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Folate administration substantially reduces the risk on neural
tube defects (NTD). The interest for studying a disturbed homo-
tysteine (Hcy) metabolism in relation to NTD was raised by the
observation of elevated biood Hcy levels in mothers of a NTD
E:hild. This observation resulted in the examination of enzymes
involved in the folate-dependent Hey metabolism. Thus far, this
has led to the identification of the first and likely a second ge-
Netic risk factor for NTD. The C677T and A1298C mutations in
the methylenetetrahydrofolate reductase (MTHFR) gene are as-
Sociated with an increased risk of NTD and cause elevated Hcy
Concentrations. These levels can be normalized by additional
folate intake. Thus, a dysfunctional MTHFR partly explains the
observed elevated Hey levels in women with NTD pregnancies
and also, in part, the protective effect of folate on NTD. Al-
though the MTHFR polymorphisms are only moderate risk fac-
tors, Population-wide they may account for an important part of
the observed NTD prevalence.
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Neurulation

Principles of Neurulation. Neurulation comprises
the process of the formation of the neural tube. The entire
central nervous system and part of the peripheral nervous
System are derived from this initially monolayered tube.
Neurulation in humans occurs in two phases, a primary and
a secondary neurulation phase. Primary neurulation refers to
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folding of an induced neural plate that occurs on the dorsal
side of the embryo and results in the formation of the brain
and spinal cord. Secondary neurulation refers to sequential
processes of canalization and retrogressive differentiation of
a massive neural cord, and results in the development of
the most caudal part of the spinal cord. Thus, neural tube
formation is initiated by neural folding and completed
by canalization.

Primary Neurulation-Neural Folding. Primary
neurulation concerns the transformation of a flat neural
plate into the cylindrical neural tube and involves several
processes that overlap both spatially and temporally. The
involved morphogenetic processes have been reviewed else-
where (1-4); they are illustrated in Figure 1 and will be
briefly described below.

The first process regards the formation of the neural
plate. The nervous system originates on the dorsal side of
the embryo as a plate of tissue differentiating from the
middle part of the ectoderm. Following induction by the
underlying notochordal plate and prechordal mesoderm, the
ectoderm transforms in a neural plate (5, 6) (Fig. 1A, top),
while its cells increase in height and become pseudostrati-
fied. The earliest part of the neural plate consists only of
tissue that will develop into the forebrain, mid-brain, and
the most rostral part of the hindbrain, while later parts will
become the remainder of the hindbrain and spinal cord.

The next process, shaping of the neural plate, takes
place shortly after the neural plate is formed. The configu-
ration of the plate changes, particularly due to extension in
longitudinal direction and narrowing in transverse direction
at the same time (Fig. 1B), a process that is referred to as
convergent extension. This is the result of a combination of
cellular processes: the epithelial cells increase in number, in
cellular height, and in mutual positions (7, 8).
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Figure 1. (A) Four phases of primary neurulation as seen in a transverse view. (B) Severai processes during primary neurulation, which overlap
both spatially and temporally. 1, the arrows in the neural groove indicate the narrowing and elongation, resulting in convergent extension; 2,
elevation of the neural wall; 3, convergence of the neural fold; 4, fusion. The arrows in the mesoderm imply the mesodermal expansion. MHP,
medial hinge point; LHP, dorsolateral hinge point. (C) Neuroepithelial transformation during primary neurulation; ultimately, the cells acquire
a wedge-shape by contraction of the apically arranged microfitament bundies. (Modified with permission from Ref. 266).

Next, the neural plate starts to bend, which begins dur-
ing the process of shaping. It involves the formation of
hinge points, elevation of the neural walls, and the forma-
tion and convergence of the neural folds.

Due to the formation of the medial hinge point, a me-
dial V-shaped depression in the neural plate arises over its
length (Fig. 1B), as follows. The medial neural plate cells
(floor plate) decrease in height and become markedly
wedge-shaped in reaction to the underlying notochord (9-
11). The mechanism of wedging is suggested to involve
basal expansion by withdrawing cells from the cell cycle,
resulting in basally positioned nuclei (12).

The next process is elevation, whereby the lateral neu-
ral plate halves move upward and form the walls of the
neural groove (Fig. 1A). Several factors are proposed to
generate or facilitate this process: (i) the medial hinge point
is thought to at least facilitate bending of the neural plate in
its midline; and (ii) the above mentioned process of con-
vergent extension is suggested to force the lateral neural
plate halves in an upward direction by buckling (3, 13) and,
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by contraction of microfilament bundles, which are ar-
ranged like a purse string around the cellular apex. All
neural plate cells become slightly wedge-shaped (Fig. 1C)
and as a result, the whole neural plate curls up (4, 14-19).
Expansion of the mesoderm, which is underneath the neural
walls, likely facilitates elevation as well (Fig. 1B) (18, 19).

The next process is convergence, or medial bending, of
the neural folds. The neural folds comprise the dorsal ex-
tensions of the neural walls plus the ectoderm. In the region
of the future brain and of the caudal spinal cord, hinge
points arise at a dorsolateral position in both neural walls.
These hinge points are the likely result of interaction be-
tween the neural wall and the adjacent ectoderm, and it is
proposed that they are based on enhanced apical microfila-
ment contraction. With the formation of the dorsolateral
hinge points, two longitudinal furrows arise, allowing the
neural folds to bend medially until they approach each other
(Fig. 1B). This neural fold convergence is possibly facili-
tated by the expansion of ectoderm, as caused by changes in
ectodermal cell number, shape and position (20, 21). Thus,



bending of the neural plate is facilitated by the median and
dorsolateral hinge points around which the neural plate el-
evates and converges, respectively. In the somitic region,
dorsolateral hinge points are not formed, and elevation
alone allows the neural walls to clap shut like a book.

The last process of primary neurulation involves the
closure of the neural groove with formation of the roof plate
of the neural tube, the neural crest, and the overlying surface
epithelium. When the neural folds have approached each
other, they adhere and subsequently fuse. Such closure is
effectuated by cell adhesion molecules, which are expressed
at the neuroepithelial cell surface and by protrusive activity
of the cells.

The initial fusion has long been proposed to occur ac-
cording to the elevation-convergence-fusion concept, as de-
picted above. However, this sequence merely applies to pro-
gression of closure in longitudinal direction. Initial closure
resembles the process as seen in between somites: the neural
walls align parallelly, adhere, the adhesions release ven-
trally, allowing a lumen to arise, while the adhesion remains
fiorsally and changes into fusion (22). In this manner, no
Initial misalignment of the neural folds is possible, as would
be by the process of convergence.

The first fusion of neural folds occurs in the high cer-
vical region, leaving large neural tube openings called the
anterior and posterior neuropore at both extremities. Previ-
ously, this fusion initiation point was considered to be the
only one, and closure was thought to proceed until the an-
terior and posterior neuropore were closed. However,
Golden and Chernoff (23, 24) showed in three mouse strains
the presence of at least four different closure initiation sites
Plus five transient neuropores, and this was confirmed in
Other animal models (19, 25). In humans, such a multisite
closure pattern was suggested to occur as well (26, 27) (Fig.
2). Closure 1 regards the cervical one mentioned above.
Closure 2 takes place at the forebrain-midbrain transition
and, like closure 1, proceeds bidirectionally, dividing the
anterior neuropore in a forebrain and a mid/hindbrain neu-
Topore. Closure 3 is unidirectional, beginning adjacent to
the stomodeum and proceeding caudally to meet closure 2,
thereby closing the forebrain neuropore. Finally, closure 4
takes place were it meets closure 2 to close the mid/
hindbrain neuropore. The posterior neuropore is closed by
Caudal continuation of closure 1 and remains longest. Pri-
Mary neurulation is completed after the closure of this neu-
Topore in the sacral region (28-30).

Secondary Neurulation-Canalization. Closure of
the neural tube is followed by secondary neurulation, which
leads to formation of the most caudal portion of the spinal
cord. The junction of primary and secondary neural tube
QOccurs at the sacral level of the embryo (29, 31-35).

Caudally of the previous posterior neuropore the caudal
®minence (tail bud) is formed. This eminence arises as a
Continuation of the organizer and is an ectoderm-covered
Mass of undifferentiated mesenchymal cells. This seem-
Ingly homogeneous tissue gives rise to various tissues in-

Figure 2. Schematic representation of the proposed multiple initial
closure sites in the human embryo.

cluding the tail hindgut, somites and their derivatives, neu-
ral crest cells, and a neural cord. This cord is transferred into
a neural tube without the intermediate phase of a neural
plate, and becomes subsequently connected to the primary
neural tube, as follows. The peripheral cells of the neural
cord arrange radially and differentiate from a mesenchymal
into an epithelial form. In between the central undifferenti-
ated cells, small caveoles begin to develop that coalesce and
enlarge into a canal. Now the secondary neural tube has
arisen. The lumen of the primary neural tube proceeds cau-
dally and makes contact with the newly formed lumen of the
secondary neural tube. The process of canalization contin-
ues until approximately the seventh week after conception,
when retrogressive differentiation begins. At the end of the
embryonic period the neural cord still reaches to the end of
the vertebral column, but during the fetal period it ascends
to the sacral and then to lumbar levels.

Neural Tube Defects (NTD)

Definition and Classification of NTD. After car-
diac defects, isolated (nonsyndromic) NTD are the most
common congenital structural defects worldwide. Congen-
ital anomalies are abnormalities in structure or function that
are inherited or acquired during the prenatal or perinatal
period and that manifest before, at, or shortly after birth.
Congenital anomalies have become more important causes
of infant morbidity and mortality since the prevalence rates
of infectious diseases and nutritional problems during child-
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hood have decreased over the last decades in Western Eu-
rope and North America.

The term NTD applies to malformation of the embry-
onic brain and/or spinal cord. The various forms of NTD are
characterized by incomplete development of the central ner-
vous system and its closely related surrounding structures.
As previously discussed, neurulation relies on many mor-
phogenetic processes and both genetic and environmental
factors are involved. Disturbances of any of these factors
and processes may result in neural tube closure defects,
which become manifest primarily as anencephaly or as
spina bifida with myeloschisis and are accompanied by al-
terations of the axial skeleton, as well as the overlying me-
ningovascular and dermal tissues (canalization). Although
NTD are among the most common congenital malforma-
tions, little is understood about the underlying developmen-
tal mechanisms.

Clinically, the term spina bifida is used collectively and
includes malformations with cord involvement. When NTD
are subdivided according to their underlying defect, two
main categories emerge: open NTD and closed NTD. In the
former category, the neural tube is open due to nonclosure
or to reopening of a closed tube. This defect results in the
exposure of neural tissue at the surface and thus neurologi-
cal damage to the child. This form of NTD is known as
exencephaly if the cranial region is affected and it is known
as myeloschisis (spina bifida aperta) if the caudal part is
affected. Closed NTD are distinguished from the open NTD
not only by their caudal locus, but also particularly by the
presence of intact skin over the lesions. The medullary cone
is usually prolonged and the terminal filum is thickened.
Vertebral defects occur in 85% to 90% of cases with closed
NTD and consist most commonly of laminar defects over
several segments; other skeletal abnormalities include a
widened spinal canal and sacral deformities (34, 36). About
80% of cases exhibit a dermal lesion in the lumbrosacral
area, consisting of abnormal collections of hair, cutaneous
dimples or tracts, superficial cutaneous abnormalities (e.g.
hemangioma), or a subcutaneous. mass. Although neurologi-
cal deficits are unusual in the newborn, motor or sensory
disturbances in the legs or feet, or sphincter abnormalities
occasionally may be detected. The closed defects are known
as spina bifida occulta and spina bifida cystica.

NTD

A total failure of neurulation will result in craniorachis-
chisis totalis. In this case there is a neural plate-like struc-
ture present throughout, and there is no overlying axial skel-
eton or dermal covering. (37, 38). Onset of this severe dis-
order is estimated to be no later than at the embryonic age
of 20 to 22 days (34). This form of NTD is incompatible
with life.

The essential defect of anencephaly is failure of ante-
rior neural tube closure. The most common variety of an-
encephaly includes involvement of the forebrain and vari-
able amounts of upper brain stem. The exposed neural tissue
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is represented by a hemorrhagic, fibrotic, degenerated mass
of neurons and glia with little definable structure. The fron-
tal bones above the supraciliary ridge, the parietal bones,
and the squamous part of the occipital bone are usually
absent. This anomaly of skull imparts a remarkable frog-
like appearance to the patient when viewed face on. Onset
of anencephaly is estimated to be no later than at the em-
bryonic age of 24 days (34). Most children die before or
during delivery. If they are born alive they can survive only
for a couple of weeks. This disorder is relatively common,
and epidemiological studies reveal striking variations in
prevalence as a function of geographical location, sex, eth-
nic groups, race, season of the year, maternal age and nu-
tritional state, social class, and history of affected sib-
lings (38-41).

The essential defect in myeloschisis is failure of pos-
terior neural tube closure. A neural plate-like structure in-
volves large portions of the spinal cord and appears as a flat,
raw, velvety structure with no overlying vertebrae or dermal
covering. Onset is no later than at 24 days of embryonic
development (34). Most of these infants are stillborn and
merge with the category of more restricted defects of neural
tube closure, i.e., meningo(myelo)cele.

Encephalocele may be envisioned as a restricted disor-
der of neurulation involving anterior neural tube closure.
This defect occurs in the occipital region in 70% to 80% of
the cases (36, 42-45). Less common sites include the frontal
region where the encephalocele may protrude into the nasal
cavity. Least common lesion sites include the temporal and
parietal region (46). The neural tissue in an encephalocele
usually connects to the underlying central nervous system
through a narrow neck of tissue. As many as 50% of cases
are complicated by hydrocephalus (47). Anomalies of ve-
nous drainage occur in about one-half of the patients and
must be considered in surgical approaches to these lesions
(48). Onset of the most severe lesions is probably no later
than the approximate time of anterior neural tube closure
(26 days) or shortly thereafter. Later times of onset are
likely for the lesions that involve primarily or only the over-
lying meninges or skull (38).

The essential defect in meningo(myelo)cele is restricted
failure of posterior neural tube closure. The occurrence of
approximately 80% of all lesions in the lumbar region may
reflect the fact that this is the last part of the neural tube to
close (36). The neural lesion is represented by a neural plate
or abortive neural tube-like structure in which the ventral
half of the cord is relatively less affected than the dorsal.
The axial skeleton is uniformly deficient, and an incom-
plete, though variable, dermal covering is present. The de-
fects of the spinal column consist of a lack of fusion or an
absence of the vertebral arches resulting in bilateral broad-
ening of the vertebrae, lateral displacement of pedicles, and
a widened spinal canal. The caudal extent of the vertebral
changes is usually considerably greater than the extent of
the neural lesion. The large majority of the lesions is asso-
ciated with dorsal displacement of the neural tissue, such



that a sac is created on the back. This kind of NTD is
subdivided in two categories depending on the content of
the sac. Saccular enlargements protruding through osseous
df!fects of the vertebral column that contain anomalous me-
ninges and spinal fluid but do not have neural elements
affixed to their wall are called meningoceles. If the spinal
cord or nerves are included in the saccular protrusion, one
speaks of meningo(myelo)cele. Moreover, these structures
frequently are “tethered” or fixed at their caudal end by
fibrous bands, lipoma, extension of dermal sinus, or related
lesions. This fixation is thought to impair normal mobility
and functions such as bladder problems (incontinence).
Onset of meningo(myelo)cele is probably not later than
at the embryonic age of 26 days, although this is a contro-
versial point (34). Meningo(myelo)cele and its variants rep-
Tesent the most important examples of faulty neurulation
Since affected infants usually survive. The major clinical
features relate primarily to the nature of the primary lesion,
the associated neurological features, and hydrocephalus.
Most patients with low lesions will be able to walk unaided,
Whereas those with higher lesions usually are wheelchair-
dependent for at least a major portion of their activities.
Occult dysraphic states represent disorders of caudal
Neural tube formation, i.e. the development of the lower and
§acral and coccygeal segments. The occult defects are lim-
Ited to the posterior neural arches, laminae, and the spines.
If the anomaly is not visible externally, this defect is
referred to as spina bifida occulta. Often this abnormality is
S0 well concealed that it remains undetected for years, there-
fore the term “occult.” With the occult dysraphic states, the
Neural lesion is often rather subtle and the major overt ab-
Normality involves the vertebrae or the overlying dermal
Structures or both. The most common clinical presentations
for oceult dysraphic states later in infancy include delay in
Walking, asymmetry of legs or abnormalities of feet, and
Pain in the back or lower extremities. In the older child or
adolescent, the major clinical features are gait disturbance,
development of a foot deformity, and scoliosis.

The Aetiology Of NTD

Prevalence and Etiology of NTD. The birth preva-
lP:nce is dependent on country and socioeconomic and eth-
Dic groups. The numbers range from one in 2500 in Finland,
One in 300 in Mexico, and one in 80 in South-Wales. Ac-
Cording to a study in 1991, in the Netherlands a birth preva-
lence of one in 700 is observed (49), while a worldwide
average of one in 500 is reported.

Spontaneous-aborted affected embryos are excluded
from these numbers, although in these fetuses the frequency
Of NTD is about 10 times higher than observed at birth. The
Prenatal mortality rate of NTD-affected embryos was re-
Ported to be 98.4%, and most of them (93%) did not develop
beyond embryonic stage (50). It is therefore likely that the
Prevalence of NTD after neurulation is 10 to 50 times higher
lhan at term, which implies that immediately after neurula-
tion, one in 50 up to one in 10 embryos are affected.

A prominent and steady decline in birth prevalence
rates of NTD in both the United States and Great Britain has
been observed (41, 51-54). One explanation for these ob-
servations is the introduction of prenatal diagnosis in devel-
oped countries. In Australia, the birth prevalence has de-
clined by 84%, which is attributed entirely to prenatal di-
agnosis and termination of pregnancy (55). On the other
hand, some authors reported an additional decline in preva-
lence of NTD that is independent of prenatal diagnosis (57),
which is reminiscent of the peaks and troughs in frequency
of NTD that occurred in the early decades of the 20th cen-
tury (57). Furthermore, the decline is apparent also in the
Republic of Ireland where there is neither prenatal diagnosis
nor legal termination of pregnancy. Thus, for reasons poorly
understood, NTD are occurring less frequently than
before (58).

Neural tube formation is a multifactorial process deter-
mined by both extrinsic and intrinsic factors. Therefore,
NTD will be of muitifactorial origin, involving both genetic
and environmental factors. As shown below there are now
many recognized causes of NTD; some are genetic and
others are environmental. However, over 90% of the NTD
cases still have an unknown etiology. Therefore, further
investigations in the etiology of NTD are necessary to come
to an understanding of the underlying cause of NTD. This
may result in better prenatal diagnosis and prevention
of NTD.

Genetic Factors and the Etiology of NTD. Fac-
tors establishing the genetic role in several NTD forms in-
clude: (i) sex differences in the birth prevalence rates; (ii)
ethnic differences that persist after geographical migration;
(iii) increased prevalence with parental consanguinity; (iv)
increased rate of concordance in monozygotic twin pairs;
and (v) increased prevalence in siblings (as well as in sec-
ond-degree and, to a lesser extent, third-degree relatives)
and in children of affected patients (51, 52, 59-67).

Recognized causes of NTD include multifactorial in-
heritance, single-gene mutations (e.g. the autosomal reces-
sively inherited Meckel’s syndrome), and chromosomal ab-
normalities (e.g. trisomies 13 and 18) (52, 60, 68). Of these
causes, the vast majority of cases are encompassed within
the group in which NTD is the only major congenital ab-
normality, and inheritance is multifactorial, i.e., dependent
upon a genetic predisposition that is polygenic and influ-
enced by minor additive genetic variation at several gene
loci (61). Upon this genetic background, environmental in-
fluences may play an important role.

Environmental Factors and the Etiology of
NTD. Apart from folate/folinic acid status, which will be
discussed later, some possible environmental influences are
diabetes, hyperthermia, use of specific teratogens like am-
inopterin, thalidomide, valproic acid, and other anti-
epileptic medications, alcohol, and/or professional occupa-
tion. In addition, several environmental factors such as ge-
ography, month of conception, epidemic trends, maternal
age, birth order, socioeconomic class, and maternal diet and

MiLD HYPERHOMOCYSTEINEMIA AND NTD 247



zing status contribute to increased risk (69-71). Particularly
potent data do suggest that environmental influences relate
to long-term trends in incidence, i.e., in the northeastern
United States an epidemic period could be defined between
approximately 1920 and 1949, with a peak between 1929
and 1932 (72). In the Netherlands there was a peak in the
prevalence of NTD-affected offspring after the Hunger
Winter of 1944-1945; during this period in the Second
World War there was a major shortage of food (73). This
observation suggests that there is an involvement of a nu-
tritional component in the etiology of NTD.

Prevention Of NTD

Primary Prevention of NTD by Periconcep-
tional Folic Acid Supplementation. Numerous reports
have suggested that nutritional deficiency in general, and
folate deficiency in particular, can cause adverse birth out-
comes. As an example of an anecdote report, a Dutch mid-
wife who practice from 1693 to1745 found an increase in
NTD in 1722 and 1732, two years that were linked with
poor crops. She also noted that the children with NTD came
from the poorest homes in urban areas (74). As pointed out
above, a similar result was observed during the Second
World War. In addition to a significant decrease in total
births and birth weight of infants born during this period of
severe food shortage, there was also a significant increase in
the rate of NTD (75).

The possibility that folate was specifically linked to
NTD in humans was first reported by Hibbard (76). In a
retrospective study he observed that women who had preg-
nancies associated with fetal malformations had a higher
incidence of aberrant folate metabolism. He used a formim-
inoglutamate- (FiGlu) function test, which is based on the
increased urinary excretion of FiGlu after histidine loading,
because folate deficiency leads to a decreased conversion of
FiGlu into glutamic acid. Hibbard and Smithells subse-
quently repeated this finding in a separate group of mothers
who had had a malformed child. From this study onwards,
a key role of folate in preventing NTD has been sug-
gested (77).

The early epidemiological studies were mostly focused
on the etiology of NTD; however, over the last 10 to 20
years the emphasis of these studies has shifted toward an
evaluation of the efficacy of periconceptional vitamin ad-
ministration, in particular folate, in preventing the develop-
ment of NTD. The incentive leading to this shift was a study
by Smithells and coworkers (78). They measured the first
trimester blood vitamin levels in women who had a baby
with NTD, and observed that red blood cell folate and leu-
kocyte ascorbic acid levels were significantly lower when
compared to mothers without NTD-affected offspring (78).
These women had reduced red blood cell folate levels, but
no decreased serum folate levels. Red blood cell folate is
used as an index of folate stores since red blood cells have
a life span of 120 days, whereas serum folate reflects recent
dietary intake (79). Therefore, Smithells (78) data suggest
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that folate stores were low in the women with NTD preg-
nancies, even though their recent meals may have contained
a sufficient amount of the vitamin. This study resulted in the
hypothesis that periconceptional intake of vitamins might
protect against NTD offspring (80). This observation led to
an increased interest in nutritional factors in the etiology of
NTD and was the starting point of many studies involv-
ing the metabolic folate pathways in families with
NTD offspring.

Studies on diet in relation to pregnancy outcome
showed that, in general, poor diet in the early months of
pregnancy was associated with NTD offspring (81). There
are also reports of a higher birth prevalence of NTD in
lower socioeconomic groups, as well as in infants conceived
in early spring, when fresh foods are less available. In 1991
there was a report of an almost 3-fold increase in NTD after
a hurricane in Jamaica which destroyed the island’s vegeta-
tion (82).

Recurrence and Occurrence Studies: Preven-
tion of NTD with Adequate Folic Acid Intake. Em-
ploying this background information, two different types of
studies were carried out. One type intended to assess the
specific effect of folate supplementation, and the other type
intended to establish the effect of multivitamin supplemen-
tation. In the main, women who already had NTD-affected
pregnancies were examined since they have an increased
risk of another affected pregnancy. This risk is about one in
30, but if they have had two affected children, then the risk
is further increased to one in 10, and after three, it is over
one in five (83). In normal pregnancies this risk is about 1
to 2 in 1000.

Laurence and coworkers (84) studied the effect of a
4-mg folic acid supplementation before and during early
pregnancy on the recurrence of NTD in a small-randomized
trial. They showed a drop in NTD recurrences in folate users
compared to nonusers. However, these studies have been
criticized, mostly because of the small numbers (85, 86).
The biggest criticism of the Laurence et al. (84) study was
that two women in the folic acid treatment group had NTD-
affected children. The study only became significant by
retrospectively shifting them to noncompliant status, which
was very unsound scientifically. The effect of multivitamin
supplementation before and during early pregnancy on re-
currence of NTD was studied by Smithells and colleagues
(87-89) in women with a history of one or more NTD-
affected pregnancies. The multivitamin supplement con-
tained folate, riboflavin, ascorbic acid, and vitamin A. The
obtained results were striking, and they were the first who
reported primary prevention of NTD by periconceptional
intake of a multivitamin preparation. This study has been
criticized because of a selection bias; the case and control
groups were not entirely comparable (85, 86). Several
groups repeated these studies and showed a likewise effect
of multiple vitamins (90, 91), or of folate (92) on the pre-
vention for the recurrence of NTD.

Although the results of these early studies seemed



promising, there was still doubt about the accurateness of
the data and the role of folate versus a multivitamin supple-
ment in the observed protective effect. Therefore, the Brit-
ish Medical Research Council performed a multicenter
study (93). This is the largest and most important random-
ized trial examining the effect of periconceptional folate and
Multivitamin supplements in about 1200 high-risk mothers
Who have already had a NTD-affected child. These women
were randomly assigned to four groups allocated to receive
the following regimens of supplementation. Group one re-
ceived daily 4 mg of periconceptional folic acid; group two
received the same, but additionally a multivitamin supple-
Mmentation; group three received the vitamin supplementa-
tion without folate; and the final group received a placebo
Containing only minerals. This study showed that folic acid
alone was as good at preventing recurrences of NTD as the
multivitamin plus folate. The recurrence of NTD pregnancy
Was reduced by 72% if compared with placebo-treated
Wwomen. Vitamins without folic acid and minerals alone
were ineffective in preventing NTD. The results were deci-
sive in demonstrating the preventive effect and the specific
role of folate (versus other components of the previously
used multivitamin preparations) in prevention of NTD.
Only 5% of all infants with NTD are born to women
who have previously had an affected child. It is likely that
folate therapy could also prevent a substantial part of the
other 95% of NTD cases, which are the first occurrence of
f\ﬂ affected member in a family. Therefore, occurrence stud-
1es have also been designed to evaluate the effect of mater-
nal periconceptional folic acid supplementation in families
Without g previous child affected with an NTD. The largest
‘{nd most important randomized-controlled study of preven-
tion on the first occurrence of NTD by vitamins was per-
formed by Czeizel and Dudas (94) in Hungary. This study
lasted eight years and involved more than 4000 women
Contemplating a pregnancy. These women were subdivided
1 two groups: one received a multivitamin containing 0.8
g of folic acid, 11 other vitamins, and trace elements, and
the other group received a placebo multimineral containing
only the trace elements. The results showed six children
With NTD in the latter group and none in the first group.
This study, also referred to as the Budapest trial, demon-
Strated a complete prevention of the first occurrence risk of
TD due to periconceptional folic acid use by the mother.
Several other groups studied the first occurrence of
NTD and likewise showed an effect of multiple vitamins
Containing folate (95-98), or folate (96, 99, 100) on the
Prevention of the first occurrence of NTD. In contrast to
these studies, one major study has failed to find a preventive
effect of dietary multiple vitamins and folate. This study
Was based on a questionnaire concerning the pregnancy out-
Come and the use of periconceptional multivitamins (101).
The negative outcome of this study could be due to mis-
Classifications of the users and nonusers of multivitamins.
Both the MRC trial and the Budapest trial undoubtedly
showed a reduction in the birth prevalence of NTD by folate

(93, 94). Therefore, it is now generally accepted that peri-
conceptional folate supplementation reduces the recurrence
and occurrence risk of NTD. Since the last decade, the
governments of several countries are encouraging women
who are planning a pregnancy to take 0.4 to 0.5 mg of folic
acid daily during the periconceptional period to prevent the
occurrence, and even 4 to 5 mg of folic acid to prevent the
recurrence of NTD (reviewed in Ref. 102). Nevertheless,
public awareness of the benefits of folic acid is only very
slowly increasing (103). Although the mean dietary folate
intake in Europe is in line with the recommended daily
folate intake, the desired dietary intake to prevent NTD is
only attained by a small part of most European popula-
tions (104).

Several countries, like the Netherlands, advise a daily
additional intake of 0.4 to 0.5 mg of folate during the peri-
conceptional period until two to three months of pregnancy
have passed. This additional folate intake can be achieved
by intake of folate supplements, food fortified with folic
acid, and consumption of folate-rich foods. The latter man-
ner is, however, not as effective as the former two (105). In
the United States, the government decided in 1993 to fortify
cereals, grain, and flour with folic acid by adding 1.4 mg of
folic acid/kg to increase folic acid intake in the general
population. Although this fortification officially began on
January 1, 1998, a lot of food manufacturers began fortify-
ing foods before this date. The results of this food fortifi-
cation on pregnancy outcome will become evident in com-
ing years.

Folate

Folate Structure and Function. Folic acid is a wa-
ter-soluble B vitamin. The name folic acid is derived from
the Latin word folium, or leaf. It was first isolated from
spinach leaves in 1941 and was synthesized in 1946. Its
chemical name is pteroylmonoglutamic acid. The term folic
acid is used for its synthetic form present in multivitamins,
folic acid tablets, and fortified foods. Synthetic folic acid is
relatively stable and exists as monoglutamate, a form that is
rapidly absorbed without being processed.

The natural form is referred to as folate (folacin), which
occurs naturally as polyglutamate derivatives with the glu-
tamate moieties linked via y-carboxyl peptide bonds. Several
dietary sources rich in natural folate include a wide variety
of fruits and vegetables, particularly green leafy vegetables
such as spinach, brussel sprouts, and turnip greens. Other
foods rich in folate include potatoes, oranges, beans, yeast,
and organ foods such as liver. Natural folate mainly consists
of 5-methyltetrahydrofolate (5-MeTHF) and 10-formyl-
tetrahydrofolate (10-formylTHF) in their polyglutamate de-
rivatives. Both compounds are readily oxidized and the rates
vary directly with oxygen concentration, temperature, alka-
linity, exposure to light, and concentration of cupric and
ferric ions. Therefore, a considerable amount of folate can
be destroyed in cooking, processing, and storage.

The generic term folate includes both naturally occur-
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ring polyglutamates as the synthetic form, folic acid. The
common feature of all folates is the p-aminobenzoicacid
part of the molecule attached to the apterin-ring on the NH,
end, and one or more glutamic acids in a y-amide linkage at
the carboxy!l end (Fig. 3). The active center of folate is
between the N° and the N' site. Folate derivatives are
formed by different one-carbon subgroups, which are added
to the active site (Fig. 3). Essentially, tetrahydrofolate
(THF) is carrying a one-carbon unit present as formate in its
most oxidized form and as methyl in its most reduced form;
all of these one-carbon subgroups can be converted into
each other.

In mammalian tissues, folate functions as substrate in
series of interconnected metabolic cycles involving thymi-
dilate and purine biosynthesis (adenosine and guanine), me-

thionine synthesis via homocysteine (Hcy) remethylation,
serine and glycine interconversion, and the metabolism of
histidine and formate (Fig. 4). Folate is also indirectly a
methyl donor in many methylation reactions via S-
adenosylmethionine (AdoMet), for example, in the regula-
tion of gene expression. Thus, folate is directly or indirectly
essential for cell function, division, and differentiation. Ac-
quisition of folate, therefore, is critically important to the
viability of proliferating cells. The shutdown of DNA syn-
thesis and AdoMet synthesis arising from folate deficiency
perturbs the cell cycle and could lead to premature cell
death. Because eukaryotic cells are unable to synthesize the
folate structure de novo, folate is an essential nutrient. Thus,
mammals are dependent on transport systems for uptake of
folate compounds from the environment.
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Figure 4. Simplified folate metabolism indicating its one-carbon donors and acceptors involved in methyi-group biogenesis, thymidylate
Synthesis and purine synthesis. 1, serine hydroxymethyltransferase; 2, glycine cleavage pathway; 3, 10-formyltetrahydrofolate synthase; 4,
methylenetetrahydrofolate reductase; 5, methionine synthase; 6, glutamate formiminotransferase; 7, 10-formyltetrahydrofolate dehydroge-
Nase; 8, thymidylate synthase; 9, 5-amino-4-imidazolecarboxamide ribonucleotide transformylase (AICAR) and glycineamide ribonucleotide

folate synthetase. THF, tetrahydrofolate.

Folate One-Carbon Metabolism. Vital cellular
Processes depend on folate-mediated one-carbon metabo-
lism, i.e., the transfer of a carbon group. The major meta-
bolic folate pathways are shown schematically in Figures 4
and 5. Folate acts as donor and acceptor of one-carbon units
1N a variety of critical enzymatic reactions involved in one-
€arbon metabolism. The one-carbon units are principally
derived from the B-carbon of serine, but also from glycine,
Methyl- and dimethylglycine, formate, and histidine (106)

18- 4). One-carbon units are thus obtained from THF-
Mediated reactions, which are required for several major
cf‘-llular processes like nucleic acid biosynthesis, protein
blosynthesis, amino acid metabolism, methyl-group biogen-
esis, and vitamin metabolism (reviewed in Refs. 107
and 108),

_ One-carbon units derived from the third carbon of ser-
'Ne are transferred to THF in a reaction catalyzed by serine
hydmxymethyltransferase (SHMT), generating 5,10-
Methylenetetrahydrofolate (5,10-MTHF) and glycine (Fig.

» feaction 1). SHMT is the major provider of one-carbon
Units in the cell, particularly in replicating cells. Serine can
€nter the mitochondria, where it is converted to formate,
Which reenters the cytoplasm and acts as a primary carbon

onor (109). The glycine-derived one-carbon units are gen-
Crated from the second carbon of glycine by the glycine
CleaVage system, which results in the formation of 5,10-

THF (Fig. 4, reaction 2). Formate-derived one-carbon
Units are formed by the ATP-dependent enzyme formyl syn-
thetase, which activates formate to 10-formylTHF (Fig. 4,
f€action 3). One-carbon units thus enter the active pool of

transtormylase (GAR); 10, methylenetetrahydrofolate dehydrogenase; 11, methenyltetrahydrofolate cyclohydrolase; 12, methenyltetrahydro-

one-carbon at the level of 5,10-MTHF and 10-formyITHF.
10-FormylTHF and 5,10-methenylTHF are substrates for
purine biosynthesis, while 5,10-MTHF is involved in thy-
midine biosynthesis. Apart from this role in the biosynthesis
of purines and thymidine and, thus, DNA and RNA, the
folates provide a source of methyl-groups for over 100
methyltransferase-catalyzed reactions. This is done by con-
verting 5,10-MTHF to 5-MeTHF, which is used to methyl-
ate Hcy to methionine by the vitamin B,,-dependent en-
zyme methionine synthase (MS) (Fig. 4, reactions 4 and 5).
Methionine can be activated by ATP to AdoMet, the ulti-
mate methyl-donor in the body.

An alternative one-carbon source is FiGlu (110). Dur-
ing the catabolism of histidine, a formimino-group is trans-
ferred to THF followed by the release of ammonia and by
the generation of 5,10-methenylTHF by the two enzyme
activities, glutamate formiminotransferase and formimi-
noTHF cyclodeaminase (Fig. 4, reaction 6 and Fig. 5). This
pathway represents only a minor source of one-carbon and
may exist only in liver and kidney. The enzymes seem to be
absent in fibroblasts and blood cells. Excess one-carbon
units are removed from the one-carbon pool by their oxi-
dation to CO, by formylTHF dehydrogenase (Fig. 4, reac-
tion 7). This enzyme also catalyzes the hydrolysis of 10-
formylTHF to THF and formate. Activity of this bifunc-
tional protein is restricted to the liver (111). The function of
the hydrolase activity is yet unclear; it may represent an
additional mechanism for regeneration of the unsubstituted
THF under conditions in which utilization of substituted
folate for biosynthetic purposes is impaired (107).
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Thymidine biosynthesis. Folate is required for the
synthesis of thymidylate. This reaction is catalyzed by thy-
midylate synthase and involves the addition of formalde-
hyde group to the 5-position of deoxyuridylate. In this re-
action the one-carbon group of 5,10-MTHF is transferred to
deoxyuridine monophosphate (dUMP), resulting in the for-
mation of deoxythymidine monophosphate (d{TMP) and di-
hydrofolate (DHF) (Fig. 4, reaction 8). Synthesis of deoxy-
nucleotides, which is mediated by thymidylate synthase and
ribonucleotide reductase, is considered to be the rate-
limiting step in DNA synthesis. DHF formed in the thymi-
dylate synthase reaction has to be reduced to THF before it
can participate in one-carbon transfer reactions (Fig. 5).
This reduction is catalyzed by dihydrofolate reductase
(DHFR), an enzyme that also catalyzes the reduction of
folic acid to DHF. Normally, folic acid is not found in
nonsupplemented foods and the major role of DHFR ap-
pears to be to reduce DHF formed in the thymidylate syn-
thase reaction.

The thymidylate synthase expression level is related to
the replication state of a cell. A multi-enzyme complex
called replitase is formed during the S-phase of the cell
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cycle. This replitase contains thymidylate synthase, DHFR,
DNA polymerase, thymidine kinase, deoxycytidine mono-
phosphate kinase, nucleoside diphosphate kinase, and ribo-
nucleotide reductase (107).

Purine biosynthesis. One-carbon units at the oxida-
tion level of formate are utilized in the de novo purine
biosynthesis. The Cq and C, positions in the purine ring are
derived from the folate one-carbon pool from 5,10-
methenylTHF in a reaction catalyzed by glycinamide ribo-
nucleotide (GAR) transformylase to FGAR and from 10-
formyl-THF by formylTHF 5-amino-4-imidazolecarbox-
amide ribonucleotide (AICAR) transformylase to FAICAR,
respectively (Fig. 4, reaction 9 and Fig. 5). The 10-formyi
needed for purine biosynthesis can be either directly derived
from the 10-formylTHF synthetase-catalyzed reaction (Fig.
4, reaction 3), or can be derived from the oxidation of 5,10-
MTHF to 10-formylTHF catalyzed by the NADP-dependent
MTHF dehydrogenase and methenylTHF cyclohydrolase
(112) (Fig. 4, reactions 10 and 11). Any 5-formylTHF (leu-
covorin) is converted to 5,10-methenylTHF by methenyl-
THEF synthetase (Fig. 4, reaction 12). In mammalian tissues
the dehydrogenase, cyclohydrolase, and synthetase activi-



ties are catalyzed by a single trifunctional protein, methy-
lenetetrahydrofolate dehydrogenase (MTHFD) (113).

Methy! group synthesis. An important part of one-
Carbon utilization involves the reduction of 5,10-MTHF to
3-MeTHF by the enzyme methylenetetrahydrofolate reduc-
tase (MTHFR) (Fig. 4, reaction 4). This reaction is physi-
ologically irreversible. The methyl group of 5-MeTHF is
donated to Hcy resulting in methionine synthesis, which is
Catalyzed by MS (Fig. 4, reaction 5 and Fig. 5). This is the
sole enzyme that is able to metabolize the methyl-group of
5.‘MGTHF. MS plays a major role in methyl-group metabo-
lism, as j¢ allows the reutilization of the Hcy backbone as a
Carrier of methyl-groups. This reaction channels the one-
Car.b()n units derived from formate and amino acids such as
Serine, histidine, and glycine into the methylation cycle,
Providing a methyl-group for the synthesis of AdoMet via
Methionine, and sequentially a methyl-group that is used by
Many essential methyltransferase enzymes.

Folate Absorption and Transport. Dietary folate
Polyglutamates need to be converted to monoglutamates
before they can be absorbed (114, 115). In the jejunum,
Polyglutamates are converted to monoglutamates by a con-
Jugase. Two distinct forms of human pteroylpolyglutamate
lfydro]ase conjugase have been described, one in the intes-
tine, which is present in the brush border and acts at a
Neutral pH, and one with a less clear function within lyso-
Somes, At this point, luminal pH is critical (116) and ab-
Sorption is optimal at a pH of 6.0, which significantly de-
‘reases at a pH of 5.0 or 7.0. During absorption in the
JeJunum, the different monoglutamyl folates are converted
to 5-MeTHF; however, it is currently unclear whether the
c011.Version takes place primarily in the intestine or the liver,
Or in both organs (116). 5-MeTHF monoglutamate is the
Principal circulating form of folate and is transported across
the plasmg membranes of cells, and thus the principal form
by which the tissues are supplied with folate (117). Trans-
cellular folate transport systems include transport across the
Placenta, renal tubular cells, and the blood brain barrier.

Three major pathways have been observed that mediate

olate transport across mammalian cell membranes (118).
Ward transport of folate and their analogues cells can oc-
Cur by carrier-mediated (119), as well as receptor-mediated
(120), mechanisms or by passive diffusion. These different
olate transport systems may not be operational in all cell
tYpes. The pathway for entry of folate is likely to be distinct
"0 different cells, depending on the relative efficiency of
Carrier-mediated and receptor-mediated mechanisms, as
Well as on the intra- and extracellular folate concentration.

Carrier-mediated folate uptake. Pteroylmonogluta-
Mates can be transported by a carrier-mediated energy-
dependent process. The carrier-mediated mechanism, or the
"duced folate carrier (RFC), is an integral membrane pro-
tein that is primarily responsible for permeation of these
““Mmpounds in tumor cells (119). This system has a mark-
edly higher affinity for 5-MeTHF than for PteGlu and also
accumulates methotrexate and other anti-folates. The RFC

mainly mediates bidirectional fluxes of reduced folates and
antifolates (121). Transmembrane a-helices of the RFC are
believed to form channels through which substrates pass
(122). The RFC operates at relatively high folate concen-
trations and has been referred to as the “reduced folate
methotrexate,” the “high capacity/low affinity,” or the “mi-
cromolar” folate transport system. The RFC is driven by
anion gradients, and anionic exchange may be the mecha-
nism for the transport process (123).

Receptor-mediated folate uptake. The second sys-
tem, the receptor-mediated folate transport, occurs via dif-
ferent isoforms of folate receptors (FRs) (118, 124-126).
These FRs bind physiological levels of folate and have a
high affinity for folate in the nanomolar range. Although
these isoforms vary in their affinities for folate forms, in
general they have a higher affinity for folic acid than for
reduced folates like 5-MeTHF or 5-formylTHF. The FR was
originally described as a folate-binding protein found in
tissues and plasma, but it has been shown to be mainly a
membrane protein anchored by glycosyl-phosphatidyl-
inositol linkage. FRs are crucial to the assimilation, distri-
bution, and retention of food folates and have been identi-
fied in various cells, extracellular fluids, and tissues in
mammalians (127). FR expression is inversely regulated by
the extracellular folate concentration. The receptor-
mediated transport of 5-MeTHF appears to occur via typical
endocytotic pathway involving endocytic vacuoles (128) or
via a similar pathway involving caveolae, where the recep-
tor recycles within the caveolae without dissociating from
the plasma membrane (129). Caveolae are capable of tran-
siently closing to form a membrane-bound compartment
that protects FRs both from acid treatment and from anti-
folate receptor IpG. The FRs probably function to concen-
trate 5-MeTHF at the cell surface and deliver the vitamin to
a vesicle (124). They are highly clustered on the cell surface
of folate-dependent tissue cells.

The FRs can be separated into soluble and membrane-
bound FR forms. These forms are structurally related, but
differ in function (123, 127, 130). The soluble FRs likely
serve multiple functions; they afford a convenient mecha-
nism for concentrating folate compounds, they protect the
bound, reduced folates from oxidation, and finally, soluble
FRs could act as a storage protein to conserve folates. How-
ever, the precise function of the soluble FR is yet unknown
(130). The membrane FR primarily accumulates folate at
the cell surface and mediates the transport of folate com-
pounds into cells.

FRs are encoded by a family of genes on chromosome
11q13.3 through 11q13.5, where four FR genes and a pseu-
dogene were found within a 140-kb region (131). The hu-
man isoforms of the FR are known as FRaq, FRB, FRYy, and
FR'y which have a tissue-specific expression (132, 133). It
is believed that the FRy is a secretory FR, the soluble form
of the FRs (134). The FR'y is a truncated form of FRy
probably formed by alternative splicing (134) or results
from gene polymorphism (133). Thus, there are several FR
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isoforms with different relative affinities for folate and ex-
pression patterns, but their precise functions are still unclear

Maternal-to-fetal folate transport. Pregnancy is the
most common cause of megaloblastic anemia in women
worldwide. Folate requirements increase 5- to 10-fold com-
pared with nonpregnant women for growth of the fetus,
placenta, and maternal tissues (130). The FRs play a major
role in transplacental folate transport, and the placenta is
known to contain both FRa and FRB (134, 135). The ma-
ternal-to-fetal folate transfer process consists of two steps.
The first step is the concentrative component: circulating
5-MeTHEF is bound to placental FR on the maternally facing
chorionic surface. In the second step the folates are trans-
ferred to the fetal circulation along a downhill concentration
gradient. This is a continuous process assuring unidirec-
tional transplacental folate transport (130). However, one
must keep in mind that during the process of neurulation the
placenta is not yet developed. The exact mechanism of fo-
late transport to the fetus previous to placental transport is
unknown, but is thought to involve a similar mechanism.

Folate Polygiutamates and Polyglutama-
tion. Folate polyglutamates structure and func-
tion. Cellular folates exist primarily as poly-y-glutamate
derivatives and should be considered as the normal sub-
strates for the enzymes of one-carbon metabolism. Polyglu-
tamate derivatives consist of a THF derivative, with from
three to 11 glutamate residues linked as amides through the
~v-carboxyl group. To describe accurately the number of
glutamate residues, the nomenclature system is related to
tetrahydropteroate (H,Pte), which has no glutamate resi-
dues. Thus, THF is called H,PteGlu, and the pentaglutamate
form is H,PteGlus. In addition to a varying number of glu-
tamate residues, there are six different one-carbon deriva-
tives of H,PteGlu,. Two of these derivatives, 5-formino-
and 5,10-methenylH,PteGlu,, exist in low concentration
and probably do not contribute significantly to the total
intracellular pool of folate. The major forms of reduced
folate in the cell are 10-formyl-, 5-formyl-, 5-methyl-, and
5,10-methylenePteGlu,, derivatives and H,PteGlu, (136).

It was thought that polyglutamate derivatives were only
storage forms of the vitamin. Now it is apparent that intra-
cellular conversion of folates to polyglutamates is important
for the normal function and regulation of the one-carbon
metabolism. Folylpolyglutamates are as effective as, and in
many cases even more effective than, pteroylmonogluta-
mates as substrates for the enzymes of one-carbon metabo-
lism (107). Extension of the glutamate chain decreases K,
values, but also causes a decrease in V,,,, with chain lengths
beyond the diglutamate level (137). Therefore, with most
folates the diglutamate derivative is a more effective sub-
strate than the monoglutamate, owing primarily to a de-
crease in K|, value. Polyglutamate folates of a chain length
equal or greater than three have much lower K, values for
some of the folate-dependent reactions, allowing folate me-
tabolism to progress at the low concentration of the folates
present in the cells.
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Polyglutamates are only poorly transported across cell
membranes. Consequently, metabolism of pteroylmonoglu-
tamates to polyglutamate forms allows the cell to concen-
trate folates at much higher levels than in the external me-
dium. In tissues, a particular length usually predominates,
but a distribution of different lengths is observed. The major
polyglutamate species in human cells are hepta- and octa-
glutamates (137).

Folate polyglutamation by folylpolyglutamate syn-
thetase. Intracellular metabolism of folates to polygluta-
mates is performed by the enzyme folylpolyglutamate syn-
thetase (FPGS) (124, 138, 139). This enzyme is present in
most mammalian tissues and adds glutamate residues one at
a time to folate molecules (107). FPGS forms a peptide
bond between the gamma-carboxy! of the glutamate already
present on the molecule and the alpha-amino group of the
glutamate to be added and requires ATP for this reaction
(see below).

H,PteGlu, + MgATP + l-glutamate
H,PteGlu,,, + MgADP +P;

This gamma-glutamyl chain is resistant to digestion by
common proteolytic enzymes and is hydrolyzed by specific
conjugase enzymes. The chain length is influenced by the
monoglutamate concentration in the cell, as well as the
FPGS activity (140). The human FPGS is a monomeric
low-abundance protein that utilizes THF and other folates as
substrates with different affinities, but reacts poorly with
folic acid and 5-MeTHF. Unsubstituted reduced folates are
the preferred substrate for the mammalian FPGS. H,PteGlu
(DHF) is the most effective monoglutamate substrate, fol-
lowed by H,PteGlu (THF), while H,PteGlu, derivatives are
the most effective polyglutamate substrates (137).

Mammalian tissues contain cytosolic and mitochon-
drial FPGS isoenzymes (141), which are encoded by a
single gene that is localized to chromosome 9q34.1 region.
These isoenzymes are formed by alternative splicing (142,
143). Mitochondrial FPGS activity is required for folate
accumulation by mitochondria. Specific activity of the mi-
tochondrial enzyme is higher than the cytosolic enzyme,
which may explain the longer folylpolyglutamate deriva-
tives in this organelle. Monoglutamates are being trans-
ported into mitochondria before they are polyglutamated by
cytosolic FPGS. There is an indication for competition for
folate between folate transport into mitochondria and cyto-
solic FPGS activity. It has been suggested that oxidized
monoglutamates are mitochondrial transport forms of folate
and that reduced folates are not transported (144, 145).
However, others suggested that reduced folates are also
transported into mitochondria (146).

Regulation of the Folate One-Carbon Metabo-
lism. Folate one-carbon metabolism is complex (Fig. 5).
Regulation of the one-carbon flux through acceptors and
donors is regulated by compartmentation of the substrates,



enzymes, and products. There are three types of intracellular
compartmentation. One type is compartmentation within in-
trac.e]]ular organelles. A second mechanism involves distri-
bution of metabolites between free and protein-bound state.
The third mechanism involves channeling of substrates
thm“gh sequential enzyme reactions (108). Each of these
§CWes to segregate the intermediates into distinct pools. At
Its simplest, folate exists as two pools: one small pool with
'apid turnover that is composed mainly of the monoglu-
tamyl forms of folate in plasma, and a larger slow-turnover
Pool of folates functionally trapped in tissues as polyglu-
amyl forms, many of which are noncovalently bound
1o proteins,

In addition, the one-carbon metabolism may be regu-
late_d by polyglutamation state by varying the glutamate
chain length of folates in the cell under different physiologi-
ca}{Ccmditions such as infection, hormonal status, and nu-
ritional conditions. Modulations of the glutamate chain
length of folates have been observed in mammalian cells
and tissues in response to folate, methionine, and vitamin
Blz levels and to changes in growth rates (147). The lengths
of the Products are inversely dependent on the initial mono-
glutamate concentration. High H,PteGlu concentrations
lead to synthesis of shorter polyglutamates (148). In terms
of Metabolic efficiency, this is understandable because
Monoglutamates and short polyglutamates can be used in all
n}ammalian folate reactions, although generally less effi-
Ciently than longer polyglutamates. Thus, under conditions
of folate excess, formation of long polyglutamates would be
“fa_Steful of both ATP and glutamate. In folate-depleted con-
dltlons, not only does polyglutamate formation increase re-
tention of folates once transported, but also each folate mol-
€cule is a more efficient carrier of one-carbon units (147).

Conversions of folates to polyglutamates are required
for thejr cellular retention (148). Factors that affect the ex-
Pression of FPGS will thereby also regulate the level of

Olate in the cell. Folylpolyglutamates with longer chain
length retain a higher affinity for the enzyme, but have little
Or no activity. This suggests that they can act as end-product
Inhibitors of the enzyme and lead to a steady-state folate
€oncentration in the cell. The changes would be expected to
Occur only at a slow rate, which would limit their physi-
Ologica] usefulness. According to a second hypothesis,
Many of the changes in the activity of the FPGS could also

© explained by substrate availability for FPGS instead of
Tegulation of the activity by polyglutamation. It has been
Proposed (149) that the regulation of folate metabolism by
Means of polyglutamate chain length is secondary to the
Classical alterations in folate metabolism characterized by
the activation and inhibition of folylpolyglutamates of a
MNumber of folate-dependent enzymes involved in one-
Carbon metabolism.

Compartmentation within intracellular organelles.
Intracel]ular compartmentalization of the folate pathway
Concerns the cytosol and mitochondria. Nuclei contain only
very low levels of folates (108). It has been demonstrated

that mammalian cells contain cytosolic and mitochondrial
one-carbon donors and acceptors, generating one-carbon
pools in both the cytoplasm and the mitochondria (Fig. 5).
The folate-dependent enzymes SHMT, MTHFD, and FPGS
are present in both the cytoplasm and the mitochondria.
Three additional folate-dependent enzymes, the glycine
cleavage system, dimethylglycine dehydrogenase, and sar-
cosine dehydrogenase are strictly mitochondrial (Fig. 5).
This distribution of folates and folate-dependent enzymes in
these compartments is consistent with the known roles of
folate-mediated one-carbon metabolism in each (Fig. 5). In
the cytoplasm, folate coenzymes participate in the biogen-
esis of purines and thymidylate and in methyl-group bio-
genesis. The interconversion of serine and glycine occurs in
both compartments. In mitochondria, folate coenzymes are
required for the formation of transfer RNA for organellar
protein synthesis and catabolism of glycine, sarcosine,
and dimethylglycine.

Compartmentation of metabolites between free
and protein-bound state. In one-carbon metabolism both
monoglutamates in the plasma and polyglutamates in the
cells are distributed between free and protein-bound state, In
the serum, two-thirds of the 5-MeTHF is loosely bound to a
nonspecific folate binder with a low affinity, i.e., albumine.
The folate-binding proteins are, importantly, involved in
compartmentalization of folates by their uptake of free fo-
lates. Three folate-binding proteins have been found in the
cytosolic fraction and two in the mitochondrial fraction.
Four out of these five proteins have been identified as en-
zymes involved in one-carbon metabolism (108). One of
these is the glycine N-methyltransferase, which is one of the
major cytosolic folate-binding proteins in liver. This en-
zyme is inhibited by the binding of 5-MeTHF (150). Thus,
binding of folate intermediates to one of these folate-
binding proteins can inhibit or stimulate their activity or the
activity of other enzymes. These folate-binding proteins
bind about 60% of the total cytosolic folates and about 20%
of the total mitochondrial folates in liver.

Compartmentation by channeling of folate sub-
strates. Many enzymes of one-carbon metabolism form
protein complexes that enhance channeling of substrates
through sequential enzyme reactions (107, 108). Channeling
of folate was demonstrated for the first time in the three-
functional MTHFD protein. Substrate channeling through
coupled-enzyme reactions provides a dynamic microcom-
partmentation in which reaction intermediates are function-
ally isolated from those in the bulk phase of the compart-
ment. Substrate channeling offers a number of potential
kinetic and regulatory advantages. High metabolic rates can
be obtained at low substrate concentrations since reaction
rates are independent of bulk phase substrates (108). Reac-
tion intermediates are isolated from competing reactions
and unstable intermediates may be protected. Folylpolyglu-
tamate substrates are channeled from active site to active
site in multifunctional proteins or protein complexes with-
out release of the intermediate product, a phenomena that is
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not observed with monoglutamate substrates. Substrate
channeling of folate coenzymes in several folate-dependent
reactions is greatly facilitated by the longer glutamate-chain
length. Channeling by MTHFD was more efficient with the
triglutamate substrate than with the monoglutamate. Thus,
polyglutamates may play a role in maintaining specific pro-
tein-protein interactions (151).

Proposed Protective Mechanism of Folate on
Preventing NTD. Folate intake is an important environ-
mental factor in the etiology of NTD. However, it is not
known how the administered folate works. It could be over-
coming a folate deficiency or a metabolic disturbance in the
folate metabolism. A folate deficiency can occur due to an
inadequate dietary intake, malabsorption, altered hepatic
and peripheral metabolism, or an increased elimination of
folate (152). The preventive effects of additional folate in-
take could be working at the level of the mother, at the level
of the embryo, or even at both.

In an Irish study, an inverse relationship between red
blood cell folate levels and the risk of NTD offspring was
found, and the lower the red blood cell folate levels the
higher the risk (153). Estimates have been made on the
effect of additional folic acid intake on the red blood cell
folate levels (154). This study gives a model for estimating
the risk of having an NTD-affected pregnancy on the basis
of maternal red blood cell folate levels. It was estimated that
women with red blood cell folate levels above 1292 nmol/L
have a 48% reduction in the risk of having a NTD preg-
nancy. These folate levels can be achieved by an additional
intake of 0.4 mg/d.

Studies on the folate status of women who have had
NTD offspring are not conclusive. Some of these women
have low folate levels (78). More recent studies report non-
deficient folate levels in women with NTD-affected preg-
nancies, although some were in the lower normal range
(155~158). Overall, there is a trend for such women having
slightly lower folate levels than control women. These low-
ered folate levels could be due to a lower intake of folate via
the diet. However, Yates et al. (159) demonstrated an asso-
ciation between NTD births and low levels of maternal red
cell folate, which could not be attributed entirely to lower
dietary intake of folate. Schorah et al. (160) hypothesized
that the preventive effect of folate could be due to an in-
creased folate requirement of women genetically predis-
posed to have an infant affected with a NTD. A related
hypothesis is that the absorption of folic acid is reduced in
women with a history of NTD-affected offspring (99).
These women may be inefficient in converting dietary folate
into blood folate stores and thus may secondarily have an
increased requirement for folic acid (161). Several other
studies, however, showed that there is no evidence for a
defect in the absorption of folate in women with NTD-
affected offspring (162, 163). Finally, it is suggested that
folic acid may overcome a metabolic disturbance of folate-
related metabolic pathways (164). They showed that the
methyl group of 5-MeTHF is more slowly incorporated into
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trophoblast DNA of NTD-affected fetuses than from con-
trols. Lucock et al. (165) showed that women with two
NTD-affected pregnancies needed a higher dietary folate
intake to achieve the same 5-MeTHF concentrations as con-
trols. This indicates a disturbance in the uptake or utilization
of 5-MeTHF and therefore in folate metabolism. Also an
impaired regeneration of THF is observed in mothers of a
child with spina bifida (166).

One of the functions of folate is to act as a substrate for
some of the enzymes involved in the de nove DNA synthe-
sis, a process that is essential to the developing embryo. Via
Hcy to methionine remethylation folate is also involved in
methylation reactions. Therefore, Hcy levels could function
as a marker of an impaired folate metabolism. The devel-
opmental genes are transcription factors that are in part
regulated by means of methylation. A defective folate me-
tabolism or folate shortage in the mother may also lead to a
shortage of folate in the developing embryo. This could
result in a defective DNA synthesis or an impaired tran-
scription of genes involved in the neurulation process. Ad-
ditional folate intake may overcome an impaired DNA syn-
thesis or DNA methylation, or impaired methylation of
other molecules such as receptors, etc.

Homocysteine Metabolism

Folate-Related Homocysteine Metabolism. A
brief overview of the Hcy metabolism (Fig. 6) will be given
below. Hey does not occur in the diet, but is an amino acid
that is formed by the demethylation of methionine. Dietary
methionine is necessary for the normal growth and devel-
opment of mammals because methionine is an essential
amino acid. Two reactions compete for the available amino
acid: protein synthesis and the synthesis of AdoMet by
means of methionine adenosyltransferase (MAT).

In the MAT-catalyzed reaction, methionine is linked to
ATP, resulting in the formation of AdoMet. In this reaction
a sulfonium bond is formed between the 5'-carbon atom of
the ribose and the sulfur atom of the amino acid. This re-
action occurs in most, if not all, tissues and there are two
different isoenzyme forms of MAT: a liver-specific form,
and extrahepatic tissues contain another form (167-169).
The liver-specific form has a relative high K, for methio-
nine. The extrahepatic MAT has a low K, for methionine.
The liver MAT is activated by its product AdoMet and this,
together with its high K, for methionine, makes the liver
capable of responding to excessive methionine (167).

Because of its sulfonium bond, AdoMet can be re-
garded as a high-energy compound. AdoMet is the universal
substrate for methyltransferase reactions. Over 100 different
methyltransferase reactions transfer the methyl group of
AdoMet to a wide range of substrates, including proteins,
RNA, DNA, and lipids (170). The methylation of DNA is an
important regulatory mechanism in gene expression.
AdoMet is, furthermore, a precursor of the polyamines sper-
midine and spermine (171). The transmethylation reactions
produce S-adenosylhomocysteine (AdoHcy). AdoHcy is an
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Figure 6. Key enzymes of homocysteine metabolism. Enzymes are presented in italics. MTHFR, methylenetetrahydrofolate reductase; SHMT,
serine hydroxymethyitransferase; BHMT, betaine homocysteine methyitransferase; MAT, methionine adenosyltransferase;. SAH-hydrolase,
S-adenosylhomocysteine hydrolase; MT, methyltransferase; CBS, cystathionine B-synthase; SAM, S-adenosyimethionine; SAH, S-
adenosylhomocysteine; THF, tetrahydrofolate; and 5-MeTHF, 5-methyltetrahydrofolate.

Inhibitor of many methyltransferases; therefore, normal me-
tabolism requires quick removal of AdoHcy, which is ac-
Complished by S-adenosylhomocysteine hydrolase. SAH
Ydrolase, which is widely distributed in mammalian tis-
Sues, cleaves the thioether to Hey and adenosine (172). The
®Quilibrium of this reaction favors AdoHcy synthesis, and
€ rapid removal of the products Hcy, and adenosine en-
Sures a quick AdoHcy conversion in vivo, which is essential
10 maintajn flow through the Hcy/methionine cycle (172).
he formed AdoHcy can also be removed by intracellular
nding to proteins, or when the capacity of these proteins is
CXceeded, AdoHcy may partly be transported out of the cell.
Hey lies at an important metabolic branch point. It can
© catabolized to cystathionine in the transsulphuration
Pathway or remethylated to form methionine (Figs. 5 and 6).
At least two alternative mechanisms exist in humans for
Y remethylation. The methyl-group originates from
“MeTHF or betaine. Hcy participates, therefore, in three
ssentia] reactions or sequences: (i) the transsulphuration
Pathway that leads via cystathionine to the formation of
CYsteine, which is used for protein synthesis and formation
of_gllltathionine; (ii) the cycling of intracellular folates; and
(i) the catabolism of choline and betaine.
Transsulphuration pathway. The transsulphuration
Pathway converts the sulfur atom, originally derived from
Methionine to cysteine. This pathway is the main route of
18posal of methionine and explains why cysteine is not an
“Ssential amino acid in humans. In this pathway Hcy con-
CNsates with serine to form the thioether cystathionine by
: e Yitamin B, (pyridoxal phosphate)-requiring enzyme cys-
athionine [B-synthase (CBS). The thioether cystathionine is
tcli‘_‘-aVed by another vitamin Bg-dependent enzyme, y-cysta-
thlonase, forming cysteine and a-oxobutyrate. Oxidation of
© sulfur atom of cysteine into sulfate occurs through a

number of enzymatic reactions. About 70% of the sulfur of
methionine in the diet is excreted as inorganic sulfate, il-
lustrating the major quantitative importance of this pathway
in man (173).

Cycling of intracellular folates. The folate one-
carbon metabolism is, as pointed out earlier, connected to
the Hey cycle by the synthesis of 5-MeTHF by MTHER and
the use of 5-MeTHF as methyl donor for Hey remethylation.
5-MeTHF donates its methyl-group via catalysis by the co-
balamin- (Cbl) containing MS to Hcy, whereby methionine
and THF are formed (174). MS converts the circulating
form of folate, 5-MeTHF, to THF, which can then support
a variety of cellular reactions. MS is the only enzyme that is
able to demethylate 5-MeTHF and thus occupies a strategic
position in the control of folate metabolism. MS provides
methyl-groups for the methylation cycle; in doing so, it
recycles 5-MeTHF back to THF. After uptake from blood,
demethylation of 5-MeTHF via MS is needed before it can
be conjugated into a polyglutamate and retained by the cell.
Intracellular remethylation of THF can occur by donation of
one-carbon group from serine to form 5,10-MTHF, which
can subsequently be reduced to 5-MeTHF by MTHFR (Fig.
6). Thus, cycling of folates is dependent on the MS and the
MTHFR enzyme.

Catabolism of choline and betaine. Independent of
folate and vitamin B,,, Hcy can also be methylated by be-
taine-homocysteine methyltransferase (BHMT). This en-
zyme is present in the liver and possibly in the kidney (175).
Betaine (trimethylglycine) is converted to dimethylglycine
by this enzyme, whereby Hcy is remethylated. This reaction
is essentially irreversible. Betaine is derived from the ca-
tabolism of choline. In the mitochondria, the product of the
BHMT reaction, dimethylglycine, can be further demethyi-
ated by dimethylglycine dehydrogenase to sarcosine, and
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via sarcosine dehydrogenase to glycine (Fig. 5). The B-car-
bon of glycine can come available for the one-carbon me-
tabolism by the glycine cleavage pathway. In these subse-
quent reactions one-carbon units are used for the conversion
of THF to 5,10-MTHF (176). Theoretically, one betaine
molecule can provide four one-carbon units for Hey remeth-
ylation. The relative contribution of the overall betaine-
dependent Hcy methylation is unclear (168). No mamma-
lian mutants defective in betaine-dependent methylation of
Hcy have yet been described.

Control of the Homocysteine Metabolism. The
regulation of the Hcy metabolism is based on the disposition
of substrate between competing reactions at three metabolic
sites: the competition for methionine between protein syn-
thesis and the synthesis of AdoMet; the use of AdoMet for
the synthesis of spermine and spermidine or methyldona-
tion, resulting in AdoHcy formation; and the disposition of
Hcy between transsulphuration and transmethylation.
Finkelstein and Martin (177) have demonstrated that the
flux through the transmethylation and transsulphuration
pathways is almost equal.

It is known that the levels of enzymes involved in the
Hcy metabolism are influenced by protein or methionine
content of the diet, hormones, and age. Regulation of Hcy
metabolism includes up- and down-regulation of the rel-
evant enzymes for remethylation versus transsulphuration
(178). Methionine itself inhibits both MS and BHMT.
AdoMet inactivates BHMT and extrahepatic MAT, and ac-
tivates CBS and the liver isoenzyme of MAT. Furthermore,
AdoMet inhibits MTHFR, thereby restricting the formation
of 5-MeTHF and lowering the flux through MS. AdoMet
thus plays a central role in the salvage or catabolism of
methionine and its toxic product Hcy. Increased levels of
AdoMet due to high methionine levels favors the Hey deg-
radation via the transsulphuration pathway, which takes
place mainly in the liver. Extrahepatic cells most likely only
have the remethylation pathway functional active (179).
Liver is the only tissue that can respond to excess methio-
nine since it is the only organ that contains CBS and a form
of MAT that can respond to high levels of methionine,
which underlines the importance of liver in the regulation of
the Hcy metabolism.

Young’s group obtains further evidence for the impor-
tance of the liver in the regulation of the Hcy metabolism by
the use of stable isotopes (180, 181). They observed that
dietary cystine can, due to a reduction in the rate of methi-
onine transsulfuration, lower methionine requirements by
about 50%. Dietary cystine did not profoundly affect the
metabolism of methionine within the peripheral compart-
ment. They hypothesized that a sparing effect of dietary
cystine on methionine utilization occurs during the passage
of these amino acids in the splanchnic region, especially
the liver.

Many AdoMet-dependent methyltransferases are
strongly inhibited by AdoHcy; an AdoHcy:AdoMet ratio of
1:4 decreases the activity of a variety of methyltransterases
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by 10% to 60% (182). Thus, the methylation cycle functions
maximally only when the AdoMet-to-AdoHcy ratio is suf-
ficiently high. Excess. methionine is degraded via AdoMet,
AdoHcy, and Hcy to cysteine. Excessive methylation of
DNA is not desirable. In the liver, glycine N-
methyltransferase is very abundant and uses AdoMet to
methylate glycine to sarcosine. Glycine is a readily avail-
able methyl acceptor, and the produced sarcosine is a non-
toxic product from which the substrate, glycine, can be re-
generated. This enzyme converts excess AdoMet to Ado-
Hcy to maintain an adequate AdoMet-to-AdoHcy ratio.
Furthermore, the combined action of the glycine N-
methyltransferase and sarcosine dehydrogenase reactions
provides a route of AdoMet methyl-groups to reenter the
folate one-carbon pool. The inhibition of MTHFR by high
AdoMet concentrations and the inhibitory effect of its prod-
uct 5-MeTHF on glycine N-methyltransferase provides con-
trol over the ratio of AdoMet and AdoHcy and balances the
methylation needs of the cell with the availability of folate-
mediated one-carbon units. This serves, physiologically, as
a mechanism for linking the de novo synthesis of methyl-
groups via the one-carbon folate pool to the availability of
methionine in the diet (150).

Very recently, Taoka and colleagues (183) have sug-
gested an additional regulating mechanism. The redox state
might regulate the flux through the transsulphuration and
transmethylation pathways. Both MS and CBS operating at
the junction of Hcy have redox-active cofactors, Cbl in the
former and heme in the latter. MS is redox sensitive since
the intermediate Cob(D)alamin is labile to oxidation, which
leads to MS inactivity. The activity of MS in vitro is en-
hanced by a lower redox potential.

Taoka et al. (183) suggest that the in vitro CBS activity
is modulated by the redox state of the heme because the
heme-group in the ferrous state could be less favorable than
the oxidized ferric state for the binding of Hcy, or the re-
duction of the heme-group could cause less favorable
changes in the conformation of the protein. Thus, both MS
and CBS activity could be redox-regulated under in vitro
conditions. A low redox stimulates the Hcy remethylation
via MS activity and decreases CBS activity, whereas a high
redox would result in increased Hecy degradation that would
favor transsulphuration to cysteine, which is required for
glutathione synthesis under conditions of oxidative stress
and remethylation under more reducing conditions.

Disturbed Homocysteine and Folate Metabolism
and NTD in Humans

Candidate Enzymes in the Etiology of Folate-
Preventable NTD. There is little doubt that genetic fac-
tors are involved in the etiology of NTD. Steegers-
Theunissen et al. (156, 184) showed increased fasting, as
well as post-methionine load plasma Hcy concentrations, in
women with NTD-affected offspring in comparison with
women without a history of obstetric complications. The
vitamin status of these women was not significantly differ-



ent from that of the control women, indicating a metabolic
dlst.urbance of the Hcy conversion; however, the number of
Patients and controls studied was relatively small and the
VfIOI.nen were not sampled in the index programming, which
limits this conclusion. Steegers-Theunissen et al. (156) sug-
8ested that an increased level of Hcy may be harmful to the
development of NTD. Additional studies confirmed the ob-
8el't/ation of elevated Hcy levels in women with NTD off-
SPring (157, 158, 185, 186). A disturbance in the metabo-
'Sm of Hey may be overcome by an additional folate intake.

Folate-preventable NTD may be based on a folate-
relfiled genetic metabolic abnormality. These genetic aber-
fations could exert their influences through defects of stor-
4ge, transport, or metabolism of folate.

Transport and Uptake of Folates and NTD. Fo-
Ates and folic acid enter the cells by means of a receptor-
Mediated process. The FRs therefore play a critical role in
"Ntracellular folate internalization. Uptake of folate to the
¢ells could be impaired due to defects in the RFC or the

8. Mice lacking a functional FBP-1I failed to close their
PCUra] tube (187). Thus, a defective folate transport could be
Mvolved in the human etiology of NTD.

The genes FRa and FRp code for the receptors that are
IVed in the cellular uptake of folate in humans. We
(beeWed no genetic aberrations in these genes of NTD pa-
flents or their mother’s (188). The FRa was also examined
g large population of NTD patients in California; this
Study also could not detect any polymorphisms in this gene
dl' 89). There is no indication for a major involvement of a
iSturbed cellular folate uptake in relationship to NTD.
N Folate-Related Homocysteine Metabolism and
ey Several candidate enzymes could be involved in the
tology of NTD and, if deficient, can explain the observed
Protective effect by folate. Defects in the enzymes involved
N the remethylation (MTHFR and MS) and the transsul-
Phuration (CBS) of Hcy could result in the observed el-
e}'ated Hey levels in mothers with NTD-affected pregnan-
Cles. It s noteworthy that some of them also rely on other
Vitamins than folate, like vitamin B¢ and B ,.

Very recently, it was reported that MS activity is de-
Pendent on two additional components for its activity, the
Soluble cytochrome b3 (190, 191) and a new identified en-
Zyme methionine synthase reductase (MTRR) (192). De-
€Cts in either of these enzymes could result, due to de-
Creased MS function, in a reduced remethylation of Hcy to
?ethionine and thus in elevated Hcy concentrations. There-
Ore, both enzymes should be regarded as candidate en-
Zymes for folate-preventable NTD.

_ Disturbed homocysteine transsulphuration, cysta-
tw'onine B-synthase, and NTD. CBS competes with the
v 0 _Hcy methyltransferases (MS and BHMT) for Hcy con-
t:fSlon. CBS catalyzes the condensation of Hcy and serine

Cystathionine. This is an irreversible step in the transsul-
Phllration pathway. The overall reaction catalyzed by CBS
'Mvolves B-replacement in which the hydroxyl group of the

invg

substrate serine is exchanged for thiolate of Hcy, resulting
in the formation of cystathionine.

The CBS gene has been mapped to the subtelomeric
region of chromosome 21 (21q22.3) and encodes a 63-kDa
subunit consisting of 551 amino acids (193-195). CBS is a
tetramer of identical subunits and is unique in being depen-
dent on two cofactors, heme and vitamin B, for activity.

Recently, the complete sequence of the CBS gene has
been identified (196). The gene contains 23 exons and has
at least two alternatively used promoter regions. By in situ
hybridization it has very recently been shown that the CBS
is continuously expressed in tissues of the developing em-
bryo (from the earliest stages studied, day 22 post-
conception) during embryogenesis (197). In adults CBS ac-
tivity could only be detected in liver and kidney.

The observed increased fasting, as well as post-
methionine load plasma Hcy concentrations, in women with
NTD-affected offspring may indicate an impaired transsul-
phuration (198). Steegers-Theunissen and colleagues stud-
ied the CBS activity in cultured skin fibroblast in 10 of these
women with post-methionine load elevated Hcy levels.
However, all the methionine-intolerant women had CBS
activities within the reference range. Ramsbottom et al.
(199) examined in women with NTD-affected offspring the
most commonly found mutations in the CBS gene related to
classic hyperhomocysteinemia in Ireland, and again no cor-
relation between NTD and defects in the CBS gene
was observed.

Disturbed homocysteine remethylation and NTD in
humans. A disorder in the folate metabolism affects the
remethylation of Hey to methionine, and Hcy is known as a
sensitive marker of the folate status. Supportive evidence
linking impeded Hcy remethylation to increased risk for a
NTD pregnancy was observed by studying the Hcy, folate,
and vitamin B,, levels in an Irish population (157, 200).
These studies showed that both mildly impaired folate me-
tabolism leading to reduced availability of 5-MeTHF and
mildly impaired vitamin B, metabolism possibly in com-
bination with a low folate or vitamin B, status seem to be
involved in the etiology of NTD. These studies also showed
that plasma vitamin B,, and folate might be independent
risk factors for NTD. Both studies support the hypothesis
that subtle inborn errors of the Hcy metabolism, resulting in
a reduced activity of MS or MTHFR, could be risk factors
for NTD-affected pregnancies.

Methionine synthase and NTD. The MS enzyme cata-
lyzes the transfer of a methyl-group from 5-MeTHF to the
cob(I)alamin form of the cofactor to form methylcobalamin
and THF, and then transfers the methyl-group from meth-
ylcobalamin to Hcy, forming methionine and regenerating
the cob(l)alamin. Recently, the MS gene was mapped to
chromosome 1q43, cloned, and the cDNA was sequenced
(201, 202). The first genetic mutations in this gene in CbIG
patients have been reported (202-204). The enzyme has a
modular construction, with distinct regions responsible for
Hcy binding and activation, for 5-MeTHF binding, for vi-
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tamin B, binding and activation, and for AdoMet binding
and reductive methylation. In vitamin B, deficiency, or
other forms of reduced MS function, for example, due to
irreversible oxidation of Cbl by nitrous oxide (186, 205),
Hcy remethylation decreases. Failure to regenerate methio-
nine causes depletion of methionine and AdoMet and ex-
poses the organism to increased levels of Hcy. The AdoMet
deficiency increases MTHFR activity by abolishment of its
inhibition by AdoMet, resulting in a depletion of the other
forms of THF required for thymidine and purine synthesis.
MTHER shunts folates into the 5-MeTHF form, which can
be processed due to reduced MS activity. This process is
commonly referred to as the “methyl trap hypothesis” (206).
Additionally, the rate of folate polyglutamate synthesis is
decreased because 5-MeTHF is a poor substrate for the
FPGS enzyme, and because 5-MeTHF is the circulating
form of folate, this leads to a lower retention of folates by
cells. The common denominator of a reduced substrate flow
through the MS and MTHFR enzymes is increased Hcy
levels and reduced methionine formation. Especially in
combination with low folate or vitamin B, status, this
could affect the cell’s ability to methylate important
compounds such as DNA, proteins, lipids, and myelin-
impairing cellular function, which could result in a dis-
turbed neurulation.

Several studies mention that a defective MS could be
involved in the aetiology of NTD (156, 157, 165, 166, 184,
186, 200, 207-214). The MS gene was recently cloned (201,
202), thereby enabling a genetic investigation of its role in
NTD. We sequenced the coding region of MS of NTD
patients with mild hyperhomocysteinemia, but no patholog-
ic mutations were found (215). We observed a common
polymorphism, the A2756G mutation, but this polymor-
phism gave no association between the Hcy levels of an
individual or an association with-an increased risk of NTD
offspring. In another study the transmission test for linkage
disequilibrium failed to detect a significant association be-
tween the mutated allele and NTD (216). Later studies also
failed to find a relationship between a defective MS and
NTD (217, 218). The A2756G mutation in the MS gene
even tended to lower Hcy levels among homozygous mu-
tated individuals (215, 217). However, one large study in
which healthy males were studied reported a moderate but
significant increase in Hcy levels due to the A2756G mu-
tation (219). This increase in Hcy levels was independent of
vitamin B, levels.

In contrast, studies on the bacterial analogue of MS
indicated that this common polymorphism does result in a
30% decreased enzyme activity (Matthews RG, personal
communication). Low vitamin B, levels, which are ob-
served in some NTD populations, together with the A2756G
mutation could theoretically result in a decreased methyl-
ation of Hcy to methionine.

Methionine synthase reductase and NTD. The MTRR
enzyme activates MS, so a disturbed function of the MTRR
could result in a decreased functional methionine synthase
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activity and thus in a decreased remethylation of Hcy to
methionine. Mutation analysis of homocystinuric patients
with severe MTRR deficiency led to the identification of a
common polymorphism in this gene, the A66G mutation
(192). This mutation replaces an isoleucine into methionine.
Since there is no expression system available, the exact
consequences of this mutation are unknown.

Thus far, only one study examined the prevalence of
this very common polymorphism in relation to NTD and an
increased prevalence of the homozygous mutated genotype
in NTD patients and their mother’s was observed (220). In
combination with low vitamin B,, levels the relative risk
almost reached significance and increased to a 2- to 5-fold
risk in the NTD patients and their mothers, respectively.
This may indicate that, especially when the cofactor of MS
(vitamin B,,) is limited, a reduced activation of MS by
MTRR could lead to a disturbed remethylation of Hcy to
methionine. The study by Wilson, however, failed to find an
association between the presence of the A66G mutation and
Hcy levels (220).

Especially in countries where vitamin B, intake is low,
this polymorphism may be of importance. Thus far, no ad-
ditional data on the prevalence of this polymorphism in
other populations is available. Large study groups are nec-
essary to examine the postulated relationship between a de-
fective MTRR enzyme and NTD.

Methylenetetrahydrofolate reductase and NTD.
MTHER is a regulating enzyme in the folate-dependent re-
methylation of Hcy. MTHFR mediates the conversion of
5,10-MTHF to 5-MeTHF and probably utilizes only poly-
glutamates as substrates within the cell (221-224). The en-
zyme is a flavoprotein that is allosterically inhibited by
AdoMet. The gene has been localized to chromosome
1p36.3 (225). Recently, most of the cDNA sequence has
been identified (226). The cDNA contains 11 exons and
shows a 90% amino acid sequence homology to mouse. The
enzyme binds Flavin adenine dinucleotide (FAD) and uti-
lizes NADPH as electron donor (223). In vitro the reaction
is bidirectional, but in vivo it is essentially unidirectional in
the direction of 5-MeTHF-synthesis (224). Methylene-THF
binding by the enzyme is inhibited in vitro by DHF and
dihydrobiopterin (227), providing a possible site of interac-
tion between folate and pterin metabolic pathways.

Studies on vascular patients showed that a thermolabile
variant of the MTHFR enzyme has a reduced activity, which
appeared to be associated with higher plasma Hcy concen-
trations (228, 229). After isolation and localization of the
MTHEFR gene, a C677T mutation was identified (225, 229).
This mutation is associated with decreased activity of
MTHFR, with thermolabile properties, and elevated plasma
Hcy concentrations. The effect of thermolabile MTHFR on
Hcy can be reversed by an additional folic acid intake (230,
231). Therefore, a mutated MTHFR gene may be involved
in the observed elevated Hcey levels in women with NTD
pregnancies and may explain a part of the protective effect
of folate on NTD.



~ We observed that the frequency of the C677T mutation
InMTHFR gene is more prevalent in NTD patients and their
mothers (185, 232-234). The C677T mutation was associ-
atﬁ‘:d with a significant 2.9- and 3.7-fold increased risk in
C.hlldren with spina bifida and their mothers. Thus, we iden-
tified the first genetic risk factor for NTD. An Irish and
American study confirmed this observation (235, 236). The
C.6.77T mutation is associated with decreased MTHFR ac-
Uvity, low plasma folate, and high plasma Hey and red cell
folate concentrations (185, 232).

The prevalence of this common polymorphism differs
Petween populations (229, 233, 234, 237-243) and may not
In every country be associated with an increased risk. Nev-
ertheless, in meta-analysis of the worldwide data on the
freqllencies of the C677T mutation in the MTHFR gene in

) D studies, we demonstrated an overall statistically sig-
“lﬁcant association of a 2-fold increased risk of NTD (234).
This mutation, therefore, should be regarded as a
8enetic risk factor for spina bifida in some populations
(234, 244, 245),

By studying the prevalence of the C677T mutation in
families with sporadic, as well as familial NTD, we ob-
“erved that the MTHFR genotype was associated with an
\creased risk in sporadic NTD offspring and not particular
In familial NTD (233). This could indicate differences in the
Underlying mechanism of NTD in sporadic and hereditary
Orms. No transmission distortion of the 677T allele could
be detected in British and American familial NTD cases
.23.9, 245), which is in concordance with our study that
"dicated that the C677T mutation is not a sirong determi-
hant of the hereditary form of NTD (233).

The 677TT genotype is not associated with a certain
type of NTD (238), and therefore does not seem to contrib-
Ute to the observed differences in prevalence in different
Studies. The studies performed by De Franchis et al. (237,
238) underline the importance of large study populations.

€ authors observed in their first report, which included
only 28 mothers of NTD-affected offspring, no association
between the 677TT genotype and the risk of having a NTD
pre8nancy. Their second report, which included 203 NTD
Patients, did show a significant association between the

THFR genotype and an increased risk of NTD.

It is unclear whether periconceptional folate intake
OVercomes a disturbed Hcy and folate metabolism in the
n}Other or in her developing fetus. By studying the com-
bineg prevalence of the MTHFR genotype in the mother and

®f NTD child, we observed an additive increase in risk.

h.‘s risk increased to 6- to 7-fold if both the mother and her
ch‘_ld are homozygous for the C677T mutation (232, 233).

s indicates that the genotype of the mother as well as the
8enotype of her unborn child is related to the risk on NTD.

U.r results are recently confirmed by a Canadian study,
Which also observed a 6-fold increased risk if both the
Mother and her child had the 677TT genotype (246). Other
Studies algo reported, although to a lesser extent, an in-

creased risk if both the mother and her child were homo-
zygously mutated (247, 248).

We studied the plasma Hcy levels of mothers of a child
with NTD and NTD patients after excluding individuals
with a 677TT genotype and significantly elevated Hcy and
decreased plasma folate levels were still observed (158).
Red blood cell folate did not differ among patients, their
parents, and controls, suggesting a normal dietary folate
intake and uptake. This indicates the presence of other yet
unrevealed defects in the Hcy remethylation to methionine.

Therefore, we sequenced the entire coding region of the
MTHFR gene and identified a second common polymor-
phism in the MTHFR gene (249), the A1298C mutation.
Homozygosity for this mutation does result in a decreased
MTHFR activity, but is not associated with elevated Hey
levels or an increased risk for NTD offspring. However,
combined heterozygosity for both the C677T and A1298C
mutation might be another genetic risk factor for NTD and
partly explains the observed elevated Hcy levels (249). Only
two studies thus far have investigated the prevalence of this
A1298C mutation in relation to NTD (250, 251). The study
performed by Weisberg et al. (250) confirmed our results of
a decreased enzyme activity, but observed no differences in
prevalence of the combined heterozygotes for these muta-
tions between controls and NTD patients and their mothers.
This was a relatively small study of 141 mothers (controls
plus mothers of a child with NTD) and 133 children (con-
trols plus NTD patients). No data is given on the number of
NTD patients, their mothers, and controls. The study per-
formed by Stegmann et al. (251) did show an increased
prevalence of the combined heterozygous genotype
(677CT/1298AC) among NTD patients (24%) versus con-
trols (16%). The authors did not find a selective transmis-
sion of either of the mutated alleles; from their data we
could calculate odds ratios and we observed a significantly,
almost 3-fold, increased risk for the combined heterozy-
gous-mutated genotype among NTD cases compared with
the 677CC/1298AA genotype.

The effect of the A1298C mutation on the MTHFR
activity and Hcy concentration is lower than that of the
C677T mutation, and thus probably also on the risk of NTD.
Therefore, very large case/control studies are needed to con-
firm our tentative observation that the A1298A mutation
may be a genetic risk factor for NTD. No additional data on
the prevalence of this polymorphism in other populations is
available yet.

Multifactorial Etiology of NTD. It has been sug-
gested that NTD are of a multifactorial origin involving
both genetic and environmental factors. The MTHFR
C677T mutation is a perfect example of the interaction
between nature and nurture in the risk of having a NTD
pregnancy.

Both the observed A2756G mutation in the MS gene
and the A66G polymorphism in the MTRR gene had no
effect on Hcey levels in individuals homozygous for these
polymorphisms (215, 220). It remains to be investigated if
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these polymorphisms in the presence of low folate or vita-
min B, levels do result in mild elevations of Hcy.

The multifactorial origin of NTD is also likely due to
aberrations in multiple alleles at multiple loci. The role of
gene-to-gene interactions in NTD is still unclear. Interest-
ingly, some studies (252, 253) showed a synergistic inter-
action between the C677T mutation in the MTHFR gene
and a common 68-bp insertion in the CBS gene. Even
though the CBS polymorphism itself showed no association
with NTD, it increased the risk of the C677T mutation on
NTD from 2- to 5-fold. This indicates that gene-to-gene
interactions of seemingly neutral mutations might be related
to the etiology of NTD.

MS needs, for its proper function, two activating pro-
teins, the soluble cytochrome bs (190, 191) and the methi-
onine synthase reductase (192). Mutations in these proteins,
next to the A2756G mutation in MS itself, could disturb MS
activity in such a way that it causes a disturbance in the
catalytic activity of MS. The A2756G mutation in the MS
gene and the A66G polymorphism in the MTRR gene could
lead to an increased risk on NTD by gene-to-gene interac-
tions with other mutations present in an individual.

Future studies should explore if gene-environment and
gene-to-gene interactions are involved in the etiology of
NTD. To examine these interactions, very large case-control
groups are necessary; therefore, these studies will probably
have to be performed in a multicenter trial setting.

Summary and Concluding Remarks

Folate-Preventable NTD. Mothers of children with
NTD showed mildly elevated plasma Hcy levels (156158,
184, 186). Since there were no pronounced folate deficien-
cies observed in these mothers (155-158), we hypothesized
that defects leading to mild elevations in Hcy levels could
be associated with the aetiology of NTD. Periconceptional
folate supplementation may overcome such a relatively mild
metabolic defect, and thereby this hypothesis is providing a
rationale for the protective effect of folate in the developing
child against NTD.

In view of these findings, genes involved in the folate-
related Hey pathway were examined by several laboratories
including ours. We were the first to identify the first and
possibly the second genetic risk factor of NTD (185, 232,
234). Both are common polymorphisms in the MTHFR
gene and are associated with a decreased activity of the
enzyme. The MTHFR genotype of the mother as well as
that of her unborn child are involved in the etiology of
NTD (232, 233).

The observed risk factors confirmed our earlier postu-
lated concept of the involvement of a disturbed folate-
related Hcy metabolism as a cause of NTD in mothers as
well as their offspring. Although the MTHFR polymor-
phisms are only moderate risk factors, population-wide they
may account for an important part of the observed NTD
prevalence. The observed elevated Hcy concentrations in
individuals with the MTHFR polymorphisms can success-
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fully be lowered by folate, even in individuals with normal
folate levels (230, 231).

In the study of Selhub et al. (254), it was observed that
Hcy levels reached its nadir at folate intakes higher than
approximately 400 g per day. This indicates that 400 pg of
folate per day is the minimal dose that should be taken
periconceptionally, especially since an additional intake of
this dose does not seem to have adverse side effects (255).
This, together with the studies that indicated that the recur-
rence (93) and first occurrence (94) of NTD could be partly
overcome by periconceptional folate use, is more than suf-
ficient to warrant folate supplementation to women who
want to become pregnant. An increase of folate consump-
tion at a population-wide level may also prevent other ob-
stetric complications like placental infarcts and recurrent
spontaneous abortions, as well as common diseases like
vascular diseases, cancer, and decreased cognitive function.

A reduced MTHFR activity can only explain in part the
observed elevated Hcy levels in NTD patients and their
mother’s (158). Thus, other defects in the folate and Hcy
metabolism may possibly cause mild hyperhomocystein-
emia as well. At the present there is no compelling evidence
to implicate defective FRs (188, 189), CBS (199), or MS
directly (215-218) to the etiology of NTD.

To date, only one study has examined the MTRR gene
(220). In this study a very common polymorphism in this
gene, the A66G mutation, was observed. This polymor-
phism, together with decreased vitamin B, levels, may lead
to an increased risk in NTD. This finding will require con-
firmation of other studies and might result in an advisory to
women to take not only additional folate, but also vitamin
B,, when planning a pregnancy.

In addition, a defective transport of Cbl to the cells by
the transcobalamine transport proteins could, due to a short-
age of cellular vitamin B ,, also result in a decreased ac-
tivity of the MS (210). Therefore, apo- and holo-
transcobalamin (active versus inactive) levels should be de-
termined in NTD patients and their parents, and the genes
coding for these transport proteins should be examined.

Mechanism of Defective Neural Tube Closure
due to Defects in Folate and Hcy Metabolism.
Taken together, our findings point to the significance of an
impaired Hcy metabolism, which can partly be explained by
a reduced MTHFR activity, in the etiology of NTD. The
observed elevated Hey levels in both NTD patients and their
mothers still keep us in the dark in terms of the underlying
mechanism(s) that result in a defective closure of the neural
tube. A reduced substrate flow through MS, due to a de-
creased availability of 5-MeTHF levels, will result in in-
creased Hcy levels and in reduced methionine formation.
Research needs to focus on the biological mechanisms
through which elevated Hcy or decreased methionine levels
could cause NTD. Several hypotheses can be proposed: (I)
Hcy itself is embryo-toxic during the process of neurulation;
(i1) decreased levels of methionine due to a disturbed re-
methylation of Hey to methionine will result in decreased



levels of AdoMet, which is the general methyl donor in the
Puman body and in this way could disturb neurulation by an
Inadequate gene methylation and thus gene expression; and
by an inadequate amino acid methylation which could dis-
turb, for example, microfilament synthesis; and (iii) in-
Creased Hey levels will lead to an increased concentration of
AdoHcy, a competitive inhibitor of most methyltransfer-
ases, which will mimic the effects of AdoMet depletion.
Teratology of homocysteine during neurulation. 1t
Was initially hypothesized that Hcy itself is disturbing neu-
Tulation (156). If Hcy concentrations are causally related to
TD, one could expect that Hcy is disturbing processes that
are involved in neural tube closure. Studies with rat em-
T¥0s could not confirm an effect of Hcy on neurulation
(256, 257). It was concluded that elevation of Hcy is not a
“ausal factor in the etiology of NTD in those studies.
Rather, these studies indicated that Hcy is necessary to serve
3 substrate for methionine synthesis and, therefore, Hey
Was suggested to be a growth factor at low concentrations,
aS Was seen in the rat embryo (257).
In the chick embryo, however, Hcy induced specifically
TD when applied before and during the period of neuru-
lation (258). The authors suggested that the biological
Mechanism of Hcy toxicity is based on its cytotoxic prop-
Crties in killing cells specifically affecting the neural crest,
fesulting in a closure defect. However, no description of the
Morphological and other aspects during the arisal of the
Reurulation defect has been given.
. Methyiation and gene expression. Folate metabo-
1m is involved in Hey remethylation to methionine and in
Purine and thymidine synthesis. The essential amino acid,
metflionine is, besides in protein synthesis, involved in for-
matfon of AdoMet, which is a substrate for many transmeth-
Ylation reactions, including DNA methylation. A shortage
!0 the supply of methyl-groups could result in an impaired
Methylation of DNA, which in turn, could lead to a dis-
turbed gene expression. DNA methylation is undergoing
fapid changes, especially during the first stages of the em-
TYogenesis (259). Small delays in remethylation of genes
‘ould have major consequences during the neurulation
Phase in which gene expression of the different genes in-
Volved in the closure of the neural tube are following each
Other in a cascade event.
Folic acid intake prevents against all the different forms

Of NTD, since there is no special drop in a certain type of

NTD (27). The different NTD types may result from dif-
Crent disturbed processes as pointed out earlier, but they all
are prevented by additional folate intake. The pivotal role of
Olate in DNA synthesis and gene expression can explain
Why 4 simple vitamin influences a complex process like
DCurulation. By using differential display techniques, it
VYOuld be possible to examine differences in gene expres-
Slon brought about by elevated Hcy levels or decreased
AdoMet and methionine levels.

Methionine depletion, decreased amino acid meth-
Viation and microfilament synthesis. Methionine supple-

mentation prevents the arisal of NTD in rats (257) and pos-
sibly in humans (260). Methionine may act on neurulation
by methylation of amino acids via the methylation cycle in
at least two ways. First, mono- and dimethylarginine are
found mainly on histone proteins. Hypermethylation is
found to reduce mitotic activity, but reduced mitotic activity
does not appear to be prerequisite for NTD (261). Second,
trimethyllysine and 3-methylhistidine are the major methyl-
amino acids in myosin and actin. It has been suggested that
contraction of myosin/actin microfilaments is regulated by
methylation of lysine and histidine residues. Thus, micro-
filament construction and functioning are dependent upon
sufficient transmethylation.

In vitro experiments with rat embryos cultured in a
methionine-deficient medium resulted in lowered mono-
and dimethylarginine, trimethyllysine, and 3-methylhisti-
dine (261). Moreover, a defective elevation of the cranial
neural folds was seen, suggesting an impaired microfila-
ment action. It has been suggested that contraction of these
microfilaments generates an intrinsic force to the neuroep-
ithelial cells, resulting in cell wedging. As a consequence,
the neural plate bends inward, which in turn results in el-
evation of the neural plate and convergence of the neural
folds. Many experiments have revealed that disruption of
microfilaments results in NTD in rats and mice (reviewed in
Refs. 15, 262, and 263) and the chick embryo (15, 16).

Elevated homocysteine levels and a disturbed
AdoMet/AdoHcy ratio. Elevated Hcy levels reduce the
AdoMet/AdoHcy ratio and thus reduce transmethylation,
which subsequently alters gene expression and reduces
methylation of amino acids, as described above. Therefore,
elevated Hcy concentrations may simulate the effect of me-
thionine depletion. Another possibility is that increased Hey
indicates a decreased intracellular pool of THF, as men-
tioned in the methyl-trap hypothesis, and reduces the avail-
ability of THF for nucleic acid synthesis. This could lead to
an insufficient supply of material to the closing neural
groove, which cannot close properly. By determining the
AdoMet versus AdoHcy levels and the Hey and methionine
levels, more insight in the underlying cause of NTD may
be revealed.

Non-Folate Preventable NTD. Folate supplements
do not prevent all occurrences and recurrences of NTD,
Some studies suggest that inositol (264) and methionine
(257, 265) can reduce the prevalence of NTD. All of these
studies are performed in animal models, but might be also
applicable to man. Thus far, no harmful side effects of ino-
sitol and methionine have been established. In humans, a
dietary questionnaire showed a positive effect of a diet rich
in methionine on pregnancy outcome (260). This reduction
in NTD prevalence was itrespective of folate intake.

The identification of non-folate-related Hey elevations
in NTD patients, next to the observed prevention of NTD by
inositol and methionine in animal models, may have its
repercussion on primary prevention on NTD. Extension of
folate therapy with vitamin B,,, inositol, or methionine
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might result in a lower occurrence and recurrence preva-
lence of NTD.

Conclusions. Future studies should focus on identi-
fication of the molecular basis of specific Hcy elevations
and/or decreased plasma folate levels. Candidate genes,
next to MTHFR and CBS, include SHMT, MTHFD, BHMT,
genes involved in the synthesis of thymidylate, purines,
regulatory proteins, or (co-)substrates involved in folate and
Hcy metabolism. These candidate genes should be sub-
jected to mutation analysis or linkages studies by using
intra- and inter-gene markers. Molecular genetic studies
should not only involve mutation analysis of coding regions
of these genes, but also the quantification of mRNA levels,
examination of the 3'- and 5’ UTR, intron-exon boundaries
for alternative splicing, and test promoter functions.

It remains to be determined whether the preventive ef-
fect of folic acid on NTD, next to overcoming of reduced
MTHEFR function, is due to other defective enzymes of fo-
late and Hey metabolism. MTHFR catalyzes the reduction
of 5,10-MTHF to 5-MeTHF, but 5,10-MTHF is also used in
two alternative routes; 5,10-MTHF can also transfer its
methylene-group to dUMP to give rise to dTMP or can be
oxidized via 5,10-methenylTHF to 10-formylTHF. The lat-
ter is required for the synthesis of purines. This might in-
dicate that even a disturbed thymidylate and purine synthe-
sis could be involved in the risk of having a NTD preg-
nancy. Determination of purines and thymidylate in blood
could be a useful tool to investigate this hypothesis.

The described animal models have only partly verified
the underlying mechanism of an impaired Hey metabolism
in relation to a defective closure of the neural tube. Most of
these studies only reported whether or not Hey or methio-
nine resulted in NTD in the studied animal model and still
gave no real insight in the mechanisms that are affected
during peurulation. To understand more about the underly-
ing mechanism on the arousal of NTD due to a disturbed
Hcy metabolism, processes such as DNA methylation and
microfilament synthesis have to be examined. However, a
role for Hcy as a cytotoxic agent should not be excluded.
Hey might be involved in cell loss, possibly at critical sites
like the neural folds, and therefore result in NTD.

Research should also focus on the non-folate-prevent-
able NTD, which likely represents 30% of the NTD cases.
Theoretically, supplements containing, next to folate, also
vitamin B,,, methionine, and inositol may lead to an extra
reduction of NTD prevalence.
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