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SUMMARY

Introduction: The mandatory fortification of staple foods
with folic acid to prevent neural tube defects (NTDs) began
in the USA in 1998. Since then, more than 50 countries
around the world have followed suit.

Methods: Selective literature review including national
study results.

Results and discussion: Women of child-bearing age need
sufficient body stores of folate before conception to pre-
vent folate-sensitive NTDs, which make up 20% to 60% of
all NTDs. Merely recommending folic acid supplemen-
tation before conception has been found to be an unsuit-
able strategy. Ingestion of folate-fortified food markedly
increases folate intake, generally by about 50% of the
recommended daily total intake. In Germany at present,
debate surrounds the issue whether folate intake should
be raised by mandatory folate supplementation, which will
affect the entire population. Folate deficiency is associ-
ated with a higher risk of cancer and other diseases; on
the other hand, there is concern that very high folic acid
intake might promote the growth of pre-neoplastic
lesions. There are no consistent study findings to support
the latter hypothesis, and the evidence for it is derived
from research in animals whose folate metabolism differs
from that in humans. About 800 pregnancies with NTD are
diagnosed each year in Germany; in most cases, the preg-
nancy is terminated after positive prenatal screening. The
incidence of NTDs in Germany is estimated at 12.36 per
10 000 births (a mean figure derived from registry data in
Mainz and Saxony-Anhalt) and is thus much higher than
the mean incidence across Europe, 7.88 per 10 000 births
(EUROCAT data for 2004-2008). Mandatory folic acid for-
tification should be adopted, as it is a highly effective and
inexpensive way to prevent NTDs.
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he incidence of neural tube defects (NTDs) ranges

from 0.5/1000 to 14/1000 live births (el, e2). The
most common neural tube defects are spina bifida,
where the spinal cord does not close completely, and
anencephaly, where the cranial regions of the brain do
not develop (e3). The neural tube closes about 28 days
after conception. The most common maternal risk fac-
tors for giving birth to a baby with neural tube defects
are folate deficiency, but also overweight and diabetes.
Folate deficiency during pregnancy is a risk factor not
only for NTDs but also for other birth defects (e4—6).

Periconceptional folic acid supplementation lowers
the incidence of neural tube defects significantly, by
20% to 60% (1, 2, e7—e8). A Cochrane review that in-
cluded 4 studies with a total of 6425 women showed
that periconceptional folic acid supplementation sub-
stantially reduces the incidence of neural tube defects
(relative risk [RR] 0.28, 95% confidence interval 0.13
to 0.58) (2). A meta-analysis showed that folate supple-
mentation can prevent recurrent neural tube defects in
85% to 100% of cases (€9, €10).

The present article focuses on folate supply relative
to the risk of neural tube defects and additionally on the
potential risks of folic acid fortification of foods for the
general population. This review article is based on a
selective literature search in PubMed (“folate fortifi-
cation”, “NTD prevention”, “folate in Germany”, “folic
acid in pregnancy”) and national reports.

Biological functions of folate
S-methyltetrahydrofolate (MTHF) is the physiologi-
cally active form of folate. When the methyl group
from 5-MTHEF is transferred to homocysteine, methion-
ine is formed, from which the universal methyl group
donor  S-adenosyl-methionin  (SAM)  develops.
5,10-Methylen-THF is required for the synthesis of
thymidine and 10-formyl-THF for the synthesis of
purin.

Folate intake, recommendations

Natural folates are 30% to 80% less bioavailable than
folic acid (ell, el2). The recommended daily intake
(RDI) for folate is set at 400 pg of dietary folate equiv-
alents (DFE). The upper tolerable limit for folic acid
intake is set at 1 mg/d (el3). The usual fortification
programs do not reach this upper limit nor do they
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exceed it, provided no additional supplements of >400
ng folic acid are taken (approximately 34% of Ameri-
cans take additional preparations containing folic acid)
(el4).

The RDI for folate is not population-based and
therefore does not consider the special requirements of
young women and elderly people. In postmenopausal
women on a diet deficient in folates who then switched
to a diet rich in folate it was found that a total amount of
approximately 400 pg folate per day is required in
order to normalize the blood parameters serum folate or
homocysteine (el5, e16). The mean homocysteine con-
centration reaches a steady-state level of almost 11.0
pmol/L in people whose folate intake is 400 pg/d (e17)
or in those with a serum folate concentration of 14
nmol/L (e18). Folic acid supplementation of approxi-
mately 200 ng/d (340 DFE, factor 1.7) lowered the
plasma concentration of homocysteine significantly,
according to a study from Ireland (the mean dietary in-
take of folate in Ireland is about 281 pg/d) (3). Increas-
ing the dosage of folic acid to 400 pg /d did not have
any additional homocysteine lowering effect, and 100
pg/d did not affect plasma homocysteine.

The average daily natural folate intake in the differ-
ent European countries ranges from 230 ug to 280 pg
(e19-e22). According to the German National Nutrition
Survey II (Nationale Verzehrsstudie, NVS II), the
median intake of folate equivalents in Germany for
men is 283 pg/d and for women, 252 pg/d (4). In the
Dortmund Nutritional and Anthropometric Longitudi-
nally Designed (DONALD) Study, a minimum of 80%
of the recommended daily folate intake was only
achieved by means of supplementation in 50% of Ger-
man children and adolescents (e23). Only children
younger than 1 year had sufficient intake of folate
(probably explained by fortified foods). In the Euro-
pean Prospective Investigation into Cancer and Nutri-
tion (EPIC) Study, 50% of subjects had a DFE intake of
<103 pg/d (e24). According to controlled dietary
studies, folate intake (dietary folate and folic acid)
correlates to metabolic markers in the blood (homocys-
teine) (e12). In people older than 60 years in Germany
we measured lowered folate concentrations in about
25% of cases (5, €25). Compared with US subjects in
the National Health and Nutrition Examination
(NHANES) Study, who had a mean serum concen-
tration of folate of 39 nmol/L, the mean folate concen-
tration in elderly German subjects was extremely low,
at 13.9 nmol/L (5). Data showed that 22% of pregnant
women in Germany smoked during their pregnancy and
only 17% took folic acid preparations up to the birth
(6). Smoking mothers had significantly lower serum
folate concentrations than non-smoking mothers (18.4
vs. 30.6 nmol/L), and the same was true for umbilical
cord blood (median 57.1 vs 61.0 nmol/L) (6).

Folic acid supplementation hefore and during
pregnancy

The US Centers for Disease Control and Prevention in
1992 called for an additional intake of 400 to 800 pg/d

of folic acid for all women of childbearing age. In
countries with folic acid fortification of staple foods, a
notable fall in the incidence of neural tube defects was
observed as early as one year after fortification had
been introduced (e2, €26). 800 pg/d of folic acid are no
more effective in preventing neural tube defects than
400 pg/d (1, e27). For women with a history of neural
tube defect-affected pregnancy, a daily intake of 4 to 5
myg folic acid is recommended. However, the lowest ef-
fective dose for preventing neural tube defects is not
known thus far.

Different international strategies to increase folate
intake in young women have altogether shown very
little success. Educational measures and prevention
programs in the Netherlands led to sufficient precon-
ceptional intake of folic acid in only 30% to 42% of
young women after 10 years (€28, €29). In Germany
periconceptional total folate intake (including the in-
take of folic acid—containing multivitamin drinks) has
been reported to be sufficient in only 8.6% of women
(7). The Bundesrat (the upper chamber of Germany’s
parliament) recommended in 2006 to improve folate in-
take (information campaigns targeting women and the
staff of healthcare institutions) (http://www.bundesrat.
de). Thus far, these measures have not resulted in a fall
in neural tube defects in Germany. In non-pregnant
German women, mean dietary intake of food folate is
225 t0 252 pg/d (8). According to a study in three Euro-
pean countries, mean daily folate intake in pregnant
women is between 311 and 327 pg (9). The correspond-
ing figures for folate intake in Germany are between
254 and 271 pg/d (9). Only 6% of study participants
reached the recommended folate intake for pregnant
women of 600 pg/d for Germany, Austria, and Switzer-
land, and only 26% had a total dietary folate intake of
400 pg/d. In Germany, only 36% of pregnant women
were taking folic acid supplementation in their 20™
week of gestation (9).

The EUROCAT registry (European Registration of
Congenital Abnormalities and Twins) reports a signifi-
cantly higher prevalence of neural tube defects for most
European countries than for countries that have fortifi-
cation programs (www.eurocat-network.eu). Reports of
congenital defects in Germany for 2008 showed the
highest incidence of neural tube defects since 1996
(16.84/10 000 vs 15.76/10 000 births in Saxony-
Anhalt). EUROCAT’s mean rate is 7.88/10 000 births
(between 2004 and 2008), in Germany, the rate is
12.36/10 000 births (mean value for the registries
Mainz and Saxony-Anhalt). This translates as some
800 neural tube defects in Germany every year. Some
50% of these could be prevented with folic acid.

Folic acid supplementation should start at least one
month before conception, since the neural tube closes
in the first month after conception. Most pregnancies
are unplanned and the mean timespan to the first ante-
natal visit is 9 weeks; this is too late to prevent neural
tube defects. Further impairing factors include a lack of
awareness—especially in socially disadvantaged
women—, a lack of willingness to take folic acid
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supplementation, and cost. In 1998, the US and Canada
therefore introduced mandatory folic acid fortification
of grain products. The costs of folic acid fortification
are low (in the US they amount to 1.5 to 3 dollars per
ton of wheat flour) (www.cdc.gov/mmwr/preview/
mmwrhtml/mm5701a4.htm). In Chile, the annual costs
of fortification are covered by the saved expenses of
as few as two prevented cases of neural tube defects
(e30).

In the meantime, more than 50 countries have started
mandatory folic acid fortification of staple foods to
prevent neural tube defects.

Folic acid and cancer risk

An increase in folic acid intake for the entire population
is the subject of discussion, with several objections
raised (10), such as:

® An increased cancer risk (e31)

® Masking cobalamin deficiency (folic acid may

mask the signs of anemia in cobalamin deficiency,
while neurodegeneration progresses (an aspect
that is rather more theoretical than of practical
relevance), or

® [nteractions with medications (antifolates; al-

though this has not been proved so far, fortifi-
cation with folic acid may necessitate a higher
dosage of antifolate) (10).

In animal studies, high dosages of folic acid pre-
vented the development of new tumors, but supported
the progression of pre-existing tumors (11). The latter
role is consistent with the therapeutic use of antifolates.
By contrast, no negative consequences have been re-
ported for increased folate intake from natural sources.
Furthermore, clinical studies have thus far not shown
unequivocal results regarding a consistent relation be-
tween folic acid supplementation and a raised cancer
risk, which militates against a causal role, especially in
the concentration range below the upper tolerable limit
of 1 mg/d of folic acid (Figure).

Folate deficiency as well as an excess of folic acid
may impair DNA stability, gene expression, and cell
proliferation. Folate deficiency can have genetic and
epigenetic consequences and thus support tumor devel-
opment (e32). Low folate concentrations in vitro or in
vivo lead to erroneous incorporation of uracil into the
DNA (instead of thymidine) (e33-e35), which is
reversible by means of folate supplementation (12,
e36). Compared with controls, the serum concen-
trations of folate were lower in patients with colorectal
tumors, and DNA hypomethylation of the colonic
mucosa was found (13). However, not all studies
showed a negative association between folate supple-
mentation and erroneous incorporation of uracil into
the DNA (e37). A report from the World Cancer
Research Fund and the American Institute for Cancer
Research confirmed limited protection against pancre-
atic cancer for foods rich in folate (14). Compared with
demographic (age) and environmental factors (such as
smoking or alcohol), folic acid apparently does not play
a proved part as a carcinogenic factor.
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The dual role of folic acid regarding the risk for adenoma and cancer. Folate deficiency is re-
garded as a risk factor for different tumors (incorporation of uracil rather than thymidine into
the DNA). Excess supplementation with folic acid is also being discussed in relation to an in-
creased risk for cancer (genetic dysregulation). No upper limit exists for natural folates

Colon cancer

After folic acid fortification was introduced in the US
and Canada in 1998, a rise in colorectal cancer was
observed for the following 3 years, which amounted to
4 to 6 cases per 100 000 persons (15). This does, how-
ever, not prove a causal role for folic acid, especially
since the diagnostic possibilities for colorectal cancers
were notably improved over this time period. Fur-
thermore, the study did not investigate mortality due to
colorectal tumors. It is therefore not clear whether the
presumed role of folic acid regarding accelerated tumor
growth is associated with increased mortality.

Case-control studies have shown that high serum
concentrations of folate are associated with a 50%
lower risk for colorectal tumors than low serum folate
concentrations (median 31.0 vs 12.2 nmol/L) (16). In
patients whose folate concentrations were low at the
start of the study, folic acid reduced the risk for colorec-
tal adenomas (e38). A prospective study showed that
total mortality for colorectal tumors did not depend on
serum folate concentrations measured before the tumor
diagnosis (€39). On the other hand, low blood folate
concentrations were associated with a higher risk for
advanced adenomas and hyperplastic polyps (e40).
According to a Swedish study, the relation between
plasma folate and colorectal cancer risk is bell-shaped.
Compared with the highest quintile (=15 nmol/L), a
folate concentration in the lowest quintile (<5 nmol/L)
was protective against colorectal tumors if the observa-
tion period was longer than 4 years (e32).

According to a meta-analysis (5 cross-sectional
studies and 7 case-control studies) the risk for colorec-
tal tumors was reduced by some 25% if dietary folate
intake was high (17). If 1 mg/d folic acid was taken for
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6 to 8 years, however, a tendency towards an increased
risk for advanced or multiple lesions was found
(relative risk 1.67, 95% confidence interval 1.00 to
2.80; p = 0.05); the recurrence rate of colorectal adeno-
mas was not increased (e41). A recently published
meta-analysis (3 studies) of folic acid supplementation
(0.5 to 5 mg/d for 3 years) did not find a significant in-
fluence on the risk of colorectal cancer in patients with
a history of adenomas (e42). Similarly, three further
studies (folic acid supplementation over 5 to 7 years of
2.5 mg/d in 2 studies and 20 mg/d in one study) in
populations without an increased risk for colorectal
cancer before the start of the study did not show a sig-
nificant effect of folic acid on the relative risk of colon
cancer (e42).

Breast cancer

In a 5-year follow-up study, the risk for breast cancer in
women who ingested >1272 DFE per day (>748 pg
total folate) was 22% lower than for <345 DFE (<203
ng total folate) (18). Another follow-up study over 9
years in >11 000 postmenopausal women also showed
a protective effect of folate against breast cancer for a
total daily intake of >456 ng compared with 160 pg/d
(hazard ratio [HR] 0.56) (19). A third prospective study
with >25 000 postmenopausal women showed that
those women whose folate intake was >337 pg/d did
not have a higher risk of breast cancer than women
taking <233 pg/d, nor did women with supplemental

folic acid intake <400 pg/d compared with women not
taking folic acid supplementation (e43). In the same
study, folic acid supplementation at >400 pg/d (equat-
ing to a total folate intake of >853 pg/d) was associated
with a higher risk for breast cancer (HR 1.32). The cur-
rently available data do not show a consistent associ-
ation between breast cancer risk and folate intake in the
concentration range of folic acid supplementation.

Pancreatic cancer, ovarian cancer,
and prostate cancer
In a 13-year follow-up study including >27 000 male
smokers, those in the upper quintile (total folate intake
>373 pg/d) had a lower risk for pancreas carcinoma
compared with those in the lowest quintile (folate in-
take <280 pg/d) (20). A recent study including more
than 100 000 participants (21) showed that a daily fo-
late intake of >253 ng/d was protective, compared with
<179 pg/d, in women, whereas in men, folic acid
supplementation did not influence the risk of pancreatic
cancer (12). Plasma folate and homocysteine were not
associated with the risk of pancreatic cancer (22, e44).
A Swedish prospective study over 8.6 years in >81 000
men and women found that a folate intake of >350 pg/d
was associated with a lower risk of pancreatic cancer
than and intake of <200 pg/d (23).

A higher folate intake was not associated with an in-
creased risk for ovarian cancer or prostate cancer (e45).
A prospective study over 22 years did not show a

fortification and data from Germany

exist in Germany:
- Mainz (active registry)
— Saxony-Anhalt (passive registry)

representative population samples (5, 6, €23, €24, e57).

sume (bread, milk).

should be monitored over the long term.

Strategies for preventing neural tube defects by means of a strategy of folic acid

1. Representative data should be collected about the frequency of neural tube defects in the population; only two registries

2. The cost-benefit ratio for each country in question should be determined (55, €6).

3. Data on the mean folate intake of the population should be collected; as well as data on serum folate concentrations in

4. Data on the folate status of young women (target group) should be collected by means of clinical markers (folate concen-
trations in blood and serum); homocysteine in plasma). The more common folate deficiency is in the target group, the
higher the effect that may be expected from folic acid supplementation.

5. Decisions are needed about the mode of administration or the food that should be fortified, which the target group will con-

6. The level of folic acid fortification should be decided for each country individually, on the basis of items 2—-4 and the avera-
ge eating behavior of the population, in order to achieve a total dosage of 400 ug/d of folate.

7. Deficiencies in other nutrients associated with folate should be estimated at the population level (cobalamin, choline) (€23).

8. Folic acid fortification should be accompanied by regulations that limit uncontrolled use of folic acid supplements, so as to
avoid that folic acid intake in certain populations exceeds the upper tolerable limit.

9. The effect of fortification on the target group (young women) and other relevant population groups (elderly people, children)

10. Fortification can be introduced step by step, combined with the labeling of fortified products.
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statistically significant relation between the risk for
ovarian cancer and folate intake (24). In a 9-year fol-
low-up study including 65 836 men (American Cancer
Society Cancer Prevention Study II Nutrition Cohort),
in which prostate cancer was diagnosed in 5158 men,
no correlation was found between the risk for prostate
cancer and dietary and total folate intake (e46).

Adenomas, solid tumors, role of folic acid

According to animal experiments, the dose as well as
the timing of folic acid supplementation can accelerate
the growth of adenomas and their transformation into
carcinomas in animals with preneoplastic lesions
(e47-e48). In the mouse model, folate deficiency in-
duced intestinal tumors (e49). A recent meta-analysis
did, however, not find a statistically significant in-
fluence of high folic acid dosages (0.5 to 20 mg/d over
3 to 7 years) on the recurrence or incidence of advanced
adenomas in persons with a history of adenomas (e42).

Solid tumors have a relatively long latency period.
The cumulative occurrence of tumors in the first 3
years after the start of folic acid fortification (15) is
therefore more likely to be associated with other factors
(for example, the introduction of colonoscopy screen-
ing) than with folic acid. A potentially harmful effect of
non-metabolized free folic acid in the blood has thus far
not been confirmed in clinical studies (e50—e53).

Folic acid is proposed to have a dual role with regard
to the risk of cancer. In moderate intake it would be
protective with regard to the development of neoplastic
foci, whereas excess intake (far more than 1 mg/d) over
a longer period of time can accelerate tumor growth
(e54). Thus far no proof exists regarding a causal role for
a raised cancer incidence nor cancer related mortality.

National strategies for folic acid fortification,
concluding remarks

Before the implementation of folic acid fortification the
benefit for the population should be evaluated by
assessing all the items listed in the Box (25). The high
incidence of neural tube defects in Germany could be
lowered by 30% to 50% by means of mandatory folic
acid fortification; furthermore, substantial cost savings
could be made. Accelerated tumor progression is
unlikely if the order of magnitude of fortification is that
of current programs, because neither consistent results
nor causal relations exist.
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