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Abstract Folate is a B vitamin required for one-carbon

transfer reactions including methylation of cell macromol-

ecules including DNA and synthesis of the purines

adenosine and guanosine and the pyrimidine thymidine.

Epidemiological evidence suggests that diets providing

higher amounts of folates lower the risk of colo-rectal cancer

(CRC) and these observations are supported by plausible

biological mechanisms. Inadequate folate supply results in

DNA damage through (a) the incorporation of uracil (in

place of thymidine) into DNA and subsequent unsuccessful

attempts at DNA repair and (b) aberrant patterns of DNA

methylation. However, human intervention studies using

relatively large doses (500–5,000 lg/day) of folic acid

(a synthetic form of folate) have provided no evidence of

benefit in terms of adenoma recurrence. Indeed, there is

some evidence of potential harm in increased risk of prostate

cancer. Possible reasons for the apparent divergence in

findings from the observational and intervention studies

include the use of (unphysiologically) large doses of folic

acid in the intervention studies whereas smaller intakes of

food folates appeared to offer ‘‘protection’’ against CRC in

case–control and prospective cohort studies. With intakes of

folic acid greater than 400 lg/day, unmetabolised folic acid

appears in peripheral blood and there are suggestions that

this folic acid may have adverse effects e.g. reduced cyto-

toxicity of Natural Killer cells. Until the benefit-risk rela-

tionship associated with mandatory fortification with folic

acid has been clarified (and, in particular, the possible risk of

inducing extra cases of bowel or other cancer), it would seem

wise to delay further mandatory folic acid fortification.
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Biology of colo-rectal cancer

All cancers are genetic diseases in the sense that they arise

from, and contain, cells with genetic defects. These genetic

defects include mutations, chromosomal abnormalities

(loss, breakages, rearrangements and duplications), telo-

mere defects and aberrant epigenetic marks. Recent evi-

dence suggests that the initial defects occur in stem cells [3]

and are transmitted to the progeny of these stem cells. The

resulting abnormal gene expression provides the tumour

cells with unique properties not shared with the normal cell

from which it arose including enhanced proliferation,

resistance to apoptosis and the capacity for metastasis [8].

Colo-rectal tumours (bowel cancer) arise from the columnar

epithelium which lines this part of the gut and, in many

cases, appear to develop along a pathway known as the

adenoma-carcinoma sequence [22]. Loss of function of

the tumour suppressor gene APC is an early event in the

development of most (about 85%) bowel cancers and is

observed in aberrant crypt foci—the earliest histological

lesion. Approximately 5–10% of adenomas appear to

develop into carcinomas. Because of its importance in pro-

tection of the colo-rectal epithelium against tumour devel-

opment, APC is known as the gatekeeper gene for this tissue.

The encoded protein interacts with several other cytoplas-

mic proteins and has roles in a number of key cellular pro-

cesses including the WNT signalling pathway. When APC

is functioning normally, APC protein participates in a
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multi-protein complex which results in b-catenin phos-

phorylation and its degradation within the cytoplasm.

However, when APC is silenced by mutation or by epige-

netic mechanisms, b-catenin accumulates, is translocated to

the nucleus binds to, and activates, the transcription factors

TCF and LEF and switches on expression of oncogenes

including C-MYC and CYCLIN D1 [1]. There is increasing

evidence that aberrant epigenetic marks are important in

tumourigenesis through silencing of tumour suppressor

genes such as APC and of DNA repair genes e.g. MLH1 and

MGMT [9].

Folate and health

In 1931, a young British doctor wrote a letter to the British

Medical Journal describing ‘‘tropical macrocytic anae-

mia’’ which she had observed commonly among poor

pregnant women working in the textile factories of

Bombay (now Mumbai) in India [29]. Importantly, she

discovered that the condition could be alleviated, and

prevented, by giving the women yeast extract. Thus began

the research which culminated in the discovery of folate (a

B vitamin) and its biochemical role in one-carbon transfer

reactions. Healthy non-pregnant, non-lactating adult

humans require approximately 200 lg folate daily but

there is good evidence that higher intakes before and dur-

ing early pregnancy prevent most cases of neural tube

defects (NTD) [19]. As a result of successful intervention

trials with folic acid (a synthetic form of folate with high

bioavailability), it is recommended that all women plan-

ning a pregnancy should take folic acid supplements

(usually 400 lg daily). However, because a large propor-

tion of pregnancies are not planned, and the extra folate is

needed in the first few weeks of pregnancy to protect

against NTD, it was recommended that staple foods should

be fortified with folic acid [19]. This public health inter-

vention was adopted in the USA and Canada where the

addition of 140 lg folic acid/100 g cereal grain became

mandatory from 1 January 1998 (voluntary fortification

began in 1996). The result has been a substantial increase

in the folate status of the whole population [20] which has

been accompanied by a reduction in NTD [18].

Folate and bowel cancer

There is substantial epidemiological evidence that diets rich

in plant foods and, especially, in vegetables and fruits (good

sources of folate) are associated with lower risk of colorectal

cancer (CRC) [28] Given its role in one-carbon transfer

reactions and in the synthesis and methylation of DNA, a

plausible mechanistic can be made for potential protection

by folate against bowel cancer. Lower folate status may

enhance CRC risk in a number of ways including:

• Uracil misincorporation into DNA when thymidine

supply (Thymidine synthesis requires folate) is inade-

quate. This leads to futile cycles of attempted DNA

repair which may result in DNA strand breaks [2] and

genomic instability [6].

• Aberrant DNA methylation. This may include both

genomic hypomethylation and hypermethylation of

CpG islands in the promoter regions of some genes

resulting in aberrant gene expression [11].

Observational studies of folate intake and CRC risk

A recent meta-analysis of five cohort studies and six case–

control studies provides strong evidence of lower CRC risk

in those consuming higher intakes of food-derived folate

[23]. Overall, &25% reduction in risk was observed in

both cohort and case–control studies but the evidence was

more consistent for the cohort studies. In contrast, there

was no significant effect of total folate intake (that from

foods plus supplements) on bowel cancer risk for either

type of study [23]. Folate in foods is likely to be largely as

folates whereas the form in most supplements is folic acid.

Whilst such observational studies suggest that higher

intakes of food folate may protect against CRC, con-

founding by other factors (dietary and otherwise) cannot be

excluded. Recent data from the Netherlands suggest that

folate intake may influence the biology of tumour devel-

opment. In male subjects, those with higher folate intakes

were more likely (P = 0.008) to have colonic tumours

containing APC mutations [5].

Genetic polymorphisms, dietary interactions and CRC

risk

The enzyme 5, 10-methylenetetrahydrofolate reductase

(MTHFR) plays a key role in folate metabolism through

catalysing the conversion of 5, 10-methylenetetrahy-

drofolate to 5-methyltetrahydrofolate. The common poly-

morphism 677C ? T in the MTHFR gene affects the

activity of the encoded enzyme and, therefore, the supply

of 5-methyltetrahydrofolate which is the major form of

folate in plasma. Using a nested case–control design within

the Physician’s Health Study [15] observed that men with

the TT version of this polymorphism had only half the risk

of those with the CC variant. In addition, these authors

reported that the apparent protection afforded by the TT

variant of MTHFR was enhanced among those with ade-

quate folate status but was no longer evident in those

consuming 1 or more alcoholic drinks per day [15, 24]

reviewed 10 studies (4,000 cases) of associations between
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MTHFR 677C ? T polymorphism and CRC risk. In six of

these studies, homozygosity for the T allele was associated

with lower CRC risk although the difference was statisti-

cally significant in one study only and marginally so in one

other study. The evidence for any influence of other

MTHFR polymorphisms, or for polymorphisms in other

genes involved in folate metabolism, on CRC risk is much

weaker because of smaller numbers of studies [24]. These

authors noted the importance of developing methodology

for investigating interactions between multiple genes and

multiple environmental factors [24].

Folic acid intervention trials

All intervention trials designed to test the effect of raising

folate intake on bowel cancer risk have used folic acid as

the intervention agent with recurrence of adenomas as a

surrogate endpoint. To have carcinoma as the endpoint

would require much larger and/or longer studies because

carcinomas occur much less frequently than adenomas.

Cole et al. [4] reported the outcomes of such a double-

blind, placebo-controlled randomised clinical trial (RCT)

in which men and women (mean age 57 years) with a

recent history of colorectal adenomas were randomised in a

3 9 2 factorial design to aspirin (0, 81 or 325 mg/day) and

folic acid (0 or 1,000 l/day). Anyone with vitamin B12

deficiency (defined as serum concentration \162 pg/ml)

were excluded. First follow up occurred after 3 years and

participants had the option to continue in the study for a

further period (3 or 5 years). The primary outcome was

occurrence of 1 more adenomas with advanced lesions,

adenoma multiplicity and adverse events as secondary

outcomes. Raised plasma folate concentration at follow up

provided strong evidence of compliance with the inter-

vention. There was no significant effect of folic acid sup-

plementation on the primary endpoint but supplementation

raised the risk of advanced lesions (P = 0.05) in the

absence of aspirin treatment [4]. In addition, among

adverse events, there were significantly (P = 0.01) more

cases of prostate cancer in those given folic acid supple-

ments [4]. Evidence of potential adverse effects of high

intakes of folic acid on prostate cancer risk have emerged

from other intervention studies investigating effects on

cardiovascular endpoints but in which effects on other

health outcomes have been recorded. For example, in the

Heart Outcomes Prevention Evaluation (HOPE2) study,

where 5,522 people aged [55 years were given 2,500 lg

folic acid/day (together with vitamins B6 and B12) for

5 years, there were more cases of both colon and prostate

cancer among those randomised to the vitamins but the

differences were not statistically significant [14].

More recently, Logan et al. [13] have reported the out-

comes of a further colorectal adenoma recurrence trial. In

this multi-centre, double-blind RCT, 853 patients with a

previous adenoma [0.5 cm were randomised in a 2 9 2

factorial design to folic acid (500 lg/day) or aspirin

(300 mg/day) and the primary outcome was colorectal

adenoma. After 3 years treatment there were no significant

effects of either agent on the proportion of participants who

developed adenomas [13].

Gene–folate interactions in intervention studies

Given the apparent interaction between folate status, or

alcohol consumption, and MTHFR 677C ? T polymor-

phism on risk of CRC [15], it might be anticipated that the

effects of folic acid supplementation on colorectal ade-

noma recurrence would be modulated by genotype. This

hypothesis was tested by Levine et al. [12] using data from

their double-blind placebo-controlled intervention with

1,000 lg/folic acid per day in which genotype for 2

MTHFR polymorphisms viz. 677C ? T and 1298A ? C

was determined. Neither polymorphism was associated

with adenoma recurrence and there was no evidence that

the effect of folic acid supplementation differed by geno-

type [12]. The hypothesis that there are important diet–

genotype interactions on carcinoma risk which are not

reflected in studies of adenoma recurrence remains to be

tested by appropriate intervention studies.

Biomarker and animal model studies

Van Den Donk et al. [27] carried out a RCT in 86 patients

with a history of sporadic colorectal adenomas. The vol-

unteers were randomised to consume either 5,000 lg folic

acid ? 1,000 lg vitamin B12 per day or placebo. Rectal

mucosal biopsies were collected at baseline and after

6 months intervention for measurement of uracil misin-

corporation into DNA and for assessment of promoter

methylation of a panel of cancer-related genes (MGMT,

MLH1, P14, P16, RASSF1A and APC). Surprisingly, after

the vitamin intervention, there was higher (P = 0.16) uracil

concentration in DNA and the odds ratio for increased

promoter methylation was also greater (P = 0.08) [27].

These results suggested that there was no evidence of

benefit but some evidence of possible adverse effects on

bowel cancer risk with this high dose supplementation in

people with a history of polyps. Further, this study found

that the effects of the intervention were similar in those with

the CC and TT versions of the MTHFR 677C ? T poly-

morphism [27].
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Several mouse models have been developed with trun-

cating mutations in the Apc gene which give rise sponta-

neously to multiple intestinal neoplastic lesions akin to the

human disease familial adenomatous polyposis [7]. In Min

mice (which have a STOP mutation at codon 850 in the

Apc gene), we have observed that reducing the folate intake

to below normal for 10 weeks from weaning reduced

tumour burden significantly [17]. In this study, the effect

was confined to female mice and there was a significant

(P = 0.028) gender 9 diet interaction [17].

Does increased folic acid intake through food

fortification alter bowel cancer risk?

The introduction of mandatory folic acid fortification of

foods in N. America as a public health strategy to lower

risk of NTDs provides a large scale, natural experiment of

the health effects of enhanced folic acid intake. Inspection

of changes in CRC rates before and after the introduction

of mandatory fortification showed a steady fall in rates

until around 1995–1996, an apparent increase over the next

few years, followed by a return to pre-1995 rates of decline

[16]. The patterns of change were very similar in both the

USA and Canada [16]. At first sight this ‘‘blip’’ in CRC

rates, coincident with the introduction of mandatory folic

acid fortification, is prime facia evidence of a possible

adverse effect but the apparent increase might be explained

by confounders such as an increase in the frequency of

colonoscopy among N. Americans at higher risk of CRC.

No such change in colonoscopy frequency has been

recorded and the authors concluded, cautiously, that the

observed ‘‘blip’’ was evidence of a possible (temporary)

adverse effect of folic acid fortification [16].

Fate of folic acid in humans

Given the apparent beneficial effects of higher intakes of

food folate in protecting against bowel cancer in observa-

tional studies but the lack of evidence of benefit (and,

indeed, fragmentary evidence of possible harm) in inter-

vention studies with folic acid, it is important to consider

whether higher intakes of folic acid per se rather than of

natural food-derived folates could be contra-indicated

particularly in those at greater CRC risk. It is clear that

supplementation with folic acid in humans raises both

circulating concentrations of folate and the folate content

of tissues including the colo-rectal mucosa [21]. However,

recent studies have shown that not all ingested folic acid is

metabolised to 5-methyl tetrahydrofolate (THF) which had

been supposed on the basis of rodent studies and studies in

cell culture [30]. Sweeney et al. [25] fed healthy human

subjects bread containing various amounts of folic acid and

observed unmetabolised folic acid in serum with doses of

200 lg folic acid twice daily. In additional investigation of

the Framingham Offspring Cohort showed significantly

higher concentration of folic acid in plasma collected after,

compared with before, fortification with folic acid became

mandatory in the USA [10]. It appears that, unlike in

rodents, folic acid is metabolised to dihydrofolate and then

to 5-methyl THF predominantly in the human liver and that

the activity of the converting enzyme, dihydrofolate

reductase, in human hepatocytes is relatively low so that

with higher intakes of folic acid, unmetabolised folic acid

‘‘spills over’’ into the peripheral circulation [30]. The

consequences, if any, of the appearance of folic acid in the

post-hepatic circulation are not understood but there is

some evidence that this may lead to reduced cytotoxicity of

Natural Killer (NK) cells [26].

Summary and priorities for further research

In observational studies, higher intakes of food folates

appear to protect against bowel cancer but it is not known

whether this association is causal and such observational

studies are subject to confounding by both dietary and non-

dietary factors. There is no evidence of benefit from large

doses of folic acid in preventing colorectal adenoma

recurrence. Conversely, there is preliminary evidence that

supplementation and/or fortification with folic acid may

enhance carcinoma development in those at higher risk.

Greater clarity about the consequences, if any, for devel-

opment of the common cancers will emerge from meta-

analysis of secondary endpoints from the recent, and on-

going, folic acid intervention trials for primary and sec-

ondary CVD prevention. Note that these intervention trials

have used doses of folic acid (500–5,000 lg/day) which

are considerably higher that the known needs of non-

pregnant, non-lactating adults (200 lg/day) or, indeed, the

likely intakes of total folate in most people exposed to

mandatory folic acid fortification. It appears possible that

the species difference in folic acid metabolism between

rodents and humans may mean that humans are exposed to

unmetabolised folic acid when consuming moderately high

amounts of folic acid ([400 lg/day). The factors (genetic

and otherwise) which influence folic acid metabolism to

5-methyl TFH in the human liver and, hence, the extent of

apparent ‘‘spill over’’ of unmetabolised folic acid together

with potential adverse sequelae are clear priorities for

further research. In the meantime, it is important that

effective public health measures are in place to ensure that

women planning (or at risk of) a pregnancy have adequate

folate intakes. Given the high rates of unplanned preg-

nancies, it seems unlikely that the current public health
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strategy of exhorting women to take folate supplements

will be sufficient to meet the needs of this vulnerable

group. Until the benefit-risk relationship associated with

mandatory fortification with folic acid has been clarified

(and, in particular, the possible risk of inducing extra cases

of bowel or other cancer), it would seem wise to delay

further mandatory folic acid fortification. This delay pro-

vides an excellent opportunity for innovative research on

alternative strategies for ensuring that pregnant women

have adequate folate intakes which avoid unintended con-

sequences for other groups in the population.
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