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 Abstract 

  Background/Aims:  Low folate intake may increase risk of colorectal cancer by altering gene-
specific methylation in the colon. We determined whether supplementation with physiological 
doses of folate could alter methylation in the oestrogen receptor 1 (ESR1) and mutL homolog 1 
(MLH1) genes in colonic mucosa of subjects with colorectal adenoma.  Methods:  This was a ran-
domised, double-blind, placebo-controlled trial. Subjects received either 400  � g/day folic acid 
(n = 15) or placebo (n = 14) for 10 weeks. Blood and colonic tissue samples were collected at 
baseline and after intervention to determine biomarkers of folate and vitamin B 12  status, MTHFR 
C677T and MS A2756G genotypes, and ESR1 and MLH1 methylation.  Results:  Although serum 
and red cell folate increased (p  !  0.001 vs. placebo) and plasma homocysteine decreased (p = 
0018 vs. placebo) in the folic acid group, there were no significant changes in ESR1 (p = 0.649 
vs. placebo) or MLH1 (p = 0.211 vs. placebo) methylation. There was a significant effect of gen-
der on ESR1 methylation (p = 0.004) and significant gender and genotype (MTHFR C677T and 
MS A2756G) interactions (p = 0.04 and p = 0.014, respectively) that were independent of treat-
ment group allocation.  Conclusions:  Short-term folate supplementation in physiological doses 
decreases plasma homocysteine but has no effect on ESR1 and MLH1 methylation in colonic 
mucosa of individuals with adenoma. Further studies to investigate the interactions between 
gender, genotype and DNA methylation suggested in this study are warranted. 
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 Introduction 

 A low folate status may increase the risk of colorectal cancer  [1]  by altering normal pat-
terns of DNA methylation  [2] . Colorectal cancer is characterised by a genome-wide decrease 
in methylation (hypomethylation)  [3]  and an increase in methylation in CpG islands located 
in the promoter regions of tumour suppressor genes (hypermethylation)  [4] , which leads to 
transcriptional silencing  [5–7] . Folate deficiency may precipitate these changes, since folate 
(as 5-methyltetrahydrofolate) is a methyl donor in the methylation cycle, which involves the 
remethylation of homocysteine to methionine and maintenance of biological methylation 
reactions. Common polymorphisms in genes involved in the methylation cycle [including 
methylenetetrahydrofolate reductase (MTHFR) and methionine synthase (MS)] are known 
to influence DNA methylation and risk of colorectal cancer  [8] .

  Evidence suggests that folate plays a dual role in colorectal cancer, with suboptimal in-
takes increasing risk of neoplastic transformation in the normal colon, and high intakes pro-
moting tumour growth in the context of established premalignant lesions  [9] . The majority 
of folate chemopreventive trials have used individuals with colorectal adenoma (a premalig-
nant lesion that is the precursor of cancer), but only after the adenoma/s had been removed. 
This would avoid the potential for folate to promote existing tumour growth, but possibly 
reduce the risk of new adenoma formation by preventing deleterious changes to DNA meth-
ylation.

  Randomised controlled trials (RCTs) in subjects with adenoma suggest that pharmaco-
logical (1–10 mg/day)  [10–12]  and physiological (400  � g/day)  [13]  intakes of folic acid can 
increase genomic DNA methylation in colonic mucosa, although results have been inconsis-
tent. There are two RCTs that have investigated the influence of pharmacological intakes of 
folic acid (1 and 5 mg/day) on gene-specific methylation; one showed no effect after 3 years 
of supplementation  [14] , and the other suggested an increase in methylation in the folate-
supplemented group at 6 months, although this was not significant  [15] . However, these RCTs 
are not definitive; one coincided with the start of the folate fortification programme in the 
USA, which resulted in an increase in plasma folate and decrease in plasma homocysteine in 
the placebo group over time  [14] , while the other used a high dose of folic acid (5 mg/day), 
which does not reflect normal intake and, based on evidence from animal studies, may have 
unexpected effects. There have been no trials assessing the impact of a physiological dose of 
folate on gene-specific methylation. The aim of the present study was to determine whether 
supplementation with a physiological dose of folate (400  � g/day) could alter methylation of 
CpG sites in the promoter regions of the oestrogen receptor 1 (ESR1) and mutL homolog 1 
(MLH1) genes in normal-appearing mucosa of subjects with adenoma and adequate folate 
status. ESR1 mediates the biological function of the steroid hormone 17 � -oestradiol, which 
is a critical regulator of growth, differentiation and function in a wide variety of tissues in-
cluding colonic epithelium. MLH1 is a mismatch repair (MMR) gene that recognises and 
repairs errors that occur during DNA replication. These genes were chosen because they dis-
play increased methylation in colorectal tumours  [16, 17]  and normal-appearing colorectal 
mucosa of individuals with and without colorectal neoplasia  [16, 18–20] .

  Materials and Methods 

 Thirty-one subjects with colorectal adenoma were consecutively recruited into a RCT designed to 
investigate the effect of folic acid supplementation (400  � g/day for 10 weeks) on genome-wide methylation 
in normal-appearing colonic mucosa  [13] . The sample size was calculated so as to detect a 1 SD change in 
genome-wide DNA methylation in colorectal mucosa with 80% power and an  �  error of 0.05, which indi-
cated 16 patients in each group.
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  Subjects were recruited from a series of patients attending for clinically indicated colonoscopy at the 
Department of Colorectal Surgery, King’s College Hospital, London, between August 2000 and March 
2001. The only inclusion criterion was histologically confirmed colorectal adenoma at current colonos-
copy. Exclusion criteria were current or previous diagnosis of colorectal cancer, a strong family history of 
colorectal cancer or adenomatous polyposis coli, inflammatory 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 B 12  levels  ! 180 
ng/l and the use of anti-folate medication or dietary supplements containing folic acid and/or vitamin B 12 . 
We did not exclude subjects on the basis of use of folic acid fortified foods.

  Patients had their weight and height recorded and provided information on smoking habits, current 
medication and supplement use and completed a specially designed food frequency questionnaire to as-
sess dietary folate and alcohol intakes  [21] . Patients were asked to bring in any medication and/or supple-
ment containers to check that they were suitable for inclusion in the study. Patients were told about the 
potential benefits and risks of folic acid supplementation. 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. Details of sample size calculation, randomisation, treatment allocation 
and trial flow diagram have been reported previously  [13] . Briefly, patients were randomised to receive 
either 400  � g/day folic acid or an identical-looking placebo for 10 weeks. The randomization sequence 
was computer-generated in blocks of six and stratified by sex. All subjects, hospital and laboratory per-
sonnel involved in administering the interventions, collecting and analysis samples were blinded to in-
tervention status. All results were analysed on an intention-to-treat basis.

  Blood and Tissue Sampling 
 Fasting venous blood samples were obtained at baseline and after the intervention for determination 

of serum and red cell folate, plasma homocysteine and serum vitamin B 12  concentrations and MTHFR 
C677T and MS A2756G polymorphisms. Baseline rectal biopsies of normal-appearing mucosa for DNA 
extraction were obtained during the colonoscopy (baseline) and by rigid sigmoidoscopy after the treat-
ment. 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 liq-
uid nitrogen. Blood samples were obtained on the day of colonoscopy prior to the procedure (baseline) 
and prior to rigid sigmoidoscopy (after intervention). Patients were asked to return their remaining sup-
plement pills for counting to check compliance and were asked not to change their diet or lifestyle in any 
way during the study.

  Laboratory Methods 
 Serum and red cell folate and vitamin B 12  were measured by competitive protein binding enzyme 

immunoassays on an Immuno 1 analyser (Bayer Diagnostics, Newbury, UK). Plasma homocysteine was 
measured using the Abbott IMx homocysteine assay (Abbott Laboratories, Abbott Park, Ill., USA). Coef-
ficients of variation for these assays ranged from 4.6 to 6.7%. Global DNA methylation was determined 
by the in vitro methyl acceptance method using [ 3 H-methyl]  S -adenosylmethionine as a methyl donor in 
the presence of the  Sss  I prokaryotic methylase enzyme  [22] .

  MTHFR C677T and MS A2756G genotypes were determined by PCR amplification of genomic DNA 
extracted from leucocytes using appropriate forward and reverse primers  [23]  and restriction enzyme di-
gestion.

  DNA extracted from colonic tissue samples (using Puregene DNA isolation kits, Gentra Systems, 
Inc., Minneapolis, Minn., USA) and stored at –70   °   C was used for the determination of ESR1 and MLH1 
promoter methylation. DNA size ( 1 20 kb in all samples), concentration and purity (determined using the 
NanoDrop �  ND-1000 UV spectrophotometer) were established in all samples. Bisulfite modification of 
DNA (500 ng per sample) was carried out using the EZ DNA Methylation-Gold Kit TM  (Zymo Research, 
Irvine, Calif., USA) according to the manufacturer’s protocol. This converts unmethylated cytosines, by 
a process of deamination, to uracil leaving the methylated cytosines unchanged. The converted DNA was 
eluted in 10  � l of 1! TE buffer and stored at –20   °   C until use. Normal human blood donor DNA was used 
as a negative control and also methylated in vitro using  Sss I (CpG) methylase (New England Biolabs, Ips-
wich, Mass., USA) for use as a positive control.

  Methylation of 7 and 13 CpG sites in ESR1 and MLH1, respectively, was determined by pyrosequenc-
ing. In ESR1, the CpG sites chosen were on the coding sequence on exon 1 positions 189, 192, 194, 198, 
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201, 207 and 209. This included a Not1 recognition site, which has been shown to display age-related meth-
ylation in individuals without colorectal neoplasia  [16] . For MLH1, thirteen CpG sites  � 700 bp upstream 
of the promoter (located at bases –694, –688, –674, –672, –670, –624, –616, –609, –606, –604, –600, –598 
and –588) were chosen for the assay design. CpG sites in this area were chosen because methylation in this 
region has been demonstrated in normal mucosa from subjects with colorectal cancer  [20, 24]  and has 
been associated with age in some studies  [19, 20] . The methods have been described in detail previously 
 [18] . Briefly, forward and reverse (biotinylated) PCR primers (ESR1: GAGGTGTATTTGGATAGTAG-
TAAGTT; CTATTAAATAAAAAAAAACCCCCCAA; MLH1: AGTTTTTTTTTTAGGAGTGAAGG; 
ATAAAACCCTATACCTAATCTATC), designed using the PSQ Assay Design Software (formerly Biotage 
AB, now Qiagen, UK), were used to amplify the bisulfite-modified DNA. The PCR mix (50  � l volume) 
included: 50 ng bisulfite-converted DNA; 10 p M  of forward and reverse primer; 10 !  PCR buffer (contain-
ing 1.5 m M  MgCl 2 ); 1.5 m M  additional MgCl 2 , 200  �  M  of each dNTP, 1.25 U HotStarTaq DNA polymerase 
(Qiagen, UK) and nuclease free water to make up to final volume. Cycling conditions were: 95   °   C for 15 
min; 45 cycles of (95   °   C 20 s; 54   °   C 20 s; 72   °   C 20 s); 72   °   C 5 min; 4   °   C hold. Pyrosequencing was carried out 
using the PSQ TM HS 96 system (formerly Biotage AB, now Qiagen, UK). Sample preparation was carried 
out using the PyroMark Vacuum Prep Workstation: 10  � l PCR product (biotinylated strand only) was 
immobilised to 2  � l Streptavidin Sepharose �  HP beads (GE Healthcare, formerly Amersham Biosciences) 
and released onto a PSQ HS 96 plate containing 10 p M  sequencing primer (ESR1: GAGGGGTGTT-
TAGAGTTTA; MLH1: GTAGTATTGTGTTTAGTTT and AGGTTAGGGTAAGTGTTTTGA) and an-
nealed for 2 min at 80   °   C. Sequencing was carried out on the PSQ TM HS 96 system according to standard 
procedures. Within-run and between-run coefficients of variation for both assays were 1.6 and 5%, re-
spectively.

  Statistical Analysis 
 Data were analysed using the Statistical Package for Social Sciences (SPSS, version 13.0). An average 

methylation value (arithmetic mean) across all CpG sites (7 for ESR1 and 13 for MLH1) was calculated for 
each gene.  �  2  test or Fisher’s exact test was used as appropriate to compare categorical variables at baseline 
(gender, smoking, alcohol intake and genotypes). Differences in continuous variables at baseline were 
compared using independent sample t tests (serum and red cell folate, serum vitamin B 12 , plasma homo-
cysteine, genomic DNA methylation and ESR1 methylation) or Mann Whitney U tests where data were 
not normally distributed (body mass index, MLH1 methylation). Paired sample t tests were used to com-
pare values between baseline and after intervention in the folic acid and placebo groups.

  In order to assess changes between the two time points in biomarkers of folate status (serum and red 
cell folate, plasma homocysteine and genomic DNA methylation), baseline values were subtracted from 
post-intervention values for each subject. The mean differences for each variable were compared using 
independent samples t tests (difference in red cell folate) or Mann Whitney U test for variables that were 
not normally distributed (differences in serum folate and plasma homocysteine).

  Analysis of covariance (ANCOVA) was carried out to assess the effect of folate supplementation com-
pared with placebo on ESR1 methylation in normal-appearing colorectal mucosa, with the baseline meth-
ylation used as a covariate in addition to age, gender, body mass index, smoking, alcohol and folate intake 
and genotypes (MTHFR C677T and MS A2756G). Factors used to describe the subjects’ characteristics 
and their significant interactions were used to construct the statistical model. Subjects who were hetero-
zygous (CT) or mutant (TT) for the MTHFR C677T mutation were combined into a single group to less-
en the skewing effect produced by small numbers. The Kruskal-Wallis test was used to compare the 
change in MLH1 methylation after the intervention in the folic acid group compared with placebo as this 
variable was not normally distributed.

  Results 

 Subject characteristics are shown in  table 1 . Data were analysed for 29 subjects (14 in the 
placebo group, 15 in the folic acid group) because there were no DNA samples available for 
2 subjects from the placebo group. Patients in the placebo group were more likely to be smok-
ers (p = 0.014), but there were no differences in age, body mass index, folate intakes or the 
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distribution of gender and genetic polymorphisms in enzymes involved in the methylation 
cycle.

  There were no significant differences in biomarkers of folate status, serum vitamin B 12  
or genomic DNA methylation between the two groups at baseline ( table 2 ). In the folic acid 
group, the increase in serum and red cell folate (p  !  0.001 vs. placebo) and the decrease in 
plasma homocysteine (p = 0018 vs. placebo) were significantly greater than the correspond-
ing changes in the placebo group.

  The percentage methylation by CpG site and the average percentage methylation for all 
sites for ESR1 in normal-appearing colorectal mucosa at baseline and after intervention in 
the placebo and folic acid groups are shown in  table 3 . There were no significant differences 
in the average methylation between the two groups at baseline (p  1  0.05) or between baseline 
and after intervention in the folic acid and placebo groups (p  1  0.05), although there was a 
trend for increased methylation in all CpG sites in the folic acid group ( fig. 1 ).

  ANCOVA was carried out to assess the effect of folate supplementation compared with 
placebo on ESR1 methylation in normal-appearing colorectal mucosa. Covariates used in the 
model were baseline ESR1 methylation, age, gender, body mass index, smoking, alcohol and 
folate intake and genotypes. The adjusted means for factors found to be significant in the 
model are shown in  table 4 . There was no effect of folate supplementation on average ESR1 
methylation after intervention (p = 0.649). There was a significant effect of gender, with av-
erage ESR1 methylation in women showing a significant increase after intervention com-
pared with males regardless of the treatment group to which they were allocated (p = 0.004). 
There were also significant interactions between gender and MTHFR C677T and MS A2756G 
genotypes. Women with the MTHFR C677T CT or TT genotype had increased ER methyla-
tion compared with wild-type women (p = 0.04), whereas there was no difference between 
genotypes among the men. Conversely, women with the MS A2756G AA genotype had in-

Table 1. S ubjects’ characteristics in the placebo and folic acid groups

Placebo (n = 14) Folic acid (n = 15) p value

Male gender 11 (79) 10 (67) 0.682
Age, years 63.2 (57.8–68.7) 63.9 (57.3–70.5) 0.859
Body mass index 24.4 (19.8–29.5) 25.3 (19.8–49.4) 0.331
Folate intake, �g/day 370 (277–463) 341 (276–406) 0.585
Serum vitamin B12, pmol/l 354 (255–452) 329 (244–436) 0.834
Alcohol intake

Lower third (<2 g/day)
Middle third (2–37 g/day)
Upper third (>37 g/day)

2 (14)
5 (36)
7 (50)

7 (47)
5 (33)
3 (20)

0.114

Current smoker 7 (50) 1 (7) 0.014
MTHFR C677T genotype

CC
CT
TT

8 (57)
5 (36)
1 (7)

10 (67)
5 (33)
0

0.552

MS A275G genotype
AA
AG
GG

6 (43)
8 (57)
0

10 (67)
5 (33)
0

0.272

V alues are mean (95% CI) for age, folate intake and serum vitamin B12, median (range) for body mass 
index, and number (%) for gender, alcohol intake, smoking and genotype.
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Table 2. B iomarkers of folate status in the placebo and folic acid groups

Placebo (n = 14) Folic acid (n = 15) p value

Baseline values
Serum folate, nmol/l 18.6 (14.0 to 23.3) 17.2 (12.7 to 21.5) 0.609
Red cell folate, nmol/l 709 (557 to 861) 634 (489 to 780) 0.454
Plasma total homocysteine, �mol/l 11.1 (9.0 to 13.2) 14.2 (10.2 to 18.3) (n = 14) 0.168
Genomic DNA methylation, Bq/�g DNA 474 (394 to 555) 574 (480 to 669) 0.097

Changes after intervention
Serum folate, nmol/l1 –0.5 (–14.0 to 2.9) 14.3 (–5.4 to 26.7) (n = 14) <0.001
Red cell folate, nmol/l –18 (–122 to 86) 369 (195 to 546) 0.001
Plasma total homocysteine, �mol/l1 0.2 (–2.7 to 4.0) –1.2 (–26.9 to 2.5) 0.018
Genomic DNA methylation, Bq/�g DNA –52 (–108 to 3) –117 (–215 to –19) 0.236

V alues are mean (95% CI) unless otherwise stated. 1 Median (range).

Table 3. E SR1 and MLH1 methylation (%) by CpG site in the placebo and folic acid groups at baseline and 
after intervention

Site Baseline A fter intervention

placebo (n = 14) folic acid (n = 15) placebo  (n = 14) folic acid (n = 15)

ESR1
1 13.3 (9.4–17.2) 12.7 (10.8–14.5) 13.0 (9.8–16.2) 14.3 (10.9–17.7)
2 13.7 (10.1–17.3) 13.5 (11.7–15.2) 12.5 (9.5–15.4) 14.0 (10.9–17.1)
3 10.6 (7.4–13.9) 10.4 (8.9–11.9) 9.9 (7.2–12.6) 11.1 (8.2–14.0)
4 15.2 (11.0–19.4) 15.0 (13.0–16.9) 14.5 (11.4–17.6) 16.6 (13.4–19.9)
5 15.8 (11.6–20.0) 15.5 (13.7–17.4) 15.1 (11.8–18.4) 16.5 (12.8–20.2)
6 15.8 (11.8–19.8) 16.1 (14.2–18.0) 15.3 (11.9–18.7) 16.8 (13.2–20.3)
7 10.5 (7.5–13.5) 10.2 (9.0–11.5) 10.3 (7.7–13.0) 11.2 (8.5–13.9)

Average methylation 13.6 (9.9–17.3) 13.3 (11.6–15.0) 12.9 (9.9–16.0) 14.3 (11.1–17.6)

MLH1
1 1.2 (0.0–2.3) 1.2 (0.9–2.7) 1.0 (0.0–1.6) 1.0 (0.0–1.3)
2 2.0 (1.5–3.5) 2.1 (1.6–3.5) 1.5 (1.2–2.8) 1.5 (1.1–2.0)
3 1.0 (0.0–2.0) 1.0 (0.0–2.0) 0.9 (0.0–1.0) 0.8 (0.0–1.0)
4 1.9 (1.5–2.8) 1.8 (1.3–3.2) 1.5 (1.2–2.4) 1.4 (1.2–1.7)
5 1.3 (0.0–3.0) 1.6 (1.0–3.0) 1.1 (0.0–1.8) 1.0 (0.0–1.2)
6 2.3 (1.4–4.5) 2.4 (2.0–4.6) 2.0 (2.0–3.0) 1.9 (2.0–3.0)
7 1.3 (0.0–3.0) 1.3 (1.0–3.0) 1.1 (0.9–2.0) 1.1 (0.8–1.4)
8 3.1 (1.6–5.2) 3.1 (2.2–5.3) 2.2 (1.9–3.4) 2.2 (1.5–2.6)
9 1.4 (0.0–3.0) 1.6 (0.0–3.0) 1.2 (0.0–2.1) 1.1 (0.0–1.6)

10 2.8 (2.0–5.0) 3.0 (2.0–5.0) 2.3 (1.7–3.3) 1.9 (1.7–3.0)
11 3.1 (2.0–8.0) 3.6 (3.0–6.0) 2.9 (2.2–4.6) 2.8 (2.2–4.0)
12 2.1 (2.0–6.0) 2.8 (2.0–5.0) 1.7 (1.2–3.2) 1.7 (1.0–2.0)
13 2.3 (2.0–5.0) 2.5 (2.0–4.0) 1.9 (1.1–3.3) 1.8 (1.3–2.0)

Average methylation 2.0 (1.4–4.1) 2.0 (1.6–3.8) 1.6 (1.3–2.7) 1.5 (1.2–1.8)

For  ESR1, values are mean (95% CI). For MLH1, values are median (range).

D
ow

nl
oa

de
d 

by
: 

U
ni

ve
rs

ity
 o

f B
ris

to
l  

   
   

   
   

   
   

   
   

   
   

  
13

7.
22

2.
19

8.
17

4 
- 

1/
16

/2
01

5 
11

:4
1:

11
 A

M

http://dx.doi.org/10.1159%2F000345819


333

J Nutrigenet Nutrigenomics 2012;5:327–338

 DOI: 10.1159/000345819 
 Published online: January 16, 2013 

 Al-Ghnaniem Abbadi et al.: Short-Term Folate Supplementation in Physiological Doses Has 
No Effect on ESR1 and MLH1 Methylation in Colonic Mucosa of Individuals with Adenoma 

www.karger.com/jnn
© 2013 S. Karger AG, Basel

3.5

3.0

2.5

2.0

1.5

1.0

0.5

0

–0.5

–1.0

–1.5

–2.0

–2.5
Site

1

C
h

an
g

e 
in

 m
et

hy
la

ti
on

 (%
)

b
y 

C
p

G
 s

it
e 

(±
1 

SE
)

Site
2

Site
3

Site
4

Site
5

Site
6

Site
7

Mean

Placebo

Site
1

Site
2

Site
3

Site
4

Site
5

Site
6

Site
7

Mean

Folic acid

  Fig. 1.  Mean change in ESR1 methylation between the two time points (baseline and after intervention) 
in the placebo and folic acid groups. 

Table 4. A djusted means for factors in ANCOVA model1

Factor Mean (95% CI)

Intervention status
Placebo 15.2 (13.0–17.5)
Folic acid 14.6 (12.6–16.6)

Gender
Male 12.4 (10.7–14.0)
Female 17.5 (14.8–20.2)

Gender ! MTHFR C677T
Male

CC 13.3 (11.3–15.3)
CT or TT 11.4 (8.6–14.2)

Female
CC 14.9 (10.9–19.0)
CT or TT 20.0 (16.4–23.6)

Gender ! MS A2756G
Male

AA 11.9 (9.9–14.0)
AG or GG 12.8 (10.2–15.3)

Female
AA 21.1 (16.7–25.6)
AG or GG 13.8 (10.6–17.0)

1  ANCOVA was used to test the effect of folate supplementation on ESR1 methylation in colonic mu-
cosa after intervention. Baseline ESR1 methylation was used as a covariate in addition to age, gender, body 
mass index, smoking, alcohol and folate intake and genotypes. Only gender (p = 0.004) and gender-gen-
otype interaction (p = 0.04 for MTHFR C677T and p = 0.014 for MS A2756G) were found to be signifi-
cantly associated with ESR1 methylation in colonic mucosa after intervention (adjusted means shown in 
the table), independent of treatment group allocation. Covariates appearing in the model are evaluated at 
the following values: baseline average methylation = 13.5.
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creased methylation compared with those carrying the AG or GG genotype (p = 0.014), while 
again there was no difference between genotypes among men. These changes were indepen-
dent of treatment group allocation. The model was then run for the different CpG sites in-
vestigated. There was general agreement with the previous model except that the p value for 
the gender and MTHFR C677T interaction was only significant (p  !  0.05) at sites 2, 3 and 7.

  The percentage methylation by CpG site and the average percentage methylation for all 
sites for MLH1 in normal-appearing colorectal mucosa at baseline and after intervention in 
the folic acid and placebo groups are shown in  table 3 . There were no significant differences 
in the average MLH1 methylation between the two groups at baseline or between baseline 
and after intervention in the folic acid and placebo groups (p  !  0.05). The change in the folic 
acid group was not significant when compared with the placebo group (p = 0.211). The level 
of methylation in MLH1 was  ! 5% at most sites both at baseline and after treatment ( table 3 ); 
therefore, meaningful interpretation of any statistical models was not possible.

  Discussion 

 The aim of the present study was to determine whether a physiological dose of folate 
could alter gene-specific methylation in normal-appearing colonic mucosa of subjects with 
adenoma who had adequate folate and vitamin B 12  status at baseline. Folic acid supplementa-
tion had no effect on ESR1 and MLH1 methylation, either across individual CpG sites or the 
average methylation across all sites, despite significant increases in serum and red cell folate 
(by 83 and 58%, respectively) and a significant decrease in plasma homocysteine (by 8%) in 
the folate-supplemented group, with no corresponding changes in the placebo group. How-
ever, we did observe an apparent increase in methylation across all CpG sites in the ESR1 in 
the folic acid group after intervention ( fig. 1 ), which disappeared after adjustment for various 
factors.

  Although there have been two larger RCTs that have investigated the influence of in-
creasing folate status on gene-specific methylation in individuals with adenoma  [14, 15] , they 
do not provide definitive conclusions. In the RCT testing the efficacy of aspirin, folic acid, 
or both, in the prevention of colorectal adenomas, a sub-group of 388 participants had meth-
ylation of ESR1 and secreted frizzled related protein-1 (SFRP1) genes determined in normal-
appearing colorectal mucosa  [14] . There was no effect of folic acid supplementation (1 mg/
day) on methylation in either gene after 3 years of supplementation (p = 0.35)  [14] . However, 
recruitment in this study coincided with the start of the mandatory folate fortification of the 
food supply in the USA, which increased plasma homocysteine and decreased plasma folate 
in the placebo group over time and is likely to have influenced the results. Also, the subjects 
in this study differed in several respects from subjects in our study: they were younger (57 
vs. 63 years) and had higher folate status at baseline, with higher plasma folate (24 vs. 18 
nmol/l) and lower plasma homocysteine (9.8 vs. 12.7 nmol/l). It is reasonable to assume that 
any effects of folate supplementation on DNA methylation are more likely to be observed in 
individuals with lower folate status. Also, in a study with a long intervention period and no 
interim time points, it is difficult to separate the effects of folic acid from other potential en-
vironmental modifiers of DNA methylation; a previous RCT in subjects with adenoma 
showed that folic acid supplementation influenced genomic DNA methylation at 6 months 
but not 1 year  [12] .

  In the RCT by van den Donk et al.  [15] , 5 mg/day folic acid administered for 6 months 
in 86 patients with previously resected adenoma resulted in an increased likelihood of high-
er promoter methylation in six tumour suppressor (APC, p14, p16, RASSF1A, MGMT and 
MLH1) genes, which tended to occur more often in the intervention group than in the pla-
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cebo group but was not significant (OR = 1.67, p = 0.08). However, the high dose of folic acid 
used in this study prevents generalizability of the results to lower doses. Results from animal 
studies suggest that although folate supplementation is protective when administered at low-
er doses, it enhances the development of neoplasms at very high doses  [25, 26] . High doses 
of folate have been shown to adversely affect DNA methylation; Belshaw et al.  [27]  showed 
that mice fed a diet containing 8 mg/kg folic acid for 6 months had significantly increased 
ESR1 promoter   methylation compared with mice fed no folic acid (p  !  0.01). In another an-
imal study, a high intake of methyl group donors including folate has been shown to cause 
transcriptional silencing via increased methylation  [28] .

  There have been no RCTs that have investigated the effect of folate supplementation on 
both genomic and gene-specific methylation in humans. Although our study is small and the 
effects are not significant, there is the suggestion that folate supplementation may increase 
both genomic and gene-specific DNA methylation. At first glance, this is counterintuitive, 
since genomic hypomethylation and gene-specific hypermethylation co-exist in tumours 
and have also been observed in normal mucosa from individuals with colorectal polyps  [18, 
29] , and folate might be expected to benefit both processes. However, the two phenomena are 
not related in colorectal cancer and appear to contribute independently to neoplasia  [30–32] . 
It is not known whether and how genomic hypomethylation and gene-specific hypermeth-
ylation are linked and which occurs first in the development of neoplasia. However, given 
the highly complex relationship between folate exposure and DNA methylation, further hu-
man studies investigating the two phenomena simultaneously are warranted.

  It is unclear whether minor alterations in DNA methylation influence risk of neoplastic 
transformation. It has been argued that methylation levels such as those observed in the pres-
ent study for the ESR1 gene (about 13%) are biologically insignificant because they are too 
low to have any measurable effects on gene expression  [33] . However, it has been shown that 
methylation in the ESR1 promoter occurs in an allele-specific manner in colonic cells; that 
is, the promoter regions of genes in some individual cells become fully methylated among 
many other cells which remain unmethylated  [27] . Because methylation in a quantitative as-
say such as pyrosequencing represents an average across a population of cells, a 13% level 
may represent a small population of cells with fully methylated alleles in a largely unmethyl-
ated field. Thus, small changes in methylation may represent an increase in the number of 
cells with methylated alleles, which may increase the risk of neoplasia in these cells by silenc-
ing relevant tumour suppressor genes. For example, it has been shown that in the normal 
mucosa of individuals with colorectal cancer there are small foci of colonic epithelial cells 
among a largely ‘healthy’ cell population that have hypermethylation in the MLH1 promot-
er and lack MLH1 RNA and protein expression  [34] . It is possible that increased folate intake 
in such individuals will promote the growth of a population of cells with methylation abnor-
malities, although the evidence for this is lacking.

  In our study, we found that changes in ESR1 methylation from baseline were associated 
with female gender independent of intervention status, with women showing significantly 
increased ESR1 methylation after intervention regardless of treatment allocation. The reason 
for this is unclear and may be related to changes in lifestyle or dietary factors during the in-
tervention, although we did not assess these, since our food frequency questionnaire was 
only administered at baseline and was not designed to assess nutrients other than folate. 
Other dietary factors, such as methionine, vitamin B 2  and vitamin B 6 , are also involved in 
the folate-mediated one-carbon metabolism, and therefore have the potential to modulate 
DNA methylation. However, it is difficult to draw conclusions from our study because the 
sample size was relatively small. Some studies report no association between gene-specific 
methylation in colorectal mucosa and gender  [14, 35] . Other studies have noted associations 
with gender, although results are contradictory, with some suggesting higher methylation 
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