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Abstract

Early childhood is a critical developmental period characterized by rapid physical growth, accelerated brain maturation, and the
establishment of cognitive and behavioral functions. Adequate nutrition during this period provides the foundation for optimal
development by supplying essential nutrients required for cellular growth, neurological organization, immune function, and
metabolic regulation. While macronutrients provide energy and structural components, micronutrients serve as biological
regulators that influence multiple developmental pathways. Deficiencies of key micronutrients during early life may compromise
physical growth, impair neurodevelopment, and negatively influence learning ability, emotional regulation, and behavioral
outcomes. The Body—Brain—Behavior (3B) Axis provides an integrated framework for understanding how nutrition influences
whole-child development. This approach recognizes that physical growth, brain maturation, and behavioral regulation are
interconnected processes driven by common nutritional and biological pathways. Among essential micronutrients, iron, zinc,
iodine, and docosahexaenoic acid (DHA) have emerged as critical contributors to early childhood development. Iron supports
oxygen transport, mitochondrial energy production, DNA synthesis, myelination, and neurotransmitter metabolism, particularly
dopamine pathways involved in attention, motivation, and learning. Zinc plays essential roles in cellular growth, immune
regulation, neuronal communication, synaptic formation, and neuroplasticity. lodine is required for thyroid hormone production,
which regulates neuronal migration, brain growth, myelination, and synaptic development. DHA, a long-chain omega-3 fatty
acid and major structural component of neuronal membranes, contributes to synapse formation, neural connectivity, visual
development, memory, and cognitive function. Importantly, micronutrients do not act independently; rather, they function
synergistically through interconnected biological pathways. Adequate availability of multiple micronutrients supports healthy
growth, optimal brain architecture, and adaptive behavioral development, whereas deficiencies may create cascading effects
across the Body—Brain—Behavior domains. This review discusses the biological mechanisms through which iron, zinc, iodine,
and DHA influence early childhood development and highlights their importance in supporting physical growth,
neurodevelopment, cognitive performance, and behavioral regulation. Understanding these relationships reinforces the
importance of micronutrient-focused nutritional strategies during the first years of life to maximize developmental potential and
support lifelong health outcomes.
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1. Introduction

Early childhood represents one of the most dynamic periods
of human development, during which biological systems un-
dergo rapid transformation. Growth of body tissues, matura-
tion of the immune system, development of neural networks,
and emergence of cognitive and behavioral abilities occur
simultaneously during this period. The nutritional environ-
ment during early life therefore plays a fundamental role in
determining developmental outcomes [1].

Historically, child health assessment has primarily focused

on physical indicators such as weight, height, and growth ve-
locity. Although these measurements remain important, they
provide only a partial understanding of developmental pro-
gress. Modern nutritional science recognizes that optimal de-
velopment extends beyond physical growth and includes cog-
nitive capacity, emotional regulation, attention, learning abil-
ity, and social interaction [2].

The Body-Brain—Behavior (3B) framework emphasizes
that child development occurs through the interaction of three
interconnected domains:

Table 1. Body—Brain—Behavior (3B) framework.

Domain Biological Focus

Body Growth, immunity, bone formation, energy metabolism

Brain Neurogenesis, synapse formation, myelination, neural connectivity
Behavior ~ Neurotransmitter balance, emotional regulation, social interaction

Nutrition represents the common biological input connect-
ing these three domains. A nutritional deficiency rarely affects
only one system because many micronutrients participate sim-
ultaneously in growth, neurological function, and behavioral
regulation [3].

The first 1,000 days, beginning from conception through
the first two years of life, represent a particularly important
period because the brain undergoes rapid structural and func-
tional development. During this stage, nutrients such as iron,
zinc, iodine, and DHA are required for processes including
neuronal differentiation, synapse formation, myelination, and
neurotransmitter synthesis. Micronutrient deficiencies remain
a significant global challenge, particularly among vulnerable
populations. Evidence suggests that inadequate micronutrient
availability during early development may influence not only
immediate health outcomes but also long-term cognitive and
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Developmental Outcomes

Physical health and resilience
Learning, memory, cognition

Attention, mood, adaptive behavior

behavioral trajectories. This review explores the significant
role of iron, zinc, iodine, and DHA in early childhood devel-
opment and examines how these micronutrients influence
Body-Brain—Behavior outcomes through biological mecha-
nisms [4].

2. The Body-Brain—-Behavior Axis:
A Nutritional Framework for
Development
The Body-Brain—Behavior Axis describes the intercon-
nected biological relationship between nutritional status,

physiological development, neurological maturation, and be-
havioral outcomes.
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Table 2. Micronutrients Across Body—Brain—Behavior Domains [5].

Micronutrient ~ Body Effects

Iron Oxygen transport, energy metabolism, immunity
Zinc Growth, immune function, tissue development
lodine Thyroid hormone synthesis

DHA Cell membrane development

The integrated framework highlights that growth is not
complete when physical parameters alone improve. Optimal
development requires coordinated progress across physical,
neurological, and behavioral domains.

3. Biological Mechanisms Linking
Micronutrients with
Body-Brain—-Behavior Outcomes

Micronutrients influence early childhood development
through multiple biological pathways involving cellular
growth, energy metabolism, neurological maturation, neuro-
transmitter regulation, and hormonal control. During early life,
the developing brain requires continuous availability of essen-
tial nutrients to support neurogenesis, synaptic formation, my-
elination, and functional connectivity. Deficiencies during this
critical period may interfere with both structural brain devel-
opment and behavioral outcomes [6].

3.1. Iron: A Key Regulator of Brain Energy,
Myelination, and Cognitive Function

Iron is one of the most important micronutrients required
for early childhood development. Although traditionally rec-
ognized for its role in hemoglobin formation and oxygen
transport, iron also performs several critical neurological
functions [7].

Iron supports oxygen transport by ensuring adequate oxy-
gen delivery to rapidly developing tissues, including the brain.
It is also essential for mitochondrial energy production, which
enables cellular energy generation and supports neuronal me-
tabolism. In addition, iron contributes to myelination, promot-
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Brain Effects Behavioral Effects

Attention,
motivation, learning

Myelination, neurotransmitter synthesis,
cognition

Emotional regula-

Synaptic formation, neuronal signaling tion

Cognitive perfor-

Brain maturation and neural development
mance

Memory and atten-

Synapse formation, neural connectivity tion

ing the formation of myelin that improves communication be-
tween neurons. Iron also plays an important role in neurotrans-
mitter synthesis by participating in dopamine, serotonin, and
norepinephrine pathways.

The developing brain has high metabolic demands, making
sufficient iron availability essential for optimal neuronal func-
tion. lron contributes to hippocampal development, myelin
formation, and neurotransmitter regulation [8].

Early-life iron deficiency may negatively influence atten-
tion and concentration, learning ability, memory development,
psychomotor development, and emotional and behavioral reg-
ulation. Iron deficiency during infancy has been associated
with altered cognitive and behavioral outcomes, highlighting
the importance of maintaining adequate iron status during crit-
ical periods of brain development [9].

3.2. Zinc: Supporting Growth, Immunity, and
Neural Development

Zinc is an essential trace element involved in cellular
growth, immune function, and neurological development. It is
highly concentrated in brain regions associated with learning
and memory, including the hippocampus and cerebral cortex
[10].

Zinc contributes to DNA synthesis, cell division, protein
synthesis, immune regulation, neuronal communication, syn-
aptic formation, and neural plasticity. During brain develop-
ment, zinc supports neuronal differentiation, neuronal migra-
tion, synapse formation, and neurotransmitter regulation.

Zinc deficiency during early life may affect physical growth,
immune resilience, cognitive development, and emotional
regulation. Experimental and clinical evidence demonstrates
that zinc plays an important role in maintaining normal central
nervous system development [11].
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Figure 1. Impact of Zinc Deficiency with Long-term Consequences [12].

3.3. lodine: The Thyroid-Brain Development
Connection

lodine plays a fundamental role in early childhood develop-
ment through its essential role in thyroid hormone synthesis.
Thyroid hormones regulate several developmental processes
that are crucial for brain maturation [13].

lodine supports thyroid hormone production, which regu-
lates neuronal migration, promotes myelination, supports syn-
aptic development, and influences overall brain growth and

maturation. Thyroid hormones are particularly important dur-
ing fetal life and early childhood, as the nervous system un-
dergoes rapid structural organization during these critical de-
velopmental periods [14].

Inadequate iodine status may negatively affect cognitive
development, learning capacity, neurological maturation, and
intellectual potential. Evidence indicates that iodine defi-
ciency can impair neurodevelopment because thyroid hor-
mones serve as key regulators of neuronal growth, differenti-
ation, and brain development [15].
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Figure 2. Vitamins, minerals and their maternal levels' role in brain development [16].

3.4. DHA: A Structural Foundation for Brain
Development

Docosahexaenoic acid (DHA) is a long-chain omega-3 fatty
acid that serves as an important structural component of neu-
ronal membranes. The developing brain accumulates signifi-
cant amounts of DHA during early childhood, highlighting its
essential role in neural growth and function [17].

DHA supports neuronal membrane structure by enhancing
membrane fluidity, facilitating neural signaling, promoting
synaptic development, and supporting visual maturation. It
also influences pathways involved in learning and memory.
Through these functions, DHA contributes to the formation
and maintenance of neural networks responsible for cognition,
attention, and memory processes [18].

Adequate DHA availability during early childhood supports
brain connectivity, learning readiness, memory formation,

cognitive performance, and visual development. Recent evi-
dence continues to explore the role of DHA supplementation
in neurodevelopment, suggesting that DHA is biologically im-
portant for brain development, although outcomes may vary
depending on nutritional status, timing of intake, and popula-
tion characteristics [19].

3.5. Nutrient Synergy: Why Multiple
Micronutrients Matter

Child development depends on the combined effects of
multiple nutrients rather than isolated micronutrients. The bi-
ological pathways involved in growth and neurodevelopment
are interconnected, meaning that deficiencies often occur to-
gether and influence overlapping systems [20].

Together, these nutrients create a supportive biological en-
vironment required for optimal development across the Body—
Brain—Behavior domains [21].

Table 3. Nutrient Synergy in Body—Brain—Behavior Development.

Micronutrient Primary Biological Contribution

Iron
zZinc

lodine
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Oxygen transport, energy metabolism, neurotransmitter synthesis
Growth, immunity, neuronal signaling, synaptic function

Thyroid hormone production and brain maturation
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Micronutrient Primary Biological Contribution

DHA Neuronal membrane structure, connectivity, cognition
B-vitamins Energy metabolism and neurological function
Vitamin D Bone development, immunity, cellular signaling
Magnesium Neural regulation and stress response

4. Applying the Body—Brain—Behavior Approach in Practical Experience

The Body—Brain—Behavior framework provides healthcare professionals with a broader perspective for evaluating child de-
velopment. Nutritional assessment should extend beyond physical growth indicators and include developmental milestones, cog-

nitive function, and behavioral outcomes [22].

Table 4. Clinical Application of the 3B Framework [23, 24].

Domain Clinical Focus

Body Growth, immunity, physical development
Brain Learning, memory, neurodevelopment
Behavior Attention, mood, social interaction

A comprehensive approach allows healthcare professionals
to identify nutritional risks earlier and provide targeted nutri-
tional guidance [25, 26].

Child development depends on the combined effects of
multiple nutrients rather than isolated micronutrients.

5. Conclusion

Micronutrients are essential biological regulators that shape
early childhood development by influencing physical growth,
brain maturation, and behavioral regulation. The evidence
highlights that iron, zinc, iodine, and DHA play distinct yet
interconnected roles across the Body—Brain—Behavior Axis,
supporting processes such as cellular growth, immune func-
tion, neurotransmitter regulation, synaptic development, my-
elination, and cognitive performance. Adequate micronutrient
availability during early life, particularly throughout the first
1,000 days, provides the foundation for healthy growth trajec-
tories and optimal developmental outcomes. Evidence from
systematic reviews indicates that early-life micronutrient in-
terventions can improve nutrient status, particularly iron and
zinc status, although effects on broader developmental out-
comes may vary depending on timing, population characteris-
tics, and nutritional context. A comprehensive nutritional ap-
proach that considers multiple micronutrients rather than iso-
lated nutrients is essential because childhood development de-
pends on coordinated biological pathways [27, 28]. Iron sup-
ports oxygen delivery and neurotransmitter metabolism, zinc
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Nutritional Consideration

Protein, iron, zinc, calcium, vitamin D
DHA, iron, iodine, zinc, B-vitamins

Iron, DHA, zinc, magnesium

contributes to growth and neuronal signaling, iodine enables
thyroid-mediated brain maturation, and DHA supports neu-
ronal structure and connectivity. Together, these nutrients
contribute to healthy physical growth, improved brain devel-
opment, enhanced learning and memory, attention regulation,
and emotional wellbeing. The Body—Brain—Behavior frame-
work provides a practical and holistic approach for healthcare
professionals to understand and communicate the importance
of early-life nutrition. By integrating nutritional assessment
with growth monitoring, developmental evaluation, and be-
havioral observation, healthcare providers can better identify
nutritional risks and support individualized strategies to opti-
mize child development. Ultimately, ensuring adequate intake
of essential micronutrients during early childhood represents
an important investment in lifelong health, cognitive potential,
and overall wellbeing.

Author Contributions

Mohammad Mahmudul Hasan: Conceptualization, For-
mal Analysis, Investigation, Methodology, Project admin-
istration, Supervision, Validation, Writing — original draft,
Writing — review & editing

Monjurul Ahsan: Conceptualization, Data curation, For-
mal Analysis, Investigation, Methodology, Visualization,
Writing — original draft

Mushfiqur Rahman: Conceptualization, Data curation,


http://www.sciencepg.com/journal/wjfst

World Journal of Food Science and Technology

http://www.sciencepg.com/journal/wjfst

Formal Analysis, Investigation, Methodology, Project admin-
istration, Visualization

Mohammad Shaheb Ali: Conceptualization, Data cura-
tion, Formal Analysis, Investigation, Validation, Visualiza-
tion, Writing — original draft

Provati Pandit: Conceptualization, Data curation, Formal
Analysis, Investigation, Methodology, Project administration,
Supervision, Validation, Visualization, Writing — original
draft, Writing — review & editing

Biswajit Chowdhury: Conceptualization, Data curation,
Formal Analysis, Investigation, Methodology, Project admin-
istration

Conflicts of Interest

The authors declare no conflicts of interest.

References
[1] Georgieff MK. Nutrition and the developing brain: nutrient pri-
orities and measurement. Nutrition Reviews. 2016; 74(4): 267—
277.

(2]

Black MM. Micronutrient deficiencies and cognitive function-

ing. Journal of Nutrition. 2003; 133(11 Suppl 2): 3927S-3931S.

3]

Prado EL, Dewey KG. Nutrition and brain development in
early life. Nutrition Reviews. 2014; 72(4): 267-284.

[4] Cusick SE, Georgieff MK. The role of nutrition in brain devel-
opment: the golden opportunity of the “first 1000 days.” Jour-

nal of Pediatrics. 2016; 175: 16-21.

Victora CG, Adair L, Fall C, et al. Maternal and child undernu-
trition: consequences for adult health and human capital. The
Lancet. 2008; 371(9609): 340-357.

[5]

[6] Yakoob MY, Lo CW. Nutrition (micronutrients) in child
growth and development: current evidence, recommendations
and opportunities for further research. Current Problems in Pe-

diatric and Adolescent Health Care. 2017; 47(8): 221-232.

[7] Petry N, Olofin I, Boy E, Angel MD, Rohner F. The effect of
low dose iron and zinc intake on child micronutrient status and
development during the first 1000 days of life: a systematic re-

view and meta-analysis. Nutrients. 2016; 8(12): 773.

[8] Lozoff B, Beard J, Connor J, Felt B, Georgieff M, Schallert T.
Long-lasting neural and behavioral effects of iron deficiency in

infancy. Nutrition Reviews. 2006; 64(Suppl 1): S34-S43.

(9]

Beard JL. Why iron deficiency is important in infant develop-
ment. Journal of Nutrition. 2008; 138(12): 2534-2536.

[10] McCann JC, Ames BN. An overview of evidence for a causal
relation between iron deficiency during development and defi-
cits in cognitive or behavioral function. American Journal of

Clinical Nutrition. 2007; 85(4): 931-945.

247

[11]

[12]

[13]

[14]

[15]

[16]

(17]

(18]

(19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

Prasad AS. Zinc in human health: effect of zinc on immune
cells. Molecular Medicine. 2008; 14: 353-357.

Black MM. Zinc deficiency and child development. American
Journal of Clinical Nutrition. 1998; 68(2 Suppl): 464S-469S.

Hambidge KM. Zinc and trace mineral nutrition during infancy
and early childhood. Nutrition Research Reviews. 2000; 13(2):
231-246.

Zimmermann MB. lodine deficiency. Endocrine Reviews.
2009; 30(4): 376-408.

Delange F. lodine deficiency as a cause of brain damage. Post-
graduate Medical Journal. 2001; 77: 217-220.

Bath SC, Rayman MP. lodine deficiency in the modern world.
Proceedings of the Nutrition Society. 2015; 74(2): 123-131.

Innis SM. Dietary omega-3 fatty acids and the developing brain.
Brain Research. 2008; 1237: 35-43.

Carlson SE. Early determinants of development: omega-3 fatty
acids and brain development. Journal of Pediatrics. 2009; 155(6
Suppl): S33-S37.

Lauritzen L, Brambilla P, Mazzocchi A, Harslgf LB, Ciappo-
lino V, Agostoni C. DHA effects in brain development and
function. Nutrients. 2016; 8(1): 6.

Koletzko B, Lien E, Agostoni C, et al. The roles of long-chain
polyunsaturated fatty acids in pregnancy, lactation and infancy.
Early Human Development. 2008; 85(3): 155-162.

Saxton RA, Sabatini DM. mTOR signaling in growth, metabo-
lism, and disease. Cell. 2017; 168(6): 960-976.

Manning BD, Toker A. AKT/PKB signaling: navigating the
network. Cell. 2017; 169(3): 381-405.

Inoki K, Zhu T, Guan KL. TSC2 mediates cellular energy re-
sponse to control cell growth. Cell. 2003; 115(5): 577-590.

Nyaradi A, Foster JK, Hickling S, et al. Prospective associa-
tions between early childhood diet and cognitive performance.
European Journal of Nutrition. 2013; 52: 133-144.

Prado EL, Larson LM, Cox K, Bettencourt K, Kubes JN, Shan-
kar AH. Do effects of early life interventions on child develop-
ment persist? The Lancet Child & Adolescent Health. 2019;
3(4): 239-250.

Stevens GA, Beal T, Mbuya MNN, et al. Micronutrient defi-
ciencies among preschool-aged children and women of repro-
ductive age worldwide. The Lancet Global Health. 2022;
10(11): e1590-1599.

UNICEF. Improving Child Nutrition: The Achievable Impera-
tive for Global Progress. UNICEF; 2023.

World Health Organization. Guideline for complementary
feeding of infants and young children 6-23 months of age.
WHO; 2023.


http://www.sciencepg.com/journal/wjfst

