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Abstract

Toddlerhood is a critical period of neurodevelopment characterized by rapid maturation of language, memory, attention,
executive function, motor coordination, emotional regulation, and social cognition, supported by coordinated processes including
neuronal differentiation, dendritic arborization, axonal growth, synaptogenesis, myelination, neurotransmission, and activity-
dependent synaptic plasticity. Docosahexaenoic acid (DHA; 22:6 n-3), a long-chain omega-3 polyunsaturated fatty acid highly
enriched in neuronal and retinal membranes, plays essential structural, metabolic, and signaling roles in the developing brain.
Although brain DHA accumulation is greatest during late gestation and the first two years of life, membrane remodeling and
cognitive maturation continue throughout toddlerhood, making adequate DHA intake an ongoing nutritional priority. Brain DHA
status depends on dietary intake, lipid transport, genetic factors, developmental stage, and overall nutritional status because
endogenous synthesis from alpha-linolenic acid is limited. Mechanistically, DHA enhances neuronal membrane fluidity, receptor
function, neurotransmission, neurite extension, dendritic development, synaptic protein expression, and long-term potentiation,
while increasing phosphatidylserine-mediated activation of neuronal survival pathways. DHA is also converted into bioactive
mediators, including synaptamide, protectins, and resolvins, which promote neurogenesis, synaptogenesis, and regulation of
neuroinflammation. Efficient transport across the blood—brain barrier via the MFSD2A transporter further underscores the
importance of adequate DHA availability for optimal brain function. Collectively, these mechanisms provide strong biological
plausibility for DHA involvement in synapse formation, neural maturation, learning, memory, attention, and cognitive
development. However, evidence from human intervention studies remains inconsistent. While some studies have reported
associations between higher DHA status and improved vocabulary, reading, learning, or cognitive performance, several
randomized controlled trials in toddlers and preschool children have found no significant improvements in standardized
developmental outcomes following DHA supplementation, particularly among adequately nourished populations. These
discrepancies likely reflect differences in baseline DHA status, dietary quality, dosage, intervention duration, developmental
timing, prematurity, genetic variation, socioeconomic factors, and outcome measures. This narrative review synthesizes current
evidence regarding the physiological significance, molecular mechanisms, and functional effects of DHA during toddlerhood,
highlighting the contrast between robust mechanistic evidence and mixed clinical findings. Overall, ensuring adequate dietary
DHA should be considered an important component of balanced toddler nutrition, particularly in populations at risk of
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insufficient intake or developmental vulnerability, while recognizing that optimal neurodevelopment also depends on adequate
energy, protein, iron, iodine, choline, sleep, responsive caregiving, language stimulation, physical activity, and enriched learning
environments. Further well-designed toddler-specific trials are needed to identify the populations most likely to benefit and to
establish the optimal dose, duration, and cognitive outcomes of DHA supplementation.
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1. Introduction

Toddlerhood, commonly defined as the developmental pe-
riod from approximately 12 to 36 months, is characterized by
rapid gains in language, mobility, social interaction, attention,
memory, problem-solving, and emotional regulation. Alt-
hough total brain growth is especially rapid during fetal life

Neural Development, Learning, Memory, Cognition,

and infancy, the toddler brain remains biologically active and
highly plastic. Neural circuits are being strengthened, reor-
ganized, and selectively refined in response to nutrition, sen-
sory stimulation, movement, relationships, sleep, stress, and
learning experiences.
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Figure 1. Synergistic Role of DHA.
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During this period, synaptic density and connectivity
change extensively. New connections continue to form, while
less frequently used connections may be weakened or re-
moved through synaptic pruning. Dendrites become more
complex, axons become increasingly myelinated, and com-
munication among cortical and subcortical networks be-
comes more efficient. These processes provide the biological
foundation for increasingly sophisticated abilities, including
word learning, recognition memory, imitation, working
memory, behavioral control, and goal-directed activity.

Lipids are fundamental components of the developing brain.

Unlike many other organs, the brain contains a high propor-
tion of lipid-rich membranes. DHA is one of the most abun-
dant omega-3 fatty acids within neuronal phospholipids, par-
ticularly in synaptic membranes, photoreceptors, mitochon-
dria, and regions associated with learning and memory. Its six
double bonds create a highly flexible molecular structure that
influences membrane organization, protein activity, receptor
mobility, and cell signaling [1].

DHA is derived either directly from dietary sources or
through limited conversion of alpha-linolenic acid. The con-
version pathway requires several elongation and desaturation
steps and may not reliably provide sufficient DHA under all
dietary and physiological conditions. Consequently, direct di-
etary intake can be important, especially during periods of
rapid neural development. DHA is available from fatty fish,
seafood, fish oils, algal oils, breast milk, fortified foods, and
selected young-child formulas [2].

The brain does not synthesize substantial quantities of DHA
de novo. Circulating DHA must therefore be transported into
the central nervous system. A major discovery was the identi-
fication of major facilitator superfamily domain-containing
protein 2A, or MFSD2A, as an important transporter carrying
DHA across the blood-brain barrier predominantly in the
form of lysophosphatidylcholine-DHA. Experimental dele-
tion of MFSD2A results in markedly reduced cerebral DHA,
impaired brain growth, neuronal loss, and cognitive abnormal-
ities. Rare human mutations that impair MFSD2A transport
have also been linked to severe microcephaly, providing
strong evidence that effective lipid transport is necessary for
normal human brain development [3].

Nevertheless, the statement that DHA is biologically im-
portant should not be confused with the stronger claim that
supplementation will improve intelligence or development in
every child. A nutrient can be necessary for normal physiol-
ogy while providing little additional benefit when existing in-
take and tissue status are already sufficient. This distinction is
essential when interpreting DHA research.

The purpose of this narrative review is to examine the role
of DHA during toddlerhood, focusing on brain development,
synaptic formation, neural maturation, learning, memory, and
cognitive function. It also discusses the principal mechanisms
through which DHA may affect neural development and crit-
ically evaluates clinical evidence from toddlers, preschool
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children, and related developmental populations.

2. DHA and the Developing Toddler
Brain

2.1. DHA as a Structural Component of Neural
Membranes

Neurons depend on specialized membranes for receiving,
processing, and transmitting information. DHA is incorpo-
rated into phospholipids such as phosphatidylethanolamine,
phosphatidylserine, and phosphatidylcholine. These phospho-
lipids form neuronal cell membranes, synaptic vesicles, den-
dritic spines, growth cones, mitochondria, and photoreceptor
membranes.

The physical characteristics of DHA contribute to mem-
brane flexibility and dynamic organization. This flexibility
may influence the movement and clustering of receptors,
transporters, ion channels, and signaling proteins. Because
neuronal communication requires rapid changes in membrane
shape—including vesicle fusion, neurotransmitter release, re-
ceptor trafficking, and dendritic-spine remodeling—DHA.-
rich phospholipids are particularly relevant to synaptic func-
tion.

DHA is highly enriched in the cerebral cortex, retina, and
synaptic membranes. Brain accumulation increases greatly
during late gestation and infancy and remains functionally rel-
evant beyond the second year as neural circuits continue to
mature. Research involving cellular and animal models indi-
cates that reduced brain DHA alters neuronal signaling, neu-
rotransmitter metabolism, neurogenesis, visual function, and
learning behavior [4].

2.2. Continued Neurodevelopment During
Toddlerhood

Toddler brain development includes several overlapping
processes:

1) continued dendritic growth and branching;

2) formation and refinement of synaptic connections;

3) increasing myelination;

4) maturation of hippocampal and cortical networks;

5) development of receptive and expressive language;

6) improvement in sustained attention and working

memory;

7) development of inhibitory control and flexible behavior;

8) integration of sensory, motor, emotional, and cognitive

functions.

These processes do not depend on DHA alone. They require
adequate total nutrition and appropriate stimulation. However,
DHA may support the cellular environment in which develop-
ment occurs by maintaining membrane properties, promoting
neural signaling, and generating bioactive metabolites [5].
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2.3. DHA Auvailability and Brain Uptake

Dietary DHA circulates in several lipid forms. Evidence in-
dicates that the brain preferentially obtains an important pro-
portion of DHA as lysophosphatidylcholine-DHA through
MFSD2A. MFSD2A is expressed in endothelial cells of the
blood-brain barrier and transports lysophospholipids in a so-
dium-dependent manner. It also contributes to the integrity of
the blood-brain barrier by limiting excessive endothelial

transcytosis [6].

This mechanism has several implications. First, dietary in-
take alone does not fully define cerebral DHA status. Digestion,
absorption, hepatic lipid metabolism, circulating lipid form,
transport across the blood—brain barrier, and incorporation into
brain phospholipids all influence availability. Second, plasma
DHA and brain DHA are related but are not identical biological
measures. Third, genetic and metabolic variation may partly ex-
plain why children respond differently to supplementation.

Functional area

Neuronal membranes

Neurite development

Synapse formation

Neurotransmission
Long-term potentiation

Neuronal survival

Neurogenesis

Inflammation resolu-
tion

Table 1. Major developmental functions of DHA during toddlerhood [7].

Proposed contribution of DHA

Maintains membrane flexibility, phospholipid
organization and receptor mobility

Supports axonal and dendritic extension and
branching

Increases synapsin puncta, synaptic proteins
and glutamate-receptor expression

Modulates vesicular release, receptor function
and glutamatergic activity

Supports hippocampal synaptic plasticity

Enhances phosphatidylserine-dependent Akt
signaling

DHA-derived synaptamide activates GPR110—
cAMP-PKA-CREB pathways

Produces protectins, resolvins and related me-
diators

Potential developmental relevance

Efficient neuronal signaling and
membrane remodeling

Expansion of neural connectivity
Formation and maturation of commu-

nication between neurons

Attention, learning and information
processing

Learning and memory consolidation

Resistance to apoptosis and support
of developing neurons

Generation and maturation of neural
cells

Protection from excessive neuroin-
flammation

Strength of evidence

Strong biochemical and
experimental evidence

Strong cellular and ani-
mal evidence

Strong experimental evi-
dence

Moderate-to-strong ex-
perimental evidence

Strong animal evidence

Strong mechanistic evi-
dence

Strong cellular and ani-
mal evidence

Strong preclinical evi-
dence; limited toddler-

May support vocabulary, memory, attention

Cognition and language . .
9 guag and executive processing

Visual development .
P toreceptor function

3. DHA and Synapse Formation

3.1. Synaptogenesis During Early Development
[8]

Synaptogenesis refers to the formation of functional con-
nections between neurons. It involves axonal growth toward
target cells, development of presynaptic terminals, clustering
of neurotransmitter-containing vesicles, formation of postsyn-
aptic densities, receptor insertion, and activity-dependent sta-
bilization.
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Supports retinal membrane structure and pho-

specific evidence

Mixed human interven-

Early learning and school readiness . .
tion evidence

Moderate clinical and
strong biological evi-
dence

Visual attention and visually guided
learning

During toddlerhood, synaptic networks are not simply ex-
panding. They are also being refined according to experience.
Language exposure, play, movement, social interaction, emo-
tional security, and problem-solving repeatedly activate spe-
cific neural pathways. Frequently activated synapses may be
strengthened, whereas weaker or less relevant connections
may be eliminated.

DHA may support synaptogenesis through both structural and
signaling pathways. In cultured hippocampal neurons, DHA has
been shown to increase neurite growth, branching, synapsin-pos-
itive puncta, glutamate-receptor expression, and spontaneous
synaptic activity. Conversely, developmental omega-3 defi-
ciency reduces neurite development, synaptic proteins, gluta-
mate-receptor subunits, and long-term potentiation [9].
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3.2. Presynaptic Effects

The presynaptic terminal stores neurotransmitters in vesi-
cles and releases them when an electrical impulse reaches the
terminal. This process depends on membrane curvature, vesi-
cle docking, fusion proteins, calcium signaling, and efficient
recycling of vesicle membranes.

Because DHA is highly flexible, its incorporation into
membrane phospholipids may facilitate the membrane defor-
mation required for synaptic-vesicle fusion and recycling. Ex-
perimental observations of increased synapsin expression and
synaptic puncta following DHA exposure support a role in
presynaptic maturation.

Synapsins are proteins associated with synaptic vesicles.
They contribute to vesicle organization, reserve-pool mainte-
nance, neurotransmitter release, and synaptic development.
Reduced synapsin expression in DHA-deficient developmen-
tal models provides one possible connection between low
DHA status and weaker synaptic function [10].

3.3. Postsynaptic Effects

Postsynaptic membranes contain neurotransmitter recep-
tors, ion channels, scaffolding proteins, and enzymes that
translate chemical signals into cellular responses. DHA can
affect the lipid environment surrounding these proteins and
may therefore alter receptor mobility, receptor conformation,
signal amplification, and internalization.

Experimental studies have reported that DHA supports the
expression of glutamate-receptor subunits. Glutamate is the
principal excitatory neurotransmitter in the brain and plays an
important role in learning and memory. Appropriate glutama-
tergic signaling is required for synaptic strengthening, but ex-
cessive activation can be harmful. DHA may contribute to

maintaining effective signaling while also supporting anti-in-
flammatory and neuroprotective mechanisms [11, 12].

3.4. Synaptic Plasticity and Long-term
Potentiation

Synaptic plasticity is the ability of synaptic strength to
change in response to activity. Long-term potentiation is a sus-
tained increase in synaptic transmission following repeated
stimulation and is widely considered a cellular model of learn-
ing and memory.

Developmental omega-3 deprivation has been associated
with impaired hippocampal long-term potentiation, while res-
toration or supplementation of DHA in animal models has im-
proved certain measures of spatial learning and memory.
DHA-related changes in membrane composition, glutamate-
receptor expression, BDNF-associated pathways, CREB acti-
vation, and dendritic development may all contribute to these
effects [13].

4. DHA in Early Neural Development

4.1. Neuronal Differentiation and Neurite
Extension

Neural development requires immature neural cells to dif-
ferentiate, extend axons and dendrites, locate appropriate tar-
gets, and become incorporated into functional networks. DHA
has demonstrated specific neuritogenic effects in experimental
hippocampal neurons. Compared with several other fatty ac-
ids, DHA increased both neurite length and branching, sug-
gesting that its actions cannot be explained solely by the pro-
vision of nonspecific lipid energy [14].
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Neurites form the structural framework through which neu-
rons communicate. Greater dendritic branching provides more
potential sites for receiving synaptic input, while axonal
growth enables signals to reach other cells. During toddler-
hood, such structural maturation supports increasingly inte-
grated networks required for language, memory, attention, and
coordinated behavior.

4.2. Neurogenesis

Neurogenesis is most extensive before birth but continues
after birth in selected brain regions. DHA can influence neural
progenitor proliferation, differentiation, and survival indi-
rectly through membrane signaling and directly through
DHA-derived metabolites.

One important mediator is N-docosahexaenoylethanola-
mine, commonly called synaptamide. Synaptamide is pro-
duced from DHA in neural tissues and promotes neurogenesis,
neurite growth, and synapse formation. It binds to the adhe-
sion G-protein-coupled receptor GPR110, also known as AD-
GRF1, and increases intracellular cyclic AMP. This activates
protein kinase A and CREB-dependent gene expression. Ex-
perimental deletion of GPR110 abolishes several synaptam-
ide-related effects and produces deficits in object recognition
and spatial memory in animals [16].

4.3. Neuronal Survival

Developing neurons undergo both growth and programmed
cell death. Survival depends partly on trophic signals and in-
tracellular pathways that suppress apoptosis. DHA increases
phosphatidylserine content in neuronal membranes. Phospha-
tidylserine facilitates the recruitment and activation of Akt, a
kinase involved in cell survival.

In experimental models, DHA-enhanced phosphatidylserine
promoted Akt activation and reduced neuronal susceptibility to
apoptosis. Omega-3 deficiency reduced hippocampal phospha-
tidylserine and increased neuronal vulnerability. This pathway
suggests that DHA functions not only as a passive membrane
component but also as an active regulator of signaling [17].

4.4. Myelination and Network Efficiency

Myelin enables rapid electrical conduction along axons.
Although DHA is not the sole lipid required for myelin, ade-
quate long-chain polyunsaturated-fatty-acid status contributes
to the overall lipid environment needed for neural maturation.
Toddlerhood is an important period for the ongoing mye-
lination of pathways involved in motor control, language, at-
tention, and higher cognitive processing.

Clinical studies do not yet establish that DHA supplemen-
tation alone accelerates toddler myelination or produces clin-
ically meaningful changes in white-matter development. Nev-
ertheless, maintaining adequate DHA status is biologically
consistent with supporting overall membrane development.
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5. DHA, Learning Ability and Attention

Learning ability is not a single process. It includes attention
to relevant information, encoding of experience, language
comprehension, working memory, consolidation, retrieval,
motivation, and behavioral regulation. DHA could potentially
affect several of these domains through its actions on synaptic
function and neural communication.

5.1. Attention and Information Processing

Attention allows the child to select important information and
maintain engagement long enough to learn. Neural networks in-
volving the prefrontal cortex, parietal cortex, basal ganglia, and
thalamus contribute to attentional processing. These networks
continue to mature throughout early childhood.

DHA-rich membranes may support efficient neurotrans-
mission in these networks. However, intervention evidence is
inconsistent. In a randomized study of healthy four-year-old
children receiving 400 mg DHA daily for four months, overall
changes in multiple cognitive tests were not significantly dif-
ferent from placebo. Nevertheless, higher blood DHA concen-
trations were positively associated with performance on a vo-
cabulary-related measure [18].

This finding illustrates an important research issue: assign-
ment to supplementation may not predict outcomes as accu-
rately as achieved biological status. Adherence, absorption,
baseline levels, metabolism, and individual variation can
cause substantial differences in blood DHA even among chil-
dren given the same dose.

5.2. Language Learning

Toddlerhood is a period of rapid vocabulary expansion and
grammatical development. Language learning requires audi-
tory discrimination, sustained attention, working memory,
symbolic association, and repeated social interaction.

DHA may help provide a neural environment that supports
these functions, but it cannot substitute for responsive com-
munication and language exposure. A child requires adults
who speak, listen, read, respond, and engage in reciprocal in-
teraction. Nutrition creates biological capacity; experience or-
ganizes and applies that capacity.

The positive relationship between blood DHA and vocabu-
lary performance in preschool children is noteworthy but does
not prove that supplementation alone caused improvement. It
may reflect broader dietary quality, biological responsiveness,
or an exposure—response effect that was not sufficiently cap-
tured by group comparison [19].

5.3. Reading and Later Learning

Evidence from older children may provide indirect insight
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into mechanisms relevant to toddlerhood, although it should
not be directly generalized. In the DOLAB trial, healthy
schoolchildren aged seven to nine years with below-average
reading performance received 600 mg DHA daily or placebo.
The study assessed reading, working memory, and behavior
and reported potential benefits in selected subgroups, particu-
larly children with poorer baseline reading [20].

Such findings raise the possibility that children with low
baseline status or identifiable developmental vulnerability
may respond more strongly than well-nourished children. This
hypothesis remains to be tested rigorously in toddlers.

6. DHA and Memory

Memory includes multiple interacting systems. Recogni-
tion memory allows a child to identify familiar people or ob-
jects. Working memory temporarily holds information for im-
mediate use. Episodic memory relates to events, while seman-
tic memory stores meanings and concepts. Procedural
memory supports learned actions and motor sequences.

6.1. The Hippocampus and Memory
Development

The hippocampus plays a central role in learning and
memory. DHA is enriched in hippocampal neuronal mem-
branes, and experimental DHA deficiency alters hippocampal
development and function. DHA supplementation has been
associated with enhanced neurite growth, increased synaptic
protein expression, stronger glutamatergic activity, and im-
proved long-term potentiation in developmental models [21].

Animal studies have reported fewer working- and refer-
ence-memory errors after DHA administration, accompanied
by increased activity-related Fos expression in the hippocam-
pal CAl region. Although such results support biological
plausibility, animal performance cannot be equated directly
with human toddler intelligence or memory [22].

6.2. Encoding and Consolidation

Effective memory requires information to be encoded, sta-
bilized, and retrieved. Synaptic plasticity and protein synthe-
sis are central to consolidation. CREB is a transcription factor
involved in gene expression necessary for long-term memory.
DHA-derived synaptamide activates CAMP-PKA-CREB sig-
naling through GPR110, linking DHA metabolism with path-
ways relevant to neuronal differentiation and memory-related
plasticity [23].

DHA may also interact with neurotrophic pathways. BDNF
and its TrkB receptor regulate dendritic growth, synaptic mat-
uration, protein trafficking, and long-term potentiation. Alt-
hough DHA and BDNF are distinct biological factors, exper-
imental studies suggest that omega-3 status can influence neu-
rotrophic signaling, providing another potential connection
between nutrition and memory-related synaptic adaptation.
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BDNF-TrkB signaling activates MAPK, PI3K and PLC path-
ways involved in synaptic protein synthesis and plasticity [24].

6.3. Human Evidence

Human studies of DHA and memory in toddlers remain
limited. Standardized developmental assessments may not
isolate memory sufficiently, and brief testing sessions may fail
to detect subtle changes in neural efficiency. Furthermore,
gains in memory may appear indirectly through vocabulary
acquisition, problem-solving, imitation, or adaptive behavior
rather than as an independent score.

Existing toddler trials have generally not demonstrated
large improvements in broad developmental composites. This
should not be interpreted as evidence that DHA has no role in
memory. Rather, it indicates that additional supplementation
above existing intake has not consistently produced measura-
ble population-level benefits within the studied durations and
conditions.

7. DHA and Cognitive Function

Cognitive function during toddlerhood includes language,
perception, attention, memory, problem-solving, inhibitory
control, cognitive flexibility, and early executive function.
These abilities emerge through interactions among genetic po-
tential, nutrition, caregiving, health, sleep, education, and so-
cial environment.

7.1. Evidence from Toddler Trials

A double-blind controlled trial enrolled 133 toddlers at an av-
erage age of approximately 13 months. Participants received
200 mg DHA plus 200 mg arachidonic acid daily or a corn-oil
control until 24 months. Supplementation significantly in-
creased plasma and red-cell DHA and arachidonic-acid levels.
However, no significant overall benefit was observed in Bayley
cognitive and language composites or visual-motor integration.
A subgroup relationship between red-cell arachidonic acid and
cognition was observed in supplemented boys, but such sub-
group findings require cautious interpretation [25].

Another randomized trial evaluated 200 mg DHA plus 200
mg arachidonic acid daily for six months in toddlers born be-
fore 35 weeks’ gestation. The intervention did not signifi-
cantly improve the primary Bayley cognitive outcome or over-
all language and motor outcomes. The study nevertheless re-
mains important because preterm children are biologically
vulnerable and may have altered fatty-acid accretion and de-
velopmental trajectories [26].

These trials suggest that increasing circulating DHA does
not automatically translate into detectable changes in broad
developmental scores. Several explanations are possible:

1) participants may not have been sufficiently deficient at

baseline;

2) developmental tests may not detect specific neural
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changes;

3) intervention duration may have been inadequate;

4) developmental outcomes may emerge later;

5) DHA may require interaction with other nutrients;

6) benefits may be limited to particular subgroups;

7) concurrent arachidonic acid may influence responses;

8) environmental influences may outweigh modest nutri-
tional effects.

7.2. Evidence from Preschool Children

The preschool trial by Ryan and Nelson provided 400 mg
DHA daily for four months to healthy four-year-old children.
No significant group-level differences were found across the
primary cognitive measures, although blood DHA was posi-
tively associated with receptive vocabulary performance [27].

This result demonstrates why both intention-to-treat and bi-
omarker analyses are useful. The group comparison answers
whether offering DHA under the study conditions improved
outcomes. The biomarker analysis examines whether greater
achieved DHA status was related to performance. These are
related but distinct questions.

7.3. Evidence from Infancy and Older
Childhood

Studies during infancy have reported mixed findings. Some
trials found improved visual acuity or mental-development
measures after DHA-containing formulas, whereas others
found no significant effect. In one early randomized trial,
DHA plus arachidonic acid supplementation was associated
with a seven-point increase in the Bayley Mental Develop-
ment Index at 18 months. Other trials found visual benefits
without consistent cognitive improvement, and some reported
no meaningful differences [28].

A recent systematic review and meta-analysis of early-life
supplementation reported no statistically significant overall
improvement in the Mental Development Index. Such pooled
results emphasize the heterogeneity of study populations, sup-
plementation timing, dosage, formulations, developmental as-
sessments, and baseline nutrition [29].

Therefore, the current evidence supports biological neces-
sity more strongly than universal cognitive enhancement
through supplementation.

Table 2. Selected human studies relevant to DHA and neurodevelopment [30].

Study population and intervention Main outcomes

Toddlers, approximately 13-24
months; 200 mg DHA + 200 mg
ARA daily

Bayley cognition and
language; visual-motor
integration

Preterm-born toddlers; six months of
200 mg DHA + 200 mg ARA daily

Bayley cognitive, language
and motor scores; behavior

Healthy four-year-olds; 400 mg DHA
daily for four months

Attention, vocabulary and ex-
ecutive measures

Underperforming schoolchildren
aged 7-9 years; 600 mg DHA daily

Reading, working memory
and behavior

Term infants given DHA-containing
formula

Visual and developmental
measures

Preterm infants receiving higher
DHA intake

Visual acuity and develop-
ment

Early-life DHA trials included in
meta-analysis

Mental and psychomotor de-
velopment

8. Mechanisms of Action of DHA

DHA supports brain development through several intercon-
nected mechanisms. After entering the brain, it is incorporated into

Principal finding Interpretation
Increased blood DHA and
ARA but no significant overall
developmental improvement

Biomarker response confirmed;
broad cognitive benefit not
demonstrated

No significant improvement in
primary cognitive outcome

Higher-risk status did not ensure
treatment response

No significant overall group
effect; blood DHA associated
with vocabulary score

Achieved status may matter more
than assignment alone

Potential benefits in children
with poorer baseline reading

Benefits may be greatest in se-
lected lower-performing groups

Mixed results across trials;
some visual or developmental
advantages

Timing, composition and baseline
status influence outcomes

Some studies found improved
early visual outcomes

Preterm infants may have distinct
requirements

No significant pooled improve-
ment in mental-development
index

Evidence is heterogeneous and
does not support universal supple-
mentation effects

neuronal membrane phospholipids, where its flexible structure im-
proves membrane fluidity, curvature, receptor organization, ion-
channel activity, vesicle fusion, synaptic remodeling, and intracel-
lular signaling. DHA also increases phosphatidylserine in neuronal
membranes, facilitating Akt activation and supporting neuronal
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survival while reducing susceptibility to apoptosis. It can be con-
verted into synaptamide, which binds GPR110/ADGRF1 and acti-
vates the CAMP—protein kinase A-CREB pathway, promoting
neural differentiation, neurite growth, synapse formation, synaptic-
protein expression, and memory-related plasticity. Experimental
evidence further indicates that DHA increases synapsins, gluta-
mate receptors, and other proteins required for synaptic maturation
and long-term potentiation, while deficiency produces reduced
neurite growth and impaired synaptic function. DHA may also in-
teract with BDNF-TrkB signaling through MAPK, PI3K/Akt, and
PLC pathways, thereby supporting dendritic development, recep-
tor trafficking, and synaptic plasticity. By maintaining DHA-rich
membranes, it contributes to efficient neurotransmitter release and
receptor activity, particularly within glutamatergic systems, and
may also influence dopamine and serotonin pathways. In addition,

DHA serves as a precursor of specialized pro-resolving mediators,
including resolvins, protectins, and maresin-related compounds,
which help resolve excessive neuroinflammation and protect neu-
ral tissue. Although DHA is vulnerable to oxidation, its metabolites
and signaling pathways may strengthen cellular resilience, making
product quality, antioxidant protection, and proper storage im-
portant. Finally, DHA reaches the brain mainly as lysophosphati-
dylcholine-bound DHA through the MFSD2A transporter at the
blood-brain barrier; disruption of this transport reduces cerebral
DHA and is associated with impaired brain growth and cognitive
abnormalities. Overall, these mechanisms provide strong biologi-
cal support for DHA'’s role in early neural development, although
some pathways remain more clearly demonstrated in experimental
models.
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Figure 3. Mechanisms of Action of DHA [30].


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

Journal of Food and Nutrition Sciences

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

Table 3. Principal mechanisms linking DHA with toddler neurodevelopment [31].

Mechanism

MFSD2A-mediated brain uptake blood_brain barrier

Membrane phospholipid incorpora-

tion dylserine and other lipids

Phosphatidylserine-Akt pathway Akt activation

Synaptamide-GPR110 pathway

naptic-protein regulation .
Synaptic-protein regulatio proteins

Long-term ntiation .
ong-term potentiatio strengthening

Neurotrophic signaling pathways

Specialized pro-resolving media-

tors lites

Neurotransmitter modulation

Mitochondrial and cellular protec-
tion

9. Discussion

9.1. Biological Importance and Mixed Clinical
Outcomes [32]

Auvailable evidence shows that DHA is essential for neural
development, supporting neurite growth, synapse formation,
membrane function, neuronal survival, and hippocampal plas-
ticity. However, supplementation does not consistently im-
prove cognitive outcomes in all toddlers.

Benefits may be greater when DHA status is low. In chil-
dren who already have adequate DHA, factors such as iron
deficiency, poor sleep, illness, limited language exposure, and
psychosocial conditions may have a stronger influence on de-
velopment. This supports a threshold model in which correct-
ing deficiency may help, while intake above adequate levels
may offer limited additional benefit.

9.2. Baseline Status

DHA status varies with breastfeeding history, seafood in-
take, fortified foods, maternal diet, socioeconomic conditions,
genetics, and metabolism. Trials involving children with ade-

Molecular or cellular process

Transports lysophosphatidylcholine-DHA across the

DHA enters phosphatidylethanolamine, phosphati-

DHA increases phosphatidylserine and facilitates

Activates CAMP, protein kinase A and CREB

Increases synapsins, glutamate receptors and related

Enhances mechanisms of activity-dependent synaptic

Converges with CREB-, Akt- and BDNF-associated

Generates resolvins, protectins and related metabo-

Influences glutamatergic and other signaling systems

Supports membrane integrity and survival signaling
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Possible functional outcome

Supplies developing brain tissue with DHA

Supports membrane flexibility, receptor mobil-
ity and synaptic remodeling

Promotes neuronal survival and resistance to
apoptosis

Promotes neurogenesis, neuritogenesis and
synaptogenesis

Supports synaptic maturation and neurotrans-
mission

Supports learning and memory consolidation

Supports dendritic development and synaptic
plasticity

Limits excessive neuroinflammation and sup-
ports tissue homeostasis

May affect attention, learning, motivation and
behavior

Helps maintain neuronal energy function and
resilience

quate baseline levels may underestimate benefits in low-in-
take populations.

Future studies should measure DHA biomarkers before and
after supplementation and analyze children according to base-
line status.

9.3. Dose, Duration, and Timing

Toddler studies commonly use about 200 mg DHA daily,
while studies in older children often use 300-600 mg. How-
ever, no universally accepted dose for improving cognition in
healthy toddlers has been established.

Higher doses do not always produce better outcomes be-
cause tissue incorporation may plateau. Duration, formulation,
adherence, and developmental timing are also important.
DHA exposure during pregnancy and infancy may influence
later outcomes, although adequate intake during toddlerhood
remains relevant because synaptic development continues.

9.4. Dha and Arachidonic Acid Balance

Some studies provide DHA together with arachidonic acid,
another important long-chain fatty acid involved in brain
structure and signaling. Therefore, DHA-only and DHA-plus-
arachidonic-acid studies should be interpreted separately. The
optimal balance between the two during toddlerhood remains
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uncertain.

9.5. Measuring Developmental Outcomes

Broad developmental scores may overlook smaller changes
in attention, memory, language, processing speed, or neural
efficiency. Future research should combine developmental
tests with language assessments, attention and memory tasks,
eye tracking, electrophysiology, biomarkers, and long-term
follow-up.

Repeated assessments may be more useful than a single
measurement because development changes rapidly during
toddlerhood.

9.6. Population Differences

Preterm children, selective eaters, children with low sea-
food intake, food insecurity, or malabsorption may have a
greater risk of inadequate DHA status. However, these chil-
dren often face several nutritional, medical, and environmen-
tal challenges, so DHA alone may not produce measurable im-
provement.

Supplementation should therefore be integrated with
broader nutritional and developmental support.

9.7. Dha Within Overall Nutrition

Brain development depends on several nutrients, including
iron, iodine, choline, zinc, protein, and essential fatty acids.
DHA works within this wider nutritional network and should
not be promoted as an isolated “brain booster.”

Adequate diet, responsive caregiving, sleep, language ex-
posure, and opportunities for learning remain equally im-
portant.

9.8. Dietary Intake and Supplementation

Low-mercury fish, seafood, fortified foods, and algal DHA
can help meet dietary needs. Supplements may be considered
when intake is consistently low, but quality, dose, oxidation,
and professional guidance should be considered.

Current evidence does not support claims that DHA supple-
mentation alone guarantees higher intelligence, better
memory, or prevention of developmental disorders [33].

9.9. Immunomodulation and Cognition

DHA-derived pro-resolving mediators may help regulate
inflammation, which can otherwise affect synaptic function,
neurogenesis, and neuronal survival. This provides a possible
indirect pathway through which DHA may support cognitive
development.

However, most evidence comes from laboratory and animal
research. Toddler studies have not yet confirmed that im-
proved cognition results specifically from DHA-related im-
munomodulation.
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10. Conclusion

DHA is an important structural and functional component
of the developing nervous system. During toddlerhood, it
contributes to the lipid architecture of neuronal and synaptic
membranes and participates in pathways involved in neu-
ronal differentiation, neurite extension, synapse formation,
neurotransmission, neuronal survival and inflammatory res-
olution.

Mechanistic evidence indicates that DHA supports synaptic
development by increasing neurite growth, synaptic-protein
expression and glutamatergic function. Through phosphati-
dylserine-dependent Akt activation, DHA promotes neuronal-
survival signaling. Its metabolite synaptamide activates
GPR110-cAMP-PKA-CREB pathways that stimulate neuro-
genesis, neuritogenesis and synaptogenesis. DHA-derived re-
solvins and protectins may further protect neural tissue by
supporting the resolution of inflammation.

These mechanisms provide a credible biological foundation
for DHA involvement in learning, memory, attention and cog-
nitive development. Nevertheless, clinical evidence in tod-
dlers and preschool children remains mixed. Supplementation
reliably increases circulating DHA but has not consistently
improved broad cognitive, language or motor scores. The ab-
sence of a universal supplementation effect does not negate
DHA'’s physiological importance. It suggests that benefit de-
pends on baseline status, developmental timing, dose, duration,
vulnerability, nutrient interactions and the sensitivity of as-
sessment methods.

The most defensible conclusion is that adequate DHA in-
take should be supported as part of balanced toddler nutrition,
particularly where dietary intake may be low. DHA should not
be promoted as an independent guarantee of greater intelli-
gence or superior development. Optimal neurodevelopment
requires the combined influence of good nutrition, responsive
caregiving, language exposure, adequate sleep, physical activ-
ity, emotional security and access to healthcare and learning
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opportunities.
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