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Background and aims: A low dietary folate intake can cause genomic DNA hypomethylation and may
increase the risk of colorectal neoplasia. The hypothesis that folic acid supplementation increases DNA
methylation in leucocytes and colorectal mucosa was tested in 31 patients with histologically confirmed
colorectal adenoma using a randomised, double blind, placebo controlled, parallel design.
Methods: Subjects were randomised to receive either 400 mg/day folic acid supplement (n = 15) or
placebo (n =16) for 10 weeks. Genomic DNA methylation, serum and erythrocyte folate, and plasma
homocysteine concentrations were measured at baseline and post intervention.
Results: Folic acid supplementation increased serum and erythrocyte folate concentrations by 81% (95%
confidence interval (CI) 57–104%; p,0.001 v placebo) and 57% (95% CI 40–74%; p,0.001 v placebo),
respectively, and decreased plasma homocysteine concentration by 12% (95% CI 4–20%; p = 0.01 v
placebo). Folic acid supplementation resulted in increases in DNA methylation of 31% (95% CI 16–47%;
p = 0.05 v placebo) in leucocytes and 25% (95% CI 11–39%; p =0.09 v placebo) in colonic mucosa.
Conclusions: These results suggest that DNA hypomethylation can be reversed by physiological intakes of
folic acid.

L
ow folate intake1–3 and low serum4 5 and erythrocyte4 6 7

folate concentrations may increase the risk of colorectal
adenoma and cancer. An intervention study using

adenoma recurrence as an end point reported a 46% decrease
in adenoma recurrence in 31 subjects receiving 1 mg/day
folate for two years after polypectomy compared with 29
subjects receiving placebo.8

Low folate status may increase the risk of neoplasia by
inducing DNA hypomethylation, which can affect DNA
stability and gene expression. Folate is a methyl donor in
the methylation cycle, which maintains adequate cellular
levels of S-adenosylmethionine (SAM) for biological methy-
lation reactions, including methylation of DNA. The byprod-
uct of this reaction is homocysteine, which can either be
irreversibly removed by the enzyme cystathionine-b-synthase
or reconverted back to methionine and then SAM in a
reaction catalysed by the vitamin B12 dependent enzyme
methionine synthase (MS). The methyl group for this
reaction is provided by 5-methyltetrahydrofolate, supplied
via the enzyme 5,10 methylenetetrahydrofolate reductase
(MTHFR). A limited supply of folate can impair the
methylation cycle, and consequently DNA methylation, and
cause intracellular levels of homocysteine to rise.
DNA hypomethylation has been reported in colorectal

tumour tissue9 10 and normal appearing colorectal mucosa of
patients with carcinomas.11 Hypomethylation of DNA from
normal appearing colorectal mucosa has been associated with
lower folate status and risk of colorectal adenoma and
cancer.12 Genomic DNA hypomethylation is accompanied by
altered methylation in the promoter regions of critical genes.
Promoter hypermethylation generally suppresses transcrip-
tion leading to inactivation of tumour suppressor genes,13–15

while promoter hypomethylation can activate proto-onco-
genes16 and has also been associated with loss of imprinting,17

which occurs commonly in both tumour and normal tissue of
patients with colorectal cancer.
Two polymorphisms in genes coding for enzymes involved

in the methylation cycle, methylenetetrahydrofolate reduc-
tase, MTHFR 677CRT and methionine synthase, MS

2756ARG, have been associated with a reduced risk of
colorectal cancer18–25 but not adenoma.26–28 However, the
apparent protective effects on colorectal cancer disappear
under conditions of low folate status and/or high alcohol
intake. The MTHFR 677CRT mutation in combination with
low folate/high alcohol intake has been shown to increase
adenoma risk.26 28 The MTHFR 677CRT26 28 and MS
2756ARG30 mutations have been associated with increased
and decreased plasma homocysteine (a biomarker of the
methylation cycle) concentrations, respectively. Studies have
also reported associations between the MTHFR 677CRT
polymorphism and variation in genomic methylation levels in
leucocytes from healthy individuals31 32 although it is not
clear what impact these polymorphisms have on DNA
methylation in colorectal mucosa. A recent folate depletion–
repletion study showed a greater increase in DNA methyla-
tion in leucocytes following repletion in young women
homozygous for the MTHFR 677CRT polymorphism com-
pared with those who did not carry the mutation.33 Recent
studies suggest that the MTHFR 677CRT polymorphism may
be linked to promoter hypermethylation and lower concen-
trations of folate intermediates in colorectal tumours.34 35

Previous studies in subjects with colorectal neoplasia using
genomic DNA methylation in colorectal mucosa as a primary
end point suggest that folate supplementation can reverse
DNA hypomethylation.11 36 37 However, these studies had
relatively small sample sizes (11–20 subjects) and used
1–10 mg of folic acid daily, which is 5–50 times greater than
the UK reference nutrient intake (RNI) and 2.5–25 times
greater than the US recommended dietary allowance (RDA)
for folate. There are concerns that high intakes of folic acid
can mask vitamin B12 deficiency, resulting in the develop-
ment of irreversible neurological symptoms. The aim of the
present study therefore was to test the hypothesis that a

Abbreviations: MTHFR, methylenetetrahydrofolate reductase; MS,
methionine synthase; SAM, S-adenosylmethionine; RDA, recommended
dietary allowance; RNI, reference nutrient intake; FFQ, food frequency
questionnaire
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physiological dose of folic acid would increase DNA
methylation in patients with colorectal adenoma. We used
individuals with adenoma as they are at increased risk of
developing colorectal cancer but are free of the possible
confounding effects that malignant disease may have on
folate status.

MATERIALS AND METHODS
Patients
Subjects were recruited serially from all patients attending
for a clinically indicated colonoscopy at the Department of
Colorectal Surgery, King’s College Hospital, London, between
August 2000 and March 2001. All patients recruited into the
intervention trial were participants in a previously reported
case control study.12 Details of patient recruitment and
preparation for colonoscopy are described elsewhere.12 Of
196 patients screened, 32 met the inclusion criteria and
consented to participate in the trial. Inclusion criteria were
histologically confirmed colorectal adenoma at current
colonoscopy. Exclusion criteria were current or previous
diagnosis of colorectal cancer, a strong family history of
colorectal cancer or adenomatous polyposis coli, inflamma-
tory bowel disease, a current or past history of gluten
sensitive enteropathy, clinical and/or laboratory evidence of
intestinal malabsorption, significant renal or liver disease,
pregnancy, epilepsy, alcoholism, pernicious anaemia, serum
vitamin B12 levels ,180 ng/l, and the use of antifolate
medication or dietary supplements containing folic acid and/
or vitamin B12.
Weight and height were recorded and patients provided

information on smoking habits, current medication, and
supplement use, and completed a specially designed food
frequency questionnaire (FFQ) to assess dietary folate and
alcohol intakes.38 Patients were asked to bring in any
medication and/or supplement containers to check that they
were suitable for inclusion in the intervention study. Written
informed consent was obtained from all patients according to
the guidelines of the Research Ethics Committee at King’s
College Hospital NHS Trust and King’s College London.

Sample size, randomisation, and treatment allocation
Patients were randomised to receive either 400 mg folic acid
or an identical appearing placebo (both gifts from RP Scherer,
UK) for 10 weeks. Sample size was calculated to detect 1 SD
change in DNA methylation in colorectal mucosa with 80%
power and an a error of 0.05, which indicated 16 patients in
each group. Randomisation was generated by a computer in
blocks of six and stratified by sex. Numbered containers were
used to implement the random allocation sequence, which
was concealed until interventions were assigned. Treatment
allocation was concealed from patients and all researchers
involved in administering the interventions and assessing the
outcomes. Subjects were advised not to alter their diet or
usual lifestyle in any way for the entire duration of the trial.

Blood and tissue sampling
Fasting venous blood samples were obtained at baseline and
after the intervention for determination of serum and
erythrocyte folate concentrations, plasma homocysteine,
genomic DNA methylation, and MTHFR 677CRT and MS
2756ARG polymorphisms. Baseline blood samples were
obtained on the day of colonoscopy prior to the procedure.
Rectal biopsies of normal appearing mucosa for determina-
tion of genomic DNA methylation were obtained during
colonoscopy (baseline) and by rigid sigmoidoscopy after the
treatment. On both occasions mucosal biopsy specimens were
removed from the rectum (about 12 cm from the anal verge)
at least 5 cm from any lesion or mucosal abnormality and
immediately snap frozen in liquid nitrogen. All patients had

prepared for the colonoscopy by taking an orally adminis-
tered colonic lavage solution (KleanPrep; Norgine, Harefield,
UK). For the rigid sigmoidoscopy, patients were instructed to
empty their bowels using two suppositories on the morning
of their appointment. No abnormalities were detected in any
of the subjects on sigmoidoscopy. Patients were asked to
return their remaining supplement pills for counting to check
compliance.
The laboratory methods used to analyse serum and

erythrocyte folate concentrations, plasma homocysteine,
genomic DNA methylation, and gene polymorphisms have
been described in detail previously.12 Genomic DNA methyla-
tion was determined in leucocytes and colonic mucosa using
an in vitro [3H] methyl acceptance assay.39 In this assay a
decrease in methyl group incorporation in DNA indicates an
increase in methylation status.

Study end points and statistical analysis
The primary end points were changes in DNA methylation in
colorectal mucosa and leucocytes. Secondary end points were
changes in serum and erythrocyte folate and plasma
homocysteine concentrations. All patients were analysed on
an intention to treat basis. Analyses were performed using
Intercooled Stata (version 6.0 for Windows, Stata
Corporation, College Station, Texas, USA). x2 tests and
analysis of variance were used to compare the folic acid
and placebo groups for differences in categorical variables
(alcohol intake, smoking, genotype, and clinical character-
istics) and continuous variables (folate intake and serum
vitamin B12 concentrations), respectively. A Mann-Whitney
U test was used to compare the folic acid and placebo groups
for differences in body mass index as this variable was not
normally distributed.
All continuous variables for the primary and secondary end

points, except plasma homocysteine, were normally distrib-
uted. For plasma homocysteine, logarithmic transformation
did not entirely remove the positive skewness. However,
exclusion of an outlier (plasma homocysteine .30 mmol/l)
normalised the data and therefore analyses for homocysteine
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Figure 1 Trial profile.
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were performed after excluding this patient. Analysis of
variance was used to obtain adjusted means for baseline and
post intervention values of serum and erythrocyte folate,
plasma homocysteine, and [3H] methyl incorporation in
colorectal mucosa and leucocytes for the folic acid and
placebo groups, after adjusting for sex, age, body mass index,
smoking, alcohol intake, and genotype. Paired t tests were
used to assess differences between baseline and post
intervention values in each group. The relationships between
continuous variables were examined using Pearson correla-
tion coefficients.
In order to compare changes between the two time points

in the folic acid and placebo groups, baseline values were
subtracted from post intervention values for each subject for
all variables measured (serum and erythrocyte folate, plasma
homocysteine, and [3H] methyl incorporation in colorectal
mucosa and leucocytes). Analysis of variance was then used
to compare mean changes in these variables between the folic
acid and placebo groups, with adjustment for sex, age, body
mass index, smoking, alcohol intake, and genotype.
Statistical significance was set at the 5% level.

RESULTS
Of the 32 patients enrolled who met the inclusion criteria, 31
patients completed the study; one patient withdrew because
of another comorbidity (fig 1). Baseline and clinical
characteristics of the subjects are shown in tables 1 and 2,
respectively.
There was a greater proportion of smokers in the placebo

group (50%) compared with the folic acid group (7%) but
there were no other significant differences in baseline or
clinical characteristics between the two groups. All subse-
quent analyses were performed after adjusting for smoking,
as well as for sex, age, body mass index, alcohol intake, and
genotype. Measurements of serum and erythrocyte folate
were positively correlated at baseline in all subjects
(r=0.661, p,0.001). Baseline plasma homocysteine concen-
trations correlated negatively with both serum (r=20.544,
p,0.01) and erythrocyte folate (r=20.611, p,0.001). Folate
intake, as assessed by the FFQ, was correlated positively with
serum (r=0.385, p=0.04) and erythrocyte folate (r=0.525,
p=0.03) and negatively with plasma homocysteine
(r=20.376, p=0.04).
Table 3 shows serum and erythrocyte folate, plasma

homocysteine, and markers of DNA methylation before and
after supplementation with folic acid or placebo. There were
no significant differences between the folic acid and placebo
groups at baseline. Compared with baseline, folate supple-
mentation increased serum and erythrocyte folate concentra-
tions by 81% (95% confidence interval (CI) 57–104%;
p,0.001) and 57% (95% CI 40–74%; p,0.001) respectively,
decreased plasma homocysteine concentration by 12% (95%
CI 4–20%; p=0.04), and increased DNA methylation by 31%
in leucocytes (95% CI 16–47%; p=0.001) and by 25% in
colonic mucosa (95% CI 11–39%; p=0.02). In the placebo
group, there were no significant changes from baseline. Mean
changes were significantly different between the folic acid
and placebo groups for serum and erythrocyte folate
concentrations (both p,0.001) and plasma homocysteine
(p=0.01), and of borderline significance for DNA methyla-
tion in leucocytes (p=0.05) and in colonic mucosa
(p=0.09). For plasma homocysteine, inclusion of the outlier
with plasma homocysteine concentrations .30 mmol/l
increased the significance of the results.

DISCUSSION
The results of this trial show that daily supplementation with
400 mg/day folic acid for 10 weeks resulted in a significant
fall in plasma homocysteine concentrations and a marginal
increase in leucocyte DNA methylation. There was also an
increase in rectal mucosa DNA methylation although this
increase was not significantly different from that seen in the
placebo group. The magnitude of this change was equivalent
to 0.83 standard deviations (95% CI 0.10–1.57), which is less
than that assumed in the original power calculation. The
revised power calculation on the basis of our results suggests
23 patients per group. We made adjustments for polymorph-
isms in genes coding for enzymes involved in the methylation
cycle, which have been shown to influence DNA methylation,
as well as factors such as age and alcohol intake, which may
also influence DNA methylation. DNA methylation was
determined by measuring [3H] methyl incorporation into
DNA and therefore a decrease in [3H] methyl incorporation
reflects an increase in DNA methylation status.
Three previous randomised placebo controlled folate

intervention trials showed an increase in DNA methylation
in colonic mucosa in subjects with adenoma following
intakes of folic acid that were 2.5–25 times those used in
the present study.11 36 37 Supplementation with 10 mg/day
folate for six months increased DNA methylation in colonic
mucosa in seven patients with resected adenoma and four

Table 1 Baseline characteristics of the patients by
treatment group

Folic acid
(n = 15)

Placebo
(n = 16)

n (M/F) 7/8 8/8
Age (y) 63.9 (11.9) 63.8 (9.7)
Body mass index (kg/m2) 25.3 (19.8–49.4) 25.0 (19.8–36.8)
Folate intake (mg/day) 341 (118) 368 (156)�
Serum vitamin B12 (ng/l) 446 (235) 461 (235)
Alcohol intake (g/day)

Lower third (,2) 7 (47) 3 (19)
Middle third (2–37) 5 (33) 6 (38)
Upper third (.37) 3 (20) 7 (44)

Smoking
Current smoker 1 (7) 8 (50)**
Non-smoker 14 (93) 8 (50)

MTHFR 677CRT genotype
CC 10 (67) 9 (56)
CT 5 (33) 5 (31)
TT 0 (0) 2 (13)

MS 2756ARG genotype
AA 10 (67) 6 (38)
AG 5 (33) 9 (56)
GG 0 (0) 1 (6)

MTHFR, methylenetetrahydrofolate reductase; MS, methionine synthase.
Values are arithmetic means (SD) for age, folate intake, and serum
vitamin B12, median (range) for body mass index, and number (%) for
alcohol intake, smoking, and genotype.
**p,0.01 compared with the folic acid group.
�n = 15.

Table 2 Clinical characteristics of the patients by
treatment group

Folic acid
(n = 15)

Placebo
(n = 16)

No of adenomas
1 11 (73%) 11 (69%)
1–3 3 (20%) 5 (31%)
.3 1 (7%) 0 (0%)

Type of adenoma
Tubular 2 (13%) 1 (6%)
Tubulovillous 11 (73%) 12 (75%)
Villous 2 (13%) 2 (13%)
Serrated 0 (0%) 1 (6%)

Degree of dysplasia
Mild 3 (20%) 2 (13%)
Moderate 9 (60%) 9 (56%)
Severe 3 (20%) 4 (25%)

Values are number (%) of patients.
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patients with cancer.11 In a trial with 20 subjects with
adenoma receiving 5 mg/day folate or placebo for three
months, followed by cross over to the alternative treatment
for another three months, folate supplementation increased
DNA methylation in colonic mucosa in those with a single
polyp.36 Similarly, a study in which 20 patients with adenoma
were randomised to receive either 5 mg/day folate (n=10) or
placebo (n=10) for one year after polypectomy found a
significant increase in DNA methylation in colonic mucosa at
six months and one year in the folate group.37 In this study,
there was also a significant increase in colonic DNA
methylation in the placebo group at one year, despite the
fact that blood folate and colonic folate concentrations were
significantly lower than in subjects in the folic acid group at
both time points.
Although the statistical effect was marginal, the present

study is the first to report an increase in DNA methylation in
subjects with adenoma using a physiological dose of folate
for a relatively short intervention period. It is also the first to
report an increase in leucocyte DNA methylation following
folate supplementation in subjects with adenoma. DNA
methylation in leucocytes has been shown to decrease in
response to moderate folate depletion in healthy postmeno-
pausal40 41 and young33 women. Furthermore, a study in
healthy young women showed that mild elevations in plasma
homocysteine were associated with a parallel increase in
plasma S-adenosyl homocysteine, which correlated well with
leucocyte DNA hypomethylation (r=0.74, p,0.001).42

However, it is not clear how quickly DNA methylation
responds to folate repletion or the optimal dose required to
reverse hypomethylation. In the present study, the patients’
mean dietary folate intakes were below the US RDA of
400 mg/day dietary folate equivalents but above the RNI for
folate in the UK (200 mg/day). Plasma and erythrocyte folate
concentrations were within laboratory normal ranges
(.3 mg/l and .150 mg/l for serum and erythrocyte folate,
respectively) although plasma homocysteine concentrations
were mildly elevated compared with population averages for
this age group.43 44 A study in healthy young women reported
that leucocyte DNA methylation was significantly lower in

women with homocysteine concentrations of 9.3–16.5 mmol/l
than in those who had homocysteine concentrations of 5.8–
8.7 mmol/l.42

In colorectal neoplasia, genomic DNA hypomethylation is
accompanied by region specific hyper/hypomethylation in
critical genes. There is evidence that these events are not
confined solely to the neoplasm but also occur in normal
appearing colorectal mucosa.15 45 A recent study investigating
the effects of folate and alcohol intake on promoter
methylation in sporadic colorectal cancer suggested that the
prevalence of hypermethylation was higher in cancers
derived from patients with low folate/high alcohol intake
than in cancers from patients with high folate/low alcohol
intake.46 Furthermore, in a recent placebo controlled inter-
vention trial, supplementation with 5 mg/day folic acid
prevented loss of heterozygosity in the DCC tumour
suppressor gene.47 Loss of heterozygosity is implicated in
the initiation and progression of many cancers and has been
linked to aberrant DNA methylation in promoter regions of
genes. Age related hypermethylation of CpG rich promoter
regions in the oestrogen receptor (ER) and mismatch repair
(MLH1) genes in normal colonic mucosa has been
reported.48 49 It is not clear what causes these changes but
the possible link between dietary factors such as folate and
age related hypermethylation in critical genes should be
investigated in future studies. It is possible that changes in
DNA methylation levels following folic acid supplementation
may have been greater in normal mucosa from the proximal
colon compared with those observed in the rectal mucosa as
colorectal tumours with aberrant DNA methylation arise
predominantly in the proximal colon.50

Patients with hyperplastic polyps were excluded from the
present study because at the time the study was conducted
there was limited evidence for the role of hyperplastic polyps
in colorectal cancer. However, recent evidence has implicated
hyperplastic polyps in the pathogenesis of a type of colorectal
cancer characterised by extensive region specific DNA
hypermethylation and microsatellite instability.51 The only
study to investigate global DNA methylation in hyperplastic
polyps has shown that the extent of hypomethylation in

Table 3 Serum and erythrocyte folate, plasma homocysteine, and markers of DNA
methylation before and after supplementation with folic acid or placebo

Folic acid (n = 15) Placebo (n = 16) p Value

Serum folate* (mg/l)
Baseline 7.4 (5.7 to 9.2)1 8.2 (6.6 to 9.8)
Follow up 13.4 (11.6 to 15.2)1 7.3 (5.6 to 8.9)
Change +6.0 (4.2 to 7.7)1 21.0 (22.6 to 0.7) ,0.001

Erythrocyte folate* (mg/l)
Baseline 282 (227 to 387) 316 (261 to 371)�
Follow up 443 (376 to 511) 305 (238 to 373)�
Change +161 (114 to 209) 211 (258 to 7)� ,0.001

Plasma homocysteine*� (mmol/l)
Baseline 12.2 (10.1 to 14.4)1 11.5 (9.5 to 13.5)
Follow up 10.7 (8.4 to 13.1)1 12.3 (10.2 to 14.5)
Change 21.5 (22.5 to 20.5)1 +0.8 (20.1 to 1.8) 0.01

[3H] methyl incorporation in leucocyte DNA*�
(Bq/mg DNA)

Baseline 748 (672 to 825) 678 (605 to 752)
Follow up 515 (440 to 589) 655 (583 to 727)
Change 2233 (2349 to 2118) 223 (2134 to 88) 0.05

[3H] methyl incorporation in colonic DNA*�
(Bq/mg DNA)

Baseline 602 (515 to 689) 473 (389 to 556)
Follow up 451 (361 to 541) 458 (371 to 544)
Change 2151 (2234 to 269) 215 (295 to 64) 0.09

MTHFR, methylenetetrahydrofolate reductase; MS, methionine synthase.
Values are arithmetic means (95% confidence interval) adjusted for sex, age, body mass index, smoking, alcohol
intake, *MTHFR 677CRT genotype, and �MS 2756ARG genotype.
1n= 14.
�n= 15.
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hyperplastic polyps was similar to that observed in adeno-
mas.52 Hence future studies assessing the role of dietary
factors on DNA methylation and the development of
neoplasia should also include patients with hyperplastic
polyps.
In conclusion, our results support the view that suboptimal

intakes of folate may lead to hypomethylation, which in turn
could be involved in the aetiology of colorectal cancer. Larger
studies are required to confirm these findings and to assess
the effects of reversing genomic DNA hypomethylation on
colorectal cancer risk. However, the impact of an increased
supply of folic acid in an at risk population would need to be
carefully evaluated as folate may promote tumour growth in
individuals with unconfirmed colorectal neoplasms, as has
been demonstrated in animal studies.53 54
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Answer
From question on page 616
Figure 1 reveals ulcerated and strictured mucosa with a sharp
cut off between the normal and abnormal ileum. While these
appearances could be seen with intestinal tuberculosis,
Crohn’s disease, or lymphoma, the sharp demarcation
between the normal and abnormal mucosa suggested a
vascular aetiology (that is, intestinal ischaemia).
Biopsies from the ulcerated ileum revealed almost total

necrosis of the mucosa with only the crypt bases surviving
(fig 2A); this pattern is typical of ischaemic injury. Biopsies
from the erythematous proximal region (fig 2B) revealed
regenerative mucosa. There was no evidence of malignancy or
granulomatous inflammation in any of the biopsies.
Computed tomographic angiogram (fig 2C) revealed

occlusion of the coeliac axis (arrow fig 2C) and superior
mesenteric artery (SMA) at their origin.
Forty eight hours after a failed attempt at percutaneous

vascular intervention, the patient developed more severe
abdominal pain and absent bowel sounds. At emergency
laparotomy, blood flow to the proximal small bowel and
colon appeared compromised but the distal small bowel was
infarcted. A 70 cm region of terminal ileum was resected and
the SMA stented in a retrograde fashion.
Following a period of total parenteral nutrition, the patient

progressed well. Cardiovascular risk factors were addressed
and outpatient follow up arranged.
Mesenteric ischaemia is a rare, but recognised, cause of

terminal ileal ulceration and/or stricture and should be
considered in the differential diagnosis of such cases.

Figure 2 (A) Biopsy from the ulcerated ileum. (B) Biopsy from the
erythematous proximal region. (C) Computed tomography angiogram
revealing occlusion of the coeliac axis (arrow) and superior mesenteric
artery at their origin.
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