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Abstract

DNA methylation is critical for normal genomic structure and function and is dependent on adequate folate status. A polymorphism
(677G—T) in a key folate enzyme, methylenetetrahydrofolate reductase (MTHFR), may impair DNA methylation when folate intake is
inadequate and may increase the risk of reproductive abnormalities. The present study was designed to evaluate the effect of the MTHFF
677C—T polymorphism on changes in global DNA methylation in young women consuming a low folate diet followed by repletion with
the current Recommended Dietary Allowance (RDA). Women (age 20—-30 years) with the TT (variad®) or CC q = 22) genotype
for the MTHFR 677C~>T polymorphism participated in a folate depletion-repletion study (7 weeksutylBFE/day; 7 weeks, 4009
DFE/day). DNA methylation was measured at baseline, week 7, and week 14 usiAgrethyl acceptance assay and a novel liquid
chromatography tandem mass spectrometry assay of the DNA bases methylcytosine and c3ktjMe¢hyl group acceptance tended to
increase P = 0.08) during depletion in all subjects, indicative of a decrease in global DNA methylation. During repletion, the raw change
and the percent change in the methylcytosine/total cytosine ratio incréase®.03 andP = 0.04, respectively) only in the subjects with
the TT genotype. Moderate folate depletion in young women may cause a decrease in overall DNA methylation. The response to folate
repletion suggests that following folate depletion women with the MTHFR 677 TT genotype have a greater increase in DNA methylation
with folate repletion than women with the CC genotype. © 2004 Elsevier Inc. All rights reserved.
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1. Introduction ited because of dietary folate restriction or reduced activity
of methylenetetrahydrofolate reductase (MTHFR), the en-
Folate functions in the formation of S-adenosylmethi- zyme that converts 5,10-methyleneTHF to 5-methyITHF.
onine (SAM), the methylating agent for DNA methylation, MTHFR activity is affected negatively by a common ge-
a key epigenetic modification critical for genome stability netic variant in the gene that codes for MTHFR. A=
[1], gene expressiofi2], and thus normal development base transition at base pair 677 causes an alanine to valine
[3,4]. To ensure maintenance of normal DNA methylation, substitution[5], which impairs stability as a result of less
it is important to understand the interrelationship among avid binding of FAD to the variant form of the MTHFR
folate status, genetic factors that may impair the synthesis ofenzyme under conditions of low folate concentrat[6ij.
folate coenzymes, and the methyl group donor SAM. SAM The MTHFR 677C~>T polymorphism affects a large per-
synthesis is dependent in part on the availability of 5- centage of the population with an estimated frequency of
methyltetrahydrofolate (5-methylTHF), which may be lim- ~12% for the homozygous (TT) genotype with consider-
able variation among different ethnic groups8]. The
* Corresponding author. Tel+1-352-392-1991, ext 213; fax+1- potential for the MTHFR 6776 T transition to reduce
352.392-9467. global DNA methylation when coupled with poor folate
E-mail address: Ibbailey@mail.ifas.ufl.edu (L.B. Bailey). status has been evaluated in observational, population-based
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studies [9,10]. There are, however, no previous reports of
the effect of the MTHFR 677C—T polymorphism on global
DNA methylation in response to controlled dietary folate
intake. Because the intake of other nutrientsinvolved in one
carbon metabolism may affect DNA methylation, it isim-
portant to evaluate the effect of dietary folate intake alonein
individuals with the TT or CC MTHFR 677C—T genotype
under controlled dietary conditions. The responsiveness of
DNA methylation to changes in folate status under con-
trolled metabolic conditions has not been previously re-
ported for women of reproductive age.

Inadequate folate status has been linked to abnormal fetal
growth and development [11] as well as pregnancy compli-
cations [12]. In addition, it is well established that pericon-
ceptional folic acid supplementation significantly reduces
therisk for neural tube defects[13-15]. Although the mech-
anism behind the relationship between folate status and
pregnancy outcome is unknown, one possibility could be
the role of folate in SAM synthesis. A decrease in folate
status may affect SAM availability, resulting in decreased
DNA methylation [16]. Reduced global DNA methylation
has been associated with impaired fetal development and
viability [3,4], emphasizing the crucial need to maintain
norma DNA methylation in women of reproductive age.

The potential for impaired folate status coupled with the
MTHFR 677 TT genotype to negatively influence DNA
methylation [9,10] provided the incentive for this study. We
investigated the differences in response to folate depletion
and repletion with the current RDA in leukocyte DNA
methylation between women of childbearing age (20-30
years) withthe TT or CC MTHFR 677C—T genotype. This
isthefirst study in young women in which changesin DNA
methylation were evaluated in response to controlled folate
intake.

2. Methods and materials
2.1. Subjects

Y oung (age 20-30 years), healthy, nonpregnant women
were recruited and screened for this study. Only women
with the TT or CC MTHFR 677 genotype were eligible.
Exclusion criteria were chronic use of acohol or tobacco
products; use of medications including oral contraceptives;
recent use of vitamin—mineral supplements; history of
chronic disease or mgjor surgery; body weight >120% of
ideal; and abnormal blood chemistry profile. Serum and red
blood cell folate, plasma vitamin B, pyridoxa phosphate,
and homocysteine concentrations were normal at baseline
for al subjects (i.e, =7 nmol/L, =317 nmol/L, =125
pmol/L, =20 nmol/L, and =14 umol/L, respectively). The
ethnicity of the subjects was reported to be 93% non-
Hispanic white, and 7% non-Hispanic African American. A
total of 41 women (19 TT, 22 CC) completed the 7-week
depletion phase, and 20 women (10 TT, 10 CC) completed

the entire 14-week depletion—repletion protocol as previ-
oudly described [17]. The University of Florida Institutional
Review Board approved the study, and each subject pro-
vided written informed consent.

2.2. Experimental design and diet

The 98-day experimental protocol was divided into two
consecutive 7-week periods during which time the subjects
consumed a depletion diet followed by arepletion diet. The
low-folate diet consumed by the subjects provided 115 + 20
wng dietary folate equivalents (DFE)/day during the first 7
weeks of the study. During repletion, the subjects consumed
the depletion diet plus folic acid, which provided 400 ng
DFE/day (115 + 285 ug DFE [168 ug folic acid X 1.7 =
285 g DFE]) [18]. The diet consisted of conventional
foods, and all food items containing cereal-grain products
were prepared onsite using unenriched flour purchased from
Kansas State University (Manhattan, KS). Details of prep-
aration of the low-folate diet have been described previ-
oudly [17]. The Minnesota Nutrient Data System (version
4.03; Nutrition Coordinating Center at the University of
Minnesota; Minneapolis, MN) was used to estimate the
nutrient content of the diet with the exception of folate,
which was analyzed directly using a microbiological proce-
dure [19,20] following atrienzyme extraction [21]. The diet
provided an average energy intake of 9.87 MJ (2358 kilo-
calories/day; 63% carbohydrate, 11% protein, and 26% fat).
A vitamin—mineral supplement was custom-formulated
(Westlab Pharmacy; Gainesville, FL) to provide the RDA
for al nutrients with the exception of folate and choline.
The dietary choline content (285 mg/day), which was de-
termined by direct analysis [22], provided 67% of the Ad-
equate Intake [23]. A separate calcium supplement (Citra-
cal, Mission Pharmacal; San Antonio, TX) (200 mg of
calcium as calcium citrate) also was consumed daily to
provide the RDA. The body weights of the subjects were
maintained within 5% of baseline by modifying the intake
of foods with relatively little or no nutrient value aside from
calories (i.e., margarine, candy, Jello® gelatin dessert, and
sweetened beverages).

2.3. Specimen collection and processing

Leukocytes for DNA extraction were collected at base-
line, week 7, and week 14 by using whole blood collected in
tubes with EDTA (Vacutainer, Becton Dickinson, Ruther-
ford, NJ). Iced blood was centrifuged at 2000 X g for 30
minutes. After removal of plasma, 500 uL of leukocytes
were removed and stored at —30°C until analysis. A com-
mercially available kit (Aquapure, Bio-Rad Laboratories,
Hercules, CA) was used to extract genomic DNA from the
leukocyte layer.
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2.4. Determination of MTHFR 677C—T genotype

Polymerase chain reaction followed by restriction en-
zyme analysis with Hinf1 was used to determine the pres-
ence of the MTHFR 677C—T dlele [5].

2.5. DNA methylation analyses

Two methods were used to determine DNA methylation,
[*H]methy! group incorporation and liquid chromatography
tandem mass spectrometry, as the [®H]methyl acceptance
assay is considered to be semiquantitative [10]. The first
method was a methyl acceptance assay based on the ability
of DNA to accept methyl groups when extracts are incu-
bated with [*H-methyl] SAM in the presence of Sssl bac-
terial methylase. The method used was a modification of the
origina method of Balaghi and Wagner [24] as previously
described by our research group [25]. Although this method
usualy has high variability, intra- and inter-assay coeffi-
cients of variation (CV) for this study were 10% and 7%,
respectively.

The second approach to estimate global DNA methyl-
ation involved the measurement of deoxymethylcytidine
(mCyt) and deoxycytidine (Cyt) in enzymatically hydro-
lyzed DNA samples by liquid chromatography tandem mass
spectrometry [26]. Before analysis, DNA was hydrolyzed
enzymatically using a modified method of Crain [27]. To
hydrolyze the DNA, 1 ug of denatured DNA for each
subject at weeks O, 7, and 14 was mixed with 5 L of 0.1
mol/L ammonium acetate (pH 5.3) and incubated with 6 U
(3 nL) P; nuclease (Sigma Chemical Co., St. Louis, MO) at
50°C to nick various phosphate bonds of the DNA. Quan-
tities of 6 uL of 1 mol/L ammonium bicarbonate (pH 7.75)
were incubated with 3.25 mU (2.5 ulL) phosphodiesterase
(Sigma Chemical Co.) at 37°C for 2 hours to complete the
digestion of the phosphate backbone. Finally, samples were
incubated with 0.5 U (2.5 ulL) alkaline phosphatase (Sigma
Chemical Co.) at 37°C for 1 hour to cleave the sugar-
phosphate bonds leaving only the nucleosides. Samples
were then chromatographed on a 5-u Discovery C18 col-
umn (100 X 4.6 mm; Supelco; Bellefonte, PA) eluted with
a 50-mmol/L ammonium formate (solvent A): methanol
(solvent B) gradient. The analysis was started using an
eluent of 95% A and 5% B for 4 minutes, followed by a
gradient from 5% B to 65% B over 4 minutes at a flow rate
of 0.6 mL/min, then maintained at 65% solvent B for 3
minutes, reversed to the origina composition (95% solvent
A, 5% solvent B) over 1 minute, and re-equilibrated at that
composition for 2 minutes. mCyt and Cyt had retention
times of 6.99 and 3.96 minutes, respectively. Mass spec-
trometry was performed in the selective reaction monitoring
(SRM) mode using a Finnigan TSQ 7000 (Thermo Finni-
gan, San Jose, CA) mass spectrometer. SRM monitoring of
the ion transitions from m/z 241.6 (protonated molecular
ion) to 125.8 and 227.6 to 111.8 was performed. To quantify
the mCyt and Cyt in the samples, an externa standard

consisting of 6% mCyt was prepared by adding 23.5 uL
deoxymethylcytidine (Sigma Chemical Co.) at a concentra-
tion of 10 ng/mL and 15 uL deoxycytidine (Acros Organics,
Fisher Scientific, Pittsburg, PA) at a concentration of 100
ng/mL to 961.5 ulL sterile filtered water. Sample mCyt and
Cyt concentrations were quantified by comparing their peak
areas to standard curves calculated from the peak areas of
deoxycytidine (18.75-150 ng/mL; r = 0.99) and deoxy-
methylcytidine (0.29-2.35 ng/mL; r = 0.99). Ratios were
calculated by dividing the mCyt concentration by the total
Cyt (tCyt) concentration (mCyt + Cyt) and expressed asthe
mMCyt/tCyt ratio. The intra-assay CV for this method was
4%.

2.6. Satistical methods

One-way analysis of variance (ANOV A) was used to test
for differencesin all indices including serum and red blood
cell folate, plasma homocysteine, and DNA methylation
([®H]methyl group acceptance and mCyt/tCyt ratio) at week
0. To account for subject variability on entry into the study,
analysis of covariance (ANCOVA) was used to evaluate
genotype group differences for all indices (i.e., serum and
red blood cell folate and plasma homocysteine concentra-
tions and DNA methylation) at weeks 7 and 14 with adjust-
ment for baseline or week 7 values, respectively. Least-
sguare means were used to describe the magnitude of the
differences between each group and were evaluated at the
average covariate value (week 0 for weeks 7 and 14 anal-
yses, week 7 for week 14 analysis). Asasecondary analysis,
ANOVA was performed on the raw and percent change
values from week 0 to week 7, week 7 to week 14, and week
0 to week 14 for DNA methylation indices. To calculate
overall mean raw or percent change over the depletion
(week O to week 7) and repletion (week 7 to week 14)
periods, the raw or percent change score for each subject
was calculated and the mean of these values was deter-
mined.

Pearson correlations were used to evaluate the strength
of the relationships between the dependent variables at each
point intime (weeks 0, 7, and 14). A sign test for proportion
of trends analysis [28] was used to compare the expected
and observed combination of trends for DNA methylation
indicators and plasma homocysteine, serum folate, and red
blood cell folate concentrations over the depletion and re-
pletion periods. To evaluate the strength of the relationship
between each status indicator over the depletion and reple-
tion phases, regression and Pearson correlation techniques
were used. Specifically, linear regression was used to de-
termine the slope parameters for each variable for each
subject. Correlations of combinations of these coefficients
were then determined to assess the magnitude of the rela
tionship.

To compare the combined trends of methylation and
plasma homocysteine, and serum and red blood cell folate,
the expected and observed proportions of trends from week
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DNA [*H]methy!l group acceptance at baseline, postdepletion, and postrepletion for all subjects and by MTHFR 677C—T genotype

Genotype

T Overall

Table 1

CcC
Baseline 470 = 80 (n = 22)
Postdepletion 490 = 80 (n = 22)
Postrepletion 550 = 150 (n = 10)

500 + 70 (n = 19)
520 + 70 (n = 19)
470 + 70 (n = 10)

490 = 70 (n = 41)
500 + 80 (n = 41)
510 = 120 (n = 20)

Values are mean = SD, [*H]methyl group acceptance (dpm X 10%0.5 ug DNA).

MTHFR = methylenetetrahydrofolate reductase.

0 to week 7 and from week 7 to week 14 were evaluated.
Specifically, regression was used to determine the slope for
each subject’s depletion (week 0 to week 7) and repletion
(week 7 to week 14) phase for methylation, plasma homo-
cysteine, and serum and red blood cell folate. The signs of
the slopes (positive or negative) were then tallied for each
trial phase and this observed proportion was tested against
the proportion that would be expected by chance aone
(0.25) using a sign test.

Statistical methods using ANOVA models with main
factors for genotype and serum folate status (median status
and depletion status separately) as well as the interaction
term were used to evaluate potential differences in
[*H]methyl group acceptance, mCyt/tCyt ratio, and plasma
homocysteine concentration at each time point (week O,
week 7, and week 14). In addition, one-way ANOVA was
used as a secondary analysis to evauate potential differ-
ences in [*H]methy! group acceptance, mCyt/tCyt ratio, and
plasma homocysteine concentration by serum folate status
(median status and depletion status separately) within each
genotype group (TT and CC separately) at each point in
time (weeks 0, 7, and 14). For these analyses, the « value
was adjusted as a/n, where n = the number of comparisons.
The adjusted « was therefore 0.05/12 = 0.004. For all other
comparisons, the « level was set a priori to 0.05. All sta-
tistics were computed using SAS version 8.00 (SAS Insti-
tute, Cary, NC).

3. Reaults

3.1. Serum and red blood cell folate and plasma
homocysteine concentrations

The results for serum and red blood cell folate and
plasma homocysteine concentrations at baseline, postdeple-
tion, and postrepletion by genotype and overall have been
previously described [17].

3.2. DNA methylation
No differences were detected between the means = SD

for [®H]methyl group acceptance (Table 1) at weeks 0, 7, or
14 between genotype groups (P > 0.05). The overall mean

percent change in [*H]methyl group acceptance tended (P
= 0.08) to increase from baseline to postdepletion (5% =
19%), suggesting a trend for DNA methylation to decrease
in al subjects during depletion (weeks 0—7) (Fig. 1). In
addition, although both genotype groups had nonsignificant
percent increases in [°*H]methyl group acceptance during
depletion (Fig. 1), only subjects with the TT genotype had
adecrease in [*H]methyl group acceptance during repletion
(Fig. 1). Thisisin contrast to subjects with the CC genotype
who had an increase during repletion. Over the depletion
and repletion phases of the study, an inverse relationship
between serum folate or red blood cell folate concentrations
and [*H]methyl group acceptance was expected (i.e., it was
expected that serum folate concentrations would decrease
and [*H]methyl group acceptance would increase with fo-
late depletion). Conversely, a direct relationship between
plasma homocysteine concentration and [*H]methyl group
acceptance was expected in response to folate depl etion and
repletion. Based on the sign test for trend anaysis, an
inverse relationship between serum folate concentration and
[*H]methyl group acceptance was observed in 68% and
55% of the TT (P = 0.0004) and CC (P = 0.006) genotype
groups, respectively, over the depletion phase. An inverse
relationship also was observed in 68% of the TT and 50% of
the CC genotype groups (P = 0.0005 and P = 0.02, re-
spectively) between red blood cell folate concentration and

C1CC
ElTT
Y Overall
209 Depletion (wk 0-7) | Repletion (wk 7-14)
8 ~ 154
€3 10
a2 (7]
g + 5
Q 87 0-
TE .
I c
2 O 10
I 2
— '15_
-20-

Fig. 1. Percent (%) change in [*H]methyl group acceptance for all subjects
and by methylenetetrahydrofolate reductase (MTHFR) 677C—T genotype
during depletion and repletion.
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Table 2

Percentage (%) of methylated cytosine at baseline, postdepletion, and postrepletion for al subjects and by MTHFR 677C—T genotype as measured by

liquid chromatography tandem mass spectrometry

Genotype

TT Overal

cC
Baseline 47 = 05(n = 22
Post-depletion 46 £ 0.7 (n = 22)
Post-repletion 46 = 04 (n = 10)

48+ 10 (n = 19)
46 = 0.7 (n = 19)
45 = 05 (n = 10)

47 = 0.8 (n = 41)
46 + 0.7 (n = 41)
46 + 05 (n = 20)

Values are mean = SD, % of methylated cytosine.
MTHFR = methylenetetrahydrofolate reductase.

[*H]methyl group acceptance during depletion. A direct
relationship was observed between plasma homocysteine
concentration and [°H]methyl group acceptance in 68% and
55% of the TT (P = 0.0005) and CC (P = 0.006) genotype
groups, respectively.

In response to folate repletion, the inverse relationship
between serum folate and [2H]methy! group acceptance was
observed in 60% of both the subjects with the TT and CC
genotypes (P = 0.03), whereas there was atrend (P = 0.08)
for a direct relationship between plasma homocysteine and
[*H]methyl group acceptance in 50% of both genotype
groups (sign test for trend). Based on the Pearson correla-
tion, plasma homocysteine concentration tended (P = 0.05)
to be correlated positively (r = 0.44) with [2H]methyl group
acceptance in subjects with the CC genotype only during the
repletion phase. In addition, a significant inverse relation-
ship was found between red blood cell folate concentrations
and [*H]methyl group acceptance for all subjects (r =
—0.37; P = 0.02) postdepletion based on Pearson correla-
tion anaysis.

A significant difference in the percentage of methylated
cytosine (= SD) was not detected (P > 0.05) at weeks 0, 7,
or 14 among genotype groups (Table 2). At baseline, a
significant (P = 0.03) interaction between mCyt/tCyt ratio
and folate status was detected in all subjects. Specifically, in
subjects with a serum fol ate concentration bel ow the median
(40 nmol/L) the mCyt/tCyt ratio tended to be lower (P =
0.01) than in subjects with serum folate concentrations
above the median based on an adjusted « of 0.004.

In response to depletion, there were direct relationships
(P < 0.05) between the mCyt/tCyt ratio and both serum and
red blood cell folate concentrations in the CC genotype
group only (50% and 45%, respectively, sign test for trend).
Plasma homocysteine concentration was inversely (P =
0.02) related to the mCyt/tCyt ratio in 50% of the CC
genotype group only.

The positive mean percent change in the mCyt/tCyt ratio
in response to folate repletion (weeks 7-14) was significant
(P = 0.04) for subjects with the TT genotype with no
change (P > 0.05) observed for subjects with the CC ge-
notype (Fig. 2). The positive raw change in the mCyt/tCyt
ratio also was significant (P = 0.03) during repletion for
subjects with the TT but not the CC genotype.

4, Discussion

The primary objective of this metabolic study was to
evaluate the influence of the MTHFR 677C—T variant on
DNA methylation response to a low-folate diet followed by
repletion with the current folate RDA for nonpregnant
women using a controlled feeding protocol. Previous stud-
ies have been primarily observational, population-based
studies in which the combined effect of the MTHFR poly-
morphism and folate status was evaluated. The women in
the current study had baseline folate values well above what
is considered to be deficient (<13.6 nmol/L) [29]. In addi-
tion, none of the women were severely deficient (<7
nmol/L) [29] postdepletion, which is in contrast to our
previous study of elderly women following the same pro-
tocol [30]. Repletion with the current RDA for folate did not
restore blood folate values back to baseline in the young
women. These results indicate that these women may have
been consuming large quantities of folic acid in fortified
foods since the United States Food and Drug Administration
mandated folic acid fortification in 1998 [31]. Perhaps
longer depletion and repletion phases may have resulted in
more significant changes in folate status. The negative in-

—CC
EETT
Overall

Repletion (wk 7-14)

S T

-
o
|

Depletion (wk 0-7)

T!¥

Fig. 2. Percent (%) change in mCyt/tCyt ratio for all subjects and by
methylenetetrahydrofolate reductase (MTHFR) 677C— T genotype during
depletion and repletion, as measured by liquid chromatography—tandem
mass spectrometry. * Significant percent change during repletion for sub-
jects with the TT genotype (P < 0.05).

[3,}
I

mCyt/tCyt Ratio
(% Change + SEM)
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fluence of the MTHFR 677C— T variant when coupled with
poor folate status on genomic DNA methylation has been
reported in U.S. [9] and European [10] population-based
studies. In contrast to these observational studies, metabolic
protocols such as that used in the present study provide the
opportunity to control dietary intake of folate and other
nutrients that may significantly influence plasma homocys-
teine concentration and DNA methylation in individuals
with the MTHFR polymorphism.

DNA methylation has been used successfully as a bi-
omarker of response to controlled folate intake in two pre-
viously published studies [25,32]. Jacob et al. [32] found a
significant decrease in global DNA methylation in post-
menopausal women after consumption of a low-folate diet
for 91 days. In a previous study with elderly women by our
research group, global DNA methylation significantly de-
creased in response to alow-folate diet for 7 weeks [25]. In
contrast, a significant decrease in DNA methylation was not
detected after a 7-week folate depletion in the young women
in the present study. This difference between our previous
folate-controlled feeding study in which the same low folate
diet was consumed may be explained by the fact that 21%
of the elderly women in the previous study had severe
deficiencies (<7 nmol/L) by week 7 [30] compared to none
of the young women in the present study. The prestudy
folate status for both groups were comparable (serum folate
46 vs 47 nmol/L), suggesting that factors other than prior
folate intake were involved in the observed age-specific
differences in DNA methylation response. An important
difference between the women in the present study (age
20-30 years) and earlier studies in elderly women (>60
years) [25] is the age difference. An effect of age on folate
status has been demonstrated in an animal model [33].
Specific age-dependent effects on DNA methylation have
been reported as previoudy reviewed, and include endoge-
nous (i.e., altered expression of DNA methyltransferases)
and exogenous (i.e. medications and diet) factors [35]. Ad-
ditional studies are needed to further characterize the po-
tential age-related effects on DNA methylation.

The main objective of the present study was to investi-
gate genotypic differences in DNA methylation between
subjects with the TT and CC MTHFR 677C—T genotypes.
Although 59% of subjects with the TT genotype had low
folate status (<<13.6 nmol/L) at week 7 compared to only
15% of subjects with the CC genotype [17], a significant
difference in labeled methyl group acceptance between ge-
notypes was not detected at any time point in the present
study. Thisisin contrast to the findings of Stern et a. [9],
who reported significantly higher labeled methyl group in-
corporation in individuals with the TT compared to the CC
genotype. Theinclusion by Stern et al. [9] of older subjects
(age range 25-75 years) may have contributed to the sig-
nificant difference between genotypes, although this con-
clusion cannot be made definitively because methylation
status was not evaluated by age. The study by Stern et al. [9]
may have been conducted before folic acid fortification,

since the baseline serum folate concentration of subjectsin
the present study was more than 2-fold higher than that of
the subjectsin the Stern et a. [9] study for both the TT and
CC genotypes (42 vs 21 nmol/L and 52 vs 24 nmol/L,
respectively).

The trend for an increase in DNA [*H]methyl group
acceptance, indicative of diminished DNA methylation, was
consistent with our previously reported significant decreases
in this population of young women in serum and red blood
cell folate concentrations and increase in plasma homocys-
teine concentration during depletion [17]. Also in the young
women, a significant inverse correlation was detected be-
tween labeled methyl group acceptance in subjects with the
TT genotype and red blood cell folate concentrations post-
depletion, indicating an effect of folate status on DNA
methylation in subjects with this genotype.

In an observational study of an Italian population, a
liquid chromatography—mass spectrometry method was
used to compare the DNA methylcytosine content in sub-
jects with the TT and CC genotypes for the MTHFR
677C—T polymorphism [10]. Significantly less DNA
methylation in subjects with the TT genotype compared to
those with the CC genotype was reported in conjunction
with significantly lower serum folate concentration [10]. In
contrast, a significant difference in DNA methylation be-
tween genotypes was not detected in the present study of
young women in the U.S. using a liquid chromatography—
tandem mass spectrometry method. These conflicting find-
ings may be a result of consumption of folic acid fortified
foods by our population compared to the Italian population,
where lower folate intakes were chronically consumed. Dif-
ferences in folate status due to consumption of fortified
foods in the U.S. compared to European countries are illus-
trated by the fact that the serum folate concentrations in the
Italian population were much lower than those in the present
study (~11.6 vs 47.2 nmol/L). The significant increase in
DNA methylation in subjects in this study with the TT
genotype during repletion is consistent with the results by
Friso et al. [10], who found significantly more DNA meth-
ylation in subjects with the TT genotype with plasma folate
values in the highest tertile compared to the lowest tertile.
This indicates that as folate status is improved, DNA meth-
ylation is enhanced. In the present study, a change in DNA
methylation during repletion was not detected in subjects
with the CC genotype, afinding that is consistent with data
by Friso et a. [10], who did not find a significant difference
in DNA methylation among tertiles of plasma folate in
subjects with the CC genotype. These data suggest that
individuals with the TT genotype may have a greater in-
crease in DNA methylation with folate repletion following
alow folate intake than individuals with the CC genotype.

In summary, the results of the present study indicate that
DNA methylation in young women may be affected by
inadequate folate intake. In addition, women with the ho-
mozygous genotype (TT) for the MTHFR 677C—T poly-
morphism may benefit more from folate supplementation
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(i.e., improved methylation status) than women with the CC
genotype. Future research is needed to delineate the effect
of chronic consumption of low-folate diets on DNA meth-
ylation in individuals with the MTHFR 677C—T polymor-
phism. In addition, more research iswarranted to investigate
the potential influence of aging on DNA methylation.

Acknowledgments

The authors acknowledge Karen Novak, MS, RN, for
assistance in subject recruitment and sample collection dur-
ing this study, and Steven Zeisel, PhD, for analysis of the
choline content in the diet. This research was supported by
the Florida Agricultural Experiment Station and grants from
the U.S. Department of Agriculture (USDA)—National Re-
search Initiative (NRI) grant 00-3500-9102, USDA-NRI
grant 00-3500-9113, National Ingtitutes of Health (NIH)
grant DK56724, and NIH General Clinical Research Center
grant M01-RR00082 and approved for publication as Jour-
nal Series No. R-10177.

References

[1] Adams RL. DNA methylation. The effect of minor bases on DNA-
protein interactions. Biochem J 1990;265:309—20.

[2] Jones PA, Takai D. The role of DNA methylation in mammalian
epigenetics. Science 2001;293:1068—70.

[3] Li E, Bestor TH, Jaenisch R. Targeted mutation of the DNA

methyltransferase gene results in embryonic lethality. Cell 1992;

69:915-26.

Okano M, Bell DW, Haber DA, Li E. DNA methyltransferases

Dnmt3a and Dnmt3b are essential for de novo methylation and

mammalian development. Cell 1999;99:247-57.

Frosst P, Blom HJ, Milos R, et a. A candidate genetic risk factor for

vascular disease: a common mutation in methylenetetrahydrofolate

reductase. Nat Genet 1995;10:111-3.

[6] Yamada K, Chen Z, Rozen R, Matthews RG. Effects of common
polymorphisms on the properties of recombinant human methyl-
enetetrahydrofolate reductase. Proc Nat Acad Sci USA 2001;98:
14853-8.

[7] Botto L, Yang Q. 5,10-Methylenetetrahydrofolate reductase gene
variants and congenital anomalies: a HUGE review. Am J Epidemiol
2000;151:862—77.

[8] Esfahani ST, Cogger EA, Caudill MA. Heterogeneity in the preva-

lence of methylenetetrahydrofolate reductase gene polymorphismsin

women of different ethnic groups. J Am Diet Assoc 2003;103:200—7.

Stern LL, Mason JB, Selhub J, Choi SW. Genomic DNA hypometh-

ylation, a characteristic of most cancers, is present in periphera

leukocytes of individuals who are homozygous for the C677T poly-
morphism in the methylenetetrahydrofolate reductase gene. Cancer

Epidemiol Biomarkers Prev 2000;9:849-53.

[10] Friso S, Choi SW, Girelli D, et a. A common mutation in the
5,10-methylenetetrahydrofol ate reductase gene affects genomic DNA
methylation through an interaction with folate status. Proc Nat Acad
Sci USA 2002;99:5606—11.

[11] Schall TO, Johnson WG. Folic acid: influence on the outcome of
pregnancy. Am J Clin Nutr 2000;71:1295S-303S.

[12] Vollset SE, Refsum H, Irgens LM, et a. Plasma total homocysteine,
pregnancy complications, and adverse pregnancy outcomes. the
Hordaland Homocysteine Study. Am J Clin Nutr 2000;71:962—8.

[4

[l

(5

—

[9

—

[13] MRC Vitamin Study Research Group. Prevention of neural tube
defects: results of the Medical Research Council Vitamin Study.
Lancet 1991;338:131-7.

[14] Berry RJ, Li Z, Erickson JD, et a. Prevention of neural-tube defects
with folic acid in China. China-U.S. Collaborative Project for Neural
Tube Defect Prevention. N Engl J Med 1999;341:1485-90.

[15] Czeizel AE. Folic acid and prevention of birth defects. J Am Med
Assoc 1996;275:1635—-6.

[16] Bailey LB, Moyers S, Gregory JF. Folate. In: Bowman AR, Russell
RM, editors. Present knowledge in nutrition. Washington, DC: ILS|
Press, 2001. p. 214-29.

[17] Shelnutt KP, Kauwell GP, Chapman CM, et al. Folate status response
to controlled folate intake is affected by the methylenetetrahydrofo-
late reductase 677C—T polymorphism in young women. J Nutr
2003;133:4107-11.

[18] Institute of Medicine. Folate. In: Dietary reference intakes. Washing-
ton, DC: National Academy Press, 1998:196-305.

[19] Horne DW, Patterson D. Lactobacillus casei microbiological assay of
folic acid derivatives in 96-well microtiter plates. Clin Chem 1988;
34:2357-9.

[20] TamuraT. Microbiological assay of folate. In: Picciano MF, Stokstad
ER, Gregory JF, editors. Folic acid metabolism in health and disease.
New York: Wiley-Liss, 1990. p. 121-37.

[21] Martin JI, Landen WO Jr, Soliman AG, Eitenmiller RR. Application
of a tri-enzyme extraction for total folate determination in foods. J
Assoc Off Anal Chem 1990;73:805-8.

[22] Koc H, Mar MH, Ranasinghe A, Swenberg JA, Zeisel SH. Quanti-
tation of choline and its metabolites in tissues and foods by liquid
chromatography/electrospray ionization-isotope dilution mass spec-
trometry. Anal Chem 2002;74:4734-40.

[23] Ingtitute of Medicine. Choline. In: Dietary reference intakes. Wash-
ington, DC: National Academy Press, 1998. p. 390—422.

[24] Balaghi M, Wagner C. DNA methylation in folate deficiency: use of
CpG methylase. Biochem Biophys Res Commun 1993;193:1184-90.

[25] Rampersaud GC, Kauwell GP, Hutson AD, Cerda JJ, Bailey LB.
Genomic DNA methylation decreases in response to moderate folate
depletion in elderly women. Am J Clin Nutr 2000;72:998—1003.

[26] Quinlivan EP, Davis SR, Henderson GN, et a. Stable-isotopic inves-
tigation of 1-C partitioning into purine and thymidylate synthesis in
humans: effects of MTHFR 677 CtoT polymorphism and folate
status. FASEB J 2003;17:A276. (abstract 171.8).

[27] Crain PF. Preparation and enzymatic hydrolysis of DNA and RNA for
mass spectrometry. Methods Enzymol 1990;193:782—90.

[28] Cox DR. Some quick sign tests for trend in location and dispersion.
Biometrika 1955;42:80—95.

[29] Sauberlich HE, Dowdy RP, Skala JH. Folacin (folic acid, pteroyl-
monoglutamic acid, folate). In: King JW, Faulkner WR, editors.
Laboratory tests for the assessment of nutritional status. Cleveland,
OH: CRC Press, 1974: pp. 49-60.

[30] Kauwell GPA, Lippert BL, Wilsky CE, et a. Folate status of elderly
women following moderate folate depletion responds only to a higher
folate intake. J Nutr 2000;130:1584-1590.

[31] Kesser DA, ShaldaDE.. Food standards: amendment of standards of
identity for enriched grain products to require addition of folic acid.
Fed Regist 1996;61:8781-97.

[32] Jacob RA, Gretz DM, Taylor PC, et a. Moderate folate depletion
increases plasma homocysteine and decreases lymphocyte DNA
methylation in postmenopausal women. J Nutr 1998;128:1204-12.

[33] Choi SW, Friso S, Dolnikowski GG, et al. Biochemical and molec-
ular aberrations in the rat colon due to folate depletion are age-
specific. J Nutr 2003;133:1206—12.

[34] Richardson BC. Role of DNA methylation in the regulation of cell
function: autoimmunity, aging and cancer. J Nutr 2002;132:2401S-
5S.

[35] Richardson B. Impact of aging on DNA methylation. Ageing Res Rev
2003;2:245-61.



	Methylenetetrahydrofolate reductase 677CT polymorphism affects DNA methylation in response to controlled folate intake in young women
	Introduction
	Methods and materials
	Subjects
	Experimental design and diet
	Specimen collection and processing
	Determination of MTHFR 677CT genotype
	DNA methylation analyses
	Statistical methods

	Results
	Serum and red blood cell folate and plasma homocysteine concentrations
	DNA methylation

	Discussion
	Acknowledgments
	References


