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Abstract

Epidemiological studies have reported inconsistent findings for the association between B vitamins
and breast cancer (BC) risk. We investigated the relationship between biomarkers of folate and
vitamin B12 and the risk of BC in the European Prospective Investigation into Cancer and Nutrition
(EPIC) cohort. Plasma concentrations of folate and vitamin B12 were determined in 2,491 BC cases
individually matched to 2,521 controls among women who provided baseline blood samples.
Multivariable logistic regression models were used to estimate odds ratios by quartiles of either
plasma B vitamin. Subgroup analyses by menopausal status, hormone receptor status of breast tumors
(estrogen receptor [ER], progesterone receptor [PR] and human epidermal growth factor receptor 2
[HER2]), alcohol intake and MTHFR polymorphisms (677C > T and 1298A > C) were also
performed. Plasma levels of folate and vitamin B12 were not significantly associated with the overall
risk of BC or by hormone receptor status. A marginally positive association was found between
vitamin B12 status and BC risk in women consuming above the median level of alcohol (OR Q4-Q1
=1.26; 95% CI 1.00-1.58; Ptrend 5 0.05). Vitamin B12 status was also positively associated with BC
risk in women with plasma folate levels below the median value (OR Q4-Q1 = 1.29; 95% CI 1.02
1.62; Ptrend 5 0.03). Overall, folate and vitamin B12 status was not clearly associated with BC risk
in this prospective cohort study. However, potential interactions between vitamin B12 and alcohol or

folate on the risk of BC deserve further investigation.

What’s new?

Does B-vitamin intake play a role in breast cancer (BC) risk? Results have been inconsistent. In this
analysis of data from a large, prospective European study, the authors found that, overall, folate and
vitamin B12 status were not clearly associated with BC risk. However, the risk did seem to increase
somewhat for women who had higher vitamin B12 levels and either low plasma folate or increased
alcohol consumption. The authors suggest that this may involve nutrient-nutrient or gene-nutrient

interactions, such as changes in DNA methylation, which require further investigation.
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Introduction

The etiology of breast cancer (BC) is complex and results from the combination of lifetime
reproductive events, genetics, dietary and lifestyle factors. [1] According to the latest breast cancer
report from the World Cancer Research Fund (WCRF), there is novel evidence that alcohol intake
and factors that lead to a greater adult attained height are positively associated with postmenopausal
and probably also premenopausal BC. [2] Among dietary factors, deficiencies of B vitamins related
to Western dietary patterns have been suggested to play a role in breast carcinogenesis. [3,4] Vitamin
B9 (folate) and vitamin B12 (cobalamin) are two water soluble B vitamins involved in one-carbon
metabolism, [5] which generates substrates for DNA methylation and DNA synthesis. [6] Thus,
deficiencies of these micronutrients may trigger both genetic and epigenetic procarcinogenic
processes. [7] Prospective studies that investigated the association between biomarkers of folate and
BC risk have reported either an inverse association [8,9] or no association [10,11] overall. The
prospective investigation of the relationship between biomarkers of vitamin B12 and BC risk has also
produced mixed results. [8—12] While studies found no evidence for an association between blood
levels of vitamin B12 and BC risk in the overall population, [9-11] an inverse association was
independently reported among either postmenopausal women [10] or premenopausal women. [9]
However, a recent meta-analysis of prospective studies revealed no significant association between
biomarkers of vitamin B12 and BC risk in the subgroup analysis by menopausal status. [13] A number
of factors have been suggested to influence the association between B vitamins and the risk of BC,
including menopausal status, [11,14—16] alcohol consumption, [15,17] nutrient interactions [18] and
methylenetetrahydrofolate reductase (MTHFR) gene polymorphisms. [12] MTHFR is a key enzyme
in one-carbon metabolism where it balances the folate pool between synthesis and methylation of
DNA. [19] Although a number of MTHFR single nucleotide polymorphisms (SNPs) have been
reported in the literature, [20-22] only the C677T and A1298C SNPs have been consistently
associated with decreased enzyme activity and reduced plasma folate levels compared with the wild-
type genotypes. [23,24] A prospective study found a positive association between plasma folate
concentration and postmenopausal BC among carriers of the MTHFR 677T allele. [12] Breast tumors
are also subdivided into subgroups according to the expression of sex hormone receptors (estrogen
receptor [ER], progesterone receptor [PR] and human epidermal growth factor receptor 2 [HER2]),
which have been differentially associated with both folate intake [17] and folate status [11] among

premenopausal women only.

We conducted a large nested case—control study within European Prospective Investigation into
Cancer and Nutrition (EPIC) to evaluate the association between plasma concentrations of folate and

vitamin B12 and BC risk overall and stratified by hormone receptor status and potential risk factors.



In addition, we examined the interaction between the MTHFR 677C > T (rs1801133) and 1298A >
C (rs1801131) polymorphisms and the two plasma B vitamins on the risk of BC using data from a

subsample of this nested case—control population.

Material and Methods
Study design

The EPIC study is an ongoing multicenter European cohort study designed to investigate the role of
dietary habits and lifestyle factors on the incidence of cancer of various sites, including BC. [25] The
cohort includes over 521,000 participants recruited between 1992 and 2000 from 23 centers in 10
European countries (Denmark, France, Germany, Greece, Italy, the Netherlands, Norway, Spain,
Sweden and UK). Of 367,903 women (age 35-70 years) recruited into the EPIC study, the present
analysis excluded women with prevalent cancers at recruitment (n = 19,853) and missing diagnosis
or censoring date (n = 2,892). A total of 10,713 women with malignant primary BC were identified
after a median followup of 11.5 years. The follow-up rate was very high (98.5%: 91.4% alive and

7.1% dead) and only 1.5% of women were lost to follow-up.

Details of the recruitment procedures and data collection in the EPIC study have been previously
described in details. [26] Briefly, sociodemographic, lifestyle and dietary data were collected at
baseline from all the cohort members by administration of country-specific questionnaires.
Anthropometric measurements and peripheral blood samples of the participants were also collected.
Methods of blood collection, processing and storage are described in details elsewhere. [27] All
participants signed an informed consent for the use of their blood samples and data. The study was

approved by the Ethical Review Board of the IARC and those of all national recruiting centers.
Selection of study subjects

A nested case—control study was designed among women who provided a blood sample and
completed the lifestyle and dietary questionnaires at recruitment. A total of 2,491 BC cases with a
confirmed first diagnosis of invasive BC were identified between 1992 and 2010. Each case was
individually matched to at least one control subject chosen randomly among cohort women with
available blood samples and free of cancer (except nonmelanoma skin cancer) at the time of diagnosis
of the corresponding case. Control subjects were matched to cases for study center, age at blood
donation (63 months), exogenous hormone use at blood collection (yes; no; unknown), menopausal
status (pre; surgical post; natural post), fasting status (<3, 3—6, >6 hr) and phase of the menstrual

cycle (early follicular, late follicular, periovulatory, mid luteal, other luteal) at recruitment.



Dietary and lifestyle data collection

Dietary data were obtained at enrollment using validated country-specific dietary history and food-
frequency questionnaires (FFQs), designed to collect local dietary habits of the participants over the
preceding year. [26] Dietary intakes of folate and vitamin B12 were estimated using the updated EPIC
Nutrient Database (ENDB), [28] following standardization from country-specific food composition
tables (FCT) according to Bouckaert’s recommendations. [29] Details on dietary assessment have
been discussed previously. [17] Participants also completed a baseline lifestyle questionnaire
providing information on anthropometric and sociodemographic characteristics, reproductive history,
family history of cancer, physical activity, alcohol use, smoking habits, use of oral contraceptives,

hormone replacement therapy and vitamin supplements in the year prior to enrollment date.
Outcome assessment

Participants were followed from the date of enrollment until first cancer diagnosis, death, emigration
or end of the followup period, whichever occurred first. Incident cancer cases were identified through
population cancer registries (Denmark, Italy except Naples, the Netherlands, Norway, Spain, Sweden
and UK) or by a combination of methods including health insurance, cancer and pathology registries
and active ollow-up through study subjects and their next-of-kin in three countries (France, Germany,
Greece and Naples). Data on clinical and tumor characteristics were coded according to the 10th
Revision of the International Statistical Classification of Diseases, Injuries and Causes of Death
(ICD). In the present study, 91% of BC cases were confirmed by histological or cytological
examination, whereas the remaining 9% was diagnosed through clinical observation, ultrasound,
autopsy or death certificate. The most frequent subtype of BC was ductal carcinoma (71.5%),
followed by lobular carcinoma (14.1%) and tubular carcinoma (2.7%). The remaining BC cases were

classified as mixed (5.0%) or other (6.7%) subtypes.
Hormone receptor status determination

Determination of ER, PR and HER2 status of BC cases was performed within each EPIC center.
Information on hormone receptor status as well as on the methods for its determination was retrieved
from each EPIC center using the same approaches used for collection of incident cases. To standardize
the quantification of the receptor status collected across centers, the following criteria were applied
for a positive receptor status: 10% cells stained, any “plus-system” description, 20 fmol/mg, an Allred
score of 3, an IRS 2 or an H-score 10.30 ER, PR and HER?2 status was available for 98, 84 and 44%
of cases, respectively. For the remaining cases, hormone receptor status was not determined because

of insufficient amount of tumor tissue available for histopathological evaluation. Furthermore, HER2



status could not be ascertained in the majority of cases because of the lack of a specific test in the

nineties.
Laboratory measurements

All biochemical analyses were performed at the Bevital AS laboratory in Bergen, Norway
(www.bevital.no). Microbiological assays were used to determine plasma concentrations of folate
[31] and vitamin B12. [32] The assays were adapted to a microtiter plate format and carried out by a
robotic workstation. Throughout all steps of the biochemical analysis, samples from each case—
control set were analyzed within the same batch. The laboratory personnel were blinded to case—
control status. To assess the measurement precision, each batch contained six quality control (QC)
samples with known biomarker concentrations and four samples without biomarker (blanks). The six
QC samples were three samples in parallels. The coefficient of variation calculated from the three
duplicate sets of identical QC samples was 8.6% for folate and 5.0% for vitamin B12. Plasma

concentrations of folate and vitamin B12 were determined for all study participants.
Genotyping analysis

Determination of the genotype status was carried out only in a subsample of 401 cases and 401
matched control individuals from this nested case—control population. DNA extraction from white
blood cells was carried out using Autopure LS kit (Gentra Systems, Minneapolis, MN). DNA
concentration was quantified with Quant-iT PicoGreen dsDNA reagent (Thermo Fisher Scientific,
Waltham, MA). The MTHFR 677C > T (rs1801133) and 1298A > C (rs1801131) single nucleotide
polymorphisms (SNPs) were genotyped by Kaspar allelic discrimination assay using allelespecific
probes and fluorescent reporters (LGC Group, UK). Each reaction was carried out according to the
manufacturer’s instructions using supplied kits. Amplifications and end-point allele determination
were performed in 96-well plates using a StepOne Plus system (Applied Biosystems). Each plate
contained randomly placed case and control samples, while matched sets were analyzed within the
same plate. Genotyping success rates were 98.0 and 96.5% for rs1801131 and rs1801133,

respectively. Samples not yielding genotypes were removed from further analyses.
Statistical methods

Lifestyle and dietary baseline characteristics of study participants were described using mean 6
standard deviation (SD) for continuous variables and percentages for categorical variables. Plasma
concentrations of folate and vitamin B12 were log natural transformed to normalize their distribution.
The paired t test and 2 test were used to assess differences between cases and control individuals

with regard to continuous and categorical variables, respectively. Multivariable conditional logistic



regression models were used to estimate odds ratios (ORs) and 95% confidence intervals (95% Cls)
for overall BC and specific subgroups stratified by menopausal status at recruitment (dichotomized
as natural/surgical postmenopausal and premenopausal) and by hormone receptor status (ER1/ER2,
PR1/PR2, HER21/HER22). Crude ORs were also presented to observe the effect of confounding on
the risk estimates. In addition, the association between each plasma biomarker and the risk of BC was
examined using four-knot restricted cubic splines with the midpoint of the fifth decile of plasma
vitamin B12 as the reference category. [33] Quartiles and tertiles of plasma levels of biomarkers for
the overall and hormone receptor-specific analyses, respectively, were determined on the basis of the
distribution among control individuals. Tests for linear trends were performed by entering the median
value of each category as continuous term in the multivariable models. All multivariate models were
adjusted by BMI, height, alcohol intake, total energy intake, educational attainment (primary school,
technical/professional school, secondary school, university degree, 4.2% unknown), physical activity
(inactive, moderately inactive, moderately active, active, 6.9% unknown), ever use of hormone
replacement therapy (never, ever, 4.1% unknown), parity and age at first full-term birth combined
(nulliparous, <30 year and 1-2 children, <30 year and 3 children, >21-30 year, 30 year, 3.6%
unknown) and family history of BC (yes, no, 53.1% unknown). These confounders were previously
related to BC risk or blood measurements and were chosen based on previous studies in the literature.
Unknown categories of the above mentioned variables were included in the model using indicator
variables. Multivariate unconditional logistic regression models were used to investigate the
association between plasma concentrations of folate and vitamin B12 and BC risk by levels of alcohol
intake or plasma folate (low and high levels based on median values) and by MTHFR genotypes. The
joint effect of plasma folate (in tertiles) and categories of alcohol intake (0-3, 3—12, >12 g/day) on
BC risk was evaluated by using the lowest tertile of plasma folate and highest category of alcohol
intake as reference category, as previously assessed. [17] Tests for interaction between each plasma
biomarker as continuous variable and potential risk factors were computed by likelihood ratio test.
Formal tests of heterogeneity between ORs in menopausal and hormone receptor subgroups were
based on y2 statistics, calculated as the deviations of logistic beta-coefficients observed in each of
the subgroups relative to the overall beta-coefficient. The association between the SNPs and overall
BC risk was evaluated by conditional logistic regression. Genotypic (codominant) and dominant
models were assumed for SNP effects. A trend test was conducted by treating the genotypes as equally
spaced integer weights and entering the variable as a continuous term in the model. Specific
sensitivity analyses were carried out by excluding women consuming multivitamin supplements and

cases diagnosed within the first 2 years of follow-up (to reduce the chance of reverse causality).



Statistical tests were two-sided, and p values below 0.05 were considered statistically significant. All
analyses were performed using STATA 12.1 (StataCorp. 2011, Stata Statistical Software: Release 11,
College Station, TX).

Results

Table 1 summarizes the sociodemographic, reproductive and lifestyle characteristics of study
participants by case—control status. Cases had slightly older age at menopause (p = 0.026) and at first
live birth (p = 0.023) than control individuals. A slightly higher BMI in cases compared with the
control group was found among postmenopausal women (p < 0.001), but not among premenopausal
women. Cases were also more likely to have had a first-degree relative with BC (p = 0.009), and had
higher daily alcohol intake (p = 0.002). Both MTHFR SNPs were in Hardy-Weinberg equilibrium (p
= 0.298 for C677T; p = 0.823 for A1298C) and the frequency of the minor allele among control
individuals was 30.8% at locus C677T and 37.0% at locus A1298C (data not shown).

There was no significant association between plasma levels of folate and vitamin B12 and the overall
risk of BC (Table 2) or by ER, PR and HER?2 status (Table 3). No further association emerged after
adjustment by MTHFR polymorphisms for the available subsample (data not shown).

A nonlinear modeling of the association between plasma concentrations of vitamin B12 and BC risk
showed a borderline significant trend (Ptrend = 0.07) in increased risk associated with plasma
concentrations of vitamin B12 higher than 360 pmol/l, while the odds ratio plateaued at levels 500
pmol/l. No dose-dependent effect of plasma folate on the risk of BC was observed (data not shown).
Because of the impaired folate absorption and altered onecarbon metabolism due to chronic alcohol
consumption, [34] we reported risk estimates by tertiles of plasma folate and categories of alcohol
consumption (Fig. 1). The association between plasma folate concentration and BC risk was not
significantly modified by levels of alcohol intake (Pinteraction = 0.69). Similarly, no significant
association between plasma folate and BC risk was observed by median level of alcohol consumption

(data not shown).

The association between plasma levels of vitamin B12 and BC risk stratified by the median intake of
alcohol is summarized in Table 4. There was a borderline significant increase in risk associated with
the highest quartile of plasma vitamin B12 in women consuming at least 3.36 g/day of alcohol (OR
Q4-Q1=1.26;95% CI 1.00-1.58; Ptrend = 0.05), while no significant association emerged in women
drinking lower amounts of alcohol (OR Q4-Q1 = 1.08; 95% CI 0.86—1.35; Ptrend = 0.56). However,

no significant heterogeneity by alcohol intake was found (Pheterogeneity = 0.14). The multivariable



risk estimates did not change appreciably after further adjustment by plasma folate concentration
(data not shown). A statistically significant interaction between plasma concentrations of folate and
vitamin B12 on the risk of BC was observed (Pinteraction = 0.04; data not shown). To further explore
this interaction, a stratification analysis by the median level of plasma folate was carried out (Table
4). A marginally increased risk of BC associated with increasing concentrations of plasma vitamin
B12 was found in women with plasma levels of folate below 13.56 nmol/l (OR Q4-Q1 = 1.29; 95%
CI 1.02-1.62; Ptrend = 0.03), while no significant association occurred in women with higher levels
of plasma folate (Ptrend = 0.68). A borderline significant heterogeneity by plasma folate levels was
also found (Pheterogeneity = 0.05). Exclusion from analyses of women who consumed multivitamin
supplements or cases diagnosed within the first two years of follow-up did not change the risk

estimates in our study population (data not shown).

The MTHFR 677C > T and 1298 A > C SNPs were in low linkage disequilibrium among both the
cases (r2 = 0.24) and control individuals (12 = 0.25). There was no significant association between
either C677T (OR TTvs.CC =0.71; 95% CI 0.42—1.19; Ptrend = 0.38) or A1298C (OR CCvs.AA =
0.97; 95% C1 0.62—-1.53; Ptrend = 0.91) and the overall risk of BC. The interaction between plasma
folate or vitamin B12 and MTHFR SNPs was not statistically significant (Pinteraction > 0.05). Plasma
concentrations of the two B vitamins were not significantly associated with BC risk in any of the
genotypic classes (homozygous wild-type, heterozygous, homozygous variant) of each SNP (data not
shown). No further association emerged in the dominant models, and adjustment for the alternative

SNP did not change the risk estimates.

Discussion

In this large prospective European study, circulating levels of folate and vitamin B12 were not
significantly associated with the overall risk of BC. However, we found borderline positive
associations between plasma concentrations of vitamin B12 and BC risk restricted to women with
either high alcohol intake or low folate status. The MTHFR C677T and A1298C polymorphisms had
no effect modification on the association between either plasma B vitamin and BC risk in a subsample

of this nested case—control study.

A study was recently conducted to assess the reliability of plasma biomarkers involved in one-carbon
metabolism in a subsample from the EPIC study (38 men and 35 women), which was estimated over
a period of 2—-5 years using an intraclass correlation coefficient (ICC). [35] The study showed that

plasma vitamin B12 was a highly reliable biomarker (ICC = 0.75), while a modest reliability was



observed for plasma folate (ICC = 0.45). Because our study was performed on a larger number of
subjects and extended over 18 years of follow-up, it is difficult to predict whether and to what extent
the single biomarker measurements may have led to attenuation of the risk estimates in our study.
However, when the models were adjusted for the regression dilution using the ICCs as adjustment

coefficients, no significant change in risk estimates was observed.

Consistent with our findings, a prospective study within EPIC reported a lack of significant
association between dietary folate intake and the overall risk of BC. [17] Prospective investigations
based on biomarkers of nutrient status reported inconsistent findings between folate and BC risk. [8—
12] The mean plasma folate concentration in our study population (14.2 nmol/l) was comparable to
that reported in the Malmo o Diet and Cancer cohort (12.8 nmol/l), which also reported a null
association between plasma levels of folate and overall BC risk. [12] However, our highest category
of plasma folate (>19.8 nmol/l; 609 cases) was substantially lower than that reported in the US
population-based cohort from the Nurses’ Health Study (>14.0 ng/ml = 31.7 nmol/l; 120 cases) in
which a higher consumption of folic-acid containing foods and an inverse association between plasma
folate levels and BC risk were observed. [9] Thus, a minimal level of blood folate might be required

for observing a beneficial effect of this nutrient on the risk of BC.

The high plasma folate concentrations reported in US based population studies is likely due to folic
acid fortification of flour and cereal-grain products, which became mandatory in the United States
since 1997 to prevent neural tube defects. [36,37] On the other hand, no policy of folic acid
fortification of foods has been implemented in European countries. Folic acid from fortified foods or
supplementation is estimated to be approximately 1.7 times more bioavailable than natural folates.
[38] Because most of the enzymes that use folate as cofactor cannot use the synthetic form, there
might be important perturbations in one-carbon metabolism and cellular processes that rely on this
pathway. A recent dose—response meta-analysis of 16 prospective studies including a total of 26,205
BC patients identified a U-shaped relationship between energy-adjusted dietary folate intake and BC
risk, [39] supporting prior evidence of an increased risk of BC associated with folic acid fortification.
[40] The lack of data on consumption of folic acid-containing supplements within the EPIC
population prevented us from testing whether folic acid intake might have been associated with high
levels of plasma folate and an increased BC risk. However, the proportion of vitamin supplement
users in our study population was only 23% among cases, suggesting that plasma levels of folate and

other B vitamins were primarily attributable to natural food sources.

The lack of a significant interaction between plasma folate levels and alcohol intake on BC risk in

our analysis is consistent with results from previous prospective studies that used biomarkers of folate



status. [8—12] However, a recent prospective investigation within the EPIC study reported an inverse
association between dietary folate intake and the risk of BC among heavy alcohol drinkers.17 Since
alcohol may impair folate absorption, [34,39] alcohol consumption behaviors are more likely to
modify the risk of BC associated with dietary folate intake rather than plasma folate levels, which
can be affected by a variety of other factors including genetic polymorphisms. [41] Thus, women
with high intake of both folate and alcohol may not necessarily have a high folate status and

consequently a reduced risk of BC.

The main sources of vitamin B12 are animal products, including meat, fish, dairy products, eggs and
liver. Our finding of a positive association between plasma levels of vitamin B12 and BC risk in
subgroup analyses is in accordance with two previous prospective studies that measured either dietary
intake [42] or plasma levels11 of this nutrient. However, an inverse association between biomarkers
of vitamin B12 and the risk of BC has also been reported. [9,10] The median value of plasma vitamin
B12 in our study population (377 = 511 pg/ml in cases) was not substantially different from those
reported in other population-based prospective studies, ranging between 421 and 467 pg/ml.9-11
Thus, several other factors might have contributed to the inconsistent findings, including differences
in alcohol consumption, genetic polymorphisms, and nutrient interactions in one-carbon metabolism.

[34,43]

As a cofactor required for the generation of methylgroups, a high vitamin B12 status could result in
hypermethylation of CpG island promoters for tumor suppressor genes, [44] which may lead to
reduced expression of these cancer-related genes and ultimately promote breast carcinogenesis. [45]
These DNA methylation changes may also impair the proper expression and/or function of cell-cycle
regulatory genes and thus confer a selective growth advantage to neoplastic cells. [46] A randomized
crossover trial suggested that moderate alcohol intake may diminish plasma vitamin B12
concentrations. [47] In contrast, a case—control study found that plasma levels of vitamin B12 in
heavy alcohol drinkers were significantly higher than those in light alcohol drinkers. [48] Further
studies are needed to clarify the modifying effect of alcohol on the association between vitamin B12

and BC risk.

The positive association between plasma levels of vitamin B12 and BC risk among women with low
folate status is unexpected. Previous prospective studies found no evidence of an interaction between
these two nutrients on the risk of BC. [16,42,49,50] On the other hand, a prospective analysis within
the French E3N cohort reported a strong joint protective effect of high intake of folate and vitamin
B12 on BC risk. [18] The almost exclusive form of folate in plasma is 5-methyl THF, which reflects
the amount of folate available for DNA methylation.51 5-methyl THF is converted to tetrahydrofolate



(THF) via the vitamin B12-dependent enzyme methionine synthase. A high vitamin B12 status
indicates that methionine synthase activity is increased, leading to depletion of 5-methyl THF and
thus plasma folate concentration if not replaced by new 5-methyl THF from diet. In this situation,
cells lack the substrate needed for methionine synthesis and DNA methylation is impaired. There is
evidence that a low folate status may induce carcinogenesis through alteration of DNA methylation
pathways.52 Thus, the possibility that low plasma folate concentrations (mainly 5-methyl THF) as a

consequence of high vitamin B12 status would impair DNA methylation might be suggested.

Epidemiological studies provide support that the association between the MTHFR C677T
polymorphism and BC risk is modified by intakes of some B vitamins, including folate and vitamin
B12. [53-55] We observed no significant effect modification of MTHFR SNPs on the association
between plasma folate or vitamin B12 and BC risk. The low power of these subgroup analyses
prevented us from finding a potential interaction between MTHFR genotypes and B vitamin status
on the risk of BC. Furthermore, the effect of MTHFR polymorphisms on plasma levels of B vitamins

is highly complex and may depend on the interaction with other dietary and genetic factors. [56]

The present study is the largest prospective investigation to date to have examined the association
between biomarkers of folate and vitamin B12 and the risk of BC. The high follow-up rates and large
number of cases provided sufficient statistical power for most subgroup analyses. The major strength
of our study is, however, the collection of blood samples prior to diagnosis and the use as biomarkers

of exposure as reflection of true vitamin status.

Major limitations include the single collection of blood samples at baseline and the measurement of
a single biomarker of folate or vitamin B12 status. Folate concentration measured in plasma is
considered to be a sensitive biomarker of recent dietary intake, and thus is not very informative for
the assessment of long-term folate status. [57] Plasma vitamin B12 is the most widely used biomarker
of total cobalamin status, but not the most specific biomarker to characterize adequate vitamin
concentrations.58 In order to obtain more reliable information on vitamin status, multiple
measurements of plasma biomarkers should be taken over a period of time or a combination of
different biomarkers should be used. Additional limitations include (i) the large percentage of missing
data for family history of BC (53.1%) and supplement use (54.5%), (ii) the determination of
menopausal status at recruitment and not at diagnosis, (iii) the lack of complete hormone receptor
status data and (iv) the insufficient statistical power for gene-nutrient interaction analyses. Because
controlling for family history of BC and supplement use had minimal effect on the risk estimates, our

results are unlikely to be explained by residual confounding by those factors.



In conclusion, no clear support for an association between plasma levels of folate and BC risk was
found in this large prospective study. However, potential interactions between vitamin B12 and
alcohol or folate on the risk of BC were observed. Our findings suggest a potential role of vitamin
B12 in breast carcinogenesis and raise the possibility of important nutrient—nutrient and gene—nutrient
interactions in the etiology of BC. The potential deleterious effect of high vitamin B12 status in
combination with other risk factors for BC deserves further investigation. Given the inconsistent
findings to date and the possibility that associations between folate and BC could be influenced by
some factors yet to be identified, further studies based on novel biomarkers that take into account the

effect of potential risk factors and genetic polymorphisms are warranted.
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