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Abstract

Context: Folates are B-vitamins that cannot be generated de novo and are therefore obtained from the diet. In the brain, these vi-
tamins are involved in nucleotide synthesis, DNA repair, lipid metabolism, methylation and neurotransmitter synthesis. It is well
established that adequate levels of maternal folates are required for closure of the neural tube within the first month of pregnancy,
however, it is not clear whether maternal folates are needed throughout pregnancy for brain development and whether they influ-
ence offspring neurological function after birth. The aim of this review is to outline current literature from epidemiological and
animal model studies that shows maternal supplementation of folates throughout pregnancy does indeed affect offspring neuro-
logical function after birth.
Evidence Acquisition: A Medline search was performed using the following mesh terms, maternal-fetal exchange, folic acid, off-
spring neurologic manifestations, methylenetetrahydrofolate reductase (MTHFR), embryology, and behavior.
Results: The studies described in the present review have reported that maternal deficiencies in folates during pregnancy result in
changes in behavior as well as in blood and brain tissue in offspring, including altered methylation, including reduced levels of the
global methyl donor S-adenosylmethionine (SAM), and increased levels of oxidative stress.
Conclusions: The data summarized here outlines the importance of adequate levels of folates throughout pregnancy to facilitate
appropriate neurological development of offspring after birth.
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1. Context

The importance of folate, a B-vitamin, is well known for
its’ role during closure of the neural tube, the future brain
and spinal cord, during in utero development (1), but what
happens after birth? Do maternal contributions of folates
during in utero development affect neurological function
of offspring after birth?

Folates are B-vitamins that are mainly obtained from
the diet, since they cannot be synthesized de novo. In the
brain they are involved in nucleotide synthesis, DNA re-
pair, lipid metabolism, methylation and neurotransmitter
synthesis. Folates are a naturally occurring form of the vi-
tamin that predominantly come from diet however they
are also produced by gut bacteria, whereas folic acid is the
form found in dietary supplements. Methylenetetrahydro-
folate reductase (MTHFR) is an important enzyme involved
in folate metabolism because it can reduce levels of homo-
cysteine, a cytotoxic amino acid. Specifically, MTHFR re-
duces folates to 5-methyltetrahydrofolate (5-methylTHF),
the main circulating form of folate and the primary methyl
donor to homocysteine, ultimately reducing homocys-

teine levels and recycling it to methionine. Elevated lev-
els of homocysteine are associated with increased risk for
cardiovascular disease (2) as well as negative health con-
sequences in the developing fetus (3). Therefore, homo-
cysteine removal via proper folate metabolism may play a
significant role in early neurological development. Folates
influence methylation through homocysteine recycling
to methionine and generation of S-adenosylmethionine
(SAM), a global methyl donor. In the brain, SAM is involved
in neurotransmitter synthesis and lipid metabolism. Inter-
estingly, there is a polymorphism in Mthfr that has been re-
ported in approximately 20% of the North American and
European populations (4). The polymorphism occurs at
base pair 677 (C → T) and results in reduced enzyme func-
tion as well as increased levels of homocysteine (5). A
maternal polymorphism in MTHFR has been linked to in-
creased neural tube defects (NTDs) in offspring (6).

The importance of maternal contributions of folic acid
during the first month of brain in utero development are
well established (7). Many countries around the world have
implemented mandatory fortification to grains, in an at-
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tempt to reduce the incidence of NTDs (8). Since 1999 in
Costa Rica mandatory fortification has led to a 60% reduc-
tion in the number of NTDs and in Chile the reduction is
closer to 55% (8), however it is not clear whether folic acid
is required for the remaining 8 months of pregnancy. Re-
cent data suggests that maternal contributions of folates
throughout pregnancy have a significant impact on their
offspring’s development and growth after birth through
an array of changes. The purpose of this review is to out-
line current evidence from epidemiological and animal
model studies that shows maternal contributions of fo-
lates during early development does indeed affect neuro-
logical function after birth.

2. Evidence Acquisition

A Medline search was performed using the follow-
ing mesh terms: maternal-fetal exchange, folic acid, off-
spring neurological model, neurologic manifestations,
methylenetetrahydrofolate reductase (MTHFR), embryol-
ogy, and behavior. Preference was given to sources that re-
ported key findings were sought. Additional sources were
found using the bibliographies of retrieved articles.

3. Results

3.1. Epidemiological Research

3.1.1. Maternal Folate Status Associations with Fetal Growth

Folates serve a central role in nucleic acid synthesis,
thus a maternal reduction in availability will likely impair
essential processes for development of a fetus such as cel-
lular growth and replication (9). Only recently, the epige-
netic profiles of newborns were investigated and mothers
with increased plasma folate levels were associated with
decreased global DNA methylation in offspring, specifi-
cally identifying 43 of the 365 CpG’s involved in folate
metabolism were altered (10).This data suggests that epige-
netic factors play a role on fetal development and growth.
This statement has also been recognized in the realm of
neurodevelopmental disorders such as Autism Spectrum
Disorder (11).

Due to ethical constraints, more research has been con-
ducted on blood samples of mothers and their newborn
children and as a result, there appears to be various rela-
tionships between the two. For example, blood homocys-
teine levels of pregnant women, measured at 30 - 34 weeks
of gestation, were slightly correlated negatively with birth-
weight of their newborns however no correlation was
found with Vitamin B12 and folate with birth weight, re-
spectively (12, 13). Also, the Rotterdam predict study which

found that of 186 women, there was a significant associ-
ation between RBC folate status and offspring cerebellar
growth given periconceptual (defined as 4 weeks before to
8 weeks after conception) folic acid supplementation (14).
As reviewed by van Uitert et al. (2013), there were a hand-
ful of studies which investigated the association of RBC
folate status and fetal growth parameters including birth
weight and head circumference. Despite minor variations
between these studies including the time of study, sam-
ple size and study type, the visible trend appears to be that
birth weight and head circumference are inversely associ-
ated with increased maternal folate status (15). While some
studies are finding significant associations between mater-
nal folate status and fetal growth, others such as Sutton
et al. (2012) in Dublin found no association between RBC
folate, vitamin B12 nor total homocysteine and congenital
malformations (besides NTD’s) including cleft palate, mus-
culoskeletal malformations and midline defects (16). Per-
haps folate status is moreso related to specific aspects of
fetal growth as opposed to others which is indicative of a
more narrow and specific mechanism of action however
this remains unclear. Adding to the complexity and elu-
siveness is the findings of one particular study consisting
of 654 pregnant women of India reporting that plasma ho-
mocysteine levels, but not Vitamin B12 status in mothers
of 30 weeks gestation was associated with insulin status in
offspring (13).

3.1.2. Folate Status Associations with Methylenetetrahydrofo-
late Reductase (MTHFR) Polymorphism

Interestingly, another study in 2014 using two cohorts
reported that an increase in maternal homocysteine, at-
tributed to the MTHFR polymorphism (677C→ T), is associ-
ated with decreased birthweight (17), suggesting implica-
tions of other components of folic acid metabolism play-
ing key roles in proper fetal development and growth. It is
apparent that mothers with the Mthfr polymorphism are
more vulnerable to homocysteine accumulation and face
an increased risk to defects in development and growth. In
fact, one study assessed the relationship between MTHFR
genotype and folate levels in both RBC’s and plasma of
both pregnant and non-pregnant females (18). The authors
found that circulating folate levels were decreased in both
pregnant and non-pregnant women with the MTHFRTT
genotype. Similarly, plasma folate levels were lower in the
TT compared to the CC women, however this was only ob-
served in the pregnant female group. This data suggests
that pregnant women with a polymorphism in MTHFR may
require supplementation (18) with 5-methylTHF. From a
larger perspective, the explanation for the benefits of in-
creased maternal folate status for offspring development
and growth may alternatively rely more on enzymes in-
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volved in its metabolism.

3.1.3. Other Folate Status Associations

Studies have examined the relationship between
mothers and newborns in terms of folate, vitamin B12 and
homocysteine levels (19). They found that maternal blood
folate and vitamin B12 were both positively correlated
with umbilical cord levels in newborns. Interestingly,
serum levels of folate and vitamin B12 in mothers were
both negatively correlated with homocysteine levels in
both mothers and newborns, the same was observed
in plasma (10).Also, increased total homocysteine mea-
sured both in the mothers blood and umbilical cord was
found in mothers diagnosed with pre-eclampsia (3). This
data further provides evidence that a dietary maternal
deficiency in folates or elevated levels of homocysteine
influences levels in offspring (19) which could potentially
explain, in part, how offspring are being born with deficits
in neurological development. More physiological studies
using animal models are at least required to investigate
a causal relationship. Interestingly, a different study ex-
amined the effects of homocysteine and folate on delivery
term and found that mothers with lower blood folate
levels were associated with pre-term deliveries (< 37 week
gestational period, excluding twins from the study). Even
though delivery term may not be considered a key aspect
of neurological development, it may be an indicator that
reflects or contributes to developmental delays. These
data suggest that a mothers’ folate levels do indeed have
an impact on offspring development.

3.1.4. Maternal Folate Status Associations with Early Childhood
Behavior

Identifying relationships between maternal folic acid
deficiencies on behavior of young children has also been
investigated. One study explored the mental and psy-
chomotor development of 5 year old children of mothers
with varying blood folate levels during 19, 26 and 37 weeks
of gestation, revealing that after a battery of psychological
testing, there were no differences between the folate de-
ficient and adequate folate nutritional status groups (20).
These data suggest that adequate folate during later preg-
nancy (after the first trimester) may not be sufficient to in-
fluence childhood mental and psychomotor development.
The authors suggested that perhaps a maternal folate de-
ficiency has to occur at a critical window during fetal de-
velopment such as early pregnancy, in order for a signifi-
cant impact to occur on the development of the fetus (20).
One such study by Schlotz et al (2010), provides support-
ing evidence of this idea. They investigated the poten-
tial effects of a maternal folate deficiency on behavioral
deficits in their offspring and found that both maternal

total folate and red blood cell folate levels measured at
early stages of gestation (14 weeks) was negatively corre-
lated with offspring hyperactivity and peer problems, sug-
gesting that, while remaining consistent with the previous
idea, an early folate maternal deficiency may lead to im-
pairments in offspring development and behavior (21). In
addition, a study was performed using 3209 mothers and
their 3 year old children to assess the effects of maternal
plasma folic acid deficiency, as a result of MTHFR genotype,
on child emotional and behavioral impairments (22). The
authors found that there was an association between de-
creased maternal plasma folates and increased emotional
problems, such as social withdrawal and emotional reac-
tivity, but not in behaviors, such attention and aggression.
An interesting finding in this study is that mothers who
began supplementation during early pregnancy showed
reduced risk for child emotional problems compared to
late pregnancy supplementation (22). Evidently there are
behavioral and emotional impairments in offspring asso-
ciated with a maternal folic acid deficiency during early
pregnancy. Therefore, an early pregnancy based folic acid
deficiency appears to be a factor worth taking into con-
sideration for future studies and practices. Aside from
emotional and social problems, a recent population-based
study using a cohort of Dutch children between 6 - 8 years
old reported that kids with prenatal maternal folate de-
ficiencies, high homocysteine and low vitamin B12 levels,
were associated with smaller brain volumes (via MRI), lan-
guage performance and visuo-spatial deficits (23). So in
terms of defined behavioral subsets, there does not ap-
pear to be a specific set of behavioral deficits in children of
these reports compared to the more narrow findings pre-
viously mentioned in fetal growth. Other studies have in-
vestigated associations between maternal folate status and
neurodevelopmental disorders such as Autism Spectrum
Disorder (ASD) (11). For example, the CHARGE case-control
study found that children aged 2 - 5 years of typical devel-
opment were significantly associated with greater mater-
nal folic acid intake (> 600 µg/day) for 3 months before to
the end of the first month of pregnancy and this associa-
tion was enhanced when both the mother and offspring
possess the MthfrCT variant genotypes (24). A Norwegian
cohort study examining maternal folic acid status of 85,176
children aged 3 to 10 years only found a 0.1% reduction in
ASD diagnoses in folic acid supplemented mothers how-
ever supplementation of 400 ug/day folic acid occurred
from 1 month before to 2 months after conception (25).
Aside from ASD, Mohanty et al. (2014) identified a signifi-
cant association between low maternal serum folate levels
with children diagnosed with Down’s Syndrome but there
was no significant prevalence of the Mthfr polymorphism
when compared to controls. Compared to fetal growth and
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development, it is difficult to infer that a broad physiologi-
cal problem, such as folate deficiency, could be a cause of
or provide an increased risk to neurodevelopmental dis-
orders such as ASD or Down’s Syndrome behavioral diag-
noses. Nonetheless, there appears to be an array of asso-
ciations between maternal folate status and early child-
hood behaviors that remains to be investigated more thor-
oughly.

A recent review on the impact of vitamins in health re-
ported that although supplementation of vitamins such
as Vitamin B12 and B6 during pregnancy is recommended,
an excess of vitamin intake may in fact put oneself at in-
creased risk for other health problems. This topic remains
under investigation, especially in terms of implications for
long term effects (26). Despite many correlative studies,
the underlying mechanisms to explain how maternal folic
acid levels impact neural development and growth of off-
spring remain unknown.

3.2. Animal Models Research

3.2.1.Mechanisms Through Which Maternal Folate Contribu-
tions Affect Brain Development

3.2.1.1. Methylation

While human research has identified an unexplained
impact of maternal folic acid deficiency on proper devel-
opment of offspring, determining causal link(s) are of cur-
rent interest. So far, many studies using rodent models
have been used to further characterize and comprehend
underlying mechanisms. For example, metabolism of the
free form of folate, 5-methylTHF, is intimately involved
with the synthesis of methionine, an amino acid critical
in DNA methylation and repair. It has been reported that
SAM, a global methyl donor, is reduced in the livers and
brains of mouse pups of their mothers subjected to a di-
etary folic acid deficiency, and interestingly, this reduc-
tion was exacerbated after a shock stressor (27), suggest-
ing that these pups have reduced DNA methylation due
to a dietary folic acid deficiency. A similar study using
rats found similar results in the Purkinje cells of the cere-
bellum (28), which may imply disrupted motor coordina-
tion. In addition, McKay et al (2011) examined the methy-
lation profiles of candidate genes in folic acid deficient
mouse dams (post-weaning of their pups) and found that
there was altered methylation of insulin-like growth fac-
tor 2 (Igf2), an important growth factor involved with de-
velopment and growth, in blood, liver and kidney tissue
(29, 30). Alternatively, excessive maternal dietary supple-
mentation of folic acid resulted in reduced global methy-
lation in placental tissue of Wistar albino rats (31). Multi-
ple sources have suggested that maternal folic acid inade-
quacy may predispose offspring to a secondary metabolic

stressor and would thus lead to abnormal behaviors such
as reduced locomotor activity and increased conditioned
escape response (27, 29). These findings provide evidence
that confirm findings from epidemiological data and fur-
ther suggest that offspring of maternal folic acid deficien-
cies may lead to altered methylation profiles in offspring.

3.2.1.2. Growth Factors

To understand maternal folic acid deficiency from a
molecular perspective, the primary goal is to understand
what changes are being observed. For example, synapsins,
which play a central role in neuroplasticity, synapse func-
tion and neurotransmitter release, were found to be ex-
pressed 2.2 fold less in the folic acid deficient offspring
compared to control rats (28). In addition, mothers that
were given an excess of folic acid but were deprived of vi-
tamin B12 had offspring with reduced brain derived neu-
rotrophic factor (BDNF) protein and mRNA levels as well
as nerve growth factor (NGF) protein levels (32), both of
which are important for neuronal growth and survival.
Perhaps a maternal folic acid deficiency causes or at least
contributes to a reduction in neurotrophic factors essen-
tial for proper offspring neuronal development which may
explain the increased incidence of NTD’s in offspring of
folic acid deficient mothers.

3.2.1.3. Oxidative stress

One possible mechanism by which folic acid deficient
dams affect proper neurological development of their off-
spring could be through an activation of oxidative stress
pathways. Interestingly, one report demonstrated that rat
pups of hyperhomocysteinemic moms had significantly
increased global lipid peroxidation (mitochondrial most
of all but also nuclear and cytosolic) as well as reduced
but not significant glutathione (GSH) levels in brain tis-
sue (33). In addition, malonialdehyde (MDA), a measure
of lipid peroxidation, was increased in folic acid deficient
dams (34). These findings suggest that oxidative stress in
offspring may be a result of maternal deficiencies in fo-
lates. Authors from the studies linked hyperhomocysteine-
mic moms with reduced apoptotic regulation via B-cell-
lymphoma (Bcl-2) and increased apoptotic signaling via
p53, a tumor suppressor protein, suggesting a potential
mechanism of cell death that has been described by many
(33).

3.2.1.4. Animal Behavior

Not many studies in the context of maternal folic acid
deficiency have included measures of animal behavior, so
it remains unknown whether the changes in brain tissue of
offspring do indeed translate to functional changes. One
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group of folic acid deficient mothers experienced a sig-
nificantly prolonged gestational period, and its offspring
demonstrated increased anxiety behaviors (35). Other be-
havioral deficits have been documented as early as 1951,
where offspring of folic acid deficient dams exhibited re-
duced maze learning ability (36). Also, in 1976, a study
using 35 day old mice demonstrated that folic acid defi-
cient dams bore offspring that scored significantly lower
on locomotor activity and conditioned escape behavior
(27). Most recently, visual and spatial short term memory
impairments (37) as a result of maternal MTHFR or folic
acid deficiencies have been reported in wild-type offspring,
possibly as result of increased maternal homocysteine lev-
els. Abnormalities in negative geotaxis and linear walking
scores (28) in wild-type folic acid deficient offspring have
also been observed. Given the small amount of offspring
behavior studies of folic acid deficient dams, there appears
to be a general trend that maternal folic acid deficiencies
result in offspring behavioral abnormalities.

4. Conclusions

A survey of the current literature strongly suggests
that maternal supplementation of folates during critical
areas (at least within the first month) of development are
required for normal neurological function after birth. Epi-
demiological research has suggested, while still unclear,
some links and trends between maternal folate contribu-
tions on early childhood development. Investigations of
animal models has moved this research area forward and
provided much needed evidence to help understand the
likely underlying molecular machinery. Having under-
stood that adequate maternal folate are required for neu-
ral tube closure, future studies should be directed towards
dissecting out the critical time window and dosage for ma-
ternal folate supplementation are required as well a more
extensive understanding of whether impairments in neu-
rological function continue into adulthood and increase
susceptibility to other diseases.
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