, τ 2 (Thompson and Sharp, 1999; van
Houwelingen et al., 2002). We used funnel plots to examine publication bias, and tested the
symmetry of the funnel plot by using Egger’s regression asymmetry test (Egger et al., 1997).
Publication bias was considered present if the Egger’s test yielded a P value of less than 0.1.
The results are presented graphically, whereby squares represent study-specific estimates and
diamonds represent summary estimates. The area of each square is proportional to the inverse
of the variance of the natural logarithm of the relative risk; 95% CIs for individual studies are
represented by horizontal lines and for the summary estimates by the width of the diamond.
All statistical analyses were performed with Stata software (StataCorp, College Station, TX).
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RESULTS
MAGNESIUM AND COLORECTAL CANCER (PAPER I)
During a mean follow-up of 14.8 years of 61 433 women, from 1987-90 through June 2004,
we ascertained 805 incident cases of colorectal cancer (547 colon cancer, 252 rectal cancer,
and 6 cases with both colon and rectal cancer). The mean age at colorectal cancer diagnosis
was 68 years (SD = 9.1 years).
Age-standardized baseline characteristics of the study population by quintiles of dietary
magnesium intake are presented in TABLE 1. The median magnesium intake ranged from 198
mg/d in the lowest quintile to 268 mg/d in the highest quintile. Compared with women with a
low intake of magnesium, those with higher intakes were more likely to have a postsecondary
education and tended to have lower intakes of energy and saturated fat and had higher intakes
of calcium, zinc, ȕ-carotene, folate, vitamin B6, and dietary fiber.
TABLE 1. Baseline characteristics according to quintiles of dietary magnesium intake among
61 433 women in the Swedish Mammography Cohort, 1987-1990*
Characteristic
Age at baseline, mean, y
Body mass index, mean‡
Postsecondary education, %
Dietary intake, mean†
Total energy, kcal/d
Saturated fat, g/d
Calcium, mg/d
Zinc, mg/d
ȕ-Carotene, mg/d
Folate, ȝg/d
Vitamin B6, mg/d
Dietary fiber, g/d

Magnesium intake, mg/d†
209-224
225-237
238-254
53.3
53.4
53.9
24.6
24.7
24.7
12.1
13.0
13.3

<209
53.4
24.7
10.9
1385
20.6
621
6.8
1.8
147
1.2
12.2

1372
19.6
671
7.3
2.2
168
1.3
14.5

1344
18.0
699
7.5
2.5
180
1.4
15.9

1306
16.8
725
7.7
2.9
194
1.5
17.4

≥255
54.6
24.9
14.0
1240
14.7
778
8.0
3.9
225
1.6
19.9

*Age-standardized to the age distribution of the study cohort at baseline.
†All nutrients were energy-adjusted (to 1350 kcal/d) with use of the residual method.
‡Body mass index was calculated as weight in kilograms divided by the square of height in meters.

In the age-adjusted analysis, women in the highest quintile of magnesium intake had a
significantly lower risk of colorectal cancer than those who were in the lowest quintile (RR,
0.74; 95% CI, 0.60-0.92; Ptrend = 0.003) (TABLE 2). The inverse association became stronger
after adjustment for body mass index, education, and intakes of total energy, saturated fat,
dietary fiber, calcium, zinc, ȕ-carotene, folate, and vitamin B6 (RR, 0.59; 95% CI, 0.40-0.87).
Additional controlling (one at a time) for intakes of red meat, fruits, vegetables, total whole
grain foods, vitamins A, C, D, and E and (in place of total dietary fiber), cereal fiber, fruit
fiber, and vegetable fiber did not change the results appreciably (data not shown). When we
used data from a second questionnaire mailed to participants in 1997 (which collected data on
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various lifestyle factors, family history of cancer, medication use etc), the inverse association
between magnesium intake and risk of colorectal cancer persisted after further adjustment for
family history of colorectal cancer, smoking, physical activity, multivitamin supplement use,
and aspirin use (highest vs. lowest quintile: RR, 0.60; 95% CI, 0.40-0.88). Excluding cases
diagnosed during the first 3 years of follow-up did not alter the results materially (RR, 0.62;
95% CI, 0.41-0.93).
Magnesium intake was inversely associated with both colon and rectal cancer incidence,
although the association with colon cancer was not statistically significant (TABLE 2); the
inverse association with magnesium intake was similar for proximal colon (highest vs. lowest
quintile: RR, 0.56; 95% CI, 0.27-1.16) and distal colon cancer (RR, 0.63; 95% CI, 0.27-1.47).
We used restricted cubic spline regression to model the association between magnesium
intake and risk of colorectal cancer continuously; the regression spline demonstrated a linear
relationship (FIGURE 34). A daily increment of 50 mg in magnesium intake – approximately
equivalent to the magnesium content in 1 small serving of spinach, 1 large banana, 1 serving
of cooked oatmeal, 2 slices of whole grain bread, or a half serving of beans – was associated
with a 22% reduced risk of colorectal cancer (multivariate RR, 0.78; 95% CI, 0.62-0.99).
FIGURE 34. Multivariate rate ratios of colorectal cancer according to magnesium intake in the
Swedish Mammography Cohort, 1987-2004

Data were fitted by a restricted cubic spline Cox proportional hazards model. Rate ratios were
adjusted for age (in months), body mass index (quartiles), education (less than high school, high
school, university), total energy intake (quartiles), and energy-adjusted intakes of saturated fat,
calcium, zinc, ȕ-carotene, folate, vitamin B6, and dietary fiber (all in quartiles). Solid curve represents
point estimates; dashed curves represent 95% confidence intervals.
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<209

209-224

171
189 831
0.89 (0.72-1.10)
0.86 (0.68-1.09)

147
173 435
0.82 (0.66-1.02)
0.77 (0.58-1.02)

154
184 786
0.77 (0.62-0.95)
0.68 (0.49-0.94)

153
182 603
0.74 (0.60-0.92)
0.59 (0.40-0.87)
0
0

118
1.00
1.00

121
0.96 (0.75-1.25)
1.00 (0.75-1.34)

103
0.88 (0.67-1.14)
0.92 (0.65-1.30)

106
0.81 (0.62-1.05)
0.82 (0.55-1.21)

99
0.74 (0.56-0.96)
0.66 (0.41-1.07)
0
0

49
0.78 (0.53-1.15)
0.64 (0.41-0.98)

44
0.75 (0.50-1.11)
0.54 (0.33-0.90)

48
0.74 (0.50-1.09)
0.48 (0.27-0.84)

53
0.78 (0.54-1.13)
0.45 (0.22-0.89)

0
0

58
1.00
1.00
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103
0.88 (0.67-1.14)
0.92 (0.65-1.30)
44
0.75 (0.50-1.11)
0.54 (0.33-0.90)

Magnesium intake, mg/d
225-237
238-254

48
0.74 (0.50-1.09)
0.48 (0.27-0.84)

106
0.81 (0.62-1.05)
0.82 (0.55-1.21)

154
184 786
0.77 (0.62-0.95)
0.68 (0.49-0.94)

53
0.78 (0.54-1.13)
0.45 (0.22-0.89)

99
0.74 (0.56-0.96)
0.66 (0.41-1.07)

153
182 603
0.74 (0.60-0.92)
0.59 (0.40-0.87)

≥255

0.20
0.02

0.01
0.08

0.003
0.006

Ptrend
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Abbreviations: CI, confidence interval; RR, rate ratio.
*Adjusted for age (in months), body mass index (quartiles), education (less than high school, high school, university), total energy intake
(quartiles), and energy-adjusted intakes of saturated fat, calcium, zinc, ȕ-carotene, folate, vitamin B6, and dietary fiber (all in quartiles).
†Colon cancers were defined as those from the cecum through the sigmoid colon (including 249 proximal colon, 170 distal colon, and 128
cancers at an unspecified subsite in the colon). Rectal cancers included tumors in the rectum and rectosigmoid junction. Cases diagnosed
with both colon and rectal cancer (n = 6) were not included in subsite-specific analyses.

49
0.78 (0.53-1.15)
0.64 (0.41-0.98)

121
0.96 (0.75-1.25)
1.00 (0.75-1.34)

147
173 435
0.82 (0.66-1.02)
0.77 (0.58-1.02)
209-224

58
1.00
1.00

118
1.00
1.00

180
180 387
1.00
1.00

<209

171
189 831
0.89 (0.72-1.10)
0.86 (0.68-1.09)

180
180 387
1.00
1.00

Colorectal cancer
No. of cases
Person-years
Age-adjusted RR (95% CI)
Multivariate RR (95% CI)*
Colon cancer†
No. of cases
Age-adjusted RR (95% CI)
Multivariate RR (95% CI)*
Rectal cancer†
No. of cases
Age-adjusted RR (95% CI)
Multivariate RR (95% CI)*

Magnesium intake, mg/d
225-237
238-254

TABLE 2. Rate ratios of colorectal cancer according to quintiles of dietary magnesium intake in the Swedish Mammography Cohort, 1987–
2004 (N = 61 433 women)

E 2. Rate ratios of colorectal cancer according to quintiles of dietary magnesium intake in the Swedish Mammography Cohort, 1
(N = 61 433 women)

≥255
P

VITAMIN B6 AND COLORECTAL CANCER (PAPER II)
Among 61 433 women followed up for an average of 14.8 years (911 042 person-years), 805
incident cases of colorectal cancer were diagnosed (547 colon cancer, 252 rectal cancer, and
6 cases with both colon and rectal cancer). The crude incidence rates (per 100 000 personyears) were 88 for colorectal cancer, 61 for colon cancer, and 28 for rectal cancer.
Age-standardized baseline characteristics of the study population according to quintiles of
dietary vitamin B6 intake are shown in TABLE 3. Women with higher intakes of vitamin B6
consumed less saturated fat but had higher intakes of ȕ-carotene, folate, and red meat than
women with a low intake of vitamin B6.
TABLE 3. Baseline characteristics according to quintiles of dietary vitamin B6 intake among
61 433 women in the Swedish Mammography Cohort, 1987-1990*
Characteristic
Age at baseline, mean, y
Body mass index, mean‡
Postsecondary education, %
Dietary intake, mean†
Alcohol, g/wk
Saturated fat, g/d
Calcium, mg/d
β-Carotene, mg/d
Folate, ȝg/d
Cereal fiber, g/d
Red meat, g/d

<1.53
53.9
24.5
12.0

Vitamin B6 intake, mg/d†
1.54-1.67 1.68-1.82 1.83-2.04
53.8
53.4
53.5
24.7
24.8
24.8
12.5
12.4
13.5

21.9
28.4
963
2.2
197
14.2
64.2

21.7
26.3
982
2.7
222
14.7
73.1

21.6
25.0
991
3.2
238
14.8
77.1

21.4
23.9
989
3.6
253
14.4
80.3

≥2.05
53.9
24.8
13.0
20.7
21.8
949
4.4
279
13.5
79.8

*Age-standardized to the age distribution of the study cohort at baseline.
†All nutrients were energy-adjusted to 1700 kcal/d, the mean energy intake among a subsample of 129
cohort members who kept 28-days weighed diet records; among these women, the mean estimated
vitamin B6 intake was 1.7 mg/d (SD = 0.4).
‡Body mass index was calculated as weight in kilograms divided by the square of height in meters.

The age-adjusted rate ratio of colorectal cancer among women in the highest quintile of
cumulative updated vitamin B6 intake compared to those in the lowest quintile was 0.77 (95%
CI, 0.62-0.97; Ptrend = 0.01) (TABLE 4). The association was slightly stronger after additional
adjustment for several potential confounders, including body mass index, education, and
intakes of total energy, saturated fat, calcium, β-carotene, folate, cereal fiber, and red meat
(TABLE 4). The results were not appreciably changed after further adjustment for intakes of
alcohol, methionine, and vitamins B12, C, and D (RR, 0.67; 95% CI, 0.51-0.89), or intake of
magnesium (RR, 0.70; 95% CI, 0.52-0.91). The regression spline indicated an inverse doseresponse relationship between vitamin B6 intake and risk of colorectal cancer (FIGURE 35).
The reduction in cancer risk associated with a high vitamin B6 intake was somewhat stronger
for rectal cancer than for colon cancer (TABLE 4), but a test for difference by anatomic site
was not statistically significant (P = 0.25 for the highest intake quintile).
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<1.53

1.54-1.67
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175 947
1.00 (0.81-1.24)
0.96 (0.77-1.20)

157
181 530
0.86 (0.69-1.07)
0.80 (0.63-1.02)

115
1.00
1.00

123
1.10 (0.85-1.42)
1.08 (0.83-1.41)

96
0.82 (0.63-1.08)
0.80 (0.60-1.08)

51
0.86 (0.59-1.25)
0.76 (0.51-1.12)

59
0.93 (0.65-1.35)
0.79 (0.53-1.18)

63
1.00
1.00
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96
0.82 (0.63-1.08)
0.80 (0.60-1.08)
59
0.93 (0.65-1.35)
0.79 (0.53-1.18)

Vitamin B6 intake, mg/d
1.68-1.82
1.83-2.04

41
0.63 (0.43-0.94)
0.52 (0.33-0.81)

114
0.95 (0.73-1.24)
0.89 (0.66-1.20)

155
183 724
0.83 (0.67-1.03)
0.74 (0.58-0.95)

38
0.63 (0.42-0.95)
0.50 (0.31-0.82)

99
0.87 (0.66-1.14)
0.75 (0.54-1.04)

137
180 434
0.77 (0.62-0.97)
0.66 (0.50-0.86)

≥2.05

0.04
0.02

0.16
0.04

0.01
0.002

Ptrend

Abbreviations: CI, confidence interval; RR, rate ratio.
*Adjusted for age (in months), body mass index (quartiles), education (less than high school, high school, university), total energy intake
(continuous), and energy-adjusted intakes of saturated fat, calcium, β-carotene, folate, cereal fiber, and red meat (all in quartiles).
†Colon cancers were defined as those from the cecum through the sigmoid colon (including 249 proximal colon, 170 distal colon, and 128
cancers at an unspecified subsite in the colon). Rectal cancers included tumors in the rectum and rectosigmoid junction. Cases diagnosed
with both colon and rectal cancer (n = 6) were not included in subsite-specific analyses.

51
0.86 (0.59-1.25)
0.76 (0.51-1.12)

123
1.10 (0.85-1.42)
1.08 (0.83-1.41)

157
181 530
0.86 (0.69-1.07)
0.80 (0.63-1.02)
1.54-1.67

63
1.00
1.00

115
1.00
1.00

181
189 407
1.00
1.00

<1.53

175
175 947
1.00 (0.81-1.24)
0.96 (0.77-1.20)

181
189 407
1.00
1.00

Colorectal cancer
No. of cases
Person-years
Age-adjusted RR (95% CI)
Multivariate RR (95% CI)*
Colon cancer†
No. of cases
Age-adjusted RR (95% CI)
Multivariate RR (95% CI)*
Rectal cancer†
No. of cases
Age-adjusted RR (95% CI)
Multivariate RR (95% CI)*

Vitamin B6 intake, mg/d
1.68-1.82
1.83-2.04

TABLE 4. Rate ratios of colorectal cancer according to quintiles of dietary vitamin B6 intake in the Swedish Mammography Cohort, 1987–
2004 (N = 61 433 women)

E 4. Rate ratios of colorectal cancer according to quintiles of dietary vitamin B6 intake in the Swedish Mammography Cohort, 1
(N = 61 433 women)
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0
0
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≥2.05
P

FIGURE 35. Multivariate rate ratios of colorectal cancer according to vitamin B6 intake in the
Swedish Mammography Cohort, 1987-2004

Data were fitted by a restricted cubic spline Cox proportional hazards model. Rate ratios were
adjusted for age (in months), body mass index (quartiles), education (less than high school, high
school, university), total energy intake (continuous) and intakes of saturated fat, calcium, β-carotene,
folate, cereal fiber, and red meat (all in quartiles). Solid curve represents point estimates; dashed
curves represent 95% confidence intervals.

The association between vitamin B6 intake and colorectal cancer was similar when we
excluded colorectal cancer cases diagnosed within the first 2 years of follow-up. In addition,
after excluding women who reported use of multivitamin supplements and other vitamin B6containing supplements (information from the 1997 questionnaire), the results did not change
materially; the multivariate rate ratio of colorectal cancer for the highest compared with the
lowest quintile of vitamin B6 intake was 0.64 (95% CI, 0.47-0.85) among women who did not
use vitamin supplements.
To examine whether alcohol consumption modified the relationship between vitamin B6
intake and risk of colorectal cancer, we repeated the multivariate analyses within subgroups
defined by alcohol consumption. The inverse relation appeared to be stronger among women
who had a higher alcohol intake. The multivariate rate ratios comparing extreme quintiles of
vitamin B6 intake among women who consumed <10 g/week, 10-29 g/week, and ≥30 g/week
of alcohol were 0.84 (95% CI, 0.57-1.24), 0.65 (95% CI, 0.41-1.06), and 0.28 (95% CI, 0.130.59), respectively. A test for interaction between vitamin B6 intake and alcohol consumption
in relation to colorectal cancer risk was statistically significant (P = 0.008).
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FOLATE AND PANCREATIC CANCER (PAPER III + NEW RESULTS)
A total of 81 922 participants (36 616 women and 45 306 men) were followed-up for 553 530
person-years (mean = 6.8 years) from 1998 through December 2004. During follow-up, 135
participants (61 women and 74 men) were diagnosed with exocrine pancreatic cancer. The
mean (SD) age at pancreatic cancer diagnosis was 72 (± 8.5) years for female cases and 72 (±
8.0) years for male cases. The crude incidence rates (per 100 000 person-years) of pancreatic
cancer were 24.1 among women and 24.4 among men.
Compared with women and men with a low dietary folate intake, those with higher folate
intakes were more likely to have a postsecondary education, to have a history of diabetes, to
be never smokers, and to use multivitamins and folic acid supplements (TABLE 5). Women
and men with higher dietary folate intake also tended to exercise more and to consume more
fruits and vegetables and slightly more carbohydrates. In addition, greater folate intake was
associated with lower age among women and with lower alcohol consumption among men.
TABLE 5. Baseline characteristics of the study population by sex and dietary folate intake*
Women (n = 36 616)
Men (n = 45 306)
Characteristic
Low Intermediate High
Low Intermediate High
Age at baseline, mean, y
63.6
61.5
61.7
60.4
60.3
60.8
Postsecondary education, %
7.9
16.4
23.0
9.0
17.9
23.4
Body mass index, kg/m2†
24.9
24.9
25.2
25.8
25.8
26.0
Exercise, mean, h/week
1.9
2.3
2.6
2.2
2.6
2.8
Diabetes, %
2.5
3.1
4.7
4.3
6.4
9.9
Never smokers, %
44.0
54.8
54.2
28.8
37.9
40.2
Regular multivitamin use, %
13.7
16.9
23.5
7.0
10.0
15.8
Folic acid supplement use, %
0.6
0.9
1.2
0.2
0.3
0.6
Dietary intake, mean
Fruits, servings/d
0.9
1.7
2.6
0.8
1.6
2.4
Vegetables, servings/d
1.1
2.4
4.7
1.2
2.7
4.9
Carbohydrate, g/d
239
244
253
246
253
259
Alcohol, g/d
3.6
3.9
3.8
12.5
10.3
8.6
*All values (except age) are age-standardized. Participants were grouped into 5 categories according
to dietary folate intake (energy-adjusted to 2000 kcal/d): <200, 200-249, 250-299, 300-349, and ≥350
ȝg/d; “low” denotes the first category, “intermediate” the third category, and “high” the fifth category.
†Body mass index was calculated as weight in kilograms divided by the square of height in meters.

In the age- and sex-adjusted model, dietary folate intake was significantly associated with
a 58% reduced risk of pancreatic cancer in the highest category (≥350 ȝg/day) compared with
the lowest category (<200 ȝg/d) (TABLE 6). This association remained essentially the same
after controlling for multiple potential confounding variables, including age, sex, education,
smoking, body mass index, exercise, diabetes, and intakes of total energy, carbohydrates, and
alcohol (RR, 0.37; 95% CI, 0.19-0.74) (TABLE 6). With additional adjustment for methionine
intake, the multivariate rate ratio comparing extreme categories of dietary folate intake was
0.43 (95% CI, 0.21-0.86). The inverse relationship between dietary folate intake and risk of
pancreatic cancer persisted after adjustment for intakes of fruits and vegetables (TABLE 6).
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When we excluded cases diagnosed during the first 2 years of follow-up, the results were
not materially altered. Total folate intake (including supplements) was inversely associated
with risk of pancreatic cancer, but the association was weaker than that observed for dietary
folate (TABLE 6). Intake of folic acid from supplements (mainly from multivitamins) was not
associated with pancreatic cancer risk (≥300 ȝg/d versus 0 ȝg/d: multivariate RR [model 2],
1.02; 95% CI, 0.56-1.88).
The spline curve demonstrated a dose-response relationship between dietary folate intake
and risk of pancreatic cancer (FIGURE 36), and a test for linearity did not indicate departure
from linearity within the intake range in this study population (P = 0.46; null hypothesis, the
association is linear). The multivariate rate ratios (model 2) for an increment in dietary folate
intake of 100 ȝg/d were 0.36 (95% CI, 0.19-0.70) in women and men combined, 0.43 (95%
CI, 0.18-1.01) in women, and 0.32 (95% CI, 0.11-0.87) in men.
FIGURE 36. Pancreatic cancer according to dietary folate intake (ȝg/d)

Data were fitted by using a restricted cubic spline Cox proportional hazards model, stratified by age
(in months) and sex, and adjusted for education (less than high school, high school graduate, or more
than high school), smoking status and pack-years of smoking (never, past <20 pack-years, past ≥20
pack-years, current <20 pack-years, current 20-39 pack-years, or current ≥40 pack-years), body mass
index (<23.0, 23.0-24.9, 25.0-29.9, or ≥30.0 kg/m2), history of diabetes (yes/no), exercise (<2
hours/week, 2-3 hours/week, 4-5 hours/week, >5 hours/week), and intake of total energy (continuous),
carbohydrate (quartiles), alcohol (quartiles), fruits (quartiles), and vegetables (quartiles). Solid curve
represents point estimates; dashed curves represent 95% confidence intervals.
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ry folate
. of cases
son-years
e- and sex-adjusted RR (95% CI)
ltivariate RR 1 (95% CI)*
ltivariate RR 2 (95% CI)†
folate§
. of cases
son-years
e- and sex-adjusted RR (95% CI)
ltivariate RR 1 (95% CI)*
ltivariate RR 2 (95% CI)†

viations: CI, confidence interval; RR, rate ratio.
ivariate model 1 was stratified by age at baseline (in months) and sex, and were adjusted for education (less than high school
ool graduate, or more than high school), smoking status and pack-years of smoking (never, past <20 pack-years, past ≥20 packent <20 pack-years, current 20-39 pack-years, or current ≥40 pack-years), body mass index (<23.0, 23.0-24.9, 25.0-29.9, or
m2), history of diabetes (yes/no), exercise (<2 hours/week, 2-3 hours/week, 4-5 hours/week, >5 hours/week), and intakes o
gy (continuous), carbohydrate (quartiles), and alcohol (quartiles).
ivariate model 2 was adjusted for the same covariates as multivariable model 1 and additionally for intakes of fruits (quartile
ables (quartiles).
te from foods and supplements.

Dietary folate
No. of cases
Person-years
Age- and sex-adjusted RR (95% CI)
Multivariate RR 1 (95% CI)*
Multivariate RR 2 (95% CI)†
Total folate§
No. of cases
Person-years
Age- and sex-adjusted RR (95% CI)
Multivariate RR 1 (95% CI)*
Multivariate RR 2 (95% CI)†

200-249

28
130 763
0.55 (0.31-0.97)
0.53 (0.30-0.96)
0.51 (0.28-0.93)
26
121 311
0.54 (0.30-0.98)
0.53 (0.29-0.97)
0.52 (0.28-0.96)

<200

20
50 134
1.00
1.00
1.00

19
47 138
1.00
1.00
1.00

47
153 002
0.76 (0.44-1.29)
0.76 (0.44-1.32)
0.66 (0.35-1.24)
<200

200-249

20
50 134
1.00
1.00
1.00

28
130 763
0.55 (0.31-0.97)
0.53 (0.30-0.96)
0.51 (0.28-0.93)

19
47 138
1.00
1.00
1.00
43
139 882
0.74 (0.43-1.29)
0.75 (0.43-1.32)
0.69 (0.37-1.30)
Categories of folate intake, ȝg/d
250-299
300-349

26
121 311
0.54 (0.30-0.98)
0.53 (0.29-0.97)
0.52 (0.28-0.96)

73
47
153 002
0.76 (0.44-1.29)
0.76 (0.44-1.32)
0.66 (0.35-1.24)

43
139 882
0.74 (0.43-1.29)
0.75 (0.43-1.32)
0.69 (0.37-1.30)

30
150 243
0.46 (0.25-0.84)
0.42 (0.22-0.78)
0.33 (0.15-0.72)

21
113 240
0.42 (0.22-0.82)
0.37 (0.19-0.74)
0.25 (0.11-0.59)

≥350

0.03
0.02
0.01

0.02
0.008
0.002

Ptrend

Abbreviations: CI, confidence interval; RR, rate ratio.
*Multivariate model 1 was stratified by age at baseline (in months) and sex, and were adjusted for education (less than high school, high
school graduate, or more than high school), smoking status and pack-years of smoking (never, past <20 pack-years, past ≥20 pack-years,
current <20 pack-years, current 20-39 pack-years, or current ≥40 pack-years), body mass index (<23.0, 23.0-24.9, 25.0-29.9, or ≥30.0
kg/m2), history of diabetes (yes/no), exercise (<2 hours/week, 2-3 hours/week, 4-5 hours/week, >5 hours/week), and intakes of total
energy (continuous), carbohydrate (quartiles), and alcohol (quartiles).
†Multivariate model 2 was adjusted for the same covariates as multivariable model 1 and additionally for intakes of fruits (quartiles) and
vegetables (quartiles).
§Folate from foods and supplements.

17
94 956
0.43 (0.22-0.85)
0.42 (0.21-0.84)
0.36 (0.16-0.80)

19
106 391
0.43 (0.22-0.82)
0.40 (0.21-0.79)
0.32 (0.15-0.69)

Categories of folate intake, ȝg/d
250-299
300-349

TABLE 6. Rate ratios of pancreatic cancer according to categories of dietary and total folate intake in the Swedish Mammography Cohort
and the Cohort of Swedish Men, 1998–2004 (N = 81 922)*

Rate ratios of pancreatic cancer according to categories of dietary and total folate intake in the Swedish Mammography Co
e Cohort of Swedish Men, 1998–2004 (N = 81 922)*

19
106 391
0.43 (0.22-0.82)
0.40 (0.21-0.79)
0.32 (0.15-0.69)

21
113 240
0.42 (0.22-0.82)
0.37 (0.19-0.74)
0.25 (0.11-0.59)
0
0
0

17
94 956
0.43 (0.22-0.85)
0.42 (0.21-0.84)
0.36 (0.16-0.80)

30
150 243
0.46 (0.25-0.84)
0.42 (0.22-0.78)
0.33 (0.15-0.72)

0
0
0
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≥350
P

In stratified analyses, the inverse association between dietary folate intake and pancreatic
cancer risk did not differ statistically significantly between never, past, and current smokers
(Pinteraction = 0.33). Alcohol consumption also did not appear to modify the relation between
dietary folate intake and pancreatic cancer risk (Pinteraction = 0.66).
Among folate rich-foods, statistically significant inverse associations were observed for
green leafy vegetables and cruciferous vegetables (TABLE 7). Consumption of other folaterich foods, including green peas, citrus fruits, berries, legumes, and liver was also inversely
associated with risk of pancreatic cancer but the associations were not statistically significant.
TABLE 7. Multivariate rate ratios (95% confidence intervals) of pancreatic cancer according
to consumption of folate-rich foods in the combined analyses of the Swedish Mammography
Cohort and the Cohort of Swedish Men, 1998–June 2005 (N = 81 922)*

Green leafy vegetables
Cruciferous vegetables
Green peas
Citrus fruits
Orange/grapefruit juice†
Berries‡
Legumes§
Liver||

0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0

Servings per week
0.1-1.4
1.5-2.9
0.43 (0.24-0.77) 0.64 (0.37-1.10)
0.68 (0.41-1.11) 0.53 (0.29-0.95)
0.68 (0.45-1.02) 0.65 (0.41-1.05)
0.85 (0.54-1.34) 0.73 (0.45-1.18)
0.91 (0.58-1.43) 1.08 (0.65-1.78)
0.84 (0.54-1.29) 0.78 (0.50-1.22)
1.07 (0.69-1.65) 0.78 (0.46-1.33)
0.83 (0.57-1.21)
ʊ

≥3.0
0.60 (0.36-0.99)
0.53 (0.30-0.92)
0.65 (0.33-1.26)
0.74 (0.46-1.19)
1.11 (0.71-1.74)
ʊ
ʊ
ʊ

*Multivariate rate ratios were adjusted for age (in months), sex, education (less than high school, high
school graduate, or more than high school), smoking status and pack-years of smoking (never, past
<20 pack-years, past ≥20 pack-years, current <20 pack-years, current 20-39 pack-years, or current
≥40 pack-years), body mass index (<23.0, 23.0-24.9, 25.0-29.9, or ≥30 kg/m2), history of diabetes
(yes/no), exercise (<2 hours/week, 2-3 hours/week, 4-5 hours/week, >5 hours/week), and intakes of
total energy (continuous), carbohydrate (quartiles), and alcohol (quartiles). The analyses included
147 exocrine pancreatic cancer cases.
†Fruit juice is also a source of sugar, which might increase the risk of pancreatic cancer (Michaud et
al., 2002; Larsson et al., 2006g).
‡The tertiles for consumption of berries were 0, 0.1-0.4, and ≥0.5 serving/week.
§The tertiles for consumption of legumes were 0, 0.1-1.4, and ≥1.5 serving/week.
||The rate ratio is for comparison of ever versus never consumption.

To examine whether folate may explain the observed inverse relations between intakes of
some folate-rich foods and the risk of pancreatic cancer, dietary folate intake was added to the
multivariate model. The inverse associations were attenuated; the multivariate rate ratios
(further adjusted for dietary folate) comparing the highest with the lowest category of intake
were 0.90 (95% CI, 0.49-1.65) for green leafy vegetables, 0.71 (95% CI, 0.37-1.33) for
cruciferous vegetables, 0.82 (95% CI, 0.41-1.64) for green peas, 0.88 (95% CI, 0.53-1.45) for
citrus fruits, 0.91 (95% CI, 0.58-1.45) for berries, 1.00 (95% CI, 0.57-1.74) for legumes, and
0.98 (95% CI, 0.65-1.46) for liver. These findings suggest that folate, at least partly, may be
responsible for the inverse associations observed between consumption of folate-rich foods
and pancreatic cancer risk.
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FOLATE AND MTHFR POLYMORPHISMS (PAPER IV + NEW RESULTS)
Folate Intake
Esophageal Cancer
Seven case-control studies were included in the meta-analysis (Brown et al., 1988; Zhang et
al., 1997; De Stefani et al., 1999b; Mayne et al., 2001; Chen et al., 2002b; Yang et al., 2005;
Galeone et al., 2006) (see Table 1 in Paper IV). All studies reported an inverse association
between dietary folate intake and risk of esophageal cancer, and in two studies (Mayne et al.,
2001; Chen et al., 2002b) the relationship was statistically significant. In analysis of all
studies (including 1496 cases), the summary relative risk of esophageal cancer for individuals
in the highest relative to the lowest category of dietary folate intake was 0.62 (95% CI, 0.530.72), without heterogeneity among studies (Q = 5.27, P = 0.51, I2 = 0%). The association
was similar for esophageal squamous cell carcinoma and for esophageal adenocarcinoma
(FIGURE 37). There was no evidence of publication bias (Egger’s test: P = 0.33).
FIGURE 37. Relative risk of esophageal cancer associated with dietary folate intake (highest
vs. lowest category) in case-control studies
RR (95% CI)

Squamous cell carcinoma
Brown et al., 1988

0.70 (0.40-1.30)

Mayne et al., 2001

0.58 (0.39-0.86)

Yang et al., 2005

0.77 (0.45-1.31)

Galeone et al., 2005

0.68 (0.46-1.00)

Summary estimate

0.66 (0.53-0.83)

Adenocarcinoma
Zhang et al., 1997

0.70 (0.30-1.80)

Mayne et al., 2001

0.48 (0.36-0.66)

Chen et al. 2002b

0.50 (0.30-1.00)

Summary estimate

0.50 (0.39-0.65)

0.3

0.5

0.7

1

1.5

2

Relative Risk (95% CI)

Test for heterogeneity: esophageal squamous cell carcinoma, Q = 0.79, P = 0.85, I2 = 0%; esophageal
adenocarcinoma, Q = 0.61, P = 0.74, I2 = 0%.

Gastric Cancer
A total of eleven studies – nine case-control studies (La Vecchia et al., 1994b; Harrison et al.,
1997; Lopez-Carrillo et al., 1999; Mayne et al., 2001; Muñoz et al., 2001; Chen et al., 2002b;
Nomura et al., 2003; Lissowska et al., 2004; Kim et al., 2005) and two prospective cohort
studies (Botterweck et al., 2000; Larsson et al., 2006n) – were included in the meta-analysis
(see Table 1 in Paper IV). These studies combined included 3205 cases of gastric cancer.
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Overall, there was no association between dietary folate intake and risk of gastric cancer,
but there was statistically significant heterogeneity among the results of individual studies
(FIGURE 38). In meta-regression analysis, geographic region was a predictor of the betweenstudy heterogeneity. The between-study variance (τ 2) was reduced from 0.07 to 0.00 when
geographic region was included in the meta-regression model. The summary relative risks of
gastric cancer for the highest compared with the lowest category of dietary folate intake were
0.68 (95% CI, 0.58-0.80; Pheterogeneity = 0.79) for studies conducted in the United States (n = 4)
and 1.15 (95% CI, 0.91-1.45; Pheterogeneity = 0.79) for European studies (n = 4). The Egger’s
test for publication bias was not statistically significant (P = 0.28).
FIGURE 38. Relative risk of gastric cancer associated with dietary folate intake (highest vs.
lowest category) in case-control and prospective cohort studies
RR (95% CI)

Case-control studies
La Vecchia et al., 1994b
Harrison et al., 1997
Lopez-Carillo et al., 1999
Muñoz et al., 2001
Mayne et al., 2001
Chen et al., 2002b
Nomura et al., 2003
Lissowska et al., 2004
Kim et al., 2005
Subtotal

1.33 (0.82-2.18)
0.60 (0.44-0.82)
1.00 (0.45-2.27)
1.51 (0.93-2.45)
0.70 (0.57-0.85)
0.80 (0.40-1.40)
0.76 (0.38-1.51)
1.26 (0.81-1.98)
0.35 (0.13-0.96)
0.88 (0.67-1.14)

Cohort studies
Botterweck et al., 2000
Larsson et al., 2006n
Subtotal

1.00 (0.60-1.40)
1.04 (0.61-1.86)
1.01 (0.72-1.42)

Summary estimate

0.90 (0.72-1.13)
0.2

0.4

0.7

1

1.5

2.5

Relative Risk (95% CI)

Test for heterogeneity: all studies, Q = 24.27, P = 0.01, I2 = 58.8%; case-control studies, Q = 22.67, P
= 0.004, I2 = 64.7%; cohort studies, Q = 0.01, P = 0.91, I2 = 0%.

Pancreatic Cancer
One case-control (Baghurst et al., 1991) and four prospective studies (Stolzenberg-Solomon
et al., 2001b; Skinner et al., 2004; Larsson et al., 2006o) met the inclusion criteria (see Table
1 in Paper IV). The five studies included a total of 722 cases of pancreatic cancer. All studies
reported an inverse relation between dietary folate intake and risk of pancreatic cancer, and in
three studies (Baghurst et al., 1991; Stolzenberg-Solomon et al., 2001b; Larsson et al., 2006o)
the association was statistically significant. The summary relative risk for individuals in the
highest compared with the lowest category of dietary folate intake was 0.49 (95% CI, 0.350.67), with no between-study heterogeneity (FIGURE 39). When restricting the analysis to the
four prospective studies, the summary relative risk was 0.52 (95% CI, 0.36-0.75). There was
no strong indication of publication bias (Egger’s test: P = 0.28).
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FIGURE 39. Relative risk of pancreatic cancer associated with dietary folate intake (highest
vs. lowest category) in case-control and prospective cohort studies
RR (95% CI)

Case-control studies

0.36 (0.18-0.74)

Baghurst et al., 1991

Cohort studies
Stolzenberg-Solomon et al., 2001b

0.52 (0.31-0.87)

Skinner et al., 2004 (HPFS)

0.66 (0.37-1.18)

Skinner et al., 2004 (NHS)

0.65 (0.31-1.35)

Larsson et al., 2006o

0.25 (0.11-0.59)

0.49 (0.35-0.67)

Summary estimate
0.1

0.25

0.5

1

1.4

Relative Risk (95% CI)

Test for heterogeneity: Q = 4.83, P = 0.31, I2 = 17.1%. HPFS, Health Professionals Follow-up Study;
NHS, Nurses’ Health Study.

Colorectal Cancer (not reported in Paper IV)
The epidemiologic literature on the relation between folate intake and colorectal cancer risk
was reviewed in 2005 by Sanjoaquin et al. In a meta-analysis, the authors observed an inverse
association between intake of dietary folate but not of total folate and risk of colorectal cancer
(Sanjoaquin et al., 2005). The authors of that meta-analysis did not conduct analyses for
colon and rectal cancer separately. Presented below is an updated and expanded metaanalysis of prospective studies of folate intake and colorectal cancer risk. The present metaanalysis includes three additional prospective studies (Glynn et al., 1996; Larsson et al.,
2005h; Zhang et al., 2006) and also provides results for colon and rectal cancer.
Dietary folate intake was investigated in seven prospective cohort studies (Su and Arab,
2001; Flood et al., 2002; Konings et al., 2002; Terry et al., 2002b; Brink et al., 2005; Larsson
et al., 2005h; Zhang et al., 2006). One study was excluded because of duplicate publication
from the same cohort (Brink et al., 2005). The remaining six studies, involving 168 943
participants and 3200 cases, were included in the meta-analysis (TABLE 8). All studies found
an inverse association between dietary folate intake and risk of colorectal cancer, and in one
study (Su and Arab, 2001), the relation was statistically significant (FIGURE 40). There was
no statistically significant heterogeneity among studies (Q = 3.20; P = 0.67; I2 = 0%). The
summary relative risk indicated that individuals in the highest relative to the lowest category
of dietary folate intake had a 25% decreased risk of colorectal cancer. The inverse association
was nonsignificantly stronger for colon cancer than for rectal cancer (P = 0.15) (TABLE 9).
The association was consistent across strata of sex and geographic region. The summary
relative risk for a 100 ȝg/day increase in dietary folate intake was 0.86 (95% CI, 0.81-0.93).
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TABLE 8. Characteristics of prospective studies of folate intake and colorectal cancer*
Study and country
Dietary Folate
Su and Arab, 2001;
United States

Terry et al., 2002b;
Canada
Flood et al., 2002;
United States
Konings et al.,
2002; Netherlands
Larsson et al.,
2005h; Sweden

Zhang et al., 2006;
United States

Total Folate
Glynn et al., 1996;
Finland
Kato et al., 1999;
United States

Harnack et al., 2002
United States
Flood et al., 2002;
United States
Wei et al., 2004;
United States

Cases

Cohort size

219 CC

14 407 men
and women

0.57 (0.34-0.97) CC

295 CRC
198 CC
97 RC
490 CRC

5334 women
(subcohort)

0.60 (0.40-1.10) CRC
0.60 (0.30-1.10) CC
0.70 (0.30-1.80) RC
0.86 (0.65-1.13) CRC

45 264 women

RR (95% CI)†

1171 CRC
760 CC
411 RC
805 CRC
389 CC
230 RC

3123 men and
women
(subcohort)
61 433 women

0.76 (0.57-1.01) CRC‡
0.71 (0.50-1.02) CC‡
0.85 (0.52-1.38) RC‡
0.80 (0.60-1.06) CRC
0.61 (0.41-0.91) CC
0.93 (0.55-1.56) RC

220 CRC

37 916 women

0.67 (0.43-1.03) CRC

136 CRC
86 CC
50 RC
105 CRC

276 men§
(nested casecontrol)
523 women§
(nested casecontrol)

0.89 (0.23-3.49) CRC‡
0.51 (0.20-1.31) CC
2.12 (0.43-10.5) RC
0.88 (0.46-1.69) CRC

721 CRC
598 CC
123 RC
490 CRC

35 216 women

1.04 (0.76-1.41) CRC‡
1.12 (0.77-1.63) CC
0.89 (0.52-1.51) RC
1.01 (0.75-1.35) CRC

1478 CRC
1139 CC
339 RC

45 264 women
134 365 men
and women

0.94 (0.67-1.34) CRC‡
0.82 (0.68-0.99) CC
1.18 (0.80-1.74) RC

Adjustments
Age, race, gender, education,
intake of fat, vitamin B6,
vitamin B12, alcohol, and
energy
Age, education, smoking,
BMI, physical activity,
intake of fat and energy
Age, intake of energy,
methionine, and alcohol
Age, alcohol, family history,
intake of iron, fiber,
vitamin C, energy
Age, education, BMI, intake
of red meat, cereal fiber,
saturated fat, methionine,
calcium, vitamin B6, ȕcarotene, and energy
Age, BMI, family history,
history of colon polyps,
physical activity, smoking,
PMH use, aspirin use,
intake of red meat, alcohol,
energy
Age, clinic, physical activity,
intake of vitamin A, starch,
and energy
Age, menopausal status,
family history, physical
activity, occult blood
testing, beer consumption
Age, smoking, BMI, oral
contraceptives, PMH use,
calcium, vitamin E, energy
Age, intake of methionine,
fat, alcohol, and energy
Age, sex, family history,
history of endoscopy,
smoking, physical activity,
BMI, height, intake of red
meat, alcohol, and calcium
See Zhang et al., 2006 above

Zhang et al., 2006;
220 CRC
37 916 women 1.16 (0.76-1.79) CRC
United States
*CRC, colorectal cancer; CC, colon cancer; RC, rectal cancer; PMH, postmenopausal hormone.
†Relative risk for the highest versus the lowest folate intake category. ‡The relative risk (and its 95%
CI) was derived by pooling the sex- and/or subsite-specific RRs. §Number of control subjects.
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FIGURE 40. Relative risk of colorectal cancer associated with intake of dietary and total folate
(highest vs. lowest category) in prospective studies
RR (95% CI)

Dietary folate
Su and Arab, 2001
Terry et al., 2002b
Flood et al., 2002
Konings et al., 2002
Larsson et al., 2004h
Zhang et al., 2006
Summary estimate

0.57 (0.34-0.97)
0.60 (0.40-1.10)
0.86 (0.65-1.13)
0.76 (0.57-1.01)
0.80 (0.60-1.06)
0.67 (0.43-1.03)
0.75 (0.66-0.87)

Total folate
Glynn et al., 1996
Kato et al., 1999
Harnack et al., 2002
Flood et al., 2002
Wei et al., 2004
Zhang et al., 2006
Summary estimate

0.89 (0.23-3.49)
0.88 (0.46-1.69)
1.04 (0.76-1.41)
1.01 (0.75-1.35)
0.94 (0.67-1.34)
1.16 (0.76-1.79)
1.01 (0.86-1.19)
0.4

0.6

0.8

1

1.2

1.5

2

Relative Risk (95% CI)

Test for heterogeneity: dietary folate, Q = 3.20, P = 0.67, I2 = 0%; total folate, P = 0.98, I2 = 0%.

Total folate intake was examined in seven prospective cohort studies (Giovannucci et al.,
1995; Sellers et al., 1998; Giovannucci et al., 1998b; Flood et al., 2002; Harnack et al., 2002;
Wei et al., 2004; Zhang et al., 2006) and two nested case-control studies (Glynn et al., 1996;
Kato et al., 1999). Three studies were excluded because of multiple reports (Giovannucci et
al., 1995; Sellers et al., 1998; Giovannucci et al., 1998b). Characteristics of the six included
studies, involving 121 046 participants and 3150 cases, are shown in TABLE 8. The summary
estimate revealed no association of total folate intake with colorectal cancer risk (FIGURE 40).
TABLE 9. Summary relative risks for the association of dietary folate intake with colorectal
cancer for prospective studies, by cancer site, sex, and geographic region

Cancer site
Colon
Rectum
Sex
Men
Women
Geographic region
North America
Europe

n*

Highest vs. lowest category
RR (95% CI)
Phet.†

Dose-response, 100 ȝg/day
RR (95% CI)
Phet.†

4
3

0.64 (0.51-0.80)
0.86 (0.62-1.20)

0.90
0.86

0.78 (0.70-0.87)
0.94 (0.76-1.16)

0.50
0.99

2
6

0.59 (0.36-0.98)
0.78 (0.67-0.91)

0.21
0.83

0.74 (0.63-0.86)
0.88 (0.82-0.96)

0.46
0.31

4
2

0.73 (0.60-0.89)
0.78 (0.64-0.95)

0.40
0.80

0.86 (0.78-0.94)
0.84 (0.71-0.98)

0.21
0.43

*n = number of studies. †P value for test of heterogeneity among studies.
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Blood Folate Levels
Esophageal, Gastric, and Pancreatic Cancer
In a case-control study in China (Tan et al., 2005), statistically significantly (P<0.0001) lower
serum folate levels were found among cases with esophageal squamous cell carcinoma and
gastric cardia cancer compared with healthy controls (TABLE 10). In a nested case-control
study within the Alpha-Tocopherol, Beta-Carotene Cancer Prevention (ATBC) Study of male
smokers, men in the highest tertile of serum folate levels had approximately half the risk of
pancreatic cancer compared to men in the lowest tertile (Stolzenberg-Solomon et al., 1999).
Colorectal Cancer (not reported in Paper IV)
Results of five studies on blood folate levels in relation to risk of colorectal cancer have been
inconclusive (TABLE 10). Two nested case-control studies in the United States reported a
statistically significant (Kato et al., 1999) or a nonsignificant (Ma et al., 1997) inverse
association between blood folate levels and risk of colorectal cancer. In a nested case-control
study within the ATBC Study, serum folate levels were nonsignificantly positively related to
risk of rectal cancer (Ptrend = 0.15) but was not related to colon cancer (Glynn et al., 1996).
Results from a nested case-control study in the Northern Sweden Health and Disease Cohort
showed a bell-shaped relationship between plasma folate levels and risk of colorectal cancer;
the odds ratios across categories of plasma folate were 1.00, 1.52, 1.81, 1.71, and 1.01 (Van
Guelpen et al., 2006). No relation between serum or red blood cell folate levels and mortality
from colorectal cancer was observed in a small cohort study in Australia (Rossi et al., 2006).
Combining the results from these five studies yielded a summary estimate of 0.79 (95% CI,
0.53-1.16), with no statistically significant heterogeneity among studies (Pheterogeneity = 0.27).
TABLE 10. Studies of blood folate levels in relation to cancer of the esophagus, gastric cardia,
pancreas, and colorectum*
Cases/
Comparison
Adjusted OR/RR
Study and country
Cancer site controls
(highest vs. lowest)
(95% CI)
Tan et al., 2005; China
ESCC
324/492 SF: ≥3 vs. <3 ng/ml
0.07 (0.05-0.10)†
Tan et al., 2005; China
GCA
231/492 SF: ≥3 vs. <3 ng/ml
0.41 (0.28-0.61)†
Stolzenberg-Solomon et
Pancreas
126/247 SF: ≥4.5 vs. <3.3 ng/ml
0.45 (0.24-0.82)
al., 1999; Finland
Glynn et al., 1996; Finland Colon
91/175
SF: >5.2 vs. <3 ng/ml
0.92 (0.42-2.00)
Glynn et al., 1996; Finland Rectum
53/101
SF: >5.2 vs. <3 ng/ml
2.04 (0.81-5.15)
Ma et al., 1997, United
Colorectum 202/326 PF: ≥3 vs. <3 ng/ml
0.56 (0.29-1.08)†
States
Kato et al., 1999, United
Colorectum 105/523 SF: ≥31 vs. <12 nmol/L
0.52 (0.27-0.97)
States
Van Guelpen et al., 2006;
Colorectum 221/432 PF: ≥15 vs. <5 nmol/L
1.01 (0.47-2.19)
Sweden
1.23 (0.35-4.35)†
Rossi et al., 2006;
Colorectum 45/1988‡ SF: ≥6.0 vs. <3.0 ng/ml
RCF: ≥350 vs. <200 ng/ml 0.90 (0.39-2.04)†
Australia
*ESCC, esophageal squamous cell carcinoma; GCA; gastric cardia cancer; PF, plasma folate; RCF,
red blood cell folate; SF serum folate. †Converted OR/RR; the original one was for comparison of low
versus high blood folate levels. ‡Total number of participants in the cohort.
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MTHFR C677T Polymorphism
Esophageal, Gastric, and Pancreatic Cancer
Sixteen studies on the methylenetetrahydrofolate reductase (MTHFR) C677T polymorphism
in relation to risk of esophageal, gastric, or pancreatic cancer were included in the analysis.
Study characteristics are summarized in Table 2 in Paper IV (Larsson et al., 2006p). The
majority of studies (10 of 16) were conducted in a Chinese population. The prevalence of the
677TT (variant) genotype among controls varied considerable among studies, ranging from
6.5% (in a US population) to 44.0% (in a Chinese population).
The odds ratio for the TT genotype compared with the CC genotype in individual studies,
by cancer site, is presented in FIGURE 41. All but 1 of the 22 odds ratios were greater than 1,
suggesting the TT genotype is associated with an increased risk of cancer; 13 estimates were
statistically significant. Overall, compared with individuals with the CC genotype, those with
the TT genotype had a statistically significantly higher odds of gastric cardia adenocarcinoma
(OR, 1.90; 95% CI, 1.38-2.60; Pheterogeneity = 0.29) and gastric cancer (all types) (OR, 1.68;
95% CI, 1.29-2.19; Pheterogeneity = 0.12). Summary estimates also indicated a nonsignificant
increased risk of esophageal squamous cell carcinoma (OR, 1.59; 95% CI, 0.98-2.58) and
pancreatic cancer (OR, 2.28; 95% CI, 0.91-5.71) for TT versus CC genotypes; however, there
was substantial heterogeneity among studies (Pheterogeneity <0.001).
There was no evidence of publication bias in the literature on esophageal cancer (Egger’s
test: P = 0.80), gastric cardia adenocarcinoma (P = 0.51), or pancreatic cancer (P = 0.65). For
total gastric cancer, the funnel plot suggested a deficit of small studies with null results (P =
0.003). According to trim and fill analysis, two such studies might be missing. Adding those
missing studies yielded a summary odds ratio for gastric cancer of 1.48 (95% CI, 1.14-1.94).
FIGURE 41. Odds ratios of esophageal, gastric, and pancreatic cancer for the MTHFR 677TT
genotype versus the CC genotype in individual studies
Odds Ratio
(95% CI)

Esophageal squamous cell carcinoma
Song et al., 2001
Stolzenberg-Solomon et al., 2003
Gao et al., 2004
Zhang et al., 2004 (Chinese)
Zhang et al., 2004 (German)
Yang et al., 2005
Wang et al., 2005

6.18 (3.32-11.5)
1.24 (0.68-2.26)
1.56 (0.88-2.79)
2.02 (1.00-4.07)
1.04 (0.60-1.81)
0.66 (0.35-1.25)
1.58 (0.99-2.50)

Gastric cardia adenocarcinoma
Miao et al., 2002
Stolzenberg-Solomon et al., 2003
Shen et al., 2005
Wang et al., 2005
Graziano et al., 2006

2.04 (1.28-3.26)
1.17 (0.61-2.25)
2.60 (1.30-5.21)
1.58 (0.88-2.83)
3.71 (1.30-10.6)

Noncardia gastric cancer
Graziano et al., 2006

2.74 (1.39-5.42)

Gastric cancer (all types)
Gao et al., 2002
Mu et al., 2004
Shen et al., 2005
Kim et al., 2005
Graziano et al., 2006
Lacasaña-Navarro et al., 2006

1.89 (1.08-3.32)
1.80 (1.07-3.04)
1.79 (1.02-3.15)
1.15 (0.85-1.55)
2.95 (1.57-5.55)
1.62 (1.00-2.59)

Pancreatic cancer
Li et al., 2005
Wang et al., 2005
Matsubayashi et al., 2005

2.14 (1.14-4.01)
5.12 (2.94-9.10)
1.10 (0.67-1.82)
0.5

1

2
Odds Ratio (95% CI)
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Colorectal Cancer (not reported in Paper IV)
Twenty-four studies were included in the meta-analysis, whereas two studies were excluded
because of duplicate publications (Slattery et al., 1999; Chen et al., 2002). Of the 24 included
studies, six were conducted in the United States (Chen et al., 1996; Ma et al., 1997; Keku et
al., 2002; Le Marchand et al., 2002; Curtin et al., 2004; Le Marchand et al., 2005), eight in
Europe (Ryan et al., 2001; Sachse et al., 2002; Sharp et al., 2002; Heijmans et al., 2003;
Plaschke et al., 2003; Toffoli et al., 2003; Ulvik et al., 2004; Van Guelpen et al., 2006), eight
in Asia (Park et al., 1999; Matsuo et al., 2002; Kim et al., 2004; Yin et al., 2004; Jiang et al.,
2005; Matsuo et al., 2005; Otani et al., 2005b; Wang et al., 2006), and one each in Mexico
(Delgado-Enciso et al., 2001) and Australia (Shannon et al., 2002). Combined, these studies
included 10 355 cases and 16 979 controls. Overall, the summary odds ratio of colorectal
cancer for the TT genotype compared with the CC genotype was 0.84 (95% CI, 0.75-0.95),
but there was indication of between-study heterogeneity (FIGURE 42). In analysis stratified by
geographic region, the summary odds ratios were 0.73 (95% CI, 0.63-0.85; Pheterogeneity = 0.62)
among the US studies, 0.96 (95% CI, 0.72-1.28; Pheterogeneity = 0.01) among the European
studies, and 0.82 (95% CI, 0.67-0.99; Pheterogeneity = 0.38) among the Asian studies. There was
no strong evidence of publication bias on the funnel plot (FIGURE 43) or by Egger’s test (P =
0.22).
FIGURE 42. Odds ratios of colorectal cancer for the MTHFR 677TT genotype versus the CC
genotype for individual studies and all studies combined
Cases/
677TT
Controls Genotype*

First Author, Year

Country

Chen, 1996
Ma, 1997
Park, 1999
Delgado-Enciso, 2001
Ryan, 2001
Le Marchand, 2002
Shannon, 2002
Matsuo, 2002
Sharp, 2002
Sachse, 2002
Keku, 2002
Toffoli, 2003
Heijmans, 2003
Plaschke, 2003
Curtin, 2004
Yin, 2004
Kim, 2004
Ulvik, 2004
Otani, 2005b
Le Marchand, 2005
Jiang, 2005
Matsuo, 2005
Wang, 2006
Van Guelpen, 2006

USA
144/627
USA
202/326
Korea
200/460
Mexico
74/110
Ireland
136/848
USA
548/656
Australia
501/1207
Japan
142/241
UK
264/408
UK
490/592
USA
552/868
Italy
276/279
Netherlands
18/793
Germany
287/346
USA
1595/1964
Japan
685/778
Korea
243/225
Norway
2159/2190
Japan
107/224
USA
822/2021
China
125/339
Japan
257/771
India
302/291
Sweden
226/415

All Studies

10355/16979

13.4%
15.0%
16.1%
21.8%
10.3%
15.9%
11.0%
NA
NA
8.3%
6.6%
20.1%
8.5%
11.0%
11.5%
17.1%
14.7%
9.7%
25.7%
12.3%
18.3%
17.4%
0%
8.5%

Odds Ratio
(95% CI)
0.57 (0.30-1.06)
0.45 (0.24-0.86)
0.81 (0.48-1.38)
1.61 (0.67-3.83)
1.50 (0.80-2.80)
0.70 (0.50-1.00)
1.03 (0.72-1.47)
1.21 (0.62-2.34)
0.93 (0.66-1.32)
1.23 (0.80-1.89)
0.80 (0.50-1.40)
0.72 (0.35-1.49)
3.65 (1.07-12.5)
1.13 (0.63-2.01)
0.80 (0.61-1.06)
0.64 (0.47-0.89)
0.90 (0.49-1.64)
0.73 (0.58-0.92)
0.79 (0.41-1.50)
0.77 (0.58-1.03)
0.50 (0.14-1.75)
0.76 (0.47-1.17)
1.31 (0.78-2.23)
0.41 (0.19-0.85)
0.84 (0.75-0.95)

Test for heterogeneity:
Q = 35.78, P = 0.04, I2 = 35.7%

0.2

0.4

0.7

1

1.5

2.5

Odds Ratio (95% CI)

*Prevalence of the TT genotype among controls. Chen et al. (1996) and Toffoli et al. (2003) used the
CC/CT genotypes as referent for the TT genotype. Wang et al. (2006) used the CC genotype as
referent for the CT/TT genotypes. NA, information not available.
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FIGURE 43. Funnel plot of studies of MTHFR C677T and colorectal cancer risk
2

1
Ln OR
0

-1

-2
0

0.2
0.4
Standard Error of Ln OR

0.6

Funnel plot shows the odds ratio (for the TT versus the CC genotype) on a natural logarithm scale on
its standard error for the 24 studies included in the meta-analysis; horizontal line indicates summary
odds ratio and 95% CI, with sloping lines representing the expected 95% CI for a given standard error.

MTHFR A1298C Polymorphism
Esophageal, Gastric, and Pancreatic Cancer
Nine studies have provided results on the MTHFR A1298C polymorphism in relation to risk
of esophageal squamous cell carcinoma (Song et al., 2001; Stolzenberg-Solomon et al., 2003;
Gao et al., 2004), gastric cardia adenocarcinoma (Miao et al., 2002; Stolzenberg-Solomon et
al., 2003; Shen et al., 2005), gastric cancer (all types) (Kim et al., 2005; Shen et al., 2005),
and/or pancreatic cancer (Li et al., 2005; Matsubayashi et al., 2005; Wang et al., 2005) (see
Table 3 in Paper IV). In two studies, individuals with the 1298CC (variant) genotype,
compared with those with the AA genotype, had a statistically significantly higher odds of
esophageal squamous cell carcinoma (OR, 4.43; 95% CI, 1.23-16.02) (Song et al., 2001) or
pancreatic cancer (OR, 1.86; 95% CI, 1.04-3.32) (Matsubayashi et al., 2005). The other
studies either did not find any statistically significant association (Miao et al., 2002; Kim et
al., 2005; Li et al., 2005; Shen et al., 2005; Wang et al., 2005) or had no cases or controls
with the CC genotype (Stolzenberg-Solomon et al., 2003; Gao et al., 2004).
Colorectal Cancer (not reported in Paper IV)
Of 14 studies that have examined the relation between the MTHFR A1298C polymorphism
and colorectal cancer risk, four were conducted in the United States (Chen et al., 2002; Keku
et al., 2002; Le Marchand et al., 2002; Curtin et al., 2004), four in Europe (Sharp et al., 2002;
Plaschke et al., 2003; Toffoli et al., 2003; Van Guelpen et al., 2006), and six in Asia (Matsuo
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et al., 2002; Yin et al., 2004; Jiang et al., 2005; Matsuo et al., 2005; Otani et al., 2005b; Wang
et al., 2006). The prevalence of the CC genotype among controls ranged from around 2%–4%
(in Chinese and Japanese populations) to 17.5% (in an Indian population) (FIGURE 44). A
combined analysis of all 14 studies (involving 5560 cases and 7912 controls) yielded an odds
ratio of 0.82 (95% CI, 0.65-1.03) in a comparison of the CC versus the AA genotype; there
was statistically significant heterogeneity among the results of individual studies (FIGURE 44).
The continent of origin appeared to account for most of this heterogeneity. Continent-specific
summary odds ratios showed that risk of colorectal cancer was decreased for individuals with
the CC genotype in the United States (OR, 0.71; 95% 0.57-0.90; Pheterogeneity = 0.20) and Asia
(OR, 0.69; 95% CI, 0.37-1.31; Pheterogeneity = 0.03) but not in Europe (OR, 1.15; 95% CI, 0.791.69; Pheterogeneity = 0.16). There was no evidence of publication bias (Egger’s test: P = 0.98).
FIGURE 44. Odds ratios of colorectal cancer for the MTHFR 1298CC genotype versus the AA
genotype for individual studies and all studies combined

First Author, Year

Country

Chen, 2002
Le Marchand, 2002
Keku, 2002 (W)
Keku, 2002 (AA)
Matsuo, 2002
Sharp, 2002
Toffoli, 2003
Plaschke, 2003
Curtin, 2004 (M)
Curtin, 2004 (F)
Yin, 2004
Otani, 2005b
Jiang, 2005
Matsuo, 2005
Wang, 2006
Van Guelpen, 2006

USA
USA
USA
USA
Japan
UK
Italy
Germany
USA
USA
Japan
Japan
China
Japan
India
Sweden

All Studies

Cases/
1298CC
Controls Genotype*
211/344
539/653
309/541
243/329
142/241
264/408
276/279
287/346
892/1039
703/925
685/778
106/224
125/335
257/767
302/291
220/412

9.3%
5.8%
12.6%
4.0%
NA
NA
9.0%
11.8%
9.9%
12.2%
2.4%
2.2%
1.8%
4.0%
17.5%
12.1%

Odds Ratio
(95% CI)
0.73 (0.37-1.43)
0.80 (0.50-1.40)
0.50 (0.30-0.80)
0.80 (0.30-2.10)
0.56 (0.15-2.13)
0.67 (0.39-1.29)
1.09 (0.60-1.49)
1.42 (0.79-2.56)
1.00 (0.70-1.40)
0.60 (0.50-0.90)
1.71 (0.93-3.14)
0.35 (0.04-3.00)
0.40 (0.06-3.61)
0.80 (0.37-1.73)
0.40 (0.22-0.70)
1.62 (0.94-2.81)

5560/7912

0.82 (0.65-1.03)

Test for heterogeneity:
Q = 33.05, P = 0.005, I2 = 54.6%.

0.2

0.4

0.7 1

1.5

2.5

Odds Ratio (95% CI)

*Prevalence among controls. W, whites; AA, African Americans; M, males; F, females.

Gene–Environment Interactions
Several studies have examined whether the association of the MTHFR C677T polymorphisms
with risk of gastrointestinal cancer is modified by alcohol intake, smoking, or intake or blood
levels of folate or other one-carbon metabolism related nutrients. Alcohol intake can interfere
with folate absorption, excretion, transport, and metabolism (Barak et al., 1987; Halsted et al.,
2002). Smoking has been inversely associated with folate status, possibly because of lower
folate intake among smokers or because of inactivation of folate and vitamin B12 cofactors by
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oxidizing compounds in tobacco smoke (Piyathilake et al., 1994). Smoking may also deplete
systemic folate and cause localized folate deficiencies in particular tissues (Piyathilake et al.,
1994; Gabriel et al., 2006).
Esophageal, Gastric, and Pancreatic Cancer
An interaction between alcohol intake or smoking and the MTHFR C677T polymorphism in
relation to risk of esophageal, gastric, or pancreatic cancer has been suggested in some (Gao
et al., 2002; Stolzenberg-Solomon et al., 2003; Mu et al., 2004; Li et al., 2005; Wang et al.,
2005; Graziano et al., 2006) but not all studies (Matsubayashi et al., 2005; Lacasaña-Navarro
et al., 2006). Stolzenberg-Solomon et al. (2003) reported a statistically significant interaction
(P = 0.03) between the 677TT genotype and alcohol intake in relation to gastric cardia cancer
risk; in alcohol drinkers, those with the TT genotype had a statistically significant 5.3-fold
higher odds of gastric cardia cancer compared to those with the CC/CT genotypes. Similarly,
Graziano et al. (2006) found that alcohol drinkers with the TT genotype had a 5.4-fold higher
odds of gastric cancer compared with nondrinkers with the CC genotype. In two studies of
pancreatic cancer (Li et al., 2005; Wang et al., 2005), the increased risk of pancreatic cancer
associated with the TT or CT/TT genotypes were stronger in heavy drinkers and in heavy
smokers than in nondrinkers and nonsmokers. In a study in China, smokers with the CT/TT
genotype had a 7.7-fold higher odds of gastric cancer compared to nonsmokers with the CC
genotype (Gao et al., 2002). Another study in China also showed that the increase in gastric
cancer risk associated with the TT genotype was stronger in smokers than in nonsmokers (Mu
et al., 2004). Two studies have evaluated whether the association between C677T and risk of
esophageal (Yang et al., 2005) or gastric cancer (Lacasaña-Navarro et al., 2006) is modified
by folate intake. None of these studies found any significant interaction.
Colorectal Cancer (not reported in Paper IV)
Studies of health professionals (Chen et al., 1996) and physicians (Ma et al., 1997) in the US
showed that a reduced risk of colorectal cancer associated with the MTHFR 677TT genotype
was limited to men with low alcohol consumption (Pinteraction ≤ 0.02). A suggestive effect
modification of alcohol intake in the same direction was observed in a nested case-control
study within the Multiethnic Cohort Study (Le Marchand et al., 2005) and in a case-control
study in Japan (Yin et al., 2004). However, six other case-control studies did not support a
similar modifying effect by alcohol intake (Slattery et al., 1999; Keku et al., 2002; Kim et al.,
2004; Jiang et al., 2005; Matsuo et al., 2005; Wang et al., 2006).
Some studies have observed that a decreased risk of colorectal cancer associated with the
MTHFR 677TT genotype was more evident or confined to individuals with high intakes or
blood levels of folate or vitamin B6 (Ma et al., 1997; Slattery et al., 1999; Le Marchand et al.,
2002). In a nested case-control study within the Physicians’ Health Study (Ma et al., 1997),
among men with adequate folate levels (≥3 ng/ml), there was a 3-fold reduction in colorectal
cancer risk (OR, 0.32; 95% CI, 0.15-0.68) among those with the TT genotype compared with
those with the CC/CT genotype; the decrease in risk associated with the TT genotype was not
observed in men with folate deficiency (OR, 1.33; 95% CI, 0.34-5.17). In a US case-control
study, the TT genotype (versus CC) was associated with a statistically significant 40% lower
risk of colon cancer in those with high intakes of folate or vitamin B6 but was not associated
with risk in those with low intakes of these nutrients (Slattery et al., 1999). A statistically
significant interaction with intake of vitamin B6 (P = 0.02) but not with folate, vitamin B2

85

(riboflavin), vitamin B12, or methionine was found in a population-based case-control study
in Hawaii; the odds ratios of colorectal cancer for the TT genotype compared with the CC
genotype were 0.4 (95% CI, 0.2-0.8) in those with high vitamin B6 intake and 1.1 (95% CI,
0.6-2.1) in those with low vitamin B6 intake (Le Marchand et al., 2002). Others have found no
statistically significant interaction between folate, vitamins B2, B6, or B12, or methionine and
the MTHFR C677T polymorphism (Chen et al., 1996; Keku et al., 2002; Jiang et al., 2005; Le
Marchand et al., 2005; Matsuo et al., 2005; Otani et al., 2005b; Van Guelpen et al., 2006).

Summary
Summary relative risk (odds ratio) estimates from meta-analyses of folate intake, blood folate
levels, and the MTHFR C677T and A1298C polymorphisms in relation to esophageal, gastric,
pancreatic, and colorectal cancer are shown in TABLE 11.
TABLE 11. Summary relative risks of gastrointestinal cancer for the highest versus the lowest
category of folate intake or blood folate levels, for MTHFR 677TT versus CC genotypes, and
for MTHFR 1298CC versus AA genotypes
No. of studies

Relative risk

95% CI

Dietary folate intake
Esophageal squamous cell carcinoma
Esophageal adenocarcinoma
Gastric cancer*
Pancreatic cancer
Colorectal cancer

4
3
11
5
6†

0.66
0.50
0.90
0.49
0.75

0.53, 0.83
0.39, 0.65
0.72, 1.13
0.35, 0.67
0.66, 0.87

Total folate intake
Colorectal cancer

6†

1.01

0.86, 1.19

Blood folate levels
Colorectal cancer

5

0.79

0.53, 1.16

7
5
6
3
24

1.59
1.90
1.68
2.28
0.84

0.98, 2.58
1.38, 2.60
1.29, 2.19
0.91, 5.71
0.75, 0.95

14

0.82

0.65, 1.03

One-carbon metabolism related
gene polymorphisms
MTHFR C677T (TT vs. CC)‡
Esophageal squamous cell carcinoma
Gastric cardia cancer
Gastric cancer*
Pancreatic cancer
Colorectal cancer
MTHFR A1298C (CC vs. AA)‡
Colorectal cancer

*Gastric cardia and noncardia gastric cancer combined.
†Prospective studies only.
‡The variant genotype (677TT and 1298CC) is associated with decreased MTHFR enzyme activity;
MTHFR acts as a critical branch point in one-carbon (folate) metabolism by catalyzing the irreversible
conversion of 5,10-methylenetetrahydrofolate to 5-methyltetrahydrofolate, thereby directing folate
metabolites towards the DNA methylation pathways and away from the DNA synthesis pathway.
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PROCESSED MEAT AND GASTRIC CANCER (PAPER V)
Processed Meat
Highest Versus Lowest Intake Category
Seven prospective cohort studies (Nomura et al., 1990; Galanis et al., 1998; Knekt et al.,
1999; McCullough et al., 2001; Ngoan et al., 2002; González et al., 2006a; Larsson et al.,
2006j) and 12 case-control studies (Lee et al., 1990; González et al., 1991; Boeing et al.,
1991b; Hoshiyama and Sasaba, 1992; Ward et al., 1997; Ward and Lopez-Carrillo, 1999;
Takezaki et al., 2001; Chen et al., 2002a; Ito et al., 2003; Nomura et al., 2003; De Stefani et
al., 2004; Lissowska et al., 2004) fulfilled the inclusion criteria. The summary relative risks
of gastric cancer for individuals in the highest relative to the lowest category of processed
meat consumption were 1.24 (95% CI, 0.98-1.56) in cohort studies and 1.63 (95% CI, 1.312.01) in case-control studies; there was statistically significant heterogeneity both among the
cohort studies and among the case-control studies (FIGURE 45). Within each study design, the
association between processed meat consumption and risk of gastric cancer did not differ
statistically significantly by geographic region or publication year (P>0.1 for all). The funnel
plots did not provide evidence for publication bias (data not shown). The Egger’s test of
asymmetry of the funnel plot yielded a P value of 0.68 for cohort studies and 0.93 for casecontrol studies.
FIGURE 45. Relative risks of gastric cancer associated with processed meat consumption
(highest versus lowest category) in cohort and case-control studies

Cohort studies
Nomura et al., 1990
Galanis et al., 1998
Knekt et al., 1999
McCullough et al., 2001
Ngoan et al., 2002
González et al., 2006a
Larsson et al., 2006j
Summary estimate

RR (95% CI)
1.30 (0.90-2.00)
1.00 (0.60-1.70)
0.49 (0.22-1.06)
1.09 (0.94-1.28)
2.00 (0.80-5.40)
1.62 (1.08-2.41)
1.66 (1.13-2.45)
1.24 (0.98-1.56)

Case-control studies
Lee et al., 1990
Boeing et al., 1991b
González et al., 1991
Hoshiyama and Sasaba, 1992
Ward et al., 1997
Ward et al., 1999
Takezaki et al., 2001
Chen et al., 2002a
Ito et al., 2003
Nomura et al., 2003
Lissowska et al., 2004
De Stefani et al., 2004
Summary estimate

2.31 (1.30-4.00)
2.21 (1.32-3.71)
1.40 (0.80-2.20)
1.40 (0.90-2.40)
1.60 (0.90-3.00)
3.20 (1.50-6.60)
2.36 (1.08-5.14)
1.70 (0.72-3.90)
0.50 (0.22-1.13)
1.20 (0.72-1.99)
1.30 (0.86-1.99)
1.98 (1.35-2.90)
1.63 (1.31-2.01)

0.3

0.6

1

1.5

3

6

Relative Risk (95% CI)

Test for heterogeneity: cohort studies, Q = 12.99, P = 0.04, I2 = 53.8%; case-control studies,
Q = 19.11, P = 0.06, I2 = 42.4%.
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Dose–Response Meta-Analysis
Six cohort studies (Nomura et al., 1990; Galanis et al., 1998; McCullough et al., 2001; Ngoan
et al., 2002; González et al., 2006a; Larsson et al., 2006j) and nine case-control studies (Risch
et al., 1985; González et al., 1991; Hoshiyama and Sasaba, 1992; Ward et al., 1997; Ward
and Lopez-Carrillo, 1999; De Stefani et al., 2001; Ito et al., 2003; Nomura et al., 2003;
Lissowska et al., 2004) provided the required data to be included in the dose–response metaanalysis of processed meat consumption. One cohort study and five case-control studies were
excluded because processed meat consumption could not be quantified (Boeing et al., 1991b;
Knekt et al., 1999; Chen et al., 2002a; De Stefani et al., 2004) or because the range of
exposure was very narrow (Lee et al., 1990; Takezaki et al., 2001), leading to exaggerated
regression coefficients. The summary relative risks of gastric cancer for an increment of 30 g
per day in processed meat consumption were 1.15 (95% CI, 1.04-1.27) in cohort studies and
1.38 (95% CI, 1.19-1.60) in case-control studies. No statistically significant heterogeneity
was found among the cohort studies or among the case-control studies (TABLE 12), but the
summary relative risk was statistically significantly higher for case-control studies than for
cohort studies (P = 0.05). The association between processed meat consumption and risk of
gastric cancer was similar for population-based case-control studies and hospital based casecontrol studies (P = 0.68).
TABLE 12. Summary relative risk estimates of gastric cancer for an increment of 30 g per day
in processed meat consumption
Heterogeneity test
Studies, n Cases, n
RR (95% CI)
Q
P
I2 (%)
Cohort studies
6
2209
1.15 (1.04-1.27)
4.98 0.42
0
Case-control studies†
9
2495
1.38 (1.19-1.60) 11.21 0.19 28.6
Population-based
6
1510
1.52 (1.29-1.78)
3.03 0.70
0
Hospital-based
4
1279
1.40 (0.98-2.00)
9.22 0.03 67.4
†One case-control study (Hoshiyama and Sasaba, 1992) employed two control groups. Included are
the results based on population-based controls.

Bacon, Sausage, and Ham
Bacon consumption has been examined in three cohort studies (Kneller et al., 1991; van den
Brandt et al., 2003; Larsson et al., 2006j) and four case-control studies (González et al., 1991;
Hansson et al., 1993; Nazario et al., 1993; Nomura et al., 2003). All studies found a positive
association, and in two cohort studies (van den Brandt et al., 2003; Larsson et al., 2006j) and
one case-control study (Nazario et al., 1993) the association was statistically significant. The
summary estimates indicated that individuals in the highest relative to the lowest category of
bacon consumption had a 37%–38% greater risk of gastric cancer (FIGURE 46). There was no
statistically significant heterogeneity between the summary relative risks for cohort and casecontrol studies (P = 0.96). When all seven studies were analyzed together, the summary
relative risk of gastric cancer was 1.37 (95% CI, 1.17-1.61) for individuals in the highest
relative to the lowest category of bacon consumption. There was no statistically significant
heterogeneity among studies (Q = 4.13; P = 0.66; I2 = 0%).
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Sausage consumption has been evaluated in three cohort studies (van den Brandt et al.,
2003; Tokui et al., 2005; Larsson et al., 2006j) and six case-control studies (La Vecchia et al.,
1987; Boeing et al., 1991a; Sanchez-Diez et al., 1992; Hansson et al., 1993; Nazario et al.,
1993; Lissowska et al., 2004). Three case-control studies reported a statistically significant
positive association between sausage consumption and risk of gastric cancer (Boeing et al.,
1991a; Sanchez-Diez et al., 1992; Nazario et al., 1993), and two case-control (La Vecchia et
al., 1987; Lissowska et al., 2004) and two cohort studies (Tokui et al., 2005; Larsson et al.,
2006j) found non–statistically significant increases in risk associated with high consumption.
High compared to low consumption of sausage was associated with a 26% increased risk of
gastric cancer in cohort studies and with a 49% increased risk in case-control studies (FIGURE
46). There was no statistically significant heterogeneity between the summary relative risks
for cohort and case-control studies (P = 0.45). In analysis of all nine studies, the summary
relative risk was 1.39 (95% CI, 1.12-1.73), but there was statistically significant betweenstudy heterogeneity (Q = 19.52; P = 0.01; I2 = 59.0%).
Ham consumption has been investigated in two cohort studies (van den Brandt et al.,
2003; Larsson et al., 2006j) and three case-control studies (La Vecchia et al., 1987; González
et al., 1991; Nazario et al., 1993). Of the two cohort studies, one reported a non-statistically
significant 48% (RR, 1.48; 95% CI, 0.99-2.22) increased risk of gastric cancer for high versus
low ham consumption (Larsson et al., 2006j), whereas the other study (van den Brandt et al.,
2003) did not support such an association (RR, 0.77; 95% CI, 0.56-1.07). In the three casecontrol studies, there was a statistically significant 64% increase in risk of gastric cancer for
individuals in the highest relative to the lowest category of ham consumption (FIGURE 46).
FIGURE 46. Summary relative risk estimates of gastric cancer associated with bacon, sausage,
and ham consumption (highest versus lowest category), by study design
Relative Risk
(95% CI)

Phet.*

Cohort studies (n = 3)

1.38 (1.12-1.71)

0.84

Case-control studies (n = 4)

1.37 (1.06-1.78)

0.29

Cohort studies (n = 3)

1.26 (0.92-1.72)

0.16

Case-control studies (n = 6)

1.49 (1.09-2.03)

0.01

1.64 (1.31-2.06)

0.91

Bacon

Sausage

Ham
Case-control studies (n = 3)

0.9

1

1.2

1.5

Relative Risk (95% CI)

*P value for heterogeneity among studies.
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2.1

DISCUSSION
METHODOLOGICAL CONSIDERATIONS
There are many potential sources of bias in data from observational epidemiologic studies of
diet and disease. Among the foremost are difficulties in measurement and estimation of food
intake, correlations among foods and nutrients, recall and selection biases, and confounding.
Assessing diet by questionnaires inevitably incurs measurement errors that produce different
extent of misclassification when subjects are categorized into groups for ranked comparisons.
Misclassification can result in attenuated risk estimates and reduced statistical power, so that
an association between the dietary factor and disease might be obscured. Correlations among
foods and nutrients make it difficult to disentangle the independent effect of a specific food or
nutrient on risk of disease. Given that persons who eat healthy generally pursue other healthseeking behaviors, it is important to consider confounding by other lifestyle factors (e.g.,
smoking, physical activity, and body weight) using multivariate analyses.
The first three publications included in this thesis were based on prospectively collected
data from the Swedish Mammography Cohort (SMC) and the Cohort of Swedish Men
(COSM). An important advantage of prospective studies is that diet and other exposures are
assessed prior to the diagnosis of disease. Such studies therefore eliminate some potential
sources of methodologic biases that may influence case-control studies (e.g., recall bias and
selection bias) and reverse causation. Prospective studies also allow for the assessment of the
effect of a particular exposure on the risk of several diseases (in contrast to only one in casecontrol studies) and they permit calculation of absolute estimates for risk, whereas casecontrol studies only yield relative estimates. The primary constraint of prospective studies is
that many participants need to be followed for long periods of time for a sufficiently large
sample of individuals to develop the disease. Consequently, the prospective cohort design is
used infrequently for rare diseases such as pancreatic and gastric cancer. Indeed, to date few
prospective cohort studies have published results on the relationship between diet and risk of
pancreatic and gastric cancer. As with any observational study, confounding is a critical issue
in the interpretation of the findings of prospective studies (as well as case-control studies)
because participants are not randomly allocated to the various exposure categories.
The last two publications in this thesis were meta-analyses of published case-control and
cohort studies of folate, MTHFR genotypes, and processed meat in relation to gastrointestinal
cancers. Meta-analysis is a systematic approach to identify, appraise, synthesize, and combine
results of pertinent studies to arrive at conclusions about a body of research. Findings from
meta-analyses inherit the limitations of the original studies included in the analysis. A
specific problem that may invalid the results of a meta-analysis is publication bias.
The potential influence on our results by various biases inherited in observational studies
is discussed below.

Information Bias
Information (or measurement) bias arises when measurements or classifications of exposure
or disease are not valid (i.e., when they do not measure correctly what they are supposed to
measure). Errors in the measurement may be introduced by the observer (observer bias), by
the study participants (responder bias), or by the instruments (e.g., questionnaire or laboratory
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assays) used to make the measurements. For categorical variables, measurement error is often
called misclassification. Two main types of misclassification may affect the interpretation of
exposure–disease relationships: nondifferential and differential misclassification.
Nondifferential misclassification refers to errors in the measurement of exposure that are
unrelated to disease, or errors in classification of disease that are unrelated to exposure. If the
exposure is measured on a dichotomous scale (e.g., exposed vs. unexposed), nondifferential
misclassification gives rise to an underestimation of the strength of the association between
exposure and disease, that is, it “dilutes” the effect of exposure. In certain nondifferential
misclassification conditions when the exposure is polychotomous (i.e., has more than two
categories), estimates of relative risks for categories at intermediate level of risk can be biased
away from the null (Dosemeci et al., 1990).
Differential misclassification can bias the expected relative risk in either direction. Thus,
differential misclassification can be responsible for associations that prove to be spurious.
Recall bias is a common type of differential misclassification that can occur in case-control
studies where participants who have developed the disease (cases) are requested to recall their
diet prior to the onset of their disease. Appropriate controls without the disease at the time the
cases was diagnosed are also inquired to recall their diet prior to that time. It is likely that
individuals with cancer recall their diet differently than the healthy controls. Furthermore,
cancer patients may have changed their diet after the diagnosis as a result of their disease.
Cases may overestimate their consumption of foods generally considered as “unhealthy” and
underestimate their consumption of foods considered as “healthy” in an attempt to explain the
causes for their disease. This differential misclassification of food intake is likely to introduce
bias that would overestimate the association between diet and disease.
Misclassification of Exposure
As in any epidemiologic study of diet, measurement errors in the assessment of diet were
inevitable in the SMC and the COSM data. Measurement error in dietary data derives from
normal within-person variation in intakes over time (Beaton et al., 1983) and from errors
associated with self-reports (Rosner et al., 1989). Because our dietary questionnaire did not
assess water consumption (tap and bottled water), we were unable to take into account water
consumption as a source of magnesium. The exposure measurement error in magnesium
intake could lead to misclassification of some women into a wrong category (Larsson and
Wolk, 2005i). The baseline questionnaire also did not collect data on vitamin supplement use.
We could therefore not take into account magnesium and vitamin B6 intakes from vitamin
supplements, which may have resulted in some extent of misclassification of total intake of
these nutrients. In a prospective study, any measurement error and resulting misclassification
would be unrelated to the outcome and produce nondifferential misclassification, which
would most likely lead to an underestimation of the true relationship.
Analyses using baseline diet assume that diets are constant over time or that the rank
order of dietary variables is the same across time if changes do occur (Sempos et al., 1993).
In the SMC, dietary information was collected at baseline (1987-1990) and again in 1997. In
the analyses of vitamin B6 intake and colorectal cancer risk, we applied a cumulative average
method to account for changes in dietary intake during follow-up and to better reflect longterm average intake. The use of cumulatively updated dietary data also reduces random (but
not systematic) within-person measurement error (Willett, 1998).
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In our meta-analyses of folate intake and gastrointestinal cancers and of processed meat
consumption and gastric cancer risk, biased recall of diet could potentially have affected the
results from the case-control studies. Recall bias might explain the stronger positive relation
between processed meat consumption and gastric cancer in the case-control studies compared
with the prospective studies. Only case-control studies were available for inclusion in the
meta-analysis of folate intake and esophageal cancer. Thus, the possibility that the observed
inverse association between dietary folate intake and risk of esophageal cancer is attributable
to recall bias cannot be ruled out.
Misclassification of Outcome
In the SMC and the COSM, we identified incident cases of colorectal and pancreatic cancer
by linkage with the national and regional Swedish Cancer registries, both of which provide
nearly 100% complete case ascertainment in Sweden (Mattsson and Wallgren, 1984). Given
the practically complete case ascertainment, any potential bias owing to underascertainment
of cancer cases would have been minimal. The proportion of morphologically verified cases
in the Swedish Cancer Registry was 99% for colon cancer, 100% for rectal cancer, and 88%–
90% for pancreatic cancer in 2002 (National Board of Health and Welfare, 2006).

Selection Bias
Selection bias is a systematic error that stems from the procedures used to recruit participants
into the study and from factors that influence participation. This type of systematic error can
arise in case-control studies if the association between exposure and disease is different for
those who agreed to participate in the study and those who would have been eligible for the
study but did not participate. In our meta-analysis of processed meat consumption and gastric
cancer risk, the strength of the positive association was stronger in case-control studies than
in prospective studies, which may at least in part reflect selection bias in case-control studies.
Selection bias may have occurred if the controls who participated were more health conscious
and therefore might have consumed less processed meat than nonrespondents. In our metaanalysis of folate intake and esophageal cancer, which included only case-control studies, the
possibility that selection bias may have explained the inverse association cannot be excluded.
Selection bias is less of a problem in prospective studies because exposed and unexposed
subjects are free from the disease of interest at enrollment. Nevertheless, a systematic error
can be introduced in a prospective study if there are differences in completeness of follow-up
between exposed and unexposed subjects. The virtually complete follow-up of participants in
the SMC and the COSM through linkages to various population-based registries minimized
the possibility that our findings based on these cohorts were biased by differential follow-up.

Publication Bias
Publication bias, which might be of concern in meta-analyses, is caused by the tendency of
authors to write and submit, and reviewers and editors to accept and publish research results
depending on the strength and direction of the associations. Studies that show statistically
significant associations are more likely to be published, be published in English, and be cited
by other authors than “negative” studies (Sterne et al., 2001). Thus, “positive” studies are
more likely to be identified and included in meta-analyses, which may introduce bias. There
are various graphical and statistical techniques to assess publication bias. The most common
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graphical technique is the funnel plot, which is a tool to investigate whether the size of the
association observed in a study is associated with the size of the study (Egger et al., 1997). It
is a scatter plot of effect size (e.g., log odds ratio) vs. study precision (e.g., the standard error
of the log odds ratio), with each data point on the plot representing one study (see FIGURE 43,
page 83). If there is bias, for example because small studies finding no statistically significant
relationship remain unpublished, then the funnel plot will appear asymmetrical. There are,
however, causes of funnel plot asymmetry other than publication bias (Sterne et al., 2000).
Statistical tests for funnel plot asymmetry are required because visual inspection is subjective,
and necessary to quantify the evidence for asymmetry. The most common statistical methods
to detect funnel plot asymmetry include the Begg and Mazumdar rank correlation test (Begg
and Mazumdar, 1994) and the Egger’s regression asymmetry test (Egger et al., 1997). The
regression method is more sensitive than the rank correlation approach, but the power of both
methods is limited unless substantial bias is present and the number of trials is 10 or more
(Sterne et al., 2000). Duval and Tweedie (2000) have proposed a “trim and fill” analysis to
evaluate the influence of unpublished studies on the summary relative risk estimate. This
method is based on adding studies to the funnel plot so that it becomes symmetrical (Duval
and Tweedie, 2000). The results of trim and fill analysis should be interpreted cautiously as
simulation studies have shown that this method detects “missing” studies in a considerable
proportion of meta-analyses, even in the absence of bias (Sterne et al., 2001).
In our meta-analyses, we used funnel plots and Egger’s regression asymmetry test to
assess publication bias. To minimize English-language bias, we included studies published
in any language. We found indication of publication bias in the literature relating MTHFR
C677T genotypes to gastric cancer risk. Using trim and fill analysis, the summary odds ratio
for the association between the MTHFR 677TT genotype and risk of gastric cancer remained
statistically significant when including potentially unpublished studies in the analysis. We did
not detect statistically significant publication bias in the literature on folate intake or MTHFR
genotypes in relation to esophageal, gastric, pancreatic cancer, or colorectal cancer risk, or on
processed meat consumption in relation to gastric cancer risk. However, because of the small
number of studies included in most analyses, we had limited statistical power to conclusively
reject the null hypothesis of no publication bias. The presence of possible publication bias
could have resulted in an overestimate of the summary relative risks.

Confounding
Confounding may explain an observed association (or lack of one) due to the occurrence
together of the exposure of interest, the disease, and a third factor that is associated with the
exposure and independently affect the risk of developing the disease. Confounding is one of
the most important threats to the validity of data from observational studies. In a study of diet
and disease, confounding may distort a true relationship, introducing a spurious association.
Individuals who attempt to eat a healthy diet are likely to follow a healthy lifestyle in general,
such as not smoking cigarettes, being physically active, and maintaining a low body weight.
While we (and authors of papers included in the meta-analyses) attempted to control for
potential dietary and nondietary confounders in the analyses, these confounding factors are
measured with error, and hence residual confounding remains. Moreover, the possibility that
unmeasured confounding may have contributed to the observed findings cannot be excluded.
Although confounding is generally not anticipated in analyses of genotype and disease, there
may be some imbalance in the distribution of risk factors by MTHFR genotypes.
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Effect Modification
An effect modifier changes the effect of the exposure being investigated on the outcome and
therefore represents an interaction. We observed an interaction between vitamin B6 intake and
alcohol consumption in relation to colorectal cancer risk in the SMC. The inverse association
with vitamin B6 intake was more pronounced among women with moderate to high alcohol
consumption than among those with low alcohol consumption. Some studies have suggested
that the relation between the MTHFR C677T polymorphism and gastrointestinal cancer risk
may be modified by intakes of alcohol, folate, or vitamin B6, or by cigarette smoking.

Statistical Power
The statistical power (precision) of a study depends mostly on the sample size (particularly
the number of cases in prospective studies), the strength of the association, the prevalence of
exposure, and the extent of exposure misclassification. As the strengths of most diet–disease
relations are modest and errors in the measurement of diet are inevitable, studies of diet and
disease require large sample sizes. We estimated the power to detect statistically significant
results for specified rate ratios for the highest versus the lowest exposure quintile, fixing the
two-tailed α at 0.05 for different number of cases in the SMC and COSM and assuming no
misclassification of exposure (TABLE 13). We had high power in our analyses of colorectal
cancer but low power in analyses of pancreatic cancer. We used 95% confidence intervals as
a measure of the precision of our findings. If the confidence interval does not include the null
value (RR = 1), it is unlikely that the results are due to chance. Our findings on magnesium,
vitamin B6, and folate in relation to risk of colorectal and pancreatic cancer were statistically
significant, indicating that chance is an unlikely explanation for the observed associations.
TABLE 13. Statistical power for specified rate ratios for the highest versus the lowest quintile
of exposure (two-tailed α = 0.05) according to number of cases in the SMC and COSM
No. of cases
135*
805†

0.4
77%
100%

0.6
37%
98%

0.8
12%
48%

Rate Ratio
1.2
1.4
10%
27%
41%
91%

1.6
49%
100%

1.8
71%
100%

2.0
87%
100%

*135 cases = number of pancreatic cancer cases diagnosed from 1998 through December 31, 2004.
†805 cases = number of colorectal cancer cases diagnosed from 1987-1990 through June 30, 2004.

Generalizability
Participants of the SMC and the COSM are from the general population of central Sweden.
The participation rate in the SMC was fairly high (74%). Although only every second man
(49%) participated in the COSM, this cohort well represents the Swedish male population
because the age distribution, relative body weight, and educational level are very similar to
the entire Swedish population of middle-aged and elderly men (Norman et al., 2002). Our
findings are most directly generalizable to middle-aged and elderly Swedish women and men.
Because our study population is primarily Caucasian, our findings for vitamin B6 and folate
may not apply directly to other ethnic groups with potentially different genetic susceptibility
(e.g., different prevalence of the MTHFR 677TT genotype and related gene polymorphisms).
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MAIN FINDINGS AND GENERAL DISCUSSION
Magnesium and Colorectal Cancer
Our study was the first to prospectively examine and observe a statistically significant inverse
association between dietary magnesium intake and risk of colorectal cancer. Women in the
highest quintile of magnesium intake had a 41% lower risk of colorectal cancer compared
with women in the lowest quintile. Magnesium intake was inversely associated with risk of
both colon and rectal cancer. Foods rich in magnesium include whole grains, legumes, nuts,
bananas, and green leafy vegetables.
Our findings were recently confirmed in the Iowa Women’s Health Study (Folsom and
Hong, 2006). In this prospective cohort of postmenopausal women, with 17 years of followup and 1112 colorectal cancer cases, women in the highest quintile of total magnesium intake
had a 20% reduced risk of colorectal cancer compared with those in the lowest quintile (RR,
0.80; 95% CI, 0.62-1.03). The inverse association was stronger for colon cancer (RR, 0.77;
95% CI, 0.58-1.03; Ptrend = 0.04) (Folsom and Hong, 2006). The relation between magnesium
intake and risk of colorectal cancer was also recently examined in the Women’s Health Study
(Lin et al., 2006). In this prospective cohort study, with 11 years of follow-up and 259 cases
of colorectal cancer (including 53 rectal cancers), Lin et al. (2006) observed no association
between magnesium intake and overall colorectal cancer risk. Nevertheless, women in the
highest quintile of total magnesium intake had a nonsignificant decreased risk of rectal cancer
compared with those in the lowest quintile (RR, 0.65; 95% CI, 0.24-1.78) (Lin et al., 2006).
In two small case-control studies in Spain, magnesium intake was inversely associated with
risk of colorectal adenoma (Benito et al., 1993) but not colorectal cancer (Benito et al., 1991).
Magnesium is involved in a wide range of biochemical reactions that are essential to cell
differentiation, proliferation, and apoptosis (Hartwig, 2001; Wolf et al., 2006). In addition to
its role in maintaining genomic stability, magnesium is a crucial cofactor in DNA replication,
DNA repair, and gene expression (Hartwig, 2001; Wolf et al., 2006). Supplementation with
magnesium has been shown to reduce the incidence of experimentally induced colon cancer
in animals (Tanaka et al., 1989; Mori et al., 1993). The mechanisms by which magnesium
prevented the growth of colon cancers were found to be due to inhibition of c-myc oncogene
expression in colon cancer cells (Mori et al., 1993) and the potentially reduced toxic effects
of bile acids on colonic epithelial cells (Wang et al., 1994). Magnesium may also be involved
in carcinogenesis by influencing oxidative stress and consequently oxidative DNA damage
that may lead to mutagenesis (Wolf et al., 2006). Animals deficient in magnesium display an
increased susceptibility to oxidative stress (Gueux et al., 1995; Hans et al., 2003).
Another possible biologic mechanism for magnesium in decreasing colorectal cancer risk
is by reducing insulin resistance. Hypomagnesemia is a common feature in patients with type
2 diabetes (Barbagallo et al., 2003), which has also been linked to an increase in colorectal
cancer incidence (Larsson et al., 2005f). Magnesium supplementation has been shown to
improve insulin sensitivity among patients with type 2 diabetes (Sjögren et al., 1988; Paolisso
et al., 1989) as well as among healthy subjects (Paolisso et al., 1992). Furthermore, several
epidemiologic studies have observed inverse associations of magnesium intake with fasting
insulin concentrations (Ma et al., 1995; Fung et al., 2003; Song et al., 2004; He et al., 2006)
and with the development of type 2 diabetes (Meyer et al., 2000; Lopez-Ridaura et al., 2004;
Song et al., 2004; van Dam et al., 2006).
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One-Carbon Metabolism and Gastrointestinal Cancer
Vitamin B6 and Colorectal Cancer
In our prospective study of Swedish women, we found a statistically significant inverse doseresponse relationship between intake of dietary vitamin B6 and risk of colorectal cancer. The
inverse association was stronger among women with moderate to high alcohol consumption.
Foods rich in vitamin B6 include fish, chicken, meat, whole grains, bananas, and potatoes.
To date, three other prospective studies have examined the relation between vitamin B6
and risk of colorectal cancer (Harnack et al., 2002; Wei et al., 2005c; Zhang et al., 2006). Our
findings are consistent with those from the Nurses’ Health Study (Wei et al., 2005c). In that
prospective study, women in the highest quartile of total vitamin B6 intake or plasma vitamin
B6 levels had a statistically significant about 50%–60% decreased risk of colorectal cancer
compared with women in the respective lowest quartile (Wei et al., 2005c). High plasma
vitamin B6 levels were also associated with a nonsignificant 31% reduced risk of colorectal
adenoma (Wei et al., 2005c). In the Iowa Women’s Health Study, neither vitamin B6 nor
folate intake were independently associated with risk of colorectal cancer; however, women
with high intakes of both vitamin B6 and folate had a statistically significant 35% lower risk
of proximal colon cancer (Harnack et al., 2002). More recently, Zhang et al. (2006) reported a
nonsignificant inverse association between dietary vitamin B6 intake and colorectal cancer
risk (highest vs. lowest quintile: RR, 0.69; 95% CI, 0.41-1.15) among participants in the
Women’s Health Study who were not taking vitamin B6-containing supplements. In the same
study, no relation was found with total vitamin B6 intake (Zhang et al., 2006).
Case-control studies of dietary vitamin B6 intake in relation to risk of colorectal cancer or
adenomas have reported inconsistent results, with a statistically significant inverse relation
found in some (Benito et al., 1993; La Vecchia et al., 1997b; Slattery et al., 1997b) but not all
studies (Benito et al., 1991; Otani et al., 2005b). One case-control study observed a
statistically significant lower risk of colorectal cancer associated with high vitamin B6 intake
only among individuals with the MTHFR 677TT genotype (Le Marchand et al., 2002). In the
Wheat Bran Fiber trial, individuals in the highest relative to the lowest quartile of total
vitamin B6 intake had a statistically significant lower odds of colorectal adenoma recurrence
(OR, 0.65; 95% CI, 0.45-0.94) (Martinez et al., 2004).
The biologic mechanisms by which vitamin B6 may influence colorectal carcinogenesis
remain speculative. Vitamin B6 is a coenzyme for serine hydroxymethyltransferase (SHMT),
which catalyzes the conversion of tetrahydrofolate (THF) to 5,10-methylenetetrahydrofolate
(5,10-methyleneTHF) (FIGURE 47). 5,10-methyleneTHF is involved in the biosynthesis of
purines and thymidylate for DNA synthesis and repair. Studies in animals have shown that
vitamin B6 deficiency is related to substantially impaired one-carbon metabolism (Martinez et
al., 2000). Hence, vitamin B6 inadequacy could potentially lead to impaired DNA synthesis
and repair, which may enhance colorectal carcinogenesis (Choi and Mason, 2002). Vitamin
B6 is also an essential coenzyme for cystathionine β-synthase (CBS) and γ -cystathionase (γ Cys) (FIGURE 47). These enzymes facilitate the conversion of homocysteine to glutathione, a
cofactor involved in the detoxification of carcinogens as well as in the protection of cells
from oxidative DNA damage (Hayes and Pulford, 1995; Brigelius-Flohe, 1999; Hayes and
McLellan, 1999). Data from in vitro and animal studies have shown that vitamin B6 reduces
oxidative stress, cell proliferation, and angiogenesis, and that moderate doses of vitamin B6
suppress carcinogen-induced colon tumorigenesis (Komatsu et al., 2001; Matsubara et al.,
2003).
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FIGURE 47. Overview of the involvement of vitamin B6 in DNA synthesis, DNA methylation,
carcinogen detoxification, and the potential protection against oxidative DNA damage
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CBS, cystathionine ȕ-synthase; γ -Cys, γ -cystathionase; dUMP, deoxyuridine monophosphate; dTMP,
deoxythymidine monophosphate; SAM, S-adenosylmethionine; SAH, S-adenosylhomocysteine;
SHMT, serine hydroxymethyltransferase; THF, tetrahydrofolate.

Folate, Methionine, Vitamin B6, and Pancreatic Cancer – Prospective Studies
In our prospective population-based study of Swedish women and men, intake of folate from
diet but not from supplements was statistically significantly inversely related to incidence of
pancreatic cancer. Similarly, intake of dietary folate but not supplemental folate was inversely
associated with risk of pancreatic cancer in three other prospective cohort studies, including
the Alpha-Tocopherol, Beta-Carotene Cancer Prevention Study (Stolzenberg-Solomon et al.,
2001b), the Health Professionals Follow-up Study (Skinner et al., 2004), and the Nurses’
Health Study (Skinner et al., 2004). Foods naturally rich in folate include green leafy
vegetables, cruciferous vegetables, green peas, citrus fruits, berries, legumes, and liver. In our
Swedish cohort study, we observed inverse associations between consumption of folate-rich
foods, particularly of green leafy vegetables and cruciferous vegetables, and risk of pancreatic
cancer.
We have recently reported a statistically significant inverse association between intake of
methionine (the precursor of S-adenosylmethionine, the principal methyl group donor in
methylation reactions) and risk of pancreatic cancer in the Swedish Mammography Cohort
and the Cohort of Swedish Men (Larsson et al., 2006q). This observation supports a role for
methyl group availability or more specifically DNA methylation in pancreatic carcinogenesis.
We observed, however, no association with vitamin B6 intake (Larsson et al., 2006q). In the
Alpha-Tocopherol, Beta-Carotene Cancer Prevention Study cohort, there was no significant
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association between methionine or vitamin B6 intake and pancreatic cancer risk (StolzenbergSolomon et al., 2001b). However, serum levels of pyridoxal-5’-phosphate (the coenzyme
form of vitamin B6) showed a significant inverse dose-response relationship with pancreatic
cancer risk, with men in the highest serum tertile having approximately half the risk of men in
the lowest tertile (OR, 0.48; 95% CI, 0.26-0.88) (Stolzenberg-Solomon et al., 1999)
Folate, MTHFR Polymorphisms, and Gastrointestinal Cancer – Meta-Analysis
Findings from our meta-analyses support the hypothesis that a high dietary folate intake may
reduce the risk of pancreatic and colorectal cancer. Summary results from prospective studies
indicated a reduction in cancer risk of about 25% to 50% for the highest compared with the
lowest dietary folate intakes. We also found evidence supporting an inverse relation between
dietary folate intake and esophageal cancer risk (about 40% lower risk for the highest vs. the
lowest intake category), but the findings were based on case-control studies only. There were
no overall associations between dietary folate intake and gastric cancer risk or between total
folate intake (including supplemental folate) and colorectal cancer risk. Epidemiologic data
on blood folate levels in relation to gastrointestinal cancer risk are sparse; two of five studies
of colorectal cancer have shown a reduction in risk associated with high blood folate levels.
The reason for the disparate findings for dietary folate compared with supplemental folic
acid (synthetic form of folate used in supplements) and total folate in relation to pancreatic
and colorectal cancer risk is unclear. One possibility is that folate from foods better represents
long-term folate intake than folate from recent and possibly irregular use of supplements, and
long-term regular exposure to folate may be more relevant to carcinogenesis. Furthermore,
the naturally occurring folate form 5-methylTHF has been shown to be more effective than is
folic acid supplementation at improving folate status (Lamers et al., 2006). Alternatively, the
observed inverse relations between dietary folate and risk of pancreatic and colorectal cancer
might be attributable to other single nutrients or combinations of nutrients found in folate-rich
foods. Arguing against this possibility, in our Swedish cohort, the association between dietary
folate intake and risk of pancreatic cancer persisted when we controlled for consumption of
fruits and vegetables. Moreover, in our cohort study, the inverse associations for folate-rich
foods were strongly attenuated after adjustment for dietary folate intake.
The biologic mechanisms by which folate inadequacy may enhance carcinogenesis may
be related to its role in mediating the transfer of one-carbon groups. As a crucial cofactor for
the de novo biosynthesis of purines and thymidylate, folate may influence DNA synthesis and
repair (FIGURE 48). Inadequate folate status may result in misincorporation of uracil instead
of thymidylate into DNA and, consequently, to chromosome breaks and disruption of DNA
repair (Blount et al., 1997; Ames, 2001). Folate, in the form of 5-methyltetrahydrofolate (5methylTHF), acts as a methyl group donor in the conversion of homocysteine to methionine.
Methionine is the precursor of S-adenosylmethionine (SAM), the primary methyl group
donor in over 100 biochemical reactions, including methylation of DNA (Kim, 1999). Thus,
folate deficiency may lead to reduced availability of SAM for DNA methylation, which is an
important epigenetic determinant in gene expression, in the maintenance of DNA stability
and integrity, in chromosomal modifications, and in the development of mutations (Kim,
2004a). Evidence from in vitro, animal, and human studies indicates that folate deficiency is
associated with DNA strand breaks, impaired DNA repair, uracil misincorporation, increased
mutations, and aberrant DNA methylation, and that folate supplementation can correct some
of these defects (Blount et al., 1997; Jacob et al., 1998; Kim, 1999; Choi and Mason, 2002).
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FIGURE 48. Simplified overview of one-carbon (folate) metabolism relevant to the synthesis
and methylation of DNA
Folic acid
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dUMP, deoxyuridine monophosphate; dTMP, deoxythymidine monophosphate; MTHFR, 5,10methylenetetrahydrofolate reductase; SAM, S-adenosylmethionine; SAH, S-adenosylhomocysteine;
THF, tetrahydrofolate.

The possible role for folate in the etiology of gastrointestinal cancer is strengthened by the
observation that genetic polymorphisms in MTHFR, a central enzyme in one-carbon (folate)
metabolism, have been associated with risk of gastrointestinal cancer. The MTHFR C677T
polymorphism seems to modulate cancer risk in a site-specific manner. In our meta-analyses,
summary risk estimates indicated that the 677TT genotype was associated with increased risk
of esophageal, gastric, and pancreatic cancer, but with a reduced risk of colorectal cancer. A
decreased risk of colorectal cancer was also observed for the MTHFR 1298CC genotype.
Because MTHFR is located at the critical junction of one-carbon metabolism balancing DNA
synthesis and DNA methylation, decreased MTHFR activity conferred by the 677TT and
1298CC genotypes may tilt the balance in favor of DNA synthesis at the expense of methyl
supply for DNA methylation (FIGURE 48). The relations found for the C677T polymorphism
seem to suggest that aberrant DNA methylation patterns might be implicated in esophageal,
gastric, and pancreatic cancer, whereas impaired DNA synthesis may be more important in
colorectal carcinogenesis. Several studies have suggested that the relationship between the
MTHFR C677T polymorphism and gastrointestinal cancer risk may be modified by intake or
blood levels of folate or vitamin B6, consumption of alcohol (a well-known folate antagonist)
(Halsted et al., 2002), or cigarette smoking (which may deplete systemic and intracellular
folate) (Piyathilake et al., 1994; Gabriel et al., 2006).
With regard to colorectal cancer, some studies have suggested that a reduction in risk
associated with the MTHFR 677TT genotype is confined to individuals with high intake or
blood levels of folate (Ma et al., 1997; Slattery et al., 1999; Le Marchand et al., 2002), and to
those with low consumption of alcohol (Chen et al., 1996; Ma et al., 1997; Yin et al., 2004;
Le Marchand et al., 2005). These observations may suggest that when dietary methyl supply

99

is high, individuals with the MTHFR 677TT genotype might be at reduced risk of colorectal
cancer because higher intracellular levels of 5,10-methyleneTHF might prevent imbalances
of nucleotide pool during DNA synthesis, thereby ensuring DNA replication with a high
fidelity, stable DNA integrity, and reduced mutagenesis (FIGURE 48). In contrast, when 5methylTHF is depleted by low folate intake and/or high alcohol consumption, the benefit of
the MTHFR 677TT genotype is offset. In this case, impaired DNA synthesis, resulting from
depleted intracellular 5,10-methyleneTHF, might become the main mechanism of colorectal
carcinogenesis. Moreover, in this instance, DNA methylation might be affected because of
reduced 5-methylTHF levels caused by insufficient dietary methyl supply and decreased
methionine synthesis as a result of the MTHFR 677TT genotype (FIGURE 48).
Dual Role for Folate in Carcinogenesis
Mounting evidence suggests that folate plays a dual role in carcinogenesis, involving both the
prevention of early lesions and potential harm once preneoplastic lesions have developed.
Data from animal studies have shown that the dose and timing of folate intervention may be
crucial in providing safe and effective chemoprevention (Kim, 2004b). For instance, in
animal models of colorectal cancer, moderate doses of folate (folic acid) supplementation
suppressed the development and progression of colorectal cancer only if folate was provided
before the establishment of neoplastic foci in the intestine (Song et al., 2000; Song et al.,
2000). Once neoplastic foci was present, folate supplementation had the opposite effect on
the development and progression of colorectal cancer (Song et al., 2000; Song et al., 2000).
Similar results in a rat model of breast cancer showed that folate deficiency inhibited, rather
than enhanced, cancer development (Baggott et al., 1992; Kotsopoulos et al., 2005).
Preliminary results from the first randomized controlled trial of folic acid supplementation
for prevention of colorectal adenoma have been presented at a national meeting (Cole et al.,
2005). Participants with a recent history of colorectal adenomas were randomly assigned to
receive placebo (n = 505) or 1 mg of folic acid (n = 516) daily, with or without aspirin. In this
trial, folic acid supplementation did not prevent the recurrence of colorectal adenomas (RR,
1.04). However, participants in the folic acid group had greater adenoma multiplicity, with a
significant increase among those who continued treatment throughout the second follow-up
interval (RR, 1.44; 95% CI, 1.03-2.02) (Cole et al., 2005). Folic acid supplementation also
nonsignificantly increased the incidence of advanced lesions (RR, 1.31; 95% CI, 0.90-1.89).
One possible explanation for this observation is that folic acid supplementation might have
promoted the progression of already existing undiagnosed premalignant lesions (e.g., aberrant
crypt foci or microscopic adenomas) by the provision of nucleotides to rapidly replicating
neoplastic cells.
Two other recently published randomized controlled trials, designed to test the effect of
folic acid supplementation combined with other B vitamins on prevention of cardiovascular
events, have reported nonsignificant increased risk of colon cancer (RR, 1.36; 95% CI, 0.892.08) in the Heart Outcomes Prevention Evaluation 2 study (involving 5522 persons; 2.5 mg
folic acid daily for five years) (Lonn et al., 2006) and total cancer (RR, 1.22; 95% CI, 0.881.70) in the Norwegian Vitamin trial (3749 persons; 800 ȝg folic acid per day for 40 months)
(Bonaa et al., 2006).
Taken together, the experimental evidence suggests that folic acid supplementation may
be beneficial before the establishment of preneoplastic lesions but potentially harmful after.
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Processed Meat and Gastric Cancer
Our meta-analysis supports the hypothesis that frequent consumption of processed meat is
associated with an increased risk of gastric cancer. Overall, a 30 g per day higher processed
meat consumption was associated with statistically significant 15% and 38% increased risks
of gastric cancer in prospective cohort studies and case-control studies, respectively. All the
individual processed meat items, including bacon, sausage, and ham, were positively related
to gastric cancer risk, although the results were most consistent for bacon consumption.
Processed meat is an major source of salt, nitrites, and preformed N-nitroso compounds
(NOCs) (Österdahl, 1988; Tricker and Preussmann, 1991). Several cohort and case-control
studies have reported positive associations between intakes of salt, salted foods, nitrites, and
NOCs and gastric cancer risk (see Background on gastric cancer, pages 42–44). Salt has been
hypothesized to increase the risk of gastric cancer by direct damage to the gastric mucosa,
leading to gastritis, increased DNA synthesis, and excessive cell proliferation (Charnley and
Tannenbaum, 1985; Ames and Gold, 1990; Fox et al., 1999). Superficial gastritis can result in
chronic atrophic gastritis, a precursor lesion in gastric cancer development (Correa, 1988).
Under acid conditions in the stomach, nitrite reacts readily with nitrosatable compounds,
especially secondary amines and amides to generate NOCs. Several NOCs have been shown
to cause a wide range of tumors in at least 40 animal species and may be specifically involved
in gastric carcinogenesis (Tricker and Preussmann, 1991; Mirvish, 1995; IARC, in press).
The International Agency for Research on Cancer Working Group recently concluded that
“ingested nitrate or nitrite under conditions that result in endogenous nitrosation is probably
carcinogenic to humans (Group 2A)” (IARC, in press).
The association between processed meat consumption and risk of gastric cancer might be
limited to certain subgroups of the population, such as individuals infected with the bacterium
Helicobacter pylori or those with specific variants in genes encoding enzymes involved in the
metabolism of NOCs (e.g., cytochrome P450 2E1). In a nested case-control study within the
EPIC study, processed meat consumption was positively associated with gastric cancer risk in
H. pylori antibody-positive subjects (RR for a 50 g/day increase in consumption, 2.00; 95%
CI, 1.06-3.79) but not in H. pylori antibody-negative subjects (RR, 0.45; 95% CI, 0.05-4.01)
(González et al., 2006a). A relation between processed meat consumption and gastric cancer
risk may also be stronger in individuals with low intakes of vitamin C, vitamin E, fruits, and
vegetables because these dietary factors can reduce the formation of NOCs in the stomach
(Bartsch et al., 1988). Indeed, in the Swedish Mammography Cohort, the positive association
of processed meat consumption with gastric cancer risk was most pronounced in women with
low consumption of fruits and vegetables, but did not appear to vary according to intakes of
vitamin C or E (Larsson et al., 2006j).
The relationship between processed meat consumption and gastric cancer risk may also
differ according to histologic subtype or anatomic subsite. None of four studies that examined
whether the association between consumption of processed meat (Ward and Lopez-Carrillo,
1999; Ito et al., 2003; González et al., 2006a) or sausage (Boeing et al., 1991a) and gastric
cancer risk differed by histologic subtype (intestinal versus diffuse) showed any appreciable
difference. However, in the only study that has investigated risk by anatomic subsite, a high
processed meat consumption was associated with an elevated risk of noncardia gastric cancer
(highest versus lowest intake category: RR, 1.92; 95% CI, 1.11-3.33) but not of gastric cardia
cancer (RR, 1.14; 95% CI, 0.52-2.49) (González et al., 2006a).
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CONCLUSIONS
In conclusion, our findings provide support for a role of diet and one-carbon metabolism
related gene polymorphisms in the etiology of gastrointestinal cancer.
Our results from two large Swedish cohort studies support a priori hypotheses that:
• magnesium intake from diet is inversely associated with risk of colorectal cancer
• vitamin B6 intake from diet is inversely associated with risk of colorectal cancer
• folate from diet, but not from supplements, is inversely related to risk of pancreatic cancer
Based on results from meta-analyses of available case-control and cohort studies we conclude
that the accumulated evidence supports the hypotheses that:
• high intake of dietary folate may reduce the risk of esophageal, pancreatic, and colorectal
cancer, but do not seem to lower the risk of gastric cancer
• polymorphisms in the gene coding for 5,10-methylenetetrahydrofolate reductase (MTHFR
C677T and A1298C), a central enzyme in one-carbon metabolism, may modify the risk of
esophageal, gastric, pancreatic, and colorectal cancer, thereby providing additional support
for a role of folate in gastrointestinal carcinogenesis
• the association between the MTHFR C677T polymorphism and gastrointestinal cancer risk
might be modified by intakes of alcohol, folate, and vitamin B6 and by cigarette smoking
• frequent consumption of processed meat may increase the risk of gastric cancer
Taken together, our findings suggest that increased consumption of foods rich in magnesium
(e.g., whole grains, legumes, nuts, bananas, and green leafy vegetables), vitamin B6 (e.g, fish,
chicken, meat, whole grains, bananas, and potatoes), and folate (e.g., vegetables, citrus fruits,
berries, and legumes) as well as decreased consumption of processed meat may lower the risk
of gastrointestinal cancer. Such a diet has also been convincingly associated with a decreased
risk of coronary heart disease, stroke, and diabetes, and may possibly reduce the risk of other
cancers.
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FUTURE RESEARCH
Magnesium and Colorectal Cancer
Further prospective studies are necessary to confirm the observed inverse association between
magnesium intake and risk of colorectal cancer. Furthermore, experimental studies to fully
elucidate the biologic mechanisms underlying the potential protective effect of magnesium on
colorectal carcinogenesis are warranted. If the accumulated evidence from observational
epidemiologic studies and animal studies supports a role for magnesium in the prevention of
colorectal cancer, then a large randomized controlled trial of magnesium supplementation
may be undertaken.
One-Carbon Metabolism and Gastrointestinal Cancer
The associations between intake and blood levels of one-carbon metabolism related nutrients,
including one-carbon donors (i.e., folate, methionine, and choline) and cofactors (i.e, vitamins
B2, B6, and B12), and risk of gastrointestinal cancer deserve further investigation. There is
especially a need for more prospective studies on methionine, choline, and vitamins B2, B6,
and B12. The observed inverse relation between dietary folate intake and risk of esophageal
cancer in case-control studies needs confirmation in prospective studies.
With regard to one-carbon metabolism related gene polymorphisms, it would be desired
to pool the primary data from prospective studies to increase statistical power in analyses of
the relations between various genotypes and gastrointestinal cancer risk as well as to facilitate
investigation of gene–environment and gene–gene interactions. Pooled analyses will also
facilitate examination of the association of a methyl-group deficient diet (i.e., combined low
folate and low methionine intakes and high alcohol consumption) with risk of gastrointestinal
cancer.
We need experimental studies evaluating the effects of folate on growth of aberrant crypt
foci, adenomas, and similar early lesions in other tissues. High intakes of folic acid have been
shown to bypass the normal folate absorption mechanism, resulting in both synthetic folic
acid and 5-methyltetrahydrofolate (the normal circulating form of the vitamin) appearing in
the serum (Lucock et al., 1989; Kelly et al., 1996). This oxidized unmetabolized folic acid
may interfere with the metabolism of natural folates (Herbert, 1999). Thus, more research on
the safety of high intakes of folic acid from supplements and fortified foods is warranted.
Processed Meat and Gastric Cancer
The observational epidemiologic evidence that high consumption of processed meat increases
the risk of gastric cancer should be treated as compelling but not definitive. Additional large
prospective cohort studies that comprehensively control for major potential confounders are
needed to confirm the role of intake of processed meat and of its constituents, including salt,
nitrite, and N-nitroso compounds (NOCs), in the development of gastric cancer. Large studies
and/or pooled analyses are required to determine whether the associations between intakes of
processed meat and NOCs and the risk of gastric cancer are modified by gene polymorphisms
influencing the metabolism of NOCs. Future studies should also investigate whether the
relationships are modified by other dietary factors or H. pylori infection. In addition, whether
the relations vary according to histologic subtype or anatomic subsite of the stomach merits
further investigation.
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POTENTIALLY PREVENTABLE PROPORTIONS OF
GASTROINTESTINAL CANCERS IN SWEDEN
Several modifiable risk factors have been identified for colorectal, pancreatic, and gastric
cancer but no study has examined their contributions to the cancer burden in the Swedish
population. From two population-based cohorts of Swedish women and men – the Swedish
Mammography Cohort (SMC) and the Cohort of Swedish Men (COSM) – we have reported
relative risks for several foods and lifestyle factors that were associated with risk of colorectal
(Terry et al., 2001; Larsson et al., 2005a; Larsson et al., 2005d; Larsson et al., 2005e; Larsson
et al., 2006b; Larsson et al., 2006d), pancreatic (Larsson et al., 2005g; Larsson et al., 2006f;
Larsson et al., 2006g), and gastric cancer (Larsson et al., 2006j; Larsson et al., 2006k).
Presented below are estimates of the population attributable risk (PAR) for foods and lifestyle
factors associated with risk of gastrointestinal cancers in this study population. The PAR is
defined as the proportion of disease in the population that is attributable to a given risk factor.
The PAR describes the theoretic proportion of cases that would be prevented if all persons
were moved into the exposure level associated with the lowest risk for that factor. The PAR
(PAR %) was calculated from the relative risks (RR) and exposure prevalence (p) in the SMC
and COSM in 1997 using the formula: PAR % = (p × [RR – 1] / [p × (RR – 1) + 1]) × 100%.

Colorectal Cancer

Consumption of red meat and dairy foods has been convincingly associated with colorectal
cancer risk (Cho et al., 2004a; Larsson et al., 2005d; Larsson and Wolk, 2006a; Larsson et al.,
2006b). In the Swedish population, 14% of colorectal cancer cases in men and 12% of the
cases in women could be attributable to high consumption of red meat and low consumption
of dairy foods (TABLE 14). An additional 9% (men) and 8% (women) of the cases could be
attributable to low physical activity, and 10% (men) and 8% (women) could be attributable to
overweight. Only 1% of colorectal cancer cases in men and 0.1% of cases in women could be
attributable to alcohol intake; however, this proportion is probably somewhat underestimated
because alcohol intake is likely underreported. The PAR for possible/probable dietary risk
factors, including low consumption of fruits, vegetables, and whole grains ranged from 4% to
13% (TABLE 14). The estimated PAR for the convincing (red meat, dairy foods, physical
activity, overweight, and alcohol) and possible/probable (fruits, vegetables, and whole grains)
modifiable dietary and lifestyle factors combined were 53% in men and 45% in women.
There is some evidence that an early onset and a very long history of cigarette smoking
may increase the risk of colorectal cancer (Giovannucci, 2001). In the SMC and the COSM,
however, there is no association between smoking and colorectal cancer, probably because of
very few long-term heavy smokers in these cohorts.
Compelling evidence indicates that long-term use of aspirin and other nonsteroidal antiinflammatory drugs reduces the risk of colorectal cancer (Thun et al., 2002). We did not
include these medications in the calculations of PAR because there is no certain knowledge
about the dose and regimen, and the side effects of gastrointestinal and cerebral bleeding
would become worrisome if large numbers of healthy individuals were to begin taking aspirin
for prolonged periods. Similarly, neither oral contraceptives nor postmenopausal hormones
are recommended to prevent colorectal cancer because of their potential adverse effects.
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TABLE 14. Relative risks (RR), exposure prevalence, and population attributable risks (PAR)
for modifiable dietary and lifestyle risk factors for colorectal cancer
Risk factor
Diet
Red meat (≥4 servings/wk)†
Dairy foods (<2 servings/d)†
Fruit/vegetables (<2.5 servings/d)
Whole grains (<4.5 servings/d)
Total diet
Lifestyle factors
Physical activity (<30 min/d)†
Body mass index (≥25 kg/m2)†
Alcohol (≥30 g/d)†
PAR for all factors combined

RR

Men
Prevalence*

1.3
1.8
1.3
1.2

0.32
0.07
0.28
0.61

9%
5%
8%
11%
33%

0.25
0.07
0.14
0.72

7%
5%
4%
13%
29%

1.35
1.2
1.2‡

0.27
0.56
0.05

9%
10%
1%
53%

0.24
0.45
0.25

8%
8%
0.1%
45%

PAR

Women
Prevalence* PAR

*Proportion of the Swedish population exposed (estimates based on the SMC and the COSM, 1997).
†Convincing risk factor. ‡Estimate from the Pooling Project (Cho et al., 2004b).

Pancreatic Cancer

Cigarette smoking was a major contributor to pancreatic cancer burden in this population,
with current smoking having a PAR of almost 30% (TABLE 15). Overweight also had a high
PAR of 18% in men and 15% in women. We have found associations between high intakes
of red meat (Larsson et al., 2006f), sugar, and soft drinks (Larsson et al., 2006g) and low
intakes of folate-rich vegetables (see Results section of this thesis, page 74) and an increased
risk of pancreatic cancer. If these associations are causal, these dietary factors combined
could account for 43% of pancreatic cancer cases in men and for 25% of the cases in women.
TABLE 15. Relative risks (RR), exposure prevalence, and population attributable risks (PAR)
for modifiable dietary and lifestyle risk factors for pancreatic cancer
Risk factor
Diet
Red meat (≥4 servings/wk)
Soft drinks (≥2 servings/d)
Sugar (≥5 servings/d)
Folate-rich vegetables†
(<3 servings/wk)
Total diet
Lifestyle factors
Cigarette smoking (current)‡
Body mass index (≥25 kg/m2)‡
PAR for all factors combined

RR

Men
Prevalence*

PAR

1.3
1.9
1.7
1.5

0.32
0.13
0.14
0.32

9%
11%
9%
14%

Women
Prevalence* PAR
0.25
0.07
0.04
0.20

43%
3.1
1.4

0.18
0.56

28%
18%
89%

7%
6%
3%
9%
25%

0.19
0.45

29%
15%
69%

*Proportion of the Swedish population exposed (estimates based on the SMC and the COSM, 1997).
†Green leafy vegetables, cruciferous vegetables, and green peas. ‡Convincing risk factor.
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Gastric Cancer

In this population, 19% of gastric cancer cases in men and 15% of the cases in women could
be attributable to high consumption of processed meat (TABLE 16). Consumption of less than
2.5 servings of fruits and vegetables per day had a PAR of 14% in men and 8% in women.
Current cigarette smoking had a modest PAR of 7% in both men and women. The PAR for
such probable/convincing risk factors as high consumption of processed meat, low fruit and
vegetable consumption, and smoking combined was 40% in men and 30% in women.
We have observed positive associations between consumption of coffee (Larsson et al.,
2006m) and beer (source of N-nitroso compounds) (Larsson et al., 2006l) and risk of gastric
cancer in this study population. We did not include consumption of coffee and beer in the
calculations of PAR because the evidence for their associations with risk of gastric cancer is
inconclusive.
TABLE 16. Relative risks (RR), exposure prevalence, and population attributable risks (PAR)
for modifiable dietary and lifestyle risk factors for gastric cancer
Risk factor
Diet
Processed meat (≥3 servings/wk)†
Fruit/vegetables (<2.5 serving/d)‡
Total diet
Lifestyle factors
Cigarette smoking (current)†
PAR for all factors combined

RR

Men
Prevalence*

1.4
1.6

0.59
0.28

19%
14%
33%

0.44
0.14

15%
8%
23%

1.4§

0.18

7%
40%

0.19

7%
30%

PAR

Women
Prevalence* PAR

*Proportion of the Swedish population exposed (estimates based on the SMC and the COSM, 1997).
†Convincing risk factor. ‡Probable risk factor. §Unpublished relative risk estimate based on the SMC
and the COSM data.

Summary

In conclusion, approximately 30%–90% of all colorectal, pancreatic, and gastric cancer cases
in this Swedish population could be avoided by the intervention on a few modifiable risk
factors: reducing consumption of red meat, processed meat, sugar, and soft drinks; increasing
consumption of whole grains, vegetables, fruits, and dairy foods; having a higher level of
physical activity; having a normal body weight; and being nonsmoker. These findings have
considerable public health importance because they suggest that a large proportion of these
gastrointestinal cancers potentially could be prevented by modifying diet and lifestyle.
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SAMMANFATTNING (SUMMARY IN SWEDISH)
Drygt var tredje person i Sverige kommer att drabbas av cancer. Av samtliga tumörer
uppkommer ca 20% inom matsmältningsorganen och kallas gastrointestinala cancrar. Bland
dessa är tjocktarmscancer vanligast (ca 3600 nya fall/år i Sverige) följt av ändtarmscancer (ca
2000 fall/år), magsäckscancer (ca 1000 fall/år) och bukspottkörtelcancer (ca 900 fall/år). För
vissa av de gastrointestinala cancerformerna, t ex bukspottkörtelcancer, är prognosen mycket
dålig. För andra, t ex tjocktarms- och ändtarmscancer, där operation är möjlig är prognosen
bättre. Kosten är av stor bedydelse för uppkomsten av cancer. Det har uppskattats att ungefär
en tredjedel av all cancer kan bero på kostens sammansättning. Syftet med denna avhandling
var att studera sambanden mellan intag av vissa näringsämnen och charkuterivaror och risken
att insjukna i gastrointestinala cancrar. Avhandlingen omfattar fem studier.
Studie I-II
Sambandet mellan kostens innehåll av magnesium och vitamin B6 och risken att drabbas av
cancer i tjocktarmen och ändtarmen studerades med hjälp av en kohortstudie (kohort kallas
en större grupp deltagare i en studie), den Svenska Mammografikohorten, som omfattar drygt
61,000 kvinnor i Västmanlands och Uppsala län. När studien startade 1987-1990 besvarade
dessa kvinnor en omfattande enkät om bland annat kostvanor. De flesta av kvinnorna (ca
39,000) besvarade en liknande enkät hösten 1997. Utifrån enkätsvaren har det varit möjligt att
beräkna hur mycket av olika näringsämnen, till exempel magnesium och vitamin B6, varje
kvinna fått i sig via maten. Sedan studien startade fram till 30 juni 2004 insjuknade 805 av
kvinnorna i tjock- eller ändtarmscancer. Vi fann att denna cancerform var betydligt vanligare
bland de kvinnor som enligt enkätsvaren hade ett lågt intag av magnesium och vitamin B6
från kosten än bland de kvinnor som hade ett högt intag av dessa näringsämnen. I siffror
innebär det att förekomsten av tjock- och ändtarsmcancer var ca 30 till 40 procent lägre bland
den femtedel av kvinnorna som fick i sig största mängderna magnesium eller vitamin B6 än
bland den femtedel som fick i sig minst av dessa näringsämnen. Livsmedel som är rika på
magnesium är till exempel gröna bladgrönsaker (framförallt spenat), bananer, nötter, bönor
och fullkornsprodukter (t ex fullkornsbröd och havregrynsgröt). Vitamin B6 finns främst i
fisk, kyckling, kött, fullkornsprodukter, bananer och potatis.
Studie III
Sambandet mellan intag av folsyra (ett B-vitamin som främst finns i bladgrönsaker, broccoli,
kål, apelsiner, jordgubbar och andra bär, bönor och fullkornsprodukter) och risk för cancer i
bukspottkörteln studerades i den Svenska Mammografikohorten (se studie I-II ovan) samt i
Kohorten av Svenska Män omfattande ca 45,000 män i Västmanlands och Örebro län. Dessa
män besvarade en enkät om bland annat kostvanor hösten 1997 (samma enkät som kvinnorna
i den Svenska Mammografikohorten besvarat 1997). Mellan januari 1998 och december 2005
insjuknade 135 av dessa kvinnor och män i bukspottkörtelcancer. Resultaten visade att denna
cancerform var bedydligt ovanligare bland de som fick i sig mest folsyra från kosten än bland
de som fick i sig minst. Risken för bukspottkörtelcancer var bara en fjärdedel så stor för de
kvinnor och män som konsumerade minst 350 mikrogram folsyra per dag jämfört med dem
som fick i sig mindre än 200 mikrogram per dag. Däremot observerades inget samband
mellan intag av folsyra från kosttillskott (t ex multivitaminer) och cancer i bukspottkörteln.
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Studie IV
I den fjärde studien sammanställde vi resultat från alla studier om intag av folsyra och cancer
i matstrupen, magsäcken, bukspottkörteln, tjocktarmen och ändtarmen som vi kunnde finna i
den internationella litteraturen. Sammanlagt inkluderades sju studier om matstrupscancer, 11
studier om magsäckscancer, fem studier om bukspottkörtelcancer och 11 studier om cancer i
tjocktarmen och ändtarmen. Resultaten visade att för personer med ett högt intag av folsyra
från kosten var risken för cancer i matstrupen, bukspottkörteln, tjocktarmen och ändtarmen
sänkt med ca 25 till 50 procent. Ett högt folsyraintag verkade dock inte ge skydd mot cancer i
magsäcken.
Studie V
I den femte studien sammanställde vi resultat från alla studier vi kunde hitta om sambandet
mellan konsumtion av charketurivaror och magsäckscancer. Sammanlagt hittade vi 15 studier
(omfattande totalt 4704 patienter med magsäckscancer) från Europa, Nordamerika och Asien
utförda mellan 1966 och mars 2006. Resultatet visade att en ökad konsumtion med 30 gram
charketurivaror per dag (ungefär en halv portion) ökar risken för magsäckcancer med mellan
15 och 38 procent. Charketurivaror som bacon, rökt skinka och salami innehåller ofta mycket
salt samt nitrat eller nitrit. De senare kan omvandlas till cancerogena ämnen (nitrosaminer) i
magsäcken. Salt är inte cancerframkallande i sig, men kan skada slemhinnan i magsäcken
samt göra cellerna i magsäcken mer sårbara för andra skadliga ämnen.
Sammanfattning
Resultaten från dessa studier visar att en ökad konsumtion av livsmedel rika på magnesium,
vitamin B6 och folsyra, dvs grönsaker, frukt, bär, nötter, bönor, fullkornsprodukter, fisk och
kyckling, samt en minskad konsumtion av charketurivaror är kopplat till en minskad risk att
insjukna i gastrointestinala cancrar. Det behövs emellertid mer forskning som bekräftar våra
resultat innan man med säkerhet kan avgöra om ett högt intag av magnesium, vitamin B6 och
folsyra minskar risken att insjukna i cancer i matstrupen (folsyra), bukspottkörteln (folsyra)
och tjock- och ändtarmen (magnesium, vitamin B6 och folsyra).
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