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ABSTRACT Folate deficiency causes massive incorpora-
tion of uracil into human DNA (4 million per cell) and
chromosome breaks. The likely mechanism is the deficient
methylation of dUMP to dTMP and subsequent incorporation
of uracil into DNA by DNA polymerase. During repair of uracil
in DNA, transient nicks are formed; two opposing nicks could
lead to chromosome breaks. Both high DNA uracil levels and
elevated micronucleus frequency (a measure of chromosome
breaks) are reversed by folate administration. A significant
proportion of the U.S. population has low folate levels, in the
range associated with elevated uracil misincorporation and
chromosome breaks. Such breaks could contribute to the
increased risk of cancer and cognitive defects associated with
folate deficiency in humans.

Folate deficiency (erythrocyte folate ,140 ngyml or plasma
folate , 3 ngyml) is one of the most common vitamin
deficiencies (1), occurring in approximately 10% of the U.S.
population (2) and, according to two small studies, in nearly
half of low-income (mainly African-American) elderly (3) and
adolescents (4). Over half of young low-income women have
folate intakes below the current Recommended Daily Allow-
ance level (5).
Folate deficiency is associated with increased risk of colon,

esophageal, and cervical cancer (6–8), although these epide-
miological studies are not definitive. Supplementation with
folate reduces the incidence of some precancerous lesions (7,
9–11). Diets high in fruits and vegetables, which are rich
sources of folate (12) and other antimutagenic micronutrients
(13, 14), are strongly protective against most types of cancer
(13–15). The quarter of the population with the lowest fruit
and vegetable intake has about twice the risk of developing
most types of cancers as the quarter with the highest intake
(13–15). Folate deficiency in humans induces extensive chro-
mosome damage (16), fragile site expression (17), micronu-
cleus formation (18, 19), and increased uracil levels in bone
marrow cell DNA (20).
Folate is required for transferring one carbon units in the de

novo synthesis of nucleotides. Low cytosolic levels of N5,N10-
methylenetetrahydrofolate (the folate cofactor for thymidylate
synthase) decreases synthesis of thymidylate (dTMP; ref. 21),
increasing the cellular dUMPydTMP ratio and DNA poly-
merase-mediated dUTP misincorporation into DNA (20, 22–
24). Uracil is excised from DNA by uracil-DNA glycosylase
and apyrimidinic endonuclease, generating transient single-

strand breaks (nicks) that could result in a less repairable and
more hazardous double-strand break if two opposing nicks are
formed (25). Uracil repair-induced double-strand breaks are
the likely cause of genetic deletions and duplications in
dUTPase mutant Escherichia coli (26). Nicks are also created
by glycosylase repair of lesions generated by oxidants, the
major endogenous mutagens (14), so interactions between
antioxidant and folate deficiencies are expected (27). Uracil
incorporation and removal has been hypothesized to cause
chromosome breaks in antifolate-treated tumor cells (22).
However, the role of uracil misincorporation into DNA in vivo
is unclear; previously reported levels of uracil in DNA vary
from artifactually high (20, 24, 28) to undetected levels (29,
30). We have developed a novel technique employing GCy
negative chemical ionization mass spectrometry that allows
uracil levels in DNA to be accurately determined; the method
minimizes artifact by reducing cytosine deamination and RNA
hydrolysis to undetectable levels (31). Following a preliminary
communication (32), we now report a detailed study on the
role of uracil misincorporation in DNA damage induced by
folate deficiency.

MATERIALS AND METHODS

Supplies. Triethylamine, isooctane, and acetonitrile
(.99%) were from Fluka; 3,5-bis(trif luoromethyl)benzyl bro-
mide (BTFMBzBr) and HPLC-grade ethanol were obtained
from Aldrich; uracil and N-lauroylsarcosine were purchased
from Sigma; and phenol, chloroform, isoamyl alcohol, ammo-
nium acetate were from Fisher Scientific. Uracil-DNA glyco-
sylase (1 unityml) was purchased from Epicentre Technologies
(Madison, WI), and proteinase K (20 unitsymg), RNase A (50
unitsymg), and RNase T1 (105 unitsyml) were from Boehr-
inger Mannheim. Internal standard, [13C,15N2]uracil (99.7%
[13C,15N2]), was synthesized as described (32).
Splenectomized Patients and Sampling. All work with hu-

man tissues was approved by the Committee for the Protection
of Human Subjects at the University of California, Berkeley.
Splenectomized human volunteers were recruited from Kaiser
Permanente Hospital (Oakland, CA) through discharge
records that indicated splenectomy as the primary discharge
diagnosis. Individuals with a history of cancer were excluded.
Out of 122 healthy splenectomized subjects, 22 subjects with
the highest and lowest values for micronucleated erythrocytes
were chosen (33) and categorized by initial erythrocyte folate
levels. Folate-deficient and folate-sufficient groups did not
differ significantly in age or sex. Individuals with pitted
erythrocyte frequencies below 12%, indicative of regeneration
of spleen function (34), were omitted from the data set. Blood
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was drawn by venipuncture into EDTA vacuutainers (Becton
Dickinson) and stored at 48C until processed. Aliquots of the
whole blood samples were frozen at2808C for DNA isolation.
Blood samples were taken at the beginning and at 6, 7, and 8
weeks after daily supplementation with 5 mg of folic acid.
Additional data were obtained from a splenectomized indi-
vidual with Crohn disease (19). Frozen blood samples from
this individual before and after supplementation with folinic
acid (25 mg per day) and folic acid (15 and 5 mg per day) were
obtained and analyzed for DNA uracil content.
Micronucleus Assay. Blood (5–10 ml) was spread onto three

or more precleaned glass microscope slides, air-dried, fixed in
methanol for 5 min, and stained with acridine orange (35).
RNA-positive erythrocytes (reticulocytes, 2,000) and RNA-
negative erythrocytes (10,000) were scored for micronuclei as
described (33). Reticulocyte frequency was estimated by
counting the frequency of RNA-positive cells among 10,000
erythrocytes. Serum and erythrocyte folate and B12 levels were
determined using a competitive radiobinding assay (Bio-Rad
Quantaphase).
Sample Analysis. DNA was extracted from whole blood

samples (2–5 ml) by phenol-chloroform extraction and resus-
pended in 10 mM TriszHCly1 mM EDTA pH 8.0 (TE; ref. 36).
Samples were frozen at 2208C until analysis. Uracil levels in
whole blood DNA were determined as described (31). DNA
(1–50 mg) was treated with 1 unit of uracil-DNA glycosylase in
50 ml of TE buffer for 1 hr at 378C. After digestion, 300 pg
[13C,15N2]uracil was added as an internal standard, and the
samples were dried (1 hr) in a speed vac concentrator (Savant).
The residue was resuspended in 50 ml of acetonitrile, 10 ml of
triethylamine, and 1 ml of BTFMBzBr and shaken at 308C for
25 min followed by the addition of 50 ml of water. N1,N3-(3,5-
Bis[trif luoromethyl]benzyl)uracil, was extracted into 100 ml of
isooctane and analyzed by GCymass spectrometry in negative
chemical ionization mode.
Data Analysis. The log-transformed uracil and micronuclei

data were analyzed for significance using a one-sided Student’s
t test (assuming unequal variance) in Microsoft EXCEL. The
SEMs were calculated using the log-transformed values fol-
lowed by antilog conversion to arithmetic numbers (thus SEMs
cannot be less than 1.0). All values are given as the geometric
mean 6 SEM.

RESULTS

Chromosomal damage and breakage in erythroid cells can
result in fragments of DNA that remain in the mature cell after
enucleation (37) and form micronuclei, which can be easily
scored. In humans, micronucleated erythrocytes and reticulo-
cytes are normally removed by the spleen, but in splenecto-
mized individuals, micronucleated erythrocytes remain in pe-
ripheral circulation and provide an index of chromosomal
damage (18, 37). Splenectomy, as the result of traumatic injury,
is not known to affect metabolism, and only otherwise healthy
subjects were enrolled in this study. Samples for the micronu-
cleus (n 5 22 and 19 for pre- and postsupplementation,
respectively) and DNA uracil assays (n 5 19) were obtained
from 22 splenectomized individuals. Of the initial 22 subjects,
19 completed the supplementation portion of the study. DNA
uracil levels were also determined in three folate-deficient
subjects with normal splenic function. Based on three separate
measurements of erythrocyte folate levels over a 6-week
baseline period, individuals were assigned to normal (eryth-
rocyte folate .140 ngyml, n 5 14) or deficient (erythrocyte
folate ,140 ngyml, n 5 8) groups. Individuals were catego-
rized using their presupplementation erythrocyte folate levels
since erythrocyte levels are more indicative of long-term folate
homeostasis than plasma folate. Blood DNA was analyzed for
uracil content (31), and the results of this analysis are pre-
sented in Fig. 1A. Folate-deficient individuals had a geometric

mean of 3,960,000 6 507,000 uracils per diploid cell, 8-fold
greater (P5 0.003) than the 498,0006 315,000 uracils per cell
found in controls (n 5 14). Bone marrow DNA, isolated from
folate-deficient individuals, contained 4,400,000 uracils per
cell (n5 3), 9-fold greater (P5 0.004) than the level of 480,000
uracils per cell (n 5 7) measured in individuals with normal
folate status. Three individuals had normal plasma folate levels
and may not have been functionally folate-deficient despite
having erythrocyte folate levels in the deficient range (,140
ngyml). These individuals had the lowest DNA uracil levels in
the presupplementation low folate group in Fig. 1A (M) and
also had below-averagemicronucleated reticulocyte and eryth-
rocyte frequencies.
To establish folate deficiency as the cause of both increased

DNAuracil and increasedmicronucleus frequency, individuals

FIG. 1. Uracil levels in DNA and micronuclei frequencies were
elevated in folate-deficient subjects and were reduced by folate
supplementation. Uracil andmicronuclei values were determined in 25
human subjects as described (31, 37). Open and solid symbols repre-
sent levels before and after supplementation with 5 mg per day folic
acid, respectively. Squares represent individuals with deficient eryth-
rocyte folate levels but borderline plasma folate levels (6 ngyml $
plasma folate $4 ngyml). Triangles are averaged values before and
after supplementation of an individual with Crohn disease (19). (A)
Uracil levels before and after folate supplementation (5 mg per day).
(B andC) Micronuclei values in reticulocytes (B) and erythrocytes (C)
before and after folate supplementation.
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were supplemented with folate (pteroylglutamic acid, 5 mg per
day) for 8 weeks. Blood samples were collected at the end of
6, 7, and 8 weeks of supplementation from the 19 folate-replete
individuals who completed the protocol. Plasma and erythro-
cyte folate levels were significantly increased by supplemen-
tation, as shown in Table 1. DNA uracil levels were reduced
markedly by folate supplementation in individuals with the
lowest presupplementation folate levels [before, 3,960,000
uracils per cell (n 5 8); after, 186,000 6 48,000 uracils per cell
(n 5 5); P 5 0.0003; Fig. 1A). This decrease occurred rapidly
in the single folate-deficient individual sampled shortly after
folate supplementation began; within 6 days, uracil levels
dropped from a presupplementation level of 2,906,000 to
489,000 uracils per cell. Supplementation of individuals with
erythrocyte folate levels greater than 140 ngyml significantly
reduced the levels of uracil in blood DNA from 498,000 (n 5
14) to 134,000 uracils in DNA per cell (n 5 14, P 5 0.001).
Micronucleated reticulocytes and erythrocytes were

counted in blood smears (37) from splenectomized individuals
of varying folate status. Micronucleus frequencies in reticulo-
cytes and erythrocytes are illustrated in Fig. 1 B and C,
respectively, with samples grouped according to the donor’s
initial circulating folate levels. The frequency of micronucle-
ated reticulocytes was 3-fold elevated (P 5 0.012) in folate-
deficient individuals (11.7 6 1.4 micronucleated reticulocytes
per 103 reticulocytes, n5 7) compared with control individuals
(3.96 1.1, n5 16). Similarly, the frequency of micronucleated
erythrocytes was 3.3-fold elevated (P 5 0.047) in folate-
deficient individuals (3.7 6 1.8 micronucleated erythrocytes
per 103 erythrocytes, n5 7) compared with normal individuals
(1.1 6 1.2, n 5 16). Supplementation of folate-deficient
individuals lowered the frequency of micronucleated reticu-
locytes [before, 11.76 1.4 (n5 7); after, 4.36 1.4 (n5 5); P5
0.03] and erythrocytes [before, 3.7 6 1.8 (n 5 7); after, 1.9 6
1.6 (n5 5); P5 0.21]. The longer half-life of erythrocytes may
partially obscure supplementation-induced changes since
many micronucleated erythrocytes formed before supplemen-
tation began would remain in circulation after 6–8 weeks (37).
Though folate supplementation reduced uracil levels in most
individuals, no change in the frequency of micronucleated
reticulocytes or erythrocytes was observed in normal individ-
uals with initial erythrocyte folate levels greater than 140
ngyml [micronucleated reticulocytes per 103 reticulocytes:
before, 3.9 6 0.4 (n 5 16); after, 4.5 6 0.7 (n 5 15);
micronucleated erythrocytes per 103 erythrocytes: before,
1.1 6 1.2 (n 5 16); after, 1.1 6 1.2 (n 5 15)].
Additional data were obtained both before and after folate

supplementation of a splenectomized patient with Crohn
disease, a condition that results in the inhibition of dietary
folate absorption and transport. Previous study of this indi-
vidual revealed that he had very high levels of erythrocyte and
reticulocyte micronuclei which were reversed by folate and
folinic acid supplementation (19). Frozen blood samples from
this study were used to investigate the relationship between
uracil in DNA and micronuclei (Fig. 2). The basal level of
uracil in DNA was significantly elevated (2,910,000 uracils per
cell) in this folate-deficient subject (1.9 ngyml plasma, 70
ngyml erythrocyte folate), and DNA uracil was reduced by 6
days of folinic acid administration (25 mg per day) to 480,000
uracils per cell. Administration of folic acid (5 mg of pteroyl-
glutamic acid per day) further reduced DNA uracil levels to
51,000 uracils per cell. The decline in DNA uracil levels closely
paralleled a decline in micronucleated reticulocytes (before
supplementation, 130 per 103 reticulocytes; after supplemen-
tation, 3.9 per 103 reticulocytes; Fig. 2). This association is
consistent with the hypothesis that uracil in DNA causes
double-strand DNA breaks, leading to micronucleus forma-
tion. These data, taken together with those illustrated in Fig.
1A, indicate that DNA uracil levels are closely associated with

frequencies of micronuclei and that both are minimized by
supplementation with folates.

DISCUSSION

These results provide strong evidence that folate status can be
a key determinant of DNA strand breaks, leading to genetic
instability (38) and thus to increased cancer risk (39). The data
and analysis presented indicate that uracil misincorporation is
a likely mechanism for folate-deficiency-induced cytogenetic
damage, although other mechanisms, such as site-specific
hypomethylation, could contribute (40, 41). The findings are
likely to be applicable to proliferating tissues in general and
suggest that, in folate-deficient humans, increased folate in-
take may decrease the risk of many types of cancer (9–11). Our
results support the importance of folate nutriture in degener-
ative diseases, especially cancer and neurodegeneration.
Consistent with the experimental results on the relationship

between uracil levels in DNA and chromosome breaks is a
theoretical model of uracil misincorporation leading to dou-
ble-strand breaks.** This model is based on studies which show
that plasmid DNA containing 2 uracils within 14 base pairs on
opposite strands is linearized when transfected into cells
expressing uracil-DNA glycosylase (25). Our analysis predicts
that the frequency of closely spaced uracil residues on opposite
DNA strands increases markedly as uracil accumulates in
DNA. Therefore, the estimated incidence of 2 closely spaced
uracils on opposite strands is 50 times higher in folate-deficient
individuals than in normal individuals. Simultaneous removal
and strand scission of both closely spaced uracils could cause
a double-strand DNA break (25) and would explain the
increased levels of micronuclei found in folate-deficient indi-
viduals (this time factor is not included in the equation). Since
semiconservative DNA replication results in much higher
uracil levels in the daughter strands compared with the pa-
rental strands, our calculations assume a 1,000-fold difference.
Uracil will be present in the parental strands due to carryover
following previous rounds of cell division, misincorporation
during excision repair and from in situ deamination of cytosine.
Oxidative DNA damage (#500,000 adducts per diploid cell;

unpublished work) should compound the effects of folate
deficiency. Spontaneous oxidative damage is prevalent (14)
and, unlike uracil misincorporation, is likely to be equally
frequent on both strands. Therefore, we predict that increased
oxidative damage would act synergistically with elevated levels
of uracil in DNA, leading to higher levels of chromosome

**The total probability that any given base pair will contain a uracil
and have at least one more uracil in the next 13 bases on the opposite
strand is

P 5 FUP O
n51

13

C13
n FUD

n ~1 2 FUD!132n

1 FUD O
n51

13

C13
n FUP

n ~1 2 FUP)132n

where FUD and FUP are the frequency of uracil in the daughter and
parental strands, respectively. We assume that semiconservative
DNA replication causes the daughter strand to contain 1,000 times
more uracil than the parental strand; uracil will be present in the
parental strands, albeit at much lower levels, due to carryover
following previous rounds of cell division, misincorporation during
excision repair and from in situ deamination of cytosine. The first
term of the equation is the probability of a base on the parental
strand being uracil and having at least one more uracil on the
daughter strand within the next 13 bases. The second term is a
similar calculation for the daughter strand. To avoid counting a
single occurrence twice, only the sequence on one side of a base is
considered. The number of potential double-strandDNA break sites
(24) per genome is the product of the probability determined in the
equation and the number of base pairs in the diploid genome (63 109).
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breaks in individuals deficient in both folate and antioxidants.
Indeed, of the five individuals with the highest micronucleus
values in this study, three were vitamin C-deficient (all five
were folate-deficient; ref. 18). This interaction may be impor-
tant since 10–15% of men in the United States, particularly
African-American populations, have serum ascorbate levels
(#0.3 mgydl) close to the scurvy threshold (42).
Many other micronutrients in addition to folate and ascor-

bate are likely to play a significant role in the prevention and
repair of DNA damage, and thus to the maintenance of
long-term health. Deficiency of vitamin B12 traps folate as
N5-methyltetrahydrofolate and thus causes a functional folate
deficiency, accumulation of homocysteine (43), and misincor-
poration of uracil into DNA (20). Niacin contributes to the
repair of DNA strand breaks by maintaining nicotinamide
adenine dinucleotide levels for the poly(A)DP-ribose protec-
tive response to DNA damage (44). As a result, dietary
insufficiencies of niacin (15% of some populations are defi-
cient; ref. 45), folate, and antioxidants may act synergistically
to adversely affect DNA synthesis and repair. Diets deficient
in fruits and vegetables are commonly low in folate, antioxi-
dants (e.g., ascorbate), and many other micronutrients and
result in significant amounts of DNA damage and higher
cancer rates (12, 13, 15). On the other hand, strict vegetarians
are at increased risk of developing a B12 deficiency (43).
In addition to increased cancer risk, inadequate folate intake

increases the risk of heart disease. Inadequate folate intake
decreases the folate-dependent methylation of homocysteine,
resulting in elevated plasma homocysteine levels (46). Homo-
cysteine accumulation is amajor risk factor for cerebrovascular
and cardiovascular disease (47), including fatal coronary heart
disease (48). Elevated homocysteine is thought to be respon-
sible for 10% of the U.S. population’s risk for coronary heart
disease. Each 5 mM increase of plasma homocysteine is
associated with an increase in coronary artery disease equiv-
alent to a 20 mgydl increase in cholesterol (49).
Adequate folate is crucial for neural development and

function. A woman’s risk of having a child with a neural tube
birth defect is associated with early pregnancy erythrocyte
folate levels in an inverse dose response relationship; increased
risk of birth defects were found at erythrocyte folate levels well
into the range currently considered normal (50). Numerous
studies have demonstrated that periconceptional folate sup-
plementation reduces the prevalence of neural tube birth
defects (51).
Folate and vitamin B12 are important for cognitive function.

Elderly subjects with low serum folate and B12 concentrations
have impaired spatial copying skills (52) and abstraction
performance (53), and score worse on tests of nonverbal

abstract thinking when compared with age-matched individ-
uals with high serum folate and B12 concentrations (54).
Folate-deficient mice also display behavioral abnormalities
(55). Folate is found in high concentration in the central
nervous system, and some studies have found an association
between folate deficiency, psychogeriatric disease (56, 57),
depression (58, 59), and the enhanced activity of neurotoxins
(60). The effects of folate supplementation on cognitive
function and behavior have not been investigated. It is difficult
to predict the outcome of such studies as little is known about
the reversibility of the damage induced by folate deficiency.
Uracil in DNA could contribute to the effects of both folate
and B12 deficiencies on brain function (61). Although defi-
ciencies of folate or B12 may not result in uracil misincorpo-
ration into genomic DNA of postmitotic neurons, this process
could occur in the DNA of dividing glial cells (oligodendro-
cytes). Loss of these cells might result in demyelination of
central nervous system neurons, an analogous condition to that
caused by B12 deficiency in peripheral neurons (43). Folate
deficiency might also increase uracil misincorporation in neu-
ronal mitochondrial DNA, resulting in an increase in nick
formation and DNA deletions (26). This could have an impact
on mitochondrial energy production and increase the gener-
ation of reactive oxygen species in neurons and other tissues.
In addition, folate deficiency might reduce methylation of

FIG. 2. Uracil levels and micronuclei values were elevated in a
subject with Crohn disease and reduced by supplementation of folinic
and folic acid. Uracil was measured (31) in DNA isolated from frozen
blood samples (19). Uracil levels: e, before supplementation; r, after
supplementation. Micronucleus frequency (19): E, before supplemen-
tation; F, after supplementation.

Table 1. Folate and B12 status before and after folate supplementation

Supplementation

Circulating vitamin levels, ngyml

Plasma folate (n) Erythrocyte folate (n) Plasma B12 (n)

Folate-deficient individuals
Before 4.3 6 0.8 (7) 95.1 6 9.7 (10) 0.33 6 0.07 (8)
After 53.6 6 9.8** (5) 486.4 6 79.3** (5) 0.40 6 0.12 (4)

Normal individuals
Before 11.9 6 1.3† (16) 277.6 6 30.6†† (16) 0.56 6 0.07 (16)
After 67.4 6 7.9** (15) 457.6 6 45.0* (15) 0.52 6 0.04 (15)

Work with human tissues was approved by the Committee for the Protection of Human Subjects at the
University of California, Berkeley. Folate and B12 levels were determined by competitive radiobinding
assay (Bio-Rad). Individuals with erythrocyte folate levels of ,140 ngyml were classified as folate-
deficient. Postsupplementation values are the average of values determined 6, 7, and 8 weeks after
initiation of daily consumption of 5 mg of folic acid. Individuals with normal levels of folate had higher
plasma B12 levels than did the folate deficient group (P 5 0.051). Values are expressed as the mean 6
SEM of the arithmetic data. Values significantly elevated in the postsupplementation groups compared
with values in the presupplementation group are indicated by p (P , 0.005) and pp (P , 0.0001). Values
significantly elevated in normal individuals compared with values in folate-deficient individuals before
supplementation are indicated by † (P , 0.001) and †† (P , 0.0001).
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cellular DNA, proteins, and neurotransmitters (55, 62), and
therefore impede neural function.
Measurement of metabolites whose production depends on

the different folate pools (e.g., plasma homocysteine or uracil
in DNA) provides a more accurate measure of deficiency than
do circulating folate levels. Estimates of the potential public
health impact of folate deficiency might be expected to rise if
such functional folate determinations are used to assess ade-
quate intake. Approximately 30–35% of elderly individuals
have metabolic evidence of folate deficiency (elevated homo-
cysteine), with low folate intake as the primary cause (46);
supplementation with folate, B6, and B12 reduced homocys-
teine levels back to the normal range in 92% of those studied
(63).
A common polymorphism in methylenetetrahydrofolate re-

ductase, the enzyme responsible for reducing N5,N10-
methylenetetrahydrofolate to the N5-methyl form, results in
decreased activity in homozygotes and a 2-fold increase in
plasma homocysteine. The homozygotes are 5–25% of indi-
viduals, depending on the population (64, 65), and appear to
have an increased risk of heart disease, stroke (48, 49), and
neural tube defects (65, 66). It is likely that this mutation
increases N5,N10-methylenetetrahydrofolate at the expense of
N5-methyltetrahydrofolate, resulting in decreased DNA uracil
levels and increased serum homocysteine. The potential role of
uracil misincorporation in human carcinogenesis is supported
by two recent studies which demonstrate that individuals
homozygous for the mutant alleles of methylenetetrahydrofo-
late reductase with high plasma folate levels have a 2- to 4-fold
lower risk for colon cancer than wild-type controls with low
plasma folate levels (67, 68). If the cognitive effects of folate
(and B12) deficiency are indeed due to low methylenetetrahy-
drofolate pool-induced uracil misincorporation into DNA, the
methylenetetrahydrofolate reductase polymorphism may have
been selected for in populations chronically low in folate to
protect the brain at the cost of early heart disease.
Our results indicate that folate-deficient humans have mark-

edly elevated levels of uracil in DNA and chromosome breaks,
and that supplementation effectively reduces these lesions.
The optimum intake of folate and other micronutrients for
long-term health is likely to be greater than that necessary to
prevent overt symptoms of deficiency. Further research on
larger populations is needed, with careful attention to discov-
ering and avoiding the possible adverse effects of widespread
folate supplementation (e.g., masking B12 deficiency). The
data at hand clearly indicate that folate intake should be
adequate to minimize DNA uracil and plasma homocysteine
accumulation, resulting in reduced risk of chromosome breaks,
cancer, heart disease, and brain damage. In much of the world,
the diet does not meet this standard because of low folate
content or poor bioavailability (69). In 1998, U.S. cereal and
grain will be fortified with folic acid (140 mgy100 g). This is
expected to result in a decrease in the number of elderly with
folate intakes below 400 mg per day to 49% of the population;
66% of elderly currently consume less than 400mg per day (70).
If these findings are borne out in larger studies, fortification of
the world’s grain with folate would be inexpensive and, in
combination with nutritional education programs, might have
a major impact on human health and well-being. Food for
thought.
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