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Abstract: Advances in molecular biology greatly contributed, in the past decades, to a deeper understanding of the role of
gene function in disease development. Environmental as well as nutritional factors are now well acknowledged to interact
with the individual genetic background for the development of several diseases, including cancer, cardiovascular disease,
and neurodegenerative diseases. The precise mechanisms of such gene-nutrient interactions, however, are not fully
elucidated yet. Many micronutrients and vitamins are crucial in regulating mechanisms of DNA metabolism. Indeed,
folate has been most extensively investigated for its unique function as mediator for the transfer of one-carbon moieties
for nucleotide synthesis/repair and biological methylation. Cell culture, animal, and human studies, clearly demonstrated
that folate deficiency induces disruption of DNA synthesis/repair pathways as well as DNA methylation anomalies.
Remarkably, a gene-nutrient interaction between folate status and a polymorphism in methylenetetrahydrofolate reductase
gene has been reported to modulate genomic DNA methylation. This observation suggests that the interaction between a
nutritional status and a mutant genotype may modulate gene expression through DNA methylation, especially when such
polymorphism affects a key enzyme in one-carbon metabolism and limits the methyl supply. DNA methylation, both
genome-wide and gene-specific, is of particular interest for the study of aging, cancer, and other pathologic conditions,
because it affects gene expression without permanent alterations in the DNA sequence such as mutations or allele
deletions. Understanding the patterns of DNA methylation through the interaction with nutrients is a critical issue, not
only to provide pathophysiological explanations of a disease state, but also to identify individuals at-risk to conduct
targeted diet-based interventions.
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folate, B vitamins.   

INTRODUCTION

During the past decades, research in molecular biology
greatly contributed to the advance of knowledge in the role
of genes in several diseases and, at the same time,
highlighted the importance of environmental/nutritional
factors in regulating the genome machinery [1]. A number of
vitamins and micronutrients are co-factors in metabolic
pathways that regulate nucleic acids synthesis and/or repair
systems as well as the expression of genes [2]. Deficiency of
such nutrients may also result in disruption of genomic
integrity and alteration of DNA methylation, a major
epigenetic feature of DNA that regulates phenomena related
to gene transcription [3], thus linking nutrition with
modulation of gene expression. The field of gene-nutrient
interactions affecting methylation of DNA, therefore,
appears a fascinating model to explain the different response
to environmental/diet exposure at a molecular level, although
the precise nature and magnitude of such gene-nutrient
interactions have not been clarified yet.

In this regard, folate, a water-soluble B vitamin involved
in one-carbon metabolism, has gained increasing interest for
its essential role in the synthesis, repair and methylation of
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DNA, all of which are central mechanisms for maintaining
the adequate regulation of genome function. Studies in
animal models and in vitro cell culture systems have
demonstrated that folate deficiency induces DNA strand
breaks, impairment of DNA repair, increased mutagenesis
and aberrant DNA methylation status [4, 5]. The importance
of folate metabolism is related to its function in providing
one-carbon units for nucleic acids bases synthesis as well as
for the synthesis of S-adenosymethionine (S-AdoMet), the
universal methyl donor for several biological methylation
reactions [6].

DNA methylation is the main epigenetic feature in
eukaryotic genomes and occurs at the carbon 5’ position of
cytosine within the CpG dinucleotides [7] in a complex
reaction that involves the cytosine base out of the intact
double helix [8]. Typically, DNA methylation occurs in CpG
dinucleotide rich regions, the so-called ‘CpG islands’ that, in
contrast to the overall genome, are highly represented in
promoter regions or first exons of genes [7]. Because of the
strong correlation between DNA methylation in promoter
regions and transcriptional repression [7, 9], DNA methyla-
tion appears to be a fundamental as well as potentially
reversible mechanism for epigenetic control of gene
expression [10, 11]. Therefore, an evaluation of genomic
DNA methylation status is important for the study of cell
growth regulation, tissue specific differentiation [12] and
carcinogenesis [11, 13].
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Several studies highlighted the role of gene-nutrient
relationships in folate metabolism by exploring the effect of
the interaction between folate status and a polymorphism in
the gene of 5, 10-methylenetetrahydrofolate reductase
(MTHFR) in determining total plasma levels of homocys-
teine (tHcy), an important metabolite in one-carbon metabol-
ism and a risk factor for cardiovascular disease [14-16].
MTHFR is a key enzyme in one-carbon metabolism, because
its substrates provide one-carbon units for thymidine and
purine synthesis and its metabolic products are responsible
for the availability of methyl groups for several biological
methylation reactions including that of DNA. A transition
from cytosine to thymine at the 677 position of the MTHFR
gene causes enzyme thermolability and reduced activity [17],
therefore, perturbations in the function of MTHFR such as
those associated with the presence of the 677C>T polymor-
phic site, are critical for altering nucleic acid metabolic
pathways.

Recently, a folate-MTHFR 677C>T interaction has been
described to affect appropriate levels and patterns of DNA
methylation [18, 19]. The altered DNA methylation and
potential consequent abnormal modulation of gene expres-
sion due to an interaction between folate status and the
MTHFR 677C>T, certainly opened a new fascinating area
within that of gene-nutrient interactions. Therefore, it is of
considerable interest to identify the factors that determine the
patterns of DNA methylation not only to provide evidences
for the mechanisms of several pathological conditions but
also to identify safe chemoprevention strategies by modi-
fying a nutritional status in subjects with an at-risk gene-
nutrient interaction condition [20, 21].

This review will focus on the most recent knowledge
about the effects of nutrients, and more specifically of folate,
on gene expression and integrity, with an emphasis on gene-
nutrient interactions between folate and the MTHFR 677C>T
polymorphism on the modulation of DNA methylation.

TWO MAJOR FOLATE FUNCTIONS IN ONE
CARBON METABOLISM: DNA METHYLATION
AND SYNTHESIS/REPAIR

An indirect evidence of the fundamental role of
micronutrients and vitamins in DNA metabolic pathways is
that altered dietary intake or tissue/plasma levels of several
nutrients are well known to be related with a more elevated
risk of developing cancer disease [20-22]. Nevertheless,
there is no clear validation for optimal dietary ranges able to
protect against DNA damage and aberrant regulation of gene
functions, probably because, from the studies so far
conducted mostly in vitro or using animal models, there is no
conclusive evidence on the mechanisms through which
nutrients exert their function in maintenance of genomic
stability [1, 2].

The great majority of data explaining an interaction of
nutrients and DNA metabolism refer to dietary folate and/or
methyl group supply, because these dietary elements are
directly involved in DNA methylation and synthesis via one-
carbon metabolism [22]. The main biochemical function
known for all co-enzymatic forms of folate is to transfer one-
carbon moieties (Fig. (1)). The synthesis of S-AdoMet
pertains precisely to the scope of this function. S-AdoMet is

a compound that serves as universal methyl donor for a
sizeable number of methylation reactions, including the
methylation of nucleic acids [23]. Methionine is restored
from homocysteine by methionine synthase (MS), a vitamin
B12 dependent enzyme, in a reaction where 5-methyl-
tetrahydrofolate (5-methylTHF) serves both as a cofactor and
as a substrate (Fig. (1)). The reduced availability of 5-
methylTHF, the main circulating form of folate, induces the
reduction of S-AdoMet biosynthesis, thus functioning as a
limiting factor for the availability of methyl groups for
methylation reactions. Not only dietary folate depletion has
been proven to decrease genomic DNA methylation in both
humans [24, 25] and animal models [26] but also, dietary
folate supplementation can restore the DNA methylation
status [25].

Folate-derived one–carbon groups are essential for the de
novo synthesis of thymidylate, as well as for the purine
synthesis. Since the fidelity of DNA synthesis is critically
dependent on the correct balance and availability of deoxy-
nucleotides [22], disruptions in intracellular nucleotide pools
induced by folate deficiency [27] or pharmacologic inhibi-
tion of folate metabolism [28], results in inappropriate uracil
incorporation into DNA [29, 30], because in mammalian
cells the de novo synthesis of thymidylate from deoxy-
uridylate is a rate-limiting step for DNA synthesis [30, 31].

The fact that folate derived one-carbon groups are
essential for the synthesis of purines and pyrimidines [32]
highlights the importance of folate also in mechanisms of
DNA repair. Although the biochemical and molecular basis
for the relationship between folate and DNA repair are not
completely elucidated yet, it has been demonstrated that
folate depletion induces an impairment of DNA repair in a
rat model [4] as well as in a lymphocyte cell culture system
[33].

MTHFR POLYMORPHISMS

Methylenetetrahydrofolate reductase (MTHFR) is consi-
dered a key enzyme in one-carbon metabolism as it catalyses
the irreversible conversion of 5, 10-methylenetetrahydro-
folate to 5-methylTHF (Fig. (1)) [6]. In 1988, Kang et al.,
identified a thermolabile variant of MTHFR with reduced
activity [34]. The thermolabile MTHFR has been subse-
quently found to be due to a common missense mutation, a C
to T nucleotide transition at MTHFR base pair 677, which
results in an alanine to valine substitution at 222 position in
MTHFR amino acid sequence [17]. The prevalence of the
valine-valine substitution is rather common, with a
frequency of homozygous individuals as high as 20% in
North American and European populations [17, 35, 36].
Individuals who are homozygous mutant for the rare variant
(TT) have about 30% of normal enzyme activity, whereas
heterozygotes (CT) have a mean MTHFR activity of about
65% compared to wild-type subjects (CC) [17]. With respect
to the carriers of the common variant (CC), the heterozy-
gotes (CT) have 10% and TT homozygotes 18% lower red
cell folate levels [37].

The biological significance of the MTHFR 677C>T
mutation is predominantly related to the reduced availability
of 5-methylTHF. Consistent with this concept, is also the
recent observation that the distribution of different co-
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enzymatic forms of folate is altered in MTHFR TT homo-
zygotes [38]. The red blood cells (RBC) of TT homozygous
mutants show variable amounts of formylated tetrahydro-
folate polyglutammates at the expenses of methylated
tetrahydrofolates. In contrast, cells from the CC wild-type
individuals contain exclusively methylated tetrahydrofolate
derivatives [19, 38].

A second common mutation in the MTHFR gene at base
pair 1298 resulting in an adenine to cytosine substitution has
been described [39]. Although individuals homozygous for
the polymorphism show reduced MTHFR activity by a 39%,
the 1298 A>C  mutation, differently from the 677C>T, does
not confer thermolability [40]. Moreover, neither the
homozygous nor the heterozygous state is associated per se
with higher total plasma homocysteine (tHcy) levels or a
lower plasma folate concentration-phenomena that are
evident for the 677C>T homozygosity condition [40].
However, there appears to be an interaction between these
two common mutations. When compared with heterozygous
for either the 677C>T or the 1298A>C mutations, the
combined heterozygosity for the 1298A>C and 677C>T is
associated with reduced MTHFR specific activity, higher
tHcy, and decreased plasma folate levels. Thus, combined
heterozygosity for both MTHFR mutations seems to have
features similar to those observed in homozygotes for the
677C>T mutation taken alone [40].

These two polymorphisms are usually not present in the
same allele (i.e., in “cis”) [40, 41] but studies have shown

that very rare MTHFR alleles have both polymorphisms [42,
43].

INTERACTION OF FOLATE AND MTHFR GENE: A
PROTOTYPE OF GENE-NUTRIENT INTERACTION

Folate and MTHFR Interaction in One-Carbon
Metabolism

Under low folate status conditions, the less 5-methylTHF
available for the impaired activity of the MTHFR mutant
enzyme, diminish the conversion of homocysteine to
methionine, resulting in increased tHcy concentrations in
subjects with the 677 TT genotype [17, 36, 44]. The higher
level of this sulfur-containing amino acid appears, therefore,
as an indicator of altered one-carbon metabolism [27, 29].

By determination of plasma total homocysteine levels, a
strong nutrient-gene interaction was demonstrated in the
phenotypic expression of this polymorphism in MTHFR [36,
44]. Jacques et al., first showed that individuals with the
thermolabile MTHFR variant might have a higher folate
requirement for the regulation of plasma homocysteine
concentrations, highlighting the presence of an interaction
between this common polymorphism and folate in
homocysteine metabolism [44]. We subsequently reported
that subjects with 677 TT with inadequate folate status, as
indicated by their blood folate levels lower than the median
(11.5 nmol/L), had 59% increased tHcy concentrations and
an effect at intermediate extent (21%) was also observed in

Fig. (1). Folate and MTHFR gene in one carbon metabolism.

MTHFR = 5, 10-methylenetetrahydrofolate reductase; SHMT = serine hydroxymethyltransferase; TS = thymidylate synthase; CBS =
cysthationine β synthase; MS = methionine synthase.
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heterozygous (677CT) individuals [36]. On the other hand, at
adequate folate status conditions, there was no difference in
tHcy concentrations among the three genotypes [36]. These
findings contributed to give emphasis to the interdependence
between nutrition and genetics, especially since this relation-
ship of the MTHFR polymorphism with plasma folate levels
was implicated as the likely link between the MTHFR
polymorphism and many diseases including cardiovascular
disease, neural tube defects and cancer. In coronary artery
disease, the interaction between MTHFR and folate, which
defines a higher risk for the disease, is determined by folate
levels below a certain specific thresholds, which differ for
each MTHFR 677C>T genotype [45]. The limited avail-
ability of 5-methylTHF in 677 TT genotypes, particularly
under low folate conditions, significantly impairs the ability
of the cell to remethylate homocysteine to methionine
resulting in homocysteine accumulation. Hustad et al.
recently showed that also vitamin B2 concentrations affect
this relationship, thus leading to higher tHcy concen-
trations only in 677 TT genotypes but not in 677 CC wild
types [46].

Mechanism of Folate and MTHFR Gene Interaction

The presence of such a nutrient-gene interaction between
the mutant MTHFR enzyme and folate status is consistent
with the study of Guenther et al. who evaluated the
biochemical structure of the mutant MTHFR and explained
its propensity to lose its essential flavin cofactor [47].

The X-ray analysis of a thermolabile MTHFR variant
expressed in Escherichia coli provided a model for the
catalytic domain shared by all MTHFRs, to show that the
mutant MTHFR 677 TT results in the exposure of binding
sites for the flavin adenine dinucleotide (FAD) co-factor
which would be otherwise embedded in a barrel-like
structure. Such exposure results in a weakened enzyme/FAD
complex, and hence loss of activity. The reduced activity of
the mutant E. coli enzyme is attributable to diminished FAD
binding, which affects the equilibrium between the more
stable tetramer and the less stable dimeric form of the
protein. The presence of adequate 5-methylTHF substrates is
associated with conformational changes that strengthen the
complex, thereby protecting wild-type and mutant MTHFR
against the loss of its flavin co-factor [47].

Differently from the bacterial form, the human enzyme is
a dimer and contains a domain that binds allosterically the
inhibitor S-AdoMet. A recent study on human MTHFR
function, demonstrated that once FAD is dissociated from
the enzyme, occurs a rapid conversion of the dimer to
monomers which gives less stability to the complex and is
considered the phenomenon associated with the genotype-
related loss of activity. Since both 5-methylTHF and S-
AdoMet have a protective effect on the complex against
FAD dissociation, folate depletion can further reduce
MTHFR activity by decreasing the levels of 5-methylTHF
and S-AdoMet in MTHFR 677 TT genotype. These
observations also suggest the interaction among FAD, folate
and MTHFR gene [48].

Yet, the question of whether and in which extent the
recently discovered 1298A>C polymorphism affects plasma
homocysteine levels is still incompletely answered since the

results of several studies are rather controversial [40-42; 49,
50] and in most studies the 1298A>C polymorphism showed
no effect on fasting or post-load tHcy levels [41]. It is worth
of notice that some authors described even lower tHcy levels
associated with the 1298CC genotype [50]. Only one study
thus far showed a trend versus higher tHcy in 1298CC
mutants taken alone [49]. The most plausible explanation for
the different effect of the two variants on plasma
homocysteine level is their specific effect on the enzyme
control. The 1298A>C affects enzyme regulation through S-
AdoMet, an allosteric inhibitor of MTHFR that is known to
bind in the C-terminal regulatory domain, whereas the
677C>T is more likely to influence more dramatically the
enzyme thermostability because of its localization in the N-
terminal catalytic domain [47].

Effect of Folate and MTHFR Gene Interaction on
Genomic DNA Methylation

Folate depletion has been reported to cause alterations in
DNA methylation patterns. DNA methylation is the most
important epigenetic phenomenon in mammalian DNA that
regulates gene expression and integrity [7, 13, 51].

The mutant MTHFR 677 TT, in association with low
folate status, affects this epigenetic feature of DNA in a
gene-nutrient interaction manner [18, 19]. Evaluating
genomic DNA methylation in peripheral lymphocytes, we
observed that subjects homozygous mutant for the MTHFR
677C>T polymorphism, possess a lower degree of DNA
methylation compared to the CC wild-type individuals [18,
19]. When analyzed according to folate status, however, only
the TT subjects with low levels of folate accounted for the
diminished DNA methylation compared to the CC wild-
types (Fig. (2)). Moreover, in TT subjects DNA methylation
status correlated with the methylated proportion of RBC
folate and was inversely related to the formylated proportion
of RBC folates that are known to be solely represented in TT
individuals [19]. The results showed also that genomic DNA
methylation directly correlate with folate status and inversely
with tHcy levels which is consistent with the hypothesis of
an indirect effect on cellular methylation reaction through a
concomitant increase in levels of S-adenosylhomocysteine
(S-AdoHcy), a potent inhibitor of DNA methylation
reactions because most methyltransferases bind S-AdoHcy
with higher affinity than S-AdoMet [52, 53]. These findings
indicate that the MTHFR 677C>T polymorphism influences
genomic DNA methylation status through an interaction with
folate status [19, 54].

Effect of Folate and MTHFR Gene Interaction on Gene-
Specific DNA Methylation

About half of human genes have CpG islands in their
promoter regions or within initial exons of genes [51, 55].
The patterns of gene-specific DNA methylation define, at a
molecular level, the genes to be expressed selectively [56],
therefore, alteration in methylation status within promoter
regions are regarded as a very important epigenetic mech-
anism in gene control [57]. In carcinogenesis, hypermethyla-
tion of CpG islands in promoter regions is clearly associated
with gene transcriptional silencing, which gives to the
methylation process an important role as an alternative
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mechanism by which tumor suppressor genes are inactivated
without structural DNA anomalies such as mutations or
allele deletions. On the other hand, hypomethylation of CpG
islands is associated with gene transcriptional activation,
which is also an important mechanism by which proto-
oncogenes are activated [57]. Data for an active role of
promoter methylation in gene silencing are quite convincing,
although the exact molecular mechanism by which DNA

methylation represses transcription is not yet completely
clear. Methylation of promoter-reporter constructs of trans-
fected cells inhibits their expression in vitro [58]. DNA
demethylating agents such as 5-azadeoxycytidine, a methyl-
transferase inhibitor, leads to the re-expression of previously
methylated and imprinted genes [59]. A germline deletion of
the Dnmt1 gene in homozygous embryos, on which the
prototypical mammalian cytosine DNA methyltransferase is

Fig. (2). Scheme illustrating the gene-nutrient interaction between the MTHFR 677C>T polymorphism and folate, and the effects on
genomic DNA methylation status.

MTHFR is responsible for the irreversible conversion of 5, 10-methylenetetrahydrofolate to 5-methyltetrahydrofolate (CH3-THF). The
MTHFR 677C>T variant encodes for a thermolabile enzyme with reduced activity. As shown in this figure, under folate deficiency
conditions, subjects homozygous for the thermolabile MTHFR (TT) (right panel), decreased CH3-THF production that results in lower S-
adenosylmethionine levels and consequent lower availability of methyl groups (CH3) for the methylation reactions including DNA
methylation. The reduced availability of CH3-THF is also reflected by diminished homocysteine remethylation with consequent higher S-
adenosylhomocysteine levels (S-AdoHcy), an inhibitor of DNA methylation reaction. The reduced MTHFR activity in homozygous 677 TT
subjects, is thought to cause accumulation of 5, 10-methyleneTHF and therefore increase the availability of one-carbon groups required for
the synthesis of dTMP and purines. On the contrary, subjects wild-type for the 677C>T genotype (CC) are not affected by folate deficiency
(left panel), since the synthesis of CH3-THF for methylation reactions is preserved. The MTHFR genotype does not alter the availability of
CH3-THF when folate status is adequate.

The size of the arrows indicates the different entity in enzyme activity and the flux through the folate pools. The size of the font for the
metabolic products indicates approximately the relative change in the amount of metabolites among the MTHFR genotypes.

MTHFR = 5, 10-methylenetetrahydrofolate reductase; S-AdoMet = S-adenosylmethionine; S-AdoHcy = S-adenosylhomocysteine; dUMP =
deoxyuridylate; dTMP = deoxythymidylate; TS = thymidylate synthase; THF = tetrahydrofolate.
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encoded, re-expresses a number of genes, including the
normally silent alleles of several imprinted genes and the
abundant but normally repressed endogenous retroviral
sequences, which are methylated and silent in heterozygous
littermates [60].

The mechanism for the CpG island-associated gene
silencing seems to involve also the link of specific methyla-
ted DNA binding proteins, followed by the recruitment of a
silencing complex that includes histone deacetylases [61,
62]. The de novo methylation, by itself, has a minimal effect
on gene expression. However, methylated DNA conveys
methyl-binding proteins to attract histone deacetylases
protein complexes. Through the action of methyl-binding
proteins and histone deacetylases, the DNA undergoes
conformational structure changes that generate a compact
chromatin configuration which makes the DNA refractory to
nuclease or restriction endonuclease digestion, and leads to
the loss of DNase-I-hypersensitive sites resulting, as a
consequence, in altered protein assembly function due to
permanent inhibition of messenger RNA [63]. Unmethylated
CpG islands possess, instead, a nuclease-sensitive chromatin
structure that differs from the vastness of the methylated
genome [64].

In a rodent model of hepatocellular carcinoma, a choline-
deficient diet induced hypomethylation of 5’ upstream CpG
sites of the c-myc gene and causes an over expression of the
gene transcript [65]. Interestingly, experimentally induced
deficiency of one-carbon nutrients in animals, which showed
decreased genomic DNA methylation status, caused a para-
doxical, and presumably compensatory, hypermethylation of
specific gene loci [66]. Jhaveri et al. reported that also H-
cadherin gene, in folate depletion conditions, showed
hypermethylation within 5’ sequences and was down
regulated in human nasopharyngeal carcinoma KB cells [67].

This phenomenon is of particular interest because the
promoter regions of several tumor suppressor genes such as
p16, p53 and APC are frequently hypermethylated in cancer
diseases [68-71]. For instance, a highly conserved region of
the p53 tumor suppressor gene appears to be extremely
susceptible to the DNA damaging and hypomethylating
effects of folate deficiency with molecular effects in decre-
ased levels of p53 mRNA in a steady state condition [72].

There is accumulating evidence that hypermethylation is
involved in carcinogenesis since this phenomenon contribute
to suppression of gene transcription [73]. Promoter methyla-
tion of p53 and the mismatch repair gene hMLH1 induce
reduced expression of such genes transcripts in liver [72] and
colorectal cancer cells [74].

In other methyl deficient animal studies increased levels
of mRNA for c- fos, c-Ha-ras and c-myc were correlated
with hypomethylation at specific sites within these genes
[75, 76]. These observations suggest that nutrient may affect
gene transcription by exon specific DNA methylation.

Based on these observations one might speculate that
altered genomic DNA methylation status due to the
interaction between folate and MTHFR might alter the status
of promoter specific DNA methylation in critical genes and
alter their expression. However, evidences are few to date.

Effect of Folate and MTHFR Gene Interaction on DNA
Synthesis/Repair Pathway

The DNA methylation and DNA synthesis pathways, are
highlighted by the common 677C>T polymorphisms in the
MTHFR gene, that causes reduced enzyme activity, because
the MTHFR reaction sits as a pivot between DNA
methylation and DNA synthesis, balancing the two pathways
to maintain normal homeostasis (Fig. (1)). Noteworthy, the
unique effects of gene-nutrient interaction between MTHFR
and folate, are not only evident in respect to DNA
methylation, but also in DNA synthesis [32].

Folate depletion generates an imbalance in nucleotide
pools by an accumulation of dUMP at the expenses of
dTMP, as reported from results in cell culture studies [27,
77]. The increase in uracil content into DNA under folate
depletion condition has been demonstrated both in vitro  [33,
77-80] and in vivo [24, 66]. The crucial role in chromosomal
damage of the aberrant uracil incorporation into DNA was
first observed by Reidy and colleagues in a folate-deficient
cell culture system [81] and subsequently confirmed by the
observation that the excision repair mechanisms to remove
uracil bases from DNA result in double-strand breaks and
induce deletion formation [82] and chromosomal transloca-
tions, all phenomena widely described in carcinogenesis
[83]. Other factors such as aging have been also demons-
trated to enhance the detrimental effects of folate depletion
on uracil misincorporation in an animal model [84]. A recent
report showed an evidence, in a lymphocyte tissue culture
model, regarding the effect of the interaction between folic
acid, riboflavin, and the MTHFR 677C>T polymorphism on
micronuclei formation [85]. The micronuclei assay has been
widely used to evaluate the effect of folate on DNA damage,
being a valid marker for chromosome breakage and/or loss
[86, 87]. The micronuclei levels reported in the study by
Kimura et al., were 21% higher in TT cells than in CC cells,
and 45% lower in the high folic acid medium than in the low
folic acid medium with a highly significant statistically
difference [87].

An effect of the common MTHFR 677C>T polymor-
phism on DNA synthesis pathway, was first hypothesized by
Ma J. et al., in a nested case-control study design within the
Physicians' Health Study [88]. From the results of that study,
the authors suggested that the reduced colon cancer risk
found in carriers of the MTHFR 677C>T mutation were due,
perhaps, to the increased 5, 10-methylenetetrahydrofolate
levels for DNA synthesis in those homozygous for the
mutation only under adequate folate status conditions [88].
Subsequently, this hypothesis was tested in vitro in a human
lymphocytes cell culture system [78]. The 677C>T
polymorphism, however, seems not to affect, by itself, the
ability of the cells to limit uracil misincorporation into DNA.
A dose-dependent increase in DNA uracil content was only
observed during folic acid deficiency in both 677TT
homozygous mutants and controls (677CC and 677CT
subjects) [78]. The authors of that cell culture study drew the
conclusion that, although the results did not support the
hypothesis by Ma, et al. that a reduced risk for certain
cancers in 677TT is due to the diversion of folic acid to
thymidine synthesis, differences between the in vivo and in
vitro situation as well as short-term exposure to folate
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depletion could be the reason for not reaching conclusive
results [78].

Considering the major role of both MTHFR enzyme
function and folate levels in DNA synthesis/repair system
(Fig. (1)), more studies are certainly required to test the
hypothesis that the DNA synthesis/repair metabolic pathway
can be modulated in a gene-nutrient interactive fashion by
MTHFR 677C>T polymorphism and folate status.

Significance of Folate and MTHFR Gene Interaction

Taking together, all the above described findings highly
contributed to enhance the interest in both nutrition and
genetics and in their mutual relationships, especially since
the correlation of MTHFR 677C>T polymorphism with
plasma folate levels is considered the link between the
MTHFR genetic defect and cardiovascular disease, parti-
cularly under certain folate conditions, [36, 44, 89, 90] as
well as neural tube defects [91-93] and neurodegenerative
disorders [94-96].

The MTHFR 677C>T polymorphism also provides a
paradigm of gene-nutrient interaction in carcinogenesis [5,
20, 22]. The mutant TT genotype is associated with a
reduced risk for colorectal cancer, however, this protective
effect is only observed in individuals with adequate folate
status. Among those individuals with abnormal folate status,
the protection associated with the polymorphic site vanishes
[88], and an even more marked risk toward development of
colorectal cancer is reported [5, 22].

OTHER GENE-NUTRIENT INTERACTIONS IN ONE-
CARBON METABOLISM

As reported for the common MTHFR 677 C>T mutation,
folate is likely to interact with other critical genes in one
carbon metabolism. However, there are no clear evidences at
present, in this regard. Polymorphisms of genes such as
serine hydroxymethyltransferase (SHMT), thymidylate
synthase (TS) and cystathionine-β-synthase (CβS), have been
reported to significantly alter one carbon metabolism and
affect the risk of lymphoid malignancies and colorectal
cancer [97, 98].

Polymorphic sites within SHMT gene, an enzyme which
catalyzes the reversible transfer of formaldehyde from serine
to tetrahydrofolate (THF) to generate glycine and 5, 10
methyleneTHF, alters the folate coenzymatic form distri-
bution, because SHMT preferentially supplies one-carbon
units for thymidylate biosynthesis, depletes methylenetetra-
hydrofolate pools for S-AdoMet synthesis by synthesizing
serine, and sequesters 5-methyltetrahydrofolate and inhibits
S-AdoMet synthesis [99]. A polymorphism within TS, an
enzyme which catalyzes the transfer of formaldehyde from
folate to deoxyuridylate, enhances thymidylate production
[100] and diminished activity of CβS, a vitamin B6

containing enzyme, which condenses homocysteine with
serine to form cysta-thionine, produces demonstrable
impairments in biological methylation [101].

Further evidences also suggest that other nutrients
involved in one carbon metabolism might interact with
different one-carbon metabolism genes in a similar gene-
nutrient interaction fashion. MS and its cofactor vitamin B12

may be, in this regard, a good candidate target for further
studies to highlight new gene-nutrient interactions within
one-carbon metabolism [Fig. (1)].

Vitamin B12 deficiency is known to be associated with
micronuclei formation [2, 31], and reduced transcobalamin II
also has been related to chromosomal anomalies [102]. We
recently described that low dietary vitamin B12 affects one-
carbon metabolism also by inducing DNA genomic
hypomethylation and increased uracil misincorporaton into
the DNA of rat colonic epithelium [103]. In this animal
model, we observed that vitamin B12 deficiency of a degree
that neither produces anemia, illness or death can perturb
one-carbon metabolism to a sufficiently large degree to
produce anomalies in both biological methylation and DNA
synthesis in the colonic mucosa. Since the molecular
anomalies produced by vitamin B12 depletion arise from
inhibition of the same pathways that produce such effects in
the setting of folate depletion, we therefore hypothesize that
vitamin B12 also can have an interaction with one carbon
metabolism genes, especially MS enzyme of which needs
B12 as a coenzyme.

Methionine synthase plays a major role in methyl group
metabolism as it catalyses the methylation of homocysteine
to methionine with concomitant conversion of 5-methylTHF
to tetrahydrofolate (THF) and vitamin B12 is a critical
coenzyme (Fig. (1)). Methionine is then converted to S-
AdoMet, universal methyl donor for a number of biological
methylation reactions. A polymorphism in the MS gene, an
A to G transition at bp 2756, leads to the conversion from an
aspartic acid residue to a glycine at codon 919 [104], a
region believed to be part of a helix involved in the co-factor
binding. Although the exact impact of this variant has not
been established and the results of most studies are
somewhat conflicting, there is some evidence that the MS
2756A>G polymorphism may be functional. In some studies,
the 2756GG genotype is associated with lower plasma
homocysteine concentrations [105-108] and higher folate
levels [106], in others no effects on homocysteine levels
have been detected [109-112]. The functional effects of MS
2756A>G polymorphism on homocysteine reported so far,
seem, unlike the MTHFR variants, independent of folate and
vitamin B12 [107]. While these findings need to be con-
firmed, some evidences have been described of a gene-
nutrient interaction between the common MS 2756A>G
variant and low cobalamin (vitamin B12) levels for the risk of
spina bifida [113]. In a recent report, an interaction was
observed also for MS 2756A>G polymorphism and risk of
colorectal adenoma [114]. Among carriers of the 2756AG
and 2756GG genotypes, an interaction was observed such
that those with lower diet methionine intake and alcohol
users showed a higher risk for colorectal adenoma [114].
However, such interaction was found only in women, and no
interaction was seen for the MS 2756A>G polymorphism
and intake of folate, vitamin B12, or vitamin B6 [114].

CONCLUSIONS

Recent observations from cultured cells, animal models
and human studies support clear evidence that gene-nutrient
interactions affect DNA methylation, a fundamental
epigenetic feature in nucleic acid metabolic pathways that
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affects gene expression and genomic integrity [summarized
in (Fig. (1, 2))]. Several nutrients are well known to be
involved in regulation of DNA metabolism, but most
compelling data highlight the crucial role of folate as an
essential vitamin for DNA synthesis/repair as well as DNA
methylation (Fig. (1)).

The interaction between folate and MTHFR 677C>T
polymorphism, which affects DNA methylation status as
described above, represents a prototype for gene-nutrient
interaction models, suggesting that many disease processes
might be affected through altered DNA methylation, a
fundamental epigenetic feature in nucleic acid metabolic
pathways that affects gene expression and genomic integrity.
In addition to such peculiar paradigm of gene-nutrient
interaction other evidences also suggest that: 1) folate can
interact with MTHFR gene and this interaction can affect
DNA synthesis/repair system, 2) folate can interact with
other one-carbon metabolism-related genes such as SHMT,
TS and CβS and this interaction can affect certain disease
processes such as those related to development of colon
cancer and lymphoblastic malignancies and 3) other
nutrients such as vitamin B12 can also interact with genes in
one-carbon metabolism and this interaction can affect DNA
methylation as well as DNA synthesis/repair system as
described for folate.

Studies regarding new potential modalities of gene-
nutrient interactions can give us a more profound understan-
ding for the mechanisms by which nutrients modulate DNA
methylation and consequently the expression of genes and,
therefore, affect disease processes such as those well
recognized to be linked to the pathogenesis of cancer,
cardiovascular disease and neurodegenerative disorders.
Evidences for the beneficial effects of adequate folate status
as well as folate form distribution according to specific
MTHFR 677C>T genotypes also give us more insights for a
strategy for future individual-tailored nutritional intervention
strategies.
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ABBREVIATIONS

MTHFR = Methylenetetrahydrofolate reductase
(enzyme)

MTHFR = Methylenetetrahydrofolate reductase (gene)

S-AdoMet = S-adenosyl-methionine

S-AdoHcy = S-adenosylhomocysteine

tHcy = Total plasma homocysteine

dUMP = Deoxyuridylate

dTMP = Deoxythymidylate

5-methylTHF = 5-methyltetrahydrofolate

THF = Tetrahydrofolate

MS = Methionine synthase (enzyme)

MS = Methionine synthase (gene)

SHMT = Serine hydroxymethyltransfrease (enzyme)

SHMT = Serine hydroxymethyltransfrease (gene)

TS = Thymidylate synthase (enzyme)

TS = Thymidylate synthase (gene)

CβS = Cystathionine-β-synthase (enzyme)

CβS = Cystathionine-β-synthase (gene)
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