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1. Introduc�on

In today’s compe��ve era every parent wants his 
child to be outstanding not only in studies but also 
in extracurricular ac�vi�es. Thus cogni�ve, social, 
and emo�onal behavioural development has 
become the right of every child.

One of the most important organs in the body, the 
brain, requires a high level of nutri�on to func�on 
op�mally. During development, proper maternal 
and infant nutri�on are needed to ensure that the 
neural substrates are lain down with integrity.

The sequelae of nutrient deficiencies depend on 
�ming, dose, and dura�on: at what point in 
development, did the deficiency occur; how severe 
was it; and how long did it last? Each nutrient has its 
own period when its lack can cause developmental 
issues; this period of early Brain Development is 
known as a sensi�ve period. That is, the individual 
is especially sensi�ve to a deficiency of a specific 
nutrient at a specific �me. If the deficiency is severe 
and long las�ng, the issues can be devasta�ng and 
irreversible.

There  are  d ifferent  aspects  o f  bra in 
development like cogni�ve, social, and 
emo�onal parts of the brain, which con�nue to 
develop across the lifespan. However, the 
brain’s growth and development path is 
heterogeneous across �me.

Maximum of brain’s ul�mate structure and 
capacity is shaped early in life before the age of 
3 years . The iden�fica�on and defini�on of 

1

this par�cularly sensi�ve �me period has 
sharpened the approach that public policies 
are taking related to promo�ng healthy brain 
development.

Failure to op�mize brain development early in 
life appears to have long-term consequences 
with respect to educa�on, job poten�al, and 

2
adult mental health . These long- term 
consequences are the “ul�mate cost to 
society” of early life adversity.

There are various factors that influence early 
brain development; three of the most 
important factors are reduc�on of toxic stress 
and inflamma�on, presence of strong social 
support and secure a�achment, and provision 

3of op�mal nutri�on .

Approximately 22 days a�er concep�on, the 
neural plate begins to fold inward, forming the 
neural tube, which eventually becomes the 
brain and spinal cord. Adequate nutri�on is 
necessary from the beginning, with the 
forma�on of the neural plate and neural tube 
affected by nutrients such as folic acid, copper, 
and vitamin A. Seven weeks a�er concep�on, 
cell division begins within the neural tube, 
crea�ng nerve cells (neurons) and glial cells 
(cells that support neurons). A�er a neuron is 
created, it migrates to its place in the brain, 
where it then grows axons and dendrites 
projec�ng out from its cell body. 

These branching projec�ons make connec�ons 
with other cells, called synapses, through 
which nerve signals travel from one cell to 
another. These neurodevelopmental processes 
beg in  dur ing  gesta�on and  con�nue 
throughout infancy. Groups of neurons form 
pathways, which are refined through the 
programmed el imina�on of  cel ls  and 
connec�ons. About half of all the cells that are 
produced in the brain are subsequently 
el iminated throughout chi ldhood and 
adolescence. Synapses are also overproduced 
and then selec�vely eliminated. Some of this 
refining of neural pathways depends on the 
child's experience, or in other words, input 
from the child's environment. 

Cells and connec�ons that are ac�vated, are 
retained and strengthened while those that are 
not used are eliminated. This is thought to be 
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one of the primary mechanisms of brain 
plas�city, allowing the brain to organize itself to 
adapt to the environment and reorganize itself 

4to recover from injury during development.

This quarterly medical review focuses on the 
micronutr ient  requirement  for  bra in 
development, discussing basic principles by 
which nutrients regulate brain development 
during that �me period, and presen�ng the 
human evidence that underscores the 
importance of sufficiency of several key 
nutrients early in life in ensuring op�mal brain 
development.

Clinicians have placed more importance on the 
“first 1000 days” and “0–3” (years) as golden 
opportuni�es to influence child outcome. The 
first 1000 days correspond roughly to the �me 
from concep�on through 2 years of age. 
However, a closer examina�on of the trajectory 
o f  a n a t o m i c a l  a n d  f u n c � o n a l  b r a i n 
development combined with clinical and 
e p i d e m i o l o g i c a l  s t u d i e s  o f  n e u r o -
developmental outcome suggests a slightly 

1,3broader window extending to three years.  
Brain comprised of mul�ple anatomical 
regions and processes (eg, myelina�on), each 

1
with unique developmental trajectories.  
Many of these regions have developmental 
trajectories that begin and accelerate in foetal 
life or shortly a�er birth. For example, 
myelina�on abruptly increases at 32 weeks 
gesta�on and is most ac�ve in the first 2 

1p o s t n a t a l  y e a r s .  T h e  m o n o a m i n e 
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neurotransmi�er systems involved in 
media�ng reward, affect, and mood begin their 

5development pre-natal , con�nuing at a brisk 
pace un�l at least age 3 years.

The hippocampus, which is crucial for 
media�ng recogni�on and spa�al memory 
begins its rapid growth phase at approximately 
32 weeks gesta�on, con�nuing for at least the 

1,6first 18 postnatal months.  Even the prefrontal 
cortex, which orchestrates more complex 
processing behaviours, such as a�en�on and 
mul�-tasking, has the onset of its growth spurt 
in the first 6 postnatal months. Keeping brain 
areas on developmental trajectory is cri�cal 
not only for promo�ng behaviours served by 
the individual regions, but also more 
importantly, to ensure �me-coordinated 
development of brain areas that are designed 
to work together as circuits that mediate 

7
complex behaviors.

Early l ife events, including nutri�onal 
deficiencies and toxic stress, can have 
differen�al effects on developing brain regions 
and processes based on the �ming, dose, and 

8dura�on of those events.  The importance of 
9�ming in par�cular should be underscored.  As 

noted, the �ming of peak rates of development 
of the hippocampus and prefrontal cortex 
differ. The �ming of an adverse environmental 
event that, for example, affects neuronal 
dendri�c arboriza�on will determine whether 
the hippocampus or the prefrontal cortex 
sustains greater damage and compromise of 
func�onal integrity. The earlier the insult, the 
more likely the hippocampus will be affected 

more than the prefrontal cortex. In a brain 
circuit that requires balanced hippocampal and 
prefrontal input (e.g., the ventral tegmental 
area loop), such imbalance can result in 
significant behavioural pathology, such as 

1 0sch i zophren ia .  Neurosc ien�sts  and 
psychologists use terms such as “cri�cal 
period” and “sensi�ve period” to describe �me 
epochs of opportunity and vulnerability. 
Cri�cal periods are typically conceptualized as 
early-life epochs when altera�ons to brain 
structure or func�on by an environmental 
factor (eg, nutri�on) result in irreversible long-

11term consequences.  Sensi�ve periods imply 
an epoch when the brain (or brain region) is 
more vulnerable to environmental factors, 
including nutrient deficiencies, but when the 

12
effect is not necessarily determinis�c. 

The term “sensi�ve period” can also be used in 
a posi�ve manner to describe �mes when the 
brain may be par�cularly recep�ve to posi�ve 
nutri�onal or social s�mula�on. Both concepts 
rely on the observa�on that the young, rapidly 
developing brain is more vulnerable than the 
older brain, but also retains a greater degree of 
plas�city (eg, recoverability). Over �me, the 
dis�nc�on between cri�cal and sensi�ve 
periods has become blurred as more research 
emerges.

Although the dis�nc�on may become less 
meaningful, either concept emphasizes the 
need for paediatricians to focus on making sure 
the child is receiving adequate nutri�on to 
promote normal brain development in a �mely 

13fashion.
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Basic Principles of Early Nutri�on Effects on Brain Development

The suscep�bility of a developing brain 
process, region, or circuit to an early life 
nutrient deficit is based on two factors: the 
�ming of the nutrient deficit and the region’s 
requirement for that nutrient at that �me. For 
example, the risk of iron deficiency varies with 
pediatric age.

Peak incidences are seen in the fetal/newborn 
period, 6 - 24 months of age, and during the 
teenage years in menstrua�ng females. Each of 
these epochs has different iron-dependent 
metabolic processes occurring in the brain. 
Thus, the behavioral phenotype of iron 

14deficiency varies by the child’s age.  This type 
of �ming and dose/dura�on informa�on can 
be leveraged to change clinical prescrip�on of 
certain nutrients. For example, consensus 
panels determining maternal requirements for 
fo l i c  a c i d  i n  p re g n a n c y  b a s e d  t h e i r 
recommenda�ons on knowledge of the biology 
of folic acid in the developing fetal brain and 

15long-term infant outcome.

All nutrients are important for brain growth 
and func�on, but certain ones have par�cular 
ly significant effects during early development. 
The effect of a nutrient deficit on the 
developing brain will be largely driven by the 
metabolic physiology of the nutrient, ie, what 
processes it supports in brain development and 
also by whether the deficit coincides with a 
cri�cal or sensi�ve period for that process. Key 
nutrients for brain development are defined as 
those for which deficiency that is concurrent 
with sensi�ve or cri�cal periods early in life 
results in long term dysfunc�on.

Biological proof of single nutrient effects on 
brain development are difficult to demonstrate 
in young children because of the subtlety and 
variability (based on �ming) of nutrient effects, 
the limited behavioral repertoire of the 
youngest, most vulnerable children, the lack of 
brain �ssue evidence of nutrient sufficiency or 
deficiency, the co-occurrence of mul�ple 
nutrient deficits in many at-risk popula�ons, 
and non-nutri�onal confounding variables 
such as poverty and stress. 

Observa�onal studies dominate the literature, 
but even randomized control trials (RCTs) are at 
r i s k  fo r  m i s a � r i b u � o n  o f  e ffe c t s  o r 
misinterpreta�on of lack of effects because of 
viola�ons of various nutrient-brain interac�on 
principles outlined above.

Another scien�fic approach to the problem is 
cross-disciplinary, transla�onal research that 
depends on combining pre-clinical and human 
studies. This approach makes the assump�on 
that basic biological principles of nutrient-
brain interac�ons are conserved across 
species. This approach has the advantage of 
controlling for poten�al confounding variables 
in order to isolate the effect of the nutri�onal 
variable of interest. The risk, however, is in 
failing to accurately relate the preclinical 
model’s nutri�onal metabolism and brain 
development to the human.

In the following sec�on, we highlight key 
nutrients that are cri�cal in brain development 
in the first 1,000 days of life by presen�ng both 
human and pre-clinical data that underscore 
their significant impact. These deficiencies, 
and thus likely also their harmful effect on 
neurobehavioral development, are most 
prevalent in low- and middle- income 
countries, although they persist in high-risk, 
e.g., low-income, refugee, food-insecure, 
popula�ons in high-income-countries as well.
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Cri�cal Processes During Neurodevelopment Affected by Specific Nutrients

Neurologic
Process

Cell Type Func�on Nutrient
Example

At Risk During
Late Gesta�on
and 0–3 y

Anatomy

Neuron Division
(Neurogenesis)
Migra�on
Differen�a�on
(Neurite 
outgrowth;
synaptogenesis)

Protein,
Carbohydrates,
Iron, Copper, Zinc, 
LC-PUFA, Iodine, 
Vitamin A, 
Vitamin B6,
Vitamin D, Vitamin C

Global,
Hippocampus,
Striatum,
Cortex, Re�na

Oligodendrocyte Myelina�on Protein,
Carbohydrates,
Iron, Iodine,
Selenium, Zinc,
Vitamin B6,
Vitamin B12

Global

Chemistry

Neurologic
Process

Cell Type Func�on Nutrient
Example

At Risk During
Late Gesta�on
and 0–3 y

Neuron
Astrocyte

Neurotransmi�er
Concentra�on,
Receptor, reuptake

Protein, Iron,
Iodine, Copper,
Zinc, Selenium,
Choline, Vitamin
B6, Vitamin D

Global,
Hippocampus,
Nucleus,
Accumbens,
VTA, Cortex,
Cerebrellum

Physiology
&
Metabolism

Neuron
Oligodendrocyte

Electrical
Efficiency

Glucose, Protein,
Iron, Iodine, Zinc,
Choline, Copper

Global



6

Nutrients that affect 
early brain development

Growth failure is one of the most common 
manifesta�ons of malnutri�on worldwide. In 
its fetal form, it is referred to as intrauterine 
growth restric�on (IUGR), typically defined as 
fetal weight less than the 10th percen�le for 
gesta�onal age. It is likely that mul�ple 
nutrients, both macro- and micro-, are 
compromised in IUGR. Poorer developmental 
outcome following IUGR may thus be due to 
protein or energy undernutri�on, deficiencies 
of key micronutrients, or both.

Consensus panels agree that IUGR and 
postnatal growth failure in the first three years 
profoundly affect neurodevelopment. One 
recent systema�c review of 38 studies found 
that children with IUGR born at 35 weeks of 
gesta�on or later scored 0.5 standard devia�on 
units lower across all neurodevelopmental 

16
assessments.  This difference was 0.7 standard 
devia�on units in children with IUGR born 
before 35 weeks gesta�on.

Two individual landmark studies in the 1970’s 
and 1980’s in four Guatemalan villages by 
Polli� et al demonstrated the importance of 
macronutrients, specifically protein, during the 
prenatal period and early childhood in 

17achievement of full developmental trajectory.  

Ear ly  postnata l  growth i s  a l so  a  key 
determinant. Linear growth rate before, but 
not a�er 12 months of age, and infant weight 
before four months of age significantly predicts 
child intelligence quo�ent (IQ) at age 9 years. 
Neither child linear growth nor weight a�er 12 
months is associated with child IQ nine years 

18
late.

Pre-clinical models of early life malnutri�on 
indicate that protein or protein-energy 
restric�on results in smaller brains with 
reduced RNA and DNA contents, fewer 
neurons, simpler dendri�c and synap�c head 
architecture, and reduced concentra�ons of 

19,20
neurotransmi�ers and growth factors.  IUGR 
modifies the epigene�c landscape of the brain, 

Proteins
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providing a poten�al mechanism for long-term 
21neurodevelopmental effects. 

The impact of supplementa�on with long-
chain polyunsaturated fa�y acids (LC-PUFA) - 
par�cularly docosahexaenoic acid and 
arachidonic acid during gesta�on, lacta�on, 
and early childhood on childhood cogni�on has 
been extensively reviewed. Gesta�onal and 
early postnatal LC-PUFA supplementa�on has 

been associated with improved cogni�on and 
a�en�on in some studies, but meta-analyses 

22,23report mixed findings.  Nevertheless, a 
recent study found that the benefit of LC-PUFA 
given in the first year may not be apparent un�l 

24
a�er 3 to 6 years of age,  emphasizing the 
importance of extending the observa�on 
period of nutri�onal studies to accommodate 
longitudinal follow-up beyond early childhood.

DHA

DHA  makes all the difference
Without DHA, a baby's brain, spinal cord 
and eyes cannot develop properly, so it's 
vital throughout pregnancy and while 
breas�eeding. Unfortunately, women limit 
their consump�on of fish during pregnancy. 
As a result, many moms-to-be struggle to 
get the DHA they and their babies need.

Preclinical models show that DHA is necessary 
for neurogenesis and neuronal migra�on, 
membrane fa�y acid composi�on and fluidity, 

25and synaptogenesis.  The LC-PUFAs have a 
p ro fo u n d  e ffe c t  o n  m o n o a m i n e rg i c , 
cholinergic, and GABA-ergic neurotransmi�er 
systems. In par�cular, the visual system and 
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areas of the prefrontal cortex that mediate 
a�en�on, inhibit ion, and impulsivity are 
targets of early PUFA status in non-human 

2 6
primate models.  LC-PUFAs modify the 
epigene�c landscape of the brain, conferring 

27
poten�al long-term effects.

The omega-3 fa�y acid DHA (22: 6n-3) is 
integral to cellular and neural func�on as it and 
other fa�y acids comprise the phospholipid 
bilayer. The foetus requires high amounts of 

27maternal fa�y acids.  The demand is highest in 
the 3rd trimester, and mul�ple maternal 
pathways are upregulated to insure sufficient 

28,29
supply.  

Maternal DHA stores are mobilized in the 3rd 
trimester of pregnancy; maternal circula�ng 
levels of DHA decline progressively across 
pregnancy such that toward the end of 
pregnancy, maternal plasma levels of DHA are 

30
very low.  At birth, DHA levels in the infant are 

31
typically higher than in the mother,  sugges�ng 
preferen�al transfer of DHA to the foetus. 

Maternofoetal transfer takes precedence over 
the maintenance of maternal DHA levels. 
Whether there are any effects of maternal 
supplementa�on with fa�y acids on infant 

cogni�on has been called into ques�on by 
32,33

systema�c reviews.  Maternal DHA studies 
(supplementa�on or associa�ve designs) have 
been completed with mixed results. Posi�ve 
effects have been found on infant problem-

3 4 3 5solv ing ,  preschool-age processing ,  
36elementary-age verbal abili�es  and full scale 

37
IQ , whereas no effects were found on global 

38-43
cogni�ve func�on,  recogni�on memory, 

44 39,40 45
visual acuity,  language,  a�en�on , or 

45
working memory/inhibitory control.  Nega�ve 
effects have been reported on mathema�cal 

36abili�es.  

However, posi�ve effects have been found in 
46

the reduc�on in risk of neurological disorders,  
4 7language disorders , au�sm spectrum 

48disorder , and developmental delays. Taken 
together, no defini�ve conclusions can be 
drawn from the maternal supplementa�on 
literature.
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There are poten�al confounding variables that 
may help explain the lack of consistency in the 
results of fa�y acid supplementa�on studies. 
First and foremost, posi�ve effects of 
gesta�onal supplementa�on have been found 
longitudinally when the offspring reach school 

49age.  It is possible that the effects of DHA on 
the foetal brain do not become apparent un�l 
the higher order cogni�ve abili�es known as 
execu�ve func�ons (i.e., working memory, 
inhibitory control, planning, etc.) begin to 
come online. 

In addi�on, the seeming lack of discernable 
effects in the early months of life could be 
because the researchers u�lize global 
assessments rather than assessing specific 
cogni�ve effects, such as hippocampal 

50func�on. Indeed, Levitsky and Strupp,  in a 
m e t a - a n a l y s i s ,  fo u n d  t h a t  n u t r i � o n 
deficiencies do not result in whole-brain issues, 
but rather have very specific effects in the 
h i p p o c a m p u s ,  c e r e b e l l u m ,  a n d 
neurotransmi�er func�on. Thus, trials should 
be conducted based on hypotheses of specific 
effects on cogni�on. 

Another confounder in the trials is the 
significant gene�c component, which has 
historically been an unobserved variable in 
fa�y acid studies. Mammals have the ability to 
metabolize DHA from the fa�y acids found in 
plants. The enzymes for the metabolic steps are 
coded by the FADS gene complex. Certain 
single nucleo�de polymorphisms have been 
related to less than op�mal ac�on of this.

Iron

More than 50 studies in humans including 
observa�onal studies, supplementa�on trials, 

Zinc

and iron therapy studies, demonstrate a key 
role of iron in brain development. Collec�vely, 
there is general consensus that supports the 
principle that preven�on is preferable to 
treatment of iron deficiency, and that the 
earlier the brain is protected from subop�mal 
iron status, e.g., the prenatal period and early 
infancy, the be�er.

In a set of studies in Nepal, children whose 
m o t h e r s  r e c e i v e d  i r o n / f o l i c  a c i d 
supplementa�on during pregnancy scored 
be�er on mul�ple tests of intellectual, 
execu�ve, and motor func�on compared with 

51
placebo controls.  However, subsequent 
supplementa�on of the children with iron 
between 12 - 35 months conferred no added 
benefit to children whose mothers received 

5 2i r o n  s u p p l e m e n t a � o n ,  n o r  d i d 
supplementa�on between 12–35 months have 
an effect on the intellectual, execu�ve, or 
motor outcomes of children of placebo 

53
controls.  Preclinical models demonstrate that 
the effects of iron on the developing brain 
relate to its role in hemoproteins and non-
heme enzymes that rely on the iron molecule 
for their ac�vity.

Iron is necessary for normal anatomic 
5 4 - 5 6development  of  the  foeta l  bra in ,  

myelina�on, and the development and 
func�on of the dopamine, serotonin, and 
norepinephrine systems. Iron also modifies the 

56
epigene�c landscape of the brain.

Zinc is an essen�al trace mineral for all forms of 
life because of its universal role in keeping cells 
opera�ng. Inadequate zinc intake is common, 
especially in individuals and popula�on whose 
regu lar  d iets  do  not  inc lude  read i ly 
bioavailable zinc sources or are over reliant on 
cereals (rich with zinc inhibitors). Gesta�on 
and older infancy cons�tute periods of in-
creased risk of zinc deficiency. Many preclinical 
studies  demonstrated i ts  key role  in 
neurodevelopmental processes (such as 
neurogenesis, neuronal migra�on, synap�c 
genesis, and myelina�on) and modula�on of 
intra- and intercellular signal-ing (GABAergic 
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neurons).

Studies in humans have shown that low 
maternal zinc intakes are associated with less 
focussed a�en�on in neonates and poor motor 
ac�vity in the infant at 6 months of age. Zinc 
supplementa�on trials have resulted in 
altera�on in fetal neurobehavior, be�er motor 
development in very low birth weight infants, 
more vigorous and func�onal ac�vity in 
malnourished infants and toddlers and 
improved neuropsychological func�ons in 
school age children.

Zinc deficiency affects cogni�ve development 
by altera�ons in a�en�on, ac�vity, other 
features of neuropsychological behavior and 
motor development. These effects vary by age 
and may be influenced by the care giving 
environment par�cularly the behaviour of the 
mother and the social context. The different 
neuropsychological performances should be 
assessed with respect to the development 
expected for that age as in infants and pre-
school children, measures of a�en�on span 
and ac�vity  are influenced by motor 
development for that age while concept 
forma�on, development of abstract reasoning, 
visual percep�on and short term memory are 
more cri�cal for school going children.

Zinc is essen�al for brain structure and func�on 
but to understand the associa�on between 
zinc and cogni�ve development it is important 
to determine the period most affected by zinc 
deficiency. It appears from animal studies that 
periods of brain growth and pre-adolescent 
growth spurt are most sensi�ve, however 
there is only limited data available from human 
studies. In addi�on, the threshold of severity 
for zinc deficiency that would influence 
cogni�ve performance is essen�al and would 
have major implica�ons in developing country 
se�ngs where mild to moderate zinc 
deficiency is common.

5 7 , 5 8
Meta-analyses and reviews  of zinc 
supplementa�on fail to find a significant effect 
on child cogni�on or motor development, likely 
due to a great degree of heterogeneity in the 
effect sizes and study designs. Individual 
studies, however, reveal key beneficial 

outcomes when zinc deficiency is prevented in 
early infancy and also posi�ve impact of zinc 

59,60
when given in combina�on with iron.

Preclinical models indicate that zinc is 
necessary for normal neurogenesis and migrat 
ion, myelina�on, synaptogenesis, regula�on of 
neurotransmi�er release in GABA-ergic 

61,62
neuron and ERK1/2 signaling  par�cularly in 
the fetal cortex, hippocampus, cerebellum and 

6 3t h e  a u t o n o m i c  n e r v o u s  s y s t e m . 
Behaviourally, early life zinc deficiency results 
in poorer learning, a�en�on, memory and 

64
mood.

Many previous studies have iden�fied 
numerous important roles of zinc on the 
process of neurogenesis. Several inves�gators 
have found mechanisms of neural prolifera�on 
under zinc supplementa�on or zinc-deficient 
condi�ons. In cultured cell experiments, zinc 
deficiency impairs the prolifera�on of human 
neuroblastoma cell line (IMR-32), induces 
a p o p t o s i s ,  a n d  i n h i b i t s  n e u r o n a l 
differen�a�on by re�noic acid.

Zinc is involved in the regula�on of cell growth 
via several pathways. It is essen�al for the 
enzyma�c system that governs cell division and 
prolifera�on. Zinc appears to be essen�al for 
the induc�on of cell prolifera�on by pituitary 
growth hormone (GH) and IGF-1. IGF-1 is one 
of the most cri�cal ac�vators of the protein 
kinase B (Akt) signalling pathway and it s�mula 
tes cell  growth and prolifera�on. The 
media�on of cell division by growth factors 
requires the binding of a ligand to its cognate 
receptor, which ac�vates intracellular 
signalling pathways.

Growth factor-ac�vated Akt signalling acts on 
various downstream factors that are involved 
in promo�ng G1/S and G2/M transi�on; it 
facilitates progression throughout the normal 

6 5
and unperturbed cell cycle.  Ac�vated 
Aktkinase directly/indirectly regulates various 
targete dproteins of Cyclins and Cdks that are 
involved in the func�on of cel l  cycle 

66-71progression of G1/S and G2/M transi�on.  
Zinc deficiency can result in the inhibi�on of 
neuronal cell prolifera�on secondary to an 
arrest at the G0/G1 phase of the cell cycle, 



which induces apoptosis in IMR-32 and 
neuroblastoma cells. In prolifera�ng neurons, 
zinc deficiency triggers neuronal death via the 
intrinsic apopto�c pathway.

The transcrip�on factors NF-κB, nuclear factor 
of ac�vated T-cells (NFAT), and ac�vator 
protein-1 (AP-1) play important roles in brain 
development by regula�ng the expression of 
genes that control processes, such as cell 
prolifera�on, differen�a�on, and synap�c 

72-76plas�city.  The nuclear factor-κB (NF-κB) and 
NFAT–DNA binding in nuclear frac�ons was 
significantly lower in marginal zinc diet (MZD) 

77
brains than in controls.  

Addi�onally, the DNA binding factor of NF-κB 
and nuclear factor of ac�vated T-cells was 
decreased by both severe and marginal 

77
deficiency.  NFAT is expressed in neurogenic 
regions, such as the subventricular zone (SVZ) 
and hippocampus, where one or more NFAT 
isoforms may be expressed in neural 
progenitor cells (NPCs). The inhibi�on of NFAT 

78ac�vity reduces NPC prolifera�on.  NF-κB is a 
transcrip�on factor that plays an important 
role in regula�ng the expression of genes that 
are involved in various cellular processes, 
including innate and adap�ve immune 

79,80responses, cell survival, and prolifera�on.

In zinc-related adult neurogenesis, a study of 
the role of zinc in the regula�on of adult neural 
stem cell prolifera�on has shown that a zinc-
deficient diet reduced the number of cells by 
half.

Addi�onally, zinc deficiency followed by rescue 
with adequate levels of dietary zinc in human 
neural progenitor cells (NT-2) showed p53-
mediated altera�ons in the expression of genes 
that are involved in the zinc regula�on of the 
G1 and S phases of the cell cycle.

Extracellular matrix (ECM) adhesion and 
remodelling are cri�cal for the cell migra�on of 

81
�ssues.  In par�cular, migra�ng neuroblasts 
are known to play an important role in 
expressing matrix metalloproteinase (MMP). 
MMP is a zinc-dependent proteoly�c enzyme 
that cleaves ECM components. MMP3 and 
MMP9 are expressed in neuroblasts in the 

82,83rostral migratory stream (RMS).  Blocking 
the expression or ac�vity of these MMPs 
causes chemokine induced migra�on in vitro, 
radial migra�on of the adult olfactory bulb, and 

84
striatal injury a�er stroke.  MMPs that are 
produced by ac�vated endothelial cells are 
involved in the migra�on of neural cells a�er 

85stroke.  In summary, neuroblasts can interact 
with the adult brain ECM, alter the ECM, and 
promote migra�on efficiency.

Role of zinc in neurogenesis. MMP: matrix 

metalloproteinase. ERK: extracellular signal regulated 
kinase. NFAT: nuclear factor of ac�vated T-cells. AP-1: 
ac�vator protein-1. 

Iodine

Therefore, zinc regulates mul�ple stages of 
neurogenesis, including cell prolifera�on, 
survival, migra�on, and differen�a�on.
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A major cause of childhood cogni�ve issues 
worldwide is maternal iodine deficiency. Iodine 
is essen�al (meaning that it needs to be 
acquired from the diet) and is used in the 
produc�on of thyroid hormones. During 
pregnancy, iodine requirements increase 
because there is an increased need for thyroid 
hormones (the fetal thyroid does not start 
working un�l the second trimester), for 
transfer of maternal iodine to the fetus 
throughout gesta�on, and for renal clearance 
of iodine. If a woman is severely deficient in the 
first few days or weeks of gesta�on, the result is 
cre�nism in the child, which is characterized by 
mental deficiencies, deaf mu�sm, and motor 
spasms of the arms and legs. 

The severity of the problem is dependent on 
the severity of the deficiency. It is thought that 
cre�nism is due to the inability of the mother to 
produce enough thyroid hormone in those 
crucial first few weeks when the foetal thyroid 
is not yet func�oning. Because thyroid 
hormones are involved in neurogenesis and 
neuronal migra�on as well as several other 
neuronal processes, the effects of iodine 
deficiency can be globally pervasive in the 
brain.

Iodine, a dynamic nutrient present in thyroid 
hormones, is responsible for regula�ng thyroid 
func�on, suppor�ng a healthy metabolism, 
and aiding growth and development. Iodine is 
also essen�al for brain development during 
specific �me windows influencing neurogenes 
is, neuronal and glial cell differen�a�on, 
myel ina�on,  neuronal  migra�on,  and 
synaptogenesis.

About 1.5 billion people in 130 countries live in 
areas at risk of Iodine deficiencies (IDs). 
Reduced mental ability due to IDs occurs in 
almost 300 million people. Ensuring the 
consump�on of minimum recommended daily 
allowances of iodine remains challenging. The 
effects of ID disorders range from high 
mortality of foetuses and children to inhibited 
mental development (cre�nism). Poor 
socioeconomic development and impaired 
school performance are also notable. 
Currently, ID disorders are the single greatest 
contributor to preventable brain damage in 

foetuses and infants and arrested psychomotor 
development in children. Iodized salt may help 
fulfil iodine requirements. Increases in food 
salt iodiza�on programs can help overcome ID 
disorders. Dietary plans can be well adjusted to 
incorporate iodinated foods. Maternal iodine 
supplementa�on for offspring requires 
adequate a�en�on. Fruits, vegetables, bread, 
eggs, legumes (beans and peas), nuts, seeds, 
seafood, lean meats and poultry, and soy 
products provide small quan��es of iodine. 

Nutrient-dense foods containing essen�al 
vitamins and minerals such as iodine may 
confer posi�ve effects. To some extent, 
for�fied foods and daily dietary supplements 
can be provided for different nutrients 
including iodine; otherwise, iodine may be 
consumed in less than the recommended 

86
amounts.

Iodine is found in the human body in an 
amount of 10–15 mg. Almost 70–80% of this 
iodine is available in the thyroid gland, and 90% 
of this is bound with thyroglobulin. Iodine 
confers many favourable health benefits. THs 
are able to bind with thyroid receptors in the 
nuclei of cells, and regulate gene expression 
within target �ssues, such as the brain. Brain 
development is followed by different steps of 
maximal growth velocity. In fact, one important 
phase occurs during the first and second 
trimesters between the third and fi�h months 
of gesta�on. 

This includes neuronal mul�plica�on and 
migra�on, as well as organiza�on. Another 
phase occurs from the �me of the third 
trimester to the second and third years post-
natal ly.  This  phase includes gl ia l  cel l 
mul�plica�on and migra�on, as well as 
myelinisa�on. Meanwhile, the first phase 
occurs earlier, when foetal thyroid reaches 
func�onal levels. In this phase, the adequate 
flow of THs to the developing foetus almost 
originates from the mother. However, during 
the second phase, smooth flow of THs to the 
foetus is essen�al, not only for foetal 
development. IDDs cause problems that are 
mostly irreversible. The results of ID during 
pregnancy, on pregnancy outcomes and early 
infant development, are very important. The 
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ini�al impacts of ID in the foetus may be 
commenced by  reduced maternal  T4 
transference before the onset of foetal thyroid 
func�on. In the first trimester of pregnancy, the 
foetus is reliant on maternal T4.

Type II deiodinase is found from the maternal 
T4, and thus, the developing foetal brain with 
T3, which is the ac�ve hormone and binds to 
par�cular receptors. In actuality, the main 
ac�on of foetal thyroid func�on becomes 
ac�ve in the second trimester. During birth, 
20–40% of T4 is available in the cord blood, 
which originates from the mother. This shows 
that thyroid profiles of new-borns are affected 
by mothers’ iodine profiles. ID causes 

Iodine-containing foods can contribute to 
healthy brain forma�on. TH, thyroid hormone 
Deve lopmenta l  neuropatho log ic  and 
epidemiologic data revealed that from almost 
12-14 weeks to 20-30 weeks of gesta�on could 
be the most important period wherein damage 
may occur. During 12-18 weeks, striatal and 
cor�cal neuronal prolifera�on, migra�on, and 
early forma�on of neuropil occur. 

During the same �me, cochlear development 
also occurs. These data showed that, to avoid 
cre�nism, iodine reple�on should occur within 
the first three months of pregnancy. ID can 

irreparable impairment in developing foetal 
brains. 

THs have important func�ons in various 
n e u r o b i o l o g i c a l  p r o c e s s e s .  D i e t a r y 
supplements enriched with iodine can play an 
important role that is presented in Figure. 
Deficiency of THs in the first and second 
trimesters could alter visual processing, 
a�en�on, and visuospa�al performance. 
However, during the third trimester, TH 
deficiency disturbs gross motor performance, 
memory, and motor ac�vity. Deficits in THs 
c o u l d  d i s t u r b  l a n g u a g e  a n d  v e r b a l 
development, along with a�en�on and 
memory skills post-natally.

cause reduced brain weight, and a greater 
mass of cells at the cerebral cortex and lower 
mass of cells in the cerebellum. Thus, 
neurological cre�nism mainly ini�ates from 
maternal hypothyroidism due to ID. 

More evidence has shown that even moderate 
or mild hypothyroxinaemia at the �me of 
pregnancy poten�ates the risk of neuro-
developmental deficits in offspring. Altera�ons 
in the psychomotor growth of children affected 
by ID becomes no�ceable later, at the age of 
about 2.5 years. Within the brutal ID affected 
areas, children with lower T4 levels have lower 

Seaweed

Sea fish

Yogurt
A healthy brain



performance compared with that in children 
with normal T4 levels. This is revealed in the 
results of reading, spelling, and cogni�ve 
performance tests. Low T4 levels show 
different problems like neurological changes, 
weak memory func�on, and poor learning 
performance in school based on different 
validated tests of psychomotor func�on.

Different observa�onal studies have shown 
that ID is associated with mental performance. 
Even children living in ID areas, but born in 
iodine-sufficient areas, showed be�er 
cogni�ve performance than children born and 
living in ID areas. In a comparison of learning 
ability and mo�va�on in severe and mild ID 
popula�ons, it has been revealed that children 
with severe ID are slow learners. Moreover, 
children with severe ID have poor intelligence 
quo�ents compared with those in children 

86
with mild ID.  It takes �me for the brain to 
develop to its full size. 

At the �me of birth, the brain is only about 
one-third of its full size. It proceeds to grow 
un�l the second year of life. Different studies 
have revealed that THs help supply iodine, 
which  i s  important  for  normal  bra in 
development. The con�nuing presence of ID 
affects neonatal thyroid func�on, which is a 
risk to early brain development. A greater risk 
of poor mental growth in people who have 
severe ID is later shown through the existence 
of cre�nism. ID is also important in the 
neonatal period due to increased suscep�bility 
of the thyroid gland to radioac�vity. 

Uptake of radio-iodine through the thyroid 
gland reaches its extreme values in the ini�al 
years of life. A�er that, the uptake declines 
progressively into adult life. Turnover rates of 
thyroidal iodine are higher in young infants 
than in adults; they reduce gradually with 
increasing age. To maintain normal TH levels, a 
greater rise in turnover rates is necessary in 
those with ID. Therefore, neonates and 
foetuses are significantly suscep�ble to ID. In 
addi�on, ID causes increased uptake of radio-
iodide following nuclear radia�on. By 
overcoming ID, this increased uptake can be 

86inhibited.

In ID, it has been demonstrated that fine motor 
skills, informa�on processing, and visual 
problem-solving are markedly enhanced in 
school-a�ending  children following iodine 
administra�on. Scien�fic analysis suggested 
that ID in mild to moderate levels might 
prevent children from achieving their full 
intellectual ability. 

To some extent, the intelligence quo�ent 
frequency distribu�on in seemingly normal 
children is shi�ed toward lower values. This is 
related to children who did not experience ID in 
utero because of the correc�on of deficiency in 
their mothers before or at the �me of ini�al 

86gesta�on, which is when ID is most severe.

The developing fetal brain is most suscep�ble 
to iodine deficiency during the first trimester, 
when fetal T3 produc�on depends en�rely 
upon supply of maternal T4. Severe iodine 
deficiency can result in cre�nism, marked by 
deficits in hearing, speech, and gait and IQ of 

87
approximately 30.  Iodine supplementa�on in 
early pregnancy of women at risk for iodine 
deficiency results in be�er cogni�ve outcomes 

87-89in offspring.  Preclinical studies demonstrate 
that prenatal iodine deficiency results in 
deficits in neurogenesis, neuronal migra�on, 
glutamatergic signalling, and brain weight, and 
postnatal models affect dendritogenesis, 

90,91
synaptogenesis, and myelina�on.  

Behavioural abnormali�es range from global 
abnormali�es in severe deficiency to poorer 
learning and memory, sensory ga�ng, and 

91
increased anxiety in milder deficiency.
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Clinical Implica�ons

In the pre-concep�onal period, efforts should 
focus on nutri�onal counselling for women of 
childbearing age, screening for common 
nutrient deficiencies, and maintaining a 
healthy maternal body weight. Screening for 
and trea�ng maternal iron deficiency is 
par�cularly high yield because more than 15% 
of U.S. women of childbearing age are iron-

92
deficient.  Weight management and reduc�on 
of obesity has become a target because of 
recent evidence that obesity during pregnancy 

93,94is a risk to foetal brain development.

During gesta�on, non-nutri�onal factors, 
including maternal high blood pressure, 
diabetes mellitus, and stress, can affect foetal 
brain nutri�onal status. Seventy-five percent of 
the cases of IUGR in the United States are due 
to maternal hypertension. Fi�y percent of 
infants with IUGR have low iron stores at 

95
birth ; all have protein malnutri�on. Ten 
percent of pregnancies are complicated by pre-
gesta�onal or gesta�onal diabetes mellitus; up 
to 65% of infants of diabe�c mothers are born 

96with iron stores below the 5th percen�le.  
Maternal stress has a direct effect on the foetal 
brain, but also alters how certain nutrients are 

94
trafficked in the maternal foetal dyad.

In the postnatal period, the most obvious 
nutri�onal strategy to sustain healthy brain 
development is breas�eeding. Although the 
concentra�ons of many nutrients in human 
milk are not a func�on of maternal diet, others 

97
including LC-PUFAs are.  Thus, nutri�onal 
support of the new-born includes nutri�onal 
counselling of the mother. Maintenance of iron 
and zinc sufficiency is par�cularly important. 
Even though screening for iron status in the 
new-born period is not rou�ne, awareness of 
children at risk for low iron status at birth is 
important.

Maternal milk is a poor source of divalent 
metals (e.g., zinc, iron) and will not meet the 

98
needs of the child a�er 6 months of age.  As in 
pregnancy, reduc�on of non-nutri�onal factors 
that affect nutrient absorp�on and distribu�on 
to the brain is key in the postnatal period. 

These include infec�on and inflamma�on, 
which significantly affect how protein, zinc and 
iron are processed. In the case of iron, infec�on 
increases levels of hepcidin, which reduces 
iron absorp�on, sequesters iron in the re�culo-
endothelial system, and results in func�onal 

99iron deficiency.

Children from 1 to 3 years of age are 
par�cularly vulnerable because they typically 
ingest a diet similar to that of their adult 
parents. Thus, they are suscep�ble to poor 
parental food habits and can have food 
insecurity that causes a sacrifice of quality food 

100
for food quan�ty.  Food sources for nutrients 
that  are  important  for  normal  ear ly 
development can be found in the American 
Academy of Paediatrics’ (AAP) Handbook on 

101Nutri�on  and the Academy of Nutri�on and 
102

Diete�cs website.

In low- and middle- income countries children 
between 1 and 3 years of age are at high risk of 
nutri�onal deficiency because the local cereal-
grain-based-diet is insufficient to meet the 
substan�al nutrient requirements needed to 
sustain their rapid growth. Monitoring growth 
is rou�ne, but growth failure is a late finding, 
par�cularly for micronutrient deficiencies. 
Anaemia is also a late finding for iron 
deficiency.

The AAP Handbook on Nutri�on states that 
children of that age consuming a well-balanced 
diet do not need nutri�onal supplementa�on, 
but par�cular a�en�on may need to be paid to 
vitamin and micronutrient status if the 

101
parental diet is assessed as risky.  Finally, food 
insecurity, or inadequate food due to lack of 
money or other resources, is not only a low-
income country problem, but also a common 
condi�on in the United States, where an 
es�mated 16 million children live in food-

103insecure households.  

AAP guideline emphasized the importance of 
screening for food insecurity, issuing a 2-
ques�on strategy that iden�fies a food 

1 0 3
insecure child with 97% sensi�vity.  
Iden�fica�on of food-insecure households is 
cri�cal so that appropriate referrals to 
community resources such as the Special 



Supplemental Nutri�on Program for Women, 
Infants, and Children (WIC) can be made, thus 
helping to ensure op�mal nutri�on and brain 
development from pregnancy though early 
childhood.

Indian studies on zinc levels has indicated high 
prevalence of zinc deficiency among children 
aged 6-60 months (43.8%), adolescents 

104-106(49.4%) and pregnant women (64.6%).  
Similarly, the prevalence of zinc deficiency has 
been reported to be around 52 to 58 per cent 
among tribal non-pregnant women in Central 
India. While studies carried out among 
pregnant women in Assam (12%) and children 
aged six months to five years in Punjab (18%) 

107reported lower prevalence of zinc deficiency , 
108a recently published study  projected that by 

2050, the prevalence of zinc deficiency would 
increase by 2.9 per cent due to anthropogenic 
CO2 emissions. Anthropogenic CO2 emission 
disrupts the global climate system affec�ng 
food produc�on and altering the nutrient 
profile of staple food crops and is likely to 
increase nutrient deficiencies.

Summary

Nutri�on plays an important role in brain 
development from concep�on to 3 years of 
age. That said, a few common concepts have 
emerged from the few that have been studied 
extensively and reviewed here. Timing, dose, 
and dura�on of nutrient intake is important. 
Sensi�ve periods for nutri�ve ac�on exist, and 
some may even reach the level of cri�cal 
periods, the la�er meaning that if a certain 
nutrient is not received at a par�cular �me 

(cri�cal period), the results will be profound 
and irreversible. Background gene�cs and 
epigene�cs determine the individual’s level of 
need and ability to metabolize a given nutrient. 
Not only should background gene�cs always be 
considered, but also, full considera�on should 
be given to the

prenatal nutri�onal environment. Prenatal and 
postnatal nutri�on should match as the fetus is 
most l ikely (and ideally)  programmed 
epigene�cally for a world that will provide a 
similar nutri�onal experience. Nutrients do not 
appear in nature in isola�on. Thus, it is safe to 
assume that they do not work in isola�on.

Children adequately nourished are more likely 
to reach their developmental poten�al in 
cogni�ve, motor, and socio-emo�onal abili�es, 
with posi�ve societal repercussions. The 
restricted development of these skills during 
early  l i fe  increases the r isk  for  later 
neuropsychological problems, psychiatric 
illnesses, poor school achievement, early 
school dropout, low-skilled employment, and 
poor care of future children.

Public health policies should emphasize access 
to quality food for pre-concep�onal, pregnant, 
and lacta�ng women. Guidelines should 
support breas�eeding for infants during the 
first year and more oversight of the quality of 
food that children are offered from 1 to 3 years, 
when they are most vulnerable to the vagaries 
of parental diets. Obtaining dietary histories, 
screening for food insecurity and ac�ve 
teaching of parents are crucial steps the 
prac��oner can implement at the personal 
level. 
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Feedback form: April - June 2021

Role of Micronutrients in Brain Development: 
Way forward to strong cognitive enhancement.

Dear Doctor,

Several micronutrient deficiencies affect func�onal, par�cularly cogni�on and physical performance 
of children. Iden�fying and preven�ng sub-clinical deficiencies may be important so that adverse 
outcomes on func�onal performance by these deficiencies are prevented. This is especially relevant 
in a developing country such as India, which faces the dual burden of malnutri�on and where the 
prevalence of these deficiencies is high. One of the most important organs in the body, the brain, 
requires a high level of nutri�on to func�on op�mally. During development, proper maternal and 
infant nutri�on in the form micronutrients play a very important role in cogni�ve development. This 
review highlights the importance of micronutrients that have an effect on cogni�ve performance in 
children.

It is indeed a pleasure to present to you this QMR issue by Dr Dr. Mridula Cha�erjee, renowned 
Paediatrician. In this issue, he is enlightening us on “Role of Micronutrients in Brain Development: 
Way forward to strong cogni�ve enhancement.”

I signoff by once again reminding you to con�nue sending your comments and sugges�ons regarding 
the QMR. Do write to me at rahul.badwaik@raptakos.com with your write-ups, notes or �tbits on 
various topics of interest that can make for informa�ve and interes�ng reading. 

Dr. Rahul Badwaik
Vice President - Medical


