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Abstract Folate and its synthetic form, folic acid, play an
important role in one-carbon transfer reactions involved in
DNA synthesis and methylation, aberrations of which contrib-
ute to the development of colorectal cancer. Indeed, a portfolio
of epidemiologic evidence suggests an inverse association be-
tween folate status and colorectal cancer risk. However, ani-
mal studies and clinical trials collectively suggest a dual mod-
ulatory effect of folic acid supplementation on colorectal can-
cer risk depending on the stage of cell transformation at the
time of intervention. Folic acid supplementation may prevent
neoplastic initiation in the colorectum but it may promote the
progression of established precancerous lesions. Concerns
have been raised over whether or not the significantly in-
creased intake and blood levels of folate resulting from folic
acid fortification and prevalent supplemental folic acid use
would increase the incidence and mortality of cancer in North
America. Recent epidemiologic studies, however, have report-
ed a decreasing trend of colorectal cancer incidence post-
fortification in the USA and have not demonstrated a colorec-
tal cancer-promoting effect of folic acid supplementation.

Nevertheless, the effect of the dramatically increased folate
status in North America on cancer incidence and mortality
requires continued careful monitoring, given serious pubic
health ramifications. At present, based on the lack of compel-
ling supportive evidence and on the potential tumor-
promoting effect, folic acid supplementation should not be
recommended as a chemopreventive measure against colorec-
tal cancer or any other cancers. Whether or not folic acid
supplementation can prevent the development of colorectal
cancer remains a highly controversial and complex topic at
present.
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Introduction

The role of folate in cancer development and progression is
highly controversial [1–7]. Traditionally, the role of folate in
cancer has been studied in the context of antifolate and cancer
chemotherapy. Folate mediates the transfer of one-carbon
moieties involved in the de novo biosynthesis of purines and
thymidylate, thereby playing an important role in DNA syn-
thesis and replication [2, 8]. Folate deficiency induces ineffec-
tive DNA synthesis, and in rapidly replicating cells, such as
neoplastic cells, this will result in inhibition of tumor growth
[1, 2]. As such, interruption of folate metabolism has been the
basis for cancer chemotherapy using antifolate agents and 5-
fluorouracil [1, 2]. In experimental models, folate deficiency
has been shown to suppress progression and induce regression
of pre-existing neoplasms [9–11]. In the 1940s, folic acid (the
synthetic form of folate) supplementation was shown to accel-
erate the progression of leukemia in children with acute leu-
kemia [12] and to cause rapid hematologic and clinical relapse
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in patients with chronic myeloid leukemia [13], the critical
discovery that led to the development of antifolate-based che-
motherapy [14]. These observations suggest that folate defi-
ciency and supplementation have an inhibitory and promoting
effect on established neoplasms, respectively.

In contrast, folate status appears to have an opposite effect
in normal tissues. A large body of experimental, epidemiolog-
ic, and clinical studies suggests that folate deficiency in nor-
mal tissues predisposes them to neoplastic transformation
while folic acid supplementation suppresses neoplastic initia-
tion in normal tissues [1, 2]. Epidemiologic studies have gen-
erally suggested an inverse association between folate status
and the risk of several human malignancies including cancer
of the colorectum, oropharynx, esophagus, stomach, pancreas,
breast, cervix, ovary, and lungs and neuroblastoma and leuke-
mia [1, 2, 15, 16]. However, the precise nature and magnitude
of this purported inverse relationship have not been unequiv-
ocally established [1, 2, 15, 16].

Folate has generally been regarded as safe [17] and bene-
ficial for disease prevention [18]. Because of this perceived
safety profile and possible chemopreventive effect, folic acid
has been embraced as a potentially safe and effective chemo-
preventive agent against colorectal cancer. However, serious
public health concerns have been raised regarding a potential
cancer-promoting effect of significantly increased folate and
folic acid intake and blood levels in North America, owing in
part to mandatory folic acid fortification and widespread sup-
plemental use of folic acid [16, 19, 20]. Given this consider-
ation, the objectives of this report are to review the currently
available evidence for the purported association between fo-
late status and colorectal cancer risk and to highlight potential
benefits and risks of folic acid chemoprevention of colorectal
cancer.

Folate and Folic Acid

Folate is a B vitamin (vitamin B9) that is present naturally in
foods such as green leafy vegetables, asparagus, broccoli,
Brussels sprouts, citrus fruit, legumes, dry cereals, whole
grain, yeast, lima beans, liver, and other organ meats [21].
Folate is the generic term encompassing all compounds with
similar chemical structures, biological function, and nutrition-
al properties [8]. Folate consists of three moieties including a
pteridine ring with varying state of reduction attached to para-
aminobenzoic acid with one or more glutamate residues at-
tached via γ-peptide bonds [8]. Naturally occurring folates are
highly unstable and easily oxidized under low pH and hence
rapidly lose their activity in foods through food harvesting,
storage, processing, and preparation [21]. Folate bioavailabil-
ity varies widely depending on the food source and food prep-
aration method [21].

Folic acid is the fully oxidized monoglutamyl form of
folate and hence is highly stable and bioavailable com-
pared with naturally occurring folates [21]. As a result,
folic acid is used as supplements and fortificants in foods
[8]. Folic acid must be reduced to dihydrofolate and then
to tetrahydrofolate by dihydrofolate reductase followed by
methylation to 5-methyltetrahydrofolate (predominant cir-
culating form of folate), in the liver and to a lesser degree
in the small intestine [22]. The capacity of this conversion
is limited, and thus, folic acid intake can readily saturate
this capacity, resulting in the appearance of unaltered or
unmetabolized folic acid (UMFA) in circulation [23]. As
little as 280 μg of folic acid has been shown to over-
whelm the capacity of dihydrofolate reductase and result
in the detection of plasma UMFA [23, 24].

Mammals are generally unable to synthesize folate and
therefore must obtain folate from dietary or supplemental
sources [8]. One exception is the de novo synthesis of folate
by intestinal microflora, which can be absorbed across the
large intestine and incorporated into the host’s tissues
[25–28]. The recommended dietary intake of folate in North
American adult men and women is 400 μg dietary folate
equivalents per day, which varies according to age, pregnancy,
and lactation [21].

Folate plays an important function in DNA synthesis, sta-
bility and integrity, and repair in its role in mediating the
transfer of one-carbon units involved in de novo purine and
thymidylate synthesis [2, 8]. Furthermore, folate, in the form
of 5-methyltetrahydrofolate, mediates the transfer of one-
carbon group involved in remethylation of homocysteine to
methionine, thereby ensuring the provision of S-
adenosylmethionine, the primarymethyl group donor for most
biological methylation reactions, including that of DNA [2, 8].

Folate is essential for proper cell division and normal
growth and development and hence plays a crucial role
in human health and disease [20, 29]. Folate deficiency
has been linked to macrocytic anemia, congenital de-
fects including neural tube defects, adverse pregnancy
and birth outcomes, coronary heart disease and stroke,
cognitive dysfunction, and certain cancers [20, 21, 29].
In contrast to observational epidemiologic studies,
which have generally supported the inverse association
between folate status and cardiovascular disease risk,
the overwhelming majority of randomized clinical trials
and their meta-analyses or pooled analyses have shown
a null effect of folic acid supplementation on coronary
heart disease [30, 31]. However, clinical trials have
shown that folic acid supplementation can reduce the
risk of stroke [32, 33]. Folic acid supplementation ap-
pears to delay age-related cognitive decline [34] and
prevent and/or slow the rate of brain atrophy [35, 36],
although other studies have not confirmed this protec-
tive effect [37, 38].
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Folic Acid Fortification and Supplementation

Mandatory folic acid fortification was implemented in North
America in 1998 based on a convincing body of evidence for a
protective effect of periconceptional folic acid supplementa-
tion on neural tube defects [39, 40]. Mandatory folic acid
fortification appears to have met its primary objectives as ev-
idenced by significantly increased dietary intakes and blood
measurements of folate/folic acid [41, 42, 43•] and significant-
ly reduced neural tube defect rates by 15–50 % post-
fortification [44–46]. The supplemental use of folic acid is
prevalent in North America with some population-based sur-
veys reporting that up to 40 % of the North American popu-
lation are taking folic acid supplement [47, 48]. Folic acid
supplementation in the range of 0.4–1.0 mg/day is recom-
mended to women of reproductive age to prevent neural tube
defects [49]. Vitamins are also widely used among patients
newly diagnosed with cancer and cancer survivors, up to
80 % in some studies [50, 51]. In particular, ~40 % of colo-
rectal cancer patients and survivors are known to use
multivitamins [52, 53]. One study reported that 31 and
1.5 % of colorectal cancer patients used multivitamins
and single-supplement folic acid, respectively, before di-
agnosis, which increased to 43 and 7 %, respectively,
2 years after diagnosis [54]. A more recent study report-
ed a much higher use before and after colorectal cancer
diagnosis (35 and 55 %, respectively) [55].

Current Folate Status in North America

In the most recent report using the National Health and Nutri-
tion Examination Survey (NHANES; 1988–2010), the geo-
metric mean red blood cell (RBC) folate concentrations (in-
dicative of long-term folate intake) post-fortification (1999–
2000) was 1.5× the pre-fortification (1988–1994) values
[43•]. In the recent Canadian Health Measures Survey,
>40 % of the Canadian population had high post-
fortification RBC folate concentrations, above the 97 % per-
centile from the NHANES 1999–2004 data [42].

High folic acid intakes from supplementation and fortifica-
tion have also resulted in higher levels and prevalence of plas-
ma UMFA compared with the pre-fortification era [41]. For
example, plasma UMFAwas found in 78 % of a cohort of US
postmenopausal women post-fortification [56]. In the Fra-
mingham Offspring Cohort, the prevalence of detectable plas-
ma UMFAwas 75–81% post-fortification compared with 55–
72 % pre-fortification in supplement nonusers and users, re-
spectively [57]. Furthermore, the prevalence of high plasma
UMFA (≥85th percentile) increased from 9–16 to 19–24 % in
supplement nonusers and users, respectively, after fortification
[57]. The post-fortification median plasma UMFA concentra-
tions also doubled in both supplement nonusers and users

compared with the pre-fortification values [57]. Most recently,
the prevalence of detectable plasma UMFA was 38 % of the
US population aged ≥60 years in the NHANES 2001–2002
data set [41].

Potential Adverse Effects of Folic Acid
Supplementation

High intakes and blood levels of folate and folic acid have
been linked to several adverse health outcomes, although un-
equivocal evidence to support these purported associations is
lacking [20, 29]. These include masking of vitamin B12 defi-
ciency primarily in elderly [58]; decreased natural killer cell
cytotoxicity [56]; resistance to antifolate drugs used against
arthritis [59–61], malaria [62], and cancer [63, 64]; an in-
creased risk of insulin resistance and obesity and asthma in
children born to folic acid-supplemented mothers [65]; accel-
erated progression of diabetic nephropathy [66]; an increased
risk of cognitive impairment in elderly with suboptimal vita-
min B12 status [67, 68]; aberrant patterns and dysregulation of
DNA methylation [69]; and the promotion of progression of
existing precancerous lesions or cancer [1, 2, 15, 16].

Folate and Colorectal Cancer Risk: Epidemiologic
Evidence

A large body of epidemiologic evidence exists to sup-
port, albeit not uniformly consistent, the inverse associa-
tion between folate status and colorectal cancer risk
[70–73]. The portfolio of observational epidemiologic
studies suggest a ~20–40 % reduction in the risk of co-
lorectal cancer or its precursor, adenomas, in individuals
with high dietary intake and/or blood levels of folate
compared with those with low intake and/or levels
[70–74]. Molecular epidemiologic studies have shown
that genetic variants in the folate metabolic pathway
can influence colorectal cancer risk with some studies
demonstrating gene–gene and gene–nutrients interactions
in further modifying this risk [75–77]. There are some
suggestions that folate and folic acid might have differ-
ential effects on colorectal cancer risk with some epide-
miologic studies showing dietary folate, but not folic
acid, to be protective against colorectal cancer [74].

Folate and Colorectal Cancer Risk: Clinical Trials
with Colorectal AdenomaRecurrence as the Primary
Endpoint

Folic acid supplementation (0.4–10 mg/day for 3 months to
2 years) has been shown to improve biomarkers of colorectal
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cancer in small clinical trials [2]. However, these studies
are limited by the small sample size, short duration of
supplementation, and uncertain validity of the selected
biomarkers [2].

Several double-blind, placebo-controlled randomized
clinical trials have investigated the effect of folic acid
supplementation on the recurrence of colorectal adeno-
mas as the primary endpoint (Table 1). The Greek trial

(n= 60) [78] and the United Kingdom Colorectal Ade-
noma Prevention (ukCAP) trial (n= 853) [79] reported a
null effect of folic acid supplementation (0.5–1 mg/day
for 2–3 years) on adenoma recurrence. However, the
Detroit VA trial showed that folic acid supplementation
at 5 mg/day for 3 years in subjects with resected ade-
nomas (n= 94) significantly reduced the number of re-
current adenomas by 56 % (p = 0.025) [80]. Another

Table 1 Summary of placebo-controlled, randomized folic acid chemoprevention trials using colon adenoma recurrence as the primary endpoint

Trial name (Year)
(Reference #)

Number
of subjects

Dose of folic
acid

Duration of
supplementation

Outcome

Greece (1994) [78] 60 1 mg/day 2 years 46 % reduction in recurrent adenomas
(p=NS)

Aspirin/Folate Polyp Prevention
Study (AFPPS) (2007) [82]

1021 1 mg/day Up to 6 years At 3-year colonoscopy:
no effect on recurrence of any adenoma

(RR= 1.04; 95 % CI, 0.90–1.20)
No effect on recurrence of advanced

lesiona (RR= 1.32; 95 % CI,
0.90–1.92)

No effect on multiplicity (RR=1.20; 95
% CI, 0.80–1.81)

At 6-year colonoscopy:
no effect on recurrence of any adenoma

(RR= 1.13; 95 % CI, 0.93–1.37)
67 % increase in recurrence of

advanced lesion (RR=1.67; 95 %
CI, 1.00–2.80)

Increased multiplicity of recurrent
adenomas (RR= 2.32; 95 % CI,
1.23–4.35)

Detroit VA Medical Center (2008) [80] 94 5 mg/day 3 years 46 % decrease in multiplicity of
recurrent adenomas (0.86 vs. 0.36;
p= 0.025)

United Kingdom Colorectal Adenoma
Prevention Trial (ukCAP) (2008) [79]

853 0.5 mg/day 3 years No effect (RR= 1.07; 95 % CI,
0.85–1.34)

Nurses Health Study/Health
Professionals Follow-Up Study
(NHS-HPFS) (2009) [81]

672 1 mg/day 3 years No effect overall (RR= 0.83; 95 % CI,
0.59–1.13)

Protective in those with baseline plasma
folate ≤7.5 ng/mL (RR= 0.61; 95 %
CI, 0.42–0.90)

No effect in those with baseline plasma
folate >7.5 ng/mL (RR= 1.28; 95 %
CI, 0.82–1.99)

No effect in those with baseline plasma
folate >7.5 ng/mL (RR= 1.28; 95 %
CI, 0.82–1.99)

Combined Analysis of AFPPS,
NHS-HPFS, & ukCAP (2011) [84]

2632 0.5–1 mg/day Analysis limited to 1957
individuals who had at
least 1 colonoscopic
follow-up at a mean of
30.6 ± 8.1 months
(range, 6–42 months)

No effect on recurrence of any adenoma
(RR= 0.98; 95 % CI, 0.82–1.17)

No effect on recurrence of advanced
adenoma (RR= 1.06; 95 % CI,
0.81–1.39)

Meta-Analysis of AFPPS, NHS-HPFS,
& ukCAP (2013) [85•]

2632 0.5–1 mg/day 3–6 years Borderline increase in the rate of
recurrent adenomas (RR= 1.33;
95 % 0.8–1.80; p= 0.07)

a Advanced lesions/adenomas defined as those with ≥25 % villous features, high-grade dysplasia, size of ≥1 cm, or invasive adenocarcinoma
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trial (n= 672) nested in the Nurses’ Health Study and
the Health Professionals Follow-Up Study (NHS-HPFS)
demonstrated that overall, folic acid supplementation at
1 mg/day for 3 years had no effect on adenoma recur-
rence (RR, 0.83; 95 % CI, 0.59, 1.13) [81]. However,
folic acid supplementation significantly reduced the risk
of adenoma recurrence by 40 % in those with low base-
line plasma folate concentration (defined as ≤7.5 ng/mL;
RR, 0.61; 95 % CI, 0.42, 0.90), but not in those with
high baseline plasma folate concentrations (RR, 1.28;
95 % CI, 0.82, 1.99), compared with the placebo [81].

In contrast, in the Asprin/Folate Polyp Prevention Study
(AFPPS), folic acid supplementation at 1 mg/day for 6 years
(n=1021) significantly increased the risk of recurrence of
advanced adenomas with a high malignant potential by
67 % (RR, 1.67; 95 % CI, 1.00, 2.80) and the risk of multiple
adenomas by 2.3-fold (RR, 2.32; 95 % CI, 1.23, 4.35) [82].
Furthermore, a 10-year follow-up study of the AFPPS trial
showed that those who received folic acid supplementation
had a significantly increased risk of prostate cancer [83]. A
plausible mechanistic explanation proposed for these observa-
tions is that folic acid supplementation might have promoted
the progression of undiagnosed preexisting (pre)neoplastic le-
sions in the colorectum and prostate in these highly
predisposed individuals [2, 16].

A combined analysis (Table 1) of the three largest clinical
trials (AFPPS, NHS-HPFS, and ukCAP; n = 2632; 0.5–
1.0 mg/day folic acid) found no effect of folic acid supple-
mentation on the risk of recurrence of all adenomas (RR, 0.98;
95 % CI, 0.83, 1.17) or of advanced adenomas (RR, 1.06;
95 % CI, 0.81, 1.39) [84]. In fact, this combined analysis
demonstrated a decreased risk, albeit nonsignificant, of ade-
noma recurrence among individuals with low baseline plasma
folate (defined as <11 nmol/L) [84]. However, a more recent
meta-analysis of the same three clinical trials (Table 1) report-
ed a borderline 33 % increase in the risk of recurrent adeno-
mas (RR, 1.33; 95 % CI, 0.98, 1.80; p=0.07) [85•].

Folate and Colorectal Cancer Risk: Clinical Trials
with Cancer or Colorectal Cancer Incidence
or Mortality as a Secondary Endpoint

Combined or meta-analyses of several large randomized clin-
ical trials that investigated the effect of folic acid supplemen-
tation with or without other B vitamins on cardiovascular
disease outcomes as the primary endpoint also determined
cancer incidence and/or mortality as the secondary endpoint.
These analyses reported either a tumor-promoting [86] or null
[31] effect. Another meta-analysis of the AFPPS, NHS-HPFS,
and ukCAP trials and 3 other clinical trials of B vitamins that
examined the risk of colorectal cancer as the secondary

endpoint found no significant effect of folic acid supplemen-
tation on colorectal cancer risk [87].

A meta-analysis of 10 clinical trials (n=38,233) including
the AFPPS, NHS-HPFS, and ukCAP trials and 7 trials that
examined the effect of B vitamins on cardiovascular outcomes
as the primary endpoint and cancer incidence/mortality as the
secondary endpoint again reported a marginally statistically
significant 7 % increase in overall cancer incidence (RR,
1.07; 95 % CI, 1.00, 1.14) [88•]. A meta-analysis of 6 clinical
trials reporting prostate cancer incidence showed a 24 % in-
crease in prostate cancer incidence (RR, 1.24; 95 % CI, 1.03,
1.49) [88•]. No significant effect of folic acid supplementation
on the incidence of other cancer types was noted in this meta-
analysis [88•]. Amore recentmeta-analysis of 13 clinical trials
(10 trials for prevention of cardiovascular disease [n=46,969]
and the AFPPS, NHS-HPFS, and ukCAP trials [n=2652])
found a marginally statistically significant 6 % increase in
overall cancer incidence (RR, 1.06; 95 % CI, 0.99, 1.13)
[85•]. For colorectal and prostate cancers, the risk estimate
was 1.07 (95 % CI, 0.83, 1.37) and 1.15 (95 % CI, 0.94,
1.41), respectively [85•].

Folate and Colorectal Cancer Risk: Dual
Modulatory Effects of Folate on Colorectal
Carcinogenesis Observed in Animal Studies

The potential tumor-promoting effect of folic acid supplemen-
tation observed in some of the abovementioned clinical trials
is supported by the prior observations made in animal studies,
which have suggested dual modulatory effects of folate on
cancer development and progression depending on the stage
of cell transformation at the time of folate intervention (Fig. 1)
[2, 15, 16]. Folate deficiency has an inhibitory, whereas folic
acid supplementation has a promoting, effect on the progres-
sion of established (pre)neoplastic lesions in the colorectum
[89], small intestine [90, 91], and mammary glands [92]. In
contrast, folate deficiency predisposes normal tissues to neo-
plastic initiation, and modest levels of folic acid supplemen-
tation suppress, whereas supraphysiologic supplemental doses
enhance, neoplastic transformation in the colorectum [93, 94]
and small intestine [90, 91].

Biological Mechanisms of the Dual Modulatory
Effects of Folate on Cancer Development
and Progression

The dual effects of folate on cancer development and progres-
sion are most likely related to folate’s essential role in nucle-
otide biosynthesis (Table 2) [2, 7]. A large body of in vivo and
in vitro studies indicates that folate deficiency can initiate
neoplastic transformation in normal colorectal epithelial cells
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through DNA strand breaks, chromosomal and genomic in-
stability, uracil misincorporation, impaired DNA repair, and
increased mutations [1, 2, 95–100]. A substantial body of in
vitro and in vivo studies has also demonstrated that folic acid
supplementation can reduce the risk of neoplastic transforma-
tion in normal colorectal epithelial cells by preventing or
correcting these molecular defects induced by folate deficien-
cy [1, 2, 95–100].

In contrast, in (pre)neoplastic colorectal epithelial cells
where DNA replication and cell division are occurring at an
accelerated rate, folate deficiency causes ineffective DNA
synthesis, leading to inhibition of the growth and regression

of these (pre)neoplastic lesions, similar to the cytotoxic mech-
anism of antifolate-based chemotherapy [2, 16]. On the other
hand, folic acid supplementationmay promote the progression
of established (pre)neoplastic lesions in the colorectum by
providing nucleotide precursors to rapidly replicating cells
for accelerated proliferation and progression [2, 16].

Aberrant patterns and dysregulation of DNAmethylation is
another candidate mechanism for the dual effects of folate on
colorectal cancer risk [7, 69, 101, 102] (Table 2). In normal
colorectal epithelial cells, folate deficiency may cause global
DNA hypomethylation with consequent genomic instability,
leading to neoplastic transformation [2, 7]. In transformed

Normal Cancer

Folate deficiency

Folate supplementation

risk of neoplastic 
transformation

risk of neoplastic 
transformation

progression of
ACF to adenoma

progression of
cancer

progression of 
ACF to adenoma

progression of
adenoma to cancer

progression of 
cancer

progression of 
adenoma to cancer

↑

↑ ↓ ↓

↓ ↑

AdenomaACF

↓

↑

Fig. 1 Dual modulatory role of folate in colorectal carcinogenesis
depending on the stage of cell transformation at the time of folate
intervention. In normal tissues, folate deficiency predisposes them to
neoplastic transformation, while modest levels of folic acid
supplementation suppress, whereas supraphysiologic supplemental

doses enhance, the development and progression of (pre)neoplastic le-
sions in the colorectum. In established (pre)neoplastic lesions, however,
folate deficiency has an inhibitory effect, whereas folic acid supplemen-
tation has a promoting effect on the progression of theses lesions (adapted
with permission from Kim [2])

Table 2 Potential mechanisms
for the dual modulatory effect of
folate on colorectal cancer
development and progression

Normal colonic epithelial cells

Folate deficiency increases colorectal cancer risk Folic acid supplementation decreases colorectal
cancer risk

DNA strand breaks

Impaired DNA repair

Increased mutagenesis

Genomic DNA hypomethylation (?)

Increased DNA stability and integrity

Optimal DNA repair

Protection against mutagenesis

Prevention of aberrant DNA methylation (?)

Established (pre)neoplastic colonic cells

Folate deficiency inhibits tumor progression Folic acid supplementation promotes tumor progression

Ineffective DNA synthesis leading to inhibition
of tumor growth and progression

Reversal of promoter CpG island
hypermethylation (?)

Provision of nucleotide precursors for proliferation and
growth of neoplastic cells

De novo methylation of promoter CpG islands of tumor
suppressor genes leading to gene inactivation (?)

Hypermutability of methylated cytosine in CpG (?)
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colorectal epithelial cells, however, folate deficiencymay sup-
press tumor progression by reversing promoter cytosine–gua-
nine (CpG) island DNA methylation of tumor suppressor and
other cancer-related genes; this leads to reactivation of these
epigenetically silenced genes [2, 7]. In normal colorectal epi-
thelial cells, folic acid supplementation may prevent global
DNA hypomethylation, thereby reducing the risk of neoplas-
tic transformation by ensuring genomic stability [2, 7]. In
transformed colorectal epithelial cells, however, folic acid
supplementation may promote tumor progression by inducing
de novo methylation of the promoter CpG island of tumor
suppressor and cancer-related genes, thereby silencing these
genes [2, 7]. However, the effects of folate deficiency and folic
acid supplementation on DNA methylation are highly com-
plex as they are gene- and site-specific and depend on species,
cell type, target organ, and stage of transformation as well as
on the timing, degree, and duration of folate intervention [2, 7,
69, 101–103].

Folic Acid Fortification and Colorectal Cancer Risk

The potential tumor-promoting effect of folic acid supplemen-
tation on (pre)neoplastic cells observed in animal and some
clinical studies has raised concerns over whether or not the
drastically increased intake and blood levels of folate and folic
acid resulting from folic acid fortification and prevalent sup-
plemental folic acid use would increase cancer incidence and
mortality in North America [7, 19, 104]. For colorectal cancer,
a large segment of the North American population, in partic-
ular, those ≥50 years of age, is at risk of being exposed to the
potential tumor-promoting effect of folic acid [2, 7, 16, 101,
104]. Approximately, 25–50 % of people by age 50 years in
North America have been estimated to harbor asymptomatic
colorectal adenomas [105]. Even a greater number of North
Americans likely harbor indolent precancerous lesions such as
aberrant crypt foci, the probable earliest precursor of colorec-
tal cancer [106], or microscopic adenomas in the colon, and
folic acid may accelerate the progression of these early pre-
cursor lesions to colorectal adenomas and cancer [2, 7, 16,
101, 104]. A recent study using the NHANES 2003–2006
data has reported that total folate and folic acid intakes are
highest for those aged ≥50 years, and ~5 % of US adults aged
51–70 years exceed the tolerable upper intake level
(>1000 μg) of folic acid each day [48], likely from a regular
consumption of folic acid supplements [107].

Two ecologic studies addressed this important public
health concern by examining a temporal post-fortification
trend of colorectal cancer incidence in the USA, Canada,
and Chile [108, 109]. These studies found a transient increase
in colorectal cancer incidence in these countries following
fortification and put forward a provocative hypothesis that
folic acid fortification may have been wholly or partly

responsible for this observation [108, 109]. However, these
ecological studies are limited by several confounders and
hence cannot provide definite evidence to support an etiologic
role of folic acid fortification in the observed transient increase
in colorectal cancer incidence in North America and Chile
post-fortification [16]. One interpretation of this observation
is that folic acid fortification increased the proliferation and
growth of existing, undiagnosed precancerous lesions, render-
ing them clinically evident, which resulted in a transient in-
crease in incidence [5]. After this tumor-promoting effect of
folic acid fortification on existing precancerous lesions was
completed, folic acid fortification has exerted a protective ef-
fect against the development of de novo colorectal adenomas
and cancers, resulting in a steady decline of colorectal cancer
incidence [5].

Reassuringly, two large population-based prospective stud-
ies have reported a decreasing trend of colorectal cancer inci-
dence post-fortification in the USA [110, 111]. More impor-
tantly, these studies did not demonstrate a colorectal cancer-
promoting effect of the drastically increased folate/folic acid
intake post-fortification [110, 111]. These studies are, howev-
er, associated with several limitations including the small
number of individuals who would be most susceptible to the
cancer-promoting effect of high folate intake [110] and the
insufficient number of individuals consuming very high
amounts of folate [111]. Nevertheless, these studies provide
some reassurance that high folate/folic acid intake post-
fortification is not associated with cancer promotion in the
general population [107]. However, this possibility still re-
mains a significant concern in specific susceptible subgroups
[107].

A Canadian study [112] provides further reassurance re-
garding the safety of folic acid fortification on pediatric cancer
risk. In this study, the post-fortification incidence of neuro-
blastoma among children ≤17 years of age was significantly
decreased by 60 % compared with pre-fortification [112]. In
contrast, the post-fortification incidence of infant acute lym-
phoblastic leukemia and hepatoblastoma did not differ signif-
icantly from the pre-fortification incidence [112].

Maternal and Early Life Folate Nutrition
and Colorectal Cancer Risk in the Offspring

Intrauterine exposure of the developing fetus to folate and
folic acid has significantly increased in North America owing
to mandatory folic acid fortification, widespread supplemental
use of folic acid, and periconceptional folic acid supplemen-
tation [7, 113•].Women of reproductive age are recommended
to consume 0.4 mg of folic acid per day from fortified foods or
supplements, or both, 2–3 months prior to conception and
during pregnancy [21]. Studies from Canada and the USA
report the majority of women now consume supplements
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containing folic acid prior to and during pregnancy [114, 115].
Considering the important role of folate in nucleotide biosyn-
thesis and DNA methylation [8] and hence cancer develop-
ment and progression, the potential effect of highmaternal and
early life folate and folic acid exposure on cancer risk in the
offspring has recently garnered significant attention.

Aberrant patterns or dysregulation of DNA methylation in
utero and in the early postnatal period has been considered as
one of the underlying mechanisms by which maternal and
early postnatal folate nutrition may modulate cancer risk in
the offspring [7, 69, 113•]. DNA methylation patterns are
reprogrammed during the embryogenic stage and maintained
during the postnatal period [7, 69, 113•]. As a result, DNA
methylation during this critical period of development is high-
ly susceptible to the in utero and early postnatal nutritional,
hormonal, and metabolic milieu [7, 69, 113•]. In particular,
one-carbon nutrients including folate can have a significant
effect on DNA methylation programming during the in utero
and postnatal periods in the offspring, which may influence
disease susceptibility, including cancer risk, in adulthood [7,
69, 113•]. Proof-of-principle studies using the agouti viable
yellow (Avy/a) [116–118] and Axin Fused (AxinFU) [119]
mouse models have provided convincing evidence that mater-
nal methyl donor supplementation, including folic acid, can
significantly change promoter CpG island DNA methylation
of the Avy/a and AxinFU genes and associated phenotypes (coat
color and straightness of the tail, respectively) and disease
susceptibility (obesity, hypertension, insulin resistance, and
cancer) in the offspring. Animal studies have also shown that
maternal supplementation of folic acid alone can modulate
global and gene-specific DNA methylation in the offspring
[113•, 120–124]. The modulatory effect of periconceptional
folic acid supplementation on global DNA methylation in the
offspring has also been shown, albeit equivocally, in small
human studies [125–127].

Two recent animal studies (the azoxymethane rat model
and Apc1638N mouse model, respectively) have demonstrated
the protective effect of maternal folic acid supplementation
alone [124] or in combination with vitamins B2, B6, and B12

[128] on colorectal cancer and small intestinal tumors, respec-
tively, in the offspring. In contrast, another recent study using
a chemical carcinogen rat model has shown that maternal and
postweaning folic acid supplementation significantly in-
creased the incidence of mammary tumors in the offspring
[123].

To date, no human studies have investigated the effect of
maternal folic acid supplementation on colorectal cancer risk
in the offspring. However, the effects of periconceptional fo-
late intake or folic acid supplementation on other cancers have
been examined in epidemiologic studies with inconsistent re-
sults [129]. While a protective effect of periconceptional ma-
ternal folic acid supplementation on several pediatric cancers
has been shown in some studies [130–134], other studies have

not confirmed this protective effect [135–137] and some have
even shown an increased risk [132]. A meta-analysis of seven
of these studies reported a protective effect of folic acid-
containing multivitamin supplements on childhood leukemia
including acute lymphocytic leukemia and on pediatric brain
tumors, especially neuroblastoma [138]. The major limitation
of these epidemiologic studies is the uncertainty concerning
whether the effect on cancer risk was specific to folic acid or
was attributable to other vitamins in the supplements [138].

Gaps in Knowledge and Research Questions

Several important issues regarding the effect of folic acid sup-
plementation on colorectal cancer prevention remain to be clar-
ified. Firstly, the safe and effective dose range of folic acid
supplementation on colorectal cancer prevention has not been
established in humans and animals [2, 7, 16, 101]. In this
regard, the threshold level above which folic acid supplemen-
tation may exert the tumor-promoting effect on (pre)neoplastic
lesions as well as dose–response of such an effect are unknown
and have not been established in humans or in animals [2, 7,
16, 101]. Extrapolating data from animal studies is problematic
because of inherent differences in folate absorption and metab-
olism and cancer development between humans and rodents
[2, 7, 16, 101]. Secondly, whether the potential tumor-
promoting effect of high folate status is specific to synthetic
folic acid or is generalizable to naturally occurring folates, such
as 5-methyltetrahydrofolate, present in foods is unknown [2, 7,
16, 101]. It has been speculated that most, if not all, of the
purported adverse health effects associated with high folate
status, including cancer promotion, are attributable to folic acid
and not natural folates [20]. However, metabolic and biologic
effects of folic acid have not been systematically compared
with those of naturally occurring folates [139]. Whether or
not 5-methyltetrahydrofolate is a safer and effective alternative
to folic acid in providing supplemental levels of folate is an
important research question. Thirdly, the critical stage of cell
transformation at which folic acid supplementationmay exert a
tumor-promoting effect has not yet unequivocally been
established [2, 7, 16, 101]. Fourthly, the effect of the
drastically increased in utero and early life exposure to
folic acid resulting from folic acid fortification and
periconceptional folic acid supplementation on offspring’s
cancer risk later on in life has not been extensively inves-
tigated [2, 7, 16, 101]. Although folic acid fortification
and periconceptional folic acid supplementation have sig-
nificantly reduced neural tube defect rates by 15–50 %
[44–46], whether or not the significantly increased intra-
uterine and early life exposure to folate and folic acid
would influence cancer risk in the offspring is an impor-
tant public health concern [2, 7, 16, 101].
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Conclusions

Whether or not folic acid supplementation can prevent the
development of colorectal cancer remains a highly controver-
sial, complex, and unresolved issue at present. The portfolio
of evidence from animal and human studies collectively sug-
gests that folic acid supplementation of modest, but not exces-
sively high, levels may prevent neoplastic initiation in the
colorectum but it may promote the progression of established
precancerous lesions. Folic acid supplementation therefore
seems to possess dual modulatory effects on colorectal cancer
prevention, depending on the stage of cell transformation at
the time of intervention and the dose of supplementation. Bi-
ologically plausible mechanisms for the dual modulatory ef-
fects do exist and render considerable support for the obser-
vations made in animal and epidemiologic studies and clinical
trials.

Given the lack of compelling supportive evidence and the
potential tumor-promoting effect, folic acid supplementation
cannot be considered as a chemopreventive agent against co-
lorectal or any other cancer in the general population at pres-
ent [2, 7, 16, 101]. In particular, folic acid supplementation
should be avoided in highly predisposed and susceptible indi-
viduals at risk of developing colorectal cancer (e.g., those with
previous colorectal adenomas and those suspected of harbor-
ing indolent precursor lesions of colorectal cancer such as
aberrant crypt foci, microscopic adenomas, and adenomas)
[2, 7, 16, 101]. Furthermore, folic acid supplementation
should not be routinely recommended to those ≥50 years of
age, an age group with a high intake of folic acid [48] and with
a high prevalence of colorectal adenomas or other precursor
lesions [2, 7, 16, 101]. Corollary to this, in specific circum-
stances, modest supplemental doses of folic acid may be con-
sidered for colorectal cancer prevention before the develop-
ment of precursor lesions in the colorectum or in individuals
free of any evidence of (pre)neoplastic foci [2, 7, 16, 101].
However, screening for the presence of (pre)neoplastic foci in
the colorectum in the general population is almost an impos-
sible task [2, 7, 16, 101]. Given the inverse association be-
tween dietary folate intake and colorectal cancer risk as well as
a more consistent protective effect associated with natural fo-
lates versus synthetic folic acid observed in epidemiologic
studies, optimal intake of folate should be obtained from nat-
ural dietary sources for a possible colorectal cancer preventive
effect.

The pubic health ramifications of the potential cancer-
promoting effect of folic acid fortification and supplementation
are quite serious. Although recent population-based epidemio-
logic studies have provided some reassurance that the drasti-
cally increased folate and folic acid intake post-fortification has
not resulted in an increased incidence of colorectal cancer in
the USA and in fact, there has been a decreasing trend of
colorectal cancer incidence post-fortification, these studies

are associated with significant limitations [110, 111]. As such,
safety and adverse effects, with a particular attention to cancer
incidence and mortality, of the dramatically increased folate
status in North America resulting from fortification and prev-
alent folic acid supplemental use require continued careful
monitoring [2, 7, 16, 101]. As eloquently stated by Mason,
Bthe weight of evidence used to disprove a potentially harmful
phenomenon should be roughly proportional to the severity
and extent of damage that could be incurred by the
phenomenon^ [107]. At present, the potential tumor-
promoting effect on the progression of (pre)neoplastic lesions
remains the most controversial and potentially most serious
adverse effect of folic acid supplementation and fortification.
As such, further studies are warranted to clarify this issue.
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