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DNA methylation, an essential epigenetic feature of DNA that
modulates gene expression and genomic integrity, is catalyzed by
methyltransferases that use the universal methyl donor S-adenosyl-L-methionine. Methylenetetrahydrofolate reductase (MTHFR)
catalyzes the synthesis of 5-methyltetrahydrofolate (5-methylTHF), the methyl donor for synthesis of methionine from homocysteine and precursor of S-adenosyl-L-methionine. In the present
study we sought to determine the effect of folate status on
genomic DNA methylation with an emphasis on the interaction
with the common C677T mutation in the MTHFR gene. A liquid
chromatography兾MS method for the analysis of nucleotide bases
was used to assess genomic DNA methylation in peripheral blood
mononuclear cell DNA from 105 subjects homozygous for this
mutation (T兾T) and 187 homozygous for the wild-type (C兾C) MTHFR
genotype. The results show that genomic DNA methylation directly
correlates with folate status and inversely with plasma homocysteine (tHcy) levels (P < 0.01). T兾T genotypes had a diminished level
of DNA methylation compared with those with the C兾C wild-type
(32.23 vs.62.24 ng 5-methylcytosine兾g DNA, P < 0.0001). When
analyzed according to folate status, however, only the T兾T subjects
with low levels of folate accounted for the diminished DNA
methylation (P < 0.0001). Moreover, in T兾T subjects DNA methylation status correlated with the methylated proportion of red
blood cell folate and was inversely related to the formylated
proportion of red blood cell folates (P < 0.03) that is known to be
solely represented in those individuals. These results indicate that
the MTHFR C677T polymorphism influences DNA methylation status through an interaction with folate status.

D

NA methylation is an important epigenetic feature of DNA
that plays critical mechanistic roles in gene regulation (1–3)
and cellular differentiation (4–6). In eukaryote cells DNA
methylation is primarily comprised of methyl groups at the 5⬘
position of cytosine, a feature that is especially prevalent in
CpG-rich sequences known as CpG islands (7–10), most of which
reside within gene promoter regions (11). Aberrant genomic
DNA methylation is widely recognized to be associated with
different diseases, and is implicated in the genesis of cancer (12,
13) and neurodevelopmental disorders (2).
DNA methylation patterns in the cell are established and
maintained by DNA methyltransferases (14–17) which, as do
many other cellular methylation reactions, use S-adenosyl-Lmethionine (SAM) as the donor of methyl groups (14). A major
source of methyl groups used by SAM for methylation reactions
is the folate-dependent de novo synthesis of one-carbon
units (18).
Two specific enzymes are involved in this methyl group
synthesis process: the B12-dependent methionine synthase that
uses 5-methylTHF for the methylation of homocysteine to
methionine, and the methylenetetrahydrofolate reductase
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(MTHFR) [5-methylTHF:(acceptor) oxidoreductase, EC
1.7.99.5]. MTHFR is considered a key enzyme in the one-carbon
metabolism, because it is responsible for the irreversible conversion of 5,10-methylenetetrahydrofolate to 5-methylTHF,
which serves as methyl donor for methionine, precursor of SAM.
Not only is this pathway important for methyl group synthesis
but the lack of methyl group production results in an intracellular
accumulation of S-adenosylhomocysteine (SAH), as well as an
increase in plasma of total homocysteine levels (tHcy) (18).
Soon after the isolation of cDNA and gene mapping of the
human MTHFR (19), a common missense mutation was identified in the MTHFR gene, the C to T substitution at position 677,
that encodes for a thermolabile variant with reduced enzymatic
function (20). By determination of tHcy, a strong gene–nutrient
interaction has been demonstrated in the phenotypic expression
of this genetic mutation in the MTHFR enzyme (21, 22). Under
conditions of low folate plasma levels, the mutant T allele has
been shown to be associated with higher levels of tHcy. This
relationship between the MTHFR polymorphism and plasma
folate values has been implicated as the likely link between the
C677T polymorphism and cardiovascular disease (23, 24), as well
as neural tube defects (25, 26).
Consistent with the concept that T兾T homozygosity reduces
the in vivo availability of 5-methylTHF is our recent observation
that the distribution of different coenzymatic forms of folate is
altered in T兾T homozygotes (27). The red blood cells (RBCs) of
the T兾T homozygous mutants have diminished proportions of
methylated tetrahydrofolates, as well as variable amounts of
formylated folate. In contrast, cells from the wild-type individuals contain exclusively methylated folate derivatives (27). However, whether the different availability of methylated forms of
folate may affect biological methylation reactions, such as DNA
methylation, has not been demonstrated before.
We recently observed in a preliminary fashion that homozygous individuals for the MTHFR C677T mutation possess a lower
degree of DNA methylation (28). However, the small number of
subjects and the indirect method used to assess genomic DNA
methylation (29, 30) limited the conclusions that could be drawn.
We designed the present study to evaluate, in a large cohort
of subjects, the effect of folate status on genomic DNA methylation. To directly measure genomic DNA methylation we
developed a quantitative, highly specific assay using liquid
Abbreviations: LC, liquid chromatography; MTHFR, methylenetetrahydrofolate reductase;
5-methylTHF, 5-methyltetrahydrofolate; tHcy, plasma total homocysteine; RBC, red blood
cell; mCyt, 5-methylcytosine; Cyt, cytosine.
¶To

whom reprint requests should be addressed. E-mail: jselhub@hnrc.tufts.edu.

The publication costs of this article were defrayed in part by page charge payment. This
article must therefore be hereby marked “advertisement” in accordance with 18 U.S.C.
§1734 solely to indicate this fact.

www.pnas.org兾cgi兾doi兾10.1073兾pnas.062066299

Materials and Methods
Study Population. We studied a total of 292 unrelated, age- and
sex-matched subjects recruited from a single geographical area
(northern Italy). Characteristics of the study population including MTHFR genotype distribution are described in detail elsewhere (22, 32). Of these 292 subjects, 193 had angiographically
documented coronary atherosclerosis. Ninety-nine had normal
coronary arteries as documented by angiography and had neither
clinical nor laboratory evidence of atherosclerosis. They were
examined for reasons other than coronary artery disease (in
most cases valvular heart disease; refs. 22 and 32). Informed
consent was obtained from all subjects after a full explanation of
the study. The University Hospital of Verona Review Board
approved the study.
Biochemical Analysis. Samples of venous blood were drawn from

each subject after an overnight fast. DNA was extracted from whole
blood by using a phenol:chloroform:isoamyl alcohol protocol. All of
the laboratory methods for biochemical analyses have been performed as described (22). tHcy levels were measured by highperformance liquid chromatography (HPLC) with fluorescent detection according to Araki and Sako (33). Plasma folate and vitamin
B12 concentrations were measured by an automated chemiluminescence method (Chiron Diagnostics, East Walpole, MA). Vitamin B6 levels were measured by HPLC method according to
Kimura et al. (34). RBC folate form distribution was detected by
affinity followed by reverse-phase chromatography with electrochemical detection as described (27, 35).
MTHFR Genotyping. The analysis of the MTHFR C677T mutation

was performed by PCR followed by Hinf I digestion according to
Frosst et al. (20).

DNA Methylation Measurement. To measure genomic DNA methylation we developed a method using LC兾MS. The instrument
was a HP-Bruker Esquire, LC Ion Trap LC兾MS (Billerica, MA)
equipped with an electrospray ionization source. One microgram
of DNA was enzymatically hydrolyzed by sequential digestion
with 2 units of nuclease P1, 0.002 units of venom phosphodiesterase I, and 0.5 units of alkaline phosphatase as described by
Crain (36). Twenty microliters of the hydrolyzed-DNA solution
was injected onto a Suplex pKb 100 analytical column (250 ⫻ 2.1
mm i.d.) protected by a 5-m Suplex pKb 100 precolumn
(Supelco, Bellefonte, PA) (37). The isocratic mobile phase
consisted of 7 mM ammonium acetate pH 6.7兾methanol (5%
vol兾vol) in water delivered at a flow rate of 0.3 ml兾min for 13
min. This allowed the separation of the four DNA bases, as well
as the identification of 5-methylcytosine. Mass spectrometry
operating conditions relating to the electrospray source were as
follows: capillary 30 nA, nebulizer 40.0 psi, N2 drying gas 9 l兾min,
and drying temperature 350°C. The ion trap was scanned from
m兾z 100–150. 2⬘-Deoxy[U-15N3]cytidine (Cambridge Isotopes
Laboratories, Andover, MA) was used as an internal standard
and mixtures of 5-methyl-2⬘-deoxycytidine and 2⬘-deoxycytidine
(Sigma) were used as external standards. Identification of cytosine (Cyt) and mCyt was obtained by combined UV detection at
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254 nm and MS analysis of the chromatographic peaks eluting
after 4.5 ⫾ 0.5 min and 6.5 ⫾ 0.5 min, respectively. The ion peak
at m兾z ⫽ 112 corresponded to Cyt and the ion peak at m兾z ⫽ 126
corresponded to mCyt, confirming what was described by others
(38). The ion peak at m兾z ⫽ 115 corresponded to the stable
isotope used as internal standard. Quantification of Cyt was done
by comparison to its internal standard, and mCyt quantification
was obtained by comparison with external standards of known
concentration because a stable isotope standard for mCyt was
not commercially available. The linear working range of the
method was from 100 pg to 10 g. The limit of detection for both
Cyt and mCyt was 100 pg. DNA methylation status was defined
as the amount of mCyt per g of DNA. Coefficients of variance
(n ⫽ 5) were 1.6% (within day) and 5.7% (between days).
Statistical Analysis. All computations were performed by using

software (Version 10.0) for Windows 2000 (SPSS, Chicago). The distribution of continuous variables in groups are
expressed as mean ⫾ SD. Analysis was performed with logtransformed data for all skewed variables including DNA methylation. Therefore, geometric means (antilogarithms of the
transformed means) are presented and 95% confidence intervals
(CIs) are calculated using the transformed values and displayed
as the antilogarithms of the transformed data. Statistical significance for differences in continuous variables was tested by
Student’s unpaired t test. Categorical variables were analyzed
using a 2 test or linear regression analysis when appropriate.
Adjustment for confounding variables (i.e., age, sex, smoking,
creatinine, and vitamin status when appropriate) was performed
by general linear model analysis (specifically analysis of covariance). Statistical significance refers to a two-tailed analysis
where P ⬍ 0.05.
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Results
Fig. 1 shows a typical MS chromatogram of hydrolyzed DNA
from peripheral blood mononuclear cells. The first peak at
m兾z ⫽ 112, eluting after 4.5 ⫾ 0.5 min, corresponds to Cyt. The
second peak, at m兾z ⫽ 126 and eluting at 6.5 ⫾ 0.5 min,
corresponds to mCyt.
A linear regression analysis, pooling both genotypes, demonstrated highly significant direct relationships between plasma
and RBC folate and DNA methylation (P ⬍ 0.01). However,
such relationships were driven entirely by the data from the T兾T
individuals and were not significant among the C兾C individuals
(see below). An indirect relationship was observed between
DNA methylation and tHcy (P ⬍ 0.01). We found no significant
correlation between DNA methylation and vitamin B6 or vitamin B12 status.
The characteristics of the population according to MTHFR
genotype are described in Table 1. As shown, no differences were
found in age, sex, vitamin B6, and vitamin B12 levels between the
MTHFR C677T wild type (C兾C) and the homozygous mutant
(T兾T) groups. Plasma folate, as well the RBC folate concentrations, were lower in the T兾T as compared with the C兾C group
(P ⬍ 0.0001). Total plasma homocysteine was higher in the T兾T
than in the C兾C group (P ⬍ 0.0001). These differences between
the two MTHFR genotypes also extend to DNA methylation. The
mean level of mCyt in the DNA from the T兾T group was
approximately half of that found in the C兾C group (P ⬍ 0.0001;
Table 1). This difference between genotypes is most evident
when folate status was taken into account. Among those whose
plasma folate status is above the median value (12 nmol兾liter),
genomic DNA methylation was similar in the two MTHFR
genotypes (Table 2). However, when plasma folate status was
below the median, the level of DNA methylation was considerably lower among the subjects homozygous for the C677T
mutation than for the wild-type genotype. Moreover, the level of
genomic DNA methylation was a 50% lower in this group
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chromatography (LC)兾MS techniques. This method allows for
the direct measurement of 5-methylcytosine (mCyt) in DNA
digests and differs from indirect enzymatic methods, which are
semiquantitative and known to suffer from considerable interassay variability (31).
We sought to emphasize: (i) the effect of folate status on DNA
methylation as determined by direct measurement of mCyt; (ii)
the impact of the interaction between the MTHFR C677T
mutation and folate status on DNA methylation; and (iii) the
relationship between different coenzymatic forms of folate in
the T兾T homozygous mutants and DNA methylation.

Fig. 1. Typical MS chromatogram of hydrolyzed peripheral blood mononuclear cell DNA. The first peak at m兾z ⫽ 112, eluting after 4.5 ⫾ 0.5 min, corresponds
to Cyt. The second peak, at m兾z ⫽ 126 and eluting at 6.5 ⫾ 0.5 min, corresponds to mCyt.

compared with other T兾T individuals (P ⬍ 0.0001), with levels
of folate equal or above the median or with the C兾C group in the
lower range of plasma folate (Table 2). Further illustration of
these differences is shown in Fig. 2. When the population sample
was divided into tertiles of plasma folate according to C兾C and
T兾T genotype, a graded effect of folate in determining levels of
DNA methylation was detected only among the T兾T individuals.
The level of DNA methylation among those T兾T individuals in
the lowest tertile of folate compared with the highest was
approximately a 35% lower and was statistically significant (P ⬍
0.03; Fig. 2). Among those with the C兾C genotype, however,
DNA methylation was not different across the tertiles.
The results of the analyses when RBC folate was used as a
measure of folate status precisely paralleled the observations
made with plasma folate (Table 3). When both the C兾C and the
T兾T individuals are divided into groups according to the median

RBC folate value (1.13 nmol兾folate兾g Hb), only the T兾T group
with folate below the median had diminished DNA methylation
(P ⬍ 0.0001). No such differences were found in the C兾C group
(Table 3). At RBC folate levels above the median, DNA
methylation was not influenced by the MTHFR genotype.
The assessment of RBC folate vitamer distribution demonstrated that the folate contained in RBCs from individuals
carrying the C兾C genotype is comprised entirely of 5-methylTHFs, whereas the RBC folate from individuals with the homozygous mutant T兾T genotype consists of 30% formylated
THF polyglutamates, confirming what we have described (27).
Furthermore, the profile of folate coenzymes within the cell of
T兾T individuals bears a close relationship with peripheral blood
mononuclear cell DNA methylation as shown in Fig. 3: a
regression analysis within the T兾T group revealed an inverse
relationship between the proportion of formyl-THF and DNA

Table 1. Characteristics of the population according to MTHFR genotype

Age
Sex, % male
Plasma folate, nmol兾liter
RBC folate, nmol兾g Hb
Vitamin B12, pmol兾liter
Vitamin B6, nmol兾liter
tHcy, mol兾liter
Genomic DNA methylation status, ng
mCyt兾g DNA

C兾C (n ⫽ 187)

T兾T (n ⫽ 105)

P value

59.77 ⫾ 9.96
80.21
12.71 (9.81–11.96)
1267.49 ⫾ 684.28
297 (280–315)
30.38 (27.93–33.04)
14.70 (13.90–15.54)
62.24 (54.32–71.31)

59.92 ⫾ 11.39
77.14
10.42 (9.58–11.33)
833.55 ⫾ 435.84
292 (274–316)
33.85 (30.17–37.97)
21.26 (19.64–22.98)
32.23 (24.78–41.92)

N.S.
N.S.*
⬍0.0001
⬍0.0001
N.S.
N.S.
⬍0.0001
⬍0.0001

Values are expressed as mean ⫾ SD for age and RBC folate. Plasma folate, vitamin B12, vitamin B6, tHcy, and DNA
methylation status are presented as geometric means (antilogarithms of the transformed means) and 95%
confidence intervals are reported in parentheses with two-tailed P values. Statistical difference was evaluated by
Student’s t test except when differently indicated. N.S., not statistically significant.
*Statistical difference was evaluated by 2 test.
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C兾C (n ⫽ 187)
T兾T (n ⫽ 105)
P value

Plasma folate
ⱖ 12 nmol兾liter

Plasma folate
ⱕ 12 nmol兾liter

P value

64.00 (52.72–77.63)
67.56 (50.45–90.38)

63.05 (51.47–77.25)
26.21 (18.81–36.49)

N.S.
⬍0.0001

N.S.

⬍0.0001

DNA methylation status is presented as geometric mean (antilogarithm of
the transformed means) and 95% confidence intervals are reported in parentheses with two-tailed P values. Statistical difference was evaluated by Student’s t test. N.S., not statistically significant.

methylation (P ⬍ 0.03), as well as a positive association between
DNA methylation and methyl-THF proportions (P ⬍ 0.03).
Discussion
Controlling the epigenetic patterns of DNA methylation is
fundamental in the regulation of gene expression (1, 3, 5, 13, 39).
Methylation at 5⬘ position of cytosine is a major epigenetic
mechanism for controlling DNA gene expression and silencing
(40–42) and is considered crucial in the maintenance of genomic
structural integrity (43). Although essential for normal development, DNA methylation may become misdirected and lead to
carcinogenesis (44–46) or other abnormal conditions (2, 43).
It is therefore of considerable interest to identify the endogenous and exogenous factors that determine the patterns of
methylation.
The present study shows that the level of 5-methylcytosine in
genomic DNA from peripheral blood mononuclear cells is
related to folate status. This relationship is further modified by
an interaction of this nutrient with a common mutation in the
one-carbon metabolism pathway that regulates the availability of
methyl groups for methylation reactions. Homozygous mutants
for the C677T polymorphism in the MTHFR gene exhibit a
significantly lower level of mCyt in DNA but only under conditions of low folate status. At higher levels of folate, the amount

Fig. 2.

of mCyt in DNA from T兾T homozygous mutants does not differ
from that among the C677T wild-type individuals. The interaction between folate status and MTHFR genotype has been also
described in relation to plasma tHcy levels (47). Studies by us (21,
22) and others (48, 49) have shown that plasma tHcy levels are
significantly higher in homozygotes for the C677T MTHFR
mutation than in those with the wild-type genotype, but only
among those mutants whose level of plasma folate is low (21, 22,
48, 49). At higher folate status, plasma tHcy levels are unaffected
by the MTHFR genotype.
The presence of such a gene–nutrient interaction between
the mutant MTHFR enzyme and folate status (50) is consistent
with the recent study of Guenther et al. (51) in which the
authors evaluated the biochemical structure of the mutant
MTHFR and explained its propensity to lose its essential f lavin
cofactor. Guenther et al. used a thermolabile variant MTHFR
model expressed in Escherichia coli to show that the C677T
mutation results in the exposure of binding sites for the f lavin
adenine dinucleotide (FAD) cofactor, which otherwise would
be embedded in a barrel-like structure. Such exposure results
in a weakened enzyme兾FAD complex, and hence the loss of
activity. The presence of 5-methylTHF substrates is associated
with conformational changes that strengthen the complex,
thereby protecting the MTHFR against the loss of its f lavin
cofactor.
The finding of a low level of mCyt in peripheral blood
mononuclear cell DNA with high tHcy observed in T兾T
subjects with a low folate status strongly implies the limited
capacity of the mutant MTHFR for synthesizing sufficient
5-methylTHF to meet the demands for the de novo methionine
methyl group supply. This is consistent with our previous
report (27) that RBCs from homozygous mutant individuals
for the C677T mutation have formylated tetrahydrofolate
polyglutamates in addition to 5-methylTHF polyglutamates,
which are the sole form of folate in RBCs from MTHFR C兾C
wild-type individuals (27).
In the present study, we observed an inverse relationship
between tHcy and DNA methylation. Homocysteine is a
product of the intracellular hydrolysis of S-adenosylhomocysteine (SAH). It then condenses with 5-methylTHF to form

Correlation between DNA methylation and levels of plasma folate divided into tertiles and according by MTHFR genotype: C兾C (Left) and T兾T (Right).
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Table 2. Genomic DNA methylation status (ng mCyt兾g DNA)
according to MTHFR genotype and plasma folate levels
(stratification by folate values above and below the median)

Table 3. RBCs folate forms distribution and DNA methylation status according to MTHFR C677T genotype and stratification in low
and high RBCs folate values
Low RBC folate

Total folate, nmol兾g Hb
RBC methyl-THF, % of total
Genomic DNA methylation status,
ng mCyt兾g DNA

High RBC folate

C兾C

T兾T

P value

C兾C

T兾T

P value

0.81 ⫾ 0.20
98.8 ⫾ 5.7
64.07 (49.89–81.45)

0.68 ⫾ 0.27
67.3 ⫾ 29.0
21.93 (14.73–32.45)

0.003
⬍0.0001
⬍0.0001

1.69 ⫾ 0.70
99.4 ⫾ 1.1
57.97 (45.60–73.55)

1.48 ⫾ 0.27
69.6 ⫾ 30.9
57.39 (29.96–109.94)

N.S.
0.002
N.S.

Low and high RBCs folate status is intended for levels below and above the total RBCs median value (1.13 nmol兾g hemoglobin), respectively. Values are
expressed as mean ⫾ SD for RBCs folate levels. DNA methylation is presented as geometric mean (antilogarithm of the transformed mean) and 95% confidence
intervals are reported in parentheses with two-tailed P values. Statistical difference was evaluated by Student’s t test. N.S., not statistically significant.

methionine or is transsulfurated in a B6-dependent reaction to
form cysthathionine. It is therefore not surprising that tHcy
inversely correlated with DNA because (i) elevation in tHcy is
a ref lection of folate depletion and (ii) elevation in total
plasma homocysteine levels is an indication of elevated intracellular increased concentrations of SAH, which acts as an end
product inhibitor of the S-adenosyl-L-methionine (SAM)dependent methylation reactions. This finding is consistent
with a recent report by Yi et al. (52), who identified plasma
SAH as a strong predictor of the genomic methylation of
nucleated blood cells.
We show in the current study that the modulation between the
MTHFR variant and folate holds true for both plasma and RBC
folate levels. The concentration of folate in plasma is generally
accepted as an indicator of short-term changes of the nutrient,
whereas RBC folate is considered a good index of body folate
stores (53, 54). The present finding, however, suggests that
plasma levels of folate in populations may be as reliable as RBC
folate as an indicator of long-term folate status.
Whether other key vitamins involved in the one-carbon metabolic pathway influence DNA methylation has also been examined. In the present study, however, no association was found
with either vitamin B12 or vitamin B6 levels.
A feature of the present study that strengthens confidence
in the observations pertains to the development of a LC兾MS

method to directly measure genomic DNA methylation. Most
existing methods for assessing genomic DNA methylation
suffer from: (i) being semiquantitative rather than quantitative, (ii) assessing DNA methylation indirectly, and (iii) possessing large intra- as well as interassay variation. The LC兾MS
method affords much greater reproducibility and precision
because it is based on the direct, quantitative measurement of
methylated cytosine bases in DNA digests using the specificity
of a MS technique (31).
This study in MTHFR C677T variants suggests that folate
may have an important role in modulating an epigenetic
feature of DNA that controls gene expression (2). However, it
remains to be determined whether the DNA hypomethylation
seen in peripheral blood mononuclear cell DNA also occurs in
other tissues, and particularly in those that have rapid rates of
proliferation and are thereby more susceptible to the adverse
effect of low folate status— e.g., colon, bone marrow, and
others (55–59).
Both hypo- or hyper-gene-specific methylation has been described in relation to impaired folate status. As we previously
showed in animal studies, folate deficiency induces hypomethylation within critical regions of the p53 gene (60)—although,
under dietary folate兾methyl depletion, DNA methyltransferase
activity in rats has been described to be up-regulated (61, 62),
leading to hypermethylation at specific loci (63). In future studies

Fig. 3. Correlation between DNA methylation (expressed in log-scale) and levels of different coenzymatic forms of RBC folate in MTHFR T兾T subjects. An inverse
relationship was detected between DNA methylation and formylated tetrahydrofolate polyglutamates (formyl-THF; Left). A positive correlation was detected
between DNA methylation and methyltetrahydrofolate polyglutamates (methyl-THF; Right).
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it will be crucial to identify DNA methylation anomalies in
specific loci in humans.

