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Abstract

Docosahexaenoic acid (DHA), a long-chain omega-3 polyunsaturated fatty acid, is a vital structural component of the brain and
retina and plays an essential role during the first 1,000 days of life, including toddlerhood. This developmental period is marked
by rapid brain growth, synaptogenesis, myelination, and neural circuit refinement, all of which require an adequate supply of
essential nutrients. Among these, DHA is especially important because it is highly concentrated in neuronal membranes, where
it helps maintain membrane fluidity, supports synaptic signaling, and promotes efficient communication between nerve cells.
DHA contributes significantly to neurodevelopment by supporting neurite outgrowth, neuronal differentiation, and cell survival.
These processes are critical during toddlerhood, when children experience major advances in language, memory, learning, motor
skills, and emotional regulation. Because DHA influences the structural and functional maturation of the brain, it is often
associated with improved visual and cognitive development. Experimental studies strongly support its biological importance in
brain development, showing that DHA enhances synaptic plasticity and protects neurons from injury. Human studies also suggest
benefits, particularly in visual acuity, attention, and certain cognitive functions, although the outcomes of DHA supplementation
trials are not always consistent. In addition to its effects on cognition, DHA may also influence behavioral outcomes. Adequate
DHA status has been linked with better attention, emotional balance, and adaptive behavior, likely because it supports the
maturation of brain regions involved in self-regulation and social functioning. However, clinical evidence in this area remains
mixed, and more toddler-specific research is needed to confirm these effects. DHA also has an important immunomodulatory
role. It serves as a precursor for bioactive lipid mediators such as resolvins, protectins, and maresins, which help reduce excessive
inflammation and promote immune homeostasis. By modulating cytokine production and inflammatory signaling pathways,
DHA may support immune maturation during early life. Overall, DHA is functionally significant during toddlerhood because of
its combined roles in brain development, cognitive performance, behavioral regulation, and immune function. However, the
magnitude of its benefits may vary depending on dietary intake, baseline nutritional status, timing, and dose of supplementation.
Thus, DHA should be considered a key nutrient for supporting healthy early childhood development.
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1. Introduction

Toddlerhood represents a crucial stage of human growth
and development, characterized by rapid and complex
changes in physical, neurological, cognitive, and emotional
domains. During this period, children undergo remarkable
progress in language acquisition, motor coordination, memory
formation, attention span, problem-solving ability, emotional
regulation, and social interaction. These developmental
achievements are supported by dynamic changes in brain
structure and function, including synapse formation, mye-
lination, neuronal connectivity, and cortical maturation. Be-
cause of this intense developmental activity, toddlerhood is
widely recognized as a sensitive window during which envi-
ronmental and nutritional influences can have lasting effects
on brain architecture and long-term developmental outcomes.

Among the nutritional factors that contribute to optimal
early childhood development, docosahexaenoic acid (DHA)
has received substantial scientific attention. DHA is a long-
chain omega-3 polyunsaturated fatty acid that serves as a ma-
jor structural component of neuronal membranes and retinal
tissue. It is especially concentrated in the phospholipid bilayer
of brain cells, where it contributes to membrane fluidity, re-
ceptor function, signal transduction, and synaptic communi-
cation. Its high concentration in neural tissue underscores its
biological importance during periods of rapid brain growth,
particularly in the prenatal stage, infancy, and toddlerhood.
Since the brain continues to develop significantly during the
early years of life, adequate DHA availability remains essen-
tial beyond infancy and into the toddler years.

The first 1,000 days of life, extending from conception to
approximately two years of age, are often emphasized as a
foundational period for neurodevelopment and future health.
Toddlerhood overlaps with the latter part of this window and
remains a phase of continued synaptic remodeling, neural cir-
cuit refinement, and functional maturation. During this time,
the child’s brain is actively organizing itself in response to
both genetic programming and external influences, including
diet. Nutrients that support cellular growth, neurotransmission,
and structural integrity are therefore especially important.
DHA is one such nutrient, as it plays both structural and func-
tional roles in the developing central nervous system. Reviews
of nutritional interventions during the first 1,000 days consist-
ently identify DHA as a key nutrient for neurodevelopment,
although they also caution that evidence from randomized
controlled trials is more variable than the strong biological ra-
tionale might predict.
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One reason DHA is of such interest is that the human body
has only a limited ability to synthesize it from alpha-linolenic
acid (ALA), the shorter-chain omega-3 fatty acid found in
plant foods such as flaxseed, chia seeds, walnuts, and certain
vegetable oils. Although this conversion pathway exists, it is
relatively inefficient, meaning that endogenous production
alone may not be sufficient to meet the needs of rapidly devel-
oping tissues, especially during early life. As a result, dietary
intake of preformed DHA becomes particularly important.
The richest dietary sources of DHA are oily fish and other ma-
rine foods, including salmon, sardines, mackerel, tuna, and an-
chovies. Smaller amounts may also be obtained from fortified
foods such as certain dairy products, eggs, infant formulas,
and toddler milks.

Despite its importance, dietary intake of DHA and other
long-chain omega-3 fatty acids among young children is often
lower than recommended or considered desirable in many
populations. This may result from low fish consumption, lim-
ited dietary diversity, economic barriers, cultural food prac-
tices, or lack of awareness regarding the nutritional signifi-
cance of omega-3 fatty acids. In some settings, parents may
avoid fish in young children’s diets because of concerns about
allergies, bones, taste acceptance, or contamination, which
can further reduce DHA intake during a critical developmental
period. These dietary limitations have led researchers and
health professionals to explore the value of DHA-fortified
foods and supplements as practical strategies to support early
childhood nutrition and developmental health.

The scientific interest in DHA during toddlerhood extends
beyond its role as a structural lipid. Researchers have increas-
ingly examined how DHA may influence higher-order devel-
opmental outcomes such as cognition, learning, behavior, and
immune function. Mechanistically, DHA has been shown to
support synaptic plasticity, neuronal differentiation, and cell
survival, while also acting as a precursor for anti-inflamma-
tory and pro-resolving lipid mediators. These multiple func-
tions suggest that DHA may play a broad and integrated role
in supporting healthy child development. However, although
experimental studies strongly support these mechanisms, find-
ings from human intervention studies remain somewhat in-
consistent. Some studies suggest improvements in visual acu-
ity, attention, or specific cognitive domains, whereas others
report only limited or no measurable benefits.

This apparent inconsistency does not necessarily diminish
the importance of DHA but rather reflects the complexity of


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

American Journal of Pediatrics

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

nutrition research in early childhood. The effects of DHA may
depend on several interacting factors, including baseline nu-
tritional status, dosage, duration of intake, timing of exposure,
presence of other nutrients, genetic factors, and the develop-
mental measures used to assess outcomes. Therefore, under-
standing the role of DHA during toddlerhood requires both
recognition of its biological significance and careful interpre-
tation of the available clinical evidence.

Overall, toddlerhood is a sensitive developmental stage dur-
ing which adequate nutrition is essential for healthy brain

growth and functional maturation. Within this context, DHA
stands out as a nutrient of particular importance due to its
structural role in the brain, its contribution to neural commu-
nication, and its broader influence on cognitive, behavioral,
and physiological processes. As interest in early childhood nu-
trition continues to grow, DHA remains a central focus in dis-
cussions of how diet can support optimal developmental out-
comes during the formative years of life.

2. Significance of DHA in Toddlerhood for Brain Maturation, Cognitive
Development, Behavioral Function, and Immunomodulatory Processes

2.1. DHA and Brain Development

1% DHA and Brain Development
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s {57
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Figure 1. Significance of DHA in Brain Development [2].

57


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

American Journal of Pediatrics

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

DHA is a major structural lipid in the central nervous sys-
tem, especially in synaptic membranes and other phospho-
lipid-rich neural tissues. Its unique physicochemical proper-
ties help maintain membrane flexibility and fluidity, which are
essential for receptor function, ion channel activity, vesicle fu-
sion, and synaptic transmission. Experimental work further
shows that DHA supports neurite extension, neuronal differ-
entiation, synaptogenesis, and survival signaling [1].

These effects are highly relevant during toddlerhood, when
the brain is still undergoing intense synaptic remodeling and
myelination. A particularly important point is that brain DHA
accretion continues after birth and remains substantial through
the first two years of life. Because toddlerhood overlaps with

this later part of the first 1,000 days, adequate DHA supply
may help support ongoing cortical and subcortical maturation,
including circuits involved in learning, executive control, and
emotional regulation. However, the biological importance of
DHA does not automatically mean that adding more DHA be-
yond adequate intake will always improve developmental out-
comes in every child [3].

2.2. Mechanism of Action of DHA

DHA acts through both structural and signaling mecha-
nisms.

.\/ %
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Figure 2. Mechanism of Action of DHA [4].
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First, as a highly unsaturated fatty acid incorporated into
membrane phospholipids, it increases membrane fluidity and
changes the organization of lipid microdomains, thereby af-
fecting receptor trafficking, ion channels, neurotransmitter re-
lease, and intracellular signal transduction. In neurons, DHA-
rich membranes favor signaling events that support synaptic
function and plasticity.

Second, DHA promotes the formation of phosphatidylser-
ine-enriched membrane domains, which facilitate activation
of survival-related kinases such as Akt, PKC, and Raf-1.
These pathways support neuronal differentiation, neurite out-
growth, synaptogenesis, and resistance to apoptotic injury.
This helps explain why DHA is repeatedly linked to neuronal
growth and neuroprotection in cell and animal models [5].

Third, DHA can regulate gene expression directly or indi-
rectly through transcriptional mechanisms and via its oxygen-
ated metabolites. DHA-derived mediators such as neuropro-
tectin D1, resolvins, and maresins dampen excessive inflam-
matory signaling, reduce pro-inflammatory cytokine produc-
tion, promote resolution of inflammation, and enhance cellu-
lar survival responses. These actions provide a mechanistic
bridge between DHA’s neurodevelopmental and immuno-
modulatory roles.

Finally, newer literature suggests that DHA may also inter-
act with the gut-brain—-immune axis. Reviews propose that
microbiome development, intestinal barrier function, and in-
flammatory tone could partly mediate the developmental ef-
fects of DHA in early life, although this remains an active re-
search area rather than a settled conclusion.

2.3. DHA and Cognitive Functions

Cognitive domains most often discussed in relation to DHA
include visual processing, attention, learning, memory, and
executive function. Mechanistically, DHA may support cog-
nition by improving membrane-dependent signaling, synaptic
efficiency, and neuronal resilience. Human evidence is sug-
gestive but mixed. Some reviews and trials report benefits in
selected subgroups or domains, whereas larger systematic re-
views and meta-analyses conclude that overall effects of pre-
natal or early postnatal DHA supplementation on global neu-
rodevelopmental scores are small or inconsistent [6].

This mixed evidence should be interpreted carefully. A null
or modest effect in pooled analyses does not negate DHA’s
biological necessity; rather, it suggests that trial outcomes de-
pend on factors such as the timing of intervention, background
diet, concurrent nutrients such as arachidonic acid and choline,
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developmental risk status, and the sensitivity of cognitive tests
used. Thus, DHA appears to be necessary for normal neuro-
development, but the measurable benefit of supplementation
above usual intake is not uniform across studies.

2.4. DHA and Behavioral Outcomes [7]

Behavioral outcomes linked to DHA include attention,
emotional control, social behavior, and externalizing symp-
toms such as hyperactivity or impulsivity. A review of trials
in the first 1,000 days found that the behavioral evidence is
variable and not consistently favorable across all studies. At
the same time, some individual trials in older children have
reported improvements in behavior ratings, especially in chil-
dren with lower baseline academic performance or specific
learning-related difficulties. Together, these findings suggest
a plausible role for DHA in behavioral regulation, but they do
not support broad claims of universal behavioral benefit from
supplementation.

For an article focused on toddlerhood, the most defensible
conclusion is that DHA likely supports the neural systems un-
derlying behavior, while direct toddler-specific intervention
evidence remains more limited than the mechanistic literature.
Therefore, claims about behavior should be framed as prom-
ising but not definitive [8, 16].

2.5. DHA and Immunomodulation

Beyond the nervous system, DHA contributes to immune
maturation and immunoregulation. It can alter immune cell
membrane composition, influence membrane microdomains
and receptor signaling, and shift eicosanoid and cytokine pro-
files toward a less pro-inflammatory state. Most importantly,
DHA serves as a precursor for specialized pro-resolving me-
diators, including D-series resolvins, protectins, and maresins,
which help terminate inflammation and promote tissue home-
ostasis rather than merely suppressing inflammatory pathways
[9, 10, 15].

This immunomodulatory role may be particularly relevant
in early life, when immune and barrier systems are still matur-
ing. Reviews covering the first 1,000 days note that DHA may
influence inflammation and morbidity, although the strongest
mechanistic evidence comes from experimental and transla-
tional studies rather than toddler-specific clinical endpoints.
In practical terms, DHA may help shape a more balanced in-
flammatory response and support recovery from inflammatory
stress through pro-resolving pathways [12, 13].
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(N DHA and Immunomodulatio

How Docosahexaenoic Acid Supports
' Immune Balance and Health in Toddlerhood
Docosahexaenoic acid (DHA; 22:6n-3) is a long-chain omega-3 fatty acid that

modulates the immune system by regulating inflammation, enhancing immune defense,
and promoting resolution of inflammation for optimal health.
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Figure 3. DHA and Immunomodulation [11, 14].

3. Conclusion

DHA is functionally significant during toddlerhood because

it supports several fundamental processes involved in brain
maturation and neural development. As a major structural
component of neuronal membranes, DHA helps maintain
membrane fluidity, integrity, and organization, which are es-
sential for efficient cell signaling and communication within

60


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

American Journal of Pediatrics

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

the brain. It also contributes to synaptic signaling, neuronal
differentiation, and neuroprotection, all of which are critical
during toddlerhood, a period marked by rapid cognitive, emo-
tional, and behavioral development. Because the brain is still
undergoing active synapse formation, myelination, and circuit
refinement during this stage, adequate DHA availability may
play an important role in supporting these developmental pro-
cesses.

In addition to its structural role in the brain, DHA has been
associated with functions related to attention, learning,
memory, and behavioral regulation. Some evidence suggests
that sufficient DHA status may help support cognitive perfor-
mance and improve aspects of emotional and social function-
ing by enhancing the maturation of neural pathways involved
in self-regulation. However, although biological and experi-
mental studies strongly support these mechanisms, the find-
ings from human clinical studies are less consistent. Some tri-
als report beneficial effects of DHA supplementation on cog-
nitive or behavioral outcomes, whereas others show limited or
no measurable improvement. Therefore, the current literature
does not support exaggerated or universal claims regarding
DHA supplementation, particularly when dietary intake is al-
ready adequate.

DHA also plays an important role in immunomodulation. It
influences immune signaling by modifying cell membrane
composition and regulating inflammatory pathways. Moreo-
ver, DHA serves as a precursor to specialized pro-resolving
mediators, including resolvins, protectins, and maresins,
which help reduce excessive inflammation and restore im-
mune balance. This makes DHA relevant not only to neurode-
velopment but also to immune homeostasis during early life.

Overall, DHA should be regarded as a biologically im-
portant nutrient for normal brain development and immune
function during toddlerhood. However, the benefits of addi-
tional supplementation beyond an already sufficient diet ap-
pear to depend on context, including baseline nutritional status,
dose, timing, and individual developmental needs. For aca-
demic and scholarly writing, DHA is best presented as an es-
sential developmental nutrient with strong mechanistic sup-
port and promising, though not universally consistent, clinical
evidence.
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