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Abstract: Fetal alcohol spectrum disorder (FASD) is common and represents a significant public
health burden, yet very few interventions have been tested in FASD. Cognitive deficits are core
features of FASD, ranging from broad intellectual impairment to selective problems in attention,
executive functioning, memory, visual–perceptual/motor skills, social cognition, and academics. One
potential intervention for the cognitive impairments associated with FASD is the essential nutrient
choline, which is known to have numerous direct effects on brain and cognition in both typical
and atypical development. We provide a summary of the literature supporting the use of choline
as a neurodevelopmental intervention in those affected by prenatal alcohol. We first discuss how
alcohol interferes with normal brain development. We then provide a comprehensive overview
of the nutrient choline and discuss its role in typical brain development and its application in the
optimization of brain development following early insult. Next, we review the preclinical literature
that provides evidence of choline’s potential as an intervention following alcohol exposure. Then, we
review a handful of existing human studies of choline supplementation in FASD. Lastly, we conclude
with a review of practical considerations in choline supplementation, including dose, formulation,
and feasibility in children.

Keywords: fetal alcohol spectrum disorders; choline; brain; randomized controlled trials; longitudinal
studies

1. Introduction

Fetal alcohol spectrum disorders (FASD) represent a set of lifelong neurodevelopmen-
tal conditions resulting from prenatal alcohol exposure (PAE). FASD is a heterogeneous
condition characterized by neurological abnormalities, cognitive and behavioral impair-
ment, growth retardation, and craniofacial anomalies [1]. Recent estimates have suggested
a global prevalence of 0.8%, and rates have been found to vary by region. FASD affects
approximately 2.0 to 5.0% of the European and North American populations [2,3] and 13.6
to 28% of high-risk rural populations in South Africa [4,5]. Rates of alcohol consumption
around the globe are generally increasing [6], with even larger accelerations seen during
the recent COVID-19 pandemic [7]. Despite the tremendous public health burden it repre-
sents [8,9], FASD remains under-recognized and is often misdiagnosed [10,11]. FASD is an
“umbrella” term, encompassing a number of subtypes, including fetal alcohol syndrome
(FAS), partial fetal alcohol syndrome (PFAS), and alcohol-related neurodevelopmental
disorder (ARND). FASD diagnoses are made on the basis of facial features (i.e., small
palpebral fissures, smooth philtrum, smaller upper lip), growth deficits, neurological abnor-
malities, and neurocognitive/neurobehavioral deficits [1,12,13]. Neurocognitive deficits
are a core feature of FASD, ranging from broad intellectual impairment to selective deficits
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in attention, executive functioning, memory, visual–perceptual/motor skills, social cog-
nition, and academics [14,15]. Individuals with FASD are at an elevated risk of sensory
processing abnormalities (e.g., hearing loss [16]), non-specific neurological deficits (e.g.,
cranial nerve abnormalities, ataxia, dysarthria [17,18]), and a wide range of comorbid con-
ditions, including congenital malformations, chromosomal abnormalities, and behavioral
disorders [19,20]. Importantly, these deficits persist into adulthood, and individuals with
FASD can experience lifelong cognitive and physical impairment, psychiatric comorbidity,
incarceration, homelessness, and other psychosocial challenges [9,21]. Although the litera-
ture on effective treatments for FASD has been growing, at present, very few interventions
exist specifically for this population [22,23].

Cognition is a natural target for intervention in FASD because cognitive deficits
contribute to real-world problems with adaptive functioning, social skills, and independent
living [24]. One potential intervention for the cognitive impairments associated with FASD
is the essential nutrient choline [25], which is known to have multiple direct effects on
brain development and cognition in both typical and atypical development [26]. Here, we
provide a summary of the limited but growing literature supporting the use of choline as a
neurodevelopmental intervention for cognition and brain development in those affected
by PAE. We first present an overview of PAE and FASD with an emphasis on alcohol’s
potential to alter brain development, resulting in permanent cognitive impairments and
functional deficits. We then provide a comprehensive overview of the nutrient choline and
what is known about its role in typical brain development and its potential application
in the optimization of brain development following early insult. Next, we outline the
preclinical models that provide evidence of choline’s potential as an intervention following
PAE. Then, we review the handful of existing human studies of choline supplementation
following PAE. Lastly, we conclude the paper with a review of practical considerations in
choline supplementation, including dose, formulation, and feasibility in children.

2. Alcohol’s Effects on the Developing Brain and Cognition

A wide range of human and animal studies have documented effects of PAE on
brain structure and function across development [14,17,27,28]. In this section, we briefly
summarize insights from the human and animal literature regarding mechanisms of alcohol
teratogenesis and effects of PAE on neurodevelopment and related cognitive dysfunction.

2.1. Mechanisms of Alcohol Teratogenesis

Alcohol passes into the placenta and readily crosses the blood–brain barrier, directly
affecting the developing fetus [28]. Multiple mechanisms by which alcohol affects the
developing brain have been documented. There are known epigenetic effects, including
effects on gene expression [29,30], such as DNA methylation and histone modification [31].
Excess neuronal apoptosis (i.e., programmed cell death) is a frequent finding following
PAE, and oxidative stress and withdrawal-induced neuronal toxicity have also been de-
scribed [29,30]. A growing body of evidence suggests PAE disrupts glial cell function and
synaptogenesis [32]. Altered neuronal and glial cell proliferation and migration [29,30,32],
including disrupted oligodendrocyte maturation, are thought to contribute to dysfunctional
brain architecture and connectivity in PAE-affected organisms. In addition, PAE is known
to impact placental health [33], to affect iron regulation in the developing fetal brain [34],
and to disrupt maternal–fetal iron homeostasis [35], which may, in turn, contribute to
neurodevelopmental abnormalities in areas such as the hippocampus. Notably, iron de-
ficiency affects gray matter development, including hippocampal integrity and dendrite
complexity [36,37], as well as white matter development, such as myelination [38].

2.2. Global Structural Abnormalities in Brain following PAE

Cross-sectional studies have documented a wide range of global neurological ab-
normalities linked to PAE (e.g., reduced total brain volume and/or reduced cerebral or
cerebellar volumes at the group level), as well as regional structural abnormalities (e.g.,
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corpus callosum shape distortions/thinning, gray and white matter abnormalities in frontal,
parietal, and temporal lobes; volumetric reductions in the hippocampus, basal ganglia,
thalamus; for comprehensive reviews, see Lebel et al. [39] and Moore et al. [40]). Recent
studies using longitudinal designs have revealed differences in both gray and white matter
developmental trajectories [41–43], abnormal cortical folding (i.e., gyrification; [44,45]),
impaired functional connectivity [46,47], and altered brain–behavior relationships [43,48].
Importantly, these abnormalities are linked to the timing, frequency, and amount of alcohol
exposure, genetics, and other prenatal and postnatal factors [49].

These neurodevelopmental effects contribute to the cognitive deficits consistently
seen in individuals with FASD, which can range from profound and global deficits to
more narrow impairments in specific cognitive domains, such as attention/executive
functioning, learning and memory, visual-spatial skills, and motor skills [14,15]. General
intelligence (i.e., IQ) is variable across affected individuals and across subtypes of FASD.
The mean IQ for individuals with FASD as a group has been estimated to be as low as
72 (where the normative mean is 100, and the standard deviation is 15 [50]). Measured
intelligence is lowest for individuals diagnosed with FAS, followed by those with the
milder forms of FASD: PFAS and ARND [51]. Deficits in balance, motor coordination,
fine motor control, and visual–motor integration [14,52], as well as language impairment
in both expressive and receptive domains, have also been reported in individuals with
PAE [53,54]. Social communication, behavior regulation, and adaptive skills are also com-
monly impaired [55,56]. Attention and executive function deficits are hallmark cognitive
features of PAE [50,57]. Specific deficits have been reported in visual attention and aspects
of shifting/orienting attention [46]. Executive function is often globally impaired with
specific deficits in domains of set shifting/flexibility, concept formation/problem solving,
planning, working memory, and inhibitory control, particularly on tasks involving complex
information processing [50,58]. Notably, attention deficit/hyperactivity disorder (ADHD)
is highly comorbid with FASD, and individuals with PAE and ADHD may demonstrate
unique cognitive profiles and neurological abnormalities [59].

2.3. PAE May Disproportionately Affect the Hippocampus and Memory

The hippocampus has long been suspected to be particularly impacted by PAE, given
the learning and memory deficits often observed in human and animal studies [58,60,61].
The hippocampus differentiates rapidly during fetal development, which may contribute
to its particular vulnerability to insult in PAE. Ho et al. [62] first demonstrated that alcohol
damages the hippocampus (and other subcortical structures) in animal models. Rodent
behavior studies and parallel human studies of memory added to the understanding of
hippocampal involvement in PAE [63,64]. Mechanisms by which PAE damages the hip-
pocampus have also been investigated. Early reports indicated lower pyramidal neuron
counts in the dorsal hippocampus in adult rats prenatally exposed to alcohol [65]. Subse-
quent studies have consistently demonstrated decreased cell counts and/or low dendritic
density in CA1 of the hippocampus [66–71]. In addition to CA1, Livy et al. [67] reported
decreased cell counts in CA3 and the granule cells of the dentate gyrus after gestational
and early postnatal (third-trimester equivalent) alcohol exposure. Wigal et al. [71] reported
an 11 percent reduction in granule cells in the dentate gyrus after gestational exposure,
though this has not been consistently found [70,72,73]. PAE can also disrupt neurotrophin
pathways and impair neurogenesis in the hippocampus into adulthood [74].

Although the extent of similar neuropathological findings in humans is unknown [75],
recent advancements in MRI and automated processing methods have facilitated detailed
morphology studies in humans. The hippocampus, along with other subcortical structures,
including the amygdala and caudate, have been reported to be significantly smaller in chil-
dren with PAE [76,77], although several studies have failed to find volumetric differences
in these structures after correction for total brain volume [42,78–80]. A recent neuroimag-
ing study examined hippocampal subfields and found significant volumetric reductions
in 5 out of 10 regions in children with PAE compared to controls [60]. Importantly, the
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hippocampus is heavily interconnected with other systems [81–83], and its integrity is
critical to the development, functioning, and organization of other domains. Together,
neuroimaging studies have shown that PAE affects the structure, function, and connec-
tivity of the hippocampus [60] and connected brain areas, including the prefrontal and
parietal cortex [42,55,84], amygdala [42,76,85], and basal ganglia [76,86], suggesting that
hippocampal-dependent learning and memory may be a particularly important domain
for intervention.

2.4. White Matter and Network Connectivity

White matter abnormalities have been frequently found in both animal and human
studies of prenatal alcohol exposure, reflecting significant volumetric reductions in impor-
tant white matter pathways attributed to disrupted myelination [39,40,87]. The corpus
callosum has been shown to be particularly susceptible to PAE-induced damage, with
many studies reporting reduced volume and shape abnormalities, particularly in posterior
regions [49,88,89]. Using diffusion tensor imaging (DTI) methodology, reduced white mat-
ter microstructural integrity has been consistently found in the corpus callosum, cingulum,
cerebellar peduncles, and longitudinal fasciculi, as indicated by lower fractional anisotropy
(FA) and higher mean diffusivity (MD) and radial diffusivity (RD; [49]), although some
inconsistencies have been found in younger age groups [90]. Both volumetric and mi-
crostructural abnormalities in white matter pathways have been shown to correlate with
neurocognitive performance in domains such as processing speed [91], working mem-
ory [92], language and reading [42], and mathematics [93] in individuals with PAE. Studies
using functional magnetic resonance imaging (fMRI) techniques have also found significant
alterations in functional connectivity in FASD thought to reflect underlying white matter
dysfunction [46,94,95].

More than 45 years of basic science research has elucidated important mechanisms
by which prenatal alcohol exposure damages the developing brain, and the lasting impact
of such damage has been illustrated by a large and growing body of neuroimaging data
demonstrating abnormalities in brain structure, function, development, and related cogni-
tive deficits [14]. Importantly, cognitive deficits (e.g., in memory and executive functioning)
are common in FASD even when IQ is average [96], suggesting that individual neural
circuits (e.g., hippocampus, prefrontal cortical circuits) may be the most appropriate targets
for intervention rather than global cognition.

3. An Overview of Choline and Its Role in Typical Neurodevelopment

Choline is an essential nutrient that is typically grouped with the B vitamins [25].
Without it, cells die by apoptosis [97,98]. It is endogenously produced by the liver but, like
other vitamins, must also be consumed in the diet in order to meet one’s daily needs [25].
Choline is found in many foods—the richest sources being egg yolks, meat, fish, poultry,
and dairy products. Choline’s functions in the body include serving as a precursor to acetyl-
choline, phospholipids, and betaine (which is a major methyl donor). Choline is important
for cell membrane integrity, lipid transport, transmission of neural impulses, and gene
expression [25]. It is required for the production of phosphatidylcholine, sphingomyelin,
and plasmalogens present in all cell membranes. In neurons, these phospholipids are
necessary for axonal growth and myelination among other developmental processes [26,99].
Furthermore, the ability of cholinergic neurons to produce acetylcholine is directly related
to the availability of free choline [100], which is dependent on both endogenous production
and dietary intake. During development, choline is metabolically linked to another essen-
tial nutrient, folate. Deficiencies in either nutrient lead to neural tube disruptions [101–103],
and both nutrients are known to be important contributors to normal brain development
and cognition [26]. For the interested reader, a comprehensive review of choline metabolism
and choline’s mechanisms of action during development are available in [26,98].

In animal models, perinatal choline availability impacts numerous aspects of brain
development, especially in the hippocampus. Choline supplementation contributes to in-
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creased dendritic arborization in the CA1 region, larger hippocampal cells, and functional
changes [104–107]. Choline is necessary for the development of the hippocampal choliner-
gic system, and it plays a role in the structure and function of regions essential for memory
by contributing to methylation in the hippocampus and prefrontal cortex [26,108–110].
Prenatal and postnatal choline supplementation also affect choline acetyltransferase lev-
els in the hippocampus and frontal cortex of rats, which is associated with improved
visual-spatial memory functioning [111,112].

Critically, the developmental effects of choline are believed to be long lasting and,
in some respects, contribute to permanent alterations in brain structure and function.
Supplementation during critical early periods of brain development (prenatal and post-
natal) induces long-lasting effects on neuroplasticity, including effects that appear to last
throughout the lifetime of the organism [113]. Glenn et al. [114] found that prenatal choline
supplementation in rats during embryonic days 12–17 led to lower levels of age-related
cognitive decline, as well as increased proliferation of hippocampal cells, increased vas-
cular endothelial growth factor, and neurotrophin-3 in the brains of the rats that received
choline. The impact of perinatal choline availability on the structural development of the
brain has been described as “metabolic imprinting” because of the permanent changes
that occur, affecting brain functioning throughout the lifetime [115]. As such, choline
holds significant potential as a treatment that may be able to alter the trajectory of neu-
rodevelopment. Although one study has demonstrated an association between choline
intake during pregnancy and cognitive outcome in the offspring [116], there is not yet
good evidence that supplementation beyond sufficient choline intake during pregnancy
results in cognitive gains for the offspring [117]. Nonetheless, choline supplementation
during pregnancy may hold value because most pregnant women consume inadequate
choline [118], and choline may help optimize aspects of development in high-risk situations.
In one clinical trial of pregnant women whose fetuses were at high risk of schizophrenia,
Ross et al. [119] found that prenatal and neonatal choline normalized P50 evoked response
potentials (ERP)—related to sensory gating and the development of attention deficits in
schizophrenia and other conditions. Choline has also been shown to exert a neuroprotective
effect in a number of animal models of brain dysfunction, such as prenatal alcohol exposure,
aging, Alzheimer’s disease, seizures, stroke, and genetic disorders such as Rett syndrome
and Down syndrome [120].

Mechanisms of Choline’s Action in the Developing Brain

Choline is believed to exert its developmental effects through several mechanisms.
First, choline plays a role as a methyl donor for DNA methylation and, thus, it is one
of many “environmental” factors capable of regulating gene expression [121], including
genes that drive important developmental processes in the brain. Choline also plays a
role in histone methylation and has been shown to normalize brain-derived neurotrophic
factor (BDNF) concentration following an early insult, with potential downstream benefits
for further brain development yet to occur [122]. Deficiencies in choline result in low
S-adenosylmethionine concentrations in rodent models, also leading to hypomethylation of
DNA. In turn, this altered DNA methylation negatively affects gene transcription, genomic
imprinting, and genomic stability [26]. Augmenting choline levels in the face of a deficiency
assists in normalizing DNA methylation [123]. Potential epigenetic changes induced by
choline are impactful early in development (prenatally), but postnatal gene expression
is also relevant for some aspects of continuing neurodevelopment, especially in brain
regions characterized by postnatal neurogenesis, such as the hippocampus [124]. In our
own studies, we found that 9 months of choline supplementation led to normalized DNA
methylation and increased the expression of two genes involved in stress and circadian
regulation (POMC and PER2) that are known to be hyper methylated in children with
PAE [123]. Further context comes from preclinical studies showing long-term alterations in
expression of these genes—particularly in the hippocampus—in animals exposed prenatally
to alcohol [125].



Nutrients 2022, 14, 688 6 of 25

In addition to its role in gene expression, choline also serves an important neurode-
velopmental role through acting as a precursor to acetylcholine, which functions as both a
neurotransmitter and trophic factor in the brain [26]. Choline is known to be readily trans-
ported into the brain and incorporated into neurons, resulting in additional acetylcholine
synthesis [126,127]. Because there is no strong feedback inhibition for acetylcholine produc-
tion in neurons, increased free choline in circulation leads directly to increased acetylcholine
production in neurons. Cholinergic circuits are critical for memory, in addition to a vari-
ety of other functions [110]. In normally developing animals, perinatal supplementation
with choline above typical dietary levels enhances performance on measures of cognition,
including memory [128–130].

A third potential mechanism by which choline affects brain development is through
its impact on lipid synthesis. Choline is essential in the formation of major phospholipids in-
volved in cell membranes, including phosphatidylcholine (PtdCho), phosphatidylethanolamine,
and sphingomyelin, which are important in maintaining the structure and function of
cellular membranes and facilitate axonal growth and myelination [131,132]. During gesta-
tion, progenitor cells in the fetal brain require choline to undergo proliferation, migration,
and differentiation [132]. PtdCho has been implicated in cell division and growth, and
sphingomyelin, a phospholipid derived from PtdCho, is essential for the myelination of
axons throughout the central nervous system [133], which begins early in the brainstem
(at about 14 weeks gestation) and progresses to thalamic (20 weeks) and cortical axons
(35 weeks) in humans [134].

As outlined above, choline clearly has differential impacts on brain development
at different stages. During prenatal development, choline directly affects neurogen-
esis, and it contributes to increased cell proliferation and decreased apoptosis in the
hippocampus [108,109]. Later in development, including the postnatal period, choline
fosters synaptogenesis, and it continues to impact hippocampal growth [110], which contin-
ues at a rapid pace during the first two years [135]. In humans, the hippocampus continues
to develop at a slower pace at least into the fourth year of life [136]. In preclinical models,
choline supplementation during both “early” (postnatal days 11–20) and “late” (postnatal
days 21 to 30) periods attenuates cognitive deficits from PAE and, notably, there is an
advantage in early supplementation [137]. In addition to affecting memory systems, there
is evidence that choline supplementation improves other aspects of cognitive functioning,
including attention [138].

As discussed in a recent paper by Barks et al. [139], there are several caveats regarding
the mechanisms of action and timing to consider, as the field potentially moves forward
with choline supplementation. For example, although alcohol impacts numerous biological
processes (including epigenetic regulation) to cause neurodevelopmental insult, choline
likely has a much more discrete developmental impact, and its effectiveness may be discrete
as a result. Additionally, the impact of alcohol on the developing brain is likely subject
to developmental windows (with different developmental mechanisms being affected at
different timepoints), and choline administered later in development may miss those critical
windows and/or could theoretically exert other non-targeted effects on brain development.
For example, studies of choline supplementation in rat models of hippocampal develop-
ment have suggested the timing of supplementation is associated with distinct mechanisms
affecting hippocampal structure and function when administered in the prenatal or post-
natal periods [140]. Lastly, in rodent models of iron deficiency, although the benefits of
properly timed choline supplementation have been observed with iron-insufficient ani-
mals, there may be evidence of neutral or even negative effects at different timepoints
and/or in iron-sufficient animals in the same experimental models [141,142]. Similarly,
some studies have found choline supplementation administered throughout the prenatal
and early postnatal periods to have negative effects on certain growth factors, such as
BDNF [140]. In summary, although choline is clearly important during neurodevelopment,
we still have a good deal to learn about how to utilize it as an intervention following
neurodevelopmental insult.
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4. Preclinical Evidence Showing That Choline Augments Development following PAE
4.1. Brain Structure and Function

A number of preclinical studies have examined the effects of choline administered
before, during, or after ethanol exposure [121]. Idrus et al. [143] administered 1.0, 1.75,
or 2.50 g of choline to pregnant, ethanol-exposed rats 2 weeks before conception and
throughout lactation. They examined motor and behavioral development in the offspring
and found the most severe impairments (delayed eye openings, fewer successes in hindlimb
coordination, overactivity) to be in the alcohol-exposed, low choline group. In addition,
Glenn et al. [114] conducted a prenatal choline supplementation study in which pregnant
rats were administered 5 mg/kg of choline chloride on embryonic days 12 to 17. They
measured exploratory behaviors in offspring at 1 and 24 months and found that the younger
females that received choline showed increased object exploration behavior, while males
showed decreased exploration. Complementing these rodent studies, a large mammal
model using prenatal choline supplementation in sheep has also demonstrated significant
benefits for brain and eye development following disruption from PAE [144]. The three
previous studies examined various areas of development, while Ryan et al. [137] looked at
the critical developmental period where choline is most effective in reducing the negative
effects of PAE in rats. The rodents received saline or 100 mg/kg per day of choline chloride
from postnatal days 11 to 20, 21 to 30, or 11 to 30 and later performed a spatial learning
task on postnatal day 45. Choline did not reduce deficits due to ethanol exposure during
acquisition, but supplementation during postnatal days 11 to 20 and 21 to 30 decreased
deficits in the probe trial. This suggests that the critical developmental period for choline
administration is relatively wide in rodents.

Postnatal choline supplementation in rats also contributes to improvement in neurode-
velopment [145,146]. In one study, rat pups were exposed to ethanol (or sham) and given
choline chloride (or saline vehicle) postnatally. Choline helped mitigate the negative effects
of alcohol exposure by normalizing miRNA expression [145]. Otero et al. [146] conducted a
similar study in which rat pups received ethanol (or none) on postnatal days 2 to 10, which
is equivalent to the third trimester in humans. The pups were also given choline chloride
(or saline) on postnatal days 2 to 20. They found that choline reduced hypermethylation
caused by alcohol exposure in the hippocampus and prefrontal cortex.

4.2. Working Memory and Learning

Rodent models have demonstrated that postnatal choline supplementation can im-
prove the negative effects of PAE on working memory and learning [147,148]. In particular,
hippocampus and memory processes dependent on the hippocampus are disproportionate
targets of PAE [67,149,150], and choline supplementation offsets some of the learning and
memory deficits caused by PAE [151,152]. Schneider and Thomas [147] exposed rats to
alcohol from postnatal days 4 to 9 and administered 100 mg/kg of choline chloride or
placebo daily from postnatal days 40 to 60 (young adulthood in rats). Choline blunted the
negative effects of PAE on spatial working memory but did not mitigate overactivity in the
animals. Thomas et al. [152] performed another study examining choline supplementation
(postnatal days 2 to 21) in rats prenatally exposed or not exposed to ethanol and its effects
on visuospatial discrimination ability. Choline improved task performance in all groups,
with larger benefits seen in the ethanol-exposed group. In another study conducted by
Waddell and Mooney [148], rat pups were administered ethanol from gestational days 16
to 20 and given 100 mg/kg of choline or saline daily from postnatal days 16 to 30. Rats
were randomly assigned to one of four conditions (saline untrained, saline trained, choline
untrained, choline trained) and performed a T-maze spatial working memory task. Choline
improved the working memory performance of rats in the saline and ethanol-exposed
groups. Thus, choline has beneficial effects on memory and learning in rodent models of
typical development, as well as prenatal ethanol exposure.
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5. Human Studies Also Demonstrate Choline Benefits following PAE
5.1. Prenatal Choline Supplementation in Humans

In recent years, a handful of human studies have tested prenatal (gestational) choline
supplementation as a neurodevelopmental intervention following PAE. Table 1 contains
an overview of these studies. To date, a total of three clinical trials with human subjects
have been published. In a study conducted in Ukraine, Kable et al. [153] examined the
effect of choline supplementation on infant neurophysiology and memory encoding in
a sample of 361 pregnant women with moderate/heavy or no prenatal alcohol use. Par-
ticipants were randomized into three treatment groups: control, multivitamin only, and
multivitamin plus choline (750 mg daily). Infant cardiac orienting response, which is an
index of learning, was assessed using a habituation/dishabituation paradigm with visual
and auditory stimuli at 12-month follow-up. Results indicated a benefit of multivitamin
supplementation (with or without choline) on birth outcomes (longer gestation, increased
birth weight, length, and head circumference), as well as a positive correlation between
multivitamin plus choline supplementation and infant neurophysiological encoding and
memory. There were no significant differences in outcome between PAE and non-PAE
groups. Changes in plasma choline and choline metabolite during pregnancy were posi-
tively related to cardiac orienting responses, suggesting a potential choline effect on some
aspects of information processing.

Table 1. Summary of prenatal choline supplementation studies.

Publication Participants: (n, Age,
Diagnosis)

Choline
Supplementation
(Type, Dose, and Form)

Study Design Outcome Measures Main Findings

Coles et al., 2015 [154]

n = 614 pregnant
women (301 consumed
alcohol, 313
non-drinking)
n = 367 children aged
6 months

750 mg choline +
multi-vitamin vs.
multi-vitamin vs.
control
1st prenatal visit - birth

Randomized controlled
trial

Cognitive and
psychomotor
development, orienta-
tion/engagement,
emotional regulation,
motor quality, and total
behavior quality.

Higher cognitive
development scores in
multi-vitamin group, no
effect of choline

Kable et al., 2015 [153]
n =119 alcohol exposed
infants,
n = 136 controls

750 mg choline +
multi-vitamin vs.
multi-vitamin vs.
control
1st prenatal visit—birth

Randomized controlled
trial

Cardiac orienting
response to visual and
auditory stimuli

Improved cardiac
orienting response after
choline
supplementation
Prenatal choline
metabolite levels
predicted cardiac
orienting outcomes

Jacobson et al.,
2018 [155]

n = 69 heavy drinking
pregnant women
62 infants (31 choline,
31 placebo)

2 g of choline bitartrate
or placebo
mid-pregnancy—birth

Randomized,
double-blind controlled
trial

Infant growth,
recognition memory
Eyeblink conditioning
(EBC) at 6.5 months;
somatic growth at 6.5
and 12 months;
recognition memory
and processing speed at
6.5 and 12 months

Better EBC task
performance and
recognition memory in
choline group at
12 months
Improved infant growth
in choline group at 6.5
and 12 months

Warton et al., 2021 [156]

52 infants
52 heavy-drinking
women (28 choline;
24 placebo)

2 g choline or placebo
daily
mid-pregnancy—birth

Randomized,
double-blind (after
12-month assessment),
choline intervention

Brain structure,
recognition memory

Larger brain volumes in
6/12 regions in choline
group, which correlated
positively with
recognition memory in
some regions

As part of the same study and cohort, Coles et al. [154] explored the effect of choline
on infant developmental outcomes at 6 months of age in 367 infants using a common
measure of early cognitive and motor development (Bayley Scales of Infant Development).
In addition to the expected negative effects of PAE on developmental outcomes (i.e., higher
maternal alcohol use associated with worse infant cognitive outcomes), multivitamin sup-
plementation (with or without choline) was associated with higher cognitive functioning.
However, there was no effect of choline supplementation (i.e., multivitamin plus choline
compared to multivitamin alone) on developmental outcomes. The authors speculated that
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these findings may have resulted from insensitivity of global infant cognitive testing at
this age.

Recently, Jacobson et al. [155] conducted a randomized, double-blind, placebo-controlled
clinical trial of prenatal choline supplementation in South Africa. A total of 69 heavy-
drinking pregnant women were randomly assigned at mid-pregnancy to 2 mg oral choline
per day or placebo, and the treatment continued until delivery. Infants (31 choline,
31 placebo) completed eyeblink conditioning (EBC) and visual recognition memory (i.e.,
novelty preference) tasks to evaluate the effect of choline supplementation on PAE-impacted
early development. Results showed that infants born to mothers treated with choline had
superior eyeblink conditioning at 6.5 months of age compared to placebo. Within the
choline group, maternal adherence (a proxy for dose received) was strongly related to EBC
performance. Similarly, although newborns in both groups were small at birth, infants of
choline-treated mothers showed greater “catch-up” in weight and head circumference at
6.5 and 12 months. The incidence of FAS and PFAS was not different between groups. At
12 months, infants in the choline supplementation group showed higher novelty preference
scores (a measure of visual recognition memory) compared to those in the placebo group.
Importantly, this study used a higher dose of choline supplementation than the previous
two studies [153,154]. In a follow-up neuroimaging study of 50 infants in this South African
infant cohort, Warton et al. [156] examined regional brain volumes and recognition memory.
Infants in the maternal choline group showed normalized volumes relative to the placebo
group in 6 out of 12 regions, including the bilateral thalamus and caudate, right putamen,
and corpus callosum. Increased volume in these regions correlated with maternal choline
supplementation adherence (a proxy for dose received). In addition, increased volume
in the right putamen and corpus callosum partially mediated the relationship between
treatment group and recognition memory performance found in the original cohort at
12 months of age.

In sum, the results of maternal choline supplementation clinical trials suggest a poten-
tial role for choline in ameliorating PAE-related negative growth and behavioral outcomes.
It is worth noting that the dose of choline has varied widely across and within preclinical
studies and clinical trials, with much higher doses being used in preclinical trials [121].
In the human studies, Jacobson et al. [155] used a higher dose (2 g per day) compared to
Kable et al. [153] and Coles et al. [154] (750 mg per day), which may have contributed to dif-
ferences in outcomes. In addition, procedures for estimating maternal choline intake have
also varied across studies, as has the timing of choline supplementation. Differing mea-
sures of infant outcomes have also been used, (e.g., physiological measures, such as cardiac
orienting response, vs. traditional clinical cognitive measures), which have been shown
to have varying degrees of sensitivity in predicting developmental outcomes [121,157].
Finally, the effect of baseline choline intake may contribute to observed outcomes, as choline
supplementation may be most effective when there is a choline deficiency [158].

Importantly, even subtle treatment-related effects observed early in life may result in
long-lasting benefits later in development, and further longitudinal investigation of the
downstream effects of choline supplementation is warranted. Both animal and human
studies suggest prenatal choline may have larger effects on neurodevelopment than post-
natal choline [121]. However, postnatal studies remain critical because, in the U.S., many
alcohol-exposed pregnancies are only identified retrospectively, and nearly half of all preg-
nancies are unplanned—with rates of unplanned pregnancies even higher in developing
countries [159]. In addition, there is a dearth of interventions available for individuals with
FASD [8,160]. These issues highlight the importance of postnatal supplementation studies
to support the development of children at risk of FASD who were not identified before birth.
Furthermore, testing choline’s effects in the U.S., where malnutrition is not common [161],
provides critical, complementary information to the studies being conducted in countries
such as Ukraine and South Africa, where development is doubly impacted by malnutrition
and PAE.
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5.2. Postnatal Choline Supplementation in Humans

A small number of human studies have tested postnatal choline supplementation in
children with histories of PAE. Table 2 contains an overview of these studies. Our group
at the University of Minnesota conducted an early double-blind, randomized, placebo-
controlled pilot study establishing the safety and tolerability of choline in 20 children with
FASD [162]. In this study, 20 children ages 2.5 to 4.9 years with PAE were randomly assigned
to two treatment groups for 9 months: 513 mg per day of choline or a placebo. Log sheets
and packet counts revealed compliance to be high (82% to 87%). No serious adverse events
were reported, although fishy body odor was reported by some participants receiving
choline supplementation. Together, the results demonstrated that choline supplementation
in young children was safe, feasible, and well tolerated.

A subsequent double-blind, randomized, placebo-controlled trial by our group inves-
tigated potential cognitive benefits of postnatal choline supplementation in young children
with FASD [163]. A total of 60 children with PAE, ages 2.5 to 5 years, were randomized
to receive 513 mg per day of choline or placebo. Again, choline supplementation was
feasible and well tolerated, with participants receiving a dose on 88% of enrolled days.
Primary and secondary outcomes of this study were global cognitive functioning and
a hippocampal-dependent elicited imitation (EI) memory paradigm. Results indicated
no effect of choline supplementation on global cognitive functioning. EI performance in
this age range reflects development [164], and EI improvement has known implications
for future cognitive ability. For example, in one longitudinal study, EI performance at
20 months of age predicted up to 37% of the variance in explicit memory skill at 6 years
of age [165]. In the trial, age-related improvements in EI performance were found in the
choline group after controlling for immediate recall (thought to reflect attention to the
task), with younger participants showing greater improvement than older participants. In
mixed-model analyses of growth curves over 9 months, the slope of improvement in EI
memory was steeper for the choline group compared to the placebo group (significantly
steeper for 2- to 3-year-olds compared to 4- to 5-year-olds). In addition, post hoc analyses
of estimated mean daily choline dose received per kilogram of body weight revealed a
modest, inverse relationship with EI memory performance (i.e., lower daily dose associated
with better performance at 9 months). Importantly, a potential ceiling effect was observed
in the EI paradigm and regression toward the mean potentially contributing to this find-
ing. However, the results highlight the need for further study on the cognitive benefits
of choline supplementation in young children with FASD and exploration of potential
sensitive periods to be targeted with treatment.

In a retrospective analysis of data from this trial [163], Smith et al. [166] examined the
role of multiple choline-related single-nucleotide polymorphisms (SNPs) in explaining the
cognitive improvement associated with choline supplementation. Results indicated SNPs
within the cellular choline transporter gene solute carrier family 44 member 1 (SLC44A1),
implicated in transporting choline across plasma and mitochondrial membranes, were
significantly associated with EI performance. Performance improvements from choline
were dependent on the SLC44A1 allele. These findings emphasize the potential importance
of choline-related SNPs in mediating the cognitive effects of choline and highlight the need
for future research incorporating genetic analyses.

Recently, we conducted a 4-year follow-up of participants in the original University of
Minnesota choline trial [167]. Participants included 31 children (16 who received placebo
and 15 who received choline; mean age at follow-up = 8.6 years). Neuropsychological
testing included measures of general cognitive functioning, verbal and visual memory, an
EI memory paradigm comparable to that used in the initial trial, executive functioning,
and ADHD behavioral problems. Participants in the choline supplementation group
demonstrated significantly higher non-verbal intelligence, visual-spatial skill, working
memory, and verbal memory performance compared to those in the placebo group. In
addition, parents rated significantly fewer behavioral symptoms of ADHD in the choline
compared to the placebo group.
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Table 2. Summary of postnatal choline supplementation studies.

Publication
Participants (n,
Age,
Diagnosis)

Choline (Dose,
Duration,
Form)

Design

Outcome
Measures
(Cognitive,
Behavioral)

Main
Findings

Wozniak et al.
(2013) [162]

n= 20
2.5–4.9 years
old with PAE

500 mg choline
or placebo
9 months
Choline
bitartrate

Phase 1 pilot
study
Double-blind,
randomized
placebo-
controlled
trial

Feasibility,
adverse effects,
tolerability,
serum choline
levels

Minimal
adverse events
in choline
group, other
than a fishy
body odor
Choline sup-
plementation is
feasible and
highly
tolerable.

Wozniak et al.
(2015) [163]

n= 60
2.5–5 years old
with PAE

513 mg choline
or placebo
9 months
Choline
bitartrate

Double-blind,
randomized,
placebo-
controlled
trial.

IQ, elicited
imitation (EI)
task (i.e.,
sequential
memory)

Improved
sequential
memory in
younger
participants
(i.e., 2–3 years)
who received
choline

Nguyen et al.
(2016) [168]

n= 55
5–10 years old
with heavy
PAE

29 children had
625 mg choline
and 26 children
had placebo
6 weeks
Glycerophos-
phocholine

Multisite study
Randomized,
double-blind,
placebo-
controlled
clinical trial

Memory,
executive
functioning,
attention and
hyperactivity

No effects of
choline

Wozniak et al.
(2020) [167]

n= 31; 4 year
follow-up after
completion of
prior Choline
study [163]
M = 8.6 years
old with PAE

Participants
had previously
received
513 mg of
choline
9 months
Choline
bitartrate

4-year
follow-up of
randomized,
double-blind,
placebo-
controlled
trial

IQ, memory,
executive
functioning,
behavioral and
emotional
functioning

Choline group:
improvements
in non-verbal
intelligence,
visual-spatial
skills, working
memory,
verbal memory,
and ADHD
symptoms

Smith et al.
(2021) [166]

52 children
2–5 years old
with an FASD

Children had
previously
received
500 mg of
choline or
placebo
9 months
Choline
bitartrate

Current study
was a
retrospective
analysis
utilizing data
from the
randomized,
double-blind
trial

Genotyped
participants for
384
choline-related
single
nucleotide
polymor-
phisms (SNPs).
Memory and
cognition

14-16 SNPs
within the
SLC44A1 gene
largely
associated with
improved
performance
on the EI task

CBCL Child Behavior Checklist, EI Elicited Imitation, PAE Prenatal Alcohol Exposure.

Importantly, compared to results of the initial trial [163], which showed moderate
group differences in delayed sequential memory, but not overall cognitive skills, group
differences at 4-year follow-up were generally larger and more consistent across domains,
suggesting that the effects of choline supplementation on neurodevelopment may become
more apparent with age [168]. The effects of choline on episodic memory observed at
the 4-year follow-up in this study are consistent with findings from two previous stud-
ies of prenatal choline supplementation in prenatal alcohol exposure. Kable et al. [153]
showed an effect of choline supplementation on an infant measure of visual encoding, and
Jacobson et al. [155] reported a choline effect on a visual recognition task. The protracted
emergence of choline’s benefits is similar to observed cognitive benefits in other nutri-
tional supplementation trials, including a study of long-chain polyunsaturated fatty acid
(LCPUFA) supplements in typically developing infants, in which the beneficial effects on
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cognitive functioning were not seen initially (18 months of age) but were measurable at
3-year and 6-year assessments [169].

A fourth published human postnatal choline study [168] used a randomized, double-
blind, placebo-controlled design to evaluate the effects of choline on cognitive outcomes
in older children aged 5 to 10 years old (M = 8.3) with PAE. A total of 55 children were
randomized to receive either 625 mg per day of choline (glycerophosphocholine) or placebo
(29 choline, 26 placebo) for a total of 6 weeks. Participants in the choline supplementation
group did not demonstrate significant differences in primary outcomes measures of mem-
ory, executive function, attention, and hyperactivity. The authors note that the null results
may be related to a number of factors: the therapeutic window for choline may be early
childhood; the duration of supplementation (6 weeks) may have been insufficient; and
formulation of choline may play a role.

Together, a handful of postnatal choline supplementation trials have been conducted to
date, and the results have suggested positive effects on neurodevelopmental outcomes that
may reflect an early developmental window for choline supplementation [168]. Choline
supplementation in early childhood is a feasible and well-tolerated intervention with
minimal side effects for young children with PAE [162]. The studies summarized here
provide evidence that choline supplementation, particularly early in development (i.e., the
first few years of life), may confer benefits on hippocampal-dependent memory [163], and
additional effects in other cognitive domains, such as non-verbal intelligence, visual-spatial
skills, working memory, and improved behavioral symptoms, may become apparent with
increased age following early supplementation [167]. Further study is needed to determine
optimal timing, dosage, and formulation of choline supplementation, quantify the effects
on neurocognitive functioning, explore potential structural and functional changes in the
brain, and to better understand genetic moderators of choline’s effects.

6. Current Insights into Human Choline Supplementation for Neurodevelopment

Guidelines for the adequate intake (AI) of choline have been established for infants,
children, and adults [25] (see Table 3). Adequate choline intake levels for fetuses are less
well defined, but it is very clear that pregnant women need additional dietary choline as a
result of the added needs of the fetus and the increased prioritization of choline in the fetal
circulation at the expense of the maternal circulation [170,171]. Illustrating the importance
of choline for early brain development, newborns have free choline concentrations in the
range of 35 micromol/L on average—a threefold increase over concentrations seen in
adolescents [172,173]. Unfortunately, many adults with “western” diets, such as those
in the U.S., consume less than the recommended adequate intake levels of choline; U.S.
women consume 278 mg per day, as opposed to the recommended 425 mg per day, or
450 mg while pregnant [174]. Inadequate choline intake is also seen in many other countries
around the world [175]. Low choline levels may be seen in diets lacking animal products,
such as vegetarian diets. Infants require high levels of choline for brain development, and
these levels are impacted by the availability of breastmilk (highest in choline), cow’s milk
(moderately lower), or soy-based formula (lower) [25]. Unfortunately, maternal substance
abuse compounds the problem of already inadequate nutrition. Alcohol and other drugs
interfere with the absorption of nutrients and can significantly lower the availability of
important micronutrients, such as choline, to the fetus [176].
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Table 3. Daily adequate intakes for choline.

Age Male Female Pregnancy Lactation

<=6 months 125 mg 125 mg

7–12 months 150 mg 150 mg

1–3 years 200 mg 200 mg

4–8 years 250 mg 250 mg

9–13 years 375 mg 375 mg

14–18 years 550 mg 400 mg 450 mg 550 mg

>18 years 550 mg 425 mg 450 mg 550 mg
NOTE: Table adapted from Food & Nutrition Board, Dietary Reference Intakes [177] and “What we eat in
America” [174].

These points highlight the fact that fetal development is highly vulnerable to choline
deficiency during gestation and that maternal dietary intake is a critical piece of the
puzzle [177]. The American Academy of Pediatrics now recommends that women consume
additional choline while pregnant [178]. One study found that adding 750 mg of choline
per day in the form of phosphatidylcholine to the maternal diet during pregnancy and
lactation resulted in no adverse events [117]. Although higher than the 450 mg of choline
per day recommended during pregnancy, this amount falls in the range of what could be
consumed with a typical diet (1000 to 1500 mg) [170] and is under the tolerable upper intake
level of 3500 mg per day [25]. A number of foods contain relatively high concentrations
of choline per 100 g of food: beef liver (418 mg), chicken liver (290 mg), eggs (choline is
in the yolk) (251 mg), wheat germ (152 mg), bacon (125 mg), dried soybeans (116 mg),
pork (103 mg), and ground beef (82 mg) [179]. For comparison, foods lower in choline
include beans (27 mg), spinach (22 mg), avocados (14 mg), brown rice (9 mg), oats (7 mg),
tomatoes (7 mg), apples (3 mg), and olive oil (<1 mg). A comprehensive database of
choline contents in foods is available [180]. Ultimately, for some individuals, reaching
450 to 750 mg of choline per day may be difficult to achieve with diet alone (e.g., with a
vegetarian diet or other diet containing low amounts of fish or egg products), and typical
prenatal multivitamins often contain only inconsequential amounts of choline. In these
cases, targeted choline supplementation may be warranted.

Choline supplementation is relatively easy and is associated with few adverse effects
overall, especially at doses below the tolerable upper limit. Very high choline intake can
result in hypotension, liver toxicity, sweating, and vomiting, but these symptoms are not
seen with dosages under 3500 mg per day [181]. There is literature examining potential
negative associations between dietary choline intake and cardiovascular health—mostly
in older individuals with cardiovascular disease [182]. In adults, the concentration of one
choline metabolite (TMAO) has been associated with acute cardiovascular events in patients
undergoing cardiac evaluation or elective coronary angiography [183,184]. However,
Loscalzo et al. [185] suggest that “much remains to be done to determine the precise role
of TMAO in atherothrombogenesis—whether it has a direct effect on pathogenesis, is an
epiphenomenal biomarker, or is a precursor to a more direct effector”. In contrast to these
data, a study in hamsters showed an inverse relationship between plasma TMAO and
atherosclerosis [186]. Furthermore, fish is a rich source of trimethylamine [187], yet dietary
fish intake is associated with decreased risk of cardiovascular disease [188]. One human
study demonstrated that consumption of two or more eggs (which are high in choline)
increased plasma TMAO concentrations, but there was no association with biomarkers of
atherosclerotic plaques [189]. At this point, it is difficult to know if the data from these
studies of dietary choline intake and cardiovascular disease have any applicability to
studies of choline supplementation for neurodevelopment in very young children without
cardiovascular disease.

In our clinical trials, postnatal choline supplementation has proven to be straightfor-
ward in children with FASD. In two studies, [162,163] children were able to take 513 mg
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of choline daily for 9 months with participants consuming a full or partial dose on 88%
(IQR = 69–96%) of the days in the study. Choline was no more difficult to take than placebo
(days receiving a dose for choline: median: 87%, IQR: 72–93% and placebo: median: 90%,
IQR: 69–96% did not differ, p = 0.306). Other than fishy odor, there were no adverse
events related to choline, and there was no impact on growth, heart rate, or blood pressure.
In these studies, using choline bitartrate, we observed free choline concentrations to be
7.33 micromol/L at baseline and 14.77 micromol/L after supplementation (102% increase).
Betaine concentrations were 54.5 micromol/L at baseline and 122.23 micromol/L after
supplementation (124% increase). Thus, the available serum data confirm, at least for
choline bitartrate in the dose administered, that supplementation effectively increases
circulating choline levels in children with FASD. At a 513 mg fixed dose, 52% for choline
vs. 4% for placebo experienced fishy body odor—a result of excess choline reaching the
gut bacteria. Odor prevalence was inversely associated with children’s weight and was
universal (100%) in the lightest children. Together, these data led us to transition to a lower,
weight-adjusted dose (19 mg/kg per day) for our subsequent studies, currently in the
analysis stage (NCT01911299). At this reduced dose, fishy odor has been occurring in only
7.5% of participants.

It is worth noting that a comparison of the baseline serum choline concentration
in those with FASD to available normative data [172,173] for the same age range (11.5
compared to 12.8 micromol/L) suggests that children with FASD may have low circulating
levels of choline. This is consistent with our earlier finding that children with FASD have
inadequate consumption of numerous micronutrients, including choline [190], perhaps due
to atypical eating behaviors and taste/texture sensitivities [191]. Therefore, some of the
beneficial effects of choline supplementation observed in FASD may be related to bringing
these individuals up to a level of sufficiency for choline.

At present, there are minimal data to guide recommendations for the timing of choline
supplementation. Based on our understanding of mechanisms of action and on brain
development, earlier supplementation (such as prenatal) is advantageous. Furthermore,
in our postnatal study of choline supplementation in children with PAE [163], we found
that choline had a beneficial effect on hippocampal-dependent memory performance in 2-
and 3-year-olds, but a non-significant effect in 4- to 5-year-olds (all from the same cohort),
consistent with a possible sensitive period. As discussed earlier, a different study by an-
other research group testing choline in older children with PAE (aged 5 to 10 years) did not
demonstrate a positive effect on cognition [168]. At present, the ideal duration of choline
supplementation is also unknown. The human prenatal studies in the literature generally
supplemented choline through significant portions of gestation. Nguyen et al. [168] supple-
mented older children for 6 weeks, and Wozniak et al. [162,163] supplemented younger
children for 9 months. For context, it is worth noting that many preclinical studies supple-
mented rodents for 10 to 20 days, which is the equivalent of years in human terms [168].
Our current trial (NCT05108974) is evaluating 3 months of choline vs. 6 months and will
also compare the outcomes with our historical 9-month cohort and placebo cohort.

Formulations and Delivered Choline

It is generally accepted among health professionals that dietary intake of nutrients
is the preferred method by which to achieve sufficiency [192]. As previously discussed,
egg yolks, meat, fish, poultry, and dairy products are naturally high in choline. Under
some circumstances, when higher levels of choline are desired but not easily achieved,
supplementation may be necessary. For example, to obtain 750 mg of choline, one would
need to consume about five eggs per day.

There are a number of relevant formulations of choline that have been used for
supplementation purposes. Each formulation differs in the amount of choline cation
delivered, and there may be additional relevant differences in several factors, such as
bioavailability, ability to cross the blood–brain barrier, and metabolites (see Table 4). Each
form has advantages and disadvantages. For example, choline chloride delivers the highest
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amount of choline per weight. Glycerophosphocholine is not converted to trimethylamine
in the gut and is therefore unlikely to produce fishy body odor with higher doses of
choline. It may also be more bioavailable and may cross the blood–brain barrier more
easily [193,194].

Table 4. Choline formulations.

Formulation % Delivered by
Weight Example Notes

Choline bitartrate 41.1% 1000 mg delivers
411 mg of choline

GRAS, USP
monograph

Choline chloride 74.6% 1000 mg delivers
746 mg of choline

GRAS, USP
monograph

Choline citrate 35.3% 1000 mg delivers
350 mg of choline

Citicholine or
CDP-choline 21.3% 1000 mg delivers

180 mg of choline USP monograph

Glycerophosphocholine
(Alpha-GPC) 40.5% 1000 mg delivers

400 mg of choline

Liquid formulations
available, % choline

variable in these

Phosphatidylcholine 13% 1000 mg delivers
130 mg of choline

Mixture; % choline
variable

Lecithin 2–3%
1000 mg delivers
20 mg - 30 mg of

choline
Poor source of choline

Notes: Phosphatidylcholine is the predominant choline source in lecithin. Choline content varies significantly for
both of these sources [194]. Generally recognized as safe (GRAS) means the FDA has evaluated information, and
considers that ingredient to be safe based on expert review. The United States Pharmacopeia (USP) sets standards
for quality and purity of various drug and non-drug substances. When a product is labeled USP, it implies a
higher standard of quality.

Choline supplements are commercially available in various formulations from many
outlets, including health food stores and online retailers. When purchasing from these
sources, inspect the label to determine the actual choline content. For children with sensi-
tivities or specific administration needs, a doctor can prescribe choline supplementation
that can be custom compounded by a pharmacy to meet the patient’s individual needs,
addressing factors such as flavor, texture, or allergies.

7. Conclusions and Future Directions

Fetal alcohol spectrum disorder (FASD) is a highly prevalent, lifelong disability, repre-
senting a significant public health burden and associated with a wide range of neurocog-
nitive and behavioral deficits that persist across the lifespan [1–3,8,9,21]. Close to five
decades of research has led to valuable insights regarding the wide range of effects of PAE
on brain structure and function, from genetic factors and cellular mechanisms to brain
abnormalities and neurocognitive impairment [14,17,27,28]. Continued global increase
in alcohol consumption [6,7], under-diagnosis and misdiagnosis [10,11], and a paucity of
available treatments [22,23] highlight the crucial need for novel intervention for individuals
affected by PAE. Furthermore, nearly half of all pregnancies are unplanned, and many
children with PAE/FASD are only identified postnatally as a result of child protection
proceedings, foster-care and adoption screening, state-supported early developmental
screenings, and pediatric evaluations, pointing to the urgent need for both prenatal and
postnatal interventions with the potential to improve long-term neurocognitive outcomes
in this vulnerable population.

Several decades of preclinical research has suggested the essential nutrient, choline,
may offset many of the deleterious effects of PAE on brain development and cognitive
function, and an emerging line of recent research has investigated potential developmental



Nutrients 2022, 14, 688 16 of 25

benefits of choline supplementation in the prenatal and postnatal periods [121]. Studies
conducted to date using both animal models and humans suggest prenatal (i.e., gestational)
choline supplementation may have larger beneficial effects on neurodevelopment than post-
natal choline [121], and the results of postnatal choline supplementation trials in children
with PAE similarly suggest earlier supplementation is most effective, possibly reflecting
the considerable neurological growth that occurs in the prenatal and early postnatal pe-
riods [195,196]. However, the results have varied across studies, likely reflecting, in part,
methodological differences (e.g., measurement of cognitive outcomes, duration and dose of
choline supplementation), pointing to the need for further investigation. The handful of
postnatal choline supplementation trials conducted to date have provided valuable insights
into the neuroprotective role of choline in young children with FASD, suggesting that post-
natal supplementation is feasible and tolerable and improves neurocognitive function (e.g.,
hippocampal-dependent memory functioning, aspects of non-verbal and visual-spatial
processing, working memory, and behavioral symptoms). Critically, as our existing data
show, many beneficial neurocognitive effects are not easily detectable in the short term and
may not emerge until later in development for children supplemented at a young age [167].
This may suggest that the beneficial effects of choline supplementation are additive and
may compound with age, and there may be a relatively narrow developmental window
for postnatal supplementation [168]. Emerging evidence also suggests genetic factors (e.g.,
choline-related single-nucleotide polymorphisms) may partially mediate neuroprotective
effects in this population [166], pointing to the need for further study.

Research conducted to date highlights important avenues for future investigation
to further elucidate mechanisms by which choline supplementation in the prenatal and
postnatal periods may improve long-term neurodevelopmental outcomes for individuals
affected by PAE. Future studies might evaluate the effects of different doses/duration
of choline supplementation on specific biological outcomes, such as DNA methylation.
Larger sample sizes will allow for a more comprehensive understanding of the role that
genetic factors such as single-nucleotide polymorphisms (SNPs, for example SLC44A1,
FMO3, BHMT, MTHFD) may play in choline supplementation following PAE. Additional
long-term studies are needed to understand the true compounding developmental effects
of early rescue and repair by choline supplementation and the role of duration and timing
of choline supplementation on neurodevelopmental outcomes. Studies comparing different
durations and doses of supplementation will provide valuable insights to maximize the
beneficial effects of choline. Preclinical data suggest differential cognitive effects depending
on the timing of choline supplementation (e.g., improvement in hippocampal-dependent
memory when administered in the early postnatal period, improvement on prefrontal
cortex function and working memory when administered during adolescence), and future
studies may examine these relationships in clinical trials. Ongoing multidisciplinary
collaboration and large-scale, multi-site research initiatives could accelerate research on
choline supplementation and provide additional opportunities for investigating potential
moderators of supplementation effects in combination with other interventions. Given that
many children with PAE/FASD show abnormal eating behaviors [191], future studies may
also evaluate dietary interventions and alternative forms of choline supplementation for use
with young children. Lastly, neuroimaging studies will continue to elucidate the long-term
outcomes on brain structure, complementing studies of functional cognitive outcome.

Going forward, two randomized, double-blind, controlled choline supplementation
trials are underway aiming to address several of these important questions. One continuing
study, conducted by investigators at Wayne State University with collaborators at the
University of Cape Town and Columbia University [156], will next examine gestational
choline supplementation in heavy-drinking pregnant women from a rural community in
South Africa (NCT04395196). This randomized, double-blind, placebo-controlled study
will build on previous work to examine the effectiveness of high-dose maternal choline sup-
plementation (2 g choline bitartrate vs. placebo) on primary outcomes of infant recognition
memory and postnatal growth (i.e., weight and head circumference). Secondary outcomes
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include infant eyeblink conditioning (a basic learning paradigm), postnatal growth (i.e.,
length), and information processing speed. Additional aims of this study are to evaluate
factors associated with compliance and non-compliance and the relationship of maternal
dietary choline intake and nutritional status with supplementation effectiveness. An on-
going U.S. study by our group at the University of Minnesota, the fourth in a series of
randomized, double-blind controlled trials, investigates postnatal choline supplementation
in children with PAE aged 2 to 5 years old (under 6 years old) (NCT05108974). Novel
to this study is the examination of multiple cumulative choline supplementation levels
and a weight-adjusted dose. Over the course of the 9-month trial, participants are being
randomly assigned to receive either 3 months of daily choline (19 mg/kg choline bitartrate)
with 6 months of placebo, or 6 months of daily choline (19 mg/kg choline bitartrate) with
3 months of placebo. Primary and secondary outcomes will mirror those used in our
previous studies to allow for direct comparison of these novel treatment protocols with
our historical 9-month choline and placebo groups across development. The outcomes
will include an elicited imitation memory paradigm, cognitive function (IQ), memory and
executive functioning, and behavior. A transition to a weight-adjusted dose was prompted
by findings from our initial choline supplementation trial indicating an inverse relation-
ship between estimated daily choline intake and memory performance [163], suggesting
that a higher dose of choline supplementation is not necessarily superior. This study will
provide valuable insights into the necessary cumulative dose of choline associated with
measurable cognitive improvement, as well as the long-term effects of cumulative dose
across child development.

Author Contributions: Writing—original draft preparation, review, and editing, all authors. All
authors have read and agreed to the published version of the manuscript.

Funding: Wozniak and Georgieff received funding from the National Institute on Alcohol Abuse and
Alcoholism: R21AA019580, R33AA019580; R01AA024123 and R56AA024123.

Data Availability Statement: Data described in this review paper are available from the authors of
the cited papers.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Hoyme, H.E.; Kalberg, W.O.; Elliott, A.J.; Blankenship, J.; Buckley, D.; Marais, A.S.; Manning, M.A.; Robinson, L.K.; Adam,

M.P.; Abdul-Rahman, O.; et al. Updated Clinical Guidelines for Diagnosing Fetal Alcohol Spectrum Disorders. Pediatrics 2016,
138, e20154256. [CrossRef] [PubMed]

2. May, P.A.; Chambers, C.D.; Kalberg, W.O.; Zellner, J.; Feldman, H.; Buckley, D.; Kopald, D.; Hasken, J.M.; Xu, R.; Honerkamp-
Smith, G.; et al. Prevalence of Fetal Alcohol Spectrum Disorders in 4 US Communities. JAMA 2018, 319, 474–482. [CrossRef]

3. Lange, S.; Probst, C.; Gmel, G.; Rehm, J.; Burd, L.; Popova, S. Global Prevalence of Fetal Alcohol Spectrum Disorder Among
Children and Youth: A Systematic Review and Meta-Analysis. JAMA Pediatr. 2017, 171, 948–956. [CrossRef] [PubMed]

4. May, P.A.; Blankenship, J.; Marais, A.S.; Gossage, J.P.; Kalberg, W.O.; Barnard, R.; De Vries, M.; Robinson, L.K.; Adnams, C.M.;
Buckley, D.; et al. Approaching the Prevalence of the Full Spectrum of Fetal Alcohol Spectrum Disorders in a South African
Population-Based Study. Alcohol. Clin. Exp. Res. 2013, 37, 818–830. [CrossRef]

5. May, P.A.; De Vries, M.M.; Marais, A.S.; Kalberg, W.O.; Buckley, D.; Adnams, C.M.; Hasken, J.M.; Tabachnick, B.; Robinson, L.K.;
Manning, M.A.; et al. Replication of High Fetal Alcohol Spectrum Disorders Prevalence Rates, Child Characteristics, and Maternal
Risk Factors in a Second Sample of Rural Communities in South Africa. Int. J. Environ. Res. Public Health 2017, 14, 522. [CrossRef]

6. Manthey, J.; Shield, K.D.; Rylett, M.; Hasan, O.S.M.; Probst, C.; Rehm, J. Global Alcohol Exposure between 1990 and 2017 and
Forecasts until 2030: A Modelling Study. Lancet 2019, 393, 2493–2502. [CrossRef]

7. Castaldelli-Maia, J.M.; Segura, L.E.; Martins, S.S. The Concerning Increasing Trend of Alcohol Beverage Sales in the U.S. during
the COVID-19 Pandemic. Alcohol 2021, 96, 37–42. [CrossRef]

8. Petrenko, C.L.; Alto, M.E. Interventions in Fetal Alcohol Spectrum Disorders: An International Perspective. Eur. J. Med. Genet.
2017, 60, 79–91. [CrossRef]

9. Rangmar, J.; Hjern, A.; Vinnerljung, B.; Stromland, K.; Aronson, M.; Fahlke, C. Psychosocial Outcomes of Fetal Alcohol Syndrome
in Adulthood. Pediatrics 2015, 135, e52–e58. [CrossRef] [PubMed]

10. Chasnoff, I.J.; Wells, A.M.; King, L. Misdiagnosis and Missed Diagnoses in Foster and Adopted Children with Prenatal Alcohol
Exposure. Pediatrics 2015, 135, 264–270. [CrossRef] [PubMed]

http://doi.org/10.1542/peds.2015-4256
http://www.ncbi.nlm.nih.gov/pubmed/27464676
http://doi.org/10.1001/jama.2017.21896
http://doi.org/10.1001/jamapediatrics.2017.1919
http://www.ncbi.nlm.nih.gov/pubmed/28828483
http://doi.org/10.1111/acer.12033
http://doi.org/10.3390/ijerph14050522
http://doi.org/10.1016/S0140-6736(18)32744-2
http://doi.org/10.1016/j.alcohol.2021.06.004
http://doi.org/10.1016/j.ejmg.2016.10.005
http://doi.org/10.1542/peds.2014-1915
http://www.ncbi.nlm.nih.gov/pubmed/25535260
http://doi.org/10.1542/peds.2014-2171
http://www.ncbi.nlm.nih.gov/pubmed/25583914


Nutrients 2022, 14, 688 18 of 25

11. McLennan, J.D. Misattributions and Potential Consequences: The Case of Child Mental Health Problems and Fetal Alcohol
Spectrum Disorders. Can. J. Psychiatry 2015, 60, 587–590. [CrossRef]

12. Astley, S.J. Validation of the Fetal Alcohol Spectrum Disorder (FASD) 4-Digit Diagnostic Code. J. Popul. Ther. Clin. Pharmacol.
2013, 20, e416–e467.

13. Hagan, J.F., Jr.; Balachova, T.; Bertrand, J.; Chasnoff, I.; Dang, E.; Fernandez-Baca, D.; Kable, J.; Kosofsky, B.; Senturias, Y.N.;
Singh, N.; et al. Neurobehavioral Disorder Associated with Prenatal Alcohol Exposure. Pediatrics 2016, 138, e20151553. [CrossRef]

14. Wozniak, J.R.; Riley, E.P.; Charness, M.E. Clinical Presentation, Diagnosis, and Management of Fetal Alcohol Spectrum Disorder.
Lancet Neurol. 2019, 18, 760–770. [CrossRef]

15. Panczakiewicz, A.L.; Glass, L.; Coles, C.D.; Kable, J.A.; Sowell, E.R.; Wozniak, J.R.; Jones, K.L.; Riley, E.P.; Mattson, S.N. Cifasd
Neurobehavioral Deficits Consistent Across Age and Sex in Youth with Prenatal Alcohol Exposure. Alcohol. Clin. Exp. Res. 2016,
40, 1971–1981. [CrossRef] [PubMed]

16. Yoshida, S.; Wilunda, C.; Kimura, T.; Takeuchi, M.; Kawakami, K. Prenatal Alcohol Exposure and Suspected Hearing Impairment
Among Children: A Population-Based Retrospective Cohort Study. Alcohol Alcohol. 2018, 53, 221–227. [CrossRef] [PubMed]

17. Glass, L.; Ware, A.L.; Mattson, S.N. Neurobehavioral, Neurologic, and Neuroimaging Characteristics of Fetal Alcohol Spectrum
Disorders. Handb. Clin. Neurol. 2014, 125, 435–462. [PubMed]

18. Marcus, J.C. Neurological Findings in the Fetal Alcohol Syndrome. Neuropediatrics 1987, 18, 158–160. [CrossRef]
19. Popova, S.; Lange, S.; Shield, K.; Mihic, A.; Chudley, A.E.; Mukherjee, R.A.S.; Bekmuradov, D.; Rehm, J. Comorbidity of Fetal

Alcohol Spectrum Disorder: A Systematic Review and Meta-Analysis. Lancet 2016, 387, 978–987. [CrossRef]
20. Weyrauch, D.; Schwartz, M.; Hart, B.; Klug, M.G.; Burd, L. Comorbid Mental Disorders in Fetal Alcohol Spectrum Disorders: A

Systematic Review. J. Dev. Behav. Pediatr. 2017, 38, 283–291. [CrossRef] [PubMed]
21. Moore, E.M.; Riley, E.P. What Happens When Children with Fetal Alcohol Spectrum Disorders Become Adults? Curr. Dev. Disord.

Rep. 2015, 2, 219–227. [CrossRef] [PubMed]
22. Flannigan, K.; Coons-Harding, K.D.; Anderson, T.; Wolfson, L.; Campbell, A.; Mela, M.; Pei, J. A Systematic Review of

Interventions to Improve Mental Health and Substance Use Outcomes for Individuals with Prenatal Alcohol Exposure and Fetal
Alcohol Spectrum Disorder. Alcohol. Clin. Exp. Res. 2020, 44, 2401–2430. [CrossRef] [PubMed]

23. Petrenko, C.L.M.; Davis, A.S. Neuropsychological Aspects of Prevention and Intervention for FASD: International Perspectives. J.
Pediatric Neuropsychol. 2017, 3, 1–6. [CrossRef]

24. Boseck, J.J.; Davis, A.S.; Cassady, J.C.; Finch, W.H.; Gelder, B.C. Cognitive and Adaptive Skill Profile Differences in Children with
Attention-Deficit Hyperactivity Disorder with and without Comorbid Fetal Alcohol Spectrum Disorder. Appl. Neuropsychol. Child
2015, 4, 230–236. [CrossRef] [PubMed]

25. Institute of Medicine; Food and Nutrition Board; Subcommittee on Upper Reference Levels of Nutrients. Standing Committee on
the Scientific Evaluation of Dietary Reference Intakes and Its Panel on Folate, Other B Vitamins, and Choline. In Dietary Reference
Intakes for Thiamin, Riboflavin, Niacin, Vitamin B6, Folate, Vitamin B12, Pantothenic Acid, Biotin, and Choline; National Academies
Press: Washington, DC, USA, 2000; ISBN 9780309064118.

26. Zeisel, S.H.; Niculescu, M.D. Perinatal Choline Influences Brain Structure and Function. Nutr. Rev. 2006, 64, 197–203. [CrossRef]
27. Almeida, L.; Andreu-Fernández, V.; Navarro-Tapia, E.; Aras-López, R.; Serra-Delgado, M.; Martínez, L.; García-Algar, O.;

Gómez-Roig, M.D. Murine Models for the Study of Fetal Alcohol Spectrum Disorders: An Overview. Front. Pediatr. 2020, 8, 359.
[CrossRef]

28. Petrelli, B.; Weinberg, J.; Hicks, G.G. Effects of Prenatal Alcohol Exposure (PAE): Insights into FASD Using Mouse Models of PAE.
Biochem. Cell Biol. 2018, 96, 131–147. [CrossRef]

29. Guizzetti, M. Chapter 3—Fetal Alcohol Spectrum Disorders: Effects and Mechanisms of Ethanol on the Developing Brain. In
Environmental Factors in Neurodevelopmental and Neurodegenerative Disorders; Aschner, M., Costa, L.G., Eds.; Academic Press:
Boston, MA, USA, 2015; pp. 45–65, ISBN 9780128002285.

30. Goodlett, C.R.; Horn, K.H.; Zhou, F.C. Alcohol Teratogenesis: Mechanisms of Damage and Strategies for Intervention. Exp. Biol.
Med. 2005, 230, 394–406. [CrossRef]

31. Kaminen-Ahola, N. Fetal Alcohol Spectrum Disorders: Genetic and Epigenetic Mechanisms. Prenat. Diagn. 2020, 40, 1185–1192.
[CrossRef]

32. Wilhelm, C.J.; Guizzetti, M. Fetal Alcohol Spectrum Disorders: An Overview from the Glia Perspective. Front. Integr. Neurosci.
2015, 9, 65. [CrossRef]

33. Carter, R.C.; Wainwright, H.; Molteno, C.D.; Georgieff, M.K.; Dodge, N.C.; Warton, F.; Meintjes, E.M.; Jacobson, J.L.; Jacobson, S.W.
Alcohol, Methamphetamine, and Marijuana Exposure Have Distinct Effects on the Human Placenta. Alcohol. Clin. Exp. Res. 2016,
40, 753–764. [CrossRef] [PubMed]

34. Miller, M.W.; Roskams, A.J.I.; Connor, J.R. Iron Regulation in the Developing Rat Brain: Effect of In Utero Ethanol Exposure. J.
Neurochem. 2002, 65, 373–380. [CrossRef] [PubMed]

35. Carter, R.C.; Colin Carter, R.; Georgieff, M.K.; Ennis, K.M.; Dodge, N.C.; Wainwright, H.; Meintjes, E.M.; Duggan, C.P.; Molteno,
C.D.; Jacobson, J.L.; et al. Prenatal Alcohol-Related Alterations in Maternal, Placental, Neonatal, and Infant Iron Homeostasis.
Am. J. Clin. Nutr. 2021, 114, 1107–1122. [CrossRef]

http://doi.org/10.1177/070674371506001210
http://doi.org/10.1542/peds.2015-1553
http://doi.org/10.1016/S1474-4422(19)30150-4
http://doi.org/10.1111/acer.13153
http://www.ncbi.nlm.nih.gov/pubmed/27430360
http://doi.org/10.1093/alcalc/agx092
http://www.ncbi.nlm.nih.gov/pubmed/29145559
http://www.ncbi.nlm.nih.gov/pubmed/25307589
http://doi.org/10.1055/s-2008-1052471
http://doi.org/10.1016/S0140-6736(15)01345-8
http://doi.org/10.1097/DBP.0000000000000440
http://www.ncbi.nlm.nih.gov/pubmed/28460370
http://doi.org/10.1007/s40474-015-0053-7
http://www.ncbi.nlm.nih.gov/pubmed/26543794
http://doi.org/10.1111/acer.14490
http://www.ncbi.nlm.nih.gov/pubmed/33119894
http://doi.org/10.1007/s40817-017-0036-1
http://doi.org/10.1080/21622965.2013.877392
http://www.ncbi.nlm.nih.gov/pubmed/25318015
http://doi.org/10.1111/j.1753-4887.2006.tb00202.x
http://doi.org/10.3389/fped.2020.00359
http://doi.org/10.1139/bcb-2017-0280
http://doi.org/10.1177/15353702-0323006-07
http://doi.org/10.1002/pd.5731
http://doi.org/10.3389/fnint.2015.00065
http://doi.org/10.1111/acer.13022
http://www.ncbi.nlm.nih.gov/pubmed/27038593
http://doi.org/10.1046/j.1471-4159.1995.65010373.x
http://www.ncbi.nlm.nih.gov/pubmed/7790882
http://doi.org/10.1093/ajcn/nqab165


Nutrients 2022, 14, 688 19 of 25

36. Bastian, T.W.; von Hohenberg, W.C.; Mickelson, D.J.; Lanier, L.M.; Georgieff, M.K. Iron Deficiency Impairs Developing Hip-
pocampal Neuron Gene Expression, Energy Metabolism, and Dendrite Complexity. Dev. Neurosci. 2016, 38, 264–276. [CrossRef]
[PubMed]

37. Jorgenson, L.A.; Wobken, J.D.; Georgieff, M.K. Perinatal Iron Deficiency Alters Apical Dendritic Growth in Hippocampal CA1
Pyramidal Neurons. Dev. Neurosci. 2003, 25, 412–420. [CrossRef] [PubMed]

38. Connor, J.R.; Menzies, S.L. Relationship of Iron to Oligodendrocytes and Myelination. Glia 1996, 17, 83–93. [CrossRef]
39. Lebel, C.; Roussotte, F.; Sowell, E.R. Imaging the Impact of Prenatal Alcohol Exposure on the Structure of the Developing Human

Brain. Neuropsychol. Rev. 2011, 21, 102–118. [CrossRef] [PubMed]
40. Moore, E.M.; Migliorini, R.; Infante, M.A.; Riley, E.P. Fetal Alcohol Spectrum Disorders: Recent Neuroimaging Findings. Curr.

Dev. Disord. Rep. 2014, 1, 161–172. [CrossRef] [PubMed]
41. Lebel, C.; Mattson, S.N.; Riley, E.P.; Jones, K.L.; Adnams, C.M.; May, P.A.; Bookheimer, S.Y.; O’Connor, M.J.; Narr, K.L.;

Kan, E.; et al. A Longitudinal Study of the Long-Term Consequences of Drinking during Pregnancy: Heavy in Utero Alcohol
Exposure Disrupts the Normal Processes of Brain Development. J. Neurosci. 2012, 32, 15243–15251. [CrossRef]

42. Treit, S.; Lebel, C.; Baugh, L.; Rasmussen, C.; Andrew, G.; Beaulieu, C. Longitudinal MRI Reveals Altered Trajectory of Brain
Development during Childhood and Adolescence in Fetal Alcohol Spectrum Disorders. J. Neurosci. 2013, 33, 10098–10109.
[CrossRef]

43. Gautam, P.; Lebel, C.; Narr, K.L.; Mattson, S.N.; May, P.A.; Adnams, C.M.; Riley, E.P.; Jones, K.L.; Kan, E.C.; Sowell, E.R. Volume
Changes and Brain-Behavior Relationships in White Matter and Subcortical Gray Matter in Children with Prenatal Alcohol
Exposure. Hum. Brain Mapp. 2015, 36, 2318–2329. [CrossRef] [PubMed]

44. Hendrickson, T.J.; Mueller, B.A.; Sowell, E.R.; Mattson, S.N.; Coles, C.D.; Kable, J.A.; Jones, K.L.; Boys, C.J.; Lee, S.; Lim, K.O.; et al.
Two-Year Cortical Trajectories Are Abnormal in Children and Adolescents with Prenatal Alcohol Exposure. Dev. Cogn. Neurosci.
2018, 30, 123–133. [CrossRef] [PubMed]

45. Hendrickson, T.J.; Mueller, B.A.; Sowell, E.R.; Mattson, S.N.; Coles, C.D.; Kable, J.A.; Jones, K.L.; Boys, C.J.; Lim, K.O.;
Riley, E.P.; et al. Cortical Gyrification Is Abnormal in Children with Prenatal Alcohol Exposure. Neuroimage Clin. 2017, 15, 391–400.
[CrossRef] [PubMed]

46. Ware, A.L.; Long, X.; Lebel, C. Functional Connectivity of the Attention Networks Is Altered and Relates to Neuropsychological
Outcomes in Children with Prenatal Alcohol Exposure. Dev. Cogn. Neurosci. 2021, 48, 100951. [CrossRef]

47. Wozniak, J.R.; Mueller, B.A.; Mattson, S.N.; Coles, C.D.; Kable, J.A.; Jones, K.L.; Boys, C.J.; Lim, K.O.; Riley, E.P.; Sowell, E.R.; et al.
Functional Connectivity Abnormalities and Associated Cognitive Deficits in Fetal Alcohol Spectrum Disorders (FASD). Brain
Imaging Behav. 2017, 11, 1432–1445. [CrossRef] [PubMed]

48. Gautam, P.; Nuñez, S.C.; Narr, K.L.; Kan, E.C.; Sowell, E.R. Effects of Prenatal Alcohol Exposure on the Development of White
Matter Volume and Change in Executive Function. Neuroimage Clin. 2014, 5, 19–27. [CrossRef]

49. Sherbaf, F.G.; Aarabi, M.H.; Yazdi, M.H.; Haghshomar, M. White Matter Microstructure in Fetal Alcohol Spectrum Disorders: A
Systematic Review of Diffusion Tensor Imaging Studies. Hum. Brain Mapp. 2019, 40, 1017–1036. [CrossRef] [PubMed]

50. Mattson, S.N.; Bernes, G.A.; Doyle, L.R. Fetal Alcohol Spectrum Disorders: A Review of the Neurobehavioral Deficits Associated
with Prenatal Alcohol Exposure. Alcohol. Clin. Exp. Res. 2019, 43, 1046–1062. [CrossRef] [PubMed]

51. de L Ferreira, V.K.; Cruz, M.S. Intelligence and Fetal Alcohol Spectrum Disorders: A Review. J. Popul. Ther. Clin. Pharmacol. 2017,
24, e1–e18.

52. Doney, R.; Lucas, B.R.; Jones, T.; Howat, P.; Sauer, K.; Elliott, E.J. Fine Motor Skills in Children with Prenatal Alcohol Exposure or
Fetal Alcohol Spectrum Disorder. J. Dev. Behav. Pediatr. 2014, 35, 598–609. [CrossRef] [PubMed]

53. Kodituwakku, P.W. Neurocognitive Profile in Children with Fetal Alcohol Spectrum Disorders. Dev. Disabil. Res. Rev. 2009, 15,
218–224. [CrossRef]

54. Thorne, J.C. Accentuate the Negative: Grammatical Errors during Narrative Production as a Clinical Marker of Central Nervous
System Abnormality in School-Aged Children with Fetal Alcohol Spectrum Disorders. J. Speech Lang. Hear. Res. 2017, 60,
3523–3537. [CrossRef] [PubMed]

55. de Water, E.; Rockhold, M.N.; Roediger, D.J.; Krueger, A.M.; Mueller, B.A.; Boys, C.J.; Schumacher, M.J.; Mattson, S.N.; Jones, K.L.;
Lim, K.O.; et al. Social Behaviors and Gray Matter Volumes of Brain Areas Supporting Social Cognition in Children and
Adolescents with Prenatal Alcohol Exposure. Brain Res. 2021, 147388. [CrossRef]

56. Ware, A.L.; Glass, L.; Crocker, N.; Deweese, B.N.; Coles, C.D.; Kable, J.A.; May, P.A.; Kalberg, W.O.; Sowell, E.R.; Jones, K.L.; et al.
Effects of Prenatal Alcohol Exposure and Attention-Deficit/hyperactivity Disorder on Adaptive Functioning. Alcohol. Clin. Exp.
Res. 2014, 38, 1439–1447. [CrossRef]

57. de Water, E.; Krueger, A.M.; Lindgren, C.W.; Fuglestad, A.J.; Rockhold, M.N.; Sandness, K.E.; Eckerle, J.K.; Fink, B.A.; Boys, C.J.;
Wozniak, J.R. Early Delay of Gratification Predicts Later Inhibitory Control and Academic Performance in Children with Prenatal
Alcohol Exposure. Child Neuropsychol. 2021, 27, 109–124. [CrossRef]

58. Rasmussen, C.; Tamana, S.; Baugh, L.; Andrew, G.; Tough, S.; Zwaigenbaum, L. Neuropsychological Impairments on the NEPSY-II
among Children with FASD. Child Neuropsychol. 2013, 19, 337–349. [CrossRef] [PubMed]

59. Kilpatrick, L.A.; Joshi, S.H.; O’Neill, J.; Kalender, G.; Dillon, A.; Best, K.M.; Narr, K.L.; Alger, J.R.; Levitt, J.G.; O’Connor, M.J.
Cortical Gyrification in Children with Attention Deficit-Hyperactivity Disorder and Prenatal Alcohol Exposure. Drug Alcohol
Depend. 2021, 225, 108817. [CrossRef] [PubMed]

http://doi.org/10.1159/000448514
http://www.ncbi.nlm.nih.gov/pubmed/27669335
http://doi.org/10.1159/000075667
http://www.ncbi.nlm.nih.gov/pubmed/14966382
http://doi.org/10.1002/(SICI)1098-1136(199606)17:2&lt;83::AID-GLIA1&gt;3.0.CO;2-7
http://doi.org/10.1007/s11065-011-9163-0
http://www.ncbi.nlm.nih.gov/pubmed/21369875
http://doi.org/10.1007/s40474-014-0020-8
http://www.ncbi.nlm.nih.gov/pubmed/25346882
http://doi.org/10.1523/JNEUROSCI.1161-12.2012
http://doi.org/10.1523/JNEUROSCI.5004-12.2013
http://doi.org/10.1002/hbm.22772
http://www.ncbi.nlm.nih.gov/pubmed/25711175
http://doi.org/10.1016/j.dcn.2018.02.008
http://www.ncbi.nlm.nih.gov/pubmed/29486453
http://doi.org/10.1016/j.nicl.2017.05.015
http://www.ncbi.nlm.nih.gov/pubmed/28580296
http://doi.org/10.1016/j.dcn.2021.100951
http://doi.org/10.1007/s11682-016-9624-4
http://www.ncbi.nlm.nih.gov/pubmed/27734306
http://doi.org/10.1016/j.nicl.2014.05.010
http://doi.org/10.1002/hbm.24409
http://www.ncbi.nlm.nih.gov/pubmed/30289588
http://doi.org/10.1111/acer.14040
http://www.ncbi.nlm.nih.gov/pubmed/30964197
http://doi.org/10.1097/DBP.0000000000000107
http://www.ncbi.nlm.nih.gov/pubmed/25325756
http://doi.org/10.1002/ddrr.73
http://doi.org/10.1044/2017_JSLHR-L-17-0128
http://www.ncbi.nlm.nih.gov/pubmed/29222557
http://doi.org/10.1016/j.brainres.2021.147388
http://doi.org/10.1111/acer.12376
http://doi.org/10.1080/09297049.2020.1798372
http://doi.org/10.1080/09297049.2012.658768
http://www.ncbi.nlm.nih.gov/pubmed/22384972
http://doi.org/10.1016/j.drugalcdep.2021.108817
http://www.ncbi.nlm.nih.gov/pubmed/34171826


Nutrients 2022, 14, 688 20 of 25

60. Roediger, D.J.; Krueger, A.M.; de Water, E.; Mueller, B.A.; Boys, C.A.; Hendrickson, T.J.; Schumacher, M.J.; Mattson, S.N.;
Jones, K.L.; Lim, K.O.; et al. Hippocampal Subfield Abnormalities and Memory Functioning in Children with Fetal Alcohol
Spectrum Disorders. Neurotoxicol. Teratol. 2021, 83, 106944. [CrossRef]

61. Lewis, C.E.; Thomas, K.G.F.; Dodge, N.C.; Molteno, C.D.; Meintjes, E.M.; Jacobson, J.L.; Jacobson, S.W. Verbal Learning and
Memory Impairment in Children with Fetal Alcohol Spectrum Disorders. Alcohol. Clin. Exp. Res. 2015, 39, 724–732. [CrossRef]

62. Ho, B.T.; Fritchie, G.E.; Idänpään-Heikkilä, J.E.; McIsaac, W.M. Placental Transfer and Tissue Distribution of Ethanol-1-14C.; A
Radioautographic Study in Monkeys and Hamsters. Q. J. Stud. Alcohol 1972, 33, 485–493. [CrossRef]

63. Abel, E.L.; Dintcheff, B.A. Effects of Prenatal Alcohol Exposure on Growth and Development in Rats. J. Pharmacol. Exp. Ther. 1978,
207, 916–921.

64. Shaywitz, S.E.; Cohen, D.J.; Shaywitz, B.A. Behavior and Learning Difficulties in Children of Normal Intelligence Born to
Alcoholic Mothers. J. Pediatr. 1980, 96, 978–982. [CrossRef]

65. Barnes, D.E.; Walker, D.W. Prenatal Ethanol Exposure Permanently Reduces the Number of Pyramidal Neurons in Rat Hippocam-
pus. Brain Res. 1981, 227, 333–340. [CrossRef]

66. Gibson, M.A.S.; Butters, N.S.; Reynolds, J.N.; Brien, J.F. Effects of Chronic Prenatal Ethanol Exposure on Locomotor Activity, and
Hippocampal Weight, Neurons, and Nitric Oxide Synthase Activity of the Young Postnatal Guinea Pig. Neurotoxicol. Teratol. 2000,
22, 183–192. [CrossRef]

67. Livy, D.J.; Miller, E.K.; Maier, S.E.; West, J.R. Fetal Alcohol Exposure and Temporal Vulnerability: Effects of Binge-like Alcohol
Exposure on the Developing Rat Hippocampus. Neurotoxicol. Teratol. 2003, 25, 447–458. [CrossRef]

68. McGoey, T.N.; Reynolds, J.N.; Brien, J.F. Chronic Prenatal Ethanol Exposure-Induced Decrease of Guinea Pig Hippocampal CA1
Pyramidal Cell and Cerebellar Purkinje Cell Density. Can. J. Physiol. Pharmacol. 2003, 81, 476–484. [CrossRef] [PubMed]

69. Miller, M.W. Generation of Neurons in the Rat Dentate Gyrus and Hippocampus: Effects of Prenatal and Postnatal Treatment
with Ethanol. Alcohol. Clin. Exp. Res. 1995, 19, 1500–1509. [CrossRef]

70. Tran, T.D.; Kelly, S.J. Critical Periods for Ethanol-Induced Cell Loss in the Hippocampal Formation. Neurotoxicol. Teratol. 2003, 25,
519–528. [CrossRef]

71. Wigal, S.B.E.; Amsel, A.; Wilcox, R.E. Fetal Ethanol Exposure Diminishes Hippocampal β-Adrenergic Receptor Density While
Sparing Muscarinic Receptors during Development. Dev. Brain Res. 1990, 55, 161–169. [CrossRef]

72. Bonthius, D.J.; West, J.R. Blood Alcohol Concentration and Microencephaly: A Dose-Response Study in the Neonatal Rat.
Teratology 1988, 37, 223–231. [CrossRef]

73. Miki, T.; Harris, S.J.; Wilce, P.A.; Takeuchi, Y.; Bedi, K.S. Effects of Alcohol Exposure during Early Life on Neuron Numbers in the
Rat Hippocampus. I. Hilus Neurons and Granule Cells. Hippocampus 2003, 13, 388–398. [CrossRef]

74. Boschen, K.E.; Klintsova, A.Y. Neurotrophins in the Brain: Interaction with Alcohol Exposure during Development. Vitam. Horm.
2017, 104, 197–242. [PubMed]

75. Gil-Mohapel, J.; Boehme, F.; Kainer, L.; Christie, B.R. Hippocampal Cell Loss and Neurogenesis after Fetal Alcohol Exposure:
Insights from Different Rodent Models. Brain Res. Rev. 2010, 64, 283–303. [CrossRef]

76. Nardelli, A.; Lebel, C.; Rasmussen, C.; Andrew, G.; Beaulieu, C. Extensive Deep Gray Matter Volume Reductions in Children and
Adolescents with Fetal Alcohol Spectrum Disorders. Alcohol. Clin. Exp. Res. 2011, 35, 1404–1417. [CrossRef]

77. Willoughby, K.A.; Sheard, E.D.; Nash, K.; Rovet, J. Effects of Prenatal Alcohol Exposure on Hippocampal Volume, Verbal Learning,
and Verbal and Spatial Recall in Late Childhood. J. Int. Neuropsychol. Soc. 2008, 14, 1022–1033. [CrossRef]

78. Roussotte, F.F.; Sulik, K.K.; Mattson, S.N.; Riley, E.P.; Jones, K.L.; Adnams, C.M.; May, P.A.; O’Connor, M.J.; Narr, K.L.; Sowell, E.R.
Regional Brain Volume Reductions Relate to Facial Dysmorphology and Neurocognitive Function in Fetal Alcohol Spectrum
Disorders. Hum. Brain Mapp. 2012, 33, 920–937. [CrossRef]

79. Astley, S.J.; Aylward, E.H.; Olson, H.C.; Kerns, K.; Brooks, A.; Coggins, T.E.; Davies, J.; Dorn, S.; Gendler, B.; Jirikowic, T.; et al.
Magnetic Resonance Imaging Outcomes from a Comprehensive Magnetic Resonance Study of Children with Fetal Alcohol
Spectrum Disorders. Alcohol. Clin. Exp. Res. 2009, 33, 1671–1689. [CrossRef]

80. Coles, C.D.; Goldstein, F.C.; Lynch, M.E.; Chen, X.; Kable, J.A.; Johnson, K.C.; Hu, X. Memory and Brain Volume in Adults
Prenatally Exposed to Alcohol. Brain Cogn. 2011, 75, 67–77. [CrossRef] [PubMed]

81. Kim, J.J.; Baxter, M.G. Multiple Brain-Memory Systems: The Whole Does Not Equal the Sum of Its Parts. Trends Neurosci. 2001, 24,
324–330. [CrossRef]

82. White, N.M.; McDonald, R.J. Multiple Parallel Memory Systems in the Brain of the Rat. Neurobiol. Learn. Mem. 2002, 77, 125–184.
[CrossRef] [PubMed]

83. Maller, J.J.; Welton, T.; Middione, M.; Callaghan, F.M.; Rosenfeld, J.V.; Grieve, S.M. Revealing the Hippocampal Connectome
through Super-Resolution 1150-Direction Diffusion MRI. Sci. Rep. 2019, 9, 2418. [CrossRef] [PubMed]

84. Ware, A.L.; Infante, M.A.; O’Brien, J.W.; Tapert, S.F.; Jones, K.L.; Riley, E.P.; Mattson, S.N. An fMRI Study of Behavioral Response
Inhibition in Adolescents with and without Histories of Heavy Prenatal Alcohol Exposure. Behav. Brain Res. 2015, 278, 137–146.
[CrossRef] [PubMed]

85. Zhou, D.; Rasmussen, C.; Pei, J.; Andrew, G.; Reynolds, J.N.; Beaulieu, C. Preserved Cortical Asymmetry despite Thinner Cortex
in Children and Adolescents with Prenatal Alcohol Exposure and Associated Conditions. Hum. Brain Mapp. 2018, 39, 72–88.
[CrossRef] [PubMed]

http://doi.org/10.1016/j.ntt.2020.106944
http://doi.org/10.1111/acer.12671
http://doi.org/10.15288/qjsa.1972.33.485
http://doi.org/10.1016/S0022-3476(80)80621-4
http://doi.org/10.1016/0165-3806(81)90071-7
http://doi.org/10.1016/S0892-0362(99)00074-4
http://doi.org/10.1016/S0892-0362(03)00030-8
http://doi.org/10.1139/y03-048
http://www.ncbi.nlm.nih.gov/pubmed/12774854
http://doi.org/10.1111/j.1530-0277.1995.tb01014.x
http://doi.org/10.1016/S0892-0362(03)00074-6
http://doi.org/10.1016/0165-3806(90)90197-7
http://doi.org/10.1002/tera.1420370307
http://doi.org/10.1002/hipo.10072
http://www.ncbi.nlm.nih.gov/pubmed/28215296
http://doi.org/10.1016/j.brainresrev.2010.04.011
http://doi.org/10.1111/j.1530-0277.2011.01476.x
http://doi.org/10.1017/S1355617708081368
http://doi.org/10.1002/hbm.21260
http://doi.org/10.1111/j.1530-0277.2009.01004.x
http://doi.org/10.1016/j.bandc.2010.08.013
http://www.ncbi.nlm.nih.gov/pubmed/21067853
http://doi.org/10.1016/S0166-2236(00)01818-X
http://doi.org/10.1006/nlme.2001.4008
http://www.ncbi.nlm.nih.gov/pubmed/11848717
http://doi.org/10.1038/s41598-018-37905-9
http://www.ncbi.nlm.nih.gov/pubmed/30787303
http://doi.org/10.1016/j.bbr.2014.09.037
http://www.ncbi.nlm.nih.gov/pubmed/25281280
http://doi.org/10.1002/hbm.23818
http://www.ncbi.nlm.nih.gov/pubmed/28960637


Nutrients 2022, 14, 688 21 of 25

86. Krueger, A.M.; Roediger, D.J.; Mueller, B.A.; Boys, C.A.; Hendrickson, T.J.; Schumacher, M.J.; Mattson, S.N.; Jones, K.L.; Riley, E.P.;
Lim, K.O.; et al. Para-Limbic Structural Abnormalities Are Associated with Internalizing Symptoms in Children with Prenatal
Alcohol Exposure. Alcohol. Clin. Exp. Res. 2020, 44, 1598–1608. [CrossRef]

87. Cao, W.; Li, W.; Han, H.; O’Leary-Moore, S.K.; Sulik, K.K.; Allan Johnson, G.; Liu, C. Prenatal Alcohol Exposure Reduces Magnetic
Susceptibility Contrast and Anisotropy in the White Matter of Mouse Brains. Neuroimage 2014, 102 Pt 2, 748–755. [CrossRef]
[PubMed]

88. Lebel, C.; Rasmussen, C.; Wyper, K.; Walker, L.; Andrew, G.; Yager, J.; Beaulieu, C. Brain Diffusion Abnormalities in Children
with Fetal Alcohol Spectrum Disorder. Alcohol. Clin. Exp. Res. 2008, 32, 1732–1740. [CrossRef]

89. Riley, E.P.; Mattson, S.N.; Sowell, E.R.; Jernigan, T.L.; Sobel, D.F.; Jones, K.L. Abnormalities of the Corpus Callosum in Children
Prenatally Exposed to Alcohol. Alcohol. Clin. Exp. Res. 1995, 19, 1198–1202. [CrossRef]

90. Kar, P.; Reynolds, J.E.; Grohs, M.N.; Gibbard, W.B.; McMorris, C.; Tortorelli, C.; Lebel, C. White Matter Alterations in Young
Children with Prenatal Alcohol Exposure. Dev. Neurobiol. 2021, 81, 400–410. [CrossRef]

91. Fan, J.; Meintjes, E.M.; Molteno, C.D.; Spottiswoode, B.S.; Dodge, N.C.; Alhamud, A.A.; Stanton, M.E.; Peterson, B.S.;
Jacobson, J.L.; Jacobson, S.W. White Matter Integrity of the Cerebellar Peduncles as a Mediator of Effects of Prenatal Alco-
hol Exposure on Eyeblink Conditioning. Hum. Brain Mapp. 2015, 36, 2470–2482. [CrossRef]

92. Wozniak, J.R.; Muetzel, R.L.; Mueller, B.A.; McGee, C.L.; Freerks, M.A.; Ward, E.E.; Nelson, M.L.; Chang, P.-N.; Lim, K.O.
Microstructural Corpus Callosum Anomalies in Children with Prenatal Alcohol Exposure: An Extension of Previous Diffusion
Tensor Imaging Findings. Alcohol. Clin. Exp. Res. 2009, 33, 1825–1835. [CrossRef] [PubMed]

93. Lebel, C.; Rasmussen, C.; Wyper, K.; Andrew, G.; Beaulieu, C. Brain Microstructure Is Related to Math Ability in Children with
Fetal Alcohol Spectrum Disorder. Alcohol. Clin. Exp. Res. 2010, 34, 354–363. [CrossRef] [PubMed]

94. Wozniak, J.R.; Mueller, B.A.; Muetzel, R.L.; Bell, C.J.; Hoecker, H.L.; Nelson, M.L.; Chang, P.-N.; Lim, K.O. Inter-Hemispheric
Functional Connectivity Disruption in Children with Prenatal Alcohol Exposure. Alcohol. Clin. Exp. Res. 2011, 35, 849–861.
[CrossRef] [PubMed]

95. Wozniak, J.R.; Mueller, B.A.; Bell, C.J.; Muetzel, R.L.; Hoecker, H.L.; Boys, C.J.; Lim, K.O. Global Functional Connectivity
Abnormalities in Children with Fetal Alcohol Spectrum Disorders. Alcohol. Clin. Exp. Res. 2013, 37, 748–756. [CrossRef] [PubMed]

96. Eme, R.; Millard, E. Fetal Alcohol Spectrum Disorders: A Literature Review with Screening Recommendations. Sch. Psychol. 2012,
66, 12–20.

97. Holmes-McNary, M.Q.; Loy, R.; Mar, M.H.; Albright, C.D.; Zeisel, S.H. Apoptosis Is Induced by Choline Deficiency in Fetal Brain
and in PC12 Cells. Brain Res. Dev. Brain Res. 1997, 101, 9–16. [CrossRef]

98. Zeisel, S.H. Choline: Essential for Brain Development and Function. Adv. Pediatr. 1997, 44, 263–295.
99. Posse de Chaves, E.; Vance, D.E.; Campenot, R.B.; Vance, J.E. Axonal Synthesis of Phosphatidylcholine Is Required for Normal

Axonal Growth in Rat Sympathetic Neurons. J. Cell Biol. 1995, 128, 913–918. [CrossRef]
100. Blusztajn, J.K.; Wurtman, R.J. Choline and Cholinergic Neurons. Science 1983, 221, 614–620. [CrossRef]
101. Zeisel, S.H. Importance of Methyl Donors during Reproduction. Am. J. Clin. Nutr. 2009, 89, 673S–677S. [CrossRef]
102. Smithells, R.W.; Sheppard, S.; Schorah, C.J. Vitamin Dificiencies and Neural Tube Defects. Arch. Dis. Child. 1976, 51, 944–950.

[CrossRef]
103. Shaw, G.M.; Carmichael, S.L.; Yang, W.; Selvin, S.; Schaffer, D.M. Periconceptional Dietary Intake of Choline and Betaine and

Neural Tube Defects in Offspring. Am. J. Epidemiol. 2004, 160, 102–109. [CrossRef]
104. Li, Q.; Guo-Ross, S.; Lewis, D.V.; Turner, D.; White, A.M.; Wilson, W.A.; Swartzwelder, H.S. Dietary Prenatal Choline Supplemen-

tation Alters Postnatal Hippocampal Structure and Function. J. Neurophysiol. 2004, 91, 1545–1555. [CrossRef] [PubMed]
105. Pyapali, G.K.; Turner, D.A.; Williams, C.L.; Meck, W.H.; Swartzwelder, H.S. Prenatal Dietary Choline Supplementation Decreases

the Threshold for Induction of Long-Term Potentiation in Young Adult Rats. J. Neurophysiol. 1998, 79, 1790–1796. [CrossRef]
106. Jones, J.P.; Meck, W.H.; Williams, C.L.; Wilson, W.A.; Swartzwelder, H.S. Choline Availability to the Developing Rat Fetus Alters

Adult Hippocampal Long-Term Potentiation. Brain Res. Dev. Brain Res. 1999, 118, 159–167. [CrossRef]
107. Mellott, T.J.; Williams, C.L.; Meck, W.H.; Blusztajn, J.K. Prenatal Choline Supplementation Advances Hippocampal Development

and Enhances MAPK and CREB Activation. FASEB J. 2004, 18, 545–547. [CrossRef] [PubMed]
108. Albright, C.D.; Friedrich, C.B.; Brown, E.C.; Mar, M.H.; Zeisel, S.H. Maternal Dietary Choline Availability Alters Mitosis,

Apoptosis and the Localization of TOAD-64 Protein in the Developing Fetal Rat Septum. Brain Res. Dev. Brain Res. 1999, 115,
123–129. [CrossRef]

109. Albright, C.D.; Tsai, A.Y.; Friedrich, C.B.; Mar, M.H.; Zeisel, S.H. Choline Availability Alters Embryonic Development of the
Hippocampus and Septum in the Rat. Brain Res. Dev. Brain Res. 1999, 113, 13–20. [CrossRef]

110. Zeisel, S.H. The Fetal Origins of Memory: The Role of Dietary Choline in Optimal Brain Development. J. Pediatr. 2006, 149,
S131–S136. [CrossRef]

111. Meck, W.H.; Smith, R.A.; Williams, C.L. Organizational Changes in Cholinergic Activity and Enhanced Visuospatial Memory as a
Function of Choline Administered Prenatally or Postnatally or Both. Behav. Neurosci. 1989, 103, 1234–1241. [CrossRef]

112. Williams, C.L.; Meck, W.H.; Heyer, D.D.; Loy, R. Hypertrophy of Basal Forebrain Neurons and Enhanced Visuospatial Memory in
Perinatally Choline-Supplemented Rats. Brain Res. 1998, 794, 225–238. [CrossRef]

113. Williams, C.L. Food for Thought: Brain, Genes, and Nutrition. Brain Res. 2008, 1237, 1–4. [CrossRef] [PubMed]

http://doi.org/10.1111/acer.14390
http://doi.org/10.1016/j.neuroimage.2014.08.035
http://www.ncbi.nlm.nih.gov/pubmed/25175539
http://doi.org/10.1111/j.1530-0277.2008.00750.x
http://doi.org/10.1111/j.1530-0277.1995.tb01600.x
http://doi.org/10.1002/dneu.22821
http://doi.org/10.1002/hbm.22785
http://doi.org/10.1111/j.1530-0277.2009.01021.x
http://www.ncbi.nlm.nih.gov/pubmed/19645729
http://doi.org/10.1111/j.1530-0277.2009.01097.x
http://www.ncbi.nlm.nih.gov/pubmed/19930234
http://doi.org/10.1111/j.1530-0277.2010.01415.x
http://www.ncbi.nlm.nih.gov/pubmed/21303384
http://doi.org/10.1111/acer.12024
http://www.ncbi.nlm.nih.gov/pubmed/23240997
http://doi.org/10.1016/S0165-3806(97)00044-8
http://doi.org/10.1083/jcb.128.5.913
http://doi.org/10.1126/science.6867732
http://doi.org/10.3945/ajcn.2008.26811D
http://doi.org/10.1136/adc.51.12.944
http://doi.org/10.1093/aje/kwh187
http://doi.org/10.1152/jn.00785.2003
http://www.ncbi.nlm.nih.gov/pubmed/14645379
http://doi.org/10.1152/jn.1998.79.4.1790
http://doi.org/10.1016/S0165-3806(99)00103-0
http://doi.org/10.1096/fj.03-0877fje
http://www.ncbi.nlm.nih.gov/pubmed/14715695
http://doi.org/10.1016/S0165-3806(99)00057-7
http://doi.org/10.1016/S0165-3806(98)00183-7
http://doi.org/10.1016/j.jpeds.2006.06.065
http://doi.org/10.1037/0735-7044.103.6.1234
http://doi.org/10.1016/S0006-8993(98)00229-7
http://doi.org/10.1016/j.brainres.2008.09.039
http://www.ncbi.nlm.nih.gov/pubmed/18928791


Nutrients 2022, 14, 688 22 of 25

114. Glenn, M.J.; Kirby, E.D.; Gibson, E.M.; Wong-Goodrich, S.J.; Mellott, T.J.; Blusztajn, J.K.; Williams, C.L. Age-Related Declines
in Exploratory Behavior and Markers of Hippocampal Plasticity Are Attenuated by Prenatal Choline Supplementation in Rats.
Brain Res. 2008, 1237, 110–123. [CrossRef] [PubMed]

115. Meck, W.H.; Williams, C.L. Metabolic Imprinting of Choline by Its Availability during Gestation: Implications for Memory and
Attentional Processing across the Lifespan. Neurosci. Biobehav. Rev. 2003, 27, 385–399. [CrossRef]

116. Poly, C.; Massaro, J.M.; Seshadri, S.; Wolf, P.A.; Cho, E.; Krall, E.; Jacques, P.F.; Au, R. The Relation of Dietary Choline to Cognitive
Performance and White-Matter Hyperintensity in the Framingham Offspring Cohort. Am. J. Clin. Nutr. 2011, 94, 1584–1591.
[CrossRef] [PubMed]

117. Cheatham, C.L.; Goldman, B.D.; Fischer, L.M.; da Costa, K.A.; Reznick, J.S.; Zeisel, S.H. Phosphatidylcholine Supplementation in
Pregnant Women Consuming Moderate-Choline Diets Does Not Enhance Infant Cognitive Function: A Randomized, Double-
Blind, Placebo-Controlled Trial. Am. J. Clin. Nutr. 2012, 96, 1465–1472. [CrossRef] [PubMed]

118. Brunst, K.J.; Wright, R.O.; DiGioia, K.; Enlow, M.B.; Fernandez, H.; Wright, R.J.; Kannan, S. Racial/ethnic and Sociodemographic
Factors Associated with Micronutrient Intakes and Inadequacies among Pregnant Women in an Urban US Population. Public
Health Nutr. 2014, 17, 1960–1970. [CrossRef]

119. Ross, R.G.; Hunter, S.K.; McCarthy, L.; Beuler, J.; Hutchison, A.K.; Wagner, B.D.; Leonard, S.; Stevens, K.E.; Freedman, R. Perinatal
Choline Effects on Neonatal Pathophysiology Related to Later Schizophrenia Risk. Am. J. Psychiatry 2013, 170, 290–298. [CrossRef]

120. Blusztajn, J.K.; Slack, B.E.; Mellott, T.J. Neuroprotective Actions of Dietary Choline. Nutrients 2017, 9, 815. [CrossRef]
121. Akison, L.K.; Kuo, J.; Reid, N.; Boyd, R.N.; Moritz, K.M. Effect of Choline Supplementation on Neurological, Cognitive, and

Behavioral Outcomes in Offspring Arising from Alcohol Exposure During Development: A Quantitative Systematic Review of
Clinical and Preclinical Studies. Alcohol. Clin. Exp. Res. 2018, 42, 1591–1611. [CrossRef]

122. Tran, P.V.; Kennedy, B.C.; Lien, Y.-C.; Simmons, R.A.; Georgieff, M.K. Fetal Iron Deficiency Induces Chromatin Remodeling at the
Bdnf Locus in Adult Rat Hippocampus. Am. J. Physiol.-Regul. Integr. Comp. Physiol. 2015, 308, R276–R282. [CrossRef]

123. Sarkar, D.K.; Gangisetty, O.; Wozniak, J.R.; Eckerle, J.K.; Georgieff, M.K.; Foroud, T.M.; Wetherill, L.; Wertelecki, W.;
Chambers, C.D.; Riley, E.; et al. Persistent Changes in Stress-Regulatory Genes in Pregnant Woman or a Child with Prenatal
Alcohol Exposure. Alcohol. Clin. Exp. Res. 2019, 43, 1887–1897. [CrossRef]

124. Bekdash, R.A.; Zhang, C.; Sarkar, D.K. Gestational Choline Supplementation Normalized Fetal Alcohol-Induced Alterations in
Histone Modifications, DNA Methylation, and Proopiomelanocortin (POMC) Gene Expression in Beta-Endorphin-Producing
POMC Neurons of the Hypothalamus. Alcohol. Clin. Exp. Res. 2013, 37, 1133–1142. [CrossRef] [PubMed]

125. Sarkar, D.K. Circadian Genes, the Stress Axis, and Alcoholism. Alcohol Res. 2012, 34, 362–366. [PubMed]
126. Magil, S.G.; Zeisel, S.H.; Wurtman, R.J. Effects of Ingesting Soy or Egg Lecithins on Serum Choline, Brain Choline and Brain

Acetylcholine. J. Nutr. 1981, 111, 166–170. [CrossRef] [PubMed]
127. Conlay, L.A.; Zeisel, S.H. Neurotransmitter Precursors and Brain Function. Neurosurgery 1982, 10, 524–529. [CrossRef]
128. Meck, W.H.; Smith, R.A.; Williams, C.L. Pre- and Postnatal Choline Supplementation Produces Long-Term Facilitation of Spatial

Memory. Dev. Psychobiol. 1988, 21, 339–353. [CrossRef]
129. Meck, W.H.; Williams, C.L. Characterization of the Facilitative Effects of Perinatal Choline Supplementation on Timing and

Temporal Memory. Neuroreport 1997, 8, 2831–2835. [CrossRef] [PubMed]
130. Cheng, R.K.; MacDonald, C.J.; Williams, C.L.; Meck, W.H. Prenatal Choline Supplementation Alters the Timing, Emotion, and

Memory Performance (TEMP) of Adult Male and Female Rats as Indexed by Differential Reinforcement of Low-Rate Schedule
Behavior. Learn. Mem. 2008, 15, 153–162. [CrossRef] [PubMed]

131. Bekdash, R.A. Neuroprotective Effects of Choline and Other Methyl Donors. Nutrients 2019, 11, 2995. [CrossRef]
132. Zeisel, S.H. The Supply of Choline Is Important for Fetal Progenitor Cells. Semin. Cell Dev. Biol. 2011, 22, 624–628. [CrossRef]
133. Derbyshire, E.; Obeid, R. Choline, Neurological Development and Brain Function: A Systematic Review Focusing on the First

1000 Days. Nutrients 2020, 12, 1731. [CrossRef] [PubMed]
134. Linderkamp, O.; Linderkamp-Skoruppa, D.B. Prenatal Structural Brain Development: Genetic and Environmental Determinants.

In Handbook of Prenatal and Perinatal Psychology: Integrating Research and Practice; Evertz, K., Janus, L., Linder, R., Eds.; Springer
International Publishing: Cham, Switzerland, 2021; pp. 19–32. ISBN 9783030417161.

135. Utsunomiya, H.; Takano, K.; Okazaki, M.; Mitsudome, A. Development of the Temporal Lobe in Infants and Children: Analysis
by MR-Based Volumetry. AJNR Am. J. Neuroradiol. 1999, 20, 717–723.

136. Dani, S.U.; Hori, A.; Walter, G.F. Principals of Neural Aging; Elsevier: New York, NY, USA, 1997.
137. Ryan, S.H.; Williams, J.K.; Thomas, J.D. Choline Supplementation Attenuates Learning Deficits Associated with Neonatal Alcohol

Exposure in the Rat: Effects of Varying the Timing of Choline Administration. Brain Res. 2008, 1237, 91–100. [CrossRef] [PubMed]
138. Mohler, E.G.; Meck, W.H.; Williams, C.L. Sustained Attention in Adult Mice Is Modulated by Prenatal Choline Availability. Int. J.

Comp. Psychol. 2001, 14, 136–150.
139. Barks, A.K.; Liu, S.X.; Georgieff, M.K.; Hallstrom, T.C.; Tran, P.V. Early-Life Iron Deficiency Anemia Programs the Hippocampal

Epigenomic Landscape. Nutrients 2021, 13, 3857. [CrossRef]
140. Georgieff, M.K.; Brunette, K.E.; Tran, P.V. Early Life Nutrition and Neural Plasticity. Dev. Psychopathol. 2015, 27, 411–423.

[CrossRef]

http://doi.org/10.1016/j.brainres.2008.08.049
http://www.ncbi.nlm.nih.gov/pubmed/18786518
http://doi.org/10.1016/S0149-7634(03)00069-1
http://doi.org/10.3945/ajcn.110.008938
http://www.ncbi.nlm.nih.gov/pubmed/22071706
http://doi.org/10.3945/ajcn.112.037184
http://www.ncbi.nlm.nih.gov/pubmed/23134891
http://doi.org/10.1017/S1368980013003224
http://doi.org/10.1176/appi.ajp.2012.12070940
http://doi.org/10.3390/nu9080815
http://doi.org/10.1111/acer.13817
http://doi.org/10.1152/ajpregu.00429.2014
http://doi.org/10.1111/acer.14148
http://doi.org/10.1111/acer.12082
http://www.ncbi.nlm.nih.gov/pubmed/23413810
http://www.ncbi.nlm.nih.gov/pubmed/23134053
http://doi.org/10.1093/jn/111.1.166
http://www.ncbi.nlm.nih.gov/pubmed/7192727
http://doi.org/10.1227/00006123-198204000-00021
http://doi.org/10.1002/dev.420210405
http://doi.org/10.1097/00001756-199709080-00005
http://www.ncbi.nlm.nih.gov/pubmed/9376513
http://doi.org/10.1101/lm.729408
http://www.ncbi.nlm.nih.gov/pubmed/18323570
http://doi.org/10.3390/nu11122995
http://doi.org/10.1016/j.semcdb.2011.06.002
http://doi.org/10.3390/nu12061731
http://www.ncbi.nlm.nih.gov/pubmed/32531929
http://doi.org/10.1016/j.brainres.2008.08.048
http://www.ncbi.nlm.nih.gov/pubmed/18786517
http://doi.org/10.3390/nu13113857
http://doi.org/10.1017/S0954579415000061


Nutrients 2022, 14, 688 23 of 25

141. Tran, P.V.; Kennedy, B.C.; Pisansky, M.T.; Won, K.-J.; Gewirtz, J.C.; Simmons, R.A.; Georgieff, M.K. Prenatal Choline Supple-
mentation Diminishes Early-Life Iron Deficiency-Induced Reprogramming of Molecular Networks Associated with Behavioral
Abnormalities in the Adult Rat Hippocampus. J. Nutr. 2016, 146, 484–493. [CrossRef] [PubMed]

142. Kennedy, B.C.; Dimova, J.G.; Siddappa, A.J.M.; Tran, P.V.; Gewirtz, J.C.; Georgieff, M.K. Prenatal Choline Supplementation
Ameliorates the Long-Term Neurobehavioral Effects of Fetal-Neonatal Iron Deficiency in Rats. J. Nutr. 2014, 144, 1858–1865.
[CrossRef]

143. Idrus, N.M.; Breit, K.R.; Thomas, J.D. Dietary Choline Levels Modify the Effects of Prenatal Alcohol Exposure in Rats. Neurotoxicol.
Teratol. 2017, 59, 43–52. [CrossRef] [PubMed]

144. Sawant, O.B.; Birch, S.M.; Goodlett, C.R.; Cudd, T.A.; Washburn, S.E. Maternal Choline Supplementation Mitigates Alcohol-
Induced Fetal Cranio-Facial Abnormalities Detected Using an Ultrasonographic Examination in A Sheep Model. Alcohol 2019, 81,
31–38. [CrossRef]

145. Balaraman, S.; Idrus, N.M.; Miranda, R.C.; Thomas, J.D. Postnatal Choline Supplementation Selectively Attenuates Hippocampal
microRNA Alterations Associated with Developmental Alcohol Exposure. Alcohol 2017, 60, 159–167. [CrossRef] [PubMed]

146. Otero, N.K.H.; Thomas, J.D.; Saski, C.A.; Xia, X.; Kelly, S.J. Choline Supplementation and DNA Methylation in the Hippocampus
and Prefrontal Cortex of Rats Exposed to Alcohol during Development. Alcohol. Clin. Exp. Res. 2012, 36, 1701–1709. [CrossRef]
[PubMed]

147. Schneider, R.D.; Thomas, J.D. Adolescent Choline Supplementation Attenuates Working Memory Deficits in Rats Exposed to
Alcohol during the Third Trimester Equivalent. Alcohol. Clin. Exp. Res. 2016, 40, 897–905. [CrossRef]

148. Waddell, J.; Mooney, S.M. Choline and Working Memory Training Improve Cognitive Deficits Caused by Prenatal Exposure to
Ethanol. Nutrients 2017, 9, 1080. [CrossRef] [PubMed]

149. Berman, R.F.; Hannigan, J.H. Effects of Prenatal Alcohol Exposure on the Hippocampus: Spatial Behavior, Electrophysiology, and
Neuroanatomy. Hippocampus 2000, 10, 94–110. [CrossRef]

150. Mattson, S.N.; Crocker, N.; Nguyen, T.T. Fetal Alcohol Spectrum Disorders: Neuropsychological and Behavioral Features.
Neuropsychol. Rev. 2011, 21, 81–101. [CrossRef] [PubMed]

151. Thomas, J.D.; Biane, J.S.; O’Bryan, K.A.; O’Neill, T.M.; Dominguez, H.D. Choline Supplementation Following Third-Trimester-
Equivalent Alcohol Exposure Attenuates Behavioral Alterations in Rats. Behav. Neurosci. 2007, 121, 120–130. [CrossRef]

152. Thomas, J.D.; La Fiette, M.H.; Quinn, V.R.; Riley, E.P. Neonatal Choline Supplementation Ameliorates the Effects of Prenatal
Alcohol Exposure on a Discrimination Learning Task in Rats. Neurotoxicol. Teratol. 2000, 22, 703–711. [CrossRef]

153. Kable, J.A.; Coles, C.D.; Keen, C.L.; Uriu-Adams, J.Y.; Jones, K.L.; Yevtushok, L.; Kulikovsky, Y.; Wertelecki, W.; Pedersen, T.L.;
Chambers, C.D.; et al. The Impact of Micronutrient Supplementation in Alcohol-Exposed Pregnancies on Information Processing
Skills in Ukrainian Infants. Alcohol 2015, 49, 647–656. [CrossRef]

154. Coles, C.D.; Kable, J.A.; Keen, C.L.; Jones, K.L.; Wertelecki, W.; Granovska, I.V.; Pashtepa, A.O.; Chambers, C.D. CIFASD Dose
and Timing of Prenatal Alcohol Exposure and Maternal Nutritional Supplements: Developmental Effects on 6-Month-Old Infants.
Matern. Child Health J. 2015, 19, 2605–2614. [CrossRef]

155. Jacobson, S.W.; Carter, R.C.; Molteno, C.D.; Stanton, M.E.; Herbert, J.S.; Lindinger, N.M.; Lewis, C.E.; Dodge, N.C.; Hoyme, H.E.;
Zeisel, S.H.; et al. Efficacy of Maternal Choline Supplementation during Pregnancy in Mitigating Adverse Effects of Prenatal
Alcohol Exposure on Growth and Cognitive Function: A Randomized, Double-Blind, Placebo-Controlled Clinical Trial. Alcohol.
Clin. Exp. Res. 2018, 42, 1327–1341. [CrossRef] [PubMed]

156. Warton, F.L.; Molteno, C.D.; Warton, C.M.R.; Wintermark, P.; Lindinger, N.M.; Dodge, N.C.; Zöllei, L.; Kouwe, A.J.W.; Colin
Carter, R.; Jacobson, J.L.; et al. Maternal Choline Supplementation Mitigates Alcohol Exposure Effects on Neonatal Brain Volumes.
Alcohol. Clin. Exp. Res. 2021, 45, 1762–1774. [CrossRef] [PubMed]

157. Mesa, D.A.; Kable, J.A.; Coles, C.D.; Jones, K.L.; Yevtushok, L.; Kulikovsky, Y.; Wertelecki, W.; Coleman, T.P.; Chambers, C.D.
CIFASD The Use of Cardiac Orienting Responses as an Early and Scalable Biomarker of Alcohol-Related Neurodevelopmental
Impairment. Alcohol. Clin. Exp. Res. 2017, 41, 128–138. [CrossRef]

158. Zeisel, S.H. What Choline Metabolism Can Tell Us about the Underlying Mechanisms of Fetal Alcohol Spectrum Disorders. Mol.
Neurobiol. 2011, 44, 185–191. [CrossRef] [PubMed]

159. Dozet, D.; Burd, L.; Popova, S. Screening for Alcohol Use in Pregnancy: A Review of Current Practices and Perspectives. Int. J.
Ment. Health Addict. 2021. [CrossRef] [PubMed]

160. Premji, S.; Benzies, K.; Serrett, K.; Hayden, K.A. Research-Based Interventions for Children and Youth with a Fetal Alcohol
Spectrum Disorder: Revealing the Gap. Child Care Health Dev. 2007, 33, 389–397; discussion 398–400. [CrossRef]

161. United Nations Children’s Fund, T.W.B.; World Health Organization. UNICEF-WHO-World Bank Joint Child Malnutrition
Estimates. In Levels & Trends in Child Malnutrition; WHO: Geneva, Switzerland, 2012.

162. Wozniak, J.R.; Fuglestad, A.J.; Eckerle, J.K.; Kroupina, M.G.; Miller, N.C.; Boys, C.J.; Brearley, A.M.; Fink, B.A.; Hoecker, H.L.;
Zeisel, S.H.; et al. Choline Supplementation in Children with Fetal Alcohol Spectrum Disorders Has High Feasibility and
Tolerability. Nutr. Res. 2013, 33, 897–904. [CrossRef]

163. Wozniak, J.R.; Fuglestad, A.J.; Eckerle, J.K.; Fink, B.A.; Hoecker, H.L.; Boys, C.J.; Radke, J.P.; Kroupina, M.G.; Miller, N.C.;
Brearley, A.M.; et al. Choline Supplementation in Children with Fetal Alcohol Spectrum Disorders: A Randomized, Double-Blind,
Placebo-Controlled Trial. Am. J. Clin. Nutr. 2015, 102, 1113–1125. [CrossRef]

http://doi.org/10.3945/jn.115.227561
http://www.ncbi.nlm.nih.gov/pubmed/26865644
http://doi.org/10.3945/jn.114.198739
http://doi.org/10.1016/j.ntt.2016.11.007
http://www.ncbi.nlm.nih.gov/pubmed/27888055
http://doi.org/10.1016/j.alcohol.2019.05.001
http://doi.org/10.1016/j.alcohol.2016.12.006
http://www.ncbi.nlm.nih.gov/pubmed/28433422
http://doi.org/10.1111/j.1530-0277.2012.01784.x
http://www.ncbi.nlm.nih.gov/pubmed/22509990
http://doi.org/10.1111/acer.13021
http://doi.org/10.3390/nu9101080
http://www.ncbi.nlm.nih.gov/pubmed/28961168
http://doi.org/10.1002/(SICI)1098-1063(2000)10:1&lt;94::AID-HIPO11&gt;3.0.CO;2-T
http://doi.org/10.1007/s11065-011-9167-9
http://www.ncbi.nlm.nih.gov/pubmed/21503685
http://doi.org/10.1037/0735-7044.121.1.120
http://doi.org/10.1016/S0892-0362(00)00097-0
http://doi.org/10.1016/j.alcohol.2015.08.005
http://doi.org/10.1007/s10995-015-1779-x
http://doi.org/10.1111/acer.13769
http://www.ncbi.nlm.nih.gov/pubmed/29750367
http://doi.org/10.1111/acer.14672
http://www.ncbi.nlm.nih.gov/pubmed/34342017
http://doi.org/10.1111/acer.13261
http://doi.org/10.1007/s12035-011-8165-5
http://www.ncbi.nlm.nih.gov/pubmed/21259123
http://doi.org/10.1007/s11469-021-00655-3
http://www.ncbi.nlm.nih.gov/pubmed/34580577
http://doi.org/10.1111/j.1365-2214.2006.00692.x
http://doi.org/10.1016/j.nutres.2013.08.005
http://doi.org/10.3945/ajcn.114.099168


Nutrients 2022, 14, 688 24 of 25

164. Riggins, T.; Miller, N.C.; Bauer, P.J.; Georgieff, M.K.; Nelson, C.A. Electrophysiological Indices of Memory for Temporal Order in
Early Childhood: Implications for the Development of Recollection. Dev. Sci. 2009, 12, 209–219. [CrossRef]

165. Riggins, T.; Cheatham, C.L.; Stark, E.; Bauer, P.J. Elicited Imitation Performance at 20 Months Predicts Memory Abilities in
School-Aged Children. J. Cogn. Dev. 2013, 14, 593–606. [CrossRef]

166. Smith, S.M.; Virdee, M.S.; Eckerle, J.K.; Sandness, K.E.; Georgieff, M.K.; Boys, C.J.; Zeisel, S.H.; Wozniak, J.R. Polymorphisms
in SLC44A1 Are Associated with Cognitive Improvement in Children Diagnosed with Fetal Alcohol Spectrum Disorder: An
Exploratory Study of Oral Choline Supplementation. Am. J. Clin. Nutr. 2021, 114, 617–627. [CrossRef]

167. Wozniak, J.R.; Fink, B.A.; Fuglestad, A.J.; Eckerle, J.K.; Boys, C.J.; Sandness, K.E.; Radke, J.P.; Miller, N.C.; Lindgren, C.;
Brearley, A.M.; et al. Four-Year Follow-up of a Randomized Controlled Trial of Choline for Neurodevelopment in Fetal Alcohol
Spectrum Disorder. J. Neurodev. Disord. 2020, 12, 9. [CrossRef]

168. Nguyen, T.T.; Risbud, R.D.; Mattson, S.N.; Chambers, C.D.; Thomas, J.D. Randomized, Double-Blind, Placebo-Controlled Clinical
Trial of Choline Supplementation in School-Aged Children with Fetal Alcohol Spectrum Disorders. Am. J. Clin. Nutr. 2016, 104,
1683–1692. [CrossRef] [PubMed]

169. Colombo, J.; Carlson, S.E.; Cheatham, C.L.; Shaddy, D.J.; Kerling, E.H.; Thodosoff, J.M.; Gustafson, K.M.; Brez, C. Long-Term
Effects of LCPUFA Supplementation on Childhood Cognitive Outcomes. Am. J. Clin. Nutr. 2013, 98, 403–412. [CrossRef]

170. Zeisel, S.H. Nutrition in Pregnancy: The Argument for Including a Source of Choline. Int. J. Womens Health 2013, 5, 193–199.
[CrossRef] [PubMed]

171. McMahon, K.E.; Farrell, P.M. Measurement of Free Choline Concentrations in Maternal and Neonatal Blood by Micropyrolysis
Gas Chromatography. Clin. Chim. Acta 1985, 149, 1–12. [CrossRef]

172. Ilcol, Y.O.; Ozbek, R.; Hamurtekin, E.; Ulus, I.H. Choline Status in Newborns, Infants, Children, Breast-Feeding Women,
Breast-Fed Infants and Human Breast Milk. J. Nutr. Biochem. 2005, 16, 489–499. [CrossRef]

173. Guerrerio, A.L.; Mattis, L.; Conner, K.G.; Hampsey, J.; Stasinopoulos, D.M.; DeJong, R.; Boctor, E.M.; Sheth, S.; Hamper, U.M.;
Scheimann, A.O. Oral Choline Supplementation in Children with Intestinal Failure. J. Pediatr. Gastroenterol. Nutr. 2011, 53,
115–119. [CrossRef]

174. U.S. Department of Agriculture, Agricultural Research Service. Nutrient Intakes from Food and Beverages: Mean Amounts Consumed
per Individual, by Gender and Age, What We Eat in America, NHANES 2013–2014; Department of Agriculture (USDA): Washington,
DC, USA, 2016.

175. Wiedeman, A.M.; Barr, S.I.; Green, T.J.; Xu, Z.; Innis, S.M.; Kitts, D.D. Dietary Choline Intake: Current State of Knowledge Across
the Life Cycle. Nutrients 2018, 10, 1513. [CrossRef]

176. Sebastiani, G.; Borrás-Novell, C.; Casanova, M.A.; Pascual Tutusaus, M.; Ferrero Martínez, S.; Gómez Roig, M.D.; García-Algar, O.
The Effects of Alcohol and Drugs of Abuse on Maternal Nutritional Profile during Pregnancy. Nutrients 2018, 10, 1008. [CrossRef]

177. Food and Nutrition Board-Institute of Medicine. Dietary Reference Intakes for Thiamin, Riboflavin, Niacin, Vitamin B6, Folate, Vitamin
B12, Panthotenic Acid, Biotin, and Choline; National Academy Press: Washington, DC, USA, 1998.

178. Schwarzenberg, S.J.; Georgieff, M.K.; COMMITTEE ON NUTRITION. Advocacy for Improving Nutrition in the First 1000 Days
to Support Childhood Development and Adult Health. Pediatrics 2018, 141. [CrossRef]

179. Zeisel, S.H.; Mar, M.H.; Howe, J.C.; Holden, J.M. Concentrations of Choline-Containing Compounds and Betaine in Common
Foods. J. Nutr. 2003, 133, 1302–1307. [CrossRef]

180. Howe, J.C.; Williams, J.R.; Holden, J.M. USDA Database for the Choline Content of Common Foods; U.S. Department of Agriculture:
Washington, DC, USA, 2004.

181. Zeisel, S.H.; Corbin, K.D.; Erdman, J.W.K.; MacDonald, I. Present Knowledge in Nutrition; John Wiley & Sons: Hoboken, NJ,
USA, 2006.

182. Wang, Z.; Klipfell, E.; Bennett, B.J.; Koeth, R.; Levison, B.S.; Dugar, B.; Feldstein, A.E.; Britt, E.B.; Fu, X.; Chung, Y.M.; et al. Gut
Flora Metabolism of Phosphatidylcholine Promotes Cardiovascular Disease. Nature 2011, 472, 57–63. [CrossRef]

183. Koeth, R.A.; Wang, Z.; Levison, B.S.; Buffa, J.A.; Org, E.; Sheehy, B.T.; Britt, E.B.; Fu, X.; Wu, Y.; Li, L.; et al. Intestinal Microbiota
Metabolism of L-Carnitine, a Nutrient in Red Meat, Promotes Atherosclerosis. Nat. Med. 2013, 19, 576–585. [CrossRef]

184. Tang, W.H.; Wang, Z.; Levison, B.S.; Koeth, R.A.; Britt, E.B.; Fu, X.; Wu, Y.; Hazen, S.L. Intestinal Microbial Metabolism of
Phosphatidylcholine and Cardiovascular Risk. N. Engl. J. Med. 2013, 368, 1575–1584. [CrossRef]

185. Loscalzo, J. Gut Microbiota, the Genome, and Diet in Atherogenesis. N. Engl. J. Med. 2013, 368, 1647–1649. [CrossRef] [PubMed]
186. Martin, J.C.; Canlet, C.; Delplanque, B.; Agnani, G.; Lairon, D.; Gottardi, G.; Bencharif, K.; Gripois, D.; Thaminy, A.; Paris, A. 1H

NMR Metabonomics Can Differentiate the Early Atherogenic Effect of Dairy Products in Hyperlipidemic Hamsters. Atherosclerosis
2009, 206, 127–133. [CrossRef]

187. Zeisel, S.H.; DaCosta, K.A. Increase in Human Exposure to Methylamine Precursors of N-Nitrosamines after Eating Fish. Cancer
Res. 1986, 46, 6136–6138. [PubMed]

188. He, K.; Song, Y.; Daviglus, M.L.; Liu, K.; Van Horn, L.; Dyer, A.R.; Greenland, P. Accumulated Evidence on Fish Consumption and
Coronary Heart Disease Mortality: A Meta-Analysis of Cohort Studies. Circulation 2004, 109, 2705–2711. [CrossRef] [PubMed]

189. Miller, C.A.; Corbin, K.D.; da Costa, K.-A.; Zhang, S.; Zhao, X.; Galanko, J.A.; Blevins, T.; Bennett, B.J.; O’Connor, A.; Zeisel, S.H.
Effect of Egg Ingestion on Trimethylamine-N-Oxide Production in Humans: A Randomized, Controlled, Dose-Response Study.
Am. J. Clin. Nutr. 2014, 100, 778–786. [CrossRef] [PubMed]

http://doi.org/10.1111/j.1467-7687.2008.00757.x
http://doi.org/10.1080/15248372.2012.689392
http://doi.org/10.1093/ajcn/nqab081
http://doi.org/10.1186/s11689-020-09312-7
http://doi.org/10.3945/ajcn.116.142075
http://www.ncbi.nlm.nih.gov/pubmed/27806977
http://doi.org/10.3945/ajcn.112.040766
http://doi.org/10.2147/IJWH.S36610
http://www.ncbi.nlm.nih.gov/pubmed/23637565
http://doi.org/10.1016/0009-8981(85)90267-0
http://doi.org/10.1016/j.jnutbio.2005.01.011
http://doi.org/10.1097/MPG.0b013e31821404d4
http://doi.org/10.3390/nu10101513
http://doi.org/10.3390/nu10081008
http://doi.org/10.1542/peds.2017-3716
http://doi.org/10.1093/jn/133.5.1302
http://doi.org/10.1038/nature09922
http://doi.org/10.1038/nm.3145
http://doi.org/10.1056/NEJMoa1109400
http://doi.org/10.1056/NEJMe1302154
http://www.ncbi.nlm.nih.gov/pubmed/23614591
http://doi.org/10.1016/j.atherosclerosis.2009.01.040
http://www.ncbi.nlm.nih.gov/pubmed/3779634
http://doi.org/10.1161/01.CIR.0000132503.19410.6B
http://www.ncbi.nlm.nih.gov/pubmed/15184295
http://doi.org/10.3945/ajcn.114.087692
http://www.ncbi.nlm.nih.gov/pubmed/24944063


Nutrients 2022, 14, 688 25 of 25

190. Fuglestad, A.J.; Fink, B.A.; Eckerle, J.K.; Boys, C.J.; Hoecker, H.L.; Kroupina, M.G.; Zeisel, S.H.; Georgieff, M.K.; Wozniak, J.R.
Inadequate Intake of Nutrients Essential for Neurodevelopment in Children with Fetal Alcohol Spectrum Disorders (FASD).
Neurotoxicol. Teratol. 2013, 39, 128–132. [CrossRef] [PubMed]

191. Amos-Kroohs, R.M.; Fink, B.A.; Smith, C.J.; Chin, L.; Van Calcar, S.C.; Wozniak, J.R.; Smith, S.M. Abnormal Eating Behaviors Are
Common in Children with Fetal Alcohol Spectrum Disorder. J. Pediatr. 2016, 169, 194–200 e1. [CrossRef] [PubMed]

192. Lentjes, M.A.H. The Balance between Food and Dietary Supplements in the General Population. Proc. Nutr. Soc. 2019, 78, 97–109.
[CrossRef] [PubMed]

193. Cheng, W.-L.; Holmes-McNary, M.Q.; Mar, M.-H.; Lien, E.L.; Zeisel, S.H. Bioavailability of Choline and Choline Esters from Milk
in Rat Pups. J. Nutr. Biochem. 1996, 7, 457–464. [CrossRef]

194. Koc, H.; Mar, M.H.; Ranasinghe, A.; Swenberg, J.A.; Zeisel, S.H. Quantitation of Choline and Its Metabolites in Tissues and
Foods by Liquid Chromatography/electrospray Ionization-Isotope Dilution Mass Spectrometry. Anal. Chem. 2002, 74, 4734–4740.
[CrossRef] [PubMed]

195. Gilmore, J.H.; Knickmeyer, R.C.; Gao, W. Imaging Structural and Functional Brain Development in Early Childhood. Nat. Rev.
Neurosci. 2018, 19, 123–137. [CrossRef] [PubMed]

196. Dubois, J.; Dehaene-Lambertz, G.; Kulikova, S.; Poupon, C.; Hüppi, P.S.; Hertz-Pannier, L. The Early Development of Brain White
Matter: A Review of Imaging Studies in Fetuses, Newborns and Infants. Neuroscience 2014, 276, 48–71. [CrossRef] [PubMed]

http://doi.org/10.1016/j.ntt.2013.06.005
http://www.ncbi.nlm.nih.gov/pubmed/23871794
http://doi.org/10.1016/j.jpeds.2015.10.049
http://www.ncbi.nlm.nih.gov/pubmed/26608087
http://doi.org/10.1017/S0029665118002525
http://www.ncbi.nlm.nih.gov/pubmed/30375305
http://doi.org/10.1016/0955-2863(96)00079-4
http://doi.org/10.1021/ac025624x
http://www.ncbi.nlm.nih.gov/pubmed/12349977
http://doi.org/10.1038/nrn.2018.1
http://www.ncbi.nlm.nih.gov/pubmed/29449712
http://doi.org/10.1016/j.neuroscience.2013.12.044
http://www.ncbi.nlm.nih.gov/pubmed/24378955

	Introduction 
	Alcohol’s Effects on the Developing Brain and Cognition 
	Mechanisms of Alcohol Teratogenesis 
	Global Structural Abnormalities in Brain following PAE 
	PAE May Disproportionately Affect the Hippocampus and Memory 
	White Matter and Network Connectivity 

	An Overview of Choline and Its Role in Typical Neurodevelopment 
	Preclinical Evidence Showing That Choline Augments Development following PAE 
	Brain Structure and Function 
	Working Memory and Learning 

	Human Studies Also Demonstrate Choline Benefits following PAE 
	Prenatal Choline Supplementation in Humans 
	Postnatal Choline Supplementation in Humans 

	Current Insights into Human Choline Supplementation for Neurodevelopment 
	Conclusions and Future Directions 
	References

