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Abstract

Background/Objectives: Previous publications have primarily examined the individual
roles of nutrients during fetal development. However, growing evidence suggests that
one-carbon (1C) metabolism nutrients, including choline and key B vitamins, act syner-
gistically within interconnected metabolic pathways that modulate epigenetic regulation
and may have implications for the health of future generations. Methods: This narrative
integrative review examined evidence relating to the roles of choline and B vitamins (B1, B2,
B6, folate (B9) and B12) in fetal development and offspring health. Peer-reviewed literature
was identified through PubMed, Science Direct and Semantic Scholar. Results: Current
evidence indicates that periconceptional and maternal intake and status of 1C metabolism
nutrients are associated with DNA methylation processes involved in developmental pro-
gramming and the risk of non-communicable diseases (NCDs) in childhood and adulthood.
Habitual intakes of several 1C metabolism nutrients are frequently below recommended
levels during pregnancy and lactation, particularly for choline and folate. Inadequate
intakes, each contributing differently to 1C metabolism, may disrupt 1C metabolic path-
ways and alter DNA methylation patterns during critical windows of fetal programming.
Homocysteine metabolism is intricately linked to 1C metabolism and is modulated by
choline and B vitamins. Collectively, these pathways have potential implications for the
health of the next generation, including effects on growth, neural tube closure, brain devel-
opment and increased susceptibility to diseases later in life, e.g., cardiovascular disease,
diabetes, obesity and other chronic conditions. Adequate maternal intakes of choline and B
vitamins may help mitigate the ‘early life origin’ of certain NCDs by promoting healthy
neurodevelopment, reducing inflammation, and regulating central metabolic pathways.
Conclusions: Greater awareness of the roles and importance of 1C metabolism nutrients, in-
cluding choline and key B vitamins (B1, B2, B6, folate and B12), during the early life course
is warranted. Furthermore, there is also a need for organizations and policy makers to
formalize intake recommendations for 1C metabolism nutrients beyond the individualized
simplicity of folate/folic acid, and to extend this to include other methyl-donor nutrients
with epigenetic effects, such as choline and key B vitamins, given their interconnected roles
in 1C metabolism and fetal development.

Keywords: conception; choline; fetal development; folate; neurodevelopment; nutrient
synergy; pregnancy; vitamin B12

1. Introduction
Nutrition is one of the most important environmental factors that can influence early

development through the regulation of epigenetic mechanisms (biological changes that
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control how genes are switched on or off without altering the DNA sequence) [1,2]. Women
who are healthy upon the time of conception are more likely to have a healthy pregnancy
and child [3]. An adequate supply of nutrients during this time is a critical determinant of
fetal outcomes, as essential nutrients are needed for growth and healthy development [4–6].
Methyl-donor nutrients such as choline and key B vitamins (riboflavin (B2), pyridoxine
(B6), folate (B9) and cobalamin (B12)) can modulate epigenetic regulation, with important
implications for optimal fetal development and long-term offspring health [7,8].

There is now a plethora of evidence that maternal nutrition during the first 1000 days
of the offspring’s life can profoundly influence fetal programming through maternal–fetal–
placental interactions [9–11]. From a historical perspective, the British epidemiologist
David Barker was one of the first scientists to develop the “thrifty phenotype” hypothesis
and suggest that poor fetal/infant growth was associated with metabolic disease, e.g.,
type 2 diabetes later in adulthood, with a nutrient-depleted intrauterine environment
thought to have permanent underpinning effects on fetal body structure, function and
metabolism [12–18]. Imbalances or deficiencies of key nutrients during the early life
course can alter epigenetic programming, with effects potentially persisting into adulthood;
a concept now more widely referred to as the Developmental Origins of Health and
Disease (DOHaD) hypothesis [1,19–21]. The DOHaD theory proposes that environmental
exposures during critical periods, from conception through to childhood, can permanently
program long-term health, increasing the risk of neurodevelopmental alterations [19] and
vulnerability to chronic diseases such as obesity, diabetes, cardiovascular disease and
certain cancers [1,11,20–23].

Early-life influences, including nutrition, stress, infections, and toxins can all signifi-
cantly alter gene expression through epigenetic mechanisms creating “predictive adaptive
responses” that favour survival in harsh environments but can lead to diseases if the
environment later changes, creating a “developmental mismatch” [24,25]. From a nutri-
tion perspective, healthy and balanced diets are important providers of methyl-donating
nutrients, such as choline and B vitamins [8,26]. However, highly refined and processed
diets and those excluding animal-derived foods can be lower in some of these micronutri-
ents [27–31]. Furthermore, food deprivation arising from factors such as political instability,
climate-related events, rising food costs, limited nutrition education, and inadequate food
storage conditions has been associated with micronutrient deficiencies that could compro-
mise nutrient-dependent metabolic processes that are essential for growth, development,
and long-term health outcomes [32–34].

Previous research has largely focused on the individual effects of specific methyl-donor
nutrients; however, few studies have examined the combined roles of choline and key B
vitamins in 1C metabolism during periods of fetal development [8,33]. Considering this, the
present narrative integrative review [35] analyzes and synthesizes evidence from published
studies on the epigenetic and metabolic roles of choline and key B vitamins, reviews current
habitual intakes and dietary recommendations, and examines their implications for fetal
development and offspring health.

2. Methyl-Donor Nutrients in Fetal Development and Offspring Health
1C metabolism comprises a network of interconnected pathways that generate and

transfer 1C methyl (–CH3) units required for fetal development, providing a key mecha-
nistic link between nutrition and epigenetic regulation [36,37]. The pathways support the
transfer of 1C units for nucleotide biosynthesis and methylation reactions involving DNA,
RNA, and proteins [37]. Methyl groups and nucleotides are required for DNA synthesis,
repair, and gene expression regulation, making 1C metabolism critical for cell growth and
function across all tissues [37].
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Several nutrients act as cofactors, methyl donors, or methyl acceptors within 1C
metabolism (Table 1) [38]. These include choline and B vitamins (B2, B6, folate (B9) and
B12), which are central to 1C transfer pathways and influence epigenetic processes includ-
ing DNA methylation (biological tags that influence gene activity), histone modification
(changes to DNA-packaging proteins that control how easily genes can be accessed) and
microRNA expression (small molecules that help fine-tune gene expression) during critical
developmental windows [1,14,19,39].

Table 1. Roles of choline and key B vitamins in 1C metabolism and consequences of inadequacy.

Vitamin Roles Consequences of Inadequacy References

Choline

Methyl donor, DNA methylation,
acetylcholine synthesis, myelination,

fetal brain development,
homocysteine metabolism.

Impaired DNA methylation,
neurodevelopment, myelination,
homocysteine metabolism and

increased NTD risk.

[40–42]

B1 (thiamine)

Cofactor for enzymes involved in glucose
metabolism & R5P generation via the

pentose phosphate pathway. Nucleotide,
DNA, & RNA synthesis.

Impaired energy metabolism, R5P
production, and nucleotide synthesis. [43–46]

B2 (riboflavin)
Cofactor for folate activation and

homocysteine remethylation, DNA
methylation & nucleotide synthesis.

Impaired folate activation,
DNA methylation, and

homocysteine regulation.
[26,47]

B6 (pyridoxine)

Cofactor in 1C metabolism and
homocysteine regulation, DNA synthesis,
methylation, neurotransmitter synthesis,

myelination, nervous system development.

Impaired DNA synthesis,
methylation, neurotransmitter

synthesis, and nervous
system development.

[38,48–50]

B9 (folate)

Primary donor of 1C units for nucleotide
synthesis, DNA methylation, epigenetic

regulation, cell proliferation, homocysteine
metabolism & NTD development.

Impaired nucleotide synthesis and
DNA methylation; elevated
homocysteine and increased

NTD risk.

[47,51,52]

B12 (cobalamin)

Cofactor in methionine synthesis &
homocysteine remethylation, DNA

methylation, gene regulation, myelination,
nervous system development.

Impaired methylation, homocysteine
remethylation, myelination, and
nervous system development.

[47,50]

Key: 1C, 1 carbon; DNA, deoxyribonucleic acid; NTD, neural tube defect; R5P, ribose-5-phosphate; RNA,
ribonucleic acid.

De novo synthesis of nucleotides requires both ribose-5-phosphate (R5P) and folate-
derived 1C units for the formation of purine nucleobases and thymidylate [43,44]. Although
vitamin B1 (thiamine) is not directly involved in the phosphate pathway, it serves as an
essential cofactor in the generation of R5P through the pentose pathway [43,44,47] and
assists glucose metabolism, cellular energy production, and DNA repair processes [46].
Given these complementary functions, thiamine is considered within the broader context
of pathways reinforcing fetal growth and development.

Collectively, these pathways help maintain the fetal epigenetic landscape by supply-
ing methyl groups required for DNA methylation, with disruptions potentially affecting
fetal/neonatal metabolic programming and placental development [23,53]. The principal
effects of choline and B vitamins on fetal development and offspring health are shown in
Figure 1. Methyl-donor nutrients are important for nervous system and brain development
during pregnancy [54]. Epigenetic alterations may modify patterns of gene expression and
increase susceptibility to neurodevelopmental, metabolic, or other chronic health issues
later in life, positioning epigenetic mechanisms as a biological bridge “from womb to
mind” [55–57]. Inadequate intakes of B6, B9 (folate), B12 and choline have also been asso-
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ciated with hyperhomocysteinemia [58–60], which has been linked to a range of adverse
pregnancy outcomes (Section 5.3) [59,61].

Figure 1. Importance of 1C nutrients and vitamin B1 in fetal development and offspring health. Refer-
ences: DNA methylation [23,53,56]; cellular energy/cell growth [46]; brain/neurodevelopment [19,55,62];
homocysteine balance (excluding B1) [58,59,61]; placental–fetal development and program-
ming [16,19,50,63].

Overall, several key epigenetic mechanisms regulating gene expression are nutrient re-
sponsive, particularly to methyl-donor nutrients, emphasizing the importance of adequate
nutrition during fetal development [19,33,34].

3. Nutrient Requirements and Current Intake Gaps
3.1. Nutrient Requirements

The European Food Safety Authority (EFSA) has developed average requirement
(AR)/adequate intake (AI)/population reference intake (PRI) recommendations for folate,
vitamins B1, B2, B6 and adequate intakes (AIs) for choline and vitamin B12 (Table 2). The
AR is defined as “the level of a nutrient in the diet that meets the daily needs of half of the people
in a typical healthy population” whilst the AI is “the average nutrient level consumed daily by
a typical healthy population that is assumed to be adequate for the population’s needs” which is
used when there is not enough data to derive an AR [64]. The PRI is “the intake level that is
adequate for almost all healthy people in a population group” [64].

Nutritional requirements are considerably different in pregnancy and breast-feeding
when compared to those of non-pregnant women due to a series of physiological changes
which include maternal and fetal uptake, placental accretion and losses through breast
milk [65–72]. For pregnancy, an AI of 480 mg/day of choline has been derived by extrapolat-
ing the AI from non-pregnant women and accounting for gestational weight gain whilst the
AI of 520 mg choline/day for lactating women is based on non-lactating requirements and
estimated choline losses in breast milk (≈120 mg/day; when exclusively breastfeeding) [72].
In pregnancy maternal hepatic synthesis of choline increases but choline demands during
pregnancy appear to exceed current intake recommendations [66].

Choline can be synthesized de novo via methylation of phosphatidylethanolamine, a
reaction catalyzed by phosphatidylethanolamine N-methyltransferase (PEMT) [73]. The
PEMT pathway catalyzes endogenous choline synthesis via estrogen-responsive methyla-
tion of phosphatidylethanolamine and is upregulated during pregnancy; however, inter-
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individual variability due to common PEMT polymorphisms can reduce endogenous
synthesis capacity and increase dietary choline requirements [74,75]. More than 98 poly-
morphisms have been identified in PEMT, indicating these are common rather than rare [76].

3.2. Intakes and Deficiencies

Several key studies have measured habitual dietary intakes of these nutrients during
pregnancy (Table 2). Firstly, focusing on choline, Derbyshire et al. (2021) systematically re-
ported intakes ranging from 233 mg/day to 383 mg/day for women across the childbearing
years; even with supplements intakes fell below the recommended intakes of 480 mg/day
and 520 mg/day for pregnancy and lactation, respectively [72,77–79]. In Spanish pregnant
women (n = 133) mean intakes were 271 mg/day for choline, 1.4 mg/day for vitamin
B6, 182.8 µg/day for folate and 4.5 µg/day for vitamin B12 [80]. Subsequently, intakes
were generally adequate for vitamin B12 but vitamin B6, folate and choline were under-
consumed [80]. Mean intakes from another Spanish study—the ECLIPSES study—are
also reported in Table 2. The daily intake as a percentage compared to the Recommended
Dietary Allowances (RDA) for all three trimesters was 66% for vitamin B1, 95% for B2, 68%
for B6, 34% for folate and 171% for B12, indicating that intakes for B vitamins were mostly
insufficient except for B12 [81]. In the UK, folate was consumed in very low amounts by
Scottish expectant mothers (237–323 µg/day) [82].

Regarding prevalence of deficiencies, it is important to consider that different studies
define this differently. Folate deficiency is typically diagnosed via whole blood/erythrocyte
folate rather than serum/plasma folate [83]. In the UK the prevalence of serum folate
and vitamin B12 deficiency has been reported to be 12.4% and 6.4%, respectively [84].
Findings from the latest UK National Diet and Nutrition Survey which referred to red
blood cell folate levels < 748 nmol/L as a marker of deficiency reported that 83% women
of childbearing age (16 to 49 years) were deficient [85]. In Dublin, Ireland, the ROLO
study (n = 759 mother–child pairs) reported that dietary folate intakes were deficient in all
three trimesters (mean intakes 253, 265 and 259 µg/day; 89.6–91.1% deficient) whilst mean
vitamin B12 intakes were 3.8, 4.1 and 4.2 µg/day in the first, second and third trimesters,
respectively (2.9–5.3% deficient) [86].

Table 2. EFSA nutrient requirements and range of average daily intakes for 1C metabolism nutrients.

Non-Pregnant Females Pregnancy Lactation Range of Average Daily Intakes

AI for Choline (mg/day) [72] 400 480 520 233–383 [72,77–79]

PRI B1 (mg/MJ and mg/d) [68] 0.1 and ≈0.9 +0.03, +0.11, +0.21 * +0.21 * 0.9–2.2 [81,82]

PRI B2 (mg/d) [69] 1.6 1.9 2 1.3–2.0 [81,82]

PRI B6 (mg/d) [67] 1.6 1.8 1.7 1.3–2.4 [80–82]

PRI for Folate (µg DFE/day) [70] 330 600 500 183–323 [80–82,86]

AI for Vitamin B12 (µg/day) [71] 4 4.5 5 3.8–5.1 [80–82,84,86]

Key: AI, adequate intake; DFE, dietary folate equivalents (folate bioavailability measure); PRI, population
reference intakes. * EFSA’s DRV 2016 Appendix K [68] and presented for the 1st, 2nd, and 3rd trimester and
lactation, respectively. Bold text means that nutritional shortfalls are evident.

The rate at which deficiencies develop also differs substantially among 1C metabolism
nutrients. Vitamin B12 deficiency may take years to manifest in well-nourished adults
because of substantial hepatic stores, whereas folate and thiamine deficiencies can de-
velop within weeks to months due to limited body reserves [87–89]. In contrast, choline
is not stored in a dedicated reserve pool and relies on continuous turnover within
phosphatidylcholine-containing membranes and lipoproteins, making adequate dietary
supplies particularly important during periods of rapid growth and development [90].
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Overall, these data indicate that choline intake is generally suboptimal amongst
women of childbearing age. Suboptimal folate intakes and high prevalences of deficiency
are also apparent across European cohorts. Spanish data shows vitamin B1, B2 and B6
intakes often fall below the RDA [81]. Vitamin B12 intakes are generally adequate although
up to 1 in 20 Irish pregnant women have been reported to have deficient intakes [86]. On
a final note, it is also important to consider that mean intake data may obscure nutrient
inadequacies and separate analyses of sub-groups, such as vegetarians and vegans, are
frequently lacking.

4. 1C Nutrients and Epigenetic Gene Regulation
Fetal DNA methylation during pregnancy is a crucial, natural epigenetic process in

which methyl groups are added to DNA to regulate gene expression [91,92]. Epigenetics is
the study of heritable changes in gene expression and genome function that occur without
altering the DNA sequence [93]. Defective DNA methylation, which regulates tissue-
specific gene expression, can induce long-term changes in gene function and metabolism
(Figure 2) [92,94,95]. Methyl groups for DNA methylation are largely derived from the
diet and supplied through 1C metabolism of key nutrients [96,97]. As described later in
the publication, choline, B2, B6, folate and B12 play critical roles in S-adenosylmethionine
(SAM) synthesis (Figure 3), thereby increasing the availability of methyl groups for epige-
netic regulation.

Interestingly, around 60 years after the Dutch Hunger Winter famine of 1944–1945 re-
searchers began look at DNA methylation levels in those whose mothers had been pregnant
during the famine [98]. They found that they had increased levels of DNA methylation
in some genes and reduced DNA methylation levels in others, when compared to their
siblings who had not been exposed to famine in utero, with these differences potentially
explaining variations in disease risk later in life [99–101]. This is of importance because
the individuals exposed to famine when their mother was carrying them in the womb had
an increased risk of developing certain diseases, including heart disease, type 2 diabetes
and schizophrenia [102]. Similarly, maternal intake of 1C metabolism nutrients, includ-
ing vitamin B12, folate, and choline, has been associated with altered DNA methylation
of metabolic genes in offspring, supporting a role for maternal methyl-donor status in
early-life epigenetic programming [103].

Alongside this, emerging evidence has linked variants in the PEMT and methylenete-
trahydrofolate (MTHFR) genes with nonalcoholic fatty liver disease (NAFLD; now called
metabolic dysfunction-associated steatotic liver disease; MASLD) [104,105]. Future
Mendelian randomization studies could help determine whether disruptions in choline
and 1C metabolism play a causal role in NAFLD/MASLD pathogenesis rather than merely
representing correlated risk factors. Among individuals carrying the MTHFR C677T vari-
ant, pre-pregnancy folic acid intake appears to have a greater impact on placental DNA
methylation [106]. The MTHFR C677T polymorphism is an important determinant of 1C
metabolism and has been associated with altered newborn DNA methylation profiles, likely
through reduced methyl-group availability [36].

Furthermore, the MTRR 66A>G polymorphism, which alters the activity of the vi-
tamin B12-dependent methionine synthase reductase enzyme, has been associated with
an increased risk of spina bifida [107]. Polymorphisms in the cystathionine-β-synthase
(CBS) gene may also alter activity of this vitamin B6-dependent enzyme, which catalyzes
the conversion of homocysteine to cystathionine within the transsulfuration pathway and
contributes to cysteine synthesis [108,109].

Overall, genetic polymorphisms in enzymes involved in 1C metabolism—including
those depending on vitamin B1, B2, B6, folate (B9), B12 and choline as cofactors—can reduce
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pathway efficiency which may result in decreased methyl-group availability, impaired DNA
methylation and elevated homocysteine levels [110,111]. Consequently, individuals carry-
ing such variants may have increased choline and B vitamin requirements and through their
effects on methylation-dependent processes, these genetic differences may influence fetal
epigenetic programming, with potential downstream consequences for brain development,
fetal growth, cardiometabolic regulation and other long-term health outcomes [19,97].

Figure 2. Epigenetic processes underpinning DNA methylation. Source: Adapted from Dusa et al.
(2025) [97] and Ghazi et al. (2020) [112].

Figure 3. How choline, folate and B12 sustain methylation for fetal and child development across
the early life course. Abbreviations: BHMT, betaine homocysteine methyltransferase enzyme; CBS,
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cystathionine-β-synthase enzyme; 5-MTHFR, 5-methyltetrahydrofolate; MTHFR, methyl-
tetrahydrofolate reductase enzyme; MS, methionine synthase enzyme; SAH, S-adenosylhomocysteine;
SAM, S-adenosylmethionine; THF, tetrahydrofolate. Adapted from: Bortz & Obeid (2025) [113],
Steane et al. (2023) [114] and Randunu & Bertolo (2020) [7].

5. Interdependent Roles of Choline and 1C-Related B Vitamins
5.1. Metabolic Interactions

The childbearing years are a life stage when methyl-donor supply is crucial and de-
mand for methyl-donor nutrients is even higher due to physiological demands [66,115,116].
1C metabolism involves a tightly interconnected network of pathways in which choline,
vitamin B2, B6, folate and vitamin B12 work together to fuel production, transfer and
utilization of 1C units [47,117,118]. Methyl-groups are supplied via two main processes:
(1) the diet (dietary methyl donors) or (2) generated endogenously through 1C metabolism
via methyl neogenesis (the formation of new methyl groups), primarily through the for-
mation of SAM, the principal cellular methyl donor [113]. Methyl groups are required
for numerous cellular processes, including DNA synthesis and methylation, regulation of
gene expression, amino acid and protein metabolism, hepatic phosphatidylcholine synthe-
sis via the PEMT pathway for very low-density lipoprotein production and lipid export,
and glutathione production for antioxidant defence [47,119]. Methyl group metabolism
predominantly takes place in the liver and muscle organs [119].

As shown in Figure 3, choline and vitamins B2, B6, folate (B9) and B12 are tightly
interconnected within 1C metabolism, where they reinforce methylation reactions that
generate SAM, the universal methyl donor, as well as DNA regulation and epigenetic
mechanisms [113,120]. Deficiency in one nutrient increases reliance on the others, forming
a compensatory metabolic network that maintains cellular methylation and homocysteine
recycling essential for normal fetal development and function [26,47,113,121].

Approximately half of all cellular SAM is provided by the betaine homocysteine
methyltransferase (BHMT) pathway, and a choline-deficient diet can reduce SAM pro-
duction by 50% and liver folate by 31–40%; Figure 3 [113]. Choline contributes to 1C
metabolism through its oxidation to betaine, which serves as a methyl donor for the
remethylation of homocysteine to methionine via the BHMT pathway, generating dimethyl-
glycine (DMG) [120,122]. DMG is then further metabolized to sarcosine and then glycine,
with these reactions transferring 1C units to tetrahydrofolate (THF), thereby linking choline-
derived methyl groups to the folate-mediated 1C network [51,113]. This helps to regulate
intracellular pools of SAM and S-adenosylhomocysteine (SAH) thereby influencing the
availability of methyl groups for epigenetic processes such as DNA methylation which, in
turn, regulates gene expression [40,120].

Alongside this, folate and vitamins B2, B6 and B12 (blue boxes; Figure 3) are cen-
tral to the folate–methionine cycle [47,121,123]. Folate is first reduced to tetrahydrofo-
late (THF) and then converted to 5,10-methylene THF (5,10-MTHF), an enzymatic step
that requires vitamin B6 as a cofactor [26,47,121,124]. 5,10-MTHF is then converted to
5-methyltetrahydrofolate (5-MTHF) by the enzyme methylenetetrahydrofolate reductase
(MTHFR) to which vitamin B2 is an active cofactor [26,118]. B2 deficiency can impair this
reaction and impede methyl-donor generation for methylation reactions [118]. 5-MTHFR
then donates methyl groups to homocysteine for the conversion to methionine in a re-
action catalyzed by methionine synthase (MS) which requires vitamin B12 as a cofac-
tor [47,121,125]. This regenerates methionine, which is then used to form SAM which is a
universal methyl donor for different methyltransferases present in cells [47,121,126]. Lastly,
the conversion of homocysteine into cysteine also requires vitamin B6-dependent enzymes
as cofactors [127,128].
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In general, it is also important to consider that choline and folate have an interde-
pendent metabolic relationship, such that deficiency in one can disrupt the metabolism of
the other [129]. Likewise, vitamin B12 deficiency can also contribute to functional folate
deficiencies, as 5-MTHF in an irreversible reaction is converted by methionine synthase
into THF which is a vitamin B12-dependent reaction [26].

Taken together, both remethylation pathways rely on choline-derived methyl-groups.
Betaine directly supports homocysteine remethylation to methionine via BHMT, while its
metabolite dimethylglycine contributes 1C units to the folate cycle, thereby supporting the
folate- and vitamin B12-dependent methionine synthase pathway [51,113]. Choline and
B2, B6, folate (B9) and B12 help to sustain adequate methyl-donor pools, particularly SAM
which is crucial for efficient methylation reactions involved in DNA regulation, epigenetic
programming, organ development, placental function, metabolic health programming,
neuroendocrine stress-response regulation and others [47,113,114,117,120,130,131]. Dietary
shortfalls may impair the activity of enzymes involved in these cycles, thereby reducing
methyl group availability for DNA synthesis and epigenetic regulation which may in turn
affect fetal development and offspring long-term health [47,118,125].

5.2. Epigenetic Programming in Pregnancy

The first 1000 days of life (from preconception to two years of age) constitute a critical
period in which early nutrition influences developmental programming via epigenetic
mechanisms, affecting the risk of cardiovascular disease, diabetes, obesity, and other
chronic conditions later in life [11,132–134]. This critical life stage has been referred to as
“the neonatal window of opportunity–early priming for life” [135]. Developmental plasticity,
defined as the capacity to adapt during development, extends from preconception through
early childhood and involves epigenetic responses to environmental influences, including
nutrient supply [136]. Therefore, early nutrition has the potential to exert significant,
lifelong health effects, as epigenetic changes during ‘in utero’ development can create
lasting biological ‘memories” [137]. Furthermore, other factors, such as maternal stress,
infection and environmental exposures (e.g., smoking, alcohol, heavy metals, pollutants)
can also affect the epigenome [55,138].

Maternal nutrient supply at different critical windows of gestation coincide with
(1) embryogenesis, (2) placental growth and (3) fetal growth (Figure 4) [139]. Embryogenesis
generally occurs during the first 8 weeks of pregnancy; a process when all of the organ
systems begin to form from germ cell layers [140]. This period is particularly important
as this is when the embryo is vulnerable to the effects of poor maternal nutrition, or other
stressors which can affect structural development [141]. The central nervous system is
one of the first organ systems to develop, followed by the cardiovascular system, with
the palate developing slightly later [142,143]. There is emerging evidence that ‘trimester-
specific’ nutrients can impact on sensitive windows of epigenetic programming having
lasting effects into childhood [144]. In essence, physiological changes in pregnancy that
contribute to a decline in B vitamin status add another further layer of complexity to
the regulation of 1C metabolism [52]. From a developmental perspective, folic acid is
particularly important for women of childbearing age before conception and early in the
first trimester of pregnancy as this is a significant time for neural tube closure (around
4weeks post conception) [145–147]. Folic acid supplementation from the start of pregnancy
can also lower cleft lip and palate [148].

Folic acid is also required for placental growth and function throughout gesta-
tion [58,149,150]. A growing body of evidence suggests that maternal folate and related B
vitamins modulate 1C nutrient metabolism and may shape offspring cognitive develop-
ment through folate-dependent DNA methylation of brain-related genes, with potential
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implications for cognitive health later in life [151,152]. Furthermore, vitamin B1 is in-
volved in neurotransmitter and myelin synthesis and plays a critical role in cellular energy
production [46,153].

Figure 4. Organ system development and placental growth, maturation and specialization influenced
by 1C nutrients. Abbreviations: DHA, docosahexaenoic acid. Source: Adapted from: Derbyshire
(2011) [142]; Selevan et al. (2000) [143].

Evidence further suggests that low choline and vitamin B12 intakes during
these developmental phases are associated with a higher risk of neural tube defects
(NTDs) [117,118,154–156]. Choline serves as a crucial methyl donor in 1C metabolism,
significantly influencing DNA and histone methylation, thereby altering gene expression
related to fetal growth, brain development, stress responses, and long-term metabolic
health [120,157,158]. Consequently, inadequate choline availability may result in adverse
epigenetic changes with potential lifelong effects [111].

Choline is also important for brain development, acetylcholine synthesis (a neuro-
transmitter that is also stored in the placenta), phospholipid (phosphatidylcholine) syn-
thesis for cell membrane formation [41,159,160], bile and lipoprotein secretion [161] and
sphingomyelin production, which requires phosphatidylcholine-derived choline for the
production of ceramides [162]. In turn, choline availability has been shown to influence
neurodevelopmental gene expression [163] and infant information-processing speed during
early infancy [164].

Finally, it should also be noted that choline and DHA have synergistic roles in fetal
brain and eye development, alongside arachidonic acid, which is also critical for neurode-
velopment, yet intakes of these nutrients often remain below recommended levels [165,166].
Earlier research suggests maternal physiological adaptations selectively enrich circulat-
ing DHA-containing phosphatidylcholine for fetal DHA supply, while fetal acquisition
of polyunsaturated fatty acids is largely dependent on maternal lipid supply [167,168].
Choline supplementation in preterm infants has also been shown to enhance DHA incorpo-
ration into phosphatidylcholine, approximately doubling the increase achieved with DHA
alone, which may improve DHA availability to the brain and eyes [169].

5.3. Homocysteine Metabolism and Regulation

Hyperhomocysteinemia has been reported in 21.2% of women of childbearing age
in populations with high rates of folate and vitamin B12 deficiency, potentially impairing
methylation reactions and adversely affecting reproductive outcomes and fetal develop-
ment [84]. Homocysteine is a sulfur-containing amino acid that lies at the intersection
of the folate, methionine, and glutathione pathways [170]. Choline and vitamins B2, B6,
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folate (B9) and B12 are functionally inter-related, acting as interdependent cofactors in
homocysteine metabolism (Figure 3) [129,171,172]. Homocysteine is formed from me-
thionine as an intermediate in 1C metabolism and metabolized through vitamin B6- and
vitamin B12-dependent pathways [26]. Choline also plays an important role in homocys-
teine metabolism. Following its conversion to betaine, choline donates a methyl group to
homocysteine to form methionine, generating dimethylglycine as a by-product, which is
subsequently metabolized to sarcosine and glycine, contributing 1C units to the folate cycle
(Figure 3) [113,173].

Supplementation of B vitamins has been found to reduce plasma homocysteine lev-
els [170,174]. Remethylation of homocysteine to methionine requires 5-MTHF as the methyl
donor and vitamin B12 as an essential cofactor for methionine synthase [121]. Methionine
is then converted to SAM (the body’s primary and universal methyl donor for most methy-
lation reactions) and later to SAH which is then cleaved to form homocysteine, with its
metabolic fate dependent on B vitamin status [175]. Homocysteine breakdown to cysteine
also occurs via the transsulfuration pathway which requires vitamin B6 [176].

Given these metabolic roles, it is well recognized that B vitamin inadequacies can result
in elevated plasma homocysteine concentrations and hyperhomocysteinemia [177–179].
Elevated homocysteine levels are a well-studied indicator of disturbances in C1-metabolism
and have consistently been associated with adverse pregnancy outcomes [180,181]. This
includes NTDs [182,183], fetal growth restriction [58,184], pre-eclampsia [58], recur-
rent pregnancy loss [58], spontaneous miscarriage, preterm birth [58], and placental
abruption [58,185].

6. Pregnancy and Developmental Outcomes
6.1. Neural Tube Development

Intakes of 1C nutrients can affect fetal development and future health. NTDs arise
from the failure of neural tube formation during early embryonic development and are
severe congenital malformations affecting around 1–2 per 1000 pregnancies [186]. Other
publications report the European NTD prevalence range and median to be 1.3–35.9; 9.0 per
10,000 births whilst Eastern Mediterranean rates have been reported to be even higher at
2.1–124.1; 21.9 per 10,000 births [187]. Variations in prenatal detection, selective termination
of pregnancies and stillbirths affected by NTDs can complicate epidemiological understand-
ing of NTDs [188]. For example, within Europe, Ireland (8.74–9.58 NTD per 10,000 births)
and Great Britain (12.14–15.08 NTDs per 10,000 biths) have consistently higher rates of
NTDs, and within these islands there are higher prevalences at birth in the North and
West [189].

Folic acid supplementation is known to reduce approximately 70% of all NTDs [190,191].
DNA hypomethylation can cause abnormal microRNA (miRNA) expression during neural
development, disrupting neural gene regulation and contributing to the spectrum of
phenotypes observed in NTDs [190,192]. miRNAs are key regulators involved in central
nervous system development, regulating gene expression related to mechanisms behind
NTDs [193]. Abnormal miRNA expression is associated with the disruption of critical
processes such as apoptosis, cell proliferation and neural tube closure and is often triggered
by environmental factors, such as folate deficiency [193].

Folate is a central part of 1C metabolism and prevents NTDs by fuelling methyla-
tion reactions via SAM generation [186]. Choline contributes to the same methylation
network through its oxidation to betaine, which remethylates homocysteine via BHMT,
while folate-dependent remethylation occurs via methionine synthase, illustrating the
complementary roles of these nutrients in maintaining methylation capacity [113]. Folate
depletion may reduce DNA and homocysteine-mediated gene methylation, leading to
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hypomethylation, critical genes being unmethylated, epigenetic alternations and neural
tube closure disruptions [186,190,194].

A global umbrella review of 283 records showed that maternal folic acid use was
inversely related to NTD prevention at birth (RR 0.31, 95% CI 0.11–0.38) [195]. Several
observational studies have also found protective relationships between higher choline
intakes and reduced NTD risk [196–198] although some studies did not [154,199,200]. A
meta-analysis of five case–control studies found that lower maternal choline intakes were
associated with a higher odds ratio for NTDs (pooled estimate = 1.36; 95% CI: 1.11, 1.67)
and the risk could be up to 2.36-fold in certain populations, indicating that low maternal
choline status is a folate-independent risk factor for NTDs [156].

Vitamin B12 and holo-transcobalamin levels (the active vitamin B12 form) can be lower
in mother–infant pairs affected by NTDs [201,202]. A systematic review of 38 studies across
14 countries globally found that vitamin B12 levels were statistically significantly lower
amongst NTD cases compared with non-NTD controls (SMD = −0.23, 95% CI −0.32, −0.14),
indicating that vitamin B12 supplementation is needed alongside folic acid [203]. Another
review of 40 studies similarly found that vitamin B12 levels were lower and homocysteine
levels were higher in mothers and infants affected by NTD [201].

Taking the evidence as a whole, alongside folate, growing evidence suggests that low
maternal intakes of choline and vitamin B12 may also be associated with increased NTD
risk [117]. Regarding such synergies a US case–control study including 1227 NTD cases and
7905 controls without birth defects showed greater reductions in NTD risk with concurrent
higher intakes of choline and vitamin B12 in conjunction with daily periconceptional folic
acid supplementation [155]. Similarly, Petersen et al. (2019) analyzed data from 164 NTD
cases and 2831 controls finding that women meeting folic acid recommendations with
concurrent higher intakes of vitamin B12, choline and vitamin B6 had around half the risk
of a NTD-affected pregnancy [154].

6.2. Brain Development and Other Outcomes

There is growing evidence that inadequate availability of 1C metabolism nutrients
during embryonic development has an established role in NTD risk reduction, which may
have lasting consequences for brain growth, development and health (Figure 5) [204–206].
Choline is also incorporated into phosphatidylcholine and sphingomyelin, major mem-
brane phospholipids that collectively represent the principal storage pool of choline [207].
These phospholipids contribute to neuronal membrane formation and myelination, while
phosphatidylcholine-containing lipoproteins facilitate the transport of long-chain polyun-
saturated fatty acids (LC-PUFAs), including DHA and arachidonic acid, from the liver and
circulation to the developing central nervous system [207,208].

Choline is increasingly recognized for its role in fetal neurogenesis and cognitive
development, potentially underpinned by its involvement in acetylcholine synthesis and
phosphatidylcholine-dependent cell membrane synthesis [156,163,209]. Higher intakes of
choline during pregnancy have also been associated with a lower risk of adverse pregnancy
outcomes (six studies; pooled OR 0.51, 95% CI 0.40–0.65), including gestational diabetes
mellitus, pre-eclampsia, preterm delivery and small-for-gestational-age infants [210–216].
Maternal 1C metabolism nutrient status, particularly choline, also plays a critical role in
placental development and fetal growth [217]. Low maternal choline status is associated
with reduced placental weight, altered growth-related gene expression, and reduced pla-
cental blood flow, increasing the risk of placental hypoxia, fetal growth restriction, preterm
birth, and pre-eclampsia [63,218]. In contrast, higher maternal intakes of folate and choline
have been linked to lower odds of conditions such as pre-eclampsia [213].
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It has been proposed that choline and vitamins B6, folate and B12 may act both inde-
pendently and synergistically, with nutrition interventions before and during pregnancy
potentially reducing Autism Spectrum Disorder (ASD) incidence and symptom sever-
ity [219]. Vitamin B12 deficiency may adversely affect myelin synthesis and repair, with
implications for neuroprotection [89]. In addition, vitamin B12 is involved in neurotrans-
mitter metabolism, including serotonin and dopamine synthesis, which influences mood,
tcognition, and behaviour, whilst maternal vitamin B12 insufficiency has been associated
with altered fetal growth, neurodevelopmental trajectories and a higher risk of offspring
ASD [220,221]. Vitamin B1 is involved in myelin and neurotransmitter synthesis and forms
a structural component of mitochondrial and synaptosomal membranes, with shortfalls po-
tentially impacting fetal development [153]. Similarly, suboptimal intakes of folate and/or
vitamin B2, B6i and B12 can also lead to disruptions to 1C metabolism and potentially affect
brain development during early and later life [151].

Taken together, evidence indicates that the first thousand days of life represent a
critical developmental window in which environmental exposures, including nutrition,
can affect outcomes such as placental development, fetal organ growth, and the capacity to
withstand postnatal stressors [222].

Figure 5. Effect of methyl-donor nutrients on neurodevelopment and future health. Source:
Adapted from Socha et al. (2024) [223]. References: 1-C metabolism, methylation and develop-
ment [19,20]; epigenetic modifications [8,223]; roles of nutrients [33,223,224]; fetal growth and devel-
opment [8,50,120,225]; brain development [62,159,204,226]; placental function [114,227]; long-term
disease susceptibility [17,228].

7. Supplementation and Fortification
It has been identified in the present publication that daily habitual intakes of folate

and choline are largely inadequate amongst women of childbearing age, in Europe and
beyond [77,80,229]. Intakes of vitamins B1 and B6 are often below recommended levels,
indicating a potential risk of inadequacy, whereas vitamin B2 intake appears to be more
adequate, although additional data are needed to confirm this [81,230]. A 2018 study evalu-
ating daily supplementation with 400 or 800 µg folate in German women of childbearing
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age, conducted in Esslingen am Neckar, Germany, showed that 88% of women had insuffi-
cient RBC-folate levels to prevent birth defects, while 6.1% were classified as deficient [231].
Whilst vitamin B12 appears to be somewhat less of a concern, intakes may be lower in
certain subpopulations, such as those consuming diets low in animal products [27,29].

New Zealand and Australia have now joined around 70 other countries globally by
undertaking mandatory fortification of flour with folic acid for NTD prevention [232].
Canadian scientists advise that women should consider taking 0.4 mg folic acid 3 months
prior to conception up until the completion of breastfeeding, with measurements of serum
maternal folate levels to be taken 4–6 weeks after the commencement of supplementation
amongst complex risk groups, e.g., those with genetic co-morbidities [233].

With respect to the UK, mandatory folic acid fortification of non-wholemeal wheat
flour has been legislated and should come into force by late 2026—it is estimated that NTD
rates should be reduced by 20% [234]. For women of reproductive age, a cut-off guide of red
blood cell level threshold below 906 nmol/L indicates folate insufficiency and suboptimal
protection against preventing NTDs [235]. Findings from the latest UK National Diet and
Nutrition Survey show that amongst women of reproductive age (aged 16 to 49 years), 83%
had red blood cell folate levels below 748 nmol per litre, indicating a heightened risk of
NTDs [85].

In other countries such as Canada, it has been suggested that alongside supplemen-
tation programmes fortifying foods with vitamin B12, using strategies similar to folic
acid fortification programmes could further reduce NTDs beyond the effects of folic acid
alone [236]. Mandatory widespread fortification of staple foods like flour with folic acid
is not implemented in many European countries, with variation in national fortification
strategies and fragmented regulatory frameworks contributing to inconsistent implementa-
tion [237]. Voluntary fortification of foods (e.g., breakfast cereals with B vitamins and iron)
is allowed but very uncommon for choline [237,238].

Indeed, given its limited endogenous synthesis, choline is increasingly regarded
as an essential nutrient for fetal and infant development, necessitating adequate intake
from diet or supplementation [239]. In Norway, an adequate intake of 400 mg/day is
set for females [240,241], as also advised by the European Food Safety Authority, with
480 mg/day for pregnancy and 520 mg/day for lactation [72]. However, some scientists
have questionned incremental intakes, suggesting that more than an extra 25 mg/d is
needed (as per U.S. guidelines) as choline is used as a methyl donor in maternal and fetal
compartments [242,243].

Choline intakes have been reported to range from 233 mg/day to 383 mg/day, gener-
ally indicating insufficient intakes during pregnancy and lactation and a need for supple-
mentation recommendations which presently do not exist [77]. Evaluation of 180 prenatal
commercial supplements further demonstrated marked heterogeneity in nutrient content,
with numerous formulations lacking key essential vitamins and often supplying nutrients
at levels below established recommendations [244]. Research has found supplements to
be a crucial source of 1C metabolism nutrients during pregnancy and without use many
expectant mothers would not meet recommended intake thresholds [245].

8. Public Health Implications and Future Research
8.1. Policy Integration

Methyl-group donors, also referred to as ‘lipotropes’, are derived from a balanced and
varied diet [246]. However, a growing body of evidence emphasizes that dietary shortfalls
are often apparent [28,77,80,117,155,247]. As demonstrated in the present publication, in-
takes of fundamental 1C metabolism nutrients are frequently suboptimal during pregnancy
and do not meet the biological requirements, leading to maternal depletion of stores. As
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explained by Dusa et al. (2025) “Our descendants are partly shaped by what we ate and how we
lived before conception and during pregnancy”, indicating that nutrient intakes can disrupt
normal physiology [97]. Despite widespread recognition of the importance of a healthy,
balanced diet, many women in European countries do not meet the recommended intakes
for 1C nutrients, particularly folate, choline, and vitamin B12 [77,85,248].

Given the expanding body of evidence demonstrating associations between varying
levels of dietary methyl donors and fetal growth and development and offspring health,
particularly with respect to brain and neurodevelopmental outcomes and cardiometabolic
health later in life, these findings carry important implications for public health policy and
maternal nutrition guidance [8,163,205,220,249]. This includes:

■ Sustained education amongst women of childbearing age about food sources of 1C
metabolism nutrients to help improve habitual intakes and implications of insuffi-
ciency [250]. For more than two decades there have been public health campaigns
advising periconceptional daily folic acid supplementation to reduce NTD risk, yet
despite this no declines in NTDs have been reported [251]. Although diet quality im-
proves modestly during pregnancy, overall scores remain low, highlighting the need
to continue promoting healthier dietary behaviours among women of reproductive
age [252].

■ Protecting certain vulnerable population groups that may be at risk of disrupted 1C
nutrient intakes. Individuals following restrictive, plant-based or vegan diets may
require support, education and/or supplementation strategies to help obtain suitable
choline and B vitamin intakes [28,29,253,254]. Equally, food deprivation which can be
attributed to political instability, climate, food costs, lack of education and inadequate
storage conditions has also been associated with micronutrient deficiencies [32].

■ Fundamentally, it is now increasingly recognized that concurrent intakes of 1C
metabolism nutrients such as choline, B2, B6, folate and vitamin B12 help regulate
normal homocysteine metabolism, reducing risks of adverse pregnancy outcomes
affecting mother and child [117,118,154–156,255] whilst helping to improve fetal neu-
rodevelopment and growth outcomes [6,156,204,249,256]. Food fortification strategies
should continue for folic acid to reduce NTD risk, with scope to consider adding other
1C metabolism nutrients such as choline and B vitamins in the future [234,236].

■ Future preventive and therapeutic strategies may benefit from considering choline
within the context of interacting nutrient networks, rather than as an isolated inter-
vention. On some level compiling and updating public health recommendations to
include folate, choline and vitamin B12 recommendations is important, although
reliability and reproducibility of datasets informing such recommendations should
be carefully considered [257]. This is particularly relevant given the complementary
roles of these nutrients in 1C metabolism and epigenetic regulation, as well as their
potential implications for lifelong health and wellbeing [38,258].

■ Prenatal supplements can complement a healthy and balanced diet, but they should
contain appropriate doses of these nutrients. Importantly, the biological effects of
choline may vary according to its carrier form. Human studies have demonstrated
that different choline supplements exhibit distinct absorption kinetics and metabolic
profiles, including differences in trimethylamine-N-oxide (TMAO) production, with
choline bitartrate producing substantially greater TMAO responses than phosphatidyl-
choline (amongst males) [259]. The choline Tolerable Upper Intake level for adults
aged 19 years and over, including pregnant and lactating women, is 3.5 g daily [243].
Furthermore, direct comparisons of supplemental choline forms during pregnancy,
including their effects on TMAO production, remain scarce.
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■ When considering the potential adverse effects of 1C supplementation, excessive
folic acid intake may lead to the accumulation of unmetabolized folic acid, which
has been associated with potential deleterious effects, including an increased risk of
carcinogenesis [260]. However, other studies have reported that higher folate con-
centrations are associated with a reduced risk of adverse health outcomes, including
cancer, cardiovascular disease and NTDs [261]. Although some evidence suggests
that excessive folic acid intake may promote the progression of existing cancers, the
scientific consensus remains nuanced. Current research points to a “dual-modulator”
effect, whereby adequate intake may help prevent cancers, whereas higher doses, i.e.,
>1 mg/day could accelerate the growth of pre-existing lesions [262,263].

■ One important way forward, is to promote a balanced nutrient intake whilst avoiding
the perception that “more is better” [264]. EFSA concluded that there is insufficient
evidence to establish a causal relationship between the dietary folate intake and cancer
risk [265]. Consequently, EFSA retained the Tolerable Upper Intake (UL) for supple-
mental folate of 1000 µg/day, as previously established by the Scientific Committee
on Food, for adults, including pregnant and lactating women [265]. Moreover, it is
highly unlikely that the UL for supplemental folate is exceeded in European pop-
ulations as food supplements containing high doses of folate (≥1 mg/d) are very
uncommon [265].

8.2. Future Research

Metabolic interrelationships between choline and key B vitamins exist, so subse-
quently in the future it is important to examine these nutrients concurrently [117]. Beyond
these, 1C metabolism nutrient interactions with nutrients such as DHA warrant further
investigation [165].

Needless to say, some studies evaluating habitual dietary intakes can be subject to
bias and misclassification, particularly for nutrients such as choline, which are poorly
represented in dietary surveys and food composition databases [266].

It would be useful for future studies to combine dietary assessments with validated
biological biomarkers of 1C metabolism nutrient status to improve accuracy, such as choline
metabolites betaine, dimethylglycine, and sarcosine [242]. Many studies also rely on single-
time-point dietary assessments, which may not capture variation in 1C metabolism nutrient
intake across critical windows during the early life course, e.g., prenatal development,
when epigenetic programming is particularly sensitive.

Clearly, variability in supplement formulations, doses, and bioavailability can also
obscure interpretation and comparison across studies. Finally, polymorphisms in genes
such as MTHFR, BHMT, and PEMT can modify nutrient requirements and metabolic
responses, yet are not always fully accounted for [74,267,268]. To conclude, standardized
DNA methylation techniques are also needed to aid comparisons across studies and reduce
heterogeneity [269].

9. Conclusions
Science has evolved beyond a sole focus on folic acid supplementation before and

during early pregnancy [146]. Taking this point into consideration, nutrients including
choline and related B vitamins (B2, B6, B9 (folate) and B12) play integral roles in 1C
metabolism, contributing to SAM synthesis—the principal methyl donor for epigenetic
processes such as DNA methylation and thereby influencing early embryonic development
and later health in life [26,114,121].

It is now increasingly recognized that choline and interconnected B vitamins involved
in 1C metabolism reinforce fetal development through coordinated regulation of methyl-
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group supply, DNA synthesis and epigenetic programming [38,96]. Inadequate intakes
may disrupt these processes, potentially increasing susceptibility to non-communicable
diseases later in life, including neurocognitive disorders, cardiovascular disease, type 2
diabetes and obesity [20,204,205,270].

Overall, given the collective roles of choline and B vitamins in 1C metabolism and
epigenetic regulation, this highlights the need for: (1) greater public awareness, (2) com-
prehensive prenatal nutrition guidelines, and (3) greater consideration of dietary sources,
adequate supplementation, and potential fortification policies. Given this, promoting an
adequate intake of “choline and its companions” across the early life course should be
viewed as a public health priority.
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AI Adequate intake
AR Average requirement
ASD Autism Spectrum Disorder
BHMT Betaine homocysteine methyltransferase pathway
1C One-carbon
CH3 Methyl group
CI Confidence interval
CVD Cardiovascular disease
DHA Docosahexaenoic acid
DMG Dimethylglycine
DNA Deoxyribonucleic acid
DOHaD Developmental Origins of Health and Disease
EFSA European Food Safety Authority
EPA Eicosapentaenoic acid
GDM Gestational diabetes mellitus
LC-PUFAs Long-chain polyunsaturated fatty acids
MTHFR Methyl tetrahydrofolate reductase
MTR Gene-encoding methionine synthase
MS Methionine synthase
5-MTHF 5-methyltetrahydrofolate
NCD Non-communicable disease
NTD Neural tube defect
OR Odds Ratio
PEMT Phosphatidylethanolamine N-methyltransferase
PRI Population reference intake
RDA Recommended Dietary Allowances
RNA Ribonucleic acid
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RR Relative risk
SAH S-adenosylhomocysteine
SAM S-adenosylmethionine
SMD Standard Mean Difference
THF Tetrahydrofolate
TMAO Trimethylamine N-oxide
UL Tolerable Upper Intake Level
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