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Abstract: Proper nutrition is crucial for normal brain and neurocognitive development. Failure to
optimize neurodevelopment early in life can have profound long-term implications for both mental
health and quality of life. Although the first 1000 days of life represent the most critical period of
neurodevelopment, the central and peripheral nervous systems continue to develop and change
throughout life. All this time, development and functioning depend on many factors, including
adequate nutrition. In this review, we outline the role of nutrients in cognitive, emotional, and neural
development in infants and young children with special attention to the emerging roles of polar lipids
and high quality (available) protein. Furthermore, we discuss the dynamic nature of the gut-brain
axis and the importance of microbial diversity in relation to a variety of outcomes, including brain
maturation/function and behavior are discussed. Finally, the promising therapeutic potential of
psychobiotics to modify gut microbial ecology in order to improve mental well-being is presented.
Here, we show that the individual contribution of nutrients, their interaction with other micro- and
macronutrients and the way in which they are organized in the food matrix are of crucial importance
for normal neurocognitive development.

Keywords: brain; neurodevelopment; childhood; protein quality; tyrosine; tryptophan; poly-
unsaturated fatty acids; polar lipids; minerals; vitamins; kynurenine; gut-brain axis; prebiotics; probi-
otics

1. Introduction

Nutrition is critical in supporting healthy brain development early in life, with long-
lasting, and often, irreversible effects on an individual’s cognitive development and life-
long mental health. In this review, we present recent human and pre-clinical evidence on
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the role of nutrition, with particular focus on more emerging nutrients, in neurocognitive
development in healthy infants and children aged 0-59 months.

Development of the human brain starts with the closure of the neural tube by the
fourth week of pregnancy [1] and the proliferation of neurons in the germinal layers
near the ventricles during the early phases of gestation (from week six of pregnancy) [2].
This is followed by the migration of neurons to their final destination and simultaneous
initiation of neuronal differentiation (Figure 1, adapted from [3]). Neuronal differentiation
includes the formation of dendrites and axons, the production of neurotransmitters, the
development of synapses and intracellular signaling systems, and establishment of complex
neural membranes starting from late pregnancy until the first few months postnatally. The
formation of synapses continues throughout life [2,4], whereas the production of various
neurotransmitters starts prenatally and reaches mature levels around the age of three
years [5]. In parallel, glial cell production begins during the second trimester (32 weeks
of gestation) [2,5]; glial cells insulate the axons by surrounding them with a membranous
myelin sheath (axonal myelination), a process that predominantly takes place between the
second trimester of gestation and the first year of life. Myelination continues, but starts to
decline in early adulthood after which it stops at around the age of 40 years [2].
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Figure 1. Visual representation of brain development timeline in humans from in utero up to adulthood.
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Development of brain structures occurs in several phases. The major transition takes
place when the transient cortical structure, mediating fetal and neonatal behavior, is
replaced by the cortical plate at three to four months of age. As a result, motor behavior
changes from non-directed general movements to more goal-directed movements, such as
reaching. The hippocampus, which is important for facial and scene-recognition, as well as
spatial memory, develops at approximately 32 weeks of gestation until at least 18 months
postnatally [4,5]. The prefrontal cortex, responsible for complex processing tasks such as
attention and multi-tasking, exhibits initial rapid development during the first 6 months of
life [5]. Note, that prefrontal development continues well into the third decade of life [6].
The pruning of axons and synapses to further optimize the brain’s functioning usually
starts between the onset of puberty and early adulthood [2].

The brain’s structure and capacity is formed relatively early in life, before the age of
three years [5]. A failure to optimize brain development at this important stage of life can
therefore have negative long-term consequences in terms of education, work potential, and
mental health (the “ultimate cost to society” of early life adversity).

2. Nutrients that Play a Role in Neurodevelopment
2.1. Lipids
2.1.1. Long-Chain Polyunsaturated Fatty Acids

Neurodevelopment is influenced by a number of factors ranging from gestational
age at birth and social environment to nutrition. Dietary fat in particular is an important
modifiable nutritional factor illustrated by the crucial role of the polyunsaturated fatty
acids (PUFAs) linoleic acid (LA; 18:2 n-6), a-linoleic acid (ALA, 18:3 n-3), docosahexanoic
acid (DHA; 22:6 n-3) and arachidonic acid (AA, 20:4 n-6) in normal brain formation and
neuronal myelination during infant neurodevelopment [2,7]. Furthermore, long-chain
PUFAs (LCPUFAs) have been shown to affect the production of various neurotransmit-
ters [5], with profound effects on monoaminergic, cholinergic, and gamma-aminobutyric
acid (GABA) ergic systems. DHA is especially important for visual and prefrontal cortex
development, the latter of which mediates attention, inhibition and impulsivity actions [5].

In addition to sufficient intake via diet or supplementation, a balanced ratio between
LA and ALA is important as well [8]. In the prospective Mothers and Children’s Environ-
mental Health (MOCEH) cohort of 960 pregnant women in Korea, an inverse association
between LA /ALA ratio during pregnancy and Mental Developmental Index (MDI) and
Psychomotor Developmental Index (PDI) scores in the offspring at six months of age was
reported [7]. The average LA /ALA ratio in this population amounted to 11.12 £ 6.9.

LA is abundantly present in daily food and high intake can have negative health con-
sequences [8]. High LA in colostrum and breastmilk has been associated with poorer motor
and cognitive scores at two and three years of age [9] and a lower verbal intelligence quo-
tient (IQ) at five-to-six years [10] in the observational EDEN (Etude de cohorte généraliste,
menée en France sur les Déterminants pré et post natals précoces du développement
psychomoteur et de la santé de ’'Enfant) cohort in France. This negative impact was postu-
lated to take effect through several mechanisms, namely the suppression of biosynthesis
of n-3 PUFAs (due to enzymatic competition to convert n-6 and n-3 PUFA to LCPUFA),
which supplies necessary DHA for brain development, as well as by decreased uptake of
circulating DHA by the brain and thus impaired accretion of DHA in the brain. Lastly, n-6
PUFAs are precursors for several pro-inflammatory eicosanoids that can be produced in
early life and may have a negative impact on cognitive function [10].

Several observational studies reported that high DHA levels in pre- and postnatal
periods seem to improve specific cognitive skills ranging from processing ability and
attention to overall IQ in the offspring, even up to 12 years of life [11-13]. Nonetheless, the
impact of DHA supplementation during pregnancy remains controversial. Daily 400 mg
DHA supplementation for 20 weeks in pregnant mothers showed positive effects on the
infant’s attention ability at 5 years of age [14], while an earlier study among 2499 pregnant
women in Australia found that daily 800 mg DHA supplementation did not affect cognitive
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and language development of the offspring at 12 and 18 months [15]. The latter is further
supported by the results of a Cochrane systematic review (2015) stating that there was
no effect of DHA supplementation in breastfeeding mothers on language development,
problem-solving abilities, psychomotor development, and general movement ability of
their offspring [16]. Another Cochrane review (2017) reported that, although there was no
concern over the safety of infant formulas supplemented with DHA and AA, the majority
of evaluated randomized controlled trials (RCTs) did not show any beneficial effects on
neurodevelopmental outcomes in term infants [17]. In addition, the authors concluded that
the positive effect on visual acuity had not been consistently demonstrated. Although the
review included the study by Colombo et al. [18], reporting a beneficial effect of DHA/AA
supplementation (up to 0.64% DHA /0.64% AA) in infant formula on problem-solving
skills at nine months [18], it did not include earlier studies on the topic [19,20]. These
studies indicated that routine supplementation of term infant milk formula with DHA (at
the level of 0.3% PUFA), from birth to four months of age, was associated with improved
neurodevelopmental outcome at four months [20] and higher MDI scores at 18 months [19].
In addition, better inhibitory control measured by behavioral and brain electrophysiology
responses among those supplemented with the above-mentioned dose at 5.5 years of age
has been described as well [21]. Importantly, dosing LCPUFAs at a level higher than 0.64%
in early life may have negative effects on cognitive development at a later stage [18].

The impact of essential fatty acids (EFA) and LCPUFAs on cognition and brain de-
velopment appears to be particularly evident in older children. Interestingly, DHA and
AA supplementation of 200 mg daily in Growing Up Milk (GUM) among toddlers aged
13 months for the duration of one year increased the Bayley III language composite score
at 24 months as compared to those receiving standard GUM without LCPUFA. The same
study reported fewer inattention episodes among boys receiving LCPUFA-supplemented
GUM as compared to their unsupplemented counterparts [22].

Two separate studies in two-to-six years old children in Ghana and Tanzania revealed
that children with the highest levels of blood EFA and DHA had at least a three times
higher chance of successfully passing an executive function test [23,24]. In older pre-school
children, the consumption of 978 g of fish over one week influenced cognitive function
compared to those consuming 850 mg of meat, after adjusting for dietary compliance;
information on EFA and DHA blood levels was not included [25].

2.1.2. Polar Lipids

Polar lipids are amphiphilic in nature and contain a hydrophobic tail and a hydrophilic
head. Phospholipids (glycerophospholipids and sphingomyelin) and sphingolipids (ce-
ramides, cerebrosides and gangliosides) are the main representatives of this group. Polar
lipids make up biological membranes but are also found in circulating fluids. In mam-
malian milk, the milk fat globule membrane (MFGM), the trilayer membrane structure
surrounding each fat globule, is an important source of polar lipids [26,27], as are nanovesi-
cles (exosomes). Nanovesicles are secreted into milk by mammary gland cells and are
implicated in cell-to-cell communication by virtue of their functionally active cargo (e.g.,
messenger-RNA (mRNA), micro-RNA (miRNA), and different proteins; [28]). Human as
well as bovine milk contains approximately 4% fat in the form of fat globules [29]. These
globules are filled with triglycerides, constituting 98% of total fat. The lipids within the
MFGM primarily include polar lipids but also comprise neutral lipids (like cholesterol).
The main polar lipids present in human and bovine MFGMs are phosphatidylcholine (PC),
phosphatidylethanolamine (PE), phosphatidylinositol (PI), phosphatidylserine (PS), and
sphingomyelin (SM) [30,31]; human milk contains higher levels of SM and PS, whereas
relatively more PE is present in bovine milk fat [32].

To date, no intake recommendations or guidelines for polar lipids have been proposed
or implemented by health authorities. However, adequate intakes have been defined
for two nutrients that serve as structural parts of polar lipids, choline and DHA [33,34].
Presently, only limited scientific evidence exists on the brain bioavailability of polar lipids
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via placental transfer or transport over the blood brain barrier (BBB) [35-37]. Nevertheless,
supplementing polar lipids in wild-type animal models and healthy infants does suggest
benefits for cognitive performance.

The putative role of MFGM polar lipids in brain and neurocognitive development
has received significant attention. In Sprague-Dawley rats, oral gavage supplementation
with MFGM led to neurocognitive benefits by early upregulation of genes involved in
brain function, such as brain-derived neurotrophic factor (BDNF) and St8 alpha-N-acetyl-
neuraminide alpha-2,8-sialyltransferase 4 [38]. Somewhat unexpectedly, a human RCT
evaluating the effects of maternal dietary supplementation of complex milk lipids (CML;
gangliosides and phospholipids) from the MFGM during pregnancy on fetal growth
showed no effects on any of the fetal biometric dimensions measured [39]. The lack of
effect could be due to the application of an inadequate dose of polar lipids. In a Belgian
study, a phospholipid-rich MFGM concentrate given daily to preschool children aged
2.5-6 years for a period of four months decreased behavioral problems and reduced days
with fever during the intervention period [40]. Notwithstanding this encouraging result,
Timby and colleagues (2017) concluded that while MFGM interventions seem safe, it is
still unclear which MFGM fractions are most suitable for supplementation and at what
concentration at which age. Furthermore, it was pointed out that the evidence base for the
effects of MFGM polar lipids on brain and neurocognitive development is still limited [41].
Since then, several studies have provided additional evidence for the importance of the
MEFGM in early life with mixed outcomes. A study in 451 healthy term infants showed
that receiving formula with added bovine MFGM and bovine lactoferrin (LF) resulted in
accelerated neurodevelopment at day 365 as evidenced by higher mean cognitive (+8.7),
language (+12.3), and motor (+12.6) Bayley-III scores, and improved global development
scores from day 120 to day 275 and attention at day 365 in the MFGM + LF group [42]. In
addition, enhanced language skills at day 545 were observed (some subcategories of the
MacArthur-Bates Communicative Development Inventories were higher in the MFGM +
LF group).

There has been growing interest in the use of gangliosides as part of a supplement
for either the infant or the mother because these polar lipids serve a crucial role in pre-
and postnatal development of the brain, which coincides with the critical window of
rapid brain growth around birth [43]. Ceramides are essential for neural development
contributing to ganglioside synthesis in utero. Interestingly, the phlorizin domain of the
lactase enzyme splits ceramides from glucosyl, galactosyl, and lactosyl-cerebrosides [44].
In addition, lactase splits lactose into glucose and galactose. As nearly all healthy infants
are lactase persistent, lactase activity in their small intestine yields ceramide, glucose,
and galactose moieties from dietary lactose and glycosphingolipid intake, all important
building blocks for the developing nervous system. Gangliosides are glycolipids that
contain sialic acid, which is an essential nutrient for optimal brain development and
cognition. Endogenous production of sialic acid is possible but limited. Rather, it is
available in human milk oligosaccharides in relatively large quantities, predominantly in
the form of Neu5Ac (N-acetylneuraminic acid), which is the precursor of various neural
brain glycoproteins, including polysialic acid, gangliosides, glycosaminoglycans, and
mucins. The major protein carrier of polysialic acids is NCAM (Neural Cell Adhesion
Molecule); polysialylated-NCAM is a key neuroplastic molecule involved in neuronal
plasticity and of crucial importance for memory formation. Other examples of sialylated
proteins are synaptic cell adhesion molecule 1 and scavenger receptor CD36 [45]. Sialic acid
is particularly abundant in neuronal cell membranes. Notably, the location and amount of
sialic acid in different regions of the brain change dramatically during development.

The high sialic acid content of human breast milk in addition to its role in brain
development suggest that sialic acid in breast milk has an impact on infant cognitive
development. This could also imply that brain growth creates a greater need for sialic
acid than can be provided by endogenous biosynthesis in the infant. This is supported
by findings from a study in which sialic acid was measured in brain samples from infants
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(1-38 weeks) that died of sudden infant death showing that the sialic acid content was
higher in the brains of breast-fed infants than in those of formula-fed infants [46].

2.2. Minerals
2.2.1. Iron

In addition to lipids, micronutrients are critical for normal neurodevelopment as well.
Iron, for instance, is vital for energy production, oxygen transportation, and DNA synthesis.
It plays a crucial role in hippocampal development, myelination and production of neuro-
transmitters, such as dopamine, serotonin, and norepinephrine as shown in pre-clinical
studies [5,47,48]. Iron deficiency results in reduced 6-desaturase enzyme activity that is
required for the synthesis of essential fatty acids and can therefore impair the synthesis of
a-linoleic acid (ALA, 18:3 n-3) into DHA [49]. Currently, no literature is available on the
impact of combined iron and LCPUFA deficiencies on cognitive neurodevelopment.

Limited evidence from recent studies suggest that iron supplementation during
pregnancy and infancy may positively influence the psychomotor development of chil-
dren [47,48,50]. A positive effect of prenatal iron supplementation during pregnancy on
overall cognitive development of the child has been described only for anemic pregnant
women. In this group, a favorable effect on cognitive performance in children under two
years of age, toddlers and primary school children was observed [48,50,51].

Based on a systematic review and a follow-up study, the effects of iron supplementa-
tion during early life on cognitive function are unclear at 12 months of age. In addition, no
benefit on cognitive function at 18 months could be detected [47,50]. Notably, the provision
of iron to iron-replete infants could have a negative effect on long-term cognitive develop-
ment as shown in a cohort study among infants in Chile [47,52]. Positive impact of iron
supplementation on cognitive function seems to be observed only in anemic primary school
children [47,51]. Based on the available evidence, adequate dietary iron intake should be
encouraged during pregnancy and post-natal life up to adulthood. With regard to iron
supplementation, a different picture emerges. Given the uncertainty of the efficacy of
iron supplementation due to significant supplementation heterogeneity across the various
studies (i.e., type and format of iron supplementation, dosage, length of supplementation,
presence of other nutrients) [47,50], combined with the potential negative impact of provid-
ing high iron dosages to iron-replete infants [52], it seems advisable to restrict the provision
of iron supplements, in the right form and dosage, to anemic individuals.

2.2.2. Zinc

Zinc is necessary for central nervous system (CNS) development and is one of the
most ubiquitous metals found in the brain; it is present in many enzymes involved in
brain growth and is important for neurotransmission. In animal models, zinc has been
shown to be involved in neurogenesis, neural migration, synaptogenesis, and regulation of
GABA-Ergic neurotransmitter release [5,53].

Zinc deficiency during pregnancy and early infancy has long been associated with de-
velopmental deficits, such as poorer learning, attention, memory, and mood [5]. However,
there is currently no convincing evidence that maternal zinc supplementation improves
cognitive development in the offspring [54,55].

Evidence on the association between zinc intake and cognitive development is quite
limited for infants. Six-month old infants receiving either a combination of micronutrients
(10 mg/d zinc, 10 mg/d iron and 0.5 mg/d copper) or iron and copper alone for the
duration of 6 months presented with different outcomes. In the group receiving zinc, there
was an improvement in normative information processing and active attentional profiles
at two years of age. However, no differences were reported regarding other parameters,
which included Bayley Scales of Infant Development (BSID) at six, 12, and 18 months.
Infants receiving zinc supplementation were also able to maintain a better zinc status [55].

A Cochrane systematic review (2012) concluded that there is no significant effect
of zinc intake on mental and motor development in children [56]. This was nuanced
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by another systematic review, published later that year, stating that the effect of zinc
supplementation on cognitive function might be dependent on the dose of supplementation
and the duration of the intervention [57].

2.2.3. Iodine

Iodine plays an important role in brain development in the form of thyroxine and
triiodothyronine. It affects the timing of differentiation of neural tissue in the brain pre-
natally and determines the number of glial cells for myelin sheath production postnatally.
Maternal thyroid hormone can be found in the embryonic cavities at the end of week 4
post-conception when the formation of the brain cortex and the anterior part of the neural
tube takes place [58].

The impact of pre-conception iodine levels has been recently investigated in the
Southampton Women Cohort [59]. The results revealed that a low maternal urinary iodine
concentration, measured by iodine/creatinine (I/Cr) ratio, at 3.3 years before conception
was associated with low overall childhood cognitive function at 6-7 years as assessed by
the Wechsler Abbreviated Scale of Intelligence (WASI) [59]. Around 8.9% of the women
in this cohort presented with a low I/Cr ratio. Unexpectedly, the same study reported no
influence of pre-conception iodine levels on specific measures of executive function at the
age of six-to-seven years [59].

The Generation R cohort study showed that mild-to-moderate iodine deficiency in
early pregnancy affects the offspring’s behavior and risk for development of ADHD
at eight years of age [60]. Severe iodine deficiency during pregnancy is well-known
to result in maternal and fetal hypothyroidism and has been shown to be associated
with serious adverse health effects in the offspring, including congenital hypothyroidism,
growth retardation and impaired cognition encompassing deficits in hearing, speech,
gait and 1Q [5,61]. Still, several iodine supplementation studies during pregnancy on
offspring cognitive function reported inconclusive findings. This, in part, may be explained
by the application of age-inappropriate global development assessments that may have
caused misclassification and lack of correlation with cognitive function at that particular
time [58,62,63].

Post-natally, iodine continues to play a role in neurocognitive development. The level
of iodine in colostrum predicts the motor development capability of infants at 18 months,
but does not relate to other abilities, such as language development or overall cognition [64].
Interestingly, a study on iodine supplementation using iodized salts for children in areas
where the incidence of iodine deficiency is high, reported no benefits on cognitive function
in children older than three years of age despite the improvement in iodine status [65].

2.3. Vitamins

Despite extensive research conducted on vitamin supplementation, only limited recent
evidence exists to suggest that vitamin supplementation during pregnancy and early intake
by infants positively influences cognitive development of children. Nevertheless, vitamin
A, vitamin B12 (cobalamin), folate, and vitamin D are well-recognized for their capacity to
critically influence early cognitive development [5,49], and micronutrient deficiencies early
in life can lead to impairments of the CNS.

2.3.1. Vitamin A

Mice postnatally deprived of vitamin A exhibited a reduction in the expression of
brain retinoid receptors and associated target genes, which was accompanied by selective
memory impairment after 39 weeks of deprivation [66]. Retinoids have typically been
associated with relational memory, synaptic plasticity, learning, memory and sleep, and
are essential nutrients that help support normal embryonic development, cell growth, and
differentiation [49].

A recent human intervention study on vitamin A and cognitive function assessed
the effectiveness of vitamin A, zinc, glutamine, zinc plus glutamine, zinc plus vitamin A,
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and vitamin A plus zinc plus glutamine [67]. Only the combination of all three positively
influenced cognitive function in girls (aged 6-12 years), but not in boys. It should be noted,
however, that the power of this study was limited due to the small sample size of each
intervention group.

2.3.2. Vitamin B12

A study on maternal intake of methyl-donor nutrients and child cognition at three
years of age revealed a weak inverse association for vitamin B12 intake and a linear
association for folate intake during the first and second trimester with the Peabody Picture
Vocabulary Test III (PPVT-III scores) [68]. Each 600 mcg/day increment in total folate
intake during the first trimester was associated with an increase of 1.6 points in PPVT-III
scores. No correlations were found between choline, betaine, or methionine and cognitive
function [68].

Recent findings from the GUSTO (Growing Up in Singapore Towards healthy Out-
comes) cohort showed that maternal B12 deficiency was associated with lower cogni-
tive scores of infants at 24 months when compared to infants from vitamin B12-replete
mothers [69]. The level of vitamin B12 at 2-12 months correlated with development and
performance in social perception tasks and visuo-spatial abilities at 5 years of age among
330 children in Nepal [70]; an increase of one unit in vitamin B12 status was associated with
an increase of 4.88 in the Ages and Stages Questionnaires (ASQ-3), 0.82 in recognition score,
0.59 in geometric puzzle score, and 0.24 in block construction scores. In another study
(650 children, India), vitamin B12 status at four-months was associated with increased
BSID-II score at 12-14 months [71]. Vitamin B12 plays an important mechanistic role in
neural myelination, synaptogenesis, and neurotransmitter synthesis in pre- and postnatal
periods. In addition, it promotes development of the hippocampus and is therefore relevant
to memory, language, and visual processing [69]. Vitamin B12 and folate are required for
cell division and generation of methionine, which is needed to produce neurotransmitters
and myelin [70]. A relationship between folate and vitamin B12 was also reported by
Strand and colleagues, demonstrating that the plasma folate concentration was indepen-
dently associated with mental development scores when children with poor vitamin B12
status were excluded from the analysis [72]. Timing of folic acid intake (and the resultant
endogenous folate level) is likely critical, as it is well-known that severe folate deficiency
during pre-conception and early pregnancy is associated with inadequate closure of the
neural tube resulting in severe brain defects, including spina bifida [1]. However, in older
children, supplementation with folic acid, vitamin B2, B5, and calcium did not affect verbal
IQ, short term memory, or processing speed [73].

2.3.3. Vitamin D

In a rodent model, low maternal vitamin D (1,25-dihydroxycholecalciferol) status
during pregnancy was associated with structural changes in the brain, such as enlarged
lateral ventricles, a thinner cortex, and increased cell proliferation [49,74]. Low prenatal
vitamin D status was also linked to the severity of schizophrenia and autism symptoms in
epidemiological studies [75,76]. In addition, vitamin D status during pregnancy was shown
to be related to cognitive development, and maternal 25(OH)D levels <50 nmol/L were
independently associated with low MDI and PDI scores at six months [77]. This prospective
cohort of 363 mother-infant pairs in China also reported an inverted U-shaped relation
between vitamin D levels in cord blood and neurocognitive score at 16-18 months [77].
Interestingly, vitamin D has been shown to be able to upregulate serotonin expression [78].

2.4. Dietary Protein and Amino Acids

A classic example of the importance of proteins to behavioral and neurocognitive
development in infants is the longitudinal study by Chavez et al. [79] which evaluated the
effects of nutritional supplementation on infants’ physical, mental, and social development
in two groups of 17 mother-child pairs in a poor rural Mexican community. In this study,
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one group of mothers was supplemented daily with 205 calories and 15 g of protein during
pregnancy and 305 calories and 15 g of protein during lactation, whilst the other group
followed the usual feeding habits of the community. Between the 12th and 16th week of
life, the supplemented infants began to receive whole cow’s milk ad libitum and prepared
baby food in quantities sufficient to maintain adequate rates of growth. At 18 months
of intervention, the mothers of supplemented children displayed more complex interac-
tions with their children, who were more restless, playful, demanding and disobedient
than those non-supplemented. These results suggest a beneficial effect of protein (and
energy) supplementation on the behavioral patterns within the family, with the more active
children eliciting greater stimulation from their parents. Another historic study [80] demon-
strated that protein supplementation, rather than energy, during early childhood improved
psycho-educational performance. Therefore, Guatemalan children exposed to protein
supplement scored significantly higher on tests of knowledge, numerical aptitude, reading
and vocabulary as compared to those that only received energy supplementation. Two
decades later, 130 female subjects were re-evaluated and, interestingly, women exposed to
protein supplementation during early childhood had better educational achievements than
those from the energy group [81].

2.4.1. The Importance of Protein Quality

The nutrient value of dietary proteins (protein quality) essentially resides in the
individual (essential) amino acids that are absorbed into the system. During gestation, the
growing fetus only receives amino acids because proteins, with the exception of certain
immunoglobulins, do not cross the placenta in significant amounts. Amino acids are the
precursors of structural proteins required for the growth of body tissues, including the
brain. In addition, various amino acids are precursors of neurotransmitters or, in many
cases, are neurotransmitters themselves. They also serve as direct precursors of enzymes
and peptide hormones. Therefore, insufficient provision of any single amino acid from the
maternal diet can hinder protein synthesis by the fetus and can have deleterious effects on
fetal brain development similar to those induced by the omission of proteins as a whole [82].
Rodent studies studying inadequate protein intake (protein malnutrition) report reduced
brain size, dendritic arborization, cell maturation [83], emotional reactivity and sensitivity
to aversive or painful stimuli [84], reduction in cognitive flexibility [83,84], and learning
and memory impairments [85-87].

2.4.2. mTORCI1: Linking Protein (in)Adequacy to Brain Development

One plausible mechanistic pathway that may explain the link between protein (in)adequacy
and brain development is the activity of the serine/threonine kinase mammalian target of
rapamycin complex 1 (mTORC1), which is a master regulator of all cell growth and metabolism.
This kinase integrates signals triggered by different stimuli, such as variations in amino acid
supply, changes in the cellular energy state, growth factors (e.g., BDNEF, insulin, and IGF1
(insulin-like growth factor 1)), and (within the brain) by transduction of neurotransmitters
and neurotrophin signals [88-90]. After influx through L-amino acid transporters, leucine
activates mMTORC1 in neurons [91]. In addition, uptake of arginine by the cationic amino acid
transporters CAT1 and CAT3 has also been demonstrated to activate mTORC1 in neurons [92].
Amongst growth factors, insulin and IGF1 enhance mRNA translation in neurons possibly
through mTORC1 [93-96]. BDNE, the most prominent neurotrophic factor in the CNS [97,98],
has been shown to activate mTORC1 signaling and enhance de novo protein synthesis in
cortical neurons [99,100]. Several studies suggest that amino acid sufficiency is essential for the
insulin-induced activation of mMTORC1 in several cell lines [101,102], but not for BDNF-induced
mTORC]1 activation in neurons [103]. Neurotransmitters such as serotonin (5-HT) have also been
reported to possibly activate mTORC1 [104-106]. During early CNS development, mTORC1 is
involved in neural stem cell proliferation, migration, and differentiation, axonal and dendrite
development, gliogenesis, synaptic plasticity, and learning and memory storage [107,108].
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Aberrant mTORCT signaling alters neural development and can result in a wide spectrum of
neurological developmental disorders, including learning disabilities and mental retardation.

2.4.3. Tryptophan

Recent studies suggest that essential amino acids like tyrosine and tryptophan could be
important factors in neurodevelopment. Tryptophan is the substrate for 5-HT (serotonin),
which has been implicated in the control of mucosal secretion and absorption of nutrients
and acts as a vasodilator and regulator of motor and sensory functions, including perception
of pain and nausea [109,110]. In the CNS, 5-HT is involved in the regulation of mood,
behavior, and cognitive functions [111,112]. Anomalies in serotoninergic transmission have
been linked to psychiatric disorders, such as major depression and schizophrenia [113].
Further metabolic reactions downstream of 5-HT yield melatonin [110,114], a hormone
known to regulate circadian rhythms of behavior, physiology and sleep patterns [110,115];
all events essential for proper development of the brain. There is some limited evidence to
suggest that feeding infant formula enriched with tryptophan improves sleep, which in
turn may influence neurobehavioral development [109,116]. In an early study, 20 healthy
newborns (aged 2-3 days) were randomly assigned to receive either formula or a glucose
solution containing tryptophan or valine. Infants who were fed the tryptophan solution
entered active sleep sooner than those receiving formula, while infants receiving the valine
solution entered sleep much later [117]. Oral administration of tryptophan to infants also
has been shown to increase urinary levels of serotonin and melatonin [118], and, similar
to findings in rats, administration of tryptophan at night is known to increase circulating
concentrations of both serotonin and melatonin [119]. In a subjective assessment of 1055
infants and children aged 0-6 years in Japan, Harada et al., (2007) reported a correlation
between tryptophan intake (at breakfast) and mood /behavior as well as sleep patterns [120].
Metabolism of tryptophan to 5HT during the daytime and further conversion to melatonin
at night was proposed as a possible mechanism for the observations.

Approximately 3% of daily tryptophan is metabolized into 5-HT and about 90% is
processed along the kynurenine pathway rendering molecules often collectively referred
to as ‘kynurenines’, while the remainder is degraded by the gut microbiota to produce
indole and its derivatives [121]. Kynurenines have been gaining interest because of their
role in the developing brain [122]. The kynurenine pathway regulates the production
of neuroprotective (e.g., kynurenic and picolinic acid, and the essential cofactor NAD+)
and neurotoxic (e.g., quinolinic acid, 3-hydroxykynurenine) metabolites [122,123], and is
controlled by two key rate-limiting enzymes: TRP-2,3-dioxygenase and indoleamine-2,3-
dioxygenase (IDO-1) [124]. The activity of IDO is regulated by proinflammatory cytokines,
such as interferon-+, released in response to toll-like receptor (TLR) activation [125], sug-
gesting that the kynurenine pathway is more active during periods of immune activation
or under pathological conditions [126]. An increase in tryptophan metabolism via the
kynurenine pathway reduces the availability of tryptophan for 5-HT synthesis and in-
creases production of harmful kynurenine metabolites in the brain, contributing to mood
disorders [127]. In addition, it may result in decreased melatonin levels, which are as-
sociated with circadian malfunctioning and can increase the risk of mood disorders as
well [128]. These links between kynurenine pathway metabolism and brain development
are particularly relevant when considering children in low- and middle-income countries
(LMICs) with higher rates of infection and/or chance of exposure to a range of other
harmful environmental factors [126,129-131]. As accumulating evidence indicates that
changes in kynurenine metabolism affect brain development [132,133], with consequences
that persist into adulthood [132,134,135], it can be hypothesized that any infection during
the very early stages of brain development may result in CNS dysfunction, or increased
susceptibility to dysfunction, later in life.



Nutrients 2021, 13, 199

11 of 25

2.4.4. Tyrosine and Phenylalanine

Phenylethylamine (PEA), a neurotransmitter and hormone, is metabolized from
phenylalanine and increases extracellular levels of dopamine (DA), modulates noradrener-
gic transmission, and may act as a neuromodulator for catecholamines [136]. The preferred
substrate for the synthesis of catecholamines (DA, norepinephrine (NE), and epinephrine) is
tyrosine which is synthesized by hydroxylation of phenylalanine, and thus, not considered
essential. However, if the hydroxylase system is deficient or absent, tyrosine requirement
must be met by the diet [137]. The rates of synthesis and release of catecholamines directly
rely on the brain concentration of tyrosine, which in turn is affected by tyrosine availability
from blood [137]. Uptake from the blood into the brain takes place through a common
carrier that tyrosine shares with a number of other large neutral amino acids (LNAA), in-
cluding tryptophan, phenylalanine, and the branched-chain amino acids (BCAAs; leucine,
isoleucine, and valine), as well as ingested protein (not just from a single meal but over
several days) [138].

Some evidence on the functional effects of rapid reductions in brain tyrosine levels
exists. Consistent with the reduced DA release due to tyrosine depletion, reports suggest
plasma prolactin concentrations are increased [139], features of spatial recognition memory
and performance are impaired [140], and the subjective psychostimulant effects of am-
phetamine are attenuated [140]. Tyrosine depletion has also been reported to lower some
indices of mood (and promote apathy) in normal subjects [141]. It is, however, important
to note that all studies demonstrating functional effects of tyrosine-related changes in
catecholamine production have been pharmacological in nature; physiological relevance
has yet to be demonstrated and validated. One study in two to five-year-old children
suggested that ingestion of >800 mg tyrosine or phenylalanine at breakfast tended to lower
the frequency of depressive state [142].

2.4.5. Branched Chain Amino Acids

The BCAAs leucine, isoleucine, and valine also participate directly and /or indirectly in
a variety of important biochemical functions in the brain, such as protein synthesis, energy
production, compartmentalization of glutamate (an excitatory amino acid neurotransmitter
in the brain), and synthesis of the amine neurotransmitters 5HT, DA, and NE, which are
derived from the aromatic amino acids [143]. The role of leucine as a trigger for mTORC1
activity was described earlier. However, the available evidence linking dietary BCAA intake
to brain function is limited to the production of the amine neurotransmitters [143]. This
may be because a major fraction of BCAAs ingested during a meal passes into the systemic
circulation causing plasma concentrations to rise considerably, increasing their uptake into
the brain and decreasing the uptake, as well as level of the aromatic amino acids (see above).
Consequently, the synthesis and release of 5HT and catecholamines is reduced [144,145].
The functional effects of such neurochemical changes include altered hormonal function,
blood pressure, and affective state. Although BCAAs appear to have clear biochemical
and functional effects in the brain, few attempts have been made to characterize time or
dose-dependent relations for such effects. To the best of our knowledge, no studies have
been conducted to identify levels of BCAA intake that might produce adverse effects on
the brain in a normal pediatric population.

3. Nutrient Interactions through the Gut-Brain Axis (GBA)
3.1. What Is the Microbiome Gut-Brain Axis?

Approximately 2500 years ago, Hippocrates stated that all disease begins in the gut.
This bold statement has now received support from a substantial body of research in both
humans and animal models. The gut is home to a complex and dynamic ecosystem consist-
ing of trillions of microorganisms—the gut microbiota, including bacteria, archaea, yeasts,
viruses and protozoa [146]. The human host and the gut microbiota are conceptualized
as a unique entity [147]. Whereas humans shape the microbiota via diet and life-style
changes [148], the microorganisms reciprocally contribute to the host physiology. This sym-
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biotic relationship starts from the moment when the maternal microbiota shape embryonic
development [147] and initiate infant gut colonization during birth, and is continued by
the role of the infant microbiota in postnatal brain and cognitive development [149-151],
as well as its important, longer-term influence on the maturation of immune, endocrine
and neural systems [152-154].

The gut and the brain are intimately connected via the gut-brain axis (GBA), which
involves several bidirectional communicational routes. Firstly, the gut presents with a
wide-extended enteric nervous system (ENS). The gut bacteria can modulate ENS electro-
physiological thresholds [155], as well as influence ENS development via the activation of
pattern recognition receptors (PRRs) [156]. Accordingly, germ free (GF) mice, which are
devoid of microorganisms and can, thus, show the effects of gut microbiota on host physi-
ology [157] display ENS abnormalities in the postnatal period [158]. Beyond influencing
the nervous system via the ENS, the microbiota communicate with the brain via autonomic,
immune, endocrine and metabolic pathways [159-161]. Specifically, gut microbiota have
been suggested to regulate gene expression in the brain by inhibiting miRNA and mRNA
translation [162]. Research has also shown that the increased or decreased expression levels
of many miRNAs could reflect the various pathophysiological processes of diseases by
way of neurotransmitter expression, via the synthesis and release of neurotransmitters
implicated in psychopathology (e.g., GABA and the precursor pool for serotonin [163], as
well as BDNF expression [164]). These neuroactive metabolites (e.g., GABA) can directly
interact with gut autonomic synapses [165], and thereby, modulate brain neurochemistry
and behavior. In addition, microbes also act via the production of short-chain fatty acids
(SCFAs) and peptidoglycan (PGN). SCFAs include acetate, butyrate, and propionate and
can have wide-range effects on host health, from gastro-intestinal functioning to body
metabolism. Indeed, while 90-95% of SCFAs are promptly absorbed after production and
utilized by either the gut mucosa or the liver, a minor fraction —mostly acetate reaches
the systemic circulation [166,167] by which they can exert various effects on the brain.
This is supported, for example, by the observation that butyrate injections increase central
serotonin and BDNF in mice [168] and by the presence of acetate, propionate and bu-
tyrate metabolites, in decreasing concentrations, respectively, in human cerebrospinal fluid.
Therefore, SCFA signaling occurring in response to microbiota changes in the intestine
can reach distant organs, including the brain, and can influence the inflammatory and
metabolic state [169]. Further, PGN can cross the blood-brain barrier (BBB) and interact
with PGN-sensing molecules and transporters. It has been suggested that the influence of
gut microbiota might even start prenatally by contributing to BBB integrity regulation [170].
Noticeably, a study in healthy animals reported increased PGN concentrations in the brain
in parallel with postnatal bacterial colonization, providing evidence for the role of mi-
crobiota in early neurodevelopmental processes [171]. Interestingly, these age-dependent
increases in PGN concentrations were found across different brain regions, such as the
prefrontal cortex, the striatum and the cerebellum, which suggests that these mechanisms
are domain-general and affect the entire developing brain.

3.2. The Influence of the GBA on Cognitive, Emotional and Neural Development

Evidence from animal models has shown that the gut microbiome not only influ-
ences initial brain development, including synaptogenesis and myelination of brain areas
supporting motor functions and cognitive abilities [150], but that it also affects brain respon-
siveness and function across the entire life-span by regulating neurotransmitter, synaptic,
and neurotrophic signaling systems and neurogenesis [157]. While infants are initially born
with sterile intestines, bacterial colonization begins with the process of birth and continues
to proceed rapidly [172], with significant increases in both diversity and functional capacity
over the first few years of life [173]. In addition, the gut microbial composition varies
across the age span, with the developing microbiome being characterized by a relative
abundance of genes that support functional and structural brain development. Whereas,
the adult microbiome shows a predominance of genes related to inflammation, obesity or
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adiposity [174]. Interestingly, recent investigations are now also highlighting the important
role that social networks, such as immediate family or social peers, play in microbial
transmission and development [175]. Over the last decade, much research on the gut
microbiome in humans has therefore focused on characterizing microbe populations in
both health and disease to identify possible avenues for intervention [146,159,176-178].

With regards to cognitive functioning and mental health, it has been shown that a
significant alteration of microbial diversity, known as ‘dysbiosis’, affects brain-behavior
relationships and may result in behavioral and cognitive abnormalities. This is particularly
critical in development, where ongoing maturation and increased plasticity levels may
lead to atypical behavioral patterns and abnormal brain network maturation [179-181].
Indeed, the first evidence from animal models provides support for the importance of this
critical period of microbiome GBA development. For example, research has highlighted the
significant impact of microbiome dysbiosis on brain networks that support the regulation
of emotion during development [176,182,183]. In addition, infant rats that had been
given phytohemagglutinin or microbial protease did not only show precocious gut barrier
maturation but also gut dysbiosis, which seemed to favor low grade systemic inflammation
and, ultimately, affect BBB maturation, possibly via changes in SCFA concentrations [184].
Further, GF mice exhibited lower levels of mRNA expression in the prefrontal cortex (PFC),
amygdala and cingulate cortex compared to specific pathogen free mice [176]. These
findings were complemented by the results of another study, demonstrating that the
development and function of the amygdala is altered by the microbiota, as gene expression
within the amygdala presented a different developmental trajectory in GF mice versus
controls [183]. Importantly, early deficits in gut microbiota may not be reversible as
indicated by the observation that colonization of gut bacteria in adolescent GF mice was
not sufficient to reverse anxiety-like behavior [182]. These findings further highlight the
relevance of understanding the changes in the GBA during early development.

To date, only a few studies have looked at the role of the gut microbiome in the
development of cognitive and psychological functioning in infants and children. In one
study, the association between the gut microbiota composition (GMC) and temperament of
2.5-month-old infants was evaluated [185]. Infants with a Bifidobacterium / Enterobacteriaceae
GMC exhibited higher regulation scores, whereas a Streptococcus/ Bifidobacterium GMC
was associated with positive emotionality. In addition, infants with reduced microbial
diversity presented with higher negative and fear reactivity. Interestingly, the detected
GMC-temperament associations appeared to be sex-dependent. These results were in line
with an earlier study demonstrating that microbial composition at the age of 18-27 months
is differentially associated with infant temperament in girls and boys [186]. More specifi-
cally, higher levels of phylogenetic diversity in the gut microbiome were correlated with
higher levels of surgency/extraversion on the infant temperament scale in both genders.
Whereas, only boys showed an association with differences in beta diversity, the Shannon
Diversity Index (SDI), and the abundances of Dialister, Rikenellaceae, Ruminococcaceae, and
Parabacteroides [186]. In another study, a longitudinal design was implemented to show
that microbial composition at age one year is associated with cognitive outcomes at age
two [187]. The results revealed that children with high levels of Bacteroides (which is typical
of infantile microbiota) exhibited the highest level of performance on the Mullen Scales
of Learning. Whereas, high levels of Faecalibacterium (typically associated with adult mi-
crobiota) were associated with lower performance levels. Unequivocally, maintaining a
healthy gut during the first years of life is crucial for future cognitive development: Early
prolonged states of enteric infections and early malnutrition have been linked to liver
dysfunction and dysbiosis which synergistically exert systemic and homeostatic effects.
Specifically, the subsequent microbial imbalances may cause leaky gut syndrome facilitat-
ing pathogenic bacterial translocation and, as such, promoting inflammatory responses and
microglia activation, which in turn, can affect the infant’s BBB permeability and white mat-
ter integrity, and may ultimately lead to long-lasting cognitive and behavioral defects [188].
In addition to infections and malnutrition, several other factors have been shown to in-
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fluence early microbiota development and diversity ranging from the delivery partum,
infant feeding modes (e.g., infants fed with formula present with increased pathogenic
populations of Citrobacter, Enterobacter, Bilophla, and Ganulicatella, while breast-fed infants
have a higher prevalence of Lactobacillus and Bifidobacteria [189]), environmental exposures
(including siblings and pets) and antibiotics consumption to host genetics [190]. GMC
also varies as a function of regional diet, with significant consequences for healthy devel-
opment. For example, when comparing African and Western diets, African and Finnish
infants exhibited distinct microbiota being dominated by Bacteroides and Prevotella versus
Clostridium and Staphylococcus aureus, respectively [191].

3.3. The Impact of Pro- and Prebiotics through the GBA

One way of influencing microbial diversity and reversing dysbiosis is via nutrition
and drastic changes in diet have been found to alter microbial diversity in mere days [192].
Recent research suggests that microbial ecology can be therapeutically modified via the
intake of so-called “psychobiotics’ [193], referring to active compounds that are capable
of acting on the nervous system, consequentially shaping psychological processes and
behavior, ultimately exerting health benefits in persons with psychiatric conditions. Indeed,
psychobiotics have anxiolytic and antidepressant effects marked by changes in emotional,
cognitive, systemic and neural indices [193]. Initially, only probiotics were considered as
psychobiotics since they have the ability to release neuroactive substances (depending
on the strain of belonging) [194]; this includes, for example, the production of dopamine
and noradrenaline by members of the Bacillus genus, GABA by the Bifidobacteria genus,
serotonin by the Enterococcus and Streptococcus genera, noradrenaline and serotonin by the
Escherichia genus, and GABA and acetylcholine by the Lactobacilli genus [193]. Researchers
have consistently outlined the psychotropic effects of probiotics: in an animal study,
Barrett and colleagues demonstrated that Lactobacillus (L.) brevis and Bifidobacterium (B.)
dentium increased GABA concentrations in vitro [195]. These findings were supported
by a study using an in vivo mouse model showing that ingestion of the L. rhamnosus
strain regulated emotional behavior and central GABA receptor expression [196]. Mice fed
with L. rhamnosus exhibited decreased GABA mRNA expression in the amygdala, along
with lower levels of stress-induced corticosterone and reduced anxiety- and depression-
related behavior [196]. Another study replicated these results [197], and showed that the
increase in GABA metabolites in the brain was evident after about four weeks, a lag that
is comparable with the onset of other pharmaceutical interventions, such as serotonin-
reuptake inhibitors [198]. Importantly, it was pointed out that re-colonization of gut
bacteria in adolescent GF mice was not sufficient to reverse anxiety-like behavior, further
supporting the idea that early deficits in gut microbiota may not be reversible.

With regards to human studies, Partty and colleagues administered L. rhamnosus to
seventy-five infants aged six months and followed up with them for 13 years. The results
suggested that supplementation with this probiotic strain may reduce the incidence of
ADHD and Autism Spectrum disorders. However, the underlying mechanisms of action
need further clarification, as no consistent microbial patterns could be identified [199]. In a
randomized double-blind trial including 55 adult participants, it was found that the con-
sumption of probiotics led to reduced measures of mood and distress, as well as decreased
levels of urinary free cortisol, reflecting a decreased stress response [200]. Similarly, the
results of a placebo-controlled, four-week probiotic food-supplement intervention study
with multispecies probiotics in 20 healthy participants without mood disorders revealed
a significantly reduced overall cognitive reactivity to sad mood (assessed by the revised
Leiden index of depression sensitivity scale) as compared to the placebo group [201]. Lastly,
consumption of a fermented milk product with probiotic for a period of four weeks by
healthy women resulted in altered activity of brain regions involved in the control of
emotion processing and regulation [202].

In addition to probiotics, prebiotics have more recently been classified as psychobiotics.
Prebiotics are specific non-digestible food components, which selectively feed beneficial
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gut bacteria, consequentially stimulating their growth and activity with remarkable effects
on brain development and function [193]. Prebiotics include oligosaccharides, fructans,
unsaturated fatty acids, polyphenols and dietary fibers. To date, fructooligosaccharides
(FOS) and galactooligosaccharides (GOS) have been studied the most, showing promising
effects in animal models [203,204]. For example, milk oligosaccharides administration
has been shown to prevent stress-induced dysbiosis and anxiety-like behavior in mice.
Similarly, chronic combined FOS and GOS supplementation exhibited anxiolytic and an-
tidepressant effects, as well as a reduction in the corticosterone stress response in mice [204].
In addition, prebiotics have been shown to modulate hippocampal and hypothalamus gene
expression, and induce changes in SCFA concentration, which positively correlate with the
behavioral effects. Further supporting the beneficial impact of prebiotics, a recent study in
mice demonstrated that combined FOS-GOS supplementation from birth was associated
with reduced anxiety-like and improved social behavior. Importantly, supplementation
of short-chain GOS and long-chain FOS also affected serotonergic brain network regions
comprising the prefrontal cortex (PFC) and the somatosensory cortex, and increased BDNF
mRNA expression in the PFC [205]. In infants 12 months of age, administration of a
combination of B. longum (BL999), L. rhamnosus, inulin, fructo-oligosaccharides (FOS), and
LCPUFAs for one year resulted in higher, albeit not significantly different, scores in cogni-
tion and adaptive behavior [206]. More in-depth research on the potential beneficial effects
of psychobiotics within such a critical developmental time window is needed, especially in
light of the promising findings in older subjects. Therefore, an increase in processing of
positive versus negative attentional vigilance and a significantly lower cortisol awakening
response were observed in healthy adults after 3 weeks daily B-GOS intake, compared
to the placebo group [207]. In a very recent study, the effects of prebiotic intake for four
weeks on psychological and behavioral emotion regulation trait indices and the underlying
brain networks involved were investigated in 60 girls in late adolescence [208]. The results
showed a significant decrease in self-reported anxiety levels in the prebiotic group, along
with a change in overt emotional processing in the dot-probe task. Moreover, the analyses
of the pre- and postintervention stool samples showed a significant increase in beneficial
Bifidobacteria in the gut microbiome. Together, these results suggest that four weeks of
prebiotic intake is sufficient to induce changes in the microbial composition that lead to
reduced anxiety levels in late adolescence.

Psychobiotics can also act on the brain via modification of metabolic dynamics. For
example, they can modulate tryptophan availability [209,210], which might have an impact
on the kynurenine pathway that is responsible for 90% of tryptophan metabolization [113].
The downstream metabolites -kynurenic acid and quinolinic acid- of this pathway have
recently been identified as relevant for the nervous system, as they exert neuroprotective,
and excitotoxic effects, respectively, through their interaction with N-methyl-D-aspartate
(NMDA) receptors [211,212]. Notably, research has suggested that dysfunctions of NMDA
receptors during early development might cause CNS disorders, such as autism spectrum
disorder (ASD) and attention deficit disorder (ADD), later in life [213,214]. This further
emphasizes the importance of proper nutrition early in life, and indicates that psychobiotic
supplementation might be an effective approach to influence tryptophan-kynurenine
metabolism and prevent atypical developmental trajectories. In conclusion, we propose
that in addition to the more traditionally recognized nutrients discussed in this review,
emerging nutrients such as polar lipids, high quality protein/specific amino acids, and
psychobiotics, are of critical importance for normal neurodevelopment in young children
(see Figure 2, adapted from [215]).
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Figure 2. Functions and effect of some nutrients on brain and neuronal development. It also includes pre-and probiotics
and tryptophan-based interactions through the gut brain axis.

4. Conclusions and Future Perspectives

Providing adequate amounts of all macro- and micronutrients in early life is essential
for normal brain and neurocognitive development, yet based on the review, presented here,
it is highly unlikely that any one nutrient alone represents a magic bullet in supporting and
positively influencing neurodevelopment. This is simply not biologically plausible given
the plethora of bioactive factors in human nutrition that may affect neurodevelopment. The
human body is a host to other variables that may account for differences in developmental
outcomes between formula and breastfed infants. For example, maternal 1Q, household
socio-economic status, and home nurturing are well-known confounders. Therefore, a
number of questions remain to be answered, including the optimal nutritional composition
for maximum development support, the optimal timing for nutritional interventions and
whether boys and girls require different nutritional support. Polar lipids and essential
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amino acids such as tyrosine and tryptophan (high quality—available-protein), are emerg-
ing as promising emerging nutritional vectors for support of normal neurodevelopment.
The latter can be especially important under conditions of protein/energy malnutrition.
Moreover, the GBA represents a novel target for influencing neurodevelopment in young
children and supplementation with psychobiotics (e.g., pre- and probiotics), in order to
affect GBA dynamics is a promising emerging approach to promote cognitive, emotional,
and neural development. More nutritional trials (observational and interventional) are now
required to validate whether the nutrients and mechanisms described in this manuscript
have practical significance and are able to induce clinically relevant immediate or long-term
effects on health and neurocognitive developmental outcomes in healthy young children.

Author Contributions: Conceptualization, L.M., PP, ] M.W.G.; writing—original draft preparation,
K.CK,MB, LM, PP, HJJM., TP, ]MW.G,; writing—review and editing, K.C.K., M.B.,, LM.,, PP,
HJJM., TP, ]JMW.G, ES., GM,; supervision, ] M.W.G. All authors have read and agreed to the
published version of the manuscript.

Funding: No authors were paid for their participation. Publication of the manuscript was paid by
FrieslandCampina.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Detailed information is available upon request.

Acknowledgments: We thank Dedmer Schaafsma from Science Impact (Winnipeg, Canada; www.
science-impact.company) for compilation and post-editing of the manuscript, and Sovereign Health,
Singapore (www.sovereignhealth.co) for construction of the Figures. We also thank Nicola Johnstone
for her comments on earlier version of this manuscript.

Conflicts of Interest: L.M., ] M.W.G. are employees of FrieslandCampina at the time of conceptual
development and submission of the manuscript. PP. was an employee of FrieslandCampina at the
time of submission.

References

1. Black, M.M. Impact of nutrition on growth, brain, and cognition. Nestle Nutr. Inst. Workshop Ser. 2018, 89, 185-195.

2. Hadders-Algra, M. Effect of long-chain polyunsaturated fatty acid supplementation on neurodevelopmental outcome in full-term
infants. Nutrients 2010, 2, 790-804. [CrossRef]

3.  Grantham-McGregor, S.; Cheung, Y.B.; Cueto, S.; Glewwe, P,; Richter, L.; Strupp, B.; International Child Development Steering
Group. Developmental potential in the first 5 years for children in developing countries. Lancet 2007, 369, 60-70. [CrossRef]

4. Georgieff, M.K.; Ramel, S.E.; Cusick, S.E. Nutritional influences on brain development. Acta Paediatr. 2018, 107, 1310-1321.
[CrossRef]

5. Cusick, S.E.; Georgieff, M.K. The role of nutrition in brain development: The golden opportunity of the “first 1000 days”. J. Pediatr.
2016, 175, 16-21. [CrossRef] [PubMed]

6.  Tamnes, C.K,; Herting, M.M.; Goddings, A.L.; Meuwese, R.; Blakemore, S.J.; Dahl, R.E.; Giiroglu, B.; Raznahan, A.; Sowell, E.R.;
Crone, E.A; et al. Development of the cerebral cortex across adolescence: A multisample study of inter-related longitudinal
changes in cortical volume, surface area, and thickness. J. Neurosci. 2017, 37, 3402-3412. [CrossRef] [PubMed]

7. Kim, H;; Lee, E;; Kim, Y,; Ha, E.H.; Chang, N. Association between maternal intake of n-6 to n-3 fatty acid ratio during pregnancy
and infant neurodevelopment at 6 months of age: Results of the MOCEH cohort study. Nutr. J. 2017, 16, 23. [CrossRef] [PubMed]

8.  Delplanque, B.; Gibson, R.; Koletzko, B.; Lapillonne, A.; Strandvik, B. Lipid quality in infant nutrition: Current knowledge and
future opportunities. J. Pediatr. Gastroenterol. Nutr. 2015, 61, 8-17. [CrossRef]

9. Bernard, ].Y.; Armand, M.; Garcia, C.; Forhan, A.; De Agostini, M.; Charles, M.A.; Heude, B.; EDEN Mother-Child Cohort Study
Group. The association between linoleic acid levels in colostrum and child cognition at 2 and 3 y in the EDEN cohort. Pediatr. Res.
2015, 77, 829-835. [CrossRef]

10. Bernard, J.Y.; Armand, M.; Peyre, H.; Garcia, C.; Forhan, A.; De Agostini, M.; Charles, M.A.; Heude, B.; EDEN Mother-Child
Cohort Study Group. Breastfeeding, polyunsaturated fatty acid levels in colostrum and child intelligence quotient at age 5-6
years. J. Pediatr. 2017, 183, 43-50.e3. [CrossRef]

11.  Dalmeijer, G.W.; Wijga, A.H.; Gehring, U.; Renders, C.M.; Koppelman, G.H.; Smit, H.A.; van Rossem, L. Fatty acid composition in

breastfeeding and school performance in children aged 12 years. Eur. J. Nutr. 2016, 55, 2199-2207. [CrossRef] [PubMed]


www.science-impact.company
www.science-impact.company
www.sovereignhealth.co
http://doi.org/10.3390/nu2080790
http://doi.org/10.1016/S0140-6736(07)60032-4
http://doi.org/10.1111/apa.14287
http://doi.org/10.1016/j.jpeds.2016.05.013
http://www.ncbi.nlm.nih.gov/pubmed/27266965
http://doi.org/10.1523/JNEUROSCI.3302-16.2017
http://www.ncbi.nlm.nih.gov/pubmed/28242797
http://doi.org/10.1186/s12937-017-0242-9
http://www.ncbi.nlm.nih.gov/pubmed/28420388
http://doi.org/10.1097/MPG.0000000000000818
http://doi.org/10.1038/pr.2015.50
http://doi.org/10.1016/j.jpeds.2016.12.039
http://doi.org/10.1007/s00394-015-1030-y
http://www.ncbi.nlm.nih.gov/pubmed/26347247

Nutrients 2021, 13, 199 18 of 25

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Braarud, H.C.; Markhus, M.W.; Skotheim, S.; Stormark, K.M.; Freyland, L.; Graff, LE.; Kjellevold, M. Maternal DHA status during
pregnancy has a positive impact on infant problem solving: A Norwegian prospective observation study. Nutrients 2018, 10, 529.
[CrossRef] [PubMed]

Rees, A ; Sirois, S.; Wearden, A. Prenatal maternal docosahexaenoic acid intake and infant information processing at 4.5mo and
9mo: A longitudinal study. PLoS ONE 2019, 14, €0210984. [CrossRef] [PubMed]

Ramakrishnan, U.; Gonzalez-Casanova, I.; Schnaas, L.; DiGirolamo, A.; Quezada, A.D.; Pallo, B.C.; Hao, W.; Neufeld, L.M.;
Rivera, J.A.; Stein, A.D.; et al. Prenatal supplementation with DHA improves attention at 5 y of age: A randomized controlled
trial. Am. J. Clin. Nutr. 2016, 104, 1075-1082. [CrossRef]

Makrides, M.; Gibson, R.A.; McPhee, A.J; Yelland, L.; Quinlivan, J.; Ryan, P, DOMInO, LT. Effect of DHA supplementation
during pregnancy on maternal depression and neurodevelopment of young children: A randomized controlled trial. JAMA 2010,
304, 1675-1683. [CrossRef]

Delgado-Noguera, M.E,; Calvache, J.A.; Bonfill Cosp, X.; Kotanidou, E.P.; Galli-Tsinopoulou, A. Supplementation with long chain
polyunsaturated fatty acids (LCPUFA) to breastfeeding mothers for improving child growth and development. Cochrane Database
Syst. Rev. 2015. [CrossRef]

Jasani, B.; Simmer, K.; Patole, S.K.; Rao, S.C. Long chain polyunsaturated fatty acid supplementation in infants born at term.
Cochrane Database Syst. Rev. 2017, 3, CD000376. [CrossRef]

Colombo, J.; Jill Shaddy, D.; Kerling, E.H.; Gustafson, K.M.; Carlson, S.E. Docosahexaenoic acid (DHA) and arachidonic acid
(ARA) balance in developmental outcomes. Prostaglandins Leukot. Essent. Fatty Acids 2017, 121, 52-56. [CrossRef]

Drover, ].R.; Hoffman, D.R.; Castafieda, Y.S.; Morale, S.E.; Garfield, S.; Wheaton, D.H.; Birch, E.E. Cognitive function in 18-month-
old term infants of the DIAMOND study: A randomized, controlled clinical trial with multiple dietary levels of docosahexaenoic
acid. Early Hum. Dev. 2011, 87, 223-230. [CrossRef]

Koletzko, B.; Uauy, R.; Palou, A.; Kok, E; Hornstra, G.; Eilander, A.; Moretti, D.; Osendarp, S.; Zock, P,; Innis, S. Dietary intake of
eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) in children—A workshop report. Br. |. Nutr. 2010, 103, 923-928.
[CrossRef]

Liao, K.; McCandliss, B.D.; Carlson, S.E.; Colombo, J.; Shaddy, D.J.; Kerling, E.-H.; Lepping, R.J.; Sittiprapaporn, W.;
Cheatham, C.L.; Gustafson, K.M. Event-related potential differences in children supplemented with long-chain polyunsaturated
fatty acids during infancy. Dev. Sci. 2017, 20, e12455. [CrossRef] [PubMed]

Devlin, A.M.; Chau, C.M.Y,; Dyer, R.; Matheson, J.; McCarthy, D.; Yurko-Mauro, K.; Innis, S.M.; Grunau, R.E. Developmental
outcomes at 24 months of age in toddlers supplemented with arachidonic acid and docosahexaenoic acid: Results of a double
blind randomized, controlled trial. Nutrients 2017, 9, 975. [CrossRef] [PubMed]

Jumbe, T.; Comstock, S.S.; Harris, W.S.; Kinabo, J.; Pontifex, M.B.; Fenton, J.I. Whole-blood fatty acids are associated with
executive function in Tanzanian children aged 4-6 years: A cross-sectional study. Br. J. Nutr. 2016, 116, 1537-1545. [CrossRef]
[PubMed]

Adjepong, M.; Yakah, W.; Harris, W.S.; Annan, R.A.; Pontifex, M.B.; Fenton, J.I. Whole blood n-3 fatty acids are associated with
executive function in 2-6-year-old Northern Ghanaian children. . Nutr. Biochem. 2018, 57, 287-293. [CrossRef] [PubMed]

Qyen, J.; Kvestad, I.; Midtbe, L.K.; Graff, LE.; Hysing, M.; Stormark, K.M.; Markhus, M.W.; Baste, V.; Froyland, L.;
Koletzko, B.; et al. Fatty fish intake and cognitive function: FINS-KIDS, a randomized controlled trial in preschool children. BMC
Med. 2018, 16, 41. [CrossRef]

Gallier, S.; Gragson, D.; Cabral, C.; Jiménez-Flores, R.; Everett, D.W. Composition and fatty acid distribution of bovine milk
phospholipids from processed milk products. J. Agric. Food Chem. 2010, 58, 10503-10511. [CrossRef]

Lopez, C.; Madec, M.-N.; Jimenez-Flores, R. Lipid rafts in the bovine milk fat globule membrane revealed by the lateral segregation
of phospholipids and heterogeneous distribution of glycoproteins. Food Chem. 2010, 120, 22-33. [CrossRef]

Zempleni, J.; Aguilar-Lozano, A.; Sadri, M.; Sukreet, S.; Manca, S.; Wu, D.; Zhou, F.; Mutai, E. Biological activities of extracellular
vesicles and their cargos from bovine and human milk in humans and implications for infants. J. Nutr. 2017, 147, 3-10. [CrossRef]
Hageman, J.H.J.; Danielsen, M.; Nieuwenhuizen, A.G.; Feitsma, A.L.; Dalsgaard, T.K. Comparison of bovine milk fat and
vegetable fat for infant formula: Implications for infant health. Int. Dairy J. 2019, 92, 37-49. [CrossRef]

Dewettinck, K.; Rombaut, R.; Thienpont, N.; Le, T.T.; Messens, K.; Van Camp, J. Nutritional and technological aspects of milk fat
globule membrane material. Int. Dairy J. 2008, 18, 436—457. [CrossRef]

Zou, X.; Guo, Z,; Jin, Q.; Huang, J.; Cheong, L.; Xu, X.; Wang, X. Composition and microstructure of colostrum and mature bovine
milk fat globule membrane. Food Chem. 2015, 185, 362-370. [CrossRef] [PubMed]

Zou, X.; Huang, J.; Jin, Q.; Guo, Z.; Liu, Y.; Cheong, L.; Xu, X.; Wang, X. Lipid composition analysis of milk fats from different
mammalian species: Potential for use as human milk fat substitutes. J. Agric. Food Chem. 2013, 61, 7070-7080. [CrossRef]
[PubMed]

EFSA Panel on Dietetic Products, Nutrition, and Allergies (NDA). Dietary reference values for choline. EFSA ]. 2016, 14, e04484.
EFSA Panel on Dietetic Products, Nutrition, and Allergies (NDA). Scientific opinion on dietary reference values for fats, including
saturated fatty acids, polyunsaturated fatty acids, monounsaturated fatty acids, trans fatty acids, and cholesterol. EFSA J. 2010, 8, 1461.
Zheng, L.; Fleith, M.; Giuffrida, F.; O’Neill, B.V.; Schneider, N. Dietary polar lipids and cognitive development: A narrative review.
Adv. Nutr. 2019, 10, 1163-1176. [CrossRef] [PubMed]


http://doi.org/10.3390/nu10050529
http://www.ncbi.nlm.nih.gov/pubmed/29695097
http://doi.org/10.1371/journal.pone.0210984
http://www.ncbi.nlm.nih.gov/pubmed/30759104
http://doi.org/10.3945/ajcn.114.101071
http://doi.org/10.1001/jama.2010.1507
http://doi.org/10.1002/14651858.CD007901.pub3
http://doi.org/10.1002/14651858.CD000376.pub4
http://doi.org/10.1016/j.plefa.2017.05.005
http://doi.org/10.1016/j.earlhumdev.2010.12.047
http://doi.org/10.1017/S0007114509991851
http://doi.org/10.1111/desc.12455
http://www.ncbi.nlm.nih.gov/pubmed/27747986
http://doi.org/10.3390/nu9090975
http://www.ncbi.nlm.nih.gov/pubmed/28878181
http://doi.org/10.1017/S0007114516003494
http://www.ncbi.nlm.nih.gov/pubmed/27765078
http://doi.org/10.1016/j.jnutbio.2018.03.019
http://www.ncbi.nlm.nih.gov/pubmed/29852451
http://doi.org/10.1186/s12916-018-1020-z
http://doi.org/10.1021/jf101878d
http://doi.org/10.1016/j.foodchem.2009.09.065
http://doi.org/10.3945/jn.116.238949
http://doi.org/10.1016/j.idairyj.2019.01.005
http://doi.org/10.1016/j.idairyj.2007.10.014
http://doi.org/10.1016/j.foodchem.2015.03.145
http://www.ncbi.nlm.nih.gov/pubmed/25952880
http://doi.org/10.1021/jf401452y
http://www.ncbi.nlm.nih.gov/pubmed/23800239
http://doi.org/10.1093/advances/nmz051
http://www.ncbi.nlm.nih.gov/pubmed/31147721

Nutrients 2021, 13, 199 19 of 25

36.

37.

38.

39.

40.

41.

42.

43.

44.
45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Anto, L.; Warykas, S.W.; Torres-Gonzalez, M.; Blesso, C.N. Milk polar lipids: Underappreciated lipids with emerging health
benefits. Nutrients 2020, 12, 1001. [CrossRef] [PubMed]

Schipper, L.; van Dijk, G.J.; van der Beek, E.M. Milk lipid composition and structure; the relevance for infant brain development.
OCL 2020, 27, 5. [CrossRef]

Brink, L.R.; Lonnerdal, B. The role of milk fat globule membranes in behavior and cognitive function using a suckling rat pup
supplementation model. ]. Nutr. Biochem. 2018, 58, 131-137. [CrossRef]

Norris, T.; Souza, R.; Xia, Y.; Zhang, T.; Rowan, A.; Gallier, S.; Zhang, H.; Qi, H.; Baker, P. Effect of supplementation of complex
milk lipids in pregnancy on fetal growth: Results from the Complex Lipids in Mothers and Babies (CLIMB) randomized controlled
trial. J. Matern. Fetal Neonatal Med. 2019, 1-10. [CrossRef]

Veereman-Wauters, G.; Staelens, S.; Rombaut, R.; Dewettinck, K.; Deboutte, D.; Brummer, R.J.; Boone, M.; Le Ruyet, P. Milk fat
globule membrane (INPULSE) enriched formula milk decreases febrile episodes and may improve behavioral regulation in
young children. Nutrition 2012, 28, 749-752. [CrossRef]

Timby, N.; Domell6f, M.; Lonnerdal, B.; Hernell, O. Supplementation of infant formula with bovine milk fat globule membranes.
Adv. Nutr. 2017, 8, 351-355. [CrossRef] [PubMed]

Li, F; Wu, S.S,; Berseth, C.L.; Harris, C.L.; Richards, ].D.; Wampler, J.L.; Zhuang, W.; Cleghorn, G.; Rudolph, C.D,; Liu, B.; et al.
Improved neurodevelopmental outcomes associated with bovine milk fat globule membrane and lactoferrin in infant formula: A
randomized, controlled trial. J. Pediatr. 2019, 215, 24-31. [CrossRef] [PubMed]

Ryan, J.M.; Rice, G.E.; Mitchell, M.D. The role of gangliosides in brain development and the potential benefits of perinatal
supplementation. Nutr. Res. 2013, 33, 877-887. [CrossRef] [PubMed]

Nilsson, A. Role of sphingolipids in infant gut health and immunity. J. Pediatr. 2016, 173, $53-S59. [CrossRef]

Wang, B. Molecular mechanism underlying sialic acid as an essential nutrient for brain development and cognition. Adv. Nutr.
2012, 3, 4655-472S. [CrossRef]

Rohrig, C.H.; Choi, S.S.; Baldwin, N. The nutritional role of free sialic acid, a human milk monosaccharide, and its application as
a functional food ingredient. Crit. Rev. Food Sci. Nutr. 2017, 57, 1017-1038. [CrossRef]

Larson, L.M.; Phiri, K.S.; Pasricha, S.R. Iron and cognitive development: What is the evidence? Ann. Nutr. Metab. 2017,
71 (Suppl. 3), 25-38. [CrossRef]

Chmielewska, A.; Dziechciarz, P; Gieruszczak-Biatek, D.; Horvath, A.; Piescik-Lech, M.; Ruszczynski, M.; Skorka, A.;
Szajewska, H. Effects of prenatal and/or postnatal supplementation with iron, PUFA or folic acid on neurodevelopment: Update.
Br. J. Nutr. 2019, 122, S10-S15. [CrossRef]

Gonzalez, H.F; Visentin, S. Micronutrients and neurodevelopment: An update. Arch. Argent Pediatr. 2016, 114, 570-575.
Szajewska, H.; Ruszczynski, M.; Chmielewska, A. Effects of iron supplementation in nonanemic pregnant women, infants, and
young children on the mental performance and psychomotor development of children: A systematic review of randomized
controlled trials. Am. J. Clin. Nutr. 2010, 91, 1684-1690. [CrossRef]

Low, M.S,; Speedy, J.; Styles, C.E.; De-Regil, L.M.; Pasricha, S.R. Daily iron supplementation for improving anaemia, iron status
and health in menstruating women. Cochrane Database Syst. Rev. 2016, 4, CD009747. [CrossRef] [PubMed]

Lozoff, B.; Castillo, M.; Clark, K.M.; Smith, J.B. Iron-fortified vs. low-iron infant formula: Developmental outcome at 10 years.
Arch. Pediatr. Adolesc. Med. 2012, 166, 208-215. [CrossRef] [PubMed]

Colvin, R.A.; Holmes, W.R.; Fontaine, C.P.; Maret, W. Cytosolic zinc buffering and mulffling: Their role in intracellular zinc
homeostasis. Metallomics 2010, 2, 306-317. [CrossRef] [PubMed]

Caulfield, L.E.; Putnick, D.L.; Zavaleta, N.; Lazarte, F; Albornoz, C.; Chen, P; Dipietro, ].A.; Bornstein, M.H. Maternal gestational
zinc supplementation does not influence multiple aspects of child development at 54 mo of age in Peru. Am. J. Clin. Nutr. 2010,
92,130-136. [CrossRef] [PubMed]

Colombo, J.; Zavaleta, N.; Kannass, K.N.; Lazarte, F.; Albornoz, C.; Kapa, L.L.; Caulfield, L.E. Zinc supplementation sustained nor-
mative neurodevelopment in a randomized, controlled trial of Peruvian infants aged 6-18 months. J. Nutr. 2014, 144, 1298-1305.
[CrossRef]

Gogia, S.; Sachdev, H.S. Zinc supplementation for mental and motor development in children. Cochrane Database Syst. Rev. 2012,
12, CD007991. [CrossRef]

Nissensohn, M.; Sanchez-Villegas, A.; Fuentes Lugo, D.; Henriquez Sanchez, P.; Doreste Alonso, J.; Skinner, A.L.; Medina, M.W,;
Lowe, N.M.; Hall Moran, V.; Serra-Majem, L. Effect of zinc intake on mental and motor development in infants: A meta-analysis.
Int J. Vitam. Nutr. Res. 2013, 83, 203-215. [CrossRef]

Bell, M.A_; Ross, A.P; Goodman, G. Assessing infant cognitive development after prenatal iodine supplementation. Am. .
Clin. Nutr. 2016, 104 (Suppl. 3), 9285-934S. [CrossRef]

Robinson, S.M.; Crozier, S.R.; Miles, E.A.; Gale, C.R.; Calder, P.C.; Cooper, C.; Inskip, H.M.; Godfrey, K.M. Preconception maternal
iodine status is positively associated with iq but not with measures of executive function in childhood. J. Nutr. 2018, 148, 959-966.
[CrossRef]

Modesto, T.; Tiemeier, H.; Peeters, R.P.; Jaddoe, VW.; Hofman, A.; Verhulst, F.C.; Ghassabian, A. Maternal mild thyroid
hormone insufficiency in early pregnancy and attention-deficit/hyperactivity disorder symptoms in children. JAMA Pediatr.
2015, 169, 838-845. [CrossRef]


http://doi.org/10.3390/nu12041001
http://www.ncbi.nlm.nih.gov/pubmed/32260440
http://doi.org/10.1051/ocl/2020001
http://doi.org/10.1016/j.jnutbio.2018.05.004
http://doi.org/10.1080/14767058.2019.1683539
http://doi.org/10.1016/j.nut.2011.10.011
http://doi.org/10.3945/an.116.014142
http://www.ncbi.nlm.nih.gov/pubmed/28298277
http://doi.org/10.1016/j.jpeds.2019.08.030
http://www.ncbi.nlm.nih.gov/pubmed/31668885
http://doi.org/10.1016/j.nutres.2013.07.021
http://www.ncbi.nlm.nih.gov/pubmed/24176227
http://doi.org/10.1016/j.jpeds.2016.02.076
http://doi.org/10.3945/an.112.001875
http://doi.org/10.1080/10408398.2015.1040113
http://doi.org/10.1159/000480742
http://doi.org/10.1017/S0007114514004243
http://doi.org/10.3945/ajcn.2010.29191
http://doi.org/10.1002/14651858.CD009747.pub2
http://www.ncbi.nlm.nih.gov/pubmed/27087396
http://doi.org/10.1001/archpediatrics.2011.197
http://www.ncbi.nlm.nih.gov/pubmed/22064877
http://doi.org/10.1039/b926662c
http://www.ncbi.nlm.nih.gov/pubmed/21069178
http://doi.org/10.3945/ajcn.2010.29407
http://www.ncbi.nlm.nih.gov/pubmed/20484451
http://doi.org/10.3945/jn.113.189365
http://doi.org/10.1002/14651858.CD007991.pub2
http://doi.org/10.1024/0300-9831/a000161
http://doi.org/10.3945/ajcn.115.110411
http://doi.org/10.1093/jn/nxy054
http://doi.org/10.1001/jamapediatrics.2015.0498

Nutrients 2021, 13, 199 20 of 25

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.
84.

85.

Pearce, E.N.; Lazarus, ]. H.; Moreno-Reyes, R.; Zimmermann, M.B. Consequences of iodine deficiency and excess in pregnant
women: An overview of current knowns and unknowns. Am. . Clin. Nutr. 2016, 104 (Suppl. 3), 9185-923S. [CrossRef] [PubMed]
Zou, Y,; Ding, G.; Lou, X.; Mo, Z.; Zhu, W.; Mao, G.; Zhou, ]. A study on the influencing factors of urinary iodine concentration and
the relationship between iodised salt concentration and urinary iodine concentration. Br. ]. Nutr. 2015, 113, 142-146. [CrossRef]
[PubMed]

Murcia, M.; Espada, M.; Julvez, J.; Llop, S.; Lopez-Espinosa, M.J.; Vioque, J.; Basterrechea, M.; Riafio, I.; Gonzélez, L.;
Alvarez-Pedrerol, M,; et al. Iodine intake from supplements and diet during pregnancy and child cognitive and motor de-
velopment: The INMA Mother and Child Cohort Study. . Epidemiol. Community Health 2018, 72, 216-222. [CrossRef] [PubMed]
Wu, M.; Wu, D.; Wu, W,; Li, H,; Cao, L.; Xu, J.; Yu, X.; Bian, X.; Yan, C.; Wang, W. Relationship between iodine concentration
in maternal colostrum and neurobehavioral development of infants in Shanghai, China. J. Child Neurol. 2016, 31, 1108-1113.
[CrossRef]

Aboud, FE.; Bougma, K.; Lemma, T.; Marquis, G.S. Evaluation of the effects of iodized salt on the mental development of
preschool-aged children: A cluster randomized trial in northern Ethiopia. Matern. Child Nutr. 2017, 13, €12322. [CrossRef]
Etchamendy, N.; Enderlin, V.; Marighetto, A.; Pallet, V.; Higueret, P; Jaffard, R. Vitamin A deficiency and relational memory
deficit in adult mice: Relationships with changes in brain retinoid signalling. Behav. Brain Res. 2003, 145, 37-49. [CrossRef]
Lima, A.A.; Kvalsund, M.P.; Souza, P.P.; Figueiredo, I.L.; Soares, A.M.; Mota, RM.; Lima, N.L.; Pinkerton, R.C.; Patrick, P.P;
Guerrant, R.L.; et al. Zinc, vitamin A, and glutamine supplementation in Brazilian shantytown children at risk for diarrhea
results in sex-specific improvements in verbal learning. Clinics (Sao Paulo) 2013, 68, 351-358. [CrossRef]

Villamor, E.; Rifas-Shiman, S.L.; Gillman, M.W.; Oken, E. Maternal intake of methyl-donor nutrients and child cognition at 3
years of age. Paediatr. Perinat. Epidemiol. 2012, 26, 328-335. [CrossRef]

Lai, J.S.; Cai, S.; Feng, L.; Shek, L.P.;; Yap, F; Tan, K.H.; Chong, Y.S.; Godfrey, KM.; Meaney, M.].; Rifkin-Graboi, A.; et al.
Associations of maternal zinc and magnesium with offspring learning abilities and cognitive development at 4 years in GUSTO.
Nutr. Neurosci. 2019, 1-10. [CrossRef]

Kvestad, I.; Hysing, M.; Shrestha, M.; Ulak, M.; Thorne-Lyman, A.L.; Henjum, S.; Ueland, PM.; Midttun, &.; Fawzi, W.; Chandyo,
R.K.; et al. Vitamin B-12 status in infancy is positively associated with development and cognitive functioning 5 y later in
Nepalese children. Am. J. Clin. Nutr. 2017, 105, 1122-1131. [CrossRef]

Strand, T.A.; Taneja, S.; Ueland, PM.; Refsum, H.; Bahl, R.; Schneede, J.; Sommerfelt, H.; Bhandari, N. Cobalamin and folate status
predicts mental development scores in North Indian children 12-18 mo of age. Am. J. Clin. Nutr. 2013, 97, 310-317. [CrossRef]
[PubMed]

Strand, T.A.; Ulak, M.; Chandyo, R K.; Kvestad, I.; Hysing, M.; Shrestha, M.; Basnet, S.; Ranjitkar, S.; Shrestha, L.; Shrestha, P.S.
The effect of vitamin B; supplementation in Nepalese infants on growth and development: Study protocol for a randomized
controlled trial. Trials 2017, 18, 187. [CrossRef]

Rauh-Pfeiffer, A.; Handel, U.; Demmelmair, H.; Peissner, W.; Niesser, M.; Moretti, D.; Martens, V.; Wiseman, S.; Weichert, J.;
Heene, M; et al. Three-month B vitamin supplementation in pre-school children affects folate status and homocysteine, but not
cognitive performance. Eur. J. Nutr. 2014, 53, 1445-1456. [CrossRef] [PubMed]

O’Loan, J.; Eyles, D.W.; Kesby, J.; Ko, P.; McGrath, ].J.; Burne, T.H. Vitamin D deficiency during various stages of pregnancy
in the rat; its impact on development and behaviour in adult offspring. Psychoneuroendocrinology 2007, 32, 227-234. [CrossRef]
[PubMed]

McGrath, J.; Eyles, D.; Mowry, B.; Yolken, R.; Buka, S. Low maternal vitamin D as a risk factor for schizophrenia: A pilot study
using banked sera. Schizophr. Res. 2003, 63, 73-78. [CrossRef]

Whitehouse, A.J.; Holt, B.J.; Serralha, M.; Holt, P.G.; Hart, PH.; Kusel, M.M. Maternal vitamin D levels and the autism phenotype
among offspring. J. Autism Dev. Disord. 2013, 43, 1495-1504. [CrossRef]

Zhu, P; Tong, S.L.; Hao, ].H.; Tao, R.X.; Huang, K.; Hu, W.B.; Zhou, Q.F,; Jiang, X.M.; Tao, E.B. Cord blood vitamin D and
neurocognitive development are nonlinearly related in toddlers. J. Nutr. 2015, 145, 1232-1238. [CrossRef]

Patrick, R.P.; Ames, B.N. Vitamin D hormone regulates serotonin synthesis. Part 1: Relevance for autism. FASEB ]. 2014,
28, 2398-2413. [CrossRef]

Chavez, A.; Martinez, C.; Yaschine, T. Nutrition, behavioral development, and mother-child interaction in young rural children.
Fed. Proc. 1975, 34, 1574-1582.

Pollitt, E.; Gorman, K.S.; Engle, P.L.; Martorell, R.; Rivera, T.; Wachs, T.D.; Scrimshaw, N.S. Early supplemenatry feeding and
cognition: Effects over two decades. Monogr. Soc. Res. Child Dev. 1993, 58, 1-99. [CrossRef]

Li, H,; Barnhart, H.X_; Stein, A.D.; Martorell, R. Effects of early childhood supplementation on the educational achievement of
women. Pediatrics 2003, 112, 1156-1162. [CrossRef] [PubMed]

Morgane, PJ.; Mokler, D.J.; Galler, J.R. Effects of prenatal protein malnutrition on the hippocampal formation. Neurosci. Biobehav. Rev.
2002, 26, 471-483. [CrossRef]

Chertoff, M. Protein malnutrition and brain development. Brain Disord. Ther. 2015, 4, 168. [CrossRef]

Laus, M.E; Vales, L.D.; Costa, T.M.; Almeida, S.S. Early postnatal protein-calorie malnutrition and cognition: A review of human
and animal studies. Int. |. Environ. Res. Public Health 2011, 8, 590-612. [CrossRef] [PubMed]

Hemb, M.; Cammarota, M.; Nunes, M.L. Effects of early malnutrition, isolation and seizures on memory and spatial learning in
the developing rat. Int. ]. Dev. Neurosci. 2010, 28, 303-307. [CrossRef]


http://doi.org/10.3945/ajcn.115.110429
http://www.ncbi.nlm.nih.gov/pubmed/27534632
http://doi.org/10.1017/S0007114514003377
http://www.ncbi.nlm.nih.gov/pubmed/25400041
http://doi.org/10.1136/jech-2017-209830
http://www.ncbi.nlm.nih.gov/pubmed/29279360
http://doi.org/10.1177/0883073816639378
http://doi.org/10.1111/mcn.12322
http://doi.org/10.1016/S0166-4328(03)00099-8
http://doi.org/10.6061/clinics/2013(03)OA11
http://doi.org/10.1111/j.1365-3016.2012.01264.x
http://doi.org/10.1080/1028415X.2019.1643624
http://doi.org/10.3945/ajcn.116.144931
http://doi.org/10.3945/ajcn.111.032268
http://www.ncbi.nlm.nih.gov/pubmed/23283502
http://doi.org/10.1186/s13063-017-1937-0
http://doi.org/10.1007/s00394-013-0647-y
http://www.ncbi.nlm.nih.gov/pubmed/24481688
http://doi.org/10.1016/j.psyneuen.2006.12.006
http://www.ncbi.nlm.nih.gov/pubmed/17276604
http://doi.org/10.1016/S0920-9964(02)00435-8
http://doi.org/10.1007/s10803-012-1676-8
http://doi.org/10.3945/jn.114.208801
http://doi.org/10.1096/fj.13-246546
http://doi.org/10.2307/1166162
http://doi.org/10.1542/peds.112.5.1156
http://www.ncbi.nlm.nih.gov/pubmed/14595062
http://doi.org/10.1016/S0149-7634(02)00012-X
http://doi.org/10.4172/2168-975X.1000171
http://doi.org/10.3390/ijerph8020590
http://www.ncbi.nlm.nih.gov/pubmed/21556206
http://doi.org/10.1016/j.ijdevneu.2010.03.001

Nutrients 2021, 13, 199 21 of 25

86.

87.

88.
89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.
108.

109.

110.

111.

112.

113.

Valadares, C.T.; Fukuda, M.T.; Frangolin-Silva, A.L.; Hernandes, A.S.; Almeida, S.S. Effects of postnatal protein malnutrition on
learning and memory procedures. Nutr. Neurosci. 2010, 13, 274-282. [CrossRef]

Zhang, Y.; Li, N.; Yang, Z. Perinatal food restriction impaired spatial learning and memory behavior and decreased the density of
nitric oxide synthase neurons in the hippocampus of adult male rat offspring. Toxicol. Lett. 2010, 193, 167-172. [CrossRef]
Harris, T.E.; Lawrence, J.C. TOR signaling. Sci. STKE 2003, 2003, re15. [CrossRef]

Gal-Ben-Ari, S.; Kenney, ].W.; Ounalla-Saad, H.; Taha, E.; David, O.; Levitan, D.; Gildish, I.; Panja, D.; Pai, B.; Wibrand, K.; et al.
Consolidation and translation regulation. Learn Mem. 2012, 19, 410—422. [CrossRef]

Burket, J.A.; Benson, A.D.; Tang, A.H.; Deutsch, S.I. NMDA receptor activation regulates sociability by its effect on mTOR
signaling activity. Prog. Neuropsychopharmacol. Biol. Psychiatry 2015, 60, 60-65. [CrossRef]

Ishizuka, Y.; Kakiya, N.; Nawa, H.; Takei, N. Leucine induces phosphorylation and activation of p70S6K in cortical neurons via
the system L amino acid transporter. J. Neurochem. 2008, 106, 934-942. [CrossRef] [PubMed]

Huang, Y,; Kang, B.N,; Tian, J.; Liu, Y.; Luo, H.R.; Hester, L.; Snyder, S.H. The cationic amino acid transporters CAT1 and
CAT3 mediate NMDA receptor activation-dependent changes in elaboration of neuronal processes via the mammalian target of
rapamycin mTOR pathway. |. Neurosci. 2007, 27, 449-458. [CrossRef] [PubMed]

Quevedo, C.; Salinas, M.; Alcazar, A. Regulation of cap-dependent translation by insulin-like growth factor-1 in neuronal cells.
Biochem. Biophys. Res. Commun. 2002, 291, 560-566. [CrossRef] [PubMed]

Lee, C.C.; Huang, C.C.; Wu, M.Y.; Hsu, K.S. Insulin stimulates postsynaptic density-95 protein translation via the phosphoinositide
3-kinase-Akt-mammalian target of rapamycin signaling pathway. J. Biol. Chem. 2005, 280, 18543-18550. [CrossRef] [PubMed]
Avruch, J.; Hara, K;; Lin, Y,; Liu, M.; Long, X.; Ortiz-Vega, S.; Yonezawa, K. Insulin and amino-acid regulation of mTOR signaling
and kinase activity through the Rheb GTPase. Oncogene 2006, 25, 6361-6372. [CrossRef] [PubMed]

Chenal, |.; Pierre, K,; Pellerin, L. Insulin and IGF-1 enhance the expression of the neuronal monocarboxylate transporter MCT2
by translational activation via stimulation of the phosphoinositide 3-kinase-Akt-mammalian target of rapamycin pathway.
Eur. ]. Neurosci. 2008, 27, 53—-65. [CrossRef]

Lewin, G.R.; Barde, Y.A. Physiology of the neurotrophins. Annu. Rev. Neurosci. 1996, 19, 289-317. [CrossRef]

Nawa, H.; Takei, N. BDNF as an anterophin; a novel neurotrophic relationship between brain neurons. Trends Neurosci. 2001,
24, 683-684. [CrossRef]

Takei, N.; Kawamura, M.; Hara, K.; Yonezawa, K.; Nawa, H. Brain-derived neurotrophic factor enhances neuronal translation by
activating multiple initiation processes: Comparison with the effects of insulin. J. Biol. Chem. 2001, 276, 42818-42825. [CrossRef]
Takei, N.; Inamura, N.; Kawamura, M.; Namba, H.; Hara, K.; Yonezawa, K.; Nawa, H. Brain-derived neurotrophic factor induces
mammalian target of rapamycin-dependent local activation of translation machinery and protein synthesis in neuronal dendrites.
J. Neurosci. 2004, 24, 9760-9769. [CrossRef]

Hara, K.; Yonezawa, K.; Weng, Q.P,; Kozlowski, M.T.; Belham, C.; Avruch, J. Amino acid sufficiency and mTOR regulate p70 S6
kinase and eIF-4E BP1 through a common effector mechanism. J. Biol. Chem. 1998, 273, 14484-14494. [CrossRef] [PubMed]
Campbell, L.E.; Wang, X.; Proud, C.G. Nutrients differentially regulate multiple translation factors and their control by insulin.
Biochem. ]. 1999, 344, 433-441. [CrossRef] [PubMed]

Ishizuka, Y.; Kakiya, N.; Witters, L.A.; Oshiro, N.; Shirao, T.; Nawa, H.; Takei, N. AMP-activated protein kinase counteracts
brain-derived neurotrophic factor-induced mammalian target of rapamycin complex 1 signaling in neurons. J. Neurochem. 2013,
127, 66-77. [CrossRef] [PubMed]

Casadio, A.; Martin, K.C.; Giustetto, M.; Zhu, H.; Chen, M.; Bartsch, D.; Bailey, C.H.; Kandel, E.R. A transient, neuron-wide form
of CREB-mediated long-term facilitation can be stabilized at specific synapses by local protein synthesis. Cell 1999, 99, 221-237.
[CrossRef]

Carroll, M.; Warren, O.; Fan, X.; Sossin, W.S. 5-HT stimulates eEF2 dephosphorylation in a rapamycin-sensitive manner in Aplysia
neurites. J. Neurochem. 2004, 90, 1464-1476. [CrossRef]

Carroll, M.; Dyer, J.; Sossin, W.S. Serotonin increases phosphorylation of synaptic 4EBP through TOR, but eukaryotic initiation
factor 4E levels do not limit somatic cap-dependent translation in aplysia neurons. Mol. Cell. Biol. 2006, 26, 8586—-8598. [CrossRef]
Garelick, M.G.; Kennedy, B.K. TOR on the brain. Exp. Gerontol. 2011, 46, 155-163. [CrossRef]

Ryskalin, L.; Lazzeri, G.; Flaibani, M.; Biagioni, F.; Gambardella, S.; Frati, A.; Fornai, F. mTOR-dependent cell proliferation in the
brain. Biomed. Res. Int. 2017, 2017, 7082696. [CrossRef]

Layman, D.K,; Lonnerdal, B.; Fernstrom, J.D. Applications for «-lactalbumin in human nutrition. Nutr. Rev. 2018, 76, 444—460.
[CrossRef]

Bosi, A.; Banfi, D.; Bistoletti, M.; Giaroni, C.; Baj, A. Tryptophan metabolites along the microbiota-gut-brain axis: An interkingdom
communication system influencing the gut in health and disease. Int. J. Tryptophan Res. 2020, 13, 1178646920928984. [CrossRef]
Cowen, P; Sherwood, A.C. The role of serotonin in cognitive function: Evidence from recent studies and implications for
understanding depression. J. Psychopharmacol. 2013, 27, 575-583. [CrossRef] [PubMed]

Carhart-Harris, R.L.; Nutt, D.]. Serotonin and brain function: A tale of two receptors. J. Psychopharmacol. 2017, 31, 1091-1120.
[CrossRef] [PubMed]

O’Mahony, S.M; Clarke, G.; Borre, Y.E.; Dinan, T.G.; Cryan, ].E. Serotonin, tryptophan metabolism and the brain-gut-microbiome
axis. Behav. Brain Res. 2015, 277, 32-48. [CrossRef] [PubMed]


http://doi.org/10.1179/147683010X12611460764769
http://doi.org/10.1016/j.toxlet.2010.01.002
http://doi.org/10.1126/stke.2122003re15
http://doi.org/10.1101/lm.026849.112
http://doi.org/10.1016/j.pnpbp.2015.02.009
http://doi.org/10.1111/j.1471-4159.2008.05438.x
http://www.ncbi.nlm.nih.gov/pubmed/18435829
http://doi.org/10.1523/JNEUROSCI.4489-06.2007
http://www.ncbi.nlm.nih.gov/pubmed/17234578
http://doi.org/10.1006/bbrc.2002.6479
http://www.ncbi.nlm.nih.gov/pubmed/11855825
http://doi.org/10.1074/jbc.M414112200
http://www.ncbi.nlm.nih.gov/pubmed/15755733
http://doi.org/10.1038/sj.onc.1209882
http://www.ncbi.nlm.nih.gov/pubmed/17041622
http://doi.org/10.1111/j.1460-9568.2007.05981.x
http://doi.org/10.1146/annurev.ne.19.030196.001445
http://doi.org/10.1016/S0166-2236(00)01955-X
http://doi.org/10.1074/jbc.M103237200
http://doi.org/10.1523/JNEUROSCI.1427-04.2004
http://doi.org/10.1074/jbc.273.23.14484
http://www.ncbi.nlm.nih.gov/pubmed/9603962
http://doi.org/10.1042/bj3440433
http://www.ncbi.nlm.nih.gov/pubmed/10567226
http://doi.org/10.1111/jnc.12362
http://www.ncbi.nlm.nih.gov/pubmed/23841933
http://doi.org/10.1016/S0092-8674(00)81653-0
http://doi.org/10.1111/j.1471-4159.2004.02634.x
http://doi.org/10.1128/MCB.00955-06
http://doi.org/10.1016/j.exger.2010.08.030
http://doi.org/10.1155/2017/7082696
http://doi.org/10.1093/nutrit/nuy004
http://doi.org/10.1177/1178646920928984
http://doi.org/10.1177/0269881113482531
http://www.ncbi.nlm.nih.gov/pubmed/23535352
http://doi.org/10.1177/0269881117725915
http://www.ncbi.nlm.nih.gov/pubmed/28858536
http://doi.org/10.1016/j.bbr.2014.07.027
http://www.ncbi.nlm.nih.gov/pubmed/25078296

Nutrients 2021, 13, 199 22 of 25

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

Tordjman, S.; Chokron, S.; Delorme, R.; Charrier, A.; Bellissant, E.; Jaafari, N.; Fougerou, C. Melatonin: Pharmacology, Functions
and Therapeutic Benefits. Curr. Neuropharmacol. 2017, 15, 434—443. [CrossRef] [PubMed]

Richard, D.M.; Dawes, M.A.; Mathias, C.W.; Acheson, A.; Hill-Kapturczak, N.; Dougherty, D.M. L-Tryptophan: Basic Metabolic
Functions, Behavioral Research and Therapeutic Indications. Int. J. Tryptophan Res. 2009, 2, 45-60. [CrossRef] [PubMed]
Steinberg, L.A.; O’Connell, N.C.; Hatch, T.E; Picciano, M.F,; Birch, L.L. Tryptophan intake influences infants’ sleep latency. J. Nutr.
1992, 122, 1781-1791. [CrossRef]

Yogman, M.W.; Zeisel, S.H. Diet and sleep patterns in newborn infants. N. Engl. ]. Med. 1983, 309, 1147-1149. [CrossRef]
Aparicio, S.; Garau, C.; Esteban, S.; Nicolau, M.C.; Rivero, M.; Rial, R.V. Chrononutrition: Use of dissociated day/night infant
milk formulas to improve the development of the wake-sleep rhythms. Effects of tryptophan. Nutr. Neurosci. 2007, 10, 137-143.
[CrossRef]

Esteban, S.; Nicolaus, C.; Garmundi, A.; Rial, R.V.;; Rodriguez, A.B.; Ortega, E.; Ibars, C.B. Effect of orally administered
L-tryptophan on serotonin, melatonin, and the innate immune response in the rat. Mol. Cell. Biochem. 2004, 267, 39—-46. [CrossRef]
Harada, T.; Hirotani, M.; Maeda, M.; Nomura, H.; Takeuchi, H. Correlation between breakfast tryptophan content and morning-
evening in Japanese infants and students aged 0-15 yrs. J. Physiol. Anthropol. 2007, 26, 201-207. [CrossRef]

Jenkins, T.A.; Nguyen, J.C.; Polglaze, K.E.; Bertrand, P.P. Influence of tryptophan and serotonin on mood and cognition with a
possible role of the gut-brain axis. Nutrients 2016, 8, 56. [CrossRef] [PubMed]

Schwarcz, R.; Stone, T.W. The kynurenine pathway and the brain: Challenges, controversies and promises. Neuropharmacology
2017, 112, 237-247. [CrossRef] [PubMed]

Badawy, A.A. Kynurenine pathway of tryptophan metabolism: Regulatory and functional aspects. Int. J. Tryptophan Res. 2017,
10, 1178646917691938. [CrossRef] [PubMed]

Platten, M.; Nollen, E.A.A_; Rohrig, U.F,; Fallarino, F.; Opitz, C.A. Tryptophan metabolism as a common therapeutic target in
cancer, neurodegeneration and beyond. Nat. Rev. Drug Discov. 2019, 18, 379-401. [CrossRef] [PubMed]

Mahanonda, R.; Sa-Ard-lam, N.; Montreekachon, P.; Pimkhaokham, A.; Yongvanichit, K.; Fukuda, M.M.; Pichyangkul, S. IL-8
and IDO expression by human gingival fibroblasts via TLRs. J. Immunol. 2007, 178, 1151-1157. [CrossRef]

Clarke, G.; McKernan, D.P; Gaszner, G.; Quigley, EM.; Cryan, ].F,; Dinan, T.G. A distinct profile of tryptophan metabolism along
the kynurenine pathway downstream of toll-like receptor activation in irritable bowel syndrome. Front. Pharmacol. 2012, 3, 90.
[CrossRef]

Maes, M.; Leonard, B.E.; Myint, A.M.; Kubera, M.; Verkerk, R. The new ‘5-HT” hypothesis of depression: Cell-mediated
immune activation induces indoleamine 2,3-dioxygenase, which leads to lower plasma tryptophan and an increased synthesis of
detrimental tryptophan catabolites (TRYCATSs), both of which contribute to the onset of depression. Prog. Neuropsychopharmacol.
Biol. Psychiatry 2011, 35, 702-721.

Quera Salva, M.A_; Hartley, S.; Barbot, F; Alvarez, ].C.; Lofaso, F; Guilleminault, C. Circadian rhythms, melatonin and depression.
Curr. Pharm. Des. 2011, 17, 1459-1470. [CrossRef]

Suh, H.S.; Zhao, M.L.; Rivieccio, M.; Choi, S.; Connolly, E.; Zhao, Y.; Takikawa, O.; Brosnan, C.F; Lee, S.C. Astrocyte indoleamine
2,3-dioxygenase is induced by the TLR3 ligand poly(I:C): Mechanism of induction and role in antiviral response. J. Virol. 2007, 81,
9838-9850. [CrossRef]

Opitz, C.A,; Litzenburger, UM.,; Lutz, C.; Lanz, T.V,; Tritschler, I.; Képpel, A.; Tolosa, E.; Hoberg, M.; Anderl, J.; Aicher, WK_; et al.
Toll-like receptor engagement enhances the immunosuppressive properties of human bone marrow-derived mesenchymal stem
cells by inducing indoleamine-2,3-dioxygenase-1 via interferon-beta and protein kinase R. Stem Cells 2009, 27, 909-919. [CrossRef]
Asp, L.; Holtze, M.; Powell, S.B.; Karlsson, H.; Erhardt, S. Neonatal infection with neurotropic influenza A virus induces
the kynurenine pathway in early life and disrupts sensorimotor gating in adult Tap1-/- mice. Int. ]. Neuropsychopharmacol.
2010, 13, 475-485. [CrossRef] [PubMed]

Forrest, C.M.; Khalil, O.S.; Pisar, M.; McNair, K.; Kornisiuk, E.; Snitcofsky, M.; Gonzalez, N.; Jerusalinsky, D.; Darlington, L.G.;
Stone, T.W. Changes in synaptic transmission and protein expression in the brains of adult offspring after prenatal inhibition of
the kynurenine pathway. Neuroscience 2013, 254, 241-259. [CrossRef] [PubMed]

Forrest, C.M.; Khalil, O.S.; Pisar, M.; Darlington, L.G.; Stone, T.W. Prenatal inhibition of the tryptophan-kynurenine pathway
alters synaptic plasticity and protein expression in the rat hippocampus. Brain Res. 2013, 1504, 1-15. [CrossRef] [PubMed]
Notarangelo, EM.; Pocivavsek, A. Elevated kynurenine pathway metabolism during neurodevelopment: Implications for brain
and behavior. Neuropharmacology 2017, 112, 275-285. [CrossRef] [PubMed]

Pisar, M.; Forrest, C.M.; Khalil, O.S.; McNair, K.; Vincenten, M.C.; Qasem, S.; Darlington, L.G.; Stone, T.W. Modified neocortical
and cerebellar protein expression and morphology in adult rats following prenatal inhibition of the kynurenine pathway. Brain
Res. 2014, 1576, 1-17. [CrossRef]

Kapalka, G. Nutritional and herbal therapies for children and adolescents. In A Handbook for Mental Health Clinicians; Academic
Press: Cambridge, MA, USA, 2009.

Fernstrom, J.D.; Fernstrom, M.H. Tyrosine, phenylalanine, and catecholamine synthesis and function in the brain. J. Nutr. 2007,
137,15395-1547S. [CrossRef]

Peters, ].C.; Harper, A.E. Adaptation of rats to diets containing different levels of protein: Effects on food intake, plasma and
brain amino acid concentrations and brain neurotransmitter metabolism. J. Nutr. 1985, 115, 382-398. [CrossRef]


http://doi.org/10.2174/1570159X14666161228122115
http://www.ncbi.nlm.nih.gov/pubmed/28503116
http://doi.org/10.4137/IJTR.S2129
http://www.ncbi.nlm.nih.gov/pubmed/20651948
http://doi.org/10.1093/jn/122.9.1781
http://doi.org/10.1056/NEJM198311103091903
http://doi.org/10.1080/10284150701455916
http://doi.org/10.1023/B:MCBI.0000049363.97713.74
http://doi.org/10.2114/jpa2.26.201
http://doi.org/10.3390/nu8010056
http://www.ncbi.nlm.nih.gov/pubmed/26805875
http://doi.org/10.1016/j.neuropharm.2016.08.003
http://www.ncbi.nlm.nih.gov/pubmed/27511838
http://doi.org/10.1177/1178646917691938
http://www.ncbi.nlm.nih.gov/pubmed/28469468
http://doi.org/10.1038/s41573-019-0016-5
http://www.ncbi.nlm.nih.gov/pubmed/30760888
http://doi.org/10.4049/jimmunol.178.2.1151
http://doi.org/10.3389/fphar.2012.00090
http://doi.org/10.2174/138161211796197188
http://doi.org/10.1128/JVI.00792-07
http://doi.org/10.1002/stem.7
http://doi.org/10.1017/S1461145709990253
http://www.ncbi.nlm.nih.gov/pubmed/19607757
http://doi.org/10.1016/j.neuroscience.2013.09.034
http://www.ncbi.nlm.nih.gov/pubmed/24076085
http://doi.org/10.1016/j.brainres.2013.01.031
http://www.ncbi.nlm.nih.gov/pubmed/23353758
http://doi.org/10.1016/j.neuropharm.2016.03.001
http://www.ncbi.nlm.nih.gov/pubmed/26944732
http://doi.org/10.1016/j.brainres.2014.06.016
http://doi.org/10.1093/jn/137.6.1539S
http://doi.org/10.1093/jn/115.3.382

Nutrients 2021, 13, 199 23 of 25

139.

140.

141.

142.

143.

144.

145.

146.
147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

Harmer, C.J.; McTavish, S.E; Clark, L.; Goodwin, G.M.; Cowen, P.J. Tyrosine depletion attenuates dopamine function in healthy
volunteers. Psychopharmacol. Berl. 2001, 154, 105-111. [CrossRef]

Leyton, M.; Young, S.N.; Pihl, R.O.; Etezadi, S.; Lauze, C.; Blier, P.; Baker, G.B.; Benkelfat, C. Effects on mood of acute
phenylalanine/tyrosine depletion in healthy women. Neuropsychopharmacology 2000, 22, 52—63. [CrossRef]

McLean, A.; Rubinsztein, J.S.; Robbins, T.W.; Sahakian, B.]. The effects of tyrosine depletion in normal healthy volunteers:
Implications for unipolar depression. Psychopharmacology 2004, 171, 286-297. [CrossRef]

Akimitsu, O.; Wada, K.; Noji, T.; Taniwaki, N.; Krejci, M.; Nakade, M.; Takeuchi, H.; Harada, T. The relationship between
consumption of tyrosine and phenylalanine as precursors of catecholamine at breakfast and the circadian typology and mental
health in Japanese infants aged 2 to 5 years. J. Physiol. Anthropol. 2013, 32, 13. [CrossRef] [PubMed]

Fernstrom, ]J.D. Branched-chain amino acids and brain function. J. Nutr. 2005, 135, 15395-1546S. [CrossRef] [PubMed]
Williams, W.A.; Shoaf, S.E.; Hommer, D.; Rawlings, R.; Linnoila, M. Effects of acute tryptophan depletion on plasma and
cerebrospinal fluid tryptophan and 5-hydroxyindoleacetic acid in normal volunteers. J. Neurochem. 1999, 72, 1641-1647. [CrossRef]
[PubMed]

Fernstrom, M.H.; Fernstrom, J.D. Acute tyrosine depletion reduces tyrosine hydroxylation rate in rat central nervous system.
Life Sci. 1995, 57, PL97-PL102. [CrossRef]

Human, M.P.C. A framework for human microbiome research. Nature 2012, 486, 215-221.

Liang, S.; Wu, X; Jin, F. Gut-brain psychology: Rethinking psychology from the microbiota-gut-brain axis. Front. Integr. Neurosci.
2018, 12, 33. [CrossRef] [PubMed]

Magnusson, K.R.; Hauck, L.; Jeffrey, B.M.; Elias, V.; Humphrey, A.; Nath, R.; Perrone, A.; Bermudez, L.E. Relationships between
diet-related changes in the gut microbiome and cognitive flexibility. Neuroscience 2015, 300, 128-140. [CrossRef]

De Weerth, C. Do bacteria shape our development? Crosstalk between intestinal microbiota and HPA axis. Neurosci. Biobehav. Rev.
2017, 83, 458-471. [CrossRef]

Diaz Heijtz, R. Fetal, neonatal, and infant microbiome: Perturbations and subsequent effects on brain development and behavior.
Semin. Fetal Neonatal Med. 2016, 21, 410-417. [CrossRef]

Fung, T.C.; Olson, C.A.; Hsiao, E.Y. Interactions between the microbiota, immune and nervous systems in health and disease.
Nat. Neurosci. 2017, 20, 145-155. [CrossRef]

Cryan, ].E; O'Riordan, K.J.; Cowan, C.5.M.; Sandhu, K.V.; Bastiaanssen, T.E.S.; Boehme, M.; Codagnone, M.G.; Cussotto, S.;
Fulling, C.; Golubeva, A.V,; et al. The microbiota-gut-brain axis. Physiol. Rev. 2019, 99, 1877-2013. [CrossRef] [PubMed]
Gensollen, T.; Blumberg, R.S. Correlation between early-life regulation of the immune system by microbiota and allergy
development. ]. Allergy Clin. Immunol. 2017, 139, 1084-1091. [CrossRef] [PubMed]

Sudo, N. Microbiome, HPA axis and production of endocrine hormones in the gut. Adv. Exp. Med. Biol. 2014, 817, 177-194.
[PubMed]

Bercik, P; Park, A.]J.; Sinclair, D.; Khoshdel, A.; Lu, J.; Huang, X.; Deng, Y.; Blennerhassett, P.A.; Fahnestock, M.; Moine,
D.; et al. The anxiolytic effect of Bifidobacterium longum NCC3001 involves vagal pathways for gut-brain communication.
Neurogastroenterol. Motil. 2011, 23, 1132-1139. [CrossRef] [PubMed]

Hyland, N.P; Cryan, ].E. Microbe-host interactions: Influence of the gut microbiota on the enteric nervous system. Dev. Biol. 2016,
417,182-187. [CrossRef] [PubMed]

Luczynski, P.; McVey Neufeld, K.A.; Oriach, C.S.; Clarke, G.; Dinan, T.G.; Cryan, ].E. Growing up in a bubble: Using germ-free
animals to assess the influence of the gut microbiota on brain and behavior. Int. . Neuropsychopharmacol. 2016, 19, pyw020.
[CrossRef] [PubMed]

Collins, J.; Borojevic, R.; Verdu, E.F; Huizinga, ].D.; Ratcliffe, E.M. Intestinal microbiota influence the early postnatal development
of the enteric nervous system. Neurogastroenterol. Motil. 2014, 26, 98-107. [CrossRef]

Grenham, S.; Clarke, G.; Cryan, J.E; Dinan, T.G. Brain-gut-microbe communication in health and disease. Front. Physiol. 2011, 2, 94.
[CrossRef]

Grossman, M.I. Neural and hormonal regulation of gastrointestinal function: An overview. Annu. Rev. Physiol. 1979, 41, 27-33.
[CrossRef]

Mayer, E.A.; Knight, R.; Mazmanian, S.K.; Cryan, J.F; Tillisch, K. Gut microbes and the brain: Paradigm shift in neuroscience.
J. Neurosci. 2014, 34, 15490-15496. [CrossRef]

Oldham, M.C.; Konopka, G.; Iwamoto, K.; Langfelder, P.; Kato, T.; Horvath, S.; Geschwind, D.H. Functional organization of the
transcriptome in human brain. Nat. Neurosci. 2008, 11, 1271-1282. [CrossRef] [PubMed]

Desbonnet, L.; Garrett, L.; Clarke, G.; Bienenstock, J.; Dinan, T.G. The probiotic Bifidobacteria infantis: An assessment of potential
antidepressant properties in the rat. . Psychiatr. Res. 2008, 43, 164-174. [CrossRef]

Caputo, V.; Sinibaldi, L.; Fiorentino, A.; Parisi, C.; Catalanotto, C.; Pasini, A.; Cogoni, C.; Pizzuti, A. Brain derived neurotrophic
factor (BDNF) expression is regulated by microRNAs miR-26a and miR-26b allele-specific binding. PLoS ONE 2011, 6, e28656.
[CrossRef] [PubMed]

Rhee, S.H.; Pothoulakis, C.; Mayer, E.A. Principles and clinical implications of the brain-gut-enteric microbiota axis. Nat. Rev.
Gastroenterol. Hepatol. 2009, 6, 306-314. [CrossRef] [PubMed]

Blaak, E.E.; Canfora, E.E.; Theis, S.; Frost, G.; Groen, A.K.; Mithieux, G.; Nauta, A.; Scott, K.; Stahl, B.; van Harsselaar, J.; et al.
Short chain fatty acids in human gut and metabolic health. Benef. Microbes 2020, 11, 411-455. [CrossRef] [PubMed]


http://doi.org/10.1007/s002130000613
http://doi.org/10.1016/S0893-133X(99)00086-X
http://doi.org/10.1007/s00213-003-1586-8
http://doi.org/10.1186/1880-6805-32-13
http://www.ncbi.nlm.nih.gov/pubmed/24083356
http://doi.org/10.1093/jn/135.6.1539S
http://www.ncbi.nlm.nih.gov/pubmed/15930466
http://doi.org/10.1046/j.1471-4159.1999.721641.x
http://www.ncbi.nlm.nih.gov/pubmed/10098872
http://doi.org/10.1016/0024-3205(95)02026-F
http://doi.org/10.3389/fnint.2018.00033
http://www.ncbi.nlm.nih.gov/pubmed/30271330
http://doi.org/10.1016/j.neuroscience.2015.05.016
http://doi.org/10.1016/j.neubiorev.2017.09.016
http://doi.org/10.1016/j.siny.2016.04.012
http://doi.org/10.1038/nn.4476
http://doi.org/10.1152/physrev.00018.2018
http://www.ncbi.nlm.nih.gov/pubmed/31460832
http://doi.org/10.1016/j.jaci.2017.02.011
http://www.ncbi.nlm.nih.gov/pubmed/28390575
http://www.ncbi.nlm.nih.gov/pubmed/24997034
http://doi.org/10.1111/j.1365-2982.2011.01796.x
http://www.ncbi.nlm.nih.gov/pubmed/21988661
http://doi.org/10.1016/j.ydbio.2016.06.027
http://www.ncbi.nlm.nih.gov/pubmed/27343895
http://doi.org/10.1093/ijnp/pyw020
http://www.ncbi.nlm.nih.gov/pubmed/26912607
http://doi.org/10.1111/nmo.12236
http://doi.org/10.3389/fphys.2011.00094
http://doi.org/10.1146/annurev.ph.41.030179.000331
http://doi.org/10.1523/JNEUROSCI.3299-14.2014
http://doi.org/10.1038/nn.2207
http://www.ncbi.nlm.nih.gov/pubmed/18849986
http://doi.org/10.1016/j.jpsychires.2008.03.009
http://doi.org/10.1371/journal.pone.0028656
http://www.ncbi.nlm.nih.gov/pubmed/22194877
http://doi.org/10.1038/nrgastro.2009.35
http://www.ncbi.nlm.nih.gov/pubmed/19404271
http://doi.org/10.3920/BM2020.0057
http://www.ncbi.nlm.nih.gov/pubmed/32865024

Nutrients 2021, 13, 199 24 of 25

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.
179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

192.

Silva, Y.P,; Bernardi, A.; Frozza, R.L. The role of short-chain fatty acids from gut microbiota in gut-brain communication.
Front. Endocrinol. 2020, 11, 25. [CrossRef] [PubMed]

Sun, J.; Wang, F.; Hong, G.; Pang, M.; Xu, H.; Li, H,; Tian, F,; Fang, R.; Yao, Y.; Liu, J. Antidepressant-like effects of sodium butyrate
and its possible mechanisms of action in mice exposed to chronic unpredictable mild stress. Neurosci. Lett. 2016, 618, 159-166.
[CrossRef]

Spiljar, M.; Merkler, D.; Trajkovski, M. The immune system bridges the gut microbiota with systemic energy homeostasis: Focus
on tlrs, mucosal barrier, and scfas. Front. Immunol. 2017, 8, 1353. [CrossRef]

Braniste, V.; Al-Asmakh, M.; Kowal, C.; Anuar, E; Abbaspour, A.; Téth, M.; Korecka, A.; Bakocevic, N.; Ng, L.G.; Guan, N.L,; et al.
The gut microbiota influences blood-brain barrier permeability in mice. Sci. Transl. Med. 2014, 6, 263ra158. [CrossRef]
Arentsen, T,; Qian, Y.; Gkotzis, S.; Femenia, T.; Wang, T.; Udekwu, K.; Forssberg, H.; Diaz Heijtz, R. The bacterial peptidoglycan-
sensing molecule Pglyrp2 modulates brain development and behavior. Mol. Psychiatry 2017, 22, 257-266. [CrossRef]

de Weerth, C.; Fuentes, S.; Puylaert, P.; de Vos, WM. Intestinal microbiota of infants with colic: Development and specific
signatures. Pediatrics 2013, 131, e550-e558. [CrossRef] [PubMed]

Lynch, S.V.; Pedersen, O. The human intestinal microbiome in health and disease. N. Engl. ]. Med. 2016, 375, 2369-2379. [CrossRef]
[PubMed]

Hollister, E.B.; Riehle, K.; Luna, R.A.; Weidler, E.M.; Rubio-Gonzales, M.; Mistretta, T.A.; Raza, S.; Doddapaneni, H.V.; Metcalf,
G.A.; Muzny, D.M,; et al. Structure and function of the healthy pre-adolescent pediatric gut microbiome. Microbiome 2015, 3, 36.
[CrossRef] [PubMed]

Sarkar, A.; Harty, S.; Johnson, K.V.; Moeller, A.H.; Archie, E.A.; Schell, L.D.; Carmody, R.N.; Clutton-Brock, T.H.; Dunbar, R.ILM.;
Burnet, PW.]J. Microbial transmission in animal social networks and the social microbiome. Nat. Ecol. Evol. 2020, 4, 1020-1035.
[CrossRef] [PubMed]

Diaz Heijtz, R.; Wang, S.; Anuar, F,; Qian, Y.; Bjorkholm, B.; Samuelsson, A.; Hibberd, M.L.; Forssberg, H.; Pettersson, S. Normal
gut microbiota modulates brain development and behavior. Proc. Natl. Acad. Sci. USA 2011, 108, 3047-3052. [CrossRef]
Lloyd-Price, ].; Mahurkar, A.; Rahnavard, G.; Crabtree, J.; Orvis, J.; Hall, A.B.; Brady, A.; Creasy, H.H.; McCracken, C.; Giglio,
M.G; et al. Strains, functions and dynamics in the expanded Human Microbiome Project. Nature 2017, 550, 61-66. [CrossRef]
Burnet, PW.; Cowen, PJ. Psychobiotics highlight the pathways to happiness. Biol. Psychiatry 2013, 74, 708-709. [CrossRef]
Burnett, S.; Sebastian, C.; Cohen Kadosh, K.; Blakemore, S.]. The social brain in adolescence: Evidence from functional magnetic
resonance imaging and behavioural studies. Neurosci. Biobehav. Rev. 2011, 35, 1654-1664. [CrossRef]

Johnson, M.H. Interactive specialization: A domain-general framework for human functional brain development. Dev. Cogn. Neurosci.
2011, 1, 7-21. [CrossRef]

Johnson, M.H.; Grossmann, T.; Cohen Kadosh, K. Mapping functional brain development: Building a social brain through
interactive specialization. Dev. Psychol. 2009, 45, 151-159. [CrossRef]

Chen, ].J.; Zeng, B.H.; Li, WW.,; Zhou, C.J.; Fan, S.H.; Cheng, K.; Zeng, L.; Zheng, P,; Fang, L.; Wei, H.; et al. Effects of gut
microbiota on the microRNA and mRNA expression in the hippocampus of mice. Behav. Brain Res. 2017, 322, 34—41. [CrossRef]
[PubMed]

Stilling, R.M.; Ryan, EJ.; Hoban, AE.; Shanahan, F; Clarke, G.; Claesson, M.J.; Dinan, T.G.; Cryan, J.FE. Microbes &
neurodevelopment—Absence of microbiota during early life increases activity-related transcriptional pathways in the amygdala.
Brain Behav. Immun. 2015, 50, 209-220. [PubMed]

Marungruang, N.; Arévalo Sureda, E.; Lefrangoise, A.; Westrom, B.; Nyman, M.; Prykhodko, O.; Fak Hallenius, F. Impact of
dietary induced precocious gut maturation on cecal microbiota and its relation to the blood-brain barrier during the postnatal
period in rats. Neurogastroenterol. Motil. 2018, 30, e13285. [CrossRef] [PubMed]

Aatsinki, A K,; Lahti, L.; Uusitupa, H.M.; Munukka, E.; Keskitalo, A.; Nolvi, S.; O'Mahony, S.; Pietil4, S.; Elo, L.L.; Eerola, E.; et al.
Gut microbiota composition is associated with temperament traits in infants. Brain Behav. Immun. 2019, 80, 849-858. [CrossRef]
[PubMed]

Christian, L.M.; Galley, ].D.; Hade, E.M.; Schoppe-Sullivan, S.; Kamp Dush, C.; Bailey, M.T. Gut microbiome composition is
associated with temperament during early childhood. Brain Behav. Immun. 2015, 45, 118-127. [CrossRef]

Carlson, A.L; Xia, K.; Azcarate-Peril, M.A.; Goldman, B.D.; Ahn, M.,; Styner, M.A.; Thompson, A.L.; Geng, X.; Gilmore, ] H.;
Knickmeyer, R.C. Infant gut microbiome associated with cognitive development. Biol. Psychiatry 2018, 83, 148-159. [CrossRef]
Oria, R.B.; Murray-Kolb, L.E.; Scharf, R.J.; Pendergast, L.L.; Lang, D.R.; Kolling, G.L.; Guerrant, R.L. Early-life enteric infections:
Relation between chronic systemic inflammation and poor cognition in children. Nutr. Rev. 2016, 74, 374-386. [CrossRef]
Béckhed, F; Roswall, J.; Peng, Y.; Feng, Q.; Jia, H.; Kovatcheva-Datchary, P.; Li, Y; Xia, Y.; Xie, H.; Zhong, H.; et al. Dynamics and
stabilization of the human gut microbiome during the first year of life. Cell Host Microbe 2015, 17, 690-703. [CrossRef]

Van Best, N.; Hornef, M.W.; Savelkoul, PH.; Penders, J. On the origin of species: Factors shaping the establishment of infant’s gut
microbiota. Birth Defects Res. C. Embryo Today 2015, 105, 240-251. [CrossRef]

Grzeskowiak, L.; Collado, M.C.; Mangani, C.; Maleta, K.; Laitinen, K.; Ashorn, P.; Isolauri, E.; Salminen, S. Distinct gut microbiota
in southeastern African and northern European infants. J. Pediatr. Gastroenterol. Nutr. 2012, 54, 812-816. [CrossRef]

David, L.A.; Maurice, C.F; Carmody, R.N.; Gootenberg, D.B.; Button, J.E.; Wolfe, B.E.; Ling, A.V.; Devlin, A.S.; Varma, Y.;
Fischbach, M.A.; et al. Diet rapidly and reproducibly alters the human gut microbiome. Nature 2014, 505, 559-563. [CrossRef]
[PubMed]


http://doi.org/10.3389/fendo.2020.00025
http://www.ncbi.nlm.nih.gov/pubmed/32082260
http://doi.org/10.1016/j.neulet.2016.03.003
http://doi.org/10.3389/fimmu.2017.01353
http://doi.org/10.1126/scitranslmed.3009759
http://doi.org/10.1038/mp.2016.182
http://doi.org/10.1542/peds.2012-1449
http://www.ncbi.nlm.nih.gov/pubmed/23319531
http://doi.org/10.1056/NEJMra1600266
http://www.ncbi.nlm.nih.gov/pubmed/27974040
http://doi.org/10.1186/s40168-015-0101-x
http://www.ncbi.nlm.nih.gov/pubmed/26306392
http://doi.org/10.1038/s41559-020-1220-8
http://www.ncbi.nlm.nih.gov/pubmed/32572221
http://doi.org/10.1073/pnas.1010529108
http://doi.org/10.1038/nature23889
http://doi.org/10.1016/j.biopsych.2013.08.002
http://doi.org/10.1016/j.neubiorev.2010.10.011
http://doi.org/10.1016/j.dcn.2010.07.003
http://doi.org/10.1037/a0014548
http://doi.org/10.1016/j.bbr.2017.01.021
http://www.ncbi.nlm.nih.gov/pubmed/28093256
http://www.ncbi.nlm.nih.gov/pubmed/26184083
http://doi.org/10.1111/nmo.13285
http://www.ncbi.nlm.nih.gov/pubmed/29327435
http://doi.org/10.1016/j.bbi.2019.05.035
http://www.ncbi.nlm.nih.gov/pubmed/31132457
http://doi.org/10.1016/j.bbi.2014.10.018
http://doi.org/10.1016/j.biopsych.2017.06.021
http://doi.org/10.1093/nutrit/nuw008
http://doi.org/10.1016/j.chom.2015.04.004
http://doi.org/10.1002/bdrc.21113
http://doi.org/10.1097/MPG.0b013e318249039c
http://doi.org/10.1038/nature12820
http://www.ncbi.nlm.nih.gov/pubmed/24336217

Nutrients 2021, 13, 199 25 of 25

193.

194.

195.

196.

197.

198.

199.

200.

201.

202.

203.

204.

205.

206.

207.

208.

209.

210.

211.
212.

213.

214.

215.

Sarkar, A.; Lehto, S.M.; Harty, S.; Dinan, T.G.; Cryan, ]J.F.; Burnet, PW.]. Psychobiotics and the manipulation of bacteria-gut-brain
signals. Trends Neurosci. 2016, 39, 763-781. [CrossRef] [PubMed]

Dinan, T.G,; Stanton, C.; Cryan, J.F. Psychobiotics: A novel class of psychotropic. Biol. Psychiatry 2013, 74, 720-726. [CrossRef]
[PubMed]

Barrett, E.; Ross, R.P.; O'Toole, PW.; Fitzgerald, G.F.; Stanton, C. y-Aminobutyric acid production by culturable bacteria from the
human intestine. J. Appl. Microbiol. 2012, 113, 411-417. [CrossRef]

Bravo, J.A.; Forsythe, P.; Chew, M.V.; Escaravage, E.; Savignac, HM.; Dinan, T.G.; Bienenstock, J.; Cryan, J.E. Ingestion of
Lactobacillus strain regulates emotional behavior and central GABA receptor expression in a mouse via the vagus nerve. Proc.
Natl. Acad. Sci. USA 2011, 108, 16050-16055. [CrossRef]

Janik, R.; Thomason, L.A.M.; Stanisz, A.M.; Forsythe, P.; Bienenstock, J.; Stanisz, G.J. Magnetic resonance spectroscopy reveals
oral Lactobacillus promotion of increases in brain GABA, N-acetyl aspartate and glutamate. Neuroimage 2016, 125, 988-995.
[CrossRef]

Kodish, I.; Rockhill, C.; Ryan, S.; Varley, C. Pharmacotherapy for anxiety disorders in children and adolescents. Pediatri. Clin.
2011, 58, 55-72. [CrossRef]

Partty, A.; Kallioméki, M.; Wacklin, P.; Salminen, S.; Isolauri, E. A possible link between early probiotic intervention and the risk
of neuropsychiatric disorders later in childhood: A randomized trial. Pediatr. Res. 2015, 77, 823-828. [CrossRef]

Messaoudi, M.; Violle, N.; Bisson, J.E; Desor, D.; Javelot, H.; Rougeot, C. Beneficial psychological effects of a probiotic formulation
(Lactobacillus helveticus R0052 and Bifidobacterium longum R0175) in healthy human volunteers. Gut Microbes 2011, 2, 256-261.
[CrossRef]

Steenbergen, L.; Sellaro, R.; van Hemert, S.; Bosch, ].A.; Colzato, L.S. A randomized controlled trial to test the effect of multispecies
probiotics on cognitive reactivity to sad mood. Brain Behav. Immun. 2015, 48, 258-264. [CrossRef]

Tillisch, K.; Labus, J.; Kilpatrick, L.; Jiang, Z.; Stains, J.; Ebrat, B.; Guyonnet, D.; Legrain-Raspaud, S.; Trotin, B.; Naliboff, B.;
et al. Consumption of fermented milk product with probiotic modulates brain activity. Gastroenterology 2013, 144, 1394-1401.e1.
[CrossRef] [PubMed]

Tarr, A.]J.; Galley, ].D.; Fisher, S.E.; Chichlowski, M.; Berg, B.M.; Bailey, M.T. The prebiotics 3'Sialyllactose and 6’Sialyllactose
diminish stressor-induced anxiety-like behavior and colonic microbiota alterations: Evidence for effects on the gut-brain axis.
Brain Behav. Immun. 2015, 50, 166-177. [CrossRef] [PubMed]

Burokas, A.; Arboleya, S.; Moloney, R.D.; Peterson, V.L.; Murphy, K.; Clarke, G.; Stanton, C.; Dinan, T.G.; Cryan, J.F. Targeting the
microbiota-gut-brain axis: Prebiotics have anxiolytic and antidepressant-like effects and reverse the impact of chronic stress in
mice. Biol. Psychiatry 2017, 82, 472-487. [CrossRef]

Szklany, K.; Wopereis, H.; de Waard, C.; van Wageningen, T.; An, R,; van Limpt, K.; Knol, J.; Garssen, J.; Knippels, L.M.].;
Belzer, C.; et al. Supplementation of dietary non-digestible oligosaccharides from birth onwards improve social and reduce
anxiety-like behaviour in male BALB/c mice. Nutr. Neurosci. 2020, 23, 896-910. [CrossRef] [PubMed]

Firmansyah, A.; Dwipoerwantoro, P.G.; Kadim, M.; Alatas, S.; Conus, N.; Lestarina, L.; Bouisset, F.; Steenhout, P. Improved
growth of toddlers fed a milk containing synbiotics. Asia Pac. J. Clin. Nutr. 2011, 20, 69-76.

Schmidt, K.; Cowen, PJ.; Harmer, C.J.; Tzortzis, G.; Errington, S.; Burnet, P.W.]. Prebiotic intake reduces the waking cortisol
response and alters emotional bias in healthy volunteers. Psychopharmacology 2015, 232, 1793-1801. [CrossRef]

Johnstone, N.; Milesi, C.; Burn, O.; van den Bogert, B.; Nauta, A.; Hart, K.; Sowden, P.; Burnet, PW.J.; Kadosh, K.C. Anxiolytic
effects of a galacto-oligosaccharides prebiotic in healthy female volunteers are associated with reduced negative bias and the gut
bacterial composition. medRxiv 2019, 19011403. [CrossRef]

Clarke, G.; Grenham, S.; Scully, P; Fitzgerald, P.; Moloney, R.D.; Shanahan, F,; Dinan, T.G.; Cryan, J.E. The microbiome-gut-brain
axis during early life regulates the hippocampal serotonergic system in a sex-dependent manner. Mol. Psychiatry 2013, 18, 666-673.
[CrossRef]

Mardinoglu, A.; Shoaie, S.; Bergentall, M.; Ghaffari, P.; Zhang, C.; Larsson, E.; Biackhed, F.; Nielsen, J. The gut microbiota
modulates host amino acid and glutathione metabolism in mice. Mol. Syst. Biol. 2015, 11, 834. [CrossRef]

Stone, T.W. Neuropharmacology of quinolinic and kynurenic acids. Pharmacol. Rev. 1993, 45, 309-379.

Stone, TW.; Stoy, N.; Darlington, L.G. An expanding range of targets for kynurenine metabolites of tryptophan. Trends Pharmacol. Sci.
2013, 34, 136-143. [CrossRef] [PubMed]

Chang, J.P,; Lane, H.Y.; Tsai, G.E. Attention deficit hyperactivity disorder and N-methyl-D-aspartate (NMDA) dysregulation.
Curr. Pharm. Des. 2014, 20, 5180-5185. [CrossRef] [PubMed]

Deutsch, S.I; Pepe, G.J.; Burket, J.A.; Winebarger, E.E.; Herndon, A.L.; Benson, A.D. D-cycloserine improves sociability and
spontaneous stereotypic behaviors in 4-week old mice. Brain Res. 2012, 1439, 96-107. [CrossRef] [PubMed]

Cormack, B.E.; Harding, ].E.; Miller, S.P.; Bloomfield, FH. The influence of early nutrition on brain growth and neurodevelopment
in extremely preterm babies: A narrative review. Nutrients 2019, 11, 2029. [CrossRef] [PubMed]


http://doi.org/10.1016/j.tins.2016.09.002
http://www.ncbi.nlm.nih.gov/pubmed/27793434
http://doi.org/10.1016/j.biopsych.2013.05.001
http://www.ncbi.nlm.nih.gov/pubmed/23759244
http://doi.org/10.1111/j.1365-2672.2012.05344.x
http://doi.org/10.1073/pnas.1102999108
http://doi.org/10.1016/j.neuroimage.2015.11.018
http://doi.org/10.1016/j.pcl.2010.10.002
http://doi.org/10.1038/pr.2015.51
http://doi.org/10.4161/gmic.2.4.16108
http://doi.org/10.1016/j.bbi.2015.04.003
http://doi.org/10.1053/j.gastro.2013.02.043
http://www.ncbi.nlm.nih.gov/pubmed/23474283
http://doi.org/10.1016/j.bbi.2015.06.025
http://www.ncbi.nlm.nih.gov/pubmed/26144888
http://doi.org/10.1016/j.biopsych.2016.12.031
http://doi.org/10.1080/1028415X.2019.1576362
http://www.ncbi.nlm.nih.gov/pubmed/30871432
http://doi.org/10.1007/s00213-014-3810-0
http://doi.org/10.1101/19011403
http://doi.org/10.1038/mp.2012.77
http://doi.org/10.15252/msb.20156487
http://doi.org/10.1016/j.tips.2012.09.006
http://www.ncbi.nlm.nih.gov/pubmed/23123095
http://doi.org/10.2174/1381612819666140110115227
http://www.ncbi.nlm.nih.gov/pubmed/24410567
http://doi.org/10.1016/j.brainres.2011.12.040
http://www.ncbi.nlm.nih.gov/pubmed/22261249
http://doi.org/10.3390/nu11092029
http://www.ncbi.nlm.nih.gov/pubmed/31480225

	Introduction 
	Nutrients that Play a Role in Neurodevelopment 
	Lipids 
	Long-Chain Polyunsaturated Fatty Acids 
	Polar Lipids 

	Minerals 
	Iron 
	Zinc 
	Iodine 

	Vitamins 
	Vitamin A 
	Vitamin B12 
	Vitamin D 

	Dietary Protein and Amino Acids 
	The Importance of Protein Quality 
	mTORC1: Linking Protein (in)Adequacy to Brain Development 
	Tryptophan 
	Tyrosine and Phenylalanine 
	Branched Chain Amino Acids 


	Nutrient Interactions through the Gut-Brain Axis (GBA) 
	What Is the Microbiome Gut-Brain Axis? 
	The Influence of the GBA on Cognitive, Emotional and Neural Development 
	The Impact of Pro- and Prebiotics through the GBA 

	Conclusions and Future Perspectives 
	References

