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Abstract: Maternal exposure to some dietary and environmental factors during embryonic devel-
opment can affect offspring’s phenotype and, furthermore, the risk of developing diseases later in
life. One potential mechanism responsible for this early programming may be the modification of
the epigenome, such as DNA methylation. Methyl-group donors are essential for DNA methylation
and are shown to have an important role in fetal development and later health. The main goal
of the present review is to summarize the available literature data on the epigenetic effect (DNA
methylation) of maternal methyl-group donor availability on reproductivity, perinatal outcome,
and later health of the offspring. In our literature search, we found evidence for the association
between alterations in DNA methylation patterns caused by different maternal methyl-group donor
(folate, choline, methionine, betaine) intake and reproductivity, birth weight, neural tube defect,
congenital heart defect, cleft lip and palate, brain development, and the development of obesity and
associated non-communicable diseases in later life. We can conclude that maternal methyl-group
donor availability could affect offspring’s health via alterations in DNA methylation and may be a
major link between early environmental exposure and the development of diseases in the offspring.
However, still, further studies are necessary to confirm the associations and causal relationships.

Keywords: maternal methyl-group donor intake; epigenetic; DNA methylation; reproductivity;
perinatal outcome; non-communicable disease

1. Introduction

Adverse conditions during pregnancy such as suboptimal nutrition of the mater,
alcohol consumption, smoking, diabetes, and assisted reproductive technologies (ART) can
affect embryonic/fetal epigenetic processes resulting in unfavorable perinatal and long-
term health outcomes, such as prematurity, intrauterine growth restriction, increased risk
of obesity, metabolic syndrome, and neurodevelopmental disorders [1]. This is the concept
of fetal programming that is well confirmed in the literature [2,3]. Epigenetic modifications,
such as DNA methylation, are one of the leading underlying mechanisms responsible for
health programming [4]. DNA methylation modifies DNA by methylating cytosine bases
at the carbon-5' position in cytosine-guanine (CpG) dinucleotide residues. This methyl-
group addition influences the expression of the gene and has been shown to decrease
the expression levels of the gene and prevent protein coding. Differential methylation of
promoter regions of various genes seems to be associated with early programming. DNA
methylation marks on the paternal and maternal genome are globally demethylated shortly
after fertilization, which is followed by de novo methylation right before the implantation.
During pregnancy, this is a critical window of fetal development where maternal diet can
affect the fetal methylome [5].

One-carbon cycle metabolism nutrients play an important role in more than one
hundred sites of the metabolic chain in several biochemical regulation pathways. They
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are essential for nucleic acid synthesis, DNA methylation, cellular function, metabolism,
proliferation, and growth [6-8]. Dietary methyl-group donors (folate, folic acid, betaine,
choline, and methionine) enter the one-carbon metabolism at different sites but finally
are converted to the universal methyl-group donor S-adenosylmethionine (SAM). SAM
provides a methyl-group for the methylation of the DNA [9]. Figure 1. In one-carbon
metabolism, the majority of methyl groups are derived from choline (60%), methionine
(20%), and folate (10-20%) [10].
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Figure 1. The role of methyl-group donors nutrients in DNA methylation. DHF: dihydrofolate; THF:
tetrahydrofolate; B6: vitamin B6; B2: vitamin B2; B12: vitamin B12; DHFR: dihydrofolate reductase;
5-10' MTHE: 5, 10-methylene tetrahydrofolate; MTHFR: methylenetetrahydrofolate reductase; 5
MTHEF: 5-methyl tetrahydrofolate; SAM: S-adenosylmethionine; SAH: S-adenosylhomocysteine.

The deficiency of folate is associated with preterm birth, low birth weight, spontaneous
abortion, and other unfavorable birth outcomes such as neural tube defects (NTD) [11,12].
Humans are not able to synthesize folate; it must be consumed by dietary sources (cereals,
beans, green leafy vegetables, liver, egg yolks) [11]. In the intestine, dietary folate is
absorbed and metabolized to 5-methyl tetrahydrofolate (Figure 1). Folic acid (FA) is
a synthetic compound with higher bioavailability than naturally occurring folate but is
structurally similar to folate. FA is used in fortified foods and in supplements [13]. Based on
the recognized link between fetal neural tube defects and maternal folate status, the WHO
approved in 2006 the recommendation that reproductive-aged women should consume
400 ug of folic acid per day from the moment of contemplating pregnancy up to 12 weeks
of gestation. In 2015, the WHO recommended 906 nmol/L folate concentrations in red
blood cells as optimal to prevent NTDs during the first semester [14]. The benefits of
continued FA supplementation in later pregnancy, however, are still under investigation.
At the present time, no consistent agreement exists if there is a need to keep high levels of
FA intake during the whole pregnancy.

Choline has a role in the lipid-cholesterol metabolism and transport in the structural
integrity of cell membranes and in the normal development of the brain [15]. During preg-
nancy, there is an extra requirement for choline, and this increases the choline demand of
the mother, which may exceed the capacity of choline production [16]. New recommenda-
tions for adequate intake levels for choline were established recently by The European Food
Safety Authority for pregnant women 480 mg and for lactating women 520 mg (European
Food Safety Authority, Parma, Italy, 17 August 2016). The main dietary sources of choline
are meat, fish, whole grains, eggs, vegetables, and fruit, as well as oils and fats.
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Betaine is a methyl donor and an osmolyte. As an osmolyte, betaine protects proteins,
enzymes, and cells from environmental stress (e.g., extreme temperature, low water, or
high salinity). Betaine participates as a methyl donor in the methionine cycle, primarily
in the human kidneys and liver [17]. Betaine can be consumed directly with different
food sources (spinach, seafood, and wheat germ) or converted from a choline-containing
diet [18]. Methionine is an amino acid required for protein synthesis and is also a key
source of methyl groups. Methionine is found in high protein foods such as eggs, meat,
fish, and some nuts and cereal grains.

Confirmation that the availability of methyl donors during gestation is essential in
order to establish and maintain DNA methylation patterns comes from experiments in
the yellow A" agouti mice. Supplementation of the yellow agouti (A”) mice pregnant
dams with one methyl-group donor nutrients, including methionine, choline, betaine, folic
acid, and vitamin B12, resulting in a shift of the fur color in the offspring from yellow
to brown [19]. The AR coat color (yellow, slightly mottled, mottled, heavily mottled,
and pseudo-agouti) correlates with the methylation status of A% [17]. Furthermore, the
AY gene predisposes the mice to obesity, hyperinsulinemia, diabetes, susceptibility to
hyperplasia, increased somatic growth, and tumorigenesis [20]. The shift to brown fur color
was directly due to increased DNA methylation at a cryptic promoter in an intracisternal A
particle upstream of the A% locus [21,22]. Since then, many animal studies have confirmed
the effect of maternal supplementation of methyl-group donors on the epigenome of the
offspring, with consequences on health and disease development in later life.

Despite the importance of methyl-group donor nutrients in DNA methylation, only a
few human studies have investigated whether maternal methyl-group donor supplementa-
tion influences the offspring’s DNA methylation patterns [23-25]. Most of the published
human studies have primarily investigated only the association between DNA methylation
pattern of offspring and maternal methyl-group donor intake without investigating the
health and longevity of the offspring or the effect of maternal methyl-group donor intake on
the health and longevity of the offspring without investigating DNA methylation patterns.

In the present narrative review, we summarize the available literature data on the
epigenetic effect of maternal methyl-group donor intake on reproductivity, the perinatal
outcome, and obesity and related diseases. Id est, the present review focuses exclusively
on papers investigating the effect of methyl-group donor intake on DNA methylation and
phenotype together. The authors are aware that maternal methyl-group donor intake may
impact the development of other non-communicable diseases such as respiratory diseases,
tumorigenesis, and mental disorders, but the inclusion of these issues would extremely
extend the volume of the manuscript and are beyond the scope of the present review.

2. Methods

We included animal and human studies where the associations of the three following
parameters were investigated together: 1. the DNA methylation pattern of at least one gene
of the offspring; 2. data on at least one of the methyl-group donor status or intake of the
mother; 3. at least one health outcome of the offspring. Those manuscripts not fulfilling the
above-described criteria were excluded. Published literature was retrieved through searches
of Medline, PubMed, and the Cochrane Library in November 2021 using appropriate
controlled keywords and vocabulary (e.g., folate, folic acid, choline, methionine, betaine,
methyl-group donor, one-carbon metabolism, epigenetic, DNA methylation, reproductivity,
assisted reproduction technology, birth defects, neural tube defect, cleft lip, congenital
heart defect, birth weight, obesity, non-communicable diseases). The detailed descriptions
of studies (investigating the epigenetic effect of maternal methyl-group donor intake on
offspring’s health and disease) included in the manuscript are summarized in Table S1.

3. Epigenetic Effect of Maternal Methyl-Group Donor Intake on Reproductivity

To date, multiple reproductive functions of folate have been published by several
studies, and only some functions for the other methyl-group donors. During the second and
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third trimesters, the requirement for FA is largely increased due to enlarged maternal blood
volume and the fast growth of breast and placental tissues [26]. When deficiency of folate
occurs, pregnant women are prone to placental abruption, premature spontaneous abortion,
stillbirth, preeclampsia, pregnancy hypertension syndrome, and megaloblastic anemia;
however, these results are still conflicting [26,27]. It has also been suggested that folate
could be related to infertility [10] and may be an important factor in oocyte maturation, the
implantation process, and the progression of normal pregnancy [28].

DNA methylation disturbances could explain the link between methyl-group donor
intake and reproductivity effects. DNA methylation profiles are highly dynamic during
gametogenesis and early embryonic development [29]. In fact, two periods of epigenetic
reprogramming across the genome occur within this timeframe [30]. The first period
of DNA methylation reprogramming takes place during gametogenesis, where DNA
methylation is erased genome-wide and later re-methylated. The DNA remethylation in
oocytes and sperms occurs at different developmental times [30]. In females, germ cell
DNA methylation patterns are acquired after birth when oocytes enter the growth phase
preceding ovulation. In males, the reacquisition of DNA methylation begins in the prenatal
gonad [29]. The second period of DNA methylation reprogramming takes place during
the preimplantation period after fertilization in the early embryo [30]. During this second
wave of reprogramming, there is genome-wide demethylation and re-methylation with the
exception of imprinted genes and certain repeat elements, which are not altered [31,32].

Only a few animal studies and even fewer human studies have examined the epi-
genetic impact of low or high maternal methyl-group donors on developing germ cells
and reproductivity. For example, in the study of Ly et al., an exposure to FA supplementa-
tion or folate deficiency in female mouse models during early life was reported to have
unfavorable effects on their reproductive health in the future and also on their progenies
(alterations in DNA methylation and reproductive loss) [33].

The Epigenetic Role of Maternal Methyl-Group Donor Status in the Perinatal Outcomes of
Assisted Reproduction Technology

Growing evidence suggests that although the majority of children conceived through
ART are healthy, they are at increased risk for several perinatal complications, birth de-
fects, alterations in later body composition, metabolic and hormonal changes, and rare
imprinting disorders [34-37]. Multiple exposures of ART occur at critical windows of
development coinciding with global epigenetic reprogramming [38]. In a recent systematic
review of Breton-Larrivée et al., the epigenetic consequences of various ART procedures
are summarized [39]. Still, not much is known about the association of epigenetic effect of
maternal methyl-group donor availability in ART conceived children and its association
with adverse offspring outcomes. Restriction of methyl-group donor nutrients in sheep
around the time of conception led to genome-wide epigenetic modifications with long-term
implications for the health of the ART conceived offspring [40]. In this study, embryo-
donor ewes were provided either methyl-donor-deficient (i.e., deficient in folate, B12, and
methionine) or a standard control diet from 8 weeks prior and 6 days after conception by
artificial insemination. Following single embryo transfer to normally fed ewes, birthweight
or pregnancy rate was not affected, but the offspring later in their life were fatter, insulin
resistant, hypertensive, and obtained altered immune responses to antigenic challenges. In
2010, Ménézo et al. also suggested that DNA methylation changes in mammals conceived
by ART could result from an altered availability of methyl-donor nutrients [41]. Later,
Rahimi et al. showed in a mouse model that moderate dose FA supplementation in ART
was associated with advantageous effects, including a decrease in embryonic develop-
mental delay, moderately increased global DNA methylation in placental and embryonic
tissues, and reduced variance in DNA methylation at certain imprinting control regions
(ICRs) [38]. With our literature search, we did not find published studies in humans on the
epigenetic effect of maternal methyl-group donor intake on the health and development of
the offspring conceived by ART.
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4. Epigenetic Effect of Maternal Methyl-Group Donor Intake on Perinatal Outcome

A woman’s nutrition before and during pregnancy may play an important role in
normal pregnancy outcomes. In this period, nutritional requirements, including methyl-
group donor nutrients (i.e., folate, choline, betaine, and methionine), are higher because of
the developing and growing fetus [42,43].

Among the nutrients involved in one-carbon metabolism, maternal folate has been
the most extensively studied for its effect on perinatal outcomes. The last three decades
of research have shown overwhelming evidence that folate is essential for the health and
disease of the offspring. When folate deficiency occurs, the fetus is at risk of intrauterine
growth retardation, low birth weight and preterm birth, congenital malformations, in par-
ticular, neural tube defects, congenital heart defects, and cleft lip [11,12,26,44,45]. However,
most of these results are still conflicting [46]. Variation in consumption of folate could affect
the fetal outcome by at least three different mechanisms: perturbation in DNA biosynthesis,
toxic accumulation of homocysteine levels, and alteration in methylation reactions [47].

Choline plays a role in the structural integrity of cell membranes, in the lipid-cholesterol
metabolism and transport, and in the normal development of the brain [15]. The role of
maternal choline intake on fetal development, pregnancy outcomes, and epigenetic pro-
gramming of post-natal health was recently reviewed [48,49]. Alterations in choline intake
could affect the fetal outcomes by four different mechanisms: changes in membrane synthe-
sis, perturbation of acetylcholine biosynthesis, toxic accumulation of homocysteine levels,
and alteration in methylation reactions [47].

Betaine plays an essential role in embryo preimplantation, in which it may have a role
as an osmolyte and may influence the accurate formation of the neural tube [17,50].

An inappropriate balance of methionine intake can unfavorably influence fetal devel-
opment and short-term reproductive function through altered homocysteine production or
by the alteration of endocrine functions [51].

The associations between maternal methyl-group donor intake and in utero develop-
ment may be mediated by epigenetic processes. Several investigations were conducted
in the field of maternal methyl-group donor intake before and during pregnancy and
DNA methylation pattern of the newborn in animals and only some in humans [50,52].
Furthermore, there are some studies where the association between DNA methylation
pattern of differently methylated regions (DMRs) and perinatal health outcomes, mainly
associated with birth weight, congenital malformations of the offspring, and imprinted
disorders, was described [53-55]. For example, Cooney et al. [56] showed that maternal
dietary methyl-group supplementation with extra folate, choline, betaine, and vitamin B12
increased the methylation of DNA and methylation-dependent epigenetic phenotypes in
mammalian offspring. However, comparable findings observed in animals where mater-
nal supplementation of methyl-donor-induced phenotypic changes mediated via DNA
methylation are scanty in humans. The hypothetical pathways that might link maternal
methyl-group donor intake, offspring’s DNA methylation pattern, and perinatal health
outcomes are presented in Figure 2.

In summary, the most investigated perinatal outcomes in association with maternal
methyl-group donor intake are fetal growth and congenital malformations such as neural
tube defects, brain development, orofacial cleft and palate, and congenital heart defects.
Therefore, in this manuscript, we focused our literature search on studies where the epi-
genetic effect of maternal methyl-group donor intake on the above-mentioned perinatal
outcomes was investigated.
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Figure 2. The hypothetical pathways that might link maternal methyl-group donor intake, offspring’s
DNA methylation pattern, perinatal health outcomes, and later health hazards.

4.1. Low Birth Weight

In humans, one of the most investigated DNA regions in connection with the epigenetic
effect of methyl-group donor intake and birth weight is the insulin-like growth factor 2
(IGF2) locus, which covers a ~150 kb genomic region on human chromosome 11. It
contains two imprinted genes, IGF2 and H19. The IGF2 gene is paternally imprinted,
while H19 is maternally imprinted. If unmethylated, the expression of IGF2 is suppressed,
but H19 is expressed [57]. Studies suggest that IGF2 promotes the growth, division, and
apoptosis of cells in several different tissues. IGF2 is vital for embryo development. It plays
an important role in growth and development before birth [58]. In human individuals
exposed to FA supplementation during the periconceptional and prenatal periods, DNA
methylation differences of the DMRs regulating the imprinted expression of IGF2 were
shown. Hoyo et al. found an association between methylation variation at IGF2 DMRs and
maternal folic acid use before and during pregnancy [59]. Another study published that
supplementation of FA directly impacted the IGF2 gene methylation status in infants up to
17 months of age. Children of mothers who took FA supplementation had a 4.5% higher
methylation of the IGF2 DMR than children who were not exposed to FA. In this study,
an independent, inverse association between IGF2 DMR methylation and birth weight
was also observed [60]. These results may present the plasticity of IGF2 methylation by
periconceptional FA supplementation [60].

Some other studies found an association between different one-carbon nutrient in-
take and DNA methylation in the region of retrotransposon long interspersed nucleotide
element-1 (LINE-1), PLAG1-like zinc finger 1 (ZAC1, PLAGL1), and maternally expressed
gene 3 (MEG3) gene regions in association with low birth weight.

The LINE-1 plays an important role during embryonic development and can induce
birth defects via RNA intermediates [61]. In the mouse model, maternal dietary folate
deficiency was described to impair one-carbon metabolism, leading to global DNA and
LINE-1 hypomethylation followed by increased retrotransposition in fetuses, leading to
intrauterine growth retardation [61]. A study in humans reported that FA supplementation
in pregnant women showed methylation of specific CpG dinucleotides in LINE-1. In this
study, methylation of LINE-1 was positively associated with offspring birth weight [62]. In
a further study by Fryer et al., CpG methylation patterns in cord blood were associated with
plasma homocysteine, birth weight, and LINE-1 methylation, providing further evidence
that folate-associated intermediates in the mothers’ diet can affect pregnancy outcomes and
the global methylation status of the offspring [63].

The ZAC1 gene is part of a network of co-regulated imprinted genes (the maternal
allele is methylated and consequently not expressed) and is involved in the control of
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embryonic growth. Loss of methylation at the ZACI DMRs was associated with the
development of transient neonatal diabetes mellitus, which is a developmental disorder
involving diabetes and growth retardation in the first weeks of post-natal life [25,64]. In the
study of Azzi et al., the methylation of the ZAC1 DMR was positively associated with the
estimated weight of the fetus (at 32 weeks of gestation), birth weight, and post-natal weight
(at one year of age), and BMI. Furthermore, a maternal diet rich in vitamin B2 (vitamin B2
serves as a cofactor for the enzymes methylenetetrahydrofolate reductase and methionine
synthase reductase in one-carbon metabolism) also increased ZAC1 DMR methylation.
In this study, ZACI DMR methylation showed no association with periconceptional or
pregnancy FA supplementation. The effects of variation in ZAC1 methylation were shown
only in the second period of pregnancy, and it persisted until at least one year of post-natal
age [25].

MEGS3 is an imprinted gene, and it is located on human chromosome 14q32.3. The
published association between the methylation status of MEG3 DMRs and offspring’s health
outcomes, such as birth weight, diabetes, diabetes-related diseases, and some cancers, was
summarized by Chen et al. [65]. Hoyo et al. observed an inverse relationship between
maternal folate levels and DNA methylation for H19, MEG3, MEG3-IG, PEG10/SGCE,
NNAT, PLAGL1, and the PEG3 DMRs, furthermore positive associations were observed
in relation to the PEG1/MEST and IGF2 DMRs. Birth weight was associated with DNA
methylation at four DMRs; higher birth weight was associated with higher methylation
levels at the PLAGL1, H19, and PEG10/SGCE DMRs and lower MEG3 methylation levels
suggestive of threshold effects. However, the authors observed statistically significant
evidence for mediation of the relationship between birth weight and maternal folate levels
only by the MEG3 DMR [24].

According to the latest review of the Pregnancy and Childhood Consortium, DNA
methylation in neonatal blood was associated with birth weight at 914 sites. The difference
in birth weight ranged from 183 to 178 g per 10% increase in methylation. Some of the
different methylation patterns were also detected in childhood and adolescence but not in
adults. Ktippers et al. reported an overlap between birthweight-related CpGs and some
CpGs that were previously linked to maternal smoking and BMI during pregnancy but not
with those associated with folate levels in pregnancy [53].

4.2. Cleft Lip and Cleft Palate

The etiology of isolated orofacial clefts is largely unknown, and it is suspected to be eti-
ologically heterogeneous with both non-genetic and genetic risk factors [66]. Maternal use
of folic acid-containing multivitamin supplements in early pregnancy has been associated
with decreased risk of cleft lip and cleft palate (CL/P) [67]. Several observations support the
hypothesis that epigenetic alterations may be one of the underlying mechanisms by which
folic acid may reduce CL/P risk [45]. Sharp et al. [68] described differentially methylated
regions that may be characteristic of different subtypes of clefts. Alvizi et al. showed in a
CL/P case-control study methylation changes at individual CpGs and proposed that DNA
methylation alterations may interact with genetic risk factors to increase penetrance [69].
Gonseth et al. have evaluated whole genomic DNA methylation levels using newborn
bloodspots and found 28 significantly hypomethylated CpGs mapped to WNT9B, VTRNA2-
1, LHX8, and MIR140. The results showed that periconceptional folic acid supplementation
could reduce the risk of orofacial clefts in offspring [45].

4.3. Congenital Heart Defects

Congenital heart defects (CHD) are thought to have multifactorial etiology, but the
main causes are largely unknown. In the past years, several studies reported on the possible
contribution of DNA methylation abnormalities to CHD [54,70]. The epigenetic roles of
maternal nutrition in congenital heart disease have been well summarized by Radha O
Joshi et al. [44]. Despite these studies, in our literature search, we found only one study
where the epigenetic effect of maternal methyl-group donor intake was investigated in
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relation to CHD outcome. Gonzales-Pena et al. recently reported a relationship between
maternal dietary folic acid consumption and lower methylation status of Axis inhibitor 1
(AXINT) gene and higher methylation status of T-box transcription factor 20 (TBX20) genes
associated with a ventricular septal defect in children [71] Both genes have been previously
shown to be related to CHD [72].

4.4. Neural Tube Defects

Neural tube defects (NTDs) are presumably caused by a combination of environmental
factors and genetic defects. Several epidemiological studies have indicated that lower folate
concentrations during pregnancy are related to an increased risk of NTDs [11,12,46].

Epigenetic modifications may be one of the underlying mechanisms by which folate
deficiency may increase NTD risk [73-75]. The study of Wang et al. showed an association
between hypomethylation of genomic DNA and LINE-1 and an increased risk of NTDs.
Maternal plasma vitamin B-12 insufficiency was associated with NTDs, and no significant
correlation could be established between LINE-1 methylation and maternal folic acid and
homocysteine [76]. These results were partially confirmed in the study of Chang et al,,
where LINE-1 hypomethylation was found in embryonic tissues from NTD mice [77]. In
this study, the authors hypothesized that intracellular folate reduction leads to LINE-1
hypomethylation, which restrains the transformation of embryonic stem cells into the
embryoid body, finally inducing NTDs. Both LINE-1 and global DNA methylation levels
were decreased in nervous tissues from NTD fetuses, and the levels of folate and vitamin
B-12 showed a similar decline pattern in maternal plasma [77].

Rochtus et al. reviewed the association between one-carbon metabolism, DNA methy-
lation, and NTDs [74]. The authors concluded that folate deficiency may increase NTD risk
by decreasing DNA methylation, but to date, human studies on the association of NTDs
and epigenetic modifications vary widely in study design in terms of analyzing different
clinical subtypes of NTDs, using different DNA methylation quantification assays and us-
ing DNA isolated from diverse types of tissues. Findings of global DNA hypomethylation
and LINE-1 hypomethylation suggest that epigenetic alterations may disrupt neural tube
closure. However, the research [72] does not support a linear relation between red blood
cell folate concentration and DNA methylation.

4.5. Brain Development and Cognitive Functions

Alterations in one-carbon metabolism during embryonic development can affect the
methylation signatures of neural cells during brain development, resulting in neurode-
velopmental aberrations [78]. Data so far indicate that the alteration in the micronutrient
consumption of such as folate, choline, methionine, betaine, and B vitamins may alter phe-
notypes through methylation-related mechanisms by altering gene or global methylation
during critical windows of brain development.

Studies have demonstrated that prenatal micronutrient changes in pregnant rats can
alter global methylation in the brains of Wistar rat offspring. These studies demonstrated a
state of hypermethylation in the cortex of the adult offspring in response to an imbalance
in maternal levels of VitB12 and folic acid [79].

Caffrey and colleagues investigated the consequence of maternal folic acid supplemen-
tation on the cognitive functions of the offspring. The analysis demonstrated significant
changes in the methylation status of candidate genes (I'BM46, LINE-1, IGF2, APC2, PEGS3,
OPCML, BDNF, GRIN3B, and GRB10) related to brain development in the blood samples of
newborns. These results showed a link between maternal folate intake and neurodevelop-
ment of the offspring [80].

5. Epigenetic Effect of Maternal One-Carbon Metabolism Nutrients on Offspring
Obesity and Associated Non-Communicable Diseases

In recent years the concept of obesity as an “epigenetic disease” has emerged [81].
According to this new theory, exosomes, such as maternal nutrition during early pregnancy,
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leave a “nutritional imprint” in the newborn with long-term effects on the promotion of
obesity and related diseases in adulthood [81,82].

Maternal diets low in methyl donors led to agouti gene hypomethylation in mice [19],
which resulted in increased somatic growth, obesity, diabetes, hyperinsulinemia, and
tumorigenesis in the offspring [18]. Inadequate maternal one-carbon donor intake during
critical periods of early embryonic development has been linked to lower DNA methylation
at the agouti locus [83], predisposing to adult obesity, diabetes, and cancer [84]. The
importance of the changes in DNA methylation occurring in the third trimester of pregnancy
was emphasized in the manuscript of Kantake et al., where the promoter methylation levels
of IGF1 were shown to be significantly reduced in infants with IUGR compared to term
infants [85]. These results suggest that the critical time window for programming of later
body growth may occur not only at the early embryonic stage.

A decreased concentration of leptin and leptin promoter hypermethylation in offspring
was observed after a maternal methyl-supplemented diet in rats. Impaired post-natal
growth was found in both offspring sexes, and males exhibited increased long-term body
weight gain [86].

The study of the Maternal Nutrition and Offspring’s Epigenome cohort of mother-
infant pairs showed that maternal periconceptional methyl-donor intake (folic acid, folate,
betaine) may epigenetically alter offspring’s genes related to growth: IGF2, metabolism:
Retinoid X receptor, alpha and appetite control: Leptin gene (LEP) [50].

In infants aged 6 months, LEP gene methylation in buccal cells was inversely associated
with prepregnancy folate intake and second-trimester folate and betaine intake [50]. The
hormone leptin is produced by the LEP gene, which is involved in regulating appetite; there-
fore, changes in its expression may predispose to obesity and associated non-communicable
diseases in adulthood.

Higher intake of maternal choline (480 vs. 930 mg/d) in the third trimester yielded
higher placental promoter methylation of the cortisol-regulating genes, corticotropin-
releasing hormone, and glucocorticoid receptor and 33% lower cord plasma cortisol [87].
These results suggest that gestational choline intake may influence offspring stress reactivity
by DNA methylation. An elevated response to stress increases the risk of depression, type
2 diabetes mellitus, immunological disorders, and hypertension later in life [88].

6. Conclusions

Maternal methyl-group donor availability may be associated with fetal growth and
development and with different perinatal outcomes such as birth weight, congenital mal-
formations, and later health hazards. There is mounting evidence to demonstrate that
offspring’s DNA methylation pattern may be affected by maternal methyl-group donor
(folate, betaine, choline, and methionine) intake during pregnancy. Despite these research
results, only a few human studies were conducted, where differences in offspring’s DNA
methylation, the amount of maternal methyl-group donor intake, and offspring’s health
were investigated in the same study.

In our literature search, we found evidence for the association between alterations
in DNA methylation patterns caused by different maternal methyl-group donor (folate,
choline, methionine, betaine) intake and reproductivity, birth weight, neural tube defect,
congenital heart defect, cleft lip and cleft palate, brain development and the development
of obesity and associated non-communicable diseases in later life.

These results indicate that the alteration in the consumption of methyl-group donors
during pregnancy may alter offspring’s phenotypes through a methylation-related mecha-
nism by altering global or gene methylation during critical periods of fetal development.
The results further indicate that the adequate maternal methyl-group donor intake may
be important, not only in the first semester of pregnancy (for which maternal intake rec-
ommendations exist) but also during the whole pregnancy to prevent offspring from
non-communicable diseases in later life.
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As gene expression is regulated not only by DNA methylation but also by other
epigenetic mechanisms such as histone modifications, micro RNAs, and 3D chromatin
organization, still further studies are required to better understand the interactions and
crosstalk between the different epigenetic mechanisms.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/1ife12050609/s1, Table S1: Description of studies investigating
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