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The importance of an adequate periconceptional maternal folate status to prevent fetal neural tube defects has been well demonstrated and
resulted in the recommendation for women to use folic acid supplements during the periconception period. The importance of maternal folate
status for offspring neurodevelopment and brain health is less well described. We reviewed the current evidence linking maternal folate status before
conception and during pregnancy with neurodevelopment and cognition of the offspring. We discuss both animal and human studies. Preclinical
research revealed the importance of maternal folate status for several key processes required for normal neurodevelopment and brain functioning
in the offspring, including DNA synthesis, regulation of gene expression, synthesis of phospholipids and neurotransmitters, and maintenance
of healthy plasma homocysteine concentrations. Human observational studies are inconclusive; about half have shown a positive association
between maternal folate status and cognitive performance of offspring. Whereas some studies suggest a positive association between maternal
folate intake and cognition of offspring during childhood, data from interventional studies are too limited to conclude that there is a direct effect.
Future preclinical studies are needed to help us characterize the behavioral effects, understand the underlying mechanisms, and to establish an
optimal dosage and time window of folate supplementation. Moreover, more conclusive data from well-designed human observational studies
and randomized controlled trials are needed to determine whether current recommendations for folic acid supplementation during pregnancy
cover the needs for normal cognitive development in the offspring. Adv Nutr 2019;10:502-519.
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Introduction

The essential micronutrient folate, also known as vitamin
B-9, is a water-soluble vitamin complex naturally occurring
in, for example, green leafy vegetables. Its name is derived
from the Latin word for leaf (folium). Folate acts as a co-
factor and regulatory molecule in multiple crucial biological
processes in our body. As most mammals, including rodents
and humans, cannot synthesize folate de novo, adequate
dietary intake of folate is important throughout life. Adequate
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folate intake is particularly important for pregnant women,
in whom folate requirements are 5-10-fold higher compared
to non-pregnant women. These increased requirements are
critical to support optimal growth and development of
both maternal and fetal tissues (1, 2). More specifically,
as the developing embryo receives folate from the mother
through the placenta (3), an adequate maternal folate supply
is necessary to maintain active transfer of folate from the
maternal circulation to fetal vessels via polarized folate
transporters (4).

Early research demonstrated megaloblastic anemia as
a common consequence of folate deficiency in pregnant
women (5). As supplementation with folic acid, the synthetic
form of folate, has been shown to reduce the prevalence of
folate deficiency during pregnancy (6, 7), pregnant women
were subsequently recommended to use 200-400 ug folic
acid/d (8). Later studies showed that periconceptional folic
acid supplementation also protects against neural tube
defects (NTDs) in the fetus (9, 10). Besides its importance
for prevention of NTDs, maternal periconceptional folate
status has also been linked to other health outcomes in
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Folate and methionine cycle (simplified). Folates from food and folic acid from fortification/supplementation are converted in

the liver by the enzyme dihydrofolate reductase to form dihydrofolate (DHF) and then tetrahydrofolate (THF). THF enters the folate cycle
where its vitamin B-6-dependent conversion to 5,10-methylenetetrahydrofolate (5,10-MTHF) is required for nucleic acid synthesis. The
vitamin B-2-dependent enzyme methylenetetrahydrofolate reductase catalyzes reduction of 5,10-MTHF to 5-methyltetrahydrofolate
(5-MTHF), in an irreversible reaction. As 5-MTHF is converted by methionine synthase into THF in a vitamin B-12-dependent reaction,
vitamin B-12 deficiency can cause a functional folate deficiency. The interconnected methionine cycle is depicted on the right: 5-MTHF is
required for the vitamin B-12-dependent formation of homocysteine into methionine. Methionine, once converted to S-adenosyl
methionine (SAM) acts as a methyl donor in many biological methylation reactions. SAH, S-adenosylhomocysteine.

the offspring. For instance, low maternal folate status has
been associated with increased risks on preterm birth, low
birth weight, and fetal growth retardation (1, 2, 11), as
well as structural malformations, such as congenital heart
defects and oral clefts (2, 12). In addition, maternal folate
deficiency is suggested to affect offspring neurodevelopment
and brain health, possibly resulting in neurodevelopmental
impairments, including autism spectrum disorders and
schizophrenia (13-17).

Hence, women planning to become pregnant are advised
to take daily supplements containing 400-800 ug folic acid
until the end of the first trimester of pregnancy (18). In
addition, fortification of foods with folic acid, which has been
mandated in over 80 countries including the United States,
Canada, and South Africa (but not in Europe), has been
associated with a decline in the prevalence of NTDs (19).
Recent folate intake data, collected in a population of mostly
highly educated 18-40-y-old Dutch women (i.e., Europe)
with a pregnancy wish, demonstrated a usual median (IQR)
total folate intake of 713 (672) folate equivalents (FE) pg/d.
Dietary sources covered 262 (102) FE g of the daily folate
intake; 56% of the women took a folate supplement. In
this study, total folate intake was moderately correlated
with plasma folate (r: 0.55) (20), which is well within the
acceptable range for an intake-status correlation of r: 0.4-
0.7 (21). Fourteen percent of the Dutch women had plasma
folate concentrations <10 nmol/L (20), a commonly used
cutoff value for functional folate adequacy (22). Although
national surveys also show gestational folate deficiencies
among women in Costa Rica, Venezuela, West Africa, and
Asia, global data on the prevalence of folate deficiency during
pregnancy are currently lacking (23, 24).

In contrast to the Dutch study mentioned above, consid-
erably higher total and dietary folate intakes [median (IQR):
2181 (2114-2299) and 463 (401-530) FE pg/d, respectively]
have been observed among pregnant Canadians, which
probably relates to the use of folic acid-fortified foods as well
as the high proportion of women using prenatal supplements
containing high dosages of folic acid (97%) (25). Concerns
have been raised that excessive folic acid fortification and
supplementation might pose potential health risks (26), such
as masking symptoms and aggravating cognitive impair-
ments in vitamin B-12-deficient elderly (27) and insulin
resistance and adiposity in children of mothers with high
folate concentrations and low concentrations of vitamin
B-12 during gestation (28).

Thus, it is evident that an adequate folate intake during
pregnancy can impact normal growth and development
of the infant (29, 30) as well as later health outcomes.
However, the importance of maternal folate status for
offspring neurodevelopment (31) and brain functioning is
less well described. Below, we address why folate is an
essential element in the various physiological processes
important for neurodevelopment and brain functioning (see
Figure 1).

First, as a coenzyme, folate plays a role in biosynthesis
of purine and pyrimidine nucleotides and is therefore
crucial for synthesis of DNA and cell division. Second, as a
methyl donor in the 1-carbon-metabolism, folate is required
for generation of the universal methyl donor S-adenosyl
methionine (SAM). SAM is not only critical for all cellular
methylation reactions, including epigenetic regulation of
gene expression via DNA and histone methylation, but is also
implicated in phospholipid synthesis and as such required for
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the formation of, for example, myelin (32). Third, folate is
required for synthesis of various neurotransmitters including
serotonin, catecholamines, and melatonin (33). Fourth, as
folate is needed as a cofactor for conversion of homocysteine
into methionine, it is key for regulation of homocysteine
serum concentrations (34), a sulfur-containing amino acid
known to be neurotoxic at high concentrations (35). Crucial
for this is the action of methylenetetrahydrofolate reductase
(MTHEFR), the enzyme that catalyzes reduction of 5,10-
methylenetetrahydrofolate to 5-methyltetrahydrofolate.

Disturbances in folate metabolism can have a dietary or
a genetic cause. The most common genetic disturbance of
folate metabolism is a deficiency in MTHFR activity (36).
Severe MTHEFR deficiency, associated with developmental
delay, seizures, and neurological abnormalities, is relatively
rare (36). However, mild MTHFR deficiency, caused by a
677C > T (A222V) polymorphism is present in 10-15%
of many Caucasian populations, and this mild MTHFR
deficiency (£30% residual enzyme activity) is associated
with increased risk of neurodevelopmental disorders and
psychopathologies including schizophrenia (37).

Considering the importance of folate for all the phys-
iological processes critical for normal neurodevelopment
and brain functioning as mentioned above, folate defi-
ciency as well as folate overabundance might have adverse
health outcomes. The primary goal of this review is to
provide a comprehensive overview of current evidence on
the impact of maternal folate status during predominantly
(pre-)conception and gestation on offspring neurodevelop-
ment and cognitive function.

Current status of knowledge

Animal studies: maternal folate affects various
biological processes in the developing offspring brain
First, preclinical studies on the effects of maternal folate
intake during gestation on brain structure and function in
rodents are discussed. See Table 1 for the effects of folate
deficiency and Table 2 for the effects of folate excess on
brain development. These tables also include specifics on the
folic acid dose and timing. The daily recommended dose for
rodents is 2 mg folic acid/kg diet. In most rodent studies, folic
acid intake modification starts several weeks before mating
(ranging from 1-8 wk) and continues either until birth, until
weaning or until adulthood (age 3-7 mo).

Neurogenesis and apoptosis.

As folate is required for DNA synthesis, all proliferating cells
depend on sufficient folate concentrations. Indeed, maternal
folate intake during late pregnancy has been shown to affect
neurogenesis and apoptosis in fetal mice brains (38, 39).
Mouse offspring of dams fed a diet with excessive amounts
of folate (20 mg/kg diet) during late pregnancy displayed
no differences in cell proliferation, apoptosis, and neuronal
differentiation in areas of the fetal forebrain compared with
offspring from dams fed a normal diet (38). On the contrary,
pups of dams fed a folate-deficient diet (0 mg/kg diet)
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displayed a reduction in neural progenitor cells in different
structures of the fetal forebrain, including the neocortex, an
area responsible for complex behaviors such as cognition
(40). Furthermore, the number of apoptotic cells was almost
doubled in the septum and hippocampus of offspring of
folate-depleted mothers, which suggests that folate deficiency
affects the development of these 2 brain regions involved
in neuronal pathways important for learning and memory.
A net reduction in the number of cells in folate-deficient
fetal mice brains (41) was accompanied with decreased folate
receptor expression and changes in cellular architecture.
Conversely, others found no differences in cell proliferation,
relative brain weight and hippocampal morphology between
mice pups exposed to low (0.3 mg/kg diet) and normal
(2 mg/kg diet) amounts of folate during gestation and
lactation. However, a trend towards increased apoptosis in
the hippocampus was observed (42). Furthermore, folate-
deficient (0 mg/kg diet) mice had a higher number of
differentiating (calretinin-positive) neurons in the forebrain,
suggesting increased neuronal differentiation in response to
maternal folate deficiency during late pregnancy (38). In rats,
relative brain weights were similar in folate-excess (8 mg/kg
diet) and folate-replete (2 mg/kg diet) oftspring at birth (43)
and at weaning (44).

Neurotrophic factors.

A series of studies have specifically looked at the effect
of an imbalance in maternal folate status on the protein
and mRNA expression levels of neurotrophic factors in the
offspring’s brain. Neurotrophic factors, such as brain-derived
neurotrophic factor (BDNF) and nerve growth factor (NGF)
are important regulators of neuronal survival, development,
and plasticity. BDNF is an important modulator of synaptic
plasticity and plays a role in memory and spatial learning
(45), whereas NGF is important for cognitive function
through its role in cholinergic and glutamatergic transmis-
sion (46).

In comparison to offspring of rats fed a normal diet
during pregnancy, no differences in protein and expression
levels of BDNF and NGF were found in offspring of folate-
supplemented (8 mg/kg diet) rats at birth (43). After birth,
offspring continued with the same diet or were shifted to
a control diet with normal amounts of folate (2 mg/kg
diet). Although no differences in NGF levels were found
at weaning, BDNF levels were decreased in 3-wk-old rats
in both postnatal diet groups. It is suggested that such a
decline in BDNF could impair mechanisms important for
memory and spatial learning processes (44). Alterations in
neurotrophin levels were also observed when pups were
followed until age 3 mo (47). In the hippocampus, BDNF
levels were decreased in rats, independently of the postnatal
diet. In addition, a decline in both BDNF and NGF was
observed in the cortex. Reduced NGF levels have been
shown to affect pathways crucial in cognitive processes,
such as long-term potentiation (46). However, investigation
of the gene expression of these molecules in the cortex
revealed no differences (48). Furthermore, the mRNA levels
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of transmembrane receptor tyrosine receptor kinase B (TrkB)
and cAMP response element-binding protein (CREB), which
are involved in a BDNF-induced signaling cascade critical
for learning and memory, were similar in folate-excess and
folate-replete rats.

Considering the potential interactions with brain neu-
rotrophins, the effect of maternal folate excess on brain
oxidative stress levels have been addressed in this series
of studies. In neonatal brains, the concentrations of the
oxidative stress biomarker malondialdehyde were compara-
ble between offspring of mothers fed a normal folate diet
(2 mg/kg diet) and those of mothers fed a high-folate diet
(8 mg/kg diet) (52). No differences were observed in brain
concentrations of antioxidant enzyme superoxide dismutase
(SOD) (53). In contrast, the concentrations of glutathione
peroxidase (GPX), another antioxidant enzyme, were re-
duced in response to maternal folate supplementation. A
decline in antioxidant enzyme concentrations such as GPX
may lead to oxidative damage, which is associated with
cognitive impairments (55). However, examination of the
pups at postnatal day 21 revealed no differences in GPX
concentrations.

DNA repair.

Maternal folate deficiency has also been shown to af-
fect DNA repair. Offspring of mice fed a folate-deficient
diet (0.4 mg/kg diet) throughout pregnancy and lactation
showed increased base excision repair (BER) activity in
the brain at weaning (49). However, this effect was re-
versed in adulthood; a decreased BER activity in 6-mo-
old adult offspring of folate-deficient dams was observed.
This decline in BER activity is suggested to cause neurode-
generation by increasing sensitivity to oxidative damage,
as indicated by increased concentrations of the oxida-
tive stress biomarker 8-oxo-7,8-dihydro-2deoxyguanosine
(8-0x0dG) and increased methylation of the BER gene
8-oxoguanine glycosylase 1 (Oggl) in subcortical brain
regions in these 6-mo-old mice. No effects were ob-
served on expression of other BER genes and global DNA
methylation.

Gene expression and DNA methylation.

Prenatal folate also modulates the expression of several genes
and proteins involved in neuronal function in offspring. In
mice, in utero supplementation with 4 mg/kg diet resulted
in altered expression of multiple genes, in a range between
62-fold upregulation to 18-fold downregulation (50). In the
cerebral hemispheres of pups, changes in the expression of
important developmental and neural genes, including those
involved in neurogenesis, neurotransmission, synaptic plas-
ticity, and ~y-aminobutyric acid-glutamate and dopamine-
serotonin pathways, were induced by a maternal diet high
in folate. Some of the dysregulations were common in
both males and females, but a large number of genes were
differentially expressed, indicating sex-specific alterations
in expression pattern. A recent study with even higher
amounts of folate (20 mg/kg diet) found similar effects (51).

For instance, the expression of nuclear factor 1 X-type,
runt-related transcription factor 1, and vestigial like family
member 2 were modulated by maternal folate excess. These
transcriptional factors important for brain development were
downregulated in male pups, whereas female pups showed
increased expression of these factors, again suggesting an
interaction between maternal folate dose and sex. However,
no significant effect was found on overall global methylation
level in brains of both sexes. Likewise, no differences in
global DNA methylation levels were found in rat brains at
birth and at age 3 wk (54). In contrast, a region-specific
analysis at 3 mo revealed an increased global methylation
level in the cortex of offspring of dams fed a high-folate diet
(8 mg/kg diet), even when offspring were fed a diet with
normal amounts of folate (2 mg/kg diet) after birth. This
effect was not observed in offspring hippocampus, which
indicates an effect of folate in a region-specific manner. The
authors suggest that the observed hypermethylation in the
cortex could affect the expression of genes important for
cognitive functioning, more specifically decision making and
cognitive behavior in which the cortex is considered to be
involved.

Brain FA content and myelin formation.

Importantly, 1-carbon metabolism and fatty acid (FA)
metabolism interact (56). Methyl groups generated in the 1-
carbon cycle are required for synthesis and transport of FAs.
Furthermore, when methylation capacity is compromised,
for example, during folate imbalance, this impairs generation
of phosphatidylcholine, which is crucial for delivery of
polyunsaturated fatty acids (PUFAs) from the liver to other
peripheral tissues (57). Folate deficiency has been linked to
altered FA composition of plasma and platelets (58) and
several preclinical studies have investigated the offspring’s
brain FA content after modification of maternal folate during
gestation.

Offspring exposed to prenatal folate excess (8 mg/kg diet)
showed lower brain DHA concentrations at birth, whereas
no differences were found in brain arachidonic acid (AA)
concentrations (52). DHA, an w-3 PUFA that is highly
enriched in the brain, is vital for proper brain development
and function. Therefore, low DHA concentrations may
contribute to impaired cognitive performance, which has
also been suggested by other studies (59). Continuation of a
high-folate diet (8 mg/kg diet) during lactation resulted in
no significant differences in offspring DHA and AA brain
concentrations compared to the control group (2 mg/kg
diet) (44). Interestingly, pups that shifted to a control diet
after birth showed decreased concentrations of AA. At age
3 mo, both postnatal diets groups showed a reduction
in AA concentrations in the hippocampus, whereas no
differences were found in AA concentrations in the cortex
(47). AA is crucial for normal development of the brain,
including the hippocampus, and in this way low AA may
affect hippocampal functions, such as learning and memory
(60). No effects were seen on the concentrations of DHA
in the brains of both rats fed a normal diet (2 mg/kg
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diet) and rats fed a high-folate (8 mg/kg diet) diet after
birth.

In the brain, the biochemical pathways connecting folate
and choline have been associated with the maintenance of
membrane and myelin integrity (61). Methylated phospho-
lipids, including, for example, phosphatidylcholine and sph-
ingomyelin, are required for membrane formation and form
essential components of myelin; the brain’s white matter that
facilitates signal conduction in axons. Indeed, a brain-specific
folate deficiency caused by a heritable folate transport defect,
is described to cause a lack of membrane phospholipids
and ultimately disrupted myelin formation, associated with
progressive movement disturbance, psychomotor decline,
and epilepsy (61). Recently, it has been shown that folate
supplementation during pregnancy and lactation accelerates
the maturation of oligodendrocytes; the cells responsible for
myelin production. In addition, pharmacological inhibition
of folate metabolism has opposite effects, including oligoden-
drocyte death and differentiation effects, which could be res-
cued by folate supplementation (62). Together, these findings
indicate that folate is important for myelin development and
maintenance.

Interaction with other nutrient concentrations.

As described above, folate is metabolically related to other
essential micronutrients, including B vitamins and choline.
Maternal folate depletion (0.3 mg/kg diet) was shown to
contribute to changes in choline metabolism in mice (42).
Pups aged 3 wk, from folate-deficient dams showed lower
betaine concentrations and higher choline acetyltransferase
levels in the hippocampus. This might be of relevance
because the choline and folate metabolism are strongly
interrelated (63) and both nutrients are known to be
important for normal functioning of the hippocampus, a
brain area involved in learning and memory. Importantly,
within the 1-carbon metabolism, folate is required for
remethylation of homocysteine into the essential amino
acid methionine, as such a lack of folate can result in
increased homocysteine concentrations (34). Homocysteine
is known to be neurotoxic in high concentrations (35), and
hyperhomocysteinemia has been associated with cognitive
decline (64).

Folate and offspring behavior in animals
As evident from the literature reviewed above, maternal
folate status is important for various biological processes
in the developing (fetal) brain, but what are the func-
tional consequences of this? Below, we will discuss the
effects of maternal folate intake and status on cognition
in the offspring. Note, we specifically focus on dietary
maternal folate, hence studies in which folate status was
altered indirectly (e.g., as a result of MTHFR genotype
or folate receptor antibodies) are not considered in this
section.

Studies on folate deficiency and excess and offspring
behavior in rodents are displayed in Table 3. Prenatal folate
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deficiency that is restored at birth, was shown to have adverse
behavioral outcomes in mice offspring at age 9-12 wk (65).
Female mice received a folate-deficient (0.177 mg/kg diet
or 0.265 mg/kg diet) or folate-replete (0.529 mg/kg diet)
diet from 8 wk before mating until birth; at birth they
were all switched to a folate-replete diet. Although several
developmental tests during the pre-weaning period revealed
no differences between the offspring of folate-deficient and
folate-replete dams, behavioral testing at age 9-12 wk showed
that the mice with the lowest prenatal amount of folate
exhibited more anxiety-related behavior in the elevated plus
maze. Prenatal folate-deficient mice spent significantly less
time in the open arms and more time in the closed arms
compared to the group with a normal diet. Moreover, total
activity in the elevated plus maze test was higher in the low-
folate group, which implicates that maternal folate deficiency
during pregnancy may cause alterations in anxiety-related
behavior in adult offspring. Furthermore, low maternal folate
status has been shown to affect short-term memory in
3-wk-old mice (42). Specifically, pups of dams fed a folate-
deficient diet showed impaired visual short-term memory
in an object recognition task. In contrast, no effect of folate
deficiency during pregnancy and lactation on spatial short-
term memory was observed.

Not only maternal folate deficiency, but also maternal
folate excess has been suggested to alter cognitive function
in offspring. In 1 study, dams were fed a normal (0.4 mg/kg
diet) or a high-folate (4 mg/kg diet) diet during pregnancy,
and pups continued with the same diet after birth (50). In
the first week of life, offspring were tested for ultrasonic
vocalizations in response to separation from their mother.
Pups of dams exposed to the high-folate diet made more and
longer calls than pups of dams exposed to a normal folate
diet, indicating more anxious behavior because of maternal
folate excess. In addition, several other behavioral tests were
conducted in offspring between 2 and 6 mo after birth. In the
open field test, male mice receiving a pre- and postnatal high-
folate diet were more active compared to males receiving
a normal diet. There was no difference in activity between
the 2 dietary groups in female offspring, suggesting a sex-
specific effect. In the other assessments, similar behavior was
observed in mice exposed to normal and excessive amounts
of folate. Likewise, no difference in cognitive performance
as tested by the Morris water maze test was found in rats
(47). A recent study indicates that folate supplementation
(20 mg/kg diet) throughout pregnancy impaired short-term
memory of objects in 3-wk-old male offspring, compared to
offspring of dams that received a standard diet (2 mg/kg diet).
However, no differences were found in the open field test and
Y-maze test, suggesting that there are no effects of maternal
folate excess on anxiety-like behavior and spatial memory
(66).

Thus, although the importance of maternal folate for
several key biological processes required for normal neu-
rodevelopment and brain functioning in the offspring is well
described, there is currently only limited preclinical evidence



TABLE 3 Folate deficiency, folate excess, and offspring behavior in rodents’

Period of folate

Outcome of deficient

Article manipulation Amounts of Age of or excess vs. normal
(year) (ref) Species  Strain (animals per group) folic acid testing Method folate diet in rodents
Ferguson et al. Mice CD1 (9/5) 8 wk before mating 0.177,0.265, P4-83 Righting reflex, negative  Increased anxiety-related
(2005) (65) until birth (n=10) 0.529 mg geotaxis, forelimb behavior
folic acid/kg hanging, motor No differences found in
diet coordination, open other outcomes
field, elevated plus
maze
Jadaviji et al. Mice C57BL/6 ) 6 wk before mating 0.3 vs.2mg 3wk Novel object recognition  Decreased visual
(2015) (42) (/) until weaning folic acid/kg task, Y-maze short-term memory
(h=16-7) diet No differences found in
spatial short-term
memory
Barua et al. Mice C57BL/6 ) 1 wk before mating 4vs. 04 mg P2-6,2-6  USV, social approach, Increased anxiety-related
(2014) (50) (@/3) until birth or until folic acid/kg mo elevated plus maze, behavior
age 7 mo (n = 20) diet marble-burying, Increased activity in
self-grooming, buried males
food, trace fear No difference in social
conditioning, open behavior or learning
field and memory
Sable et al. Rats Wistar Albino  From mating until 8vs.2mgfolic  3mo Morris water maze No difference in time
(2013) (47) (/) birth at E20 or until acid/kg diet taken to reach the
age3mo (h=28) platform
Bahous et al. Mice C57BL/6 ) 5 wk before mating 20vs.2mgfolic E17.5,3wk Ladder beam test,open  Impaired short-term
(2017) (66) (@/3) until E17.5 or age acid/kg diet field, novel object memory in novel

3wk

recognition, Y-maze object recognition
test, no differences
found in other

behavioral outcomes

'E, embryonic day; P, postnatal day; ref, reference; USV, ultrasonic vocalization; ¢, female; &, male

that maternal folate status has a (lasting) effects on cognitive
function.

Maternal folate, brain development, and childhood
cognitive outcomes in humans

Below, we describe the details of human observational
studies on maternal RBC and plasma folate status (Table
4), maternal dietary and supplemental folate intake (Table
5) and childhood cognition—as well as the experimental
studies on this matter (Table 6)—at different developmental
stages. Two articles described associations of plasma folate
(n=1) or supplemental folate intake (n = 1) with cognition-
related outcomes in the embryo or neonate. A total of 5
studies examined the association of maternal plasma folate
(n = 1) or folate intake (n = 5) and cognitive performance
in infants and/or toddlers. Maternal folate intake (n = 4)
and plasma folate (n = 1) in association with cognitive
outcomes in preschoolers were examined in 4 studies. In
the group of school-age children, associations between RBC
and/or plasma folate and cognition were examined in 2
studies; folate intake and the association with cognition
was investigated in 2 studies. Moreover, this was the only
age group for which we identified a randomized controlled
trial (RCT). Two studies were conducted in preadolescent
populations, where 1 studied plasma folate concentrations

and 1 folic acid intakes. The characteristics of these
studies, including, for example, the considered covariates,
are depicted in Supplemental Table 1 and Supplemental
Table 2.

Embryo and neonate.

No significant associations were observed between maternal
plasma folate in early pregnancy and newborn methylation
levels of fetal growth and neurodevelopmental genes in
the Generation R Study (n = 463) (67). In the Rotterdam
Predict Study, analysis of high resolution transvaginal 3D
ultrasounds (n = 135) revealed a positive association between
initiation of folic acid supplementation within the pericon-
ceptional period and embryonic cerebellar size. In embryos
at 8-12 weeks of pregnancy, the trans cerebellar (adjusted
B: 0.257; SE: 0.117; P = 0.032), left cerebellar (adjusted /:
0.171; SE: 0.067; P = 0.013), and right cerebellar (adjusted
[3: 0.156; SE: 0.062; P = 0.015) diameters as function of the
crown-rump length (CRL) were higher when women started
folic acid supplementation pre-conceptionally. In addition,
pre-conceptional initiation of folic acid use was associated
with increased embryonic proportional cerebellar growth,
as calculated by dividing the right cerebellar diameter
(RCD) and left cerebellar diameter (LCD) by CRL [trans
cerebellar diameter (TCD)/CRL, adjusted [3: 0.015; SE:
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0.005; P = 0.003; LCD/CRL, adjusted A3: 0.012; SE: 0.003;
P=0.001; RCD/CRL, adjusted 3: 0.011; SE: 0.003; P = 0.001]
(68).

Infants and toddlers (0-2 y).

Maternal plasma folate concentrations at 16 and 36 weeks
of gestation were not associated with Bayley Scales of
Infant Development (BSID) mental and psychomotor scores
among 154 Canadian 18-mo-old toddlers (73). In agreement,
maternal folic acid supplement use that started in the
periconceptional period was also not associated with BSID
scores in 1- and 2-y-old toddlers included in the Polish
Mother and Child Cohort study (n = 538) (80). Conversely,
inadequate maternal dietary folate intake (i.e., <400 mg/d)
during the first trimester was associated with lower BSID
mental scores during the first year of life in 253 Mexican
infants of mothers carrying the MTHFR-677 TT genotype
(adjusted B: —1.8; 95% CI: —3.6, —0.04); no significant
associations were observed in children of mothers with the
other MTHEFR genotypes (77). In the ‘Rhea’ cohort, including
553 18-mo-old Greek children, maternal supplemental folic
acid intake of 5000 g/d in early pregnancy was associated
with higher receptive (adjusted 3: 4.7; 95% CI: 0.5, 8.5) and
expressive (adjusted 3: 3.5; 95% CI: 0.6, 7.9) communication
subtests scores of the BSID. Folic acid intakes exceeding 5000
pg/d were not associated with any of the BSID domains
(76). Interestingly, the multicenter prospective mother-child
cohort Infancia y Medio Ambiente showed that 1-y-old
Spanish children (n = 2213) of mothers using <400 or 1000
5000 pg folic acid/d, assessed at 10-13 and 28-32 weeks
of gestation, had higher BSID mental development scores
than children of mothers taking the recommended folic acid
dosage of 400 yig/d (adjusted difference: 2.30; 95% CI: 0.38,
4.22; and 1.53; 95% CI: —0.68, 3.75). Children of mothers
exceeding supplemental intakes of >5000 /g folic acid/d had
lower BSID psychomotor scores (adjusted difference: —4.35;
95% CI: —8.34, 0.36) (83). These “contrasting” findings may
suggest an inverted U-shaped link between maternal folate
and childhood cognitive outcomes. In the Generation R
Study, 18-mo-old toddlers (n = 4214) of mothers who did
not use folic acid supplements during the periconceptional
period had a higher risk of both internalizing and externaliz-
ing problems as assessed with the Child Behavior Checklist,
adjusted OR: 1.65; 95% CI: 1.24, 2.19; and 1.45; 95% CI:
1.17, 1.80. Fetal head size did not mediate these associations
(82).

Preschoolers (2-4 y).

The Generation R Study also showed inverse associations of
inadequate folic acid supplement use and folate deficiency
(plasma folate <7 nmol/L) in early pregnancy with higher
risk of emotional problems at age 3 y (n = 3209), adjusted
ORs: 1.45; 95% CI: 1.14, 1.84 and 1.57; 95% CI: 1.03, 2.38,
but not behavioral problems. Stratification and interaction
analyses did not point towards a role for maternal MTHFR
genotype in the association between plasma folate and
offspring emotional problems (70). In the Norwegian Mother
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and Child Cohort Study (n = 38,954), maternal folic acid
supplement use initiated before the 8th week of gestation
was associated with a reduced risk of severe (only 1 word
or unintelligible utterances) (adjusted OR: 0.55; 95% CI:
0.35, 0.86) language delay in 3-y-old children as reported
by the parents using the language grammar scale of the
Ages and Stages Questionnaire. This association was not
observed in children of mothers who started with folic acid
supplements after 8 weeks of gestation (81). In agreement,
Project Viva (n = 1210) showed that each 600-4.g/d increase
in first, but not second, trimester folate intake from food
and supplements was associated with a 1.6-point (95% CI:
0.1-3.1) increase in a child’s receptive language score in
3-y-old American children; this association was even
stronger for 600 pg/d of folic acid from supplements only,
that is 1.7 points (95 CI: 0.2, 3.3) (84). In contrast, no
associations were observed between periconceptional folic
acid supplement use and language development or fine motor
development, as assessed with the Denver screening test, in
3-y-old American children included in the National Maternal
Infant Health Survey (n = 6774) (85). However, whereas
maternal folic acid use in this cohort was associated with a
lower risk of gross-motor delay, adjusted OR: 0.51; 95% CI:
0.28, 0.93 (85), no association between early maternal folic
acid use and child gross motor development was observed
in the Norwegian Mother and Child Cohort Study (81). In
addition, no associations were shown between folate intake
in the first and/or second trimester and fine motor and visual
abilities among 3-y-old American mother-child pairs in the
project Viva cohort (n = 1210) (84).

School-age children (4-8 y).

Positive associations between maternal folic acid supple-
ment use, assessed at the end of the first trimester, and
social competences (adjusted 3: 3.97; 95% CI: 0.81, 7.14),
inattention symptoms (adjusted OR: 0.46; 95% CI: 0.22,
0.95), verbal skills (3: 3.98; 95% CI: 0.66, 7.31), motor
skills (4.55; 95% CI: 1.28, 7.81), and verbal-executive skills
(adjusted B: 3.97; 95% CI: 0.67, 7.24) were observed in 420
4-y-old Spanish children included in the Menorca cohort.
No differences in perceptive performance and memory were
observed (79). Moreover, an American study (n = 355)
among socio-economically disadvantaged mothers did not
show any differences in mental and psychomotor develop-
ment between 5-y-old offspring when comparing different
groups of RBC or plasma folate as assessed at 3 different
time points during pregnancy (71). Correspondingly, no
significant associations were observed between maternal
folate intake in the first and second pregnancy trimesters and
childhood visual memory and intelligence at age 7 in Project
Viva including 895 American mother-child pairs (75). Lower
RBC folate concentrations or intakes in early pregnancy
were also not associated with emotional problems in 139
8-y-old children from the United Kingdom. Conversely,
lower early pregnancy RBC folate concentrations and intakes
were associated with an increased probability of childhood
hyperactivity (5: —0.24; P = 0.013 for status and —0.24;



P =0.022 for intake) and peer problems (/3: —0.28; P = 0.004
for status and —0.28; P = 0.009 for intake), where mediation
analyses suggested a link with fetal growth. In contrast, lower
maternal folate intake in late pregnancy was not associated
with offspring hyperactivity and peer problems (69). For
this age-group we also identified a European multicenter
RCT with cognitive follow-up data at 6.5 and 8.5 y old,
in which women were assigned to 400 g folic acid/d or
a placebo during the second half of pregnancy. At age
6.5 y, Kaufman Assessment Battery for Children scores
did not point towards cognitive differences between the
folic acid-supplemented group and the placebo group (86).
However, 8.5-y-old children of mothers supplemented with
folic acid from 20 weeks of gestation until delivery performed
better on the Attention Network Test (median conflict
reaction time folic acid compared with control group: 60
compared with 101 ms; P = 0.01), suggesting improved
executive function. In agreement, cord plasma folate con-
centrations at delivery were positively correlated with brain
activity during the executive function test (adjusted r: 0.21;
P < 0.05). Conversely, higher maternal whole blood folate
concentrations at 30 weeks of pregnancy were inversely
correlated with a lower overall response speed (adjusted r:
—0.18; P < 0.05). Other measures of folate status were not
associated with offspring executive function and alertness.
Moreover, no effect was found on spatial orienting of
attention scores (87).

Preadolescents (9-12 y).

Among 9.5-y-old Indian offspring (n = 536) participating
in the Mysore Parthenon birth cohort, each unit increase
in maternal plasma folate concentration in late pregnancy
was associated with better childrens learning ability and
long-term memory (model 2 3: 0.10; 95% CI: 0.01, 0.18),
visuospatial ability (model 2 /3: 0.09; 95% CI: 0.005, 0.18),
and attention and concentration (model 2 3: 0.12; 95%
CIL: 0.04, 0.20). Further adjustment for children’s current
head circumference, BMI, education, and vitamin B-12 and
plasma folate concentrations at 9.5 y did not alter the
significance of these results (72). Moreover, the Menorca’s
birth-cohort (n = 393) showed that 11-y-old children of
mothers who reported use of folic acid supplements during
any time of the pregnancy had a lower omission error rate
(adjusted IRR: 0.80; 95% CI: 0.64, 1.00; P = 0.046), suggesting
a beneficial link with child’s attention. No differences were
found in offspring impulsivity and visual processing, as
measured with the commission error rate and the hit reaction
time (78).

Discussion

In this review of animal and human studies we provided
an overview of the current evidence on the association
between periconceptional and gestational maternal folate
status and offspring brain structure and function. The
included animal experimental studies indicate an essential
role of maternal folate intake for the offspring’s developing
brain. Both folate deficiency and folate excess have been

linked to morphological and physiological deviations in
normal brain development. In addition, offspring’s DNA
methylation and gene expression levels seem to be influenced
by maternal folate status. However, the limited number of
studies investigating the cognitive abilities in rodent offspring
exposed to a folate imbalanced diet observed only little
or no effects. Among the included human observational
studies, the findings were mixed. Studies investigating the
association between maternal folate status and offspring
cognitive function in humans were inconsistent, with about
half of the studies showing beneficial associations between
adequate maternal folate status and offspring cognitive
performance, and half of the studies showing no significant
associations. The majority of the observational studies on
maternal folate intake suggest a positive association with
child cognitive function. Only 1 RCT on maternal folic
acid supplementation during late pregnancy and offspring
cognitive performance was identified, providing insufficient
evidence for a causal relation between maternal folate
and childhood cognitive performance. In contrast to the
animal studies, no effect of maternal folate status or intake
on newborn DNA methylation level of fetal growth and
neurodevelopmental genes was observed in the only human
study on this subject matter.

When reviewing the current evidence, and comparing the
included studies, several considerations must be noted. First,
the included animal studies varied largely with respect to
their study design. All rodent studies on folate deficiency
were conducted in mice, whereas studies on folate excess
were conducted in both mice and rats. However, whereas
it is challenging to compare data of distinct animal species,
for example because of differences in nutrient requirements
and metabolism, it enlarges the possibility of extrapolation
to other animals and humans. Furthermore, the included
animal studies greatly varied with respect to the degree of
folate deficiency or excess. For example, in some studies
folate excess was defined as twice the recommended dose
(4 mg folic acid/kg food), in other studies 10 times the
recommended dose (20 mg folic acid/kg food) was given.
Other factors that varied between the experimental designs
of the studies reviewed include the timing of the folate
imbalanced diet as well as the age of examination of the
cognitive outcomes. In addition, most animal studies started
with the folate intervention before mating and continued
until birth or even until weaning. Therefore, it remains
difficult to determine the exact effects of folate imbalance
during the various periods of brain development. Lastly, it
remains uncertain to what extent the results of these animal
studies are predictive for humans.

With respect to human studies, it should be noted that
almost all the included studies were conducted in developed
countries with predominantly Caucasian mother-child pairs,
which limits the generalizability to other populations. Sec-
ond, there is substantial heterogeneity in the assessment of
folate status and intake as well as the timing of the assessment
(Tables 5 and 6). Moreover, although validated by folate status
in a few studies, use of folic acid supplements was often based
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on self-report, which may have introduced measurement
error. Moreover, some studies lacked information about the
dosage of the folic acid supplement. In addition, despite
several countries distributing folic acid-fortified foods,
which substantially contribute to the maternal total folate
intake, only a limited number of studies considered dietary
folate intakes. Third, discrepancies in study outcomes may
also relate to the methodology used for assessment of child
cognitive functions. Whereas some studies used extensive
and validated cognitive tests, others collected their data with
only a limited number of test items or used questionnaires
completed by parents instead of trained researchers, reducing
the reliability of the reported findings. Fourth, it cannot be
completely ruled out that the observed effects attributed to
folate are partially caused by intake of other nutrients, in
particular, when no distinction was made between maternal
use of folic acid with or without other supplements and
results were not adjusted for intakes of other nutrients.
Fifth, high attrition rates are a point of concern in several
included studies, such as a study in which the analysis sample
comprised less than half of the study population at baseline
(75). Moreover, results might be influenced by selective
dropouts. Although the majority of studies adjusted for
several confounders, residual confounding factors may still
be present. Sixth, differences in findings between studies may
also relate to differences in the statistical approach used to
analyze the data, for instance through use of different cutoft
values for folate deficiency and/or the included covariates
(Tables 5 and 6). Lastly, the many intersecting pathways of the
folate metabolism with 1-carbon metabolism, are often not
taken into account. In future studies, it would be important to
assess, next to folate concentrations, also the concentrations
of other essential components of this pathway, such as
vitamin B-12, vitamin B-6, choline, and homocysteine. In
particular, the possible health risks of maternal vitamin B-12
deficiency in combination with folate excess warrant further
investigation, as such a disbalance has been shown to increase
the risk factors for type 2 diabetes (e.g., insulin resistance and
adiposity) in the offspring (28).

To determine whether there is a critical time window of
adequate folate intake, future animal studies may further
advance this research field by exposing dams to folate
deficiency or excess during specific periods of gestation
and/or early neonatal life. Although this clearly needs further
investigation, it is likely that folate requirements for the
brain are also dependent on the neurodevelopmental time-
window; the optimal dose of folate at 1 time point, might
be suboptimal at another. The brain requirements largely
depend on which areas are developing at any given time.
As such, the effects of folate deficiency or excess on,
for example, proliferation, DNA methylation, and neuro-
transmitter synthesis are likely to be regionally distributed
within the brain. Folate is also important for brain-wide
processes such as myelination, which accelerates during
late gestation and early postnatal life. For future research
it is important to note that sensitive neurodevelopmental
time-windows deviate between humans and rodents. As
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an example, the hippocampal formation, which is critically
important for learning and memory and shown to be
affected by folate status, starts to develop in humans in
the 15th week of gestation and its development continues
postnatally, resembling the adult hippocampal structure by
age 4 y (88). In rodents, hippocampal development is most
sensitive for nutritional insults during neuron formation at
embryonic days 11-18 and during rapid synapse formation
around 16-30 d postnatally (89). The timing and duration
of folate imbalance in combination with the brain’s need for
folate at that particular time will determine the severity of
the effect. Furthermore, investigation of the dose-response
relations is required to identify the optimal dosage of folic
acid supplementation. Given the limited number of animal
studies examining the effects of pre- and/or postnatal folate
deficiency or excess on offspring cognitive performance,
more studies should focus on/or incorporate behavioral
outcomes besides morphological, physiological, and epige-
netic outcomes. In addition, more well-designed human
studies are required to clarify the associations of maternal
folate status and intake with offspring cognitive functioning.
Well-designed observational studies and RCTs should be
performed to determine whether current recommendations
for folic acid supplementation during pregnancy cover the
requirements for normal childhood cognitive development.
Establishing the optimal folic acid dosage at the different
stages of pregnancy is critical because excessive folic acid
fortification and/or supplementation strategies might pose
adverse health outcomes. Folic acid has a higher bioavail-
ability than natural folates; whereas the bioavailability of
folates in food is around 50%, for folic acid taken in
combination with food this is around 85% and when taken
on an empty stomach this is even close to 100% (74). High
intake of folic acid raises blood concentrations of naturally
occurring folates and unmetabolized folic acid (26), as it
must be reduced to dihydrofolate before it can enter the
1-carbon metabolism. High folic acid intake also leads to
high intracellular folate concentrations. The exact conse-
quences of this on the various intracellular folate-dependent
processes are not fully understood yet. However, many
folate-requiring enzymes are inhibited by excess substrate
(90), meaning that the activity of these enzymes follows
an inverted U-shape, where both very low and very high
concentrations of folates exert a similar effect. In addition,
folic acid competes with tetrahydrofolates (THFs, the re-
duced form of folate used in all folate-dependent biochemical
processes in our body) for binding with enzymes and binding
proteins. Importantly, as folate receptors (FRa) have a higher
affinity for folic acid compared to MTHE, high folic acid
concentrations can occupy FRas in the choroid plexus and
thereby prevent transport of MTHF into the brain (91).
Folate binding protein in the placenta also has a very high
affinity for folic acid, suggesting that exposure to very high
concentrations of unmetabolized folic acid, theoretically,
may interfere with the transport of reduced folates across
the placenta. It should be noted that no such effects have
been observed at maternal folic acid supplementation at a



dose 0f 400 1g/d continued throughout 40 weeks of gestation
(92). Actually, supplementation with 400 pg/d throughout
pregnancy has been shown to increase maternal and neonatal
folate status, without causing accumulation of unmetabolized
folic acid in the cord, which represents only 10% of that
found in the maternal circulation. It is likely this is the
result of metabolization of folic acid to reduced folates in
maternal tissues before reaching the fetus. As the fetus has
only a limited capacity to store folate, it must use what is
immediately available via the placenta (2).

To establish the optimal dosage for supplementation,
future studies could benefit from more accurate and frequent
folate intake measurements, using detailed interviews about
folic acid supplement use in combination with habitual
dietary folate intakes, particularly in countries with folate-
enriched foods. Reliability can be further improved by
validation of reported folate intakes with blood folate concen-
trations, as already done by others (76, 82). In addition, use of
extensive and validated cognitive tests performed by trained
researchers is recommended to increase reliability and enable
comparisons between studies. Furthermore, variation in
study setting and population could add to our knowledge of
differences in the effects of maternal folate status or intake on
offspring cognitive function. In future research, brain imag-
ing techniques, such as MRI and electroencephalography;,
could be used to investigate brain structure and function in
relation to cognitive performance. Finally, more research is
required to deepen our understanding of the impact of folate
on the expression of genes and proteins involved in cognitive
development via epigenetic modifications.

Conclusion

The current evidence suggests that folate may play a role
in offspring cognitive development and function. Animal
studies indicate morphological, physiological, and genetic
alterations in the offspring as a result of prenatal and/or
postnatal exposure to folate deficiency or excess. However,
the small number of rodent studies on offspring cognitive
abilities suggests only subtle behavioral effects. In humans,
some data suggest a positive link between sufficient maternal
folate status and intake and offspring cognitive function.
However, a lack of consistency in assessments of folate
exposure and cognitive function, and insufficient support
from human interventional studies, make it difficult to draw
harsh conclusions. Some important questions remaining
to be answered are: i) the effects of folate intakes higher
than recommended, ii) the potential differences between
synthetic folic acid intake and intake of natural folates, and
iii) the folate requirements in later periods of pregnancy.
Future well-designed studies are recommended for better
understanding of the importance of folate during pregnancy
in offspring cognitive function.
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