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Abstract

The importance of physiological supply of folate is well recognized in human health; the crucial roles of folate
in one-carbon metabolism for physiological DNA synthesis and cell division, as well as in the conversion of
homocysteine (Hcy) to methionine, and subsequently, to S-adenosylmethionine, have been convincingly dem-
onstrated. Improved folate status may reduce the risk of macrocytic anaemia, cardiovascular diseases, neurop-
sychiatric disorders and adverse pregnancy outcomes. Inadequate folate status results in a decrease in the
methylation cycle and in increased blood levels of the neurotoxic Hey. The aim of this review is to provide insight
into the influence of folate status on pregnancy health outcomes, and to consider increasing evidence of a link
between the extent of genome/epigenome damage and elevated risk for adverse obstetrical endpoints.

Pregnant women are at risk for folate insufficiency because of the increased need for folate for rapid fetal
growth, placental development and enlargement of the uterus. Inadequate folate status may cause fetal malfor-
mations, impaired fetal growth, pre-term delivery and maternal anaemia. Even some diseases of the placenta
may arise from folate deficiencies. Fetal growth seems to be vulnerable to maternal folate status during the
periconception period, because it has the potential to affect both the closure of the neural tube and several
epigenetic mechanisms within the placenta and the fetus. Mainly on the basis of the well recognized link between
maternal folate status and fetal neural tube defects, women are advised to receive folic acid supplement during
the periconceptional period. Because an adequate folate supply seems to play an important role in the implan-
tation and development of the placenta and in improving endothelial function, folic acid supplementation in the
late first trimester or early second trimester might also be beneficial.

Keywords: nutrigenomics, polymorphism, pregnancy, EURRECA, folate/folic acid, one-carbon metabolism.

Correspondence: Dr Tamds Decsi, Department of Pediatrics, University of Pécs, Jozsef A. u. 7., H-7623 Pécs, Hungary. E-mail:
tamas.decsi@aok.pte.hu

lI. General considerations on folate monoglutamic acid). Folic acid, i.e. the synthetic, fully

oxidized form of folate, consists of three parts: a pte-

.1 Absorption, bioavailability and metabolism ridine ring, p-aminobenzoic acid and one molecule of

Folate was first isolated in 1941 from four tons L-glutamic acid (Fig.1). The naturally-occurring

of spinach leaves, and finally synthesized in 1946
(Mitchell et al. 1941; Hall & Solehdin 1998). Folate is
the generic term for all related compounds that
exhibit vitamin activity similar to folic acid (pteroyl-

folates usually have a polyglutamate side chain.
Humans are able to synthesize the pteridine ring but
unable to link it with the other compounds (Birn
2006). Consequently, human health depends on
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Fig. I. Structure of folic acid. Adapted from Shane 2008.

exogenous sources of preformed folate, which con-
sists of not only dietary folate, but also folate synthe-
sized by the normal microflora of the large intestine
(Dudeja etal. 2001). Natural folates are highly
unstable to exposure to oxygen, light and heating, and
therefore a considerable amount of them can be
degraded during storage and food processing. Unfor-
tunately, the highly bioavailable and chemically stable
folic acid does not occur in nature in significant quan-
tities; nevertheless, it is the most common form of
folate used in supplements and in fortified foods
(Gregory 1997).

Our present knowledge on folate bioavailability is
far from complete and the results of absorption
studies are especially controversial. However, some
metabolic details have been studied and the results of
these studies suggest that deconjugation of poly-
glutamyl folates, food matrix, nutrient status of the
body and food processing may be the major modify-
ing factors contributing to the bioavailability of
folates (McNulty & Pentieva 2004; Melse-Boonstra
et al.2004). A common polymorphism (677C—T) in a
key folate enzyme, methylenetetrahydrofolate reduc-
tase (MTHFR) also affects the bioavailability, which
leads to increased requirement for folate (Robitaille
et al.2009). Dietary folate equivalents (DFEs) are the

Key messages

units which are used to account for differences in the
absorption of natural food folates and the more bio-
available synthetic folic acid. When folic acid is con-
sumed without food, its bioavailability is nearly
100%. When folic acid is consumed with food, its esti-
mated bioavailability is approximately 85%. In con-
trast, the bioavailability of food folates is about 50%.
DFE is defined as the quantity of food folate plus 1.7
times (85/50) the quantity of folic acid in the diet
(Suitor & Bailey 2000). Good dietary sources of
natural folate include a wide variety of fruits, dark
green leafy vegetables, legumes and inner organs of
animals (Table 1). Dietary polygutamyl folates are
unable to cross the cell membranes. Prior to absorp-
tion, they have to be enzymatically deconjugated to
monoglutamyl form by the membrane-bound, zinc
dependent y-glutamyl-carboxypeptidase in the
enterocytes. Folic acid and reduced monoglutamyl
folates are absorbed in the proximal small intestine by
saturable, carrier-mediated, pH- and energy-sensitive
transporters having similar affinity for both oxidized
and reduced folate forms (Shane 2008). Most
absorbed folate is converted to S5-methyl-
tetrahydrofolate (5-MTHF) during passage through
the enterocyte. 5-MTHEF is the predominant folate
form in serum, it can be present either in free form, or
bound to high-affinity folate binding protein, or
loosely associated with other serum proteins includ-
ing albumin (Birn 2006). However, if high doses of
folic acid are consumed, they may appear in the
peripheral circulation untransformed in the postpran-
dial state after supplementation (Kelly et al. 1997).
5-MTHF transported into cells has to be converted
into tetrahydrofolate (THF) via methionine synthase
(MS) before it can participate into other folate-
dependent reactions (Akoglu et al. 2008). The active
forms of folate, folylpolyglutamates which are pro-

* Pregnant women may be at risk for folate insufficiency in view of the increased physiological need for folate.

* Women are generally advised to take 0.4 mg/day folic acid when planning a pregnancy or 4 mg/day when
previous pregnancy affected by NTD is in the obstetrical history.

* Further research on the role of the effect of folic acid supplementation on placental function needs to be

conducted.
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Table |. Folate content of common foods

Food item Measure Folate content

(ug DFEs)
Beef liver 1 slice (85¢g) 185
Lentils, cooked !/, cup 180
Chickpeas, cooked '/, cup 140
Beans (black, kidney, navy), cooked /> cup 115-130
Spinach, cooked !> cup 100
Asparagus, cooked 5 spears 100
Greens (mustard, turnip), cooked !/, cup 85-90
Orange juice, ready to drink 1 cup 80
Strawberries, fresh 8 medium 80
Brussels sprout, cooked 1/, cup 80
Broccoli, cooked !/, cup 50
Tomato juice 1 cup 50
Peanut, dry roasted 1oz 40
Orange 1 medium 40
Grapes 1 cup 40
Cauliflower, cooked !/, cup 35
Cantaloupe, fresh !/;medium 40
Egg 1 large 25
Banana 1 medium 20
Grapefruit !/, medium 15
Milk, fluid 1 cup 10-15
Tomato, raw !/, cup 10
Cucumber, raw !/, cup 5
Potatoes, french fries 10 strips

DFEs, dietary folate equivalents; excellent folate sources: 100200 ug
DFE per serving; good folate sources: 50-100 ug DFE per serving;
moderate folate sources: 25-49 ug DFE per serving; fair to poor
folate sources: <25 ug DFE per serving; adapted from Suitor &
Bailey (2000).

duced by folylpoly-y-glutamate synthetase (FPGS),
use THF as a substrate (Suh et al. 2001). The poly-
glutamyl chain is required for the retention of the
folate in the cell; it may also enhance the binding of
the folate cofactor to folate-requiring enzymes and
allow channelling between the active sites without
dissociating from the surface of the enzyme (Brody
1999).

Under normal conditions of dietary intake and
status, folate exhibits slow turnover in the human
body, with a half-life in excess of 100 days (Gregory
1997). In addition to urinary excretion, folate is
secreted by the liver into the bile. However, most of
this folate is reabsorbed following enterohepatic
recirculation; the relatively high amount of folate in
the faeces arises from gut bacteria (Shane 2008).

Reactions requiring folate are collectively referred
to as one-carbon metabolism; 5,10-methylene-

tetrahydrofolate plays a central role in these cycles
(Fig. 2). These synthetic cycles are located in the
cytosol; however, the large mitochondrial folate pools
also provide one-carbon precursors into the cytosol.
One-carbon metabolism includes synthesis of purine
and pyrimidine precursors of DNA and RNA synthe-
sis, interconversion of serine and glycine and conver-
sion of homocysteine (Hcy) to methionine, which is
subsequently converted to S-adenosylmethionine
(SAM). SAM is methyl donor in more than 100
chemical reactions including methylation of DNA,
RNA, cellular membrane phospholipids, neurotrans-
mitters, hormones and myelin (Bailey & Gregory
1999).

1.2 Hyperhomocysteinemia

Inadequate folate status results in reduction of circu-
lating folate concentrations. The sign of decreased
activity in the methylation cycle may be the elevation
in plasma total Hey (tHcy), i.e. hyperhomocysteine-
mia (HHCY) (Tamura & Picciano 2006). Hcy, the
demethylated derivative of methionine, is metabo-
lized via two pathways (Fig.2). Hey can be either
remethylated to methionine by means of MS belong-
ing to the family of enzymes with methyltransferase
(MT) activity, requiring 5-MTHF as methyl donor
and vitamin By, as a cofactor. A further route of Hcy-
elimination is the trans-sulfuration pathway, where
the conversion from Hcy to cysteine takes place in
two enzymatic steps involving vitamin Be as a cofactor
(Goddijn-Wessel etal. 1996; Castro etal. 2006).
Several trials demonstrated that daily supplementa-
tion with folic acid effectively lowered plasma Hcy
concentrations (Homocysteine Lowering Trialists’
Collaboration 1998; van Oort et al. 2003; Lamers ef al.
2004). Even if elevated Hcy levels are usually related
to inadequacy of folate supply, they may also point
to deficiency of enzymes involved in folate-
homocysteine metabolism due to inherited condi-
tions, i.e. polymorphisms of MTHFR gene 677 C—>T
and 1298 A—C; methionine synthase gene (MTR)
2756 A—G and methionine synthase reductase gene
(MTRR) 66 A—G (Guéant et al. 2003; Dhillon et al.
2009). For example, a point mutation at 677 C—T of
the MTHFR gene causes the replacement of cytosine
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with thymine, and leads to a reduction in MTHFR
activity (de Bree et al. 2003). Insufficient production
of 5-MTHEF leads to an increase in Hcy levels, as the
methyl group of 5-MTHF is no longer available to a
sufficient extent for the re-methylation of Hcy into
methionine. Thereby, subjects with the 677 C—T
mutation need more dietary folate to achieve an
adequate plasma folate levels (de Bree et al. 2003).
However, plasma Hcy cannot be considered a highly
specific biomarker of folate status. Other determi-
nants of circulating Hey are vitamin Be-, choline- and
vitamin By, deficiencies due to deregulation of their
metabolism or low dietary availability, or the combi-
nation of these two factors (Locksmith & Duff 1998;
Steen et al. 1998; Obeid & Herrmann 2005; Castro
et al. 2006; Sadananda Adiga et al. 2009; Zeisel 2009).

HHCY is suggested to be implicated in the aetiol-
ogy of cardiovascular diseases, occlusive vascular dis-
eases, demyelination, neuropathy, depression and
cognitive impairment (Eskes 2001; Refsum et al. 2006;
Forges et al. 2007; Dodds et al. 2008). The triggering
mechanisms are not fully elucidated. However, cell-
culture studies, studies in experimentally induced
HHCY in animals, and clinical studies in hyperho-
mocysteinemic humans suggest that high levels of

Pyrimidine
biosynthesis

dihydrofolate  reductase ~ (DHFR);
5. methionine adenosyltransferase (MAT);
6.  methyltransferases ~ (MT); 7. S-
adenosylhomocysteine hydrolase; 8. cys-
tathionine B-synthase (CBS); 9. cystathionine
Y-lyase (CHT); 10. thymidylate synthase (TS).

tHey may promote vascular inflammation through
oxidative stress (Beaudin & Stover 2007). Both
increased accumulation of reactive oxygen species
(ROS) and involvement of the redox-sensitive
signalling events may be involved in increased stress
(Papatheodorou & Weiss 2007). Elevated tHcy stimu-
lates proinflammatory pathways in vascular cells and
results in leukocyte recruitment to the arterial wall, in
the infiltration of leukocytes into the arterial wall and
in the differentiation of monocytes into cholesterol-
scavenging macrophages. Furthermore, tHcy stimu-
lates the proliferation of vascular smooth muscle cells
and subsequent production of extracellular matrix
(Eskes 2001; Papatheodorou & Weiss 2007), and may
be cytotoxic (Beaudin & Stover 2007).

Despite what might be assumed from cell culture
and in-vitro studies as well as from observational
studies, there is actually no reliable clinical evidence
that elevated plasma tHcy is the causal factor of all
these disease. Several large randomized controlled
trials have been designed to assess the Hcy lowering
effect of folic acid and other B-vitamin supplementa-
tion. Although the vitamin supplementation was
effective in reducing Hcy levels, it failed to reduce the
risk of cardiovascular disease events (Ntaios et al.

© 2010 Blackwell Publishing Ltd Maternal and Child Nutrition (2010), 6 (Suppl. 2), pp. 23-38



Draft paper on folate in pregnancy

27

2009) and cognitive decline in Alzheimer’s disease
(Aisen et al. 2008). In this context, a recent review on
the public significance of elevated Hcy concludes that
‘This multitude of relationships between elevated
plasma homocysteine and diseases that afflict the
elderly, pregnant women, and the embryo points to
the existence of a common denominator which may
be responsible for these diseases. Whether this
denominator is homocysteine itself, or homocysteine
is merely a marker, remains to be determined’
(Selhub 2008).

1.3 Potential risks of high folate supply

Elevated intake of synthetic folic acid (but not that of
naturally-occurring reduced folates) may be associ-
ated with some adverse effects as well. The tolerable
upper intake level (UL) of folic acid is 1 mg for adults,
which was developed to avoid masking vitamin B,
deficiency. This 1 mg UL can be also applied to preg-
nant and lactating women; the UL for children
increases with increasing age (Scientific Committee
on Food 2000).

1.3.1 Folate and vitamin B, interrelationship

Vitamin By, deficiency rarely occurs in infants under 4
months of age, because vitamin B, is concentrated
and stored in the liver of the fetus. However, later on
breastfed infants of vitamin B, deficient mothers may
be vulnerable to vitamin By, deficiency (Rasmussen
et al. 2001; Black 2008). Malabsorption of vitamin By,
becomes more frequent with increasing age. Preva-
lence of vitamin B, deficiency in the elderly ranges
from 5% to 46%, depending on the population and
the different criteria of deficiency (Cuskelly et al.
2007).

Vitamin B, deficiency has many consequences,
including HHCY, megaloblastic anaemia and neur-
opathy (Stabler & Allen 2004). Methionine synthase
activity is decreased in vitamin By, deficiency, which
causes impairment of the methylation pathway, result-
ing in Hey accumulation and decreased production of
SAM, which is the most important methyl donor in
biological reactions. The interrupted methylation
process causes disturbed neurotransmitter metabo-

lism and myelin damage. Subacute combined degen-
eration of the spinal cord is a specific type of
neuropathy in vitamin Bj, deficiency. Another
symptom of vitamin By, deficiency is megaloblastic
anaemia due to delayed DNA synthesis (Smulders
et al. 2006).

The interrelationship between folate and vitamin
B, is probably best explained by the methyl trap
hypothesis. The conversion of 5,10-MTHF to
5-MTHE, catalyzed by methylenetetrahydrofolate
reductase (MTHFR), is irreversible. The only way for
5-MTHEF to participate in folate-dependent reactions
is through the vitamin B,-dependent methionine syn-
thase (Fig. 2). In vitamin By, deficient cells, the avail-
ability of folate is normal; however, folate is trapped
as 5-MTHF that cannot participate in methylation
cycle and DNA biosynthesis; this situation is termed
as folate pseudodeficiency. In addition, mono-
glutamate 5-MTHF is a poor substrate for poly-
glutamation by FPGS, therefore it is not retained in
the cell (Smulders et al. 2006). Intramuscularly given
vitamin By, reactivates methionine synthase, restarts
methylation cycle and DNA synthesis, and therefore
restarts myelination and depresses the anaemia. High
dose folic acid supplementation is effective in treating
the anaemia but not the neuropathy. When folic acid
enters the cell, it has to be converted via dihydrofolate
to tetrahydrofolate, thus it can initiate DNA biosyn-
thesis. However, folic acid supplementation cannot
restart the methylation cycle, which is blocked by the
vitamin Bj,-dependent methionine synthase, thus the
neuropathy remains. Hence, folic acid treatment may
mask the haematologic changes caused by vitamin By,
deficiency and may lead to delayed diagnosis and
treatment of neurological symptoms (Scott 1992;
Cuskelly et al. 2007).

1.3.2 Adverse effects on zinc absorption

Zinc is one of the most important and ubiquitous
trace elements in biologic systems. It plays critical role
in gene expression, protein synthesis, cell division,
growth and immune defence. In zinc deficiency,
several disturbances may occur, including impair-
ments of immunologic, neurologic and gastrointesti-
nal functions. Infants, children, pregnant and lactating
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women and elderly people may be particularly at risk
of zinc deficiency because of their increased zinc
requirements (Hotz & Brown 2004).

The suggestion that folic acid supplementation
might have an adverse effect on zinc status was first
raised in the 1980s. Supplementation with 0.4 mg/day
folic acid was found to influence zinc balance in
men: faecal zinc excretion increased, while urinary
zinc excretion decreased in the treatment groups
compared with controls (Milne efal. 1984). In
another study, significant association was found
between the rate of fetomaternal complications
and the combination of low maternal plasma zinc
and high maternal plasma folate concentrations
(Mukherjee et al. 1984). Furthermore, significantly
decreased zinc absorption was found when pregnant
women received oral iron-folic acid supplements; or
when non-pregnant subjects received folic acid
supplements alone (Simmer et al. 1987). In contrast,
a number of studies failed to detect any adverse
effect of folic acid supplementation on zinc absorp-
tion (Kauwell et al. 1995; Hansen et al. 2001; Green
et al. 2003). Some studies suggest that folic acid and
zinc may form insoluble complexes in the acidic pH
of the stomach. These complexes may dissolve at the
higher pH of the duodenum, however, various
pathological conditions, in that the pH of the duode-
num remains below 6.0, prevent the dissolution of
zinc-folate complexes and disturb zinc absorption
(Ghishan et al. 1986). To sum up, although several
absorption and supplementation studies investigated
the effects of folic acid on zinc absorption, the
results are highly controversial. Basic differences in
study designs and methodology, as well as lack of
sensitive and reliable biomarker of zinc status, may
be the major reasons of the inconsistent outcomes
(Butterworth & Tamura 1989; Zimmermann &
Shane 1993; Hansen et al. 2001).

1.3.3 Carcinogenicity

Folate is involved in DNA methylation, therefore it
plays an important role in the regulation of gene
expression, maintenance of DNA stability and integ-
rity. Low folate status may be a potential risk factor
for cancer development, via the mechanisms of DNA

strand breaks, impaired DNA repair, increased muta-
tion rate, global DNA hypomethylation and genomic
instability (Sauer ez al.2009). Adequate folate status is
crucial for physiological DNA synthesis and cell divi-
sion. However, recent observational and intervention
studies suggest that elevated folate status may also
increase the risk of breast cancer (Charles et al. 2004),
prostate cancer (Figueiredo efal. 2009) and colon
cancer (Lonn et al. 2006). The timing and the dose of
folate intervention appears to be responsible for this
dual modulatory role of folate in carcinogenesis.
Whereas folic acid supplementation suppresses the
development of tumours in normal tissues, it may
accelerate the development and progression of
already growing neoplasms (Kim 2006; Ulrich &
Potter 2006).

2. The physiological role of folate
in pregnancy

In contrast to the paucity of data on the potential
adverse effects of very high doses of folic acid supple-
mentation, the benefits of improved folate status are
clear: reduced risk of macrocytic anaemia, cardiovas-
cular diseases, neuropsychiatric disorders, neural tube
defects and some other adverse pregnancy outcomes.

The aim of this review is to provide insight into the
relevance of folate in pregnancy by discussing and
scientifically evaluating its role in pregnancy health
outcomes. The importance of optimal folate supply in
pregnancy has been well recognized by the medical
community. Mainly on the basis of the link between
maternal folate status and fetal neural tube defects
(NTDs) (MRC Vitamin Study Research Group 1991;
Czeizel & Duddés 1992; Pitkin 2007), in most countries
women are advised to use a folic acid supplement, in
addition to a healthy diet, during the periconceptional
period.

Pregnancy is associated with increases in the rates
of cellular proliferation and one-carbon metabolism.
Folate is involved in one-carbon transfer reactions,
which are fundamental for maintenance and repair of
the genome, regulation of gene expression, amino
acid metabolism and neurotransmitter synthesis
(Djukic 2007). Moreover, the derivate SAM is the
most important methyl donor in the human body for
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DNA methylation, it is also involved in epigenetic
mechanisms modifying gene expression (Maloney &
Rees 2005). Consequently, folate is essential for fetal
growth and development as well as for maternal
health (Reynolds 2006).

During gestation folate requirements are 5- to
10-fold higher than in the non-pregnant condition
(Antony 2007) because of rapid fetal growth, placenta
development, uterine enlargement and expansion of
blood volume (Tamura & Picciano 2006; Kim et al.
2009). Indeed, pregnant women may be at risk for
folate insufficiency in view of the increased physi-
ological need for folate.

Even the timing of adequate maternal folate supply
may play a crucial role in health of the offspring,
because developing organ systems may respond with
permanent adaptations to the suboptimal availability
of nutrients during critical periods of rapid develop-
ment (Finnell et al.2004; Maloney & Rees 2005). Fetal
growth seems to be vulnerable to maternal folate
deficiency during the periconception period, because
folate has the potential to affect epigenetic mecha-
nisms both in the placenta and in the fetus (McMillen
et al. 2008; Cetin et al. 2009). Low dietary folate intake
depletes folate metabolites and decreases SAM con-
centrations, resulting in hypomethylation of DNA.
The inhibition by SAM of MTHFR is minimized
resulting in the irreversible conversion of 5,10-MTHF
to 5-MTHEF, favouring an increase in the uracil incor-
poration into DNA (Fenech 2001). The interaction of
nutrients with the epigenetic system may lead to
variations associated with chromatin remodeling and
regulation of gene expression and these variations
may lead to the developmental programming origin
of pathological consequences in adulthood (Finnell
et al. 2004; Junien 2006). DNA can be methylated at
cytosine bases that are followed by a guanosine (CpG
islands) (Strathdee et al. 2004). Once CpG islands in
genes are methylated, the methylation is reproduced
every time the gene is copied. Thus, effects of methy-
lation may persist throughout life: changes in dietary
availability of methyl groups may induce stable
changes in gene methylation, altering thereby gene
expression and the resulting phenotype (Zeisel 2009).

Experiments in mice and rats demonstrated that
methyl-supplements during pregnancy affected phe-

notypic modifications in the offspring (Wolff ez al.
1998; Cooney et al. 2002; Prasolova et al. 2006; Torrens
et al. 2006; Maret & Sandstead 2008). The extent to
which periconceptional supply of folate, vitamin By,
and methionine affected epigenetic alterations to
DNA methylation and adult health-related pheno-
type in the offspring was investigated by Sinclair et al.
(2007). In mature female sheep they found that a
methyl-deficient diet around the time of conception
resulted in a modification in methylation status of 4%
of the 1400 gene-associated CpG islands within
ovarian follicles of ewes. This apparently slight modi-
fication led to the adult offspring being heavier and
fatter, insulin-resistant and hypertonic. These findings
indicate that in the periconceptional period specific
dietary inputs to the methionine cycles may affect a
significant part of genome in the offspring. Despite its
biologically plausibility, the postulated role of inad-
equate folate status as a determinant of long-term
epigenetic control through methylation of DNA has
not yet been proven. Most of the research is based on
animals and studies have shown associations but
actual causation has not been demonstrated.

3. Inadequate folate status
in pregnancy

Inadequate folate status and intake in pregnancy may
affect both the fetus and the mother: fetal malforma-
tions, impaired fetal growth, pre-term delivery and
maternal anaemia may all be consequences of sub-
optimal availability of folate (Czeizel et al. 1999, 2004;
Tamura & Picciano 2006). Folate deficiency is postu-
lated to lead to megaloblastosis and cell death (par-
ticularly in highly proliferative somatic cells) resulting
in fetal adverse consequences (Antony 2007).
Another factor may be an altered Hcy metabolism,
i.e. a decrease in the methylation cycle leading to
HHCY (Eskes 2001). HHCY is suggested as a risk
factor for deep venous thrombosis, pre-eclampsia,
spontaneous abortion, intrauterine death, placental
diseases (Forges et al. 2007; Dodds et al. 2008; Kim
et al.2009) and congenital birth defects (Locksmith &
Duff 1998; Tamura & Picciano 2006).

Inadequate folate status and the related diseases
may develop as a consequence of low maternal
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dietary intake or materno-fetal folate transport
defects or fetal biochemical disorders or a combina-
tion of these factors (Dhillon eral. 2009). Genetic
conditions such as variations of specific genes
encoding either folate uptake and transport proteins
(Piedrahita et al. 1999; Ananth et al. 2008) or enzymes
involved in the Hcy metabolism pathway or one-
carbon metabolism may also modify folate status in
pregnancy (Nurk efal. 2004; Mtiraoui et al. 2006;
Beaudin & Stover 2007; Deng et al. 2008). Placental
uptake of folate from the maternal circulation is criti-
cal for adequate folate supply to the developing fetus.
Though absence of in vivo human studies hampers
complete clarification of the mechanisms involved, it
was shown by using an ex vivo placental cotyledon
perfusion model that maternal-to-fetal folate transfer
was mediated by placental folate receptors (Antony
2007). The initial uptake step in placental folate trans-
fer seems to involve endocytosis mediated by the
folate receptor o (FR-¢) at the microvillous mem-
brane of the syncytiotrophoblast (Bisseling et al.
2004). FR-« faces maternal circulation and binds the
circulating maternal 5-MHTF with high affinity. Once
bound, this folate-receptor-bound folate is destined
for fetal transport and is preferentially displaced by
incoming folate. The resulting intervillous blood
folate concentration, which is three times higher than
that of the maternal blood, allows for folate to be
transferred to the fetal circulation along a downhill
concentration gradient. On the basolateral side of the
syncytiotrophoblast, folate efflux into the fetal circu-
lation is facilitated by the reduced folate carrier.
Recently, a heterogeneous nuclear ribonucleoprotein
(E1) was identified that specifically interacts with
folate-receptor RNA and triggers its synthesis
(Antony 2007). Cell and animal studies showed that
folate deficiency resulting in HHCY leads to
homocysteinylation of E1, and consequent
up-regulation of folate receptors, indicating thereby
Hcy as a key modulator of this process (Antony
2007).

3.1 Placenta-related disorders

Some evidence indicates the moderate extent of con-
nection between pathological changes in the placenta

(abruption or infarction), pre-eclampsia and sponta-
neous abortion, on the one hand, and folate levels on
the other hand (Ray & Laskin 1999; Steegers-
Theunissen et al. 2004; Forges etal. 2007). More-
over, significant inverse dose-response relationship
between serum folate concentrations and risk of
spontaneous recurrent early pregnancy losses has
been observed (Nelen et al. 2000), suggesting a pro-
tective effect by high serum folate concentrations.
This connection was even stronger when Hcy levels
were taken into account (Nelen efal. 2000; Vollset
et al.2000). A prospective cohort study including 2119
women showed that subjects with increased tHcy in
early pregnancy were at higher risk of pregnancy loss
or pre-eclampsia, but not of giving birth to small for
gestational age (SGA) infants or developing gesta-
tional hypertension. These observations indicate a
potential role in high tHcy levels in abnormalities of
the placental vasculature (Dodds et al. 2008). Simi-
larly, a systematic review revealed significantly higher
prevalence of HHCY among women with placenta
abruption/infarction and pre-eclampsia than among
women without these symptoms (Ray & Laskin
1999). HHCY has been shown to provoke vascular
inflammation, to decrease the bioavailability of nitric
oxide, an important endothelium vasodilatator, and to
be associated with the production of ROS (Forges
et al. 2007). Consequently, folate-deficiency or HHCY
may cause endothelial dysfunction. This theory might
be supported by the observation that elevated tHcy
concentrations were associated with an increased risk
of diseases, such as atherosclerotic, thromboembolic
and neurodegenerative disorders (Diaz-Arrastia
2000; Kuo et al. 2005; Folstein et al. 2007; Forges et al.
2007).

In contrast, a recent systematic review on the role
of tHcy in pre-eclampsia evidenced that homocys-
teine concentrations are slightly increased in normo-
tensive pregnancies that later develop pre-eclampsia
and are considerably increased once pre-eclampsia is
established. Moreover, no dose-response relationship
between homocysteine concentration and severity of
pre-eclampsia have been observed (Mignini et al.
2005). In this context, even results regarding a strong
association between 677 C—T mutation and placental
abruption and early pregnancy loss are inconsistent
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(Eskes 2001; Forges et al. 2007). However, a prospec-
tive cohort study, which included 2951 pregnancies
and was aimed at evaluating the relationship between
folic acid supplementation and MTHFR genotype
with the risk of pre-eclampsia, showed that supple-
mentation of folic acid in a dose of =1.0 mg in the
second trimester was associated with reduced risk of
pre-eclampsia (Wen et al. 2008).

Taken together, these studies seem to suggest that
an adequate cellular folate supply may not only play a
role in the implantation and development of the pla-
centa but may also improve endothelial function at
both placental and systemic levels. Moreover, folic
acid supplementation in the late first trimester or
early second trimester might be beneficial both in
suppressing genetic effects on pre-eclampsia and in
preventing early pregnancy loss. Nevertheless, precau-
tion needs to be taken when relying on homocysteine
for adverse pregnancy outcomes. Even if many causes
and pathological mechanisms have been proposed,
some obstetric disorders still remain ‘diseases of theo-
ries’ as their cause or pathophysiology are actually
unclear (Mignini et al. 2006), due to heterogeneity of
data, size of samples and overall bias in experimental
design and analysis of data.

3.2 Fetal growth

In the beginning of the previous century, the defini-
tions of birthweight were highly inconsistent and a
clear distinction was only made after the 1970s. A low
birthweight (LBW) infant is an infant with a birth-
weight of <2500 g regardless of gestational age. A
SGA infant is an infant whose birthweight and/or
length below the 10th percentile for that gestational
age. The terms SGA and intrauterine growth retarda-
tion (IUGR) are usually used interchangeably
(Wilcox 2001).

Pre-term delivery and LBW are among the major
risk factors of infant morbidity including bronchopul-
monary dysplasia, respiratory distress syndrome,
necrotizing enterocolitis and intraventricular haemor-
rhage. Moreover, perinatal mortality is more than
6-10 times higher in intrauterine growth retarded
infants than in infants with normal intrauterine
growth (Scholl & Johnson 2000). LBW influences not

only infant health, but various aspects of later devel-
opment as well. Several investigators indicated that
LBW is associated with a higher risk of stroke, hyper-
tension, coronary heart disease and type 2 diabetes in
adulthood. The hypothesis of developmental origins
of adult disease is based on the assumption that inad-
equate nutrition decreases the rate of cell division,
and the consequent redistribution of blood flow and
the metabolic and endocrine changes cause perma-
nent adaptations in tissues and influence organ devel-
opment in the fetus (Barker 1998; Le Clair et al.2009).

Folate has a fundamental role in nucleic acid syn-
thesis and cell division. Increased folate intake is
required for the growth of the uterus and the pla-
centa, as well as for the increase of blood volume and
the growth of the fetus during pregnancy (Rondo &
Tomkins 2000). If dietary folate supply is insufficient,
maternal folate depletion may increase the preva-
lence of TUGR and pre-term delivery (Smits & Essed
2001). Moreover, low folate status is associated with
elevated serum Hcy level, which may increase the risk
of placental vascular insufficiency, disturbing thereby
the delivery of nutrients and oxygen to the fetus (Le
Clair et al. 2009). Placental dysfunction and damage
caused by HHCY has been associated with IUGR
(Lindblad er al. 2005); furthermore a twofold increase
in the risk of LBW and pre-term delivery has been
reported in those women who consumed low folate
intake (<240 ug/day) during pregnancy (Scholl et al.
1996). Whereas observational studies unequivocally
suggest that low folate status increases the risk of
LBW and pre-term delivery, and good folate status
decreases the risk of these adverse health outcomes,
supplementation studies show highly contradictory
results (Charles et al. 2005). The controversy may
originate from variable degree of compliance as well
as from genetic polymorphisms and different environ-
mental factors (Scholl & Johnson 2000).

3.3 Fetal malformations

Birth defects are structural malformations that may
affect different organs. The most common types of
birth defect are congenital heart defects (CHDs), fol-
lowed by NTDs. NTDs consist of abnormality of the
spine (spina bifida) and brain (anencephaly); anen-
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cephaly is inconsistent with life and spina bifida may
lead to extremely severe clinical consequences that
seriously impair quality of life (Padmanabhan 2006).
Craniofacial malformations, which include cleft lip
with or without cleft palate and cleft palate only, are
also common (Zhu et al. 2009).

It is widely recognized that the interplay between
genetic and environmental factors contributes to the
aetiology of structural birth defects (Finnell eral.
2004; Zhu et al. 2009). Folic acid exerts a pivotal role
in promoting normal embryonic development: folic
acid supplementation is critically important both pre-
and post-conceptionally in protecting against NTDs
(Molloy et al. 2009). Despite the consistent scientific
evidence on the association between folate status
and/or impaired folate metabolism with fetal birth
defects, biological mechanisms involved in embryonic
folate utilization are not yet well understood
(Beaudin & Stover 2007). Sub-optimal maternal
folate status appears to impose biochemical stress to
the embryo via inducing disturbances of the methion-
ine one-carbon metabolism and resulting in abnormal
closure of the neural tube (Zhang et al. 2008).

Women are generally advised to take 0.4 mg/day
folic acid when planning a pregnancy or 4 mg/day
when previous NTD pregnancy is in the obstetrical
history (de Bree et al. 1997; Geisel 2003; Pitkin 2007).
The risk reduction in NTDs amounts up to 70% with
4 mg/day dose of supplementation (MRC Vitamin
Study Research Group 1991), whereas a near 100%
reduction of NTDs in addition to significant reduc-
tions of CHDs was achieved by periconceptional
supplementation of a multi-vitamin product contain-
ing 0.8 mg of folic acid (Czeizel & Dudéds 1992;
Czeizel et al.2004). The folic acid dose of 0.8 mg daily
was demonstrated to be the optimal dosage for low-
ering Hey levels as well (Wald et al. 2001). HHCY has
been postulated as a mechanism involved in NTDs,
because an abnormality in Hcy metabolism was
reported in women who gave birth to children with
NTDs (Mills et al. 1995). These observations suggest
that an increased tHcy level might be the actual
causal factor in the aetiology of NTDs (Beaudin &
Stover 2009). Homocysteinylation of placental folate
receptor 1 seems to trigger an autoimmune response
leading presumably to the block of folic acid transport

(Taparia et al. 2007). This indicates that folate trans-
port may be the critical step in ensuring normal
embryonic development (Beaudin & Stover 2009;
Blom 2009), as demonstrated in knockout mice,
whose pups had significant morphological abnormali-
ties depending on folinic acid supply provided to the
dams (Taparia et al. 2007). The incidence of NTDs
seems to correlate also with the level of vitamin By,
(Molloy et al.2009). Women with low folate supply in
combination with low blood vitamin By, levels had a
drastically increased risk of NTDs (Padmanabhan
2006). Low By, concentrations seem to be associated
not only with NTDs (Steen ez al. 1998; Ray & Laskin
1999; Ray & Blom 2003) but with CHDs as well
(Verkleij-Hagoort et al. 2008).

Neural crest cells are involved in the embryogen-
esis of the neural tube, lip and palate, and cardiovas-
cular system. Since the migration and differentiation
of neural crest cells is influenced by Hcy, vitamin By,
seems to contribute to the embryogenesis of the heart
in the first weeks after conception (Verkleij-Hagoort
et al. 2008). Additionally, it was observed in a case-
control study that periconceptional intake of thia-
mine, niacin and vitamin B¢ seems to contribute to the
prevention of orofacial cleft defects (Krapels et al.
2004).

In summary, methyl group donators seem to exert a
profound effect on reproductive outcome through epi-
genetic mechanisms (Zeisel 2009). Though genetic
factors (MTRR 66 A—G and the MTHFR 677C—T)
are certainly also involved (Finnell eral. 2004;
Padmanabhan 2006; Blom 2009), epigenetic mecha-
nisms may significantly contribute to the complex aeti-
ology of congenital malformations (Beaudin & Stover
2007; Blom 2009). On the basis of conclusive evidence
showing that folic acid protects against NTDs, folic
acid supplementation should be recommended.

3.4 Maternal megaloblastic anaemia

Anaemia is one of the most frequent haematological
disorders. The major symptoms are fatigue, headache,
poor concentration, tachycardia, heart failure, dysp-
noea and pallor. Anaemia affects about 40% of all
pregnant women and about 50% of all children world-
wide (McLean et al.2007). In these population groups,
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severe anaemia is associated with increased preva-
lence of morbidity and mortality. Pre-term delivery,
spontaneous abortion and LBW are the potential
adverse outcomes of severe maternal anaemia.
Megaloblastic anaemia is the typical symptom of
folate deficiency, which is the second most common
anaemia after iron deficiency anaemia (Sifakis &
Pharmakides 2000). Folate insufficiency leads to
delayed synthesis and fragmentation of DNA and to
reduced extent of cell division. Megaloblastic cells
contain double amount of DNA than normal cells,
because they are not able to enter into the mitosis
phase (Shane 2008). Reduced division of erythrocytes
results in macrocytic cells with raised mean corpuscu-
lar volume. Vitamin B, deficiency also causes mega-
loblastic anaemia; in this case not the insufficient
5-MTHF level, but the
dependent methionine synthase is responsible for the

inactive vitamin Bio-

interrupted methylation cycle. Megaloblastic changes
occur especially in the rapidly dividing cells of the
bone marrow, and cause not only anaemia, but neu-
tropenia and thrombocytopenia as well (Scott 2007).
Megaloblastic anaemia appears typically in the latest
phase of pregnancy, usually not sooner than the 36th
week of gestation. Whereas the prevalence of mater-
nal megaloblastic anaemia is quite low in developed
countries due to the recommended folate supplemen-
tation, its prevalence may be more than 50% in the
developing world (Wickramasinghe 2006).

4. Conclusion

Folate plays a fundamental role in several intracellu-
lar processes resulting in cell growth, and conse-
quently, it may seriously influence the overall health
outcome of pregnancy. Folic acid supplementation
starting before pregnancy should be firmly recom-
mended, as conclusive evidence exist in relation to the
protective role folic acid exerts against NTDs, and
public health efforts should be undertaken to ensure
that the diet of all women who may bear children
contains an adequate amount of folic acid. Consider-
ing the involvement of folate in several obstetric out-
comes, appropriate folate levels seem to be important
not only in the periconceptional period but also
throughout the entire duration of pregnancy.
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