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The role of early life nutrition’s impact on relevant health outcomes across the lifespan laid the
foundation for the field titled the developmental origins of health and disease. Studies in this
area initially concentrated on nutrition and the risk of adverse cardio-metabolic and cancer out-
comes. More recently the role of nutrition in early brain development and the subsequent influ-
ence of later mental health has become more evident. Scientific breakthroughs have elucidated
two mechanisms behind long-term nutrient effects on the brain, including the existence of crit-
ical periods for certain nutrients during brain development and nutrient-driven epigenetic mod-
ifications of chromatin. While multiple nutrients and nutritional conditions have the potential
to modify brain development, iron can serve as a paradigm to understand both mechanisms.
New horizons in nutritional medicine include leveraging the mechanistic knowledge of nutri-
ent–brain interactions to propose novel nutritional approaches that protect the developing
brain through better timing of nutrient delivery and potential reversal of negative epigenetic
marks. The main challenge in the field is detecting whether a change in nutritional status
truly affects the brain’s development and performance in human subjects. To that end, a strong
case can be made to develop and utilise bioindicators of a nutrient’s effect on the developing
brain instead of relying exclusively on biomarkers of the nutrient’s status.

Nutrition: Brain development: Epigenetics: Developmental origins

Optimal environment is crucial for child development
and brain health across the lifespan. Positive environ-
mental conditions such as nutrition and social support,
as well as negative conditions such as stress, inflamma-
tion and toxin exposure all contribute to the integrity
of developing organs, including the brain(1). When envir-
onmental perturbations take place early in life, e.g. the
first 1000 d from conception, the environmental effects
can have long-lasting or lifespan consequences.

The role of early nutrition in shaping life-time health
outcomes became prominent in the 1990s with the

work of David Barker and others who noted that an
adult’s risk of cardio-metabolic disease was linked to
intrauterine nutritional status and birth weight(2).
Subsequently, nutrition’s role in the first 1000 d has
been explored with respect to relevant outcomes beyond
cardiovascular/metabolic health, including immune
integrity, bone health, risk of cancer and, most recently
brain (mental) health(3).

The interest in early nutrition and brain development
has been fostered through some remarkable break-
throughs in mechanistic understanding of how nutrients
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interact with the developing brain and led to new
thinking about delivery and assimilation of nutrients.
These insights, in turn, have opened new horizons for
therapeutic interventions, including nutritional and
non-nutritional solutions to nutrient perturbations of
deficiency or excess. However, challenges remain in the
realm of proving conclusively that a specific nutritional
condition or intervention actually affects brain structure
and function, particularly at the individual level.

This chapter discusses some of the remarkable break-
throughs, new horizons and challenges in the field of
early life nutrient–brain interactions by using what has
been discovered in the field of iron and brain biology
as a paradigm for how these interactions occur and are
regulated.

Breakthroughs

Two recent breakthroughs in scientific information and
conceptualisation have significantly affected how scien-
tists are currently considering nutrient–brain interac-
tions: the developmental origins of health and disease
concept applies to the brain and the discovery of poten-
tial mechanisms underlying the long-term mental health
effects of early nutrition. The lessons learned from
these breakthroughs are beginning to inform therapeutic
approaches to nutritional perturbations that affect the
brain.

The developmental origins of health and disease concept
applies to the brain

The current developmental origins of health and disease
concept is an outgrowth and refinement of the Barker
hypothesis as it was refined by Gluckman and Hanson
in the early 2000s(2). Clear mechanistic evidence across
multiple health domains indicates that the first 1000 d
post-conception influence child and adult health out-
comes. The idea is not new – the poet William
Wordsworth codified the concept in literature in 1802
when he wrote that the child is the father of the man.
Nevertheless, it was Barker’s original studies linking
the risk of adult-onset diabetes mellitus, hypertension
and CVD to intrauterine growth restriction that brought
the field into the modern era with two key mechanistic
findings. First, mechanistic studies implicated the roles
for pro-inflammatory cytokines and the hypothalamic–
pituitary–adrenal axis hormones, including activation
of cortisol in altering the regulation of metabolic set-
points for glucose and insulin regulation(4). Secondly,
an important conceptual breakthrough revealed that
fetal and early postnatal life is a time when the regulation
of certain genes was set for the lifespan(5). While initially
applied to cardiovascular health, both factors proved
important for brain health as well(6).

Optimal brain development is important for its current
functional capacity, but also sets the stage for later devel-
opmental stages and function(1). The early years from
conception to approximately 3 years postnatal age see
the brain grow from a smooth, bilobed structure at
5 months gestation to a complex sulcated and gyrified

structure by full-term birth. It is important to understand
that the brain is not a homogenous entity and should not
really be conceptualised as a single structure. Instead, it is
useful to think of it as multiple regions and processes,
each with its own developmental trajectory(7). The early
years encompass the development of primary systems
such as the hippocampus/striatum, myelination and
neurotransmitters, which in turn support primary neuro-
behavioural processes such as learning and memory for-
mation, speed of processing and reward mechanisms,
respectively. These systems are at greatest risk for nutri-
ent perturbations during their period of most rapid
growth(1). Systems that develop later in childhood, such
as the prefrontal cortex, are highly dependent on the
integrity of these early developing ones. The frontal
lobe receives projections from the earlier developing
hippocampus and striatum and relies on the integrity of
those structures as well as the efficiency of processing
via myelination and neurotransmitters to ensure proper
connectivity. Thus, each stage of brain development
depends on the previous stage, essentially creating a scaf-
folding effect(1). Nutrient perturbations that disturb the
integrity of the primary structures have ‘ripple effects’
on the later developing structures even though the nutri-
ent perturbation might not have directly damaged it. It is
not unusual to see late effects of nutrient intervention
studies on frontal lobe functions (e.g. attention, plan-
ning) that were not obvious at earlier assessment
timepoints(8,9).

The young brain is remarkably dynamic in its growth
and development and exhibits a great deal of plasticity.
Brain growth is a highly metabolic process. Sixty per
cent of a baby’s energy expenditure is devoted to the
brain, compared with only 20 % in the adult(10).
Moreover, the baby’s oxygen consumption rate is nearly
double that of the older child. Nutrients that support oxi-
dative metabolism and ATP generation by mitochondria
must be present in adequate supply to support this meta-
bolic demand of rapid regional brain growth, which
includes not only neurons but glial cells as well.
Nutrients that particularly support this structural/func-
tional development include oxygen, glucose, amino
acids, iron, copper, iodine, folate, vitamin B12 and
choline.

All nutrients are important for all cells to function, but
certain nutrients and nutritional conditions particularly
affect early brain development (Table 1). Perturbation
of these nutrients can cause acute brain dysfunction dur-
ing the period of deficit or excess. The long-term effects
on adult function are of greatest concern because they
result in the true cost to society of unfulfilled educational
or job potential and the burden of mental health disor-
ders(11). Each of the nutrients noted in Table 1 exhibits
a critical or sensitive period for regional neurodevelop-
ment. Some alter regulation of synaptic plasticity genes
and functional gene networks through their ability to
alter the epigenetic landscape as discussed later (Table 2).

Early life iron deficiency illustrates the principles of
how a nutrient can confer acute and long-term risks to
brain function. Iron deficiency at birth compromises
the integrity of the hippocampus and results in poorer
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neonatal recognition memory function(12,13), slower
speed of neural processing(14) and poorer bonding and
maternal interaction(15). The hippocampal effects remain
present (as a function of neonatal iron stores) until at
least 4 years of age(16), thus demonstrating long-term
effects long after iron deficiency has resolved.

Timing of a nutrient deficiency matters. Fetal iron
deficiency is associated with a higher risk of autism,
schizophrenia and neurocognitive dysfunction dependent
on whether the deficiency occurred in the first, second or
third trimester, respectively(17–19). Lower iron stores in
the newborn also leads to earlier onset of postnatal
iron deficiency in infancy and toddlerhood with its
attendant long-term sequelae of motor dysfunction,
socio-affective disorders and increased risk of depression
and anxiety in adulthood(20–22). Given the high preva-
lence of iron deficiency worldwide, prevention of the
long-term effects would have a large medical and eco-
nomic effect on the population.

Potential mechanisms underlying the long-term effects of
early nutrition on brain function

A second set of major breakthroughs occurred as
researchers discovered mechanisms underlying the long-
term effects of early nutrient disorders. These break-
throughs have provided useful clinical information with
respect to prevention, screening, repletion and unique
therapies related to early life nutritional disorders.
Once again, iron deficiency can function as a paradigm
for mechanisms by which nutrients affect long-term
brain function.

Two major theories account for the loss of long-term
neurodevelopmental potential, instantiated by the loss
of synaptic plasticity and brain performance: (1) critical
periods of brain development and (2) epigenetic

modification of synaptic plasticity genes/gene networks.
The two theories are not mutually exclusive and indeed
likely interact with each other.

Critical periods

The first theory depends on the principles of critical per-
iods of development(23). The young brain has limited per-
formance ability and efficiency. However, it is highly
plastic and resilient to stressors. Its ability to repair itself
following injury or to respond to treatment exceeds that
at any other time in life. Brain development is not uni-
form. Instead, the various brain regions and cell types
have unique developmental trajectories, with different
start and end times(7). Each region has an epoch during
which development progresses more rapidly, referred to
as its sensitive or critical period. Some regions, e.g. cere-
bellum, have a broad trajectory of development, while
other areas are temporally more highly focused, e.g.
hippocampus. The nutritional requirements during the
critical period of rapid development are greater than dur-
ing periods of slower rates of development(10). A perturb-
ation of nutrient status, such as iron deficiency, during
the critical period can result in structural and functional
changes that persist into adulthood(24–27). The neurobe-
havioral deficits in adulthood relate directly to the disor-
dered neuronal structure(24,25,27). Once a region has
progressed through its critical period, it exhibits much
greater efficiency but concomitantly loses its plasticity,
making it less responsive to treatments such as nutrient
repletion(23,28) and persistence of neurobehavioral and
structural findings long after the nutrient deficiency has
resolved.

The hippocampus is a highly metabolic brain region
that develops rapidly starting in the last trimester at 28
weeks gestation until approximately 2 years of postnatal

Table 1. Nutrients and nutritional conditions that affect early brain development in pre-clinical models and/or human subjects

Nutritional conditions Global v. regional effects in brain Neural process(es) affected

Evidence that early life
perturbation is associated
with long-term dysfunction

Stunting Global Anatomya Yes
Underweight Global Anatomy Possibly
Obesity Global Anatomy Possibly
Macronutrients
Protein Global Anatomy, neurochemistryb Yes
Glucose Global Anatomy, neurochemistry, electrophysiologyc Likely
Fats (long-chain PUFA) Regional Anatomy, neurochemistry, electrophysiology Yes

Micronutrients
Iron Regional Anatomy, neurochemistry, electrophysiology Yes
Zinc Regional Anatomy, neurochemistry, electrophysiology Yes
Copper Regional Anatomy, neurochemistry, electrophysiology Yes
Iodine Global Anatomy, electrophysiology Yes
B vitamins Global Neurochemistry, electrophysiology Yes
Vitamin A Regional Anatomy Possibly
Folate Regional Anatomy, neurochemistry, electrophysiology Yes
Choline Regional Anatomy, neurochemistry, electrophysiology Yes

a Neuroanatomy includes neurons and glial cells.
b Neurochemistry includes synthesis of neurotransmitters.
c Neurophysiology includes propagation of electrical impulse.
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age in human subjects. The developmentally equivalent
time frame in the rodent is postnatal day 5 to postnatal
day 25. Since highly metabolic cells require nutrients
that support oxidative metabolism to generate ATP, it
is reasonable to ask whether there is a critical period
for one such nutrient, iron, during hippocampal develop-
ment. A major breakthrough in iron–brain nutrition
occurred with the generation of a non-anaemic mouse
model of specific hippocampal neuronal iron deficiency.
The deficiency was timed to occur during the period of
rapid hippocampal growth(26). Iron uptake by hippocam-
pal CA1 neurons depends on the cell membrane surface
iron transporter, transferrin receptor-1. A non-functional
dominant-negative transferrin receptor was genetically
introduced specifically in the hippocampus of mice just
prior to the onset of the putative critical period. The
functional wild-type receptor could be reintroduced at
any time by the addition of doxycycline to the animal’s
diet. The investigators reintroduced the wild-type receptor
either during the putative critical period (postnatal day 21)
or afterwards (postnatal day 42)(26). Treatment during the
critical period at postnatal day 21 rescued the structural
and behavioural abnormalities induced by neuronal iron
deficiency, while treatment after the critical period did
not. This was the first clear demonstration that iron was
essential to the developing neuron and iron deficiency
itself, without anaemia, is a causative factor for the long-
term structural and behavioural abnormalities, thus impli-
cating a critical period for iron in hippocampal develop-
ment(26). While this example is quite specific with respect
to nutrient (iron) and brain region (hippocampus), the
principles apply to iron and other brain regions (e.g.
frontal cortex, cerebellum), processes (e.g. myelination,
neurotransmitters). Furthermore, other nutrients includ-
ing iodine, zinc, glucose, protein, copper, choline and vita-
min B12 influence neuronal structure, myelination and
neurotransmitter during development and thus the princi-
ples likely apply to them as well.

Epigenetic modification

The second theory regarding the long-term effects of early
life nutrition depends on emerging knowledge that certain,
but not all, nutrients have been shown to alter gene

expression through epigenetic modification of chromatin
in the brain (Table 2). Epigenetic modification of chromatin
occurs in multiple ways to either close off or open up the
DNA for transcription. The modifications can be temporary
or long-term/permanent thereby altering the activity of the
gene and the protein it is coded to produce. While a descrip-
tion of all epigenetic processes is well beyond the scope of
this article, the major ways in which the nutrients listed in
Table 2 can affect genes in the brain include Cytosine-phos-
phate-Guanine (CpG) methylation and hydroxymethyla-
tion, and histone methylation and acetylation.

For some nutrients (e.g. iron), the direct role of the
nutrient in the process of certain types of epigenetic mod-
ification is understood. The iron–nickel pocket of the
class of histone demethylases called Jumonji- and
AT-rich interaction domain-containing proteins regu-
lates the rate of histone methylation, which in turn regu-
lates the rate of transcription(29). Iron deficiency alters the
binding affinity of the Jumonji- and AT-rich interaction
domain-containing protein particularly through gene
activation marks at lysine residue (K) 4 and gene repres-
sive marks at K27 in the promoter region of a key synap-
tic plasticity gene, brain-derived neurotrophic factor
(BDNF)(30). In a rodent model of gestational/lactational
iron deficiency, the enrichment of the repressive mark
(K27) is increased and the activation mark (K4) is
decreased in the BDNF-4 gene in the hippocampus
both at postnatal day 15 during the period of acute
iron deficiency as well in young adulthood, long after
the iron deficiency has resolved. BDNF mRNA and pro-
tein expression are both reduced as a result and the ani-
mal behaviourally shows poorer hippocampal as
evidenced by worse learning and memory perform-
ance(30). Germane to this discussion, the epigenetic
marks remain in place during adulthood even though
the hippocampus is iron sufficient by that point(30).

For other nutrients, a deficiency can induce demon-
strable effects on the epigenetics of the brain that are
not yet understood mechanistically based on the biology
of the nutrient. These could represent secondary effects,
e.g. the deficiency causes stress which in turn alters
brain DNA methylation patterns(6).

The list of nutrients identified to cause changes to DNA
methylation in early life has been growing. These early

Table 2. Nutrients and nutritional conditions that induce epigenetic modifications to chromatin in the fetal and neonatal brain

Nutrient/nutritional conditions Epigenetic effect

Intrauterine growth restriction H4K20 histone methylation of DUSP gene(51)

Activation of glucocorticoid receptor with increased BDNF DNA CpG methylation and histone acetylation(52)

Long-chain PUFA Alters DNA CpG methylation of BDNF gene(53)

Alters CpG methylation genome-wide(54)

Choline Alters histone and DNA CpG methylation(30,32,55)

Folate Generally alters DNA CpG methylation and miRNA(56)

Iron Suppresses BDNF via histone demethylation(30), DNA CpG methylation and hydroxymethylation(57,58)

Vitamin A Trimethylation of histone H3K27 of HOX gene during neurulation(59)

DNA CpG methylation in hypothalamus(60)

Iodine Increases DNA CpG methylation and decreases histone acetylation of GFAP promotor in astrocytes(61)

Vitamin B12 Alters DNA CpG methylation, miRNA expression and histone mark H3K9me2 on BDNF gene promoter(62)

Riboflavin (vitamin B2) Cofactor for specific lysine histone demethylases(62)

Vitamin D Alters DNA CpG methylation generally(63,64)
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life nutrients not only alter the expression of salient and
specific genes in the brain such as BDNF across the life-
span, but also alter the expression of gene networks
related to brain function and neuropathologic processes.
The use of genome-wide screening tools such as
RNA-seq has elucidated these effects and the altered
genes have been grouped through informatic approaches
into those identified pathways(31). Early life iron defic-
iency can serve as a paradigm for nutrient–brain pathway
interactions involving gene networks. A rat model of ges-
tational iron deficiency followed by neonatal iron treat-
ment and repletion demonstrated changes to networks
of genes coding for autism, schizophrenia and
Alzheimer’s disease(31). The first two are of particular
interest because they directly confirm the epidemiologic
findings in human subjects of an increased risk of those
diseases following gestational iron deficiency(17,18).

New horizons

Breakthroughs in the understanding of the neurobiology
of nutrient–brain interactions can lead to new horizons
for prevention and therapy. One example involves lever-
aging the knowledge of when critical periods for nutri-
ents occur in order to prevent deficiencies or to initiate
treatments in a more timely manner. A more transforma-
tive example involves designing nutritional workarounds
to mitigate the long-term effects of early nutrient defic-
iencies, particularly those mediated by epigenetic modifi-
cations. The strategy of more timely treatment seems
relatively obvious, but implementation of such strategies
is hampered by lack of knowledge of when critical or sen-
sitive periods for any given nutrient occur in various
brain regions and the lack of biomarkers/bioindicators
that read out the nutrient status in the brain and its effect
on brain function (see next section)(31).

Conversely, exciting new data indicate that epigenetic
modifications induced by nutrient deficiencies can be
treated with dietary components such as choline that
have the capacity to reshape the epigenetic landscape
to the positive. Many of the epigenetic effects documen-
ted with nutrients revolve around methylation of either
CpG islands or histones (Table 2). These may be amen-
able to time-targeted therapy with choline, or other
potential methyl donors(32). Timed prenatal and early
postnatal choline has been shown to improve hippocam-
pal outcomes in normal rats(33), rats with fetal alcohol
exposure(34), the Down syndrome mouse(35) and mice
with the genetic mutation that causes Rett’s syn-
drome(36). The fact that multiple species with disparate
neurologic risk factors including genetic abnormalities
and toxin exposure all respond to the treatment suggests
that a fundamental biological mechanism is being
addressed(32).

Recently, our group showed that prenatal choline
delivered to iron-deficient gestating rat dams partially
reverses the suppression of BDNF mRNA and protein
expression in the hippocampus of their offspring accom-
panied by re-activation of the K4me3 epigenetic mark
and re-suppression of the inhibitory K27 mark(30). We

found that hippocampal recognition memory behaviour
(as indexed by preferential looking time) in the offspring,
which was compromised by gestational iron deficiency,
was restored by the choline treatment either in the pre-
natal or early postnatal period(37,38). Most importantly,
the rescued epigenetic, gene regulatory, protein and
behavioural findings remained present in the offspring
in adulthood suggesting that such therapies have sus-
tained and potentially permanent effects(30,31,37,38).

The effects on single genes that are important for syn-
aptic plasticity such as BDNF are exciting but genes do
not typically work in isolation to mediate neuronal activ-
ity and behaviour. Gene networks drive neurologic func-
tions and are also targeted in neurobehavioral disorders.
To that end, we utilised RNA-seq methodology to study
the effect of prenatal choline given to iron-deficient preg-
nant dams on gene networks in the hippocampus of the
offspring in adulthood. Whereas gestational iron defic-
iency had activated gene networks implicated in schizo-
phrenia, autism and Alzheimer’s disease, gene networks
implicated in autism, mood disorders and pervasive
developmental disorders were rescued by choline despite
the presence of iron deficiency(31). Trials of methyl donor
diets in other nutrient deficiency states that induce epi-
genetic changes in the brain (Table 2) have not been fre-
quently performed, but such trials present a golden
opportunity for testing therapeutic approaches that
could correct aberrant developmental trajectory courses.

The responses to pre- or postnatal choline supplemen-
tation in iron deficiency models (or for that matter any
other nutrient deficiency model) have not yet been trans-
lated directly into human subjects. Clinical trials of cho-
line for iron deficiency remain on the horizon. However,
clinical trials of pre- and postnatal choline for children
with fetal alcohol spectrum disorder(39–41) demonstrate
the feasibility of translation from the preclinical models
and the effectiveness of the therapy in human subjects.
Prenatal supplementation of heavy drinking mothers
with choline improved brain volumes and cognitive per-
formance(42). An ongoing trial of a 6-month choline v.
placebo treatment course for children aged 2–5 years
with fetal alcohol spectrum disorder shows improved hip-
pocampal and prefrontal cortex-mediated behaviours up
to 4 years post-treatment(40). The research on the positive
effect of postnatal choline supplementation in children
with fetal alcohol spectrum disorder is particularly intri-
guing with respect to iron deficiency because fetal alcohol
exposure impairs iron transport into the brain, rendering
the brain iron deficient(42,43). Direct evidence that these
effects are due to epigenetic landscape changes is not
being tested in the ongoing trial and thus one can only
hypothesise that the effects are due to those documented
in the preclinical model.

The new horizon of utilising ‘nutritional workarounds’
to correct or prevent the brain effects of nutritional defic-
its during development is particularly exciting for popu-
lations that may have restricted access to nutrients that
are critical for brain growth and development. Once
again iron can serve as an example. Iron deficiency is
the most common micronutrient deficit in the world
affecting close to 2 billion people, mostly women and
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children. The most bioavailable source of iron is meat,
which is economically out of reach for many popula-
tions. Screening for iron deficiency, if performed at all,
is done by assessment for the presence of anaemia. Yet,
research in all young mammals including human subjects
shows that the brain tissue becomes iron deficient before
anaemia is present, thus effectively rendering the brain at
long-term neurodevelopmental risk prior to diagnosis
(see next section)(44). Universal iron supplementation is
potentially dangerous in malaria endemic areas because
the parasite that causes the disease thrives on iron
found in erythrocytes; essentially iron deficiency anaemia
is protective from severe malarial disease. If time-
targeted choline treatment can reverse some, if not all,
of the untoward neurologic effects of early life iron defic-
iency, particularly without additional iron supplementa-
tion, these populations may be well served. Recent
work in cell culture models of iron deficiency in develop-
ing hippocampal neurons suggests that choline restores
dendritic structure and neuronal metabolism compro-
mised by iron deficiency even without iron treatment(45).

A significant challenge in defining nutrient–brain
interactions

As noted in previous sections, a significant limitation in
the field of nutrient–brain interactions is assessing a
nutrient’s status in the brain by assessing peripheral
blood biomarkers. Each nutrient has a hierarchy of dis-
tribution within the body and without direct access to
the brain, it is unclear which organs’ nutrient status a
biomarker measured in the peripheral blood is indexing.
This is especially problematic for detection of brain sta-
tus because that organ is insulated by the blood–brain
barrier, often with active transport occurring at that
level. Thus, the question is: How do we know whether
a change in nutrient status affects the human brain?

The burden of proof of nutrient–brain interactions has
relied on the integration of evidence across multiple levels
of assessment in pre-clinical models and linking them in a
developmentally appropriate manner to levels of evidence
available in human research. Ultimately, the outcome of
interest is neurobehavioral function in human subjects
since behaviour is the efferent expression of the brain’s
activity. Human behaviours and especially psychopatho-
logic behaviours are functions of complex circuitry that
may not be reproducible in pre-clinical animal models.
Animal models of autism and schizophrenia rarely recap-
itulate the entire clinical syndrome as seen in human sub-
jects. Conversely, certain primary fundamental behaviours
such as motor responses and recognition memory are
remarkably similar in common pre-clinical models such
as rats, mice, pigs and non-human primates as they are in
human subjects. Developmental trajectories of the brain
structures (e.g. neuroanatomy, connectivity) that subserve
these primary systems are known and the information
about timing and duration can be leveraged in asking
questions about nutrient effects during neurodevelopment.
Nutrients that have significant roles in structural develop-
ment include protein, energy, iron, copper, zinc, iodine,

vitamin B12 and choline. Structure can be analysed by
neuroimaging in human subjects and by neuroimaging
and direct inspection (i.e. microscopy) in pre-clinical mod-
els in order to draw parallels.

However, anatomy is fundamentally inert.
Behavioural function is driven by activating the anatomy
through the neurochemistry and neurometabolism of the
brain. Nutrients that affect the electrophysiology of the
brain include glucose, protein, iron, zinc, copper, iodine,
magnesium, calcium, phosphorus and common electro-
lytes among others. The brain’s electrical performance
can be assessed in human subjects via scalp surface elec-
troencephalography, particularly using functionally
linked techniques such as event-related potentials.
Preclinical models can be assessed similarly, but also
can be investigated via direct invasive in vivo and ex
vivo neuronal recording. The biochemistry underlying
the neurometabolism can be assessed in human subjects
via magnetic resonance spectroscopy as it can be in pre-
clinical models, where direct assessment can provide final
proof. Understanding mechanisms through gene regula-
tion is of importance. Pre-clinical models have shown
the profound influences of nutrients on regulation of syn-
aptic plasticity genes and gene networks during develop-
ment. While gene expression is easily assessed in
pre-clinical models because brain tissue is available, it
has generally been precluded in human subjects because
of the lack of brain tissue-based evidence.

Current approaches that assess nutrient effects do so
by measuring biomarkers of the nutrient of interest.
Typically, these biomarkers are measured in a fluid or tis-
sue that is available and poses no or minimal risk in pro-
curement from the subjects, often whole blood, plasma/
serum or urine. All reside on the proximal side of the
blood–brain barrier and may bear little or no relation-
ship to the brain’s nutrient or functional status.
‘Normal’ values are derived from population reference
values usually from large data bases. When followed
over time, available nutritional biomarkers can show
trends in nutrient status. However, the relationship of
values derived by population statistical cut-offs (e.g. ±2
standard deviations) to neurophysiologic consequences
of the nutrient on the brain is loose, at best, and thus
does not inform about the effect of the nutrient on
brain biology or function. Few, if any, nutrients have a
signature effect on brain function.

Identification and measurement of bioindicators as
opposed to or in addition to nutritional biomarkers is
an emerging field in nutritional neuroscience(46). The
goal of bioindicators is to assess whether a nutrient (or
change in nutrient status) has affected the brain’s function
by obtaining readouts of biologically plausible perturbed
physiology induced by the nutrient. Ideally, the metric
would be easily accessible (e.g. serum, urine, saliva) but
would reflect changes in brain that would be predictable
based on the nutrient’s known biological function.

For iron, detection of anaemia by measuring Hb con-
centration is currently used as the primary screening tool
for iron deficiency. Yet, extensive research indicates that
the young child’s brain iron status is compromised before
anaemia is present(44), which renders this easy to perform
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biomarker practically useless to prevent potential long-
term brain dysfunction. In contrast, two forms of bioin-
dicators that can be measured in the serum and leverage
the known brain iron biology iron from preclinical mod-
els show promise in giving a more direct view of the effect
of iron deficiency on the young brain: (1) measurement of
the ratio of products of oxidative metabolism and (2)
analysis of neurally derived exosomes.

One major effect of tissue-level iron deficiency is com-
promised oxidative metabolism and ATP generation(47)

with consequent effects on lactate and pyruvate gener-
ation. In a monkey model of spontaneous, progressive
dietary infantile iron deficiency, like what occurs in
human infants, targeted metabolomic approaches were
used to simultaneously assess serum and cerebrospinal
fluid. Parallel alterations to the citrate/pyruvate ratio in
serum and spinal fluid were found 2 months before the
onset of anaemia, indicating that brain metabolism at
this timepoint was already compromised and that this
compromise could be detected in the serum(48). This
ratio could serve as an early warning of a brain at risk
for the negative consequences of infantile iron deficiency.

Another exciting approach that has emerged utilises
neurally derived exosomes from the brain that are
found in the serum and analysed for protein or metabo-
lites. Utilising knowledge of iron deficiency effects on
brain protein and metabolic processes, one can assess
whether changes have occurred in an individual from
whom these exosomes have been sampled. The synaptic
plasticity protein, BDNF, has been measured in neurally
derived exosomes obtained from cord blood in babies at
risk for iron deficiency and found to be suppressed(49).
This approach holds promise to link bioindicators
derived from the brain and functional performance
such as recognition memory capacity, which is assessable
even in newborn infants.

While the utilisation of these bioindicators may never
extend beyond the research realm because of cost and
scalability considerations, they may be able to be linked
back to the standard biomarkers of nutrient status. In the
case of iron deficiency, these bioindicators change before
anaemia is present. The goal would be to tie them tem-
porally to pre-anaemic iron markers such as reticulocyte
Hb per cent, serum ferritin or percentage of total iron-
binding capacity saturation and utilise those markers as
the scalable indices of brain iron status.

Summary

The field of nutritional neuroscience is rapidly developing
with a goal of understanding how nutrients affect brain
development. Nutrient effects on the brain depend on tim-
ing, dose and duration of the nutrient perturbation(50).
The timing includes consideration of the nutrients
required for critical periods of regional brain development.
Certain nutrients have a high impact on early brain devel-
opment and the effects of nutrient perturbations can last
long after the nutrient status has normalised. The long-
term effects are the true cost to society. Nutritional solu-
tions beyond repleting deficits may be possible by

leveraging emerging nutrient–brain biology. Ultimately,
to judge the impact of nutrient perturbations or interven-
tions it will be necessary to assess specific effects on brain
function in human subjects.
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