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Folate being an important vitamin of BComplexgroup in our diet plays an important role not only in the synthesis of
DNA but also in the maintenance of methylation reactions in the cells. Folate metabolism is influenced by several
processes especially its dietary intake and the polymorphisms of the associated genes involved. Aberrant folate
metabolism, therefore, affects both methylation as well as the DNA synthesis processes, both of which have been
implicated in the development of various diseases. This paper reviews the current knowledge of the processes
involved in folate metabolism and consequences of deviant folate metabolism, particular emphasis is given to the
polymorphic genes which have been implicated in the development of various diseases in humans, like vascular
diseases, Down's syndrome, neural tube defects, psychiatric disorders and cancers.
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1. Introduction

The folates include the family of B-group vitamins composed of
an aromatic pteridine ring attached through a methylene group to
p-aminobenzoic acid and a glutamate residue (Shane, 1995). Folate
metabolism plays a vital role in nucleic acid synthesis, methionine
regeneration, shuttling and redox reactions of one carbon units re-
quired for normal metabolism and regulation (Bailey and Gregory,
1999). Folates mediate the transfer of one carbon units required in
various biochemical reactions. It plays a critical role in the synthesis
of S-adenosylmethionine (SAM) which serves as the methyl group
RFC

Dietary 
Polyglutamates

GCP II

F

Fig. 1. Summary of folate transport. The polyglutamates are converted into monoglutamated
absorbed into the blood through a pH dependent carrier mediated process in the jejunumbrush
processes involvingmembrane embedded folate receptors or reduced folate carrier. Folate is ret
carrier; FPGS, foly-poly-glutamate-synthase; GCP II, glutamate carboxypeptidase II.
donor in several methylation reactions; like DNA, RNA and protein
methylation. DNA methylation in turn is an important epigenetic
determinant in gene expression, DNA stability, DNA integrity and
mutagenesis. Folate also plays an essential role in the de novo synthesis
of purines and thymidylate, which is required in DNA replication and
repair (Kim, 2000). Thus, deviant distribution of methyl groups due
to abnormal folate metabolism affects both methylation and DNA
synthesis-processes which play an essential role in the development
of cancers (Hubner and Houlston, 2009). Abnormal folate status has
also been implicated in the development of diseases like; cardiovascular
diseases, neural tube defects, cleft lip and palate, late pregnancy
Tail embedded
in membrane

Intracellular polyglutamated 
folates

FR

Monoglutamates
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olic acid

Apical Brush border

folates by gamma-glutamylcarboxypeptidase activity in the intestinal juice. Folate is then
border. Themonoglutamates in the blood are then transported inside the cell via different
ained in tissues by polyglutamation. Abbreviations: FR, folate receptor; RFC, reduced folate
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complications, neurodegenerative and psychiatric disorders (Blom and
Smulders, 2011).

2. Folate uptake and transport

The primary source of folates in mammals is diet (green vegetables,
legumes, oranges and liver). Dietary folates primarily exist in poly-
glutamate forms and are unable to cross the cell membrane when the
glutamate tail is longer than three residues (Shane, 1995). Therefore, in
the small intestines of humans where folate is absorbed, the folates are
first hydrolyzed into monoglutamates; this process is catalyzed by an
exopeptidase glutamate carboxypeptidase II (GCPII) that is anchored to
the intestinal apical brush border membrane (Chandler et al., 1986).
After hydrolysis, this monoglutamyl folate is transported into the cells
by three mechanisms (Fig. 1) (Antony, 1996; Kim, 2007; Sirotnak and
Tolner, 1999).

1. Facilitative anion exchange: This mechanism involves the use of a
facilitative anion exchanger, reduced folate carrier (RFC) which has
a higher affinity for reduced folates (Km = 1–5 μM) than folic acid
(Km = 100–200 μM).

2. Another process involves the use of folate receptors embedded in the
cell membranes through a glycosyl-phosphatidylinositol moiety.
These folate receptors transport folates via an endocytic process
and have a very high affinity for folic acid (Km b 1 nM).

3. The third process involving passive diffusion has only been docu-
mented as a pharmacological effect (Antony, 1996; Sirotnak and
Tolner, 1999).

Although monoglutamates are the only circulating forms of folate
in blood and the only form of folate that is transported across the cell
membrane, once inside the cell, they exist predominantly as poly-
glutamates (Fig. 1). This conversion into polyglutamates is brought
about by folylpolyglutamate synthase (FPGS). This polyglutamylation
of cellular folates is a form ofmetabolic trapping and allows the retention
of folates that would otherwise be lost to efflux from cells. Moreover,
polyglutamylated folates are better substrates than monoglutamates for
intracellular folate dependent enzymes (Kim, 2007).
DHF

THF

Folic A

5,10-MTHF

SHMT1

B6

dTMP

dUMP TS

DNA 
Synthesis

5-MTHF

MTHFR

B12

Met
MTR
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Fig. 2. Folate metabolism: DHFR, dihydrofolate reductase; SHMT1, serine hydroxymethyl trans
thymidylate synthase;MTR,methionine synthase; B12, vitaminB12;MTRR,methionine synthase re
5-MTHF, 5-methyltetrahydrofolate; dUMP, deoxyuridine monophosphate; dTMP, deoxy
adenosylmethionine.
3. Enzymes involved in folate metabolism

Folate metabolism involves reduction of the carbon atoms at the
oxidation levels of formyl, methylene or methyl and covalently linked
to nitrogen at position 5 or 10 (Fowler, 2001). Folate metabolism
regulates these processes via a complex pathway involving at least 30
different enzymes (Lightfoot et al., 2005). A simplified version of the
folate metabolism cycle that illustrates the key enzymes involved is
shown in Fig. 2.

3.1. Dihydrofolate reductase (DHFR)

The enzyme DHFR catalyzes the reduction of dietary folic acid or
dihydrofolate to THF, the predominant form of folate in plasma. The
folate compounds are thereby reduced so as to synthesize the coenzymes
which play a role in many metabolic pathways (Fowler, 2001; Shane,
1995).

3.2. C1-THF synthetase

C1-THF synthetase is a multi-enzyme complex which comprises of
three enzymatic activities namely, 10-formyl-THF synthetase, 5,10-
methenyl-THF cyclohydrolase, and 5,10-methylene-THF dehydroge-
nase catalyzing the interconversion of:

1) 10-Formyl-THF with THF and formate
2) 10-Formyl-THF with 5,10-methenyl-THF
3) 5,10-Methenyl-THFwith 5,10-methylene-THF (Fowler, 2001; Tan

et al., 1977).

3.3. 5,10-Methylenetetrahydrofolate reductase (5,10-MTHFR)

5,10-MTHFR carries out a central reaction in folate metabolism. It
irreversibly catalyzes the conversion of 5,10-methylenetetrahydrofolate
to 5-methyltetrahydrofolate — the primary circulating form of folate
(Sharp and Little, 2004). The substrate of this reaction 5,10-MTHF
is vital for DNA synthesis, it also acts as the entry point of the one car-
bon units from serine, through a reaction involving enzyme serine
cid

10-Formyl THF

Purines

DHFR

DHFR

hionine SAM
DNA 

Methylation

ferase 1; B6, vitamin B6; MTHFR, methylenetetrahydrofolate reductase; B2, vitamin B2; TS,
ductase;DHF, dihydrofolate; THF, tetrahydrofolate; 5,10-MTHF, 5,10-methyltetrahydrofolate;
thymidylate monophosphate; 10-Formyl THF, 10-formyl tetrahydrofolate; SAM, S-



Table 1
Important genes and associated enzymes of folate metabolism.

Candidate gene Location in genome Main functions References

DHFR 5q11.2-13.2 It catalyzes tetrahydrofolate regeneration by reduction of dihydrofolate, using NADPH as a cofactor.
Tetrahydrofolate is essential for de novo purine and thymidylate synthesis, hence DHFR has a critical
role in cell growth and proliferation.

Shane (1995), Fowler (2001)

TS 18p11.31-p11.21 Thymidylate synthase catalyzes the methylation of deoxyuridylate to deoxythymidylate using
5,10-methylenetetrahydrofolate (methylene-THF) as a cofactor. This function maintains the dTMP
(thymidine-5-prime monophosphate) pool critical for DNA replication and repair.

Blom and Smulders (2011)

MTHFR 18p11.32 The protein encoded by this gene catalyzes the conversion of 5,10-methylenetetrahydrofolate to
5-methyltetrahydrofolate, a co-substrate for homocysteine remethylation to methionine.

Fowler (2001), Sharp and
Little (2004), Tan et al. (1977)

MTR 1q43 MTR encodes the enzyme 5-methyltetrahydrofolate-homocysteine methyltransferase. This enzyme,
also known as cobalamin-dependent methionine synthase, catalyzes the final step in
methionine biosynthesis.

Fowler (2001), Sharp and
Little (2004);

MTRR 5p15.31 The protein encoded by this gene regenerates a functional methionine synthase via reductive methylation. Wilson et al. (1999)
CBS 21q22.3 The protein encoded by this gene acts as a homotetramer to catalyze the conversion of homocysteine

to cystathionine, the first step in the trans-sulfuration pathway.
Blom and Smulders (2011)

CTH 1p31.1 This gene encodes a cytoplasmic enzyme in the trans-sulfuration pathway that converts cystathionine
derived from methionine into cysteine. Glutathione synthesis in the liver is dependent upon the
availability of cysteine.

Blom and Smulders (2011)
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hydroxymethyltransferase which catalyzes the interconversion of
glycine and serine (Fowler, 2001). The product 5-MTHF in turn provides
methyl groups for the formation ofmethionine, a reduced pool ofwhich
may alter DNA methylation (Tan et al., 1977).

3.4. Thymidylate synthase (TS)

TS catalyzes the conversion of dUMP todTMPusing5,10-methylene-
tetrahydrofolate as donor of methyl group. Dihydrofolate (DHF) is also
generated in this reaction which is converted back to THF by the action
of DHFR (Blom and Smulders, 2011).

3.5. Methionine synthase (MTR)

MTR catalyzes the remethylation of homocysteine to methionine
through the transfer of a methyl group from 5-MTHF to homocysteine
(Fowler, 2001). The reaction is vital as it ensures the provision of
methionine for the production of S-adenosylmethionine (SAM), the
universal donor of methyl groups (Sharp and Little, 2004). Cobalamin
(Cbl) acts as a cofactor for this reaction, the resulting complex, Cbl(I)
MTR, binds the methyl group from 5-methyl-THF to form methylcbl(III)
MTR which transfers the methyl group to homocysteine leaving behind
Cbl(I)MTR. Cob(I)alamin can also get oxidized to an inactive form,
cob(II)alamin. Methionine synthase reductase (MTRR) reactivates the
Cbl(II)MTR complex by reductivemethylation, using AdoMet as amethyl
donor (Leclerc et al., 1998).

3.6. Cystathionine β-synthase (CBS) and cystathionine γ-lyase (CTH)

Cystathionine β-synthase (CBS) and cystathionine γ-lyase (CTH)
catalyze the irreversible degradation of homocysteine to cysteine.
Vitamin B6 is required for this reaction. CBS catalyzes the condensation
of homocysteine and serine to cystathionine and CTH catalyzes the
hydrolysis of cystathionine to cysteine and α-ketobutyrate. Cysteine
not only is required in protein synthesis but also acts as a precursor
of glutathione, a potent antioxidant and an important compound in
detoxification of xenobiotics (Blom and Smulders, 2011).

4. Biochemical role of folate

The purpose of this complex biochemical network of one carbon
transfer reactions is to transfer carbons from amino acids like serine,
glycine and methionine as methyl groups for nucleotide synthesis and
methylation reactions (Liu and Ward, 2010; Nijhout et al., 2008;
Wagner, 1995).
4.1. Nucleotide biosynthesis

The folates 5,10-methylene-THF, 5,10-methenyl-THF, and 10-formyl-
THF are required for DNA synthesis. In the synthesis of purines, 10-
formyl-THF donates one-carbon units to carbon atoms 2 and 8 of the pu-
rine ring (Liu and Ward, 2010). 5,10-Methylene-THF also plays a crucial
role in the methylation of deoxyuridylate monophosphate (dUMP) to
deoxythymidylate monophosphate (dTMP). This reaction is the sole de
novo source of thymidine and the rate limiting step in mammalian
DNA synthesis (Choi and Mason, 2002). Consequently, folate deficiency
in tissues with rapidly replicating cells results in ineffective DNA synthe-
sis (Kim, 2007). For example, impaired thymidylate synthesis can in-
crease the misincorporation of dUTP into DNA thereby creating strand
nicks and if two nicks appear transversely within 12 bases of each
other, a strand breakage can occur, causing DNA instability and increased
mutagenesis (Liu and Ward, 2010). Uracil misincorporation and double
strand breaks have been observed in cultured tumor cells, and blood
and tissues from rodents and humans with low folate status (Duthie
and Hawdon, 1998; Duthie et al., 2000, 2002; Liu and Ward, 2010).

Similarly, impaired purine synthesis restricts the cell's capacity to
synthesize and repair DNA. When cells were cultured in folate-deplete
media supplementedwith hypoxanthine (a purine precursor which by-
passes the need for folate-dependent purine synthesis), chromosomal
damage was significantly reduced compared to cells cultured in folate-
deplete media alone (Libbus et al., 1990).

4.2. Methylation pathways

5-Methyl-THF donates methyl groups for the remethylation of
homocysteine to methionine (Hubner and Houlston, 2009). Methionine
in turn acts as a substrate for S-adenosylmethionine (SAM), a cofactor
andmethyl group donor formethylation reactions including themethyl-
ation of DNA, RNA, neurotransmitters, lipids and proteins like, histones
(Crider et al., 2012). These methylation reactions are catalyzed by
cellular methyltransferases, for example, DNA methyltransferases
(DNMTs), methylate cytosine residues in CpG dinucleotides, forming
5-methylcytosine (Liu and Ward, 2010). After donating its methyl
group, SAM is converted to S-adenosylhomocysteine (SAH), a competi-
tive inhibitor of numerous methyltransferases (Ryan and Weir, 2001).
SAM itself is a potent inhibitor of MTHFR. When SAM is present in
high concentration, MTHFR is inhibited, which decreases the synthesis
of 5-methyl-THF and hence remethylation of homocysteine. Converse-
ly, when SAM concentrations are low, it favors the remethylation of
homocysteine. 5-Methyl-THF formation can also be modified by
common MTHFR gene polymorphisms (Crider et al., 2012).

Folate deficiency therefore can result in a reduction in the availability
of one carbon groups required for methylation reactions, which in turn
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causes accumulation of homocysteine. Homocysteinemia is associated
with vascular disease, neural tube defects and Alzheimer's disease,
although the precise mechanism and causal association have yet to be
determined (Wilcken and Wilcken, 2001). Elevated homocysteine
also leads to an accumulation of SAH, which actively inhibits SAM-
dependent methyltransferases, including DNMTs (Yi et al., 2000). Both
a deficiency of SAM and an accumulation of SAH may cause DNA
hypomethylation (Liu and Ward, 2010) and affect malignancy.

4.3. Unsubstituted folate

Folate species DHF and THF do not play a direct role in metabolism,
but receive one-carbon moieties and transfer them toward either
methylation or DNA-synthesis pathways. Methotrexate is a competitive
and irreversible inhibitor of the enzyme DHF reductase which converts
folic acid andDHF to THF, and thus inhibits both nucleotide biosynthesis
and remethylation reactions.

Therefore, given its metabolic importance, the folate cycle is tightly
regulated via feedback regulation and end product inhibition to ensure
the efficient utilization of dietary folate and maintain proper balance of
intracellular folate pools (Liu and Ward, 2010).

5. Functional polymorphisms of folate metabolic genes

Folate status could potentially be perturbed by polymorphisms in
the genes involved in itsmetabolism. In this section the polymorphisms
in the various genes involved in folate metabolism and their association
with the development of diseases is discussed (Table 1).

5.1. MTHFR

The MTHFR gene,MTHFR, is located at 1p36.3 (Goyette et al., 1994).
Several polymorphisms in the MTHFR gene have been reported, and
most studied polymorphisms are:

1) C677T: C → T at nucleotide 677, resulting in an alanine to valine
conversion in the protein (Frosst et al., 1995)

2) A1298C: A → C at nucleotide 1298, leading to an alanine to gluta-
mate conversion in the protein (29, 30). These polymorphisms are
located 2.1 kb apart. The other reported polymorphisms are—
T1059C, T1317C, and G1793A (Rady et al., 2002; Sharp and Little,
2004; Trembath et al., 1999; Weisberg et al., 1998).

In case of C → T polymorphisms it has been found that compared
with the normal homozygous variants (677CC) the heterozygous
(677CT) variants have 65% of their enzyme activity levels in vitro
whereas homozygotes for the variant (677TT) have 30% activity
(Rozen, 1997). Themicrobiological assay studies have shown that com-
pared with CC homozygotes, heterozygotes have 10% lower and TT
homozygotes have 18% lower red cell folate levels (Molloy et al.,
1997). Individuals with the TT variant have also been found to have
lowered plasma folate and vitamin B12 levels and raised homocysteine
Table 2
Folate gene polymorphisms and diseases.

Candidate
gene

Known polymorphism Diseases implicated in

MTHFR C677T
A1298C

Breast cancer, colon cancer, gastric cancer,
head & neck cancer, acute lymphoblastic
leukemia, coronary artery disease, neural
tube defect, depression, chromosomal
abnormalities

TS 28-bp repeat sequence Breast cancer, lung cancer
MTR A2756G Down's syndrome
MTRR A66G Breast cancer, head & neck cancer, acute

lymphoblastic leukemia,
Down's syndrome
levels (Ma et al., 1997, 1999). With respect to DNA methylation, one
small study involving MTHFR polymorphisms have found that DNA
from subjects homozygous for (677TT) variant had a significantly
higher methyl group acceptance capacity than DNA from subjects
homozygous for the (677CC) variant (Stern et al., 2000) however, this
finding was not confirmed in a larger study (Narayanan, 2001). In a
study involving 292 subjects (66% of whom had coronary atherosclero-
sis) selected by MTHFR genotype (187CC, 105TT), DNA methylation
status was found to be affected by genotype among only those with
lower plasma folate levels; subjects with the TT variant who had
lower plasma folate concentrations had lower methylation levels than
all other groups of subjects (Friso et al., 2002). A few in vitro and
in vivo studies investigating MTHFR and uracil misincorporation, DNA
strand breaks, or genetic instability have shown inconclusive results
(Andreassi et al., 2003; Crott et al., 2001; Narayanan, 2001; Zijno et al.,
2003).

Similarly for A1298C, compared with the normal homozygotes (AA)
enzyme activity in vitro has been shown to be lowered in homozygote
variants (CC) and, to a lesser extent, in heterozygotes (AC) (van der
Put et al., 1998). Studies of A1298C and plasma folate and homocysteine
are inconsistent (Chen et al., 2002; Friedman et al., 1999; Lievers et al.,
2001; Weisberg et al., 1998). Enzyme activity in vitro for compound
heterozygotes (i.e., heterozygotes for C677T and for A1298C) is unclear
(Lievers et al., 2001).

5.2. MTR

The MTR gene, MTR is located on 1q43 (Leclerc et al., 1996). The
A → G polymorphism at position 2756 in the protein binding region
of MTR which replaces aspartic acid with glycine has been identified
(van der Put et al., 1997). Most studies have shown that plasma homo-
cysteine level is lower in individuals with the, G, than the common, A,
allele (Anwar et al., 2001; Chen et al., 2001; Dekou et al., 2001; Ma
et al., 1999; Silaste et al., 2001). In one study however, the individuals
with the GG variant were shown to have significantly higher folate
levels that in those with the common AA variant (49), but this finding
was not observed in another study (Ma et al., 1999).

5.3. MTRR

MTRR gene,MTRR, is located at 5p15.31 and theA66Gpolymorphism
in theMTRR gene causes the substitution of isoleucine with methionine
at codon 22 (Wilson et al., 1999). Studies have shown that subjects
homozygous for the common allele (AA) had elevated homocysteine
levels compared with those who had other genotypes (Gaughan et al.,
2001; Geisel et al., 2001); however one study has shown that, genotype
was not a significant predictor of homocysteine level (O'Leary et al.,
2002).

5.4. TS

Thymidylate synthase gene (TS) is located on chromosome 18p11.32
(Sharp and Little, 2004). Several polymorphisms in the TS have been
reported, whichmay influence TSmRNA transcription,message stability
or protein expression, which have been described recently (Zhang et al.,
2004). One of them is a unique tandem repeat sequence in the TS 5′UTR
immediately upstreamof the ATG codon initiation site that contains two,
three or more 28-bp repeats (Kaneda et al., 1987). The presence of the
triple (3R) versus double (2R) 28-bp repeat sequence has been shown
to enhance mRNA transcription and protein expression in vitro and
in vivo studies (Horie et al., 1995; Kawakami et al., 1999). In vitro studies
have shown that compared with the double repeat, the triple repeat is
associated with 2.6 fold greater thymidylate synthase expression.
(Horie et al., 1995). Also studies have shown that the folate levels were
significantly lower and homocysteine levels non-significantly higher in
3 rpt/3 rpt subjects than in other genotypes (Trinh et al., 2002). A
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novel G → C single nucleotide polymorphism (SNP) in the second
repeat of the 3R alleles has been identified recently. The 3R sequence
with guanine (3G) shows three to four times greater efficiency of trans-
lation than the 3R with cytidine (3C) and the 2R sequence (Kawakami
andWatanabe, 2003; Mandola et al., 2003). Another TS polymorphism,
a 6-bp deletion in the 3′UTR, was discovered by searching the expressed
sequence tag database (Ulrich et al., 2000). It has been reported recently
that the allele with a 6-bp deletion (6 bp) is associated with decreased
mRNA stability in vitro and lower intra-tumoral TS expression in vivo
(Mandola et al., 2004).

6. Association of folate gene polymorphisms with various diseases

6.1. Cancer

Altered folate metabolism due to variation in the distribution of
methyl groups affects DNA biosynthesis and DNA methylation, both of
which are very crucial in relation to carcinogenesis (Choi and Mason,
2002). The first mechanism through which altered folate metabolism
can affect the DNA integrity and stability and contribute to neoplastic
transformation is through altered methylation. Methylation of the
cytosine residues of cytosine–guanine dinucleotide pairs is an important
epigenetic determinant of gene expression and also has a role in
maintaining DNA stability. Hypermethylation of gene promoter regions
results in loss of tumor suppressor gene function, whereas reduced
‘global’ methylation results in chromosomal instability and an increase
in mutational events (Eden et al., 2003). Long-term dietary folate
deficiency in humans results in global DNA hypomethylation in lympho-
cytes, which is reversible on repletion of folate status (Jacob et al., 1998).
The underlying process is thought to be the reduction in the availability
of methyl groups which affects the methylation of homocysteine to
methionine, leading to a rise in homocysteine levelswhich in turn results
in raised levels of S-adenosylhomocysteine (SAH) — an inhibitor of
methylation reactions (Table 2).

The second mechanism through which folate deficiency can disrupt
DNA integrity and promote carcinogenesis is the reduced thymidylate
synthesis leading to uracil misincorporation. Removal of a uracil base
from the newly synthesized DNA results in the creation of a single-
strand DNA break, and where two adjacent uracil bases lie on opposite
strands, a double-strandDNAbreakwill occurwhich is difficult to repair
and is associatedwith an increased cancer risk (McKinnon and Caldecott,
2007). Increased DNA uracil content and chromosomal breaks occur in
folate-deficient humans, and both can be reversed by restoration of
adequate folate status (Blount et al., 1997).

The fact that folate metabolism can affect both DNA synthesis and
methylation has made gene-environmental variants that impact on
this pathway attractive candidates as cancer susceptibility factors.
These include dietary intakes of folate and folic acid, and functional
polymorphisms in the genes coding for folate metabolism enzymes.
The role of these variants in some cancers is discussed below.

6.1.1. Breast cancer
MTHFR polymorphisms have been extensively studied in breast

cancer but the results are inconsistent (Lewis et al., 2006). Relationships
between folate status and MTHFR genotype have been examined in
respect to breast cancer risk in Chinese women (Shrubsole et al.,
2004). Although there was no difference in the distribution of MTHFR
C677T genotype among cases and controls, there was a significant
inverse association of breast cancer risk with dietary folate intake for
each of the genotypes that appeared to be stronger for those carrying
the TT version of the gene. Many studies reported the interactive effect
between folate intake and the one-carbon metabolism-related gene on
breast cancer (Chen et al., 2005; Ericson et al., 2009; Hosseini et al.,
2011; Le Marchand et al., 2004; Lissowska et al., 2007; Stevens et al.,
2007; Suzuki et al., 2008; Xu et al., 2007). The gene–diet interactions
between folate, vitamins B2, B6, B12, and methionine as dietary factor,
and MTHFR, MTR, MTRR, SHMT1, MTHFD1, TS, FTHFD, CBS, as the one-
carbon metabolism related gene have also been studied. Among these
gene–diet combinations, there was an interactive effect between
MTHFR and folate, MTRR and folate, and MTR and vitamin B2 on the
breast cancer risk (Lissowska et al., 2007; Shrubsole et al., 2006;
Stevens et al., 2007; Suzuki et al., 2008).

6.1.2. Colorectal cancer
The C677T variant of the MTHFR gene has been extensively investi-

gated for an association with CRC and CRA risk and interactions with
intakes of folate, other B vitamins, and alcohol. Studies where genotype
was considered in isolation, 677TT individuals showed a modest reduc-
tion in CRC risk compared to those with wild-type 677CC genotype
(Hubner and Houlston, 2007), whereas CRA risk did not appear to be
significantly influenced by MTHFR C677T genotype (Sharp and Little,
2004). Studies in which both genotype and methyl status were strati-
fied, however, have indicated a more complex relationship with 677TT
individuals being at reduced CRC risk if they also have high methyl
status (low alcohol, high folate), but at increased risk if their methyl
status is low (high alcohol, low folate) (Chen et al., 1996; Ma et al.,
1999). These interactions are not universally reported in small case–
control series, although a recent case–control study also indicated inter-
actions between MTHFR C677T genotype and folate status or alcohol
intake in determining CRC risk (Le Marchand et al., 2005).

Similarly, Sameer et al. (2011), in a study of MTHFR gene polymor-
phism in CRC cases in Kashmir, found a varied difference in the geno-
type frequency of C677T MTHFR between CRC cases and the matched
controls. The incidence of theMTHFR TT allele was increased in patients
with colorectal cancer compared to healthy controls. The frequency of
CT genotype in CRC cases was 20.9% and that of TT was 10.4%, as
compared to healthy controls, where itwas 16.9% and 7.5%, respectively.
The overall hazard ratio of theMTHFR T allele in patients with CRC was
1.41 (95% CI = 0.79–2.54). Overall, both the heterozygous CT genotype
and the homozygous variant TT genotype were associated with a mod-
estly elevated risk for colorectal cancer {OR = 1.36; 95% CI = 0.70–
2.67 and OR = 1.53; 95% CI = 0.61–3.85, respectively}.

The complex relationship between folate intake and CRC riskmay be
further modulated by other functional polymorphisms impacting on
folate metabolism. These include the MTHFR A1298C variant which
also confers a reduced MTHFR enzyme function, the thymidylate syn-
thase promoter (TSER) and the 3′ untranslated region (TS 1494del6)
variant (Sharp and Little, 2004; Ulrich et al., 2005). Furthermore, recent
data indicates folate may have differential influences on the develop-
ment of CRC caused by mismatch repair deficiency and chromosomal
instability (Hubner and Houlston, 2007). To date, studies investigating
the relationships between the multiple genetic and dietary factors that
impact on folate metabolism have had sample sizes at least one order
of magnitude too small to convincingly confirm or refute potential
gene–gene or gene–nutrient interactions in determining colorectal
neoplasia risk (Hubner and Houlston, 2009).

6.1.3. Head and neck cancer
Many studies have assessed the association of MTHFR C667T poly-

morphism with head and neck cancer (Kruszyna et al., 2010; Kureshi
et al., 2004; Neumann et al., 2005; Reljic et al., 2007; Solomon et al.,
2008; Suzuki et al., 2007; Vairaktaris et al., 2006; Weinstein et al.,
2002). Of these, only three studies have confirmed an association of
the MTHFR C677T polymorphism with a risk of head and neck cancer
(Reljic et al., 2007; Solomon et al., 2008; Vairaktaris et al., 2006).

Vairaktaris et al. (2006) studied 110 subjects withmouth cancer and
102 cancer-free individuals among Germans and Greeks and found that
the 677CT genotypewas associatedwith an increased risk of this cancer.
Reljic et al. (2007) conducted a case–control study of 81 patients with
head and neck cancer and 102 subjects without a history of cancer
among a Croatian population and found that the 677TT genotype
decreases the risk of this disease. On the other hand, Solomon et al.
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(2008) assessed 126 individuals who were alcohol abusers (33 chronic
and significant consumers of alcohol, 56 moderate consumers of alco-
hol, and 37 social drinkers) and who had mouth cancer and found
that the 677TT genotype was associated with the group of chronic and
significant alcohol abusers and the group of moderate consumers of
alcohol (to a lesser degree).

A1289C variant has also been associated with the risk of head and
neck cancer however data on the risk of head and neck cancer in rela-
tion to the MTHFR A1298C polymorphism is contradictory. Studies by
Suzuki et al. (2007) and Kruszyna et al. (2010) have found no associa-
tion between this polymorphism and the risk of head and neck carcino-
ma. A study by Neumann et al. (2005) involving 537 patients with head
and neck cancer and 545 control subjects in Texas showed that individ-
uals with the 1298AC or 1298CC genotypes had a 35% lower risk of head
and neck cancer.

Similarly, few studies have investigated an association of the MTRR
A66G polymorphism and the risk of head and neck cancer. Suzuki
et al. (2007) showed that this polymorphism is not associated with a
risk for head and neck cancer, but these authors also found an interac-
tion between alcohol abuse and the MTRR A66G polymorphism in a
Japanese population. However, a study by Zhang et al. (2005) showed
that individuals with the homozygous wild genotype (MTRR 66AA)
are at a lower risk for head and neck cancer, confirming that the A allele
is protective.

6.1.4. Lung cancer
The role of folate gene variants in the development of lung cancer

has also been studied. In one study involving a large non-Hispanic
white population, significant gene–diet interaction was observed
between the TS 3′UTR (thymidylate synthase 3′UTR) polymorphism
and alcohol consumption, and between TSER (thymidylate synthase
promoter enhancer region) and vitamin B12 (Shi et al., 2005a). Howev-
er, the underlying biological relevance of these TS polymorphisms and
their mechanisms of gene–diet interactions warrant further study.
Similarly, the association between the MTR A2756G and MTRR A66G
polymorphisms and lung cancer (Shi et al., 2005b) and evidence of
gene–diet interactions between the MTHFR C677T polymorphism and
dietary intake of vitamin B6, vitamin B12, and methionine in women
has also been studied (Shi et al., 2005a).

6.1.5. Acute lymphoblastic leukemia
A number of studies have been carried out to determine the role of

folate gene polymorphisms in the development of ALL. However,
these studies have shown contradictory results. For example; five stud-
ies involving MTHFR 677CT, found no significant difference in suscepti-
bility to ALL (Chiusolo et al., 2004; Kim et al., 2009; Skibola et al., 1999;
Thirumaran et al., 2005, and Oh et al., 2007) whereas four studies found
a decreased susceptibility to ALL, two of these studies involved Brazilian
population and the other two West-European (de Jonge et al., 2009;
Franco et al., 2001; Gemmati et al., 2004; Zanrosso et al., 2006).

Similarly, for MTHFR 677TT, one study (Kim et al., 2009) found an
increased susceptibility to ALL in a Korean population. Four studies
(Chiusolo et al., 2004; Thirumaran et al., 2005, 2007; Zanrosso et al.,
2006) found no significant difference in susceptibility to ALL. Three
studies (Franco et al., 2001; Gemmati et al., 2004; Skibola et al.,
1999) found a decreased susceptibility to ALL, one of these involved
Brazilian population and the other two studied West-European. For
MTHFR 677CT + TT, two studies (Thirumaran et al., 2005, 2007)
found no significant difference in susceptibility to ALL. Three studies
(Chatzidakis et al., 2006; Franco et al., 2001; Zanrosso et al., 2006)
found a decreased susceptibility to ALL; one study involved a Greek
population, the other two studied populations were Brazilian.

In the case of MTHFR 1298AC, there are numerous studies having a
varied results for the modulation of relative risk vis a vis with the
three genotypes. While two studies (Alcasabas et al., 2008; Zanrosso
et al., 2006) found an increased susceptibility to ALL, both concerned
exclusively of childhood ALL; other studies (Chiusolo et al., 2004;
Franco et al., 2001; Thirumaran et al., 2005, 2007) found no significant
difference in susceptibility to ALL, one of these concerned exclusively
of childhood ALL and two studies (Kamel et al., 2007; Skibola et al.,
1999) found a decreased susceptibility to ALL.

For MTRR, a study involving Korean population has shown that
MTRR A66G polymorphism has no significant association with the
development of ALL. However another study involving a different
population found a decreased susceptibility to leukemia for MTRR
A66G polymorphism (Gast et al., 2007), while as a British study
(Skibola et al., 2002) foundno significant difference in the susceptibility
to ALL for MTR A2756G. Another (Italian) study (Gemmati et al., 2004)
found a decreased susceptibility to ALL for MTR A2756G.

For TSER polymorphism, studies have shown inconsistent results,
two Western European studies (de Jonge et al., 2009; Skibola et al.,
2002) found a decreased susceptibility to ALL; one of them (de Jonge
et al., 2009) concerned exclusively of childhood ALL. Results from sever-
al other studies have found that there is no significant association
between TSER polymorphism and ALL (Lauten et al., 2003; Lightfoot
et al., 2010; Nazki et al., 2012; Rahimi et al., 2010).

6.1.6. Gastric cancer
The association between folate gene polymorphisms especially

MTHFR polymorphisms and gastric cancer have been studied. The asso-
ciation with MTHFR polymorphismwas first investigated by Shen et al.
(2001). In recent years several studies have been carried out to deter-
mine the association between gastric cancer and MTHFR polymor-
phisms; however, the results of these studies have been quite
inconsistent. Of the published studies, some studies especially in China
(Gao et al., 2002; Miao et al., 2002; Mu et al., 2004; Shen et al., 2001,
2005; Stolzenberg-Solomon et al., 2003; Wang et al., 2007), Italy
(Boccia et al., 2007; Graziano et al., 2006), and Mexico (Lacasana-
Navarro et al., 2006), found that the MTHFR 677TT genotype was a
strong risk factor for gastric cancer, others no association (Gotze et al.,
2007; Kim et al., 2005; Vollset et al., 2007; Zeybek et al., 2006; Zhang
et al., 2007), and few suggested a decreased risk (Cui et al., 2010;
Galvan-Portillo et al., 2009).

For MTHFR A1298C polymorphisms fewer studies have been carried
out which suggest that there is no significant association between
A1298C polymorphism and gastric cancer risk (Boccia et al., 2007;
Kim et al., 2005; Miao et al., 2002; Zhang et al., 2007).

Similar studies involving MTR and MTRR polymorphisms have
shown no significant association between gastric cancer and these poly-
morphisms (Stolzenberg-Solomon et al., 2003; Zhang et al., 2007).

6.2. Vascular diseases

Vascular diseases have been commonly associated with traditional
risk factors such as systemic arterial hypertension, diabetes mellitus
and smoking, but in the last decade other risk factors have also been
identified, one of them being homocysteine. Various studies had identi-
fied homocysteine as an independent risk factor for coronary artery
disease (CAD) (Brustolin et al., 2010). A study between MTHFR poly-
morphism and the severity of CAD in patients undergoing coronary
artery bypass surgery showed that homocysteine levels were signifi-
cantly higher in patients with CAD than in control subjects and the
genotype of MTHFR C677T was associated with the extent of CAD in
patients at high risk for this pathology (Brustolin et al., 2010; Trabetti,
2008).

6.3. Neural tube defects

Neural tube defects (NTD) are among the most common birth
defects worldwide. NTD result from failure of neural tube formation or
closure during the first 28 days of pregnancy. Studies have supported
the use of folic acid in the prevention of the first occurrence of NTD
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(Berry et al., 1999). These findings suggest that impaired folic acid
metabolismplays a role in NTD. Several studies on different populations
have reported that high maternal homocysteine levels are associated
with an increased risk for offspring with NTD (Mills et al., 1995; Ratan
et al., 2008; Steegers-Theunissen et al., 1994; Wenstrom et al., 2000).
However, a case vs control study conducted in Brazil observed no
differences in MTHFR polymorphism in mothers, children with NTD or
controls (Felix et al., 2004). Similarly, another Brazilian study was also
unable to identify the association between MTHFR polymorphism and
NTD, suggesting that this gene does not play a role in NTD in the
Brazilian population (Perez et al., 2003).

6.4. Depression

Folate and vitamin B12 deficiency, hyperhomocysteinemia, the 677T
allele of the MTHFR gene, which cause impaired methylation reactions
in the central nervous system, have been associated with depressive
disorders (Bjelland et al., 2003). However other studies did not find
this association (Almeida et al., 2005; Tiemeier et al., 2002). A prospec-
tive study on 732 Korean subjects investigated associations between
folate, vitamin B12, homocysteine, and late life depression. The incident
depression was predicted by lower folate and vitamin B12 levels and
higher homocysteine levels. However, no association between incident
depression and MTHFR genotype was observed (Kim et al., 2008).

6.5. Down's syndrome

Down's syndrome (DS) occurs due to trisomic condition of chromo-
some 21 which in most cases results due to the failure of chromosomal
segregation during maternal meiosis. An elevated risk for DS has been
observed in the presence of the MTR A2756G allele in combination
with elevated homocysteine concentration (Bosco et al., 2003). Howev-
er, the association of this polymorphism with the risk for DS was not
observed by an additional study (Chango et al., 2005). A study conducted
in Brazil with mothers of children with DS and control mothers ana-
lyzed homocysteine levels and several variants in the folate pathway
(MTHFR C677CT, MTHFR A1298C, MTRR A66G, AMTR 2756G), showing
that homocysteine levels were higher among DS mothers than among
controls. However, only theMTHFR C677T allele was associatedwith al-
tered homocysteine levels in the case group. All genotype distributions
were similar in the two groups, but the frequency of the 677T allele was
significantly higher in the case group. None of the other polymorphisms
showed an association with risk for DS when evaluated separately.
However, when the presence of the alleles was evaluated as a whole,
the mothers of children with DS tended to have a higher number of
variant alleles than control mothers (da Silva et al., 2005).

When the effect of plasma homocysteine concentrations on mater-
nal risk for DS was investigated, homocysteine concentrations were
found to be significantly higher in DS mothers compared to control.
The study also showed that homocysteine concentrations were signifi-
cantly higher in DSmotherswith theMTHFR 1298CC genotype compared
to the same genotype of control mothers (Biselli et al., 2008).

7. Conclusion

Folate plays an essential role in several metabolic processes includ-
ing DNA synthesis and methylation. Therefore, changes in folate status
may influence the DNA stability and integrity or affect the methylation
patterns in some tissues and predispose it to the development of can-
cers like, CRC. However, very little evidence is currently available to
suggest that folate deficiency alone leads to CRC. Polymorphic variants
of the enzymes involved in folate metabolism also play an important
role in determining the susceptibility of an individual to cancer. The
gene–diet interactions may act in concert and lead to malignant trans-
formation of the cell. In this regard, several studies have been carried
out to determine the association of reduced folate inputs and functional
polymorphisms in folate genes with the development of cancers. Simi-
lar gene–diet interaction has been studied in the development of other
diseases. However, the data from these studies have shown conflicting
results. Besides the current methodologies employed are lacking for
specific hypotheses, the functional effects of such complex gene–
environment pathways. Therefore, this area of research must be a
priority to achieve the proper understanding of the etiology of complex
diseases like cancers.
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