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Abstract

Purpose Dietary intake of B vitamins and methionine,

essential components of DNA synthesis and methylation

pathways, may influence colorectal tumor (CRT) devel-

opment. The impact of B vitamins on colorectal carcino-

genesis in individuals with Lynch syndrome (LS) is

unknown but is important given their high lifetime risk of

developing neoplasms. The role of MTHFR C677T geno-

type in modifying these relationships in LS individuals is

also unclear. We investigated associations between dietary

intakes of folate, vitamins B2, B6, B12, and methionine

and CRT development in a prospective cohort study of 470

mismatch repair gene mutation carriers.

Methods Dietary intakes were assessed by food fre-

quency questionnaire. Cox regression models with robust

sandwich covariance estimation, adjusted for age, sex,

physical activity, number of colonoscopies during person-

time, NSAID use, and mutual vitamins were used to cal-

culate hazard ratios (HRs) and 95 % confidence intervals

(95 % CIs). Analyses were also stratified by MTHFR

C677T genotype.

Results During a median person-time of 28.0 months,

131 persons developed a CRT. Fifty-one of these persons

developed an incident colorectal adenoma, while there

were four persons who developed an incident colorectal

carcinoma. Compared to the lowest tertile of intake,

adjusted HRs (95 % CIs) for CRT development in the

highest tertile were 1.06 (0.59–1.91) for folate, 0.77

(0.39–1.51) for vitamin B2, 0.98 (0.59–1.62) for vitamin

B6, 1.24 (0.77–2.00) for vitamin B12, and 1.36 (0.83–2.20)

for methionine. Low vitamin B2 and low methionine intake

were statistically significantly associated with an increased

risk of CRT in MTHFR 677TT individuals compared to a

combined reference of persons with low intake and CC

genotype.

Conclusions There was no suggestion that intake of any

dietary B vitamin or methionine was associated with CRT

development among those with LS.
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Introduction

Lynch syndrome (LS), the most common form of hereditary

colorectal cancer (CRC), is an autosomal dominant disor-

der. Individuals with LS carry inactivating germline muta-

tions in one of the DNA mismatch repair (MMR) genes

MLH1, MSH2, MSH6, and PMS2 [1–4]. An additional cause

of LS occurs when deletions affect the polyadenylation site

of the epithelial cell adhesion molecule (EPCAM) gene

located upstream of MSH2, leading to transcriptional read-

through, which silences MSH2 [5]. Compared to the general

population, LS individuals are at considerably higher risk

for developing CRC (penetrance to age 70 of 30–85 % [6–

12]), develop colorectal adenomas (CRAs) at a younger

age, and have a higher lifetime risk for other types of can-

cers such as, but not exclusive to, those in the endometrium,

ovary, and stomach [7, 13, 14]. CRAs, precursors of CRC

[15, 16], progress through the adenoma–carcinoma

sequence, which seems to be accelerated in LS [17–19].

Overweight [20, 21], smoking [22–24], and a dietary

pattern containing high amounts of fried and fast food

snacks [25] have previously been reported to increase the

risk of CRA in LS, whereas fruit consumption [23] and

daily aspirin use [26] decreased CRC risk. This indicates

that modifiable lifestyle factors in addition to genetic fac-

tors are important among this high-risk population.

B vitamins and methionine are essential for nucleotide

synthesis, and DNA methylation and repair reactions. Folate

plays a central role in mediating one-carbon units for both

DNA synthesis and DNA methylation, the two main pathways

in folate-mediated one-carbon metabolism. The other B

vitamins act as cofactors in folate metabolism reactions, and

methionine is converted to S-adenosylmethionine (SAM), the

universal methyl donor for cellular methylation reactions.

Decades of research into the role of B vitamins and methionine

in colorectal tumor (CRT) development in the general popu-

lation have resulted in the majority of studies pointing toward

an inverse association between folate intake and risk of spo-

radic CRA [27–29], but inconsistencies [30–33] have

prompted hesitation by the World Cancer Research Fund

Continuous Update Project in drawing firm conclusions [34].

Similarly, the relationships between other B vitamins and

methionine and CRT development remain unresolved.

The common 677 C ? T single nucleotide polymor-

phism (SNP) in the methylenetetrahydrofolate reductase

(MTHFR) gene, vital for folate-mediated one-carbon

metabolism, by itself has been shown to be inversely

related to CRC risk [35, 36], but likely depends on folate

status. While extensive strides in research have been made

to elucidate the associations between B vitamin and

methionine intake and risk of sporadic CRT, there still

remains a paucity of data describing these relationships in a

LS population, where given their high lifetime risk of

developing neoplasms and the current contentious nature of

B vitamins in CRT development, uncovering whether B

vitamin and methionine intake can modify this risk would

be certainly pertinent.

To the best of our knowledge, no studies have previ-

ously examined dietary B vitamin intake in relation to

colorectal adenomas or carcinomas in a LS population. We,

therefore, conducted a prospective cohort study to evaluate

the associations between dietary folate, vitamin B2, vita-

min B6, vitamin B12, and methionine intake and CRT

(colorectal adenoma or carcinoma) development in indi-

viduals with LS. We also assessed whether MTHFR C677T

genotype modified these relationships.

Materials and methods

Study subjects

The GEOLynch prospective cohort study has been previ-

ously described [20]. Briefly, all eligible MMR gene

mutation carriers were identified at the Netherlands Foun-

dation for the Detection of Hereditary Tumors (NFDHT) in

Leiden, the Radboud University Medical Center (RUMC)

in Nijmegen, and the University Medical Center Groningen

(UMCG) in Groningen (all in the Netherlands). Informa-

tion about MMR gene mutation carrier status was collected

at the NFDHT. Eligible patients were Dutch-speaking,

Caucasian, mentally competent to participate men and

women between 18 and 80 years of age who were screened

regularly by colonoscopy. Terminally ill patients and those

with familial adenomatous polyposis (FAP), inflammatory

bowel diseases, and a history of a complete proctocolec-

tomy or colostomy were excluded.

Between July 2006 and July 2008, a total of 713 MMR

gene mutation carriers appeared to be eligible to participate

in the study after approval by their medical specialist. Nine

participants were ineligible. A total of 499 individuals

(71 % of 704) were willing to participate in the study. We

were unable to retrieve medical and personal information

from 29 participants. In total, 470 persons from at least 161

families were included in this study. Approval for this

study was given by the RUMC medical ethical committee.

All participants provided written informed consent.

Exposure assessment

Usual dietary intake was assessed by a validated 183-item semi-

quantitative self-administered food frequency questionnaire
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(FFQ) [37, 38]. Using this FFQ, subjects reported types and

portions of food they consumed within the last month. Response

choices for frequency were never, 1, 2–3 days/month, 1, 2–3,

4–5, 6–7 days/week. Response choices for portion size relative

to a standard portion were half portion, 1 portion, 1.5 portions, 2

or more portions. Dietary intake of folate (lg dietary folate

equivalents/day), vitamin B2 (mg/day), vitamin B6 (mg/day),

vitamin B12 (lg/day), methionine (mg/day), alcohol (g/day),

and total energy (kJ/day) were calculated using the Dutch food

composition table from 2006 [39]. Information about age, sex,

medical history, and lifestyle factors, such as smoking status,

physical activity [40], BMI, NSAID use, and education level

were obtained from a standardized self-administered

questionnaire.

The FFQ used in this study has been validated in esti-

mating dietary intake of folate and vitamin B12 using the

method of triads (FFQ, 24 h questionnaire, and corre-

sponding biomarkers) [38], but not for this cohort specifi-

cally. The wide geographical distribution of all the

participants in our cohort made it particularly challenging

to collect additional information from participants, but we

have managed to obtain blood from 81 persons with LS in

this cohort. Plasma concentrations of folate and other B

vitamins were measured, and Spearman’s correlation

coefficients between B vitamin intake and related bio-

markers were 0.11 for folate, 0.13 for vitamin B2, 0.13 for

vitamin B6, -0.05 for vitamin B12, and 0.24 for methio-

nine, demonstrating poor correlation between dietary

intake and plasma vitamers. This is not surprising, as die-

tary folate intake and plasma folate are usually poorly

correlated [41–43].

More specifically, for the population in which our FFQ

was validated, the correlation coefficient between serum

folate and the FFQ was 0.20, similar to blood folate-FFQ

folate correlations from other studies [41–43]. The minor

differences between this correlation coefficient and the one

from our Lynch population could be due to, for example,

differences in blood collection protocols, methods to

measure plasma/serum folate, time between blood collec-

tion and analysis, seasonal variation, and sample size.

MTHFR genotyping

Participants were provided an Oragene DNA self-collec-

tion kit for saliva collection. Genotyping of the MTHFR

C677T polymorphism was determined using TaqMan� in

accordance with the information provided from the

Applied Biosystems website (http://www.appliedbiosys

tems.com) in DNA extracted from saliva (DNA Genoteck

Inc). Laboratory staff was blinded to the clinical outcome

status of the patients donating a saliva sample. To assess

reproducibility, genotyping was repeated for 10 % of the

samples, and complete concordance was found between the

two sets of results. Genotype frequencies were in Hardy–

Weinberg equilibrium as tested by a v2 test (p [ 0.05).

Outcome data

Information about CRTs from colonoscopies was deter-

mined at the NFDHT [44] and from medical records at

RUMC and UMCG. Information about colonic surgeries,

CRCs, and CRAs from prior colonoscopies was also col-

lected before recruitment and during follow-up until

December 2010. Location, size, and histology for all doc-

umented tumors were obtained from pathology reports.

Statistical analyses

Total energy-adjusted nutrient intake was computed using

the linear residuals method [45]. Descriptive statistics were

used to describe the baseline characteristics for the total

population of MMR carriers (n = 470) stratified by tertiles

of folate intake.

Cox proportional hazards regression was used to calcu-

late hazard ratios (HRs) and 95 % confidence intervals

(CIs) to estimate risk of developing CRTs from dietary B

vitamin and methionine intake. Robust sandwich covari-

ance estimation was used to account for dependency of

observations within families. The lowest tertile of B vitamin

and methionine intake was set as the reference category.

The crude model included age and sex as covariates. The

following were evaluated as possible confounders: age

(continuous), sex, BMI (continuous), history of CRTs (yes/

no), number of colonoscopies during person-time (contin-

uous), NSAID use (\1/C1 per week), education (high vs.

lower educated), physical activity (high vs. lower physical

activity), smoking (current/former/never), alcohol (contin-

uous), energy intake (continuous), dietary fiber (continu-

ous), supplement use (yes/no). A covariate was considered

to be a confounder if it was associated with vitamin intake

and was also a risk factor for CRT; additionally, the

covariate must have changed one of the HRs by at least

10 % using manual backward selection. For all vitamins,

the fully adjusted model included age, sex, physical activity

(high vs. lower), number of colonoscopies during person-

time (continuous), and NSAID use (\1/C1 per week). A

fully adjusted model including mutual B vitamins (contin-

uous) and methionine (continuous) was also constructed.

Person-time started at the time of questionnaire com-

pletion and ended at the date of colonoscopy at which the

first colorectal adenoma was diagnosed during follow-up.

For colorectal carcinomas during follow-up, the end date

was the date of carcinoma diagnosis. For those without a

detectable CRT during follow-up, censoring was at the date

of their last known colonoscopy.
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Effect measure modification by MTHFR C677T geno-

type was investigated by stratification. We performed a

median split for each vitamin intake and we chose low

folate, low vitamin B2, low vitamin B6, low vitamin B12,

and low methionine intakes in those with the CC genotype

as the reference category. To test for multiplicative

Table 1 Baseline characteristics of the population by total energy-adjusted folate intake

Low folate intake B183.71

lg/day (n = 155)

Medium folate intake

183.72–224.29 lg/day (n = 156)

High folate intake [224.29

lg/day (n = 155)

Person-months, median (IQR) 27.2 (17.3–38.9) 28.9 (17.3–39.0) 29.7 (16.5–40.0)

Patient characteristics

Age (years), median (IQR) 46.8 (39.1–56.7) 48.3 (39.4–57.7) 53.1 (45.1–60.7)

Sex (female), n (%) 91 (58.7) 96 (61.5) 92 (59.4)

BMI (kg/m2), median (IQR) 24.4 (21.8–27.4) 24.8 (22.8–26.9) 24.2 (22.7–26.3)

Higher education, n (%)a 41 (26.6) 56 (36.1) 61 (40.1)

Dietary vitamin intakes, median (IQR)

Vitamin B2 (mg/day) 1.5 (1.2–1.7) 1.6 (1.4–1.9) 1.9 (1.7–2.2)

Vitamin B6 (mg/day) 1.7 (1.5–1.9) 1.9 (1.7–2.1) 2.0 (1.8–2.2)

Vitamin B12 (lg/day) 3.4 (2.6–4.3) 3.8 (3.1–4.7) 4.2 (3.4–5.8)

Methionine (mg/day) 1,233.9 (1,106.1–1,413.9) 1,359.9 (1,175.1–1,503.3) 1,388.7 (1,269.0–1,569.2)

Other dietary and lifestyle factors

Energy (kJ/day), median (IQR) 8,750.3 (7,095.4–10,735.9) 8,181.1 (6,800.8–10,269.4) 8,876.9 (7,337.2–10,969.7)

Vegetable (g/day), median (IQR) 72.8 (50.5–110.8) 125.2 (88.3–161.9) 177.2 (136.0–224.3)

Fruit (g/day), median (IQR) 80.8 (42.4–166.2) 154.9 (79.8–232.2) 226.6 (149.6–333.6)

Dietary fiber (g/day), median (IQR) 20.2 (15.7–25.2) 24.0 (19.7–29.3) 28.8 (24.3–34.1)

Red meat intake (g/day), median (IQR) 48.7 (40.5–72.0) 47.3 (30.7–63.8) 42.7 (24.4–54.1)

Supplement useb, n (%) 39 (25.2) 43 (27.6) 46 (29.7)

Alcohol (g/day), median (IQR) 7.2 (1.6–17.3) 7.3 (0.9–16.0) 6.8 (1.8–16.5)

Smoking status, n (%)

Current 38 (24.5) 30 (19.2) 16 (10.3)

Former 61 (39.4) 61 (39.1) 80 (51.6)

Never 56 (36.1) 65 (41.7) 58 (37.4)

NSAID use (\1/week), n (%) 134 (86.5) 140 (89.7) 140 (90.3)

High physical activity, n (%)c 46 (30.1) 43 (28.1) 62 (41.1)

Clinical characteristics, n (%)

History of colorectal tumors 79 (51.0) 76 (48.7) 76 (49.0)

History of other cancers 18 (11.6) 25 (16.0) 39 (25.2)

Colonoscopies during person-time

1 64 (41.3) 49 (31.4) 61 (39.4)

2 65 (41.9) 71 (45.5) 59 (38.1)

C3 26 (16.8) 35 (22.4) 34 (21.9)

MMR gene mutation

MLH1 59 (38.1) 66 (42.3) 52 (33.6)

MSH2 65 (41.9) 64 (41.0) 62 (40.0)

MSH6 30 (19.4) 23 (14.7) 40 (25.8)

PMS2 0 (0.0) 2 (1.3) 1 (0.7)

MTHFR C677T genotype, n (%)

CC 60 (42.0) 60 (40.5) 62 (41.6)

CT 64 (44.8) 73 (49.3) 78 (52.4)

TT 19 (13.3) 15 (10.1) 9 (6.0)

a College or university degree
b Regular use of any folic acid- or B vitamin-containing supplement in the last month
c Highest tertile of physical activity score
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nutrient–gene interaction, we created a product term

between B vitamin intake (low/high) and MTHFR C677T

genotype and included this term into our final model. We

also examined possible interactions between dietary

intakes of folate, vitamin B2, vitamin B6, vitamin B12,

methionine, alcohol (low/high) and smoking status (never,

former, current), where a combination of low intakes with

either low alcohol intake or never smokers was chosen as

the reference category. For stratification by MMR gene

mutation, we set low intake as the reference for each of the

genes MLH1, MSH2, and MSH6. There was not enough

statistical power to stratify by PMS2.

The lifetest procedure was used to evaluate whether the

proportional hazards models met the assumption of pro-

portionality; no violation of the proportional hazards

assumption was observed by visual inspection. Sensitivity

analyses were performed by (1) excluding those with a

history of CRTs before the start of the study period

(n = 232) and (2) excluding those who developed CRCs

during follow-up (n = 7). All analyses were performed

using SAS version 9.2 (SAS Institute, Cary, NC, USA).

Results

In this prospective cohort study of MMR gene mutation

carriers, 131 of 470 persons developed a CRT during a

median person-time of 28.0 months. Table 1 shows the

baseline characteristics of the total cohort stratified by

tertiles of folate intake. There was a greater proportion of

females in the medium folate intake group compared to the

low- and high-intake groups. Compared to individuals in

the lowest tertile of folate, persons in the highest tertile of

folate, were older, had a higher education, reported higher

intakes of vitamin B2, B6, B12, methionine, and had a

higher consumption of vegetables, fruit, and dietary fiber.

In addition, those in the highest tertile of folate were less

likely to be current smokers and more likely to be highly

physically active compared with the lowest folate tertile.

While those in the highest tertile of folate intake were less

likely to have a history of CRTs, they were more likely to

have a history of other cancers, compared to those in the

lowest tertile.

As can be seen in Table 2, there was no evidence of a

clear association between dietary intake of any B vitamin

or methionine and CRT risk after adjusting for age, sex,

physical activity, number of colonoscopies during person-

time, and NSAID use, nor when mutual vitamins and

methionine were included as covariates. Compared to the

lowest tertile of intake, adjusted HRs (including mutual B

vitamins and methionine) for CRT risk and corresponding

95 % CIs for the highest tertile were 1.06 (0.59–1.91) for

folate, 0.77 (0.39–1.51) for vitamin B2, 0.98 (0.59–1.62)

for vitamin B6, 1.24 (0.77–2.00) for vitamin B12, and 1.36

(0.83–2.20) for methionine.

We did not observe an association between MTHFR

C677T genotype and risk of CRT (data not shown).

Table 3 shows that there was no evidence of effect measure

modification by MTHFR C677T genotype in the associa-

tions between dietary vitamin B and methionine intake and

CRT risk (p for interaction [0.05 for all). However, it is

worthy to note that there was a significant increased risk for

developing CRT in LS patients homozygous for the variant

MTHFR C677T allele who consumed low amounts of

vitamin B2 compared to those in the reference category

(HR 2.44, 95 % CI 1.20–4.93), while a non-significant

reduction in CRT risk was seen for high vitamin B2 intake

in combination with the MTHFR 677TT genotype. We

observed a similar relationship between methionine intake

and CRT risk—a significant increased risk for individuals

with the MTHFR 677TT genotype in combination with low

methionine intake compared to low methionine intake in

MTHFR 677CC individuals (HR 2.64, 95 % CI 1.06–6.58),

whereas no evidence of an association with CRT risk was

seen for high methionine intake in combination with the TT

genotype.

Investigations for possible interactions between dietary

vitamins and smoking and alcohol in the development of

CRT showed a significant interaction between dietary

folate and alcohol intake (p for interaction = 0.02). Com-

pared to low folate/low alcohol, adjusted HRs and corre-

sponding 95 % CIs were 0.56 (0.29–1.09) for high folate/

low alcohol, 0.84 (0.46–1.54) for low folate/high alcohol,

1.23 (0.66–2.32) for high folate/high alcohol. There was no

evidence of an interaction between any vitamin and

smoking, nor were there any suggestions for interactions

between the other vitamins (all p interaction [0.05).

Stratification by MMR gene mutation showed no striking

differences for the different mutations. Compared to low

folate intake, adjusted HRs and 95 % CIs for high folate

intake were 1.11 (0.49–2.51) for MSH1 mutation carriers,

1.64 (0.82–3.29) for MSH2 mutation carriers, and 0.42

(0.12–1.48) for MSH6 mutation carriers.

In sensitivity analyses, B vitamin and methionine intake

did not appear to be associated with CRT risk when those

with prevalent tumors during person-time were excluded.

Compared to the lowest tertile of intake, adjusted HRs

including mutual vitamins and corresponding 95 % CIs for

the highest tertile of intake was 0.59 (0.19–1.85) for folate,

0.82 (0.25–2.69) for vitamin B2, 1.98 (0.77–5.06) for

vitamin B6, 1.56 (0.69–3.51) for vitamin B12, and 1.65

(0.74–3.68) for methionine. Restricting analyses to those

who developed a CRA during person-time, adjusted HRs

including mutual vitamins for developing CRA and cor-

responding 95 % CIs for the highest tertile was 1.02

(0.56–1.86) for folate, 0.82 (0.42–1.60) for vitamin B2,
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0.95 (0.57–1.58) for vitamin B6, 1.18 (0.73–1.93) for

vitamin B12, and 1.60 (0.97–2.60) for methionine com-

pared to the lowest tertile of intake.

Discussion

In this prospective cohort study of MMR gene mutation

carriers, our results do not suggest an association between

dietary folate, vitamin B2, vitamin B6, vitamin B12, and

methionine intake and risk of CRT development. There

was also no evidence of effect measure modification by

MTHFR C677T genotype in the relationship between any

B vitamin or methionine and CRT risk. There was, how-

ever, suggestion that low vitamin B2 intake in MTHFR

677TT individuals was related to increased risk of CRT

compared to low intake in 677CC. Likewise, the same

pattern was observed for methionine intake; low intake of

methionine in MTHFR 677TT was associated with an

increased risk of CRT compared to low intake in MTHFR

677CC persons.

The role of B vitamin and methionine intake in the

development of CRT is an area of considerable and

ongoing interest; although the evidence is not entirely

consistent, there is general consensus that dietary intake of

folate is inversely associated with risk of sporadic CRT in

the general population. Indeed, for dietary folate intake,

inverse [27, 28, 46], null [30, 33, 47, 48], and direct [32]

associations with risk of CRT have been reported in both

cohort [28, 33, 46, 47] and case–control studies [27, 30, 32,

48] investigating these relationships. Most recently, a

meta-analysis of cohort studies investigating dietary folate

intake and CRC risk performed by the World Cancer

Research Fund/American Institute for Cancer Research as

part of their Continuous Update Project did not reveal

significant evidence that dietary folate is associated with

CRC, nor did plasma/serum folate seem to be associated

with CRC in similar meta-analyses [49]. On the other hand,

Table 2 Hazard ratios for B vitamin and methionine intake and colorectal tumor risk in MMR mutation carriers

Cases/cohort,

n (122/448)

Person-time (months),

median (IQR)

Age and sex

adjusted (95 % CI)

Fully adjusted

HR (95 % CI)a
Fully adjusted

HR ? mutual vitamins

(95 % CI)a

Dietary factor

Folate (lg/day)

B183.71 38/150 27.2 (17.3–38.9) 1.00 (Ref.) 1.00 (Ref.) 1.00 (Ref.)

183.72–224.29 42/149 28.9 (17.3–39.0) 1.01 (0.65–1.56) 1.19 (0.75–1.90) 1.27 (0.77–2.08)

[224.29 42/149 29.7 (16.5–40.0) 1.02 (0.64–1.62) 0.91 (0.56–1.48) 1.06 (0.59–1.91)

p trend 0.52 0.91

Vitamin B2 (mg/day)

B1.49 41/149 27.2 (18.5–38.9) 1.00 (Ref.) 1.00 (Ref.) 1.00 (Ref.)

1.50–1.83 43/149 27.9 (15.5–38.4) 1.04 (0.68–1.58) 0.98 (0.62–1.55) 1.01 (0.59–1.70)

[1.83 38/150 33.1 (18.3–40.8) 0.82 (0.55–1.22) 0.73 (0.46–1.15) 0.77 (0.39–1.51)

p trend 0.10 0.35

Vitamin B6 (mg/day)

B1.75 44/148 25.5 (15.6–38.1) 1.00 (Ref.) 1.00 (Ref.) 1.00 (Ref.)

1.76–2.00 36/149 30.2 (18.5–40.6) 0.69 (0.47–1.03) 0.76 (0.51–1.13) 0.81 (0.52–1.28)

[2.00 42/151 29.9 (16.4–40.0) 0.83 (0.53–1.29) 0.83 (0.55–1.26) 0.98 (0.59–1.62)

p trend 0.32 0.98

Vitamin B12 (lg/day)

B3.33 37/149 28.8 (16.5–39.7) 1.00 (Ref.) 1.00 (Ref.) 1.00 (Ref.)

3.34–4.46 41/147 29.3 (19.2–39.5) 1.11 (0.73–1.67) 1.00 (0.64–1.59) 1.14 (0.71–1.85)

[4.46 44/152 27.7 (16.2–39.3) 1.13 (0.76–1.68) 1.00 (0.66–1.52) 1.24 (0.77–2.00)

p trend 0.83 0.45

Methionine (mg/day)

B1,226.33 42/153 27.9 (18.1–38.5) 1.00 (Ref.) 1.00 (Ref.) 1.00 (Ref.)

1,226.34–1,450.02 35/152 28.0 (18.0–39.8) 0.75 (0.46–1.22) 0.88 (0.52–1.50) 1.00 (0.57–1.74)

[1,450.02 45/143 28.3 (15.4–39.4) 1.08 (0.73–1.59) 1.08 (0.71–1.66) 1.36 (0.83–2.20)

p trend 0.82 0.22

a Fully adjusted for age, sex, number of colonoscopies during person-time, NSAID use, and physical activity
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results of a pooled analysis of 13 cohort studies indicated a

lower risk of CRC in persons with high folate intake

compared to persons with low folate intake [50].

Vitamin B2 intake has been directly associated with

CRA risk in a Dutch case–control study [32], but unas-

sociated with CRT in other studies [30, 31, 33, 47]. A

meta-analysis of prospective studies revealed an inverse

association between vitamin B6 intake and CRC risk [51],

while other studies did not [30, 31, 33, 52]. There are also

accounts of no association between vitamin B12 and CRT

risk [30, 31]. Likewise, methionine intake has been both

unassociated with CRT risk [31, 47], and inversely asso-

ciated [33]. Given these inconsistencies, the relationship

between folate [53], other B vitamins and methionine and

sporadic CRT development remains unresolved.

A dual role of folic acid in CRC development has been

proposed, where folic acid supplementation can either

prevent or promote CRC development and progression

depending on the stage of cell transformation at the time of

intervention [54]. In normal tissues, folic acid supple-

mentation has been shown to prevent the development of

CRC but promotes the progression of established pre-

neoplastic or neoplastic lesions. This concept has been

validated in animal models [55, 56]. Perhaps of particular

pertinence is the study of folic acid supplementation in

APC?/- MSH2-/- mice, which are more phenotypically

and genotypically similar to human CRC compared with

other mouse models and resemble FAP and LS, respec-

tively, in humans [56]. The concept of a dual role of folic

acid in CRC is still controversial in humans given incon-

sistent results between studies [57–60]. MMR gene

mutation carriers are at high risk for developing CRC and

provide a good human model in which to explore the

concept of a dual role. We have investigated dietary folate,

other B vitamins, and methionine intake rather than folic

acid supplementation, as less than one-third of our popu-

lation has used B vitamin-containing supplements.

Our results are in agreement with previous reports of

null associations between dietary folate intake in sporadic

CRT [30, 31, 33], as well as with those from meta-analyses

of randomized controlled trials of folic acid [57, 61, 62]

and combined folic acid, vitamin B6, and vitamin B12

supplementation and sporadic CRA development [59].

Various explanations could possibly account for the mixed

findings between observational studies. We considered that

range of dietary folate intake could influence the direction

of the associations, but examination of the data does not

appear to show this to be a factor, as narrow ranges of

dietary folate intake have been reported to be inversely

associated [63], directly associated [32], and unassociated

[33] with risk of CRT (\150 vs. [212, \191 vs. [220,

\168 vs. [297 lg/day, respectively). Additionally, die-

tary folate intake could be higher in the USA and CanadaT
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compared to countries in Europe such as the Netherlands,

where mandatory food fortification does not exist, and this

could also alter development of CRT despite evidence that

studies supporting associations between folate and CRT

came from both American [28] and non-American popu-

lations [27, 46]. Together then, perhaps we still cannot

discount the possibility of narrow and low intakes of folate

contributing to the disparities between studies. Further-

more, narrow and low intakes of B vitamins and methio-

nine could also be an explanation, in the current study, for

the absence of associations between B vitamin and

methionine intake and CRTs in persons with LS.

In our population of persons with LS, 128 persons

(27.2 %) out of 470 used any folic acid- or B vitamin-

containing supplement within the last month, and there

would not be enough persons to conduct a meaningful

analysis. However, given the potential importance of sup-

plement use in CRT risk, we have also previously con-

sidered the relationship between supplement use and

colorectal adenoma risk, but the small number of individ-

uals using folic acid or B vitamins could only allow for an

analysis investigating multivitamin use and CRA risk. We

have found evidence of a slight increase in risk associated

with multivitamin use, but the association was not statis-

tically significant [64].

The absence of a clear association between dietary B

vitamins and methionine and CRT risk in our study could

also be in part due to the disparity in timing of the ade-

noma–carcinoma sequence in the general population com-

pared to that in LS, where the progression from adenoma to

carcinoma is \4 years [17–19] compared to roughly

10 years in the general population [65]. Following 6 years

of follow-up, folic acid supplementation increased the risk

of colorectal adenoma recurrence in individuals with a

history of CRA [66]. Although the folic acid supplemen-

tation study was not conducted in a LS population and the

exposure was folic acid rather than dietary folate intake (as

in our own study), the time frame of 6 years can provide us

with a general idea of how long the induction time could be.

Indeed, in LS, this induction time of\4 years is much faster

[17–19]. Even given the rapid process of initiation to

malignant transformation of CRT in LS, exposure to B

vitamins and methionine in this brief window could theo-

retically be too short to be meaningful for CRT risk.

Another explanation of our results could be that the

pathways in CRT development in the general population

are different from that in LS. Fearon and Vogelstein have

proposed a genetic model of colorectal tumorigenesis that

describes the transition from healthy colonic tissue to

neoplasia through a series of steps involving the accumu-

lation of genetic and epigenetic changes [15]. In sporadic

CRC, a mutation in the adenomatous polyposis coli (APC)

gene is frequently one of the earliest events in initiating

colorectal carcinogenesis [67] but is uncommon in HNPCC

tumors [68]. We could infer that this and other differences

in microsatellite instability and MLH1 promoter hyperme-

thylation could hypothetically alter the still-unclear fun-

damental mechanisms connecting folate-mediated one-

carbon metabolism to CRT development.

In stratified analyses, we observed an increased risk of

CRT with low vitamin B2 intake in those with the MTHFR

677TT genotype compared with MTHFR 677CC, whereas

this was not observed for high intakes in TT carriers. Our

findings in this subgroup analysis were based on small

numbers, so prudence should be taken when interpreting

the results. The presence of the T allele results in a ther-

molabile protein and reduces MTHFR activity in vitro by

approximately two-thirds in TT-homozygotes [69], and this

coupled with low levels of its cofactor—riboflavin in its

coenzymatic form (flavin adenine dinucleotide)—was

associated with a significant increased risk of colorectal

carcinogenesis in our population of MMR gene mutation

carriers. Van den Donk et al. [32] have also reported

inverse associations between vitamin B2 intake and risk of

sporadic CRA for all MTHFR C677T genotypes but with

more pronounced associations among those with the TT

genotype. Low vitamin B intake was non-significantly

linked to an increased risk of CRA in those with the TT

genotype [32]. The significant association between low

methionine intake and increased CRT risk for MTHFR

677TT individuals compared to low methionine intake in

MTHFR 677CC that we observed has also been seen in a

general Portuguese population [70]. Nevertheless, based on

the small number of subjects in our stratified analysis, our

results should be interpreted with discretion and certainly

necessitate confirmation by other studies. Adequate folate

status in combination with the MTHFR C677T variant is

usually inversely associated with CRT risk, but low folate

status in combination with the MTHFR 677TT genotype

has been associated with increased risks for CRC [71–74],

although this interaction has not been consistently observed

[32, 75, 76]. Furthermore, potentially because of the folate-

antagonizing effects of alcohol, low CRC risk associated

with the MTHFR 677TT genotype is negated with high

alcohol intake [36, 73].

We found an interaction between dietary folate intake

and alcohol intake (p interaction = 0.02). Although not

statistically significant, the reduction in CRT risk by high

folate intake was mitigated by high alcohol intake (HR

1.23, 95 % CI 0.66–2.32 for high folate/high alcohol vs.

low folate/low alcohol). Alcohol is a folate antagonist, and

as such interferes with folate bioavailability, transport, and

metabolism [77].

The major strengths of this study are its relatively large

size and prospective cohort design. Furthermore, all par-

ticipants in our study were exclusively confirmed MMR

1126 Cancer Causes Control (2014) 25:1119–1129
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gene mutation carriers. A high response rate of 71 %,

which reduces the possibility of selection bias and recall,

would allow our results to be generalized to other LS

patients. There was also extensive information about many

possible confounding factors, making possible their inclu-

sion as covariates in our analyses.

Our study also has some limitations. As is the case with

all observational studies, the potential for residual con-

founding, resulting from unmeasured or inadequately

measured confounders, cannot be negated. Furthermore,

while this study is a large prospective cohort study of

MMR gene mutation carriers, it can be considered a small

prospective study when compared to cohort studies in the

general population, and we had limited power in our sub-

group analyses. Misclassification of exposure data is pos-

sible since dietary intake was assessed using a self-

administered FFQ, and although this FFQ has been suffi-

ciently validated [37, 38], it may be worthwhile for future

studies to consider determining vitamin status from blood

samples. Measuring vitamin status in blood also has the

added advantages of accounting for uptake, distribution,

and metabolism of vitamins in the body.

In conclusion, in this LS population, intake of dietary

folate, other B vitamins, and methionine were unassociated

with CRT development. These associations, however, may

depend on MTHFR genotype. Larger studies with longer

follow-up times are needed to further clarify the relation-

ships between dietary B vitamin and methionine intake and

risk of CRT in LS patients.
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