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Folic acid deficiency in humans has been linked with megaloblastic anaemia,
neural tube defects in the neonate, and heart disease. Folate has also been
implicated in the development of cancer, especially cancer of the colorectum.
There appear to be two principal mechanisms through which low folate status
may increase the risk of malignancy. Folate deficiency, by reducing intracellular
S-adenosylmethionine (SAM), can alter cytosine methylation in DNA, leading to
inappropriate activation of proto-oncogenes and induction of malignant
transformation. Alternatively, folic acid is crucial for normal DNA synthesis and
repair. Folate deficiency may cause an imbalance in DNA precursors, uracil
misincorporation into DNA, and chromosome breakage. This chapter briefly
describes the epidemiological data supporting the involvement of folic acid in
the aetiology of cancer. It also assesses the evidence from cellular, animal and
human studies that folic acid can modulate DNA by such mechanisms.

Folic acid, one of the B vitamins, acts as cofactor in numerous biochemical
reactions through its ability to donate or accept one-carbon units.
Mammals are unable to synthesise folic acid de novo and so must either
obtain it from the diet or from microbial breakdown in the gut.

Folate deficiency has been reported to be the most common vitamin
deficiency in the US, affecting 10% of the general adult population and up
to 60% of juveniles or the elderly in low socio-economic groups'?. It has
long been established that severe folate deficiency causes megaloblastic
anaemia in humans, and that inadequate folate intake during pregnancy
is related to neural tube defects in the newborn®. Poor folate status is also
regarded as an independent risk factor for heart disease, mediated through
elevated levels of the endothelial cell toxin, homocysteine*. More recently,
however, folate deficiency has been implicated in the development of
cancer, notably of the cervix, lung, breast, brain and colorectum.

The epidemiological evidence linking folate intake (in the form of fresh
fruits and vegetables) with cervical dysplasia or cancer is at best

circumstantial. It is further confounded by the presence in these foods of -

additional potential anticancer micronutrients such as vitamin C, vitamin
E, and carotenoids*’. Intervention studies have generated similarly
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confusing data. While several reports indicate that pharmacological doses
of folate can improve or reverse cervical dysplasia in women using oral
contraceptives, more recent large-scale placebo-controlled randomised
trials have shown no protection®. Oral contraceptives have been
postulated to induce a highly localised folate deficiency in the cervical
epithelium, which may increase cancer risk. Similarly, cigarette smoke
may cause localised folate deficiency in the bronchial epithelium. Serum
folate levels are lower in smokers than in non-smokers and also in
smokers with premalignant metaplasia®!®. Supplementation with folate
and vitamin B, reduces the severity of smoking-induced bronchial
squamous metaplasia in humans and in chemical-induced metaplasia in
rats'"12, However, it may be unrealistic and undesirable to advocate folate
supplementation as a potential prophylactic against lung cancer when we
consider the extreme effect that cigarette smoking has on cancer risk.
The data linking folate intake with cancer of the colorectum are more
convincing. Several questionnaire-based human trials have found an
inverse association between reported folate intake and colorectal cancer
incidence!*'. Individuals with a high alcohol and low methyl (methionine
and folate) intake are at a much greater risk of colorectal cancer than
subjects with adequate intake'®. Similarly, high alcohol, low folate and
low protein intakes are inversely related to colon (but not rectal) cancer in
men'®. Surprisingly, in the same study, no relationship was found between
serum folate as a biomarker and colon or rectal cancer. Intervention with
folate has provided more conclusive findings. Folate supplementation
protects against subsequent neoplasia in patients with ulcerative colitis!’.
Moreover, folate-mediated cytoprotection may be dose-dependent!’®.
Folate deficiency induces cytogenetic damage and mutations both in
vivo and in vitro, with increases in DNA strand breakage, chromosomal
aberrations and micronuclei formation. Mice made folate deficient over a
7 week experimental period show a 2-fold increase in micronuclei for-
mation (Howell-Jolly bodies) in blood erythrocytes compared with folate-
sufficient animals'®. Chinese hamster ovary (CHO) cells cultured in folate-
deficient medium have a 10-fold greater frequency of chromosomal
aberrations (gaps, breaks and fragmented chromatids) than control cells?.
Moreover, folate deficiency can enhance the mutagenic potential of other
genotoxins. CHO cells express an increased frequency of HPRT" gene
deletions (measured by PCR) when grown under folate-deficient
conditions compared with cultures exposed to an alkylating agent alone?!.
Poor folate status has also been linked to cytogenetic damage in humans
in vivo. Everson et al??* reported an exceptionally high frequency of
micronucleated red blood cells in a patient with mild folate deficiency (1.9
ng/ml plasma folate). Supplementation with folic acid reduced the level of
micronuclei to normal after only 8 days. Similarly, in a larger study of 150
individuals, subjects with low plasma and red blood cell folate or vitamin
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B,, had the highest observed micronuclei frequency”. Common fragile
sites (regions of the chromosome predisposed to breakage) and fragile
sites associated with the human X chromosome-linked mental retardation
syndrome, fragile X, are only expressed following culture in folate-defic-
ient medium?*. There is some evidence that certain factors relevant to the
expression of common fragile sites such as fra(3)(p14.2), are associated
with activation of proto-oncogenes and progression and mortality of
certain malignancies>~.

Essentially, there appear to be two mechanisms by which folic acid
deficiency may increase the risk of cancer: namely by altering normal
DNA methylation and by inducing an imbalance in DNA precursors
leading to modified DNA synthesis and repair.

Folic acid status and DNA methylation

The function of folate in cellular methylation reactions has been covered
elsewhere in this issue (DG Weir and ] Little). However, the role of folate
in DNA methylation will briefly be discussed.

The requirement for methyl groups to be used in cellular metabolism
exceeds the normal dietary supply. Insufficiency is prevented by de novo
methyl synthesis via one carbon-donation from the folate pool. Folic acid,
in the form 5’-methyltetrahydrofolate (5’-methyl-THF), is essential in the
conversion of methionine to its activated form, S-adenosylmethionine
(SAM), via its ability to methylate homocysteine. SAM is the principal
methyl donor in the majority of biochemical reactions, including the
methylation of cytosine in DNA. Genes that are methylated at specific
locations in the DNA molecule are either not transcribed or are trans-
cribed at a reduced rate. In this way, site-specific DNA methylation
controls gene expression. Alterations or disruption to DNA methylation
may increase malignant transformation. Several studies have shown that
specific human genes (e.g. growth hormone and proto-oncogenes) from
tumour tissue (lung and colon) are substantially less methylated (hypo-
methylated) than genes from adjacent normal tissue?’-*8.

If the level of 5’-methyl-THF, the main circulating form of folate, is
lowered under conditions of folate deficiency, SAM quickly becomes
depleted leading to a reduction in the methylation of cytosine in DNA™.
This hypomethylation may result in upregulation of proto-oncogene
expression and induction of cancer (Fig. 1). Indeed, methyl deficiency
(lipotrope deficiency) has long been known to promote liver tumour
development experimentally?.

Wainfain and Poirier®® have shown that rats fed a severely methyl-
deficient diet (deficient in methionine, choline, folic acid and vitamin B ,)
have a significantly reduced level of hepatic SAM and a reduced SAM to
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SAH ratio. Global genomic DNA hypomethylation is induced within a very
short time (1 week) on a methyl-deficient diet. The liver from lipotrope-
deficient rats expresses elevated levels of mRNA for the proto-oncogenes c-
myc, c-fos and c-Ha-ras; normal levels are restored when a control diet is
fed. More importantly, methyl deficiency also increases DNA hypo-
methylation and DNA strand breakage in specific proto-oncogenes.
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Fig. 1 Folate deficiency and DNA instability: potential mechanisms. Abbreviations: tetra-
hydrofolate (THF); 5,10 methylenetetrahydrofolate (5,10 methylene THF); 5" methyltetra-
hydrofolate (5" methyl THF); X denotes an inability to donate a methyl group (CH,).
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Pogribny and co-workers3! have shown, using a novel quantitative PCR
method, that DNA strand breaks are induced in genomic DNA and,
moreover, specifically within the p53 gene in liver from methyl-deficient
rats. They hypothesise that DNA hypomethylation destabilises the DNA
molecule making it more susceptible to attack. These studies have demon-
strated that extreme methyl depletion damages the genome. Folate
deficiency alone can also cause undermethylation of DNA. Rats fed a diet
depleted of folic acid exhibit hypomethylated DNA after 4 weeks com-
pared with pair-fed controls®2. Folate deficiency appears specifically to
hypomethylate p53 exons 6 and 7 from rat colon mucosa. Moreover,
folate supplementation reverses chemically-induced hypomethylation in
exon 8 of the p53 proto-oncogene®*. However, moderate folate depletion
does not induce hypomethylation, either in total cellular DNA or in c-myc
from liver or colon. Rats on a folate-deficient diet for 15 or 24 weeks had
significantly lower plasma, colon and liver folate levels (90% depletion)
than folate-sufficient rats. Moreover, levels of hepatic SAM were reduced
and those of homocysteine, a functional indicator of folate status, were
elevated. However, colonic SAM was unchanged and there was no
difference in global or oncogene-specific DNA methylation®. Why there
is this inconsistency in the ability of folate deficiency alone to influence
DNA methylation is unclear. It might reflect species or strain-specific
differences in susceptibility to folate deficiency.

While it appears that low levels of folate are associated with an
increased risk for colorectal cancer in man (see above), there is, as yet, no
convincing evidence from human studies supporting the hypothesis that
folic acid can influence DNA hypomethylation.

A population-based, incident case-control study of approximately 4000
cases and controls found no relationship between dietary intake of
micronutrients and colon cancer risk. Likewise, there was only a trend of
increasing risk between individuals with a high or low composite dietary
profile based on alcohol, methionine, folic acid, vitamin B,, and vitamin
B, intake*. Cravo and co-workers®*® found that colonic DNA was
hypomethylated in patients with long-standing inflammatory bowel
disease (IBD), a condition associated with an increased risk of colon
cancer. Surprisingly, patients with IBD had higher blood and serum folate
concentrations than controls. Furthermore, there was no significant
correlation between endogenous DNA methylation levels (blood) and
folic acid status and no effect of folate supplementation (5 mg daily for 6
months) on cytosine methylation. While this study suggests that folate
status has no association with IBD and, moreover, does not influence
DNA methylation, the authors reported that 75% of the patients had self-
prescribed large doses of folic acid (10 mg daily) prior to the study. In
addition, most of the patients (9/11) were concurrently treated with
sulfosalazine, which significantly impairs folate uptake.
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A significant criticism of studies which try to compare cancer cases
and control subjects is that it is difficult, if not impossible, to discount
any influence of the disease. For example, are folate levels generally low
in individuals with cancer because a low dietary intake has increased the
risk of cancer, or because having the disease results in low levels of folate
in affected individuals, either through malabsorption or localised
deficiency/disruption in metabolism? This has been addressed in part by
Fang and co-workers’’” who measured folate status and DNA
methylation in colorectal cancer patients and controls. Predictably,
DNA isolated from cancerous tissue was hypomethylated compared
with DNA from non-cancerous tissue. Plasma folate levels were lower in
cases than in controls and, moreover, were lower in cancer patients who
showed DNA hypomethylation than in cancer patients with normal
methylation. However, the most convincing data come from a recent
intervention trial on the effects of moderate folate depletion on DNA
methylation in healthy postmenopausal women?®. Supplementing
volunteers with folic acid at 56 pg/day for 5 weeks, then 111 pg/day for
4 weeks and finally 286-516 pg/day for 3 weeks varied folate intake.
DNA methylation was measured in lymphocytes isolated from the
women throughout the trial. A subclinical folate deficiency was created
during the first 9 weeks of the study resulting in significantly decreased
DNA methylation. This was reversed with 286-516 pg/day of folate.
This is the first study to show that marginal folate deficiency can alter
DNA structure in normal healthy individuals and that supplementation
with folate can reverse DNA hypomethylation. In contrast, in another
recent study of individuals with normal folate status, blood folate
concentrations did not correlate with lymphocyte DNA methylation
status, and folate supplementation did not alter methylation status®.

The findings of a relationship between folate status and methylation
patterns in individuals already diagnosed with cancer and, more
importantly, in healthy normal individuals, provide credible evidence for
a mechanism through which folate may modify DNA methylation and
alter cancer risk. However, there is growing evidence that DNA
hypermethylation can also occur during tumour development*®. While
an increased risk for cancer can be explained by hypermethylation, and
subsequently silencing, of tumour suppressor genes*!, how folate
deficiency might achieve this remains unclear.

Folic acid deficiency, DNA synthesis and repair
Folate is essential for the synthesis of purines and the pyrimidine

nucleoside thymidine. Folate, in the form 5’,10’'methylene tetrahydro-
folate, acts as methyl donor for the enzyme thymidylate synthase which
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converts deoxyuridine monophosphate (dUMP) to thymidine mono-
phosphate (TMP). It has been proposed that folate deficiency, by blocking
the methylation of dUMP to TMP, can disrupt the balance of DNA
precursors leading to accumulation of excess deoxyuridine triphosphate
(dUTP) in the nucleotide pool. This may result in dUMP being mis-
incorporated into DNA in place of thymidine, as DNA polymerases
cannot distinguish between dUTP and dTTP. Uracil misincorporation into
DNA is generally counteracted by deoxyuridine triphosphatase (dUTPase)
and uracil DNA glycosylase (UDG). dUTPase specifically hydrolyses
dUTP to pyrophosphate and dUMP thereby providing more substrate for
thymidylate synthetase and minimising the risk of excess uracil
accumulation. Uracil DNA glycosylase removes any misincorporated
uracil from the DNA molecule*?. Subsequent DNA repair enzymes act
upon the DNA backbone to remove the base-free sugar, creating a small
gap. The break is sealed by DNA ligase activity. However, if thymidine is
continually limited under conditions of folate deficiency, uracil
misincorporation and repair may occur repeatedly in what has been
termed a ‘futile’ or ‘catastrophic’ repair cycle!’>*5, Strand breaks, as
intermediates in excision repair, may destabilise the DNA molecule,
leading to chromosome aberrations and malignant transformation (Fig.
1). Uracil misincorporation does decrease DNA stability per se. Mutations
in the Escherichia coli dut gene (coding for dUTPase) induce DNA frag-
mentation consistent with over-active excision repair stimulated by uracil
misincorporation. Moreover, uracil DNA glycosylase-mediated repair of
uracil lesions, spaced only 12 bp apart on opposite DNA strands of the
plasmid pBR327, induces double strand breaks and gene deletions*.
However, can poor folic acid status induce uracil misincorporation into
DNA? Both in vitro and ex vivo studies of the influence of folate on
megaloblastic anaemia and the expression of chromosome fragile sites
suggest that it can. DNA extracted from cultured human myeloid cells
(HL60) grown in folate-deficient medium contain higher levels of uracil
and reduced concentrations of thymidine than DNA from cells grown in
folate-sufficient medium*’. More importantly, bone marrow cells from
patients with megaloblastic anaemia contain elevated levels of uracil, with
approximately 30% of thymidines in the DNA being replaced by uracil®®.
While folate deficiency in megaloblastic anaemia can induce uracil mis-
incorporation into lymphocyte DNA, can this same mechanism account
for the effect of folate deficiency on DNA stability and cancer risk? To
answer this question, it is first necessary to develop a method to detect
uracil in the DNA of single cells*’] since this makes it possible to assess the
contribution of uracil misincorporation to the DNA instability observed
in folate deficiency. The comet assay (single cell gel electrophoresis) in its
original form measures DNA strand breakage in cells embedded in an
agarose minigel. DNA breaks cause relaxation of the supercoiling in the
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DNA molecule enabling free DNA loops to be pulled towards the anode
during electrophoresis. Fluorescence staining enables DNA damage, seen
as a ‘comet tail’, to be visualised and quantitated (Fig. 2). However, if the
nucleoids are incubated before electrophoresis with bacterial UDG, which

Modified Comet Assay

Lymphocytes
+ 1% agarose

—

microscope slide

Lysis ‘ Triton X-100

2.5 M NaCl

24 nucleold

Digestion Uracil DNA
glycosylase

,\Q\l\(_"’ ,X,b . base removed

misincorporated

uracil base Alkaline 0.3M NaOH
unwlndlng 10mM EDTA

Electrophoresis

Neutralisation
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Fluorescence microscopy

Misincorporated uracil bases
converted to breaks increase amount
of DNA released in tail of comet

Fig. 2 Modified comet assay for detecting uracil in DNA. DNA damage is measured as
strand breaks and misincorporated uracil. Cells are embedded in agarose on a frosted
microscope slide. The slides are immersed in a high salt/detergent lysis solution to remove
intracellular proteins. The slides are incubated with the bacterial DNA repair enzyme,
uracil DNA glycosylase before unwinding in alkaline and electrophoresis. DNA damage is
visualised by DAPI staining and fluorescence microscopy. The black and white images
show comets from an undamaged and a heavily damaged lymphocyte.
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Table 1 The effect of folate depletion on misincorporated uracil, oxidised pyrimidines and
oxidised purines in human lymphocytes in vitro

Treatment F* F

DNA strand breakage 19.8+26 39.7 + 4.8*
Uracll DNA glycosylase 31967 80.9 £ 11.7**
Oxidised pyrimidines 849+ 154 789 + 12.7
Oxidised purines 103.1 + 29.9 125+ 3

All units are arbitrary. Results are mean x SEM (n > 4).

*P < 0.007, where P values refer to differences between DNA strand breakage in folate-sufficient (F*)
and folate-deficient (F) lymphocytes and **P < 0.005, where P values refer to differences in uracil
misincorporation in folate replete and deficient cells.

makes a break in the DNA where it recognises a uracil base, it is possible
to detect misincorporated uracil specifically (Fig. 2). Using this tech-
nique we have found that normal human lymphocyte DNA contains
small but detectable levels of uracil. Moreover, folate deficiency in vitro
destabilises the DNA further. Lymphocytes cultured under conditions of
folate deficiency show decreased proliferation following mitogenic
stimulation. They also have an increased frequency of DNA strand
breaks®® and, most significantly, a 2-3-fold increase in the level of
misincorporated uracil (Fig. 3A). Abnormal cell growth, DNA breakage
and uracil misincorporation are inversely related to the concentration of
folic acid available to the cells’®, suggesting that folate intakes which
may prevent overt deficiency may not be sufficient for maintaining DNA
stability. Uracil misincorporation in response to folate deficiency
appears to be a relatively specific lesion, as poor folate status does not
increase oxidative DNA damage. Lymphocytes grown in the presence or
absence of folic acid contain similar levels of oxidised pyrimidines and
purines (Table 1). Identical effects have been found in human
colonocytes, which have similar levels of uracil and also show a 2-3-fold
increase in uracil misincorporation following folate depletion (Fig. 3B).
Human colonocytes are, of course, a better model system for investi-
gating the mechanisms through which folate deficiency effects colorectal
cancer. Folate deficiency in vitro also augments DNA strand breakage,
apoptosis and death in CHO cells.’'*2. More significantly, alterations in
the deoxyribonucleotide pool, resulting in a 4-5-fold increase in the
dUTP to dTTP ratio, increase the hprt mutation frequency in surviving
cells’?. These data linking uracil misincorporation with mutagenesis
provide more convincing evidence for folate deficiency increasing malig-
nant transformation.

As discussed previously, DNA repair provides one of the first lines of
defence against DNA damage, mutagenesis and carcinogenesis. We have
shown, using the comet assay, that folate deficiency decreases the ability
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Fig. 3 Folate deficiency increases uracil misincorporation in human lymphocytes (A) and colonocytes (B} in vitro and
in rat lymphocytes in vivo (C). Human lymphocytes {n = 8) or HCEC cells (n = 4) were grown in folate-sufficient
medium (open bars) or folate-deficient medium (hatched bars) for 14 days. Rats (n = 8) were fed standard rat chow
containing folic acid (open bars) or rat chow without folic acid (hatched bars) for 8 weeks. Uracil misincorporation is
expressed as DNA damage in arbitrary units. Results are mean + SEM.

of human lymphocytes to repair oxidative damage®. This is particularly
important since diets that are lacking in folate will often be deficient in
antioxidants such as vitamin C, vitamin E and carotenoids. Increased
exposure to endogenous and exogenous reactive oxygen species, com-
bined with specific DNA damage and inefficient repair as a result of folate
deficiency, may augment DNA instability. Similarly, folate deficiency
increases mutation frequency in response to gamma-irradiation and alkyl-
ation damage by inhibiting DNA repair’!.

These in vitro studies indicate that folate deficiency can alter nucleotide
precursor pools, induce uracil misincorporation and DNA strand break-
age, and thereby reduce DNA stability. However, does this occur in vivo?

Early rat experiments found that folate deficiency increases DNA strand
breakage in splenic lymphocytes and reduces thymidine synthesis.
Intracellular NAD, the substrate for poly-(ADP ribose) polymerase is
depleted, indicating up-regulation of DNA repair activity’>**. Combined
methyl deficiency (folate-, methionine- and choline-free diets) increases
poly-(ADP ribose) polymerase activity and DNA strand breakage and
induces apoptosis in liver sections. Hepatic dUTP levels were raised, TTP
levels were reduced and the ratio of dUTP to TTP was increased 3-fold*s.
Most importantly, methyl deficiency increased uracil levels in the liver 4-
fold, as measured by the relative numbers of enzyme-induced DNA strand
breaks after Exolll/lUDG treatment using the ROPS strand break assay*¢.
Similarly, uracil levels, detected using GCMS, is increased 2-fold in the
liver of rats subjected to partial hepatectomy and treated with metho-
trexate. Removing 70% of the liver increases tremendously the demand
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for nucleotides during liver regeneration, while methotrexate depletes
folic acid, inhibiting the conversion of deoxyuridine to thymidine®’.

Total methyl depletion or methotrexate treatments combined with
surgery are harsh regimens compared with folate deficiency alone.
GCMS and the ROPS assay for detecting uracil in liver DNA are
obviously more invasive and complicated techniques than the modified
comet assay. It is, therefore, encouraging that we detect a similar
increase in uracil misincorporation (2-3-fold) in lymphocytes from rats
given a folate-deficient diet for 8 weeks (Fig. 3C). In agreement with our
in vitro data, moderate folate deficiency (20% reduction in liver, plasma
and erythrocyte levels) generates DNA strand breakage and uracil
misincorporation, but does not affect oxidative DNA damage (Duthie et
al, in preparation).

These animal studies confirm a central role for folate in maintaining the
genome, but few comparable studies have been undertaken on humans.

Blount and co-workers’® measured uracil levels and the frequency of
micronucleated erythrocytes and reticulocytes in splenectomised individ-
uals before and after folate supplementation. Individuals were classed as
folate deficient if their red blood cell folate levels were below 140 mg/ml,
or as normal if values were above this. Bone marrow and blood DNA
from folate-deficient subjects contained 8-9 times more uracil than
subjects with normal red blood cell folate The frequency of micro-
nucleated reticulocytes and erythrocytes was 3-fold greater in folate-
deficient subjects than in individuals with acceptable folate levels. Supple-
mentation with folic acid (5 mg/daily for 8 weeks) significantly increased
plasma and erythrocyte folate levels in both folate-deficient and folate-
sufficient volunteers. Moreover, uracil levels were decreased from 4.0 x
106 to 0.2 x 108 uracils per cell by folate supplementation in individuals
with the lowest folate levels and from 0.5 x 10° to 0.14 x 10° uracils per
cell in individuals with folate levels above 140 ng/ml. While supple-
mentation with folate lowered the frequency of micronucleated cells by
more than 50% in folate-deficient individuals, it did not change the
frequency in subjects of normal folate status. This study provides good
evidence that folate deficiency can induce uracil misincorporation and
chromosomal damage in humans, and that intervention with folate can be
beneficial (in terms of uracil misincorporation) both to individuals at risk
and those with apparently acceptable folate levels. However, in a large
cross sectional study of young adults with normal blood folate levels,
lymphocyte micronuclei frequency was unrelated to folate status®.
Moreover, a 15% reduction in micronuclei frequency following supple-
mentation with folate and vitamin B, (3.5 times the recommended dietary
intake for 3 months) was associated with increased blood vitamin B, but
not with changes in red blood cell folate. Uracil misincorporation was not
determined.
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Conclusions

Conventional epidemiological studies suggest that poor folate status is
linked with an increased risk for specific epithelial cell cancers, most
especially colorectal cancer. There are two principal mechanisms where-
by folate is thought to modulate DNA stability and cancer incidence.
The first hypothesis is that folate deficiency causes DNA hypomethyl-
ation and proto-oncogene activation. Data linking combined methyl
deficiency with altered cytosine methylation and abnormal gene
expression both in vitro and in vivo are convincing. Evidence proposing
a similar effect for folic acid deficiency alone is less so. The second
hypothesis is that folate deficiency induces continuous uracil misincor-
poration during DNA synthesis leading to a catastrophic DNA repair
cycle, DNA strand breakage and chromosome damage. This is
supported by evidence from cell and animal studies. Molecular epidem-
iological studies in humans indicate that folate deficiency leads to an
increase in selective biomarkers for DNA damage. Moreover, folate
supplementation can reduce DNA instability in folate-deficient subjects.
While individuals with normal blood folate concentrations can benefit
from increased supply of folic acid, it is debatable whether intervention
with folate is necessary or advisable in the population as a whole. It may
be judicious to promote increased folate intake for high-risk groups, but
more rigorous human studies are required before scientifically based
public health recommendations can be made about folate requirements
of the general population.
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