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Abstract: The pivotal role of omega-3 PUFAs in brain structure, function, and neurodevelopment underscores their importance
across the lifespan, from prenatal stages to aging populations. This article discusses emerging evidence supporting their thera-
peutic potential in neurodevelopmental and psychiatric disorders such as autism spectrum disorder (ASD) and attention-
deficit/hyperactivity disorder (ADHD), highlighting their neuroprotective, anti-inflammatory, and immunomodulatory properties.
While significant strides have been made in understanding their mechanisms, this article discusses the need for future research to
prioritize longitudinal studies, explore genetic factors, and investigate synergistic effects with nutrients. Additionally, the gut-
brain axis offers a promising avenue for understanding how omega-3 PUFAs influence neuroinflammation and immune health.
Addressing challenges such as optimizing dosage, refining patient selection criteria, and standardizing methodologies will en-
hance the reliability and applicability of findings. By advancing precision nutrition and integrative therapeutic strategies, omega-
3 PUFAs hold potential to revolutionize approaches to brain health, offering hope for conditions ranging from ASD and ADHD
to age-related cognitive decline.
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Introduction

Omega-3 polyunsaturated fatty acids (PUFAs) have emerged as
vital components of lipid metabolism in mammals, playing a
central role in brain health and development. Characterized by
their distinctive chemical structure containing multiple double
bonds, omega-3 PUFAs include three key fatty acids: docosahex-
aenoic acid (DHA), alpha-linolenic acid (ALA), and eicos-
apentaenoic acid (EPA)"'™). These lipids are integral to the brain's
composition, where DHA predominates, constituting approxim-
ately 40% of total brain fatty acids, while EPA represents a much
smaller proportion. Considering that lipids account for 50-60%
of the brain’s dry weight, with omega-3 PUFAs contributing
around 35% of this lipid composition, their importance for neur-
onal function and structure cannot be overstated™*”.

The significance of omega-3 PUFAs is particularly pro-
nounced during critical periods of brain growth and development,
such as the later stages of pregnancy and the first 18 months of
life’™. During these phases, DHA is essential for optimal cognit-
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ive and visual development, prompting its inclusion in infant for-
mulas to mimic the benefits of breast milk, a natural source of
DHA®. Despite mammals' limited capacity to synthesize DHA
endogenously, its intake through diet or supplementation is cru-
cial for supporting the rapid neuronal growth that occurs during
early life®.

Beyond development, omega-3 PUFAs offer neuroprotective
benefits that span the human lifespan. Extensive research high-
lights their role in enhancing cognition, preserving neuronal in-
tegrity, and mitigating neurodegenerative processes™'”. These ef-
fects are mediated through mechanisms such as improving neur-
onal membrane fluidity, facilitating neurotransmitter release, and
reducing apoptosis by counteracting reactive oxygen
species™'*'!). Such properties make omega-3s invaluable in ad-
dressing age-related cognitive decline and disorders like
Alzheimer’s disease!”.

In recent years, systematic reviews and longitudinal studies
have underscored the broader cognitive benefits of omega-3 sup-
plementation. Higher intake of omega-3s has been associated
with improved memory, learning, and cerebral blood flow across
diverse populations!™'*l. Interestingly, while DHA supplementa-
tion primarily supports memory and learning, EPA has been
linked to enhanced overall cognitive function, including improve-
ments in verbal memory and reduced cognitive impairments asso-
ciated with loneliness and aging!*>"'".

Given the favorable safety profile and extensive benefits of
omega-3 PUFAs!"", their role in promoting brain health through

Diseases & Research, 2025, vol. 5: 77-99 77


mailto:moawiah.naffaa@duke.edu
https://doi.org/10.54457/DR.202501005
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

REVIEW

dietary sources or supplementation is increasingly recognized™.
This article explores the multifaceted contributions of omega-3
fatty acids to brain development, cognitive performance, and
neuroprotection, providing a comprehensive overview of their
potential in mitigating cognitive impairments and fostering
lifelong neurological well-being.

The literature search for this article was conducted to investig-
ate the role of omega-3 PUFAs in brain health and neuroprotec-
tion. Databases such as PubMed, Scopus, Google Scholar, and
Web of Science were searched for peer-reviewed articles pub-
lished between January 2000 and December 2024. Keywords in-
cluding “omega-3 PUFAs,” “DHA,” “EPA,” “brain health,”
“neurodevelopment,” “cognitive function,” “ASD,” “ADHD,”
“neuroprotective effects,” and related terms were used, combined
with Boolean operators. The search included randomized con-
trolled trials, meta-analyses, and reviews that examined the ef-
fects of omega-3 PUFAs on brain structure, cognitive function,
and their therapeutic potential in neurodevelopmental and neuro-
degenerative disorders, particularly ASD and ADHD. Priority
was given to high-quality, peer-reviewed research, with an em-
phasis on mechanistic studies related to neuronal function and the
modulation of inflammation. This search identified key trends
and gaps in the therapeutic applications of omega-3 PUFAs.

This article discusses the pivotal role of omega-3 PUFAs in
neurodevelopment and their potential therapeutic applications in
conditions like autism spectrum disorder (ASD) and Attention-
deficit/hyperactivity disorder (ADHD), highlighting their neuro-
protective, anti-inflammatory, and neurotransmitter-modulating
properties. It emphasizes the need for future research to explore
personalized treatment strategies based on genetic, metabolic, and
biochemical markers, as well as the integration of omega-3s with
other therapies. Additionally, the article calls for addressing re-
search gaps such as dosage optimization, standardized methodo-
logies, and long-term studies to unlock the full therapeutic poten-
tial of omega-3 PUFAs for improving cognitive and neurological
health across the lifespan.

Omega-3 PUFAs: Brain Health and Cognitive Function

Essential Role of Omega-3 PUFAs in Brain Structure,
Function, and Lifespan Cognitive Health

Omega-3 PUFAs are essential components of brain structure and
function, including DHA, ALA, and EPA, with DHA being the
most abundant and biologically significant''"'”. DHA serves as a
crucial structural element of neuronal membranes, especially
within the central nervous system, while EPA, though less preval-
ent, contributes significantly to maintaining brain health!"'***!,
Since mammals have limited capacity for endogenous DHA syn-
thesis, dietary intake —primarily from sources such as fish
oils—is critical™*,

DHA is concentrated in the gray matter of the brain, where it is
essential for maintaining the integrity and functionality of neur-
onal membranes””. The high concentration of DHA in neuronal
tissues supports several critical processes, including membrane
fluidity, signal transduction, and synaptic plasticity™*. The need
for DHA is especially pronounced during critical periods of brain
development, such as late pregnancy and early childhood. It is
during these stages that DHA facilitates cognitive development,
visual acuity, and general brain maturation>>*,

Given the importance of DHA, it is no surprise that breast milk
serves as the primary natural source of DHA during infancy"”.
For infants who are not breastfed, DHA is often added to infant
formulas to support early neurodevelopment™. The reliance on
DHA during early development underscores its pivotal role not
only in brain structure but also in lifelong cognitive health®. As
a consequence, DHA intake remains crucial across the lifespan,
from infancy through old age, to ensure optimal brain structure
and function.

The Role of Omega-3 PUFAs in Cognitive Function,
Neurological Health, and Neurodevelopmental Disorders
Omega-3 PUFAs contribute to a range of brain functions, includ-
ing cognitive performance, memory, learning, and neuronal pro-
tection”. DHA and EPA enhance neuronal health through sever-
al mechanisms, such as increasing membrane fluidity, facilitating
neurotransmitter release, and modulating the expression of apop-
totic proteins®~ . These effects support neuronal survival and
communication, which are crucial for cognitive function.
Moreover, the antioxidant properties of omega-3 PUFAs help to
reduce the production of reactive oxygen species (ROS)P',
thereby protecting neurons from oxidative stress that could other-
wise lead to neurodegeneration.

One of the most significant benefits of omega-3 supplementa-
tion is its ability to protect against cognitive decline and age-re-
lated neurological disorders™ .. Studies have shown that individu-
als who consume diets rich in omega-3s—especially those that
include oily fish —experience enhanced brain circulation, im-
proved oxygen saturation, and increased neuronal activity!**".,
DHA supplementation has been particularly beneficial for older
adults, mitigating cognitive deficits associated with aging, such
as memory loss and slower processing speed. For instance, indi-
viduals following Mediterranean diets, which are rich in DHA,
tend to exhibit delayed onset of dementia and slower cognitive
decline, suggesting the neuroprotective effects of DHA!**,

While DHA plays a critical role, EPA has also been shown to
contribute significantly to cognitive function, especially in enhan-
cing mood and reducing symptoms of depression”®. Some stud-
ies suggest that EPA supplementation can yield more pro-
nounced improvements in cognitive function, particularly in indi-
viduals with mild cognitive impairments or those suffering from
mental health disorders®**”). The variability in the efficacy of
omega-3 supplementation may be influenced by genetic factors,
including the presence of the apolipoprotein E4 (APOE4) allele,
which is associated with an increased risk of Alzheimer's
disease™ "), This variability highlights the importance of consid-
ering genetic differences when evaluating the effectiveness of
omega-3 supplementation.

Omega-3 supplementation has been explored for its potential
therapeutic effects in neurodevelopmental disorders such as ASD
and ADHD. However, the findings from research in this area
have been inconsistent®”. Some studies indicate that omega-3
supplementation, particularly with DHA and EPA, may enhance
social interaction, communication, and behavioral symptoms in
children with ASD, while others report minimal or no
effects”"*. Similarly, the impact of omega-3 supplementation
on behavioral symptoms of ADHD has shown variable
outcomes™*¥. These discrepancies highlight the need for further
research to better understand the potential benefits of omega-3s in
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these populations. This article will examine the effects of omega-
3 PUFAs on ASD and ADHD from various perspectives.

Despite promising evidence, several challenges persist in
omega-3 research. Many studies have been constrained by small
sample sizes, short supplementation durations, and moderate
dosages, potentially limiting the ability to assess the long-term ef-
fects of omega-3 supplementation”™. Furthermore, the interac-
tions between omega-3 PUFAs and other nutrients or vitamins re-
main underexplored, despite their potential to modulate the effic-
acy of omega-3s in both the short and long term'**¢ This article
discusses these limitations and proposes future research direc-
tions, emphasizing the need to examine the long-term effects of
omega-3 supplementation, investigate genetic factors that may in-
fluence individual responses, and explore nutrient interactions
that optimize brain health.

The Critical Role of PUFAs in Neurodevelopment,
Neuroimmune Regulation, and the Gut-Brain Axis:
Implications for Maternal and Early Childhood Nutrition

PUFAs are fundamental components of cell membranes, essen-
tial for cellular structure, signaling, and functional integrity™*”. In
human physiology, critical PUFAs include linoleic acid (LA,
18:2n-6), a-linolenic acid (ALA, 18:3omega-3), and their biolo-
gically active derivatives, such as arachidonic acid (AA, 20:4n-
6), (EPA, 20:50mega-3), and (DHA, 22:60mega-3)**. Among
these, ALA, as the precursor to omega-3 fatty acids, undergoes
enzymatic conversion to EPA and subsequently to docosapentae-
noic acid (DPA) and DHA™"", These derivatives play indispens-
able roles in regulating neural processes and immune responses.

Critical Roles of Omega-3 and Omega-6 Fatty Acids in
Neurodevelopment and Neuroimmune Regulation

DHA, the most abundant omega-3 fatty acid in the brain, is critic-
al for a spectrum of neurological functions. It supports cognitive
processing, neurite outgrowth, synaptic communication, and
membrane fluidity while fostering neuronal survival'***'). DHA’s
neuroprotective attributes also mitigate neurodegenerative pro-
cesses, underscoring its importance during pregnancy and early
childhood, when the brain undergoes rapid growth and function-
al maturation®”®!, Inadequate maternal DHA intake during these
crucial periods can result in irreversible deficits in neurodevelop-
ment and cognitive function in offspring™.

Conversely, arachidonic acid, a prominent omega-6 PUFA, is a
precursor to proinflammatory mediators like prostaglandins and
leukotrienes”™" ™!, These molecules are implicated in various in-
flammatory conditions, including those linked to the patho-
physiology of ASD. The balance between omega-6-derived in-
flammatory mediators and omega-3 metabolites such as EPA-de-
rived resolvins is pivotal in maintaining immune homeostasis and
mitigating inflammation™*, Emerging research highlights that up
to 60% of individuals with ASD display systemic immune dys-
function, often exacerbated by an imbalance in the omega-
6/omega-3 ratio. Children with ASD frequently exhibit reduced
levels of long-chain omega-3 PUFAs, particularly DHA and
EPA, which correlates with heightened production of proinflam-
matory cytokines linked to omega-6 PUFA metabolism™>**, This
disruption exacerbates immune dysregulation and is associated

with elevated autoantibody levels targeting neuronal and glial
structures, suggesting a mechanistic interplay between lipid meta-
bolism and neuroimmune dysfunction®”.

PUFA in Neurodevelopmental Disorders: Intersections of
Metabolic Imbalance, Gut-Brain Axis, and Therapeutic
Potential

The metabolic imbalances of PUFAs are not limited to ASD but
extend to overlapping conditions like ADHDPY. Studies reveal
that children with ASD and ADHD have reduced omega-3 levels
and elevated AA/EPA ratios™. These biochemical alterations
amplify oxidative stress, enhance proinflammatory cytokine pro-
duction, and disrupt neurotransmitter systems, Wworsening
neurodevelopmental and behavioral symptoms®***!, Interven-
tions, including omega-3 supplementation combined with vitam-
in D, have shown promise in modulating inflammation and im-
proving symptomatology in these populations®"**,

The gut-brain axis (GBA) emerges as a critical mediator link-
ing dietary PUFAs to neurodevelopmental outcomes and behavi-
or'”l. Omega-3 PUFAs enhance the proliferation of beneficial
probiotic bacteria like Bifidobacterium and Lactobacillus, which
fortify gut health and positively influence the hypothalamic-pitu-
itary-adrenal (HPA) axis under stress'® ™. These probiotics, in
turn, support the integrity of the intestinal epithelium and regu-
late neuroinflammatory responses, ultimately modulating behavi-
or and cognitive function. Omega-3 supplementation has also
been linked to increased microbial diversity and the promotion of
gut integrity, reinforcing its role in the GBA**",

In contrast, excessive dietary omega-6 PUFAs are associated
with reductions in beneficial gut microbiota populations, com-
promised epithelial barrier function, and increased gut permeabil-
ity These effects amplify systemic inflammation, highlight-
ing the necessity of a balanced omega-3 to omega-6 ratio for op-
timal gut and immune health”. A disproportionate omega-
6/omega-3 ratio has been implicated in various inflammatory and
neurodevelopmental conditions, further emphasizing the need for
dietary precision'.

Omega-3 PUFAs in Maternal and Early Childhood Nutrition:
Implications for Neurodevelopment, Immune Regulation, and
ASD Risk Reduction
The role of omega-3 PUFAs in maternal nutrition during preg-
nancy is pivotal for neurodevelopmental outcomes in offspring.
Adequate maternal intake of DHA and EPA is essential for fetal
brain development, influencing key processes such as microglial
activity,  neuroinflammatory  regulation, and  synaptic
plasticity®®”*™ Research has identified a correlation between el-
evated maternal omega-6/omega-3 ratios and adverse neurodevel-
opmental trajectories, including an increased risk of ASD traits in
children™, Notably, prospective studies demonstrate a 40% re-
duction in ASD risk when omega-3 intake is optimized during the
second half of gestation®’*’”, These findings emphasize the im-
portance of dietary interventions focused on increasing omega-3
consumption while minimizing excessive omega-6 intake during
critical periods of development'™.

Beyond the prenatal period, early childhood represents another
crucial window where omega-3 PUFAs significantly influence
neurodevelopmental and immune health”. Omega-3 intake dur-
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ing this stage has been shown to modulate gut microbiota com-
position, strengthen the gut-brain axis, and promote social beha-
vior, cognitive performance, and overall well-being®™*. The
therapeutic potential of omega-3 PUFAs in managing
neurodevelopmental disorders, including ASD, is increasingly
supported by emerging evidence, with significant implications for
dietary guidelines and public health strategies™'.

Omega-3 PUFAs are integral to immune regulation and in-
flammation control, primarily through their incorporation into
immune cell membranes such as macrophages, T-cells, neutro-
phils, and microglia"*** (Fig. 1). Once embedded in the phos-
pholipid bilayer, Omega-3 PUFAs modulate lipid raft formation,
altering receptor signaling pathways that drive immune re-
sponses™. This incorporation induces a functional shift in mac-
rophages from a pro-inflammatory M1 phenotype to an anti-in-
flammatory M2 state, enhances regulatory T-cell activity, limits
excessive neutrophil infiltration, and suppresses overactivation of
microglia® ", Collectively, these actions create an anti-inflam-
matory and neuroprotective environment that supports immune
tolerance, resolves inflammation, and maintains tissue homeo-
stasis.

Additionally, Omega-3 PUFAs are metabolized into special-
ized pro-resolving mediators (SPMs), including resolvins, pro-
tectins, and maresins, which counteract the pro-inflammatory ef-
fects of Omega-6-derived eicosanoids™ ™. These SPMs inhibit
neutrophil overactivation, promote apoptotic cell clearance, and
facilitate tissue repair”®’. Omega-3 PUFAs further regulate cy-
tokine activity by suppressing pro-inflammatory cytokines while
enhancing anti-inflammatory cytokines®™**! (Fig. 1). Dysregula-
tion of these pathways contributes to chronic inflammatory and
neurodegenerative diseases, including neurodevelopmental dis-
orders such as ASD and ADHD™*? (Fig. 1). The immunomodu-
latory and neuroprotective properties of Omega-3 PUFAs under-
score their therapeutic potential in treating autoimmune diseases,

5.0mega-3 PUFAs as therapeutics

Autoimmune and Neurodevelopmental
inflammatory disorders
Diseases: Omega-3 PUFAs (ASD/ADHD): Modulating
mitigate cytokine microglial activity and cytokine
dysregulation in rheumatoid balance may enhance
arthritis, cardiovascular, and neurodevelopment and
inflammatory bowel diseases.alleviate behavioral symptoms,

Neurodegenerative Conditions: Omega-3 PUFAs regulate
microglial activity, reducing neuroinflammation and supporting
neuroprotection.

Omega-3 PUFAs —
immune modulation
and inflammatory
regulation

inflammatory disorders, and neurological conditions.

Omega-3 PUFAs play a pivotal role in neurodevelopment, im-
mune regulation, and gut health. Their influence on the gut-brain
axis and neuroimmune interactions suggests significant thera-
peutic potential for neurodevelopmental and psychiatric dis-
orders®". Omega-3 PUFAs contribute to membrane fluidity,
synaptic plasticity, and anti-inflammatory signaling pathways,
which can modulate both central nervous system (CNS) develop-
ment and peripheral immune responses®”.

A balanced dietary intake of omega-3 and omega-6 PUFAs
during pregnancy and early childhood is critical for optimal neur-
ological and immune function. Disruptions in the omega-3 to
omega-6 ratio, with excessive omega-6 consumption, have been
associated with pro-inflammatory states and increased
neurodevelopmental risks”". The recommended dosage of omega-
3 PUFAs during pregnancy includes approximately 200-300 mg
of DHA per day””. However, precise therapeutic dosages for
psychiatric and neurodevelopmental conditions remain to be fully
established.

Further research is warranted to clarify the mechanistic path-
ways by which PUFAs influence neurodevelopment and immune
regulation, such as their effects on microglial activity, blood-
brain barrier integrity, and epigenetic modulation of neuroinflam-
matory genes are still poorly understood. Continued investiga-
tion will be essential for refining dietary and supplemental
strategies to harness the full therapeutic potential of PUFAs for
enhanced developmental and clinical outcomes.

The Complex Role of Diet, Gut Microbiome, Neuroin-
flammation, and Immune Pathways in Neurodevelop-
ment and ASD

The human gut is home to a vast and intricate microbial ecosys-

3.Cytokine regulation and
immunomodulation

Elevated cytokines like TNF-a and IL-6
fuel autoimmune, metabolic, and
neuroinflammatory disorders.

Omega-3 PUFAs
boost IL-10 and TGF-
B, promoting
immune tolerance
and inflammation
resolution.

Omega-3 PUFAs inhibit
microglial overactivation,
reducing
neuroinflammation and
boosting IL-10 and TGF-B.

4.(Dis) regulation of cytokines in

disease contexts

Chronic microglial
activation and cytokine
release drive
neurodegenerative (e.g.,
Alzheimer's, Parkinson's)
and neurodevelopmental
(e.g., ASD, ADHD) disorders

Elevated TNF-a and IL-6 drive
autoimmune, metabolic, and
neuroinflammatory
disorders.

Fig. 1. Interconnection of Omega-3 PUFAs, Inmune Response, and Inflammation.
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tem, comprising approximately 100 trillion microbes, including
more than 1,000 distinct bacterial species”™. These microbes play
critical roles in numerous physiological processes, such as diges-
tion, metabolism, immune regulation, and increasing brain func-
tion®". Collectively known as the gut microbiome, this microbial
community begins to develop soon after birth and is influenced
by various factors including birth mode (vaginal or cesarean), ge-
netics, feeding practices (breastfeeding or formula), antibiotic
use, gastrointestinal infections, and environmental stressors!'*'!1.
In recent years, research has highlighted the essential role of gut
microbiome in neuroinflammation and its bidirectional commu-
nication with the brain, a phenomenon known as the GBA. This
axis allows gut microbes to influence brain function while also
enabling the brain to regulate gut microbiota and gastrointestinal
processes!®®,

The Microbiota-Gut-Brain Axis and Its Role in Neurodevel-
opmental Disorders

Emerging evidence underscores the role of microbiota-GBA in
neurodevelopmental disorders, with ASD being one of the most
studied conditions"”. Children with ASD often exhibit
gastrointestinal symptoms, such as altered inflammatory cy-
tokine profiles and increased intestinal permeability, which dis-
tinguish them from typically developing children!”"'*. One key
mechanism through which the microbiome may influence brain
function is the production of short-chain fatty acids (SCFAs) by
gut microbes. SCFAs, including acetic, valeric, and propionic
acids, are produced when gut bacteria ferment dietary fibers!'™.
These SCFAs are capable of crossing the blood-brain barrier, dir-
ectly impacting brain activity and neurophysiology. Furthermore,

SCFAs play a crucial role in maintaining the integrity of the in-
testinal epithelial barrier, modulating immune responses, and sup-
porting both innate and adaptive immunity!"®.

The gut's immune system is closely intertwined with microbial
activity. For instance, bacteria such as Clostridia species can re-
lease toxins that trigger localized immune responses. When these
responses are dysregulated, they can lead to systemic inflamma-
tion"”). This inflammatory cascade induces oxidative stress,
which compromises the intestinal barrier and increases its per-
meability. As a result, bacteria and other pathogens may translo-
cate into mesenteric lymphoid tissue, where immune cells such as
macrophages and dendritic cells release proinflammatory cy-
tokines"""'®], These cytokines can then activate the vagus nerve
or enter the bloodstream, reaching the brain and influencing the
CNS. In the brain, these cytokines modulate microglial
activity' ™. Microglia is essential for normal neural development
and for responding to injury!'*''"). Dysregulated microglial activ-
ity, however, can disrupt normal brain function and contribute to
neurodevelopmental disorders’ .

The interconnection between Omega-3 PUFAs, the gut micro-
biome, and the pathogenesis and management of ASD represents
a critical area of research (Fig. 2). The gut microbiome plays a
central role in immune regulation, metabolic functions, and neur-
ological health, with dysbiosis contributing to ASD
pathogenesis!' """, Omega-3 PUFAs can modulate immune re-
sponses, reduce neuroinflammation, and restore neurotransmitter
balance, while promoting beneficial bacteria in the
microbiome!***'"*), Disruptions in gut-brain communication and
microbiota imbalances in ASD contribute to neurodevelopmental
impairments through altered neurotransmitter productiont'*!"”,
Omega-3 supplementation shows therapeutic potential by im-

Interconnections between omega-3
PUFAs, gut microbiome, and ASD

Pathogenesis of

Immune system dysregulation in ASD:
- Individuals with ASD exhibit altered immune
responses.
- Omega-3 PUFAs may mitigate inflammation by
modulating pro-inflammatory cytokines.

Neuroinflammation:
- Microglial activation is associated with
neurodevelopmental disorders.
- Omega-3 PUFAs may alleviate neuroinflammation
through anti-inflammatory effects.

Neurotransmitter imbalance:
- Serotonin, dopamine, and GABA levels are
altered in ASD.

- Omega-3 PUFAs may regulate neurotransmitter
synthesis, alleviating ASD symptoms.
Gut-Brain axis disruption:

- ASD is linked to gut microbiome alterations,
including reduced diversity and an imbalanced

Gut microbiome and ASD

Altered gut microbiome in
ASD
- Dysbiosis is commonly observed in ASD
- Associated with increased gut
permeability ("leaky gut") and systemic
inflammation.
- Disrupted production of
neurotransmitters and short-chain fatty
acids (SCFAs).

Gut-Brain communication.

- The vagus nerve, gut hormones, and
microbial metabolites impact brain
function.

- The gut microbiome regulates the HPA
axis, influencing stress responses and
behavior.

Omega-3 PUFAs and

Management of ASD

Dietary interventions
- Omega-3 PUFA (EPA/DHA)
supplementation improves behavior and
cognitive function in ASD.
- Omega-3s enhance beneficial gut
bacteria and reduce pathogenic species.

Probiotics/Prebiotics
- Restore gut microbiome balance.
- Omega-3s may synergize with probiotics
to alleviate ASD symptoms.

Pharmacological
interventions
- Omega-3s serve as adjunct therapy
alongside antipsychotics and stimulants

Firmicutes/Bacteroidetes ratio.

- Microbial metabolites (e.g., SCFAs, tryptophan)

affect brain function and behavior.
- Omega-3 PUFAs may promote beneficial
bacteria, such as Bifidobacterium and
Lactobacillus.
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microbiome modulation
- Omega-3s may promote beneficial
microbes and SCFA production
- Strengthen gut barrier integrity and
reducesy stemic inflammation.

Behavioral and therapeutic
approaches
- Omega-3 intake may enhance the
efficacy of behavioral therapies, such as
ABA and speech therapy.

Fig. 2. Interconnection between Omega-3 PUFAs, the Gut Microbiome, and ASD Pathogenesis and Management.
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proving gut integrity, reducing systemic inflammation, and en-
hancing gut-brain signaling, which are essential for managing
ASDP*'"] These fatty acids can be integrated into dietary inter-
ventions, combined with probiotics, or used adjunctively with
conventional treatments to alleviate ASD symptoms!''®'""),

Maternal Inflammation and Neurodevelopmental Disorders:
Implications for ASD and Beyond

Epidemiological studies have established a strong association
between maternal inflammation during pregnancy and an in-
creased risk of ASD in offspring'*”. Maternal infections, inflam-
matory responses, and exposure to pathogens significantly elev-
ate the likelihood of neurodevelopmental disorders!*”. The tim-
ing, intensity, and duration of the maternal immune response are
critical factors influencing fetal brain development™*'". Patho-
gens and microbial metabolites in the mother can stimulate the re-
lease of proinflammatory cytokines, which can cross the placenta
and interfere with fetal neurodevelopment'*”, This placental in-
flammation can initiate a systemic fetal inflammatory response,
damaging critical brain regions, especially white matter. Elev-
ated levels of inflammatory cytokines, including interleukin-1
(IL-1B), interleukin-6 (IL-6), and tumor necrosis factor-alpha
(TNF-a), have been detected in the blood, cerebrospinal fluid,
and brain tissue of individuals with ASD"**). These cytokines dis-
rupt CNS immune responses, activating microglia. Although this
activation is initially protective, it can become maladaptive, lead-
ing to neuroinflammation, neurotoxicity, and neuronal
damage[m’lzs].

Research has demonstrated that microglial activation is prom-
inent in individuals with ASD, particularly in regions such as the
dorsolateral prefrontal cortex!'”". Disruptions in microglial func-
tion during brain development are linked to an increased number
of immature synapses, which are associated with cognitive
impairments and behavioral disturbances commonly observed in

ASD!"**l The ability of inflammatory cytokines to cross the
blood-brain barrier provides a potential mechanism by which
neuroinflammation may contribute to the onset of neurodevelop-
mental disorders!"*'*®], This process may also contribute to con-
ditions like cerebral palsy, schizophrenia, and other cognitive
impairments. Although some interventions, such as supplementa-
tion with PUFAs, have shown promise in modulating inflamma-
tion and restoring the balance between proinflammatory and anti-
inflammatory cytokines'*®), the long-term effects of such interven-
tions on neurodevelopmental outcomes remain unclear and war-
rant further investigation.

Modulation of Immune Responses in ASD: The Role of
Proinflammatory Cytokines and PUFAs

Immunophenotypic analyses of individuals with ASD consist-
ently reveal elevated levels of proinflammatory cytokines and
chemokines, such as IL-1pB, IL-6, interferon-p (IFN-u), TNF-a,
interleukin 12 (IL-12) subunit p40, monocyte chemoattractant
protein-1 (MCP-1), and transforming growth factor beta (TGF-f),
along with hyperactive cellular immune responses!?*"
(Table 1). These immune markers are often associated with sys-
temic inflammation and are believed to contribute to the
neurodevelopmental impairments observed in ASD. However,
the immune abnormalities in ASD arise from a multifactorial in-
terplay of genetic, environmental, and lifestyle factors, including
diet and maternal health™", This complexity presents a chal-
lenge in pinpointing clear causal relationships between these vari-
ables and the development of ASD!"*,

Emerging research suggests that dietary interventions, particu-
larly the inclusion of PUFAs, such as omega-3 fatty acids (EPA
and DHA), may play a crucial role in modulating the inflammat-
ory processes observed in ASDP. PUFAs are known to exert
anti-inflammatory effects by reducing the levels of key proin-
flammatory cytokines, including IL-1p, IL-6, and TNF-o"!

Table 1. Cytokine Dysregulation in ASD and Modulation by Omega-3 PUFAs.

Cytokine/ Observed C .
Immune Marker Level in ASD Implications Modulation by PUFAs References
. . . ) Omega-3 fatty acids (EPA/DHA) reduce IL-

Suggests involvement in neuroinflammation .

IL-18 Elevated - . 1B levels, helping to lower [55,62]
and immune dysregulation. . .

neuroinflammation.
IL-6 Elevated Indicates systemic |nf|ar.nmat‘|on contributing Omega-? fatty aC|d.s may reduge IL-6, [133,134]
to neurodevelopmental impairments. modulating systemic inflammation.
. . N . Omega-3 fatty acids decrease TNF-a

Increases microglial activation, which can ; . ) .

TNF-a Elevated . levels, potentially reducing microglial [126]
lead to neurotoxicity and neuronal damage. S L

activation and neurotoxicity.

Reflects heightened immune response, .

IFN-p Elevated potentially impacting brain function and FLUES m.ay r.egulate SN S Y [65,62,135]

) to normalize immune responses.
behavior.
IL-12 subunit p40  Elevated Linked tlo pr0|nf!ammatory c'ytoklne Omega-3s cz?n modulate IL-12 production, [55]

production and immune activation. reducing proinflammatory responses.
Promotes immune cell recruitment and PUFAs may reduce MCP-1 production,

MCP-1 Elevated inflammation, potentially exacerbating ASD-  potentially mitigating immune cell [136-138]
related symptoms. recruitment.
Involved in immune regulation, but can Omega-3 fatty acids have been shown to

TGF-B8 Elevated contribute to fibrosis and maladaptive regulate TGF-B, potentially reducing [65,118]

immune responses.

maladaptive immune responses.
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(Table 1). These cytokines are key players in neuroinflammation
and are believed to influence brain function and behavior.
Through the regulation of immune cell activation and cytokine
production, PUFAs may help restore immune balance, which is
frequently dysregulated in individuals with ASD™*?,

The potential of PUFAs to modulate immune responses is of
particular relevance within the context of gut microbiome altera-
tions!"*”!. PUFAs are recognized to not only influence immune
cell function but also impact the gut microbiota composition®”.
Changes in the gut microbiome, such as an imbalance in microbi-
al populations, are known to contribute to immune system dys-
regulation®™'""!, By influencing both microbial diversity and im-
mune function, PUFAs could potentially alleviate some of the in-
flammatory burden associated with ASD.

While the precise mechanisms underlying the effects of PU-
FAs on immune responses in ASD remain under investigation,
current evidence suggests a promising therapeutic role. Omega-3
PUFAs, such as DHA and EPA, have been shown to influence
immune balance and reduce neuroinflammation, potentially alle-
viating inflammation-associated symptoms in ASD!""*¥.,

The proposed mechanisms of action involve the modulation of
inflammatory pathways through the conversion of PUFAs into
bioactive lipid mediators, such as resolvins and protectins, which
have anti-inflammatory and neuroprotective properties””. These
lipid mediators can inhibit pro-inflammatory cytokine production
and promote the resolution of inflammation, which may contrib-
ute to improved neurodevelopmental outcomes in ASD!*',

Clinically, PUFAs have been administered in varying dosages
across studies, with omega-3 supplementation commonly ran-
ging between 0.3 g and 3 g per day, depending on age, baseline
nutritional status, and severity of ASD symptoms!'*’. However,
standardized dosing guidelines remain under development, em-
phasizing the importance of individualized assessments by
healthcare professionals.

The multifactorial nature of ASD underscores the necessity for
further research to fully elucidate how maternal inflammation, di-
etary components such as PUFAs, and gut microbiome composi-
tion interact to influence immune dysregulation and neurodevel-
opmental outcomes. The gut microbiome, a key regulator of
neurodevelopment and immune function, has been increasingly
recognized for its role in ASD pathophysiology™*. The microbi-
ota-gut-brain axis influences brain function, immune regulation,
and gut health, highlighting the therapeutic potential of targeting
both dietary factors and microbiome modulation*"),

Future investigations should focus on integrating genetic, en-
vironmental, and dietary factors to develop targeted therapeutic
strategies that address the complex immunological mechanisms
underlying ASD. A deeper understanding of these interactions
may yield novel interventions aimed at restoring immune homeo-
stasis and supporting neurodevelopment in ASD populations.

Omega-3 Fatty Acids in ASD Management: From
Molecular Mechanisms to Clinical Applications

Exploring Omega-3 PUFAs as a Therapeutic Approach in
ASD and Current Evidence

ASD is a complex neurodevelopmental disorder marked by a di-
verse range of symptoms that predominantly affect social com-

munication, interaction, and behavior!'*”). Individuals with ASD
commonly face substantial challenges in both verbal and non-
verbal communication, find it difficult to express emotions, and
often struggle to form and maintain meaningful social relation-
ships"*%. These core deficits are frequently accompanied by re-
petitive behaviors, restrictive interests, and a pronounced insist-
ence on sameness, all of which can substantially impair daily
functioning and hinder effective social integration!*”. Beyond
these behavioral symptoms, individuals with ASD are often char-
acterized by immune system dysregulation, heightened sensitiv-
ity to sensory stimuli, and notable alterations in brain
function*®'*!, further complicating the management of the con-
dition.

While pharmacological treatments such as selective serotonin
reuptake inhibitors (SSRIs) are often employed to alleviate cer-
tain symptoms of ASD, the effectiveness of these medications re-
mains limited, and their side effects can be considerable!"”".. This
has led to an increasing exploration of alternative therapeutic
strategies, including nutritional interventions, to complement tra-
ditional treatments. Among these alternatives, omega-3 PUFAs,
particularly DHA, have emerged as a promising area of research
due to their potential to modulate critical physiological processes
implicated in the pathophysiology of ASDF*!'#],

Epidemiological studies consistently show that children with
ASD tend to have lower levels of DHA and EPA compared to
neurotypical peers®™'*!. Furthermore, an imbalanced n-6 to
omega-3 PUFA ratio is frequently observed in individuals with
ASD, which may be attributed to restricted dietary preferences
and impaired fatty acid metabolism™. This imbalance under-
scores the potential therapeutic value of supplementing omega-3
PUFAs as a means to correct these metabolic disturbances.

Clinical trials examining the impact of omega-3 PUFA supple-
mentation on ASD symptoms have produced mixed results. Open-
label studies have suggested that supplementation may improve
various behavioral symptoms, including hyperactivity and stereo-
typy. However, randomized controlled trials (RCTs) have yiel-
ded inconsistent outcomes, with some studies reporting reduc-
tions in these behaviors while others show no significant changes
in symptom severity or adaptive functioning!*'"'*!. Meta-ana-
lyses of RCTs have provided more nuanced insights. For ex-
ample, one meta-analysis of four trials found improvements in
social interaction and repetitive behaviors, though it noted the
limitations of short trial durations and variability in participant
age. Another meta-analysis revealed improvements in hyperactiv-
ity and stereotypy, but the effects on social skills and externaliz-
ing behaviors were less consistent. Variations in study designs,
including differences in dosages (ranging from 200 mg/day to
1.5 g/day), treatment durations (6 to 24 weeks), and participant
selection criteria, have hindered the ability to draw definitive con-
clusions"**"*,

The Role of Omega-3 PUFAs in Modulating Immune Dysreg-
ulation, Oxidative Stress, and BDNF in ASD

A growing body of evidence highlights the significant role of im-
mune dysregulation and oxidative stress in the pathophysiology
of ASD, leading researchers to investigate omega-3 PUFAs as a
potential therapeutic intervention®™'"*”"**, Many individuals with
ASD exhibit immune-related abnormalities, including heightened
activation of immune cells, alterations in cytokine profiles, and
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the presence of autoantibodies. Additionally, compromised blood-
brain barrier (BBB) integrity has been observed in these individu-
als, which allows neurotoxic substances to cross into the central
nervous system and exacerbate neurological dysfunction!¥¢",

Oxidative stress, another key feature of ASD, is characterized
by elevated levels of inflammatory markers such as prostagland-
in E2, leukotrienes, and 8-isoprostane, in conjunction with re-
duced antioxidant defenses*”. This oxidative imbalance is be-
lieved to correlate with the severity of ASD symptoms, thus
providing a rationale for the use of interventions targeting oxidat-
ive stress and immune dysfunction, such as omega-3 PUFA sup-
plementation!*>'®, The neuroprotective properties of these fatty
acids suggest that they could help mitigate the inflammatory and
oxidative processes that contribute to the disorder.

ASD has been associated with structural abnormalities in key
brain regions responsible for social communication, sensory pro-
cessing, and the regulation of repetitive behaviors!**'*?. One crit-
ical factor implicated in these neurological deficits is brain-de-
rived neurotrophic factor (BDNF), a protein essential for neuron-
al survival, synaptic plasticity, and myelination"*>'*. Dysregula-
tion of BDNF levels has been implicated in many of the core
symptoms of ASD, including impaired social interaction and
communication. This suggests that modulation of BDNF expres-
sion may offer therapeutic benefits for individuals with ASD.

Recent research suggests that omega-3 PUFAs, particularly
DHA, play a vital role in modulating BDNF expression. DHA
supports neuronal health, promotes myelination, and helps pro-
tect against oxidative damage within the central nervous
system!'"'®l Additionally, DHA exhibits immunomodulatory
properties, reducing pro-inflammatory cytokines such as IL-6 and
TNF-a, while inhibiting nuclear factor kappa-light-chain-enhan-
cer of activated B cells (NF-xB), a transcription factor central to
inflammation**'*"!. These combined neuroprotective and im-
munomodulatory effects suggest that DHA may help address
both the neurological and immune dysfunctions underlying ASD.

The effectiveness of omega-3 PUFAs in managing ASD symp-
toms may also be influenced by individual genetic and metabolic
factors. Variants in genes involved in fatty acid metabolism, such
as the fatty acid desaturase (FADS) genes, can significantly im-
pact the body’s ability to metabolize essential fatty acids!*"'**l,
Specifically, polymorphisms in the FADS2 gene, which are com-
mon in individuals with ASD, may hinder the conversion of es-
sential fatty acids into their bioactive forms, exacerbating meta-
bolic disturbances in these individuals"*'7"",

Additionally, individuals carrying the APOE4 allele, which af-
fects fatty acid metabolism, may face challenges in efficiently
utilizing omega-3 PUFAs. Dysregulation of fatty acid-binding
proteins (FABPs), including FABP7, has also been implicated in
ASD-related phenotypes such as anxiety and hyperactivity!' """,
These findings emphasize the complexity of genetic predisposi-
tions and metabolic processes in ASD, highlighting the need for
personalized treatment strategies that take these factors into ac-
count.

Optimizing the Therapeutic Potential of omega-3 PUFAs in
ASD: Addressing Variability, Personalization, and Future
Research Directions

Omega-3 PUFAs, particularly DHA, have demonstrated signific-

ant potential as adjunctive therapies for ASD. However, the clin-
ical evidence supporting their efficacy remains inconclusive. Sev-
eral factors contribute to this uncertainty, including variability in
study designs, differences in participant characteristics, and the
influence of individual genetic and metabolic profilest*''*!>!,
These inconsistencies complicate the interpretation of existing
results and hinder the establishment of definitive therapeutic
guidelines for the use of omega-3 PUFAs in ASD management.

To more accurately assess the clinical benefits of omega-3 PU-
FAs for individuals with ASD, future research must address key
areas of variability that may impact study outcomes. One critical
aspect is the need for longer treatment durations and standard-
ized dosing regimens. Short treatment periods and varying
dosages across studies often lead to inconsistent findings, mak-
ing it difficult to draw clear conclusions. Standardizing these ele-
ments would contribute to more consistent results and facilitate
comparison across studies, ultimately strengthening the evidence
base for omega-3 PUFA supplementation in ASD.

Additionally, expanding participant demographics is essential
to capture the diverse range of genetic, environmental, and clinic-
al factors that may influence treatment response. Current studies
often have limited participant pools, which may not fully repres-
ent the broader population of individuals with ASD. Including a
wider range of participants—considering variables such as age,
sex, and comorbidities—could provide more comprehensive in-
sights into how omega-3 PUFAs affect different subgroups with-
in the ASD population. Such improvements in study design will
help clarify the role of omega-3 PUFAs and ensure that the find-
ings are generalizable to the broader population of individuals
with ASD.

Moreover, personalized treatment strategies hold promises in
optimizing the effectiveness of omega-3 PUFA supplementation.
Variations in genes involved in fatty acid metabolism, particu-
larly those related to the FADS family, can significantly affect
how individuals metabolize and respond to omega-3 PUFAs!'®],
For instance, certain genetic polymorphisms in the FADS2 gene,
common in individuals with ASD, may impair the conversion of
essential fatty acids into their bioactive forms, potentially exacer-
bating metabolic disturbances!*'”*). Understanding and account-
ing for these genetic factors could allow for more tailored inter-
ventions that maximize therapeutic outcomes and reduce the vari-
ability in responses.

Furthermore, genetic variants, such as those associated with
the APOE4 allele, may affect fatty acid metabolism and influ-
ence the efficacy of omega-3 PUFAs!""”, Research that investig-
ates these genetic and metabolic factors in greater detail will be
crucial in developing personalized approaches to treatment. Tail-
oring interventions to an individual’s unique genetic profile may
enhance the therapeutic potential of omega-3 PUFAs, improving
clinical outcomes and minimizing the inconsistencies seen in past
studies.

By integrating personalized approaches, future research may
unlock the full therapeutic potential of omega-3 PUFAs in ASD.
These strategies could position omega-3 PUFAs as a valuable
complement to current ASD treatment paradigms, particularly as
adjunctive therapies. Ultimately, a deeper understanding of the
complex interplay between genetics, metabolism, and neurobio-
logy will be essential in establishing omega-3 PUFAs as a novel,
evidence-based therapeutic option for individuals with ASD.
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Such advancements have the potential to improve clinical out-
comes and quality of life for individuals with ASD, offering a
promising avenue for more effective and personalized care.

Behavioral and Social Gains in ASD: The Promise of
Omega-3 PUFAs

ASD is a neurodevelopmental condition marked by deficits in so-
cial communication, restricted interests, and repetitive
behaviors!" ™. Despite the lack of universally accepted pharmaco-
logical treatments, omega-3 PUFAs have gained attention as a
potential therapeutic approach. EPA and DHA are essential fatty
acids vital for brain development and function and have been
primarily explored for their therapeutic potential in ASD. This
section reviews RCTs investigating the effects of omega-3 sup-
plementation on core ASD symptoms, particularly improvements

in behavioral, social, and motor skills (Table 2)/""'"> %,

The Potential Benefits of Omega-3 Supplementation in Allevi-
ating Core Symptoms of ASD: A Review of the Research
Research has demonstrated the potential benefits of omega-3 sup-
plementation in alleviating core symptoms of ASD, including hy-
peractivity, lethargy, and stereotypical behaviors (Fig. 2)!'"*'"**.
Several studies have reported significant improvements in beha-
vioral outcomes, such as reductions in stereotypical behaviors,
enhanced communication abilities, and improved concentration,
eye contact, motor skills, and language development. These find-
ings suggest that omega-3 fatty acids, such as DHA and EPA,
may positively influence both core and associated symptoms of
ASD, particularly when administered at appropriate doses over
sustained periods®>">""™,

In addition to behavioral improvements, omega-3 supplement-
ation has shown promise in enhancing social-communicative and
motor skills. Combining omega-3 with other nutrients, such as
vitamin D, has been associated with significant improvements in
social communication*"'*"**]. Modest symptom improvements
have also been observed in specific populations, such as preterm
children, highlighting the broad applicability of omega-3 inter-
ventions. While some studies note limited changes in specific
areas, such as social interaction, the overall evidence suggests

that omega-3 supplementation, particularly in combination with
complementary nutrients, may offer a promising approach to ad-
dressing both core and broader behavioral aspects of ASD!'®,

Therapeutic Potential of Omega-3 PUFA Supplementation
in ASD: Impacts on Core Symptoms and the Need for Stand-
ardized Research Protocols

Omega-3 PUFA supplementation has garnered significant atten-
tion for its potential therapeutic effects on core symptoms of
ASD, particularly in relation to stereotypical behaviors, social
functioning, and communication skills. Several studies suggest
that omega-3 supplementation may have a beneficial impact on
these areas, potentially enhancing early language development,
reducing hyperactivity, and improving motor skills™"”""*>'%3],
Despite these promising findings, the evidence regarding omega-
3's effect on reactive aggression and antisocial behavior remains
inconclusive, with variability in results across studies.

A major challenge in drawing definitive conclusions arises
from the methodological variability observed in existing research.
Differences in omega-3 formulations, dosages, and supplementa-
tion durations have contributed to inconsistent findings, complic-
ating efforts to establish clear clinical guidelines. This variability
highlights the necessity for more standardized research protocols
to fully assess the potential of omega-3 PUFAs as a treatment for
ASD.

Despite these challenges, omega-3 PUFA supplementation
continues to show promising therapeutic benefits, particularly in
alleviating behavioral symptoms and enhancing social commu-
nication. These positive outcomes suggest that omega-3s could be
a valuable adjunctive treatment for individuals with ASD.
However, to optimize clinical application, further large-scale
RCTs are essential. Such studies should aim to determine the
most effective dosages, supplementation regimens, and explore
the potential for combining omega-3 supplementation with other
therapeutic strategies.

While further research is needed to clarify the optimal condi-
tions for omega-3 supplementation in ASD, the current evidence
supports its potential as a well-tolerated and effective adjunctive
treatment for improving key behavioral and social communica-
tion symptoms in individuals with ASD.

Table 2. Impact of Omega-3 and Omega-6 PUFA Supplementation on Behavioral and Developmental Outcomes in ASD.

Participants PUFA Formulation Dosage Duration Outcomes Reference
Children with ASD and Omega-3 (EPA/DHA) 1.3 giday 6 weeks Reduced stereotypical behaviors and [175]
hyperactivity lethargy
Children with ASD DHA, AA Mefidesee  (Buede LIOEREIS D SeeE] WliHerEl [176]
stereotypy, communication
Children with ASD DHA 200 mg/day 6 months \© IMProvements in core symptoms, [177]
improved communication
Children with ASD DHA, EPA, AA Combination 3weeks Ccnavioralimprovements in . [178]
concentration, eye contact, motor skills
Preterm children with ASD Omega-ijgismega-(ﬁ Combination 12 weeks Language development improvements [77]
Individuals with ASD Omega-3 PUFAs Variable 12 weeks Improved social motivation [179]
Children with ASD Omega-3 PUFAs Variable 8 weeks Reduced reactive aggression [180]
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The Role of Omega-3 PUFAs in ADHD Patho-
physiology and Therapeutic Potential: Insights into Ge-
netic, Metabolic, and Neuroinflammatory Mechanisms

Nutritional and Genetic Determinants of ADHD: A Focus on
Omega-3 PUFA Deficiencies and Implications for Manage-
ment

ADHD is a prevalent neurodevelopmental disorder affecting an
estimated 5% to 10% of the global population, with the majority
of cases occurring in children and adolescents"**'**, ADHD is
characterized by symptoms of inattention, hyperactivity, and im-
pulsiveness. The disorder often co-occurs with various psychiat-
ric conditions, such as mood disorders, anxiety, conduct dis-
orders, and substance use disorders!"**'**'*"]. The untreated con-
sequences of ADHD are substantial, manifesting in increased ab-
senteeism from work, higher school dropout rates, frequent mo-
tor vehicle accidents, substance misuse, and decreased economic
productivity. Furthermore, children with ADHD frequently ex-
perience strained familial relationships, particularly with their
mothers, which further exacerbate the difficulties they face!'™'*,

The pathophysiology of ADHD is multifactorial, involving
complex interactions between genetic, environmental, and neuro-
biological factors. Recent research has highlighted the potential
role of omega-3 PUFAs in the development and progression of
ADHD™'**"'_ Both DHA and EPA are essential components of
neuronal cell membranes, where they modulate membrane fluid-
ity, synaptic plasticity, and neurotransmitter signaling—all pro-
cesses that are frequently disrupted in individuals with ADHD
(Fig. 3)[10,11,24]'

Epidemiological studies suggest that insufficient maternal in-
take of DHA and EPA during pregnancy —often due to inad-
equate seafood consumption or low dietary intake of omega-3
PUFAs—may contribute to neurodevelopmental impairments in
offspring?®'**'**1 Children born to mothers with low levels of
omega-3 PUFAs are more likely to exhibit deficits in motor co-
ordination, verbal communication, and social behaviors, all of
which are hallmark features of ADHD""*'"* These early-life

deficiencies may set the stage for the later development of AD-
HD symptoms.

Clinical studies examining the effects of omega-3 PUFA sup-
plementation on ADHD have yielded mixed results. Some stud-
ies report improvements in clinical symptoms and cognitive per-
formance, particularly with DHA supplementation, while others
have found negligible or inconsistent effects!*'*>*"), The variab-
ility in outcomes may be attributed to differences in supplementa-
tion types (e.g., DHA versus EPA), doses, durations, and study
designs. Many studies have used relatively low doses of omega-3
PUFAs, typically below 500 mg/day, which could explain the in-
consistencies observed™'””. These findings highlight the need
for more rigorous and well-designed research to determine the
most effective therapeutic strategies involving omega-3 PUFAs
for ADHD.

Despite substantial evidence supporting the role of omega-3
PUFAs in ADHD, several key questions remain unanswered. For
example, it is unclear whether DHA alone, EPA alone, or a com-
bination of both is most effective in alleviating ADHD symp-
toms. Furthermore, the optimal dosage and duration of omega-3
PUFA supplementation for therapeutic benefit have yet to be
definitively determined. These gaps highlight the necessity for
further clinical trials to establish the most effective formulation,
dosage, and duration of omega-3 PUFA supplementation in AD-
HD management.

Children diagnosed with ADHD often exhibit physical signs of
essential fatty acid (EFA) deficiency, including dry skin, brittle
nails, and eczema, which are clinically correlated with reduced
plasma levels of DHA and EPA. These symptoms are associated
with more severe ADHD characteristics, such as inattention, im-
pulsivity, and hyperactivity™>**'**. Moreover, alterations in fatty
acid profiles, such as a lower overall omega-3 PUFA content and
an elevated omega-6 to omega-3 ratio in red blood cell mem-
branes, further support the hypothesis that imbalances in PUFAs
play a significant role in the etiology of ADHDF**""71%],

Deficiencies in essential nutrients, particularly omega-3 PU-
FAs, have been implicated in various neurodevelopmental dis-

Interconnections of omega-3 PUFAs with ADHD
pathogenesis

Neurotransmitter
dysregulation

Omega-3
deficiency

Dopaminergic
dysfunction
- Decreased dopamine
synthesis and receptor
sensitivity.
- Impaired reward
processing and attention
control.

Insufficient dietary intake
of EPA and DHA
- Altered brain lipid composition.
- Reduced neuronal membrane
fluidity.

Serotonergic imbalance.
- Reduced serotonin levels.
- Impaired mood regulation
and increased impulsivity.

Neurodevelopmental
Impacts
- Impaired neurogenesis and
synaptogenesis.
- Disrupted neuronal migration.

- Altered cortical development. — - " -
Cognitive and behavioral manifestations

- Impaired executive function: Attention deficits
and poor working memory.
- Emotional dysregulation: Heightened
impulsivity and increased hyperactivity.

Neuroinflammation

Deficient anti-
inflammatory effects of
omega-3 PUFAS
- Increased pro-
inflammatory cytokines
(IL-6, TNF-a).

- elevated oxidative
stress markers.

Exacerbated ADHD
symptoms.

Genetic factors Therapeutic
support

Genetic polymorphisms:
Variants in FADS1/2 impact
omega-3 metabolism.

Omega-3 PUFA
supplementation
- Restores membrane fluidity.
- Enhances neurotransmitter
function.
- Reduces inflammatory
markers and oxidative stress.

Epigenetic
modifications: DNA
methylation alters
neurodevelopmental gene

expression. Early dietary

interventions
- Enhance
neurodevelopmental
outcomes.
- Lower risk of cognitive
deficits and ADHD symptoms.

Specific SNPs (e.g.,
rs498793, rs174545)
impair DHA/EPA synthesis,
exacerbating omega-3
deficiencies and ADHD-
related neurobiological
dysfunctions.

Fig. 3. The Interconnection Between Omega-3 PUFAs and ADHD Pathogenesis.
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orders, with ADHD being a notable example (Fig. 3)"**“. The
maternal diet during pregnancy plays a critical role in shaping the
neurodevelopmental trajectory of offspring. Specifically, mater-
nal intake of omega-3 PUFAs has been linked to improved devel-
opmental outcomes in children, such as enhanced social behavior,
fine motor skills, verbal communication, and overall cognitive
development. Adequate maternal consumption of these fatty
acids during pregnancy is associated with a reduced risk of devel-
opmental deficits®***'"". These findings underscore the import-
ance of omega-3 PUFAs in early brain development, particularly
during the rapid growth and differentiation of the fetal brain.

Children with ADHD are often found to have more pro-
nounced deficiencies in omega-3 PUFAs compared to their typic-
ally developing peers (Table 3)M3*%182197202721 ‘Thege  deficien-
cies are reflected in physical symptoms such as dry skin, eczema,
and dry eyes, which correlate with reduced plasma DHA levels.
Specifically, lower DHA levels are associated with more severe
ADHD symptoms, indicating that DHA is integral to the neurobi-
ological mechanisms underlying the disorder™'®?. Biochemical
markers further support the role of omega-3 PUFAs in ADHD
pathophysiology. Children with ADHD typically show reduced
omega-3 PUFA levels in their red blood cells and a higher omega-
6 to omega-3 ratio compared to typically developing children
(Table 3). This altered fatty acid composition correlates closely
with the severity of ADHD symptoms, especially those related to
attention and hyperactivity. Numerous studies have reported sig-
nificantly lower concentrations of DHA, EPA, and total omega-3
PUFAs in the blood of children with ADHD!""", reinforcing the
hypothesis that omega-3 PUFA deficiencies contribute to the dis-
order's pathophysiology.

Genetic factors may exacerbate omega-3 PUFA deficiencies in
individuals with ADHD. Variations in genes involved in the
metabolism of essential fatty acids, such as FADS1 and FADS?2,
have been implicated in ADHD pathogenesis'*'*l. These genes
encode enzymes that are crucial for converting plant-derived pre-
cursors into long-chain omega-3 fatty acids, including DHA and
EPA. Single nucleotide polymorphisms (SNPs) in these genes,
such as rs498793 in FADS2 and rs174545 in FADSI1, can impair
the body's ability to synthesize omega-3 PUFAs, potentially
worsening the neurobiological dysfunctions associated with AD-
HD (Fig. 3)""*,

Genetic variations in FADS1 and FADS2, which encode en-
zymes responsible for converting dietary PUFAs into bioactive
metabolites, are critical to the synthesis of long-chain omega-3

PUFAs like DHA and EPA. Specific genetic variations, includ-
ing SNPs in these genes, have been linked to ADHD, particularly
in children exposed to alcohol in utero!'®?"**'l. These genetic
variations may impair the body’s ability to efficiently convert
omega-3 PUFAs into their active forms, potentially increasing the
risk of ADHD. Individuals with prenatal alcohol exposure,
already at an elevated risk for ADHD, may experience additional
disruptions in PUFA metabolism due to these genetic variants'™.

The interplay between genetic factors, metabolic inefficiencies,
and environmental influences underscores the complexity of AD-
HD pathophysiology. This multifaceted relationship highlights
the importance of considering individual genetic profiles in the
development of personalized therapeutic strategies, including tar-
geted interventions to address omega-3 PUFA deficiencies.

The Role of PUFA Metabolism in Neuroinflammation and
ADHD: Implications of Enzymatic Regulation

The metabolism of PUFAs, orchestrated by enzymes such as
phospholipase A2 (PLA2) and cyclooxygenase-2 (COX2), plays
a critical role in the production of bioactive lipid mediators
with significant implications for conditions like ADHD'®*'”)
(Table 4)[4‘11‘30,43,54,217*23]].

PUFA metabolism begins with PLA2, which releases free fatty
acids from phospholipids. The two major isoforms, iPLA2 and
cPLA2, have distinct roles. iPLA2 primarily influences the meta-
bolism of DHA, an omega-3 fatty acid essential for brain func-
tion and synaptic plasticity'******, In contrast, cPLA2 is re-
sponsible for the release of arachidonic acid, an omega-6 fatty
acid, which can be converted into pro-inflammatory eicosanoids,
including prostaglandins such as prostaglandin E2 (PGE2)™*>%,
These pro-inflammatory mediators are linked to neuroinflamma-
tion and disorders such as ADHD. Imbalances between omega-3
and omega-6 fatty acids exacerbate inflammation, contributing to
neuroinflammation in ADHD!""7,

COX2 catalyzes the conversion of AA into prostaglandins, in-
cluding PGE2, playing a pivotal role in inflammatory
responses”*. In the context of ADHD, COX2 activation is im-
plicated in the dysregulated inflammatory processes observed in
the brain, contributing to symptoms such as inattention, hyper-
activity, and impulsivity™!. Elevated levels of pro-inflammatory
cytokines and eicosanoids, including those derived from COX2,
can disrupt synaptic plasticity and neurotransmitter signaling,

c . . I . 125,235
which in turn impairs cognitive functions!***,

Table 3. Key Factors Linking Omega-3 PUFAs to Neurodevelopmental Outcomes and ADHD.

Factor Finding Implication Reference
Maternal diet Adequate maternal intake of omega-3 PUFAs during Emphaszes the u_nportapce of maternal [202,203]
pregnancy improves developmental outcomes. nutrition for offspring brain development.

Children with ADHD often have lower DHA and total . .
Omega-3 PUFA omega-3 PUFA levels, and a higher omega-6 to Suggests a direct link between omega-3 PUFA [43,58,204]

L

Biochemical markers .
children.

Reduced omega-3 PUFAs in red blood cells in ADHD

SNPs in FADS1 and FADS2 genes are associated

deficiency and ADHD symptoms.

Indicates potential biomarkers for diagnosing

and assessing ADHD severity. [182,197,205]

Genetic variations may increase the risk of

ColRi Sk with impaired omega-3 PUFA metabolism. ADHD through disrupted PUFA metabolism. eactll
Clinical trial Mlxed results V\."th DHA supplement?tlon s.howm.g . Calls for larger, more standardized clinical trials
improvements in some studies, but inconsistencies in . . [209-211]
outcomes to determine optimal treatment.

others.
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Table 4. Metabolism of PUFAs and Their Implications for Neuroinflammation and ADHD Pathophysiology.

Process/Enzyme Description Implications for ADHD References
. iPLA2 influences DHA metabolism (omega-3), crucial
. Releases free fatty acids from . : Ao .
Phospholipase A2 L ) . for brain function. cPLA2 releases arachidonic acid
phospholipids. Includes two isoforms: iPLA2 . . [217-219]
(PLA2) (AA, omega-6), leading to pro-inflammatory
and cPLA2. . .
eicosanoids.
Primarily involved in DHA metabolism, an Deficient DHA metabolism may impair cognitive
iPLA2 (Type I) omega-3 fatty acid vital for synaptic plasticity function and neuroplasticity, potentially exacerbating [4,30,220]
and brain function. ADHD symptoms.
Releases arachidonic acid (AA), which can Elevated relea§e IeaQs o producthn of
. . inflammatory mediators like PGE2, which can
cPLA2 (Type Il)  be converted into pro-inflammatory ) . [221,222]
. o . . exacerbate neuroinflammation and ADHD-related
eicosanoids, including prostaglandins. . ) T -
symptoms (inattention, hyperactivity, impulsivity).
Cvclooxygenase-2 Catalyzes the conversion of AA into COX2 activation contributes to dysregulated
y y9 prostaglandins, including PGEZ2, involved in  inflammation in the brain, impairing cognitive function, [223-225]
(COX2) ; .
inflammatory responses. and worsening ADHD symptoms.
Pro-inflammatory  Prostaglandins produced from AA catalyzed E.Ievated PGE.2 and qther pro-lnflammgtory (‘Tytokl.nes
) L disrupt synaptic plasticity, neurotransmitter signaling,
mediators by COX2 play a central role in inflammatory . . L [226-228]
. . and cognitive functions, contributing to ADHD
(e.g., PGE2) responses in the brain. ;
pathophysiology.
SN (NS (EEPEED [N i e Impairs neuroplasticity and contributes to cognitive and
Neuroinflammation marked by an imbalance favoring pro- p . p asticrty 9 [227,229]
. . . behavioral deficits in ADHD.
inflammatory mediators like PGE2.
Anti-inflammatory properties that help DHA apd EPA help resol\(e |nf|amrpa.t|on and support
Omega-3 Fatty modulate brain inflammation and support synaptic plasticity, potentially alleviating [11,30,43,54]
Acids (DHA, EPA) PP neuroinflammation and ADHD symptoms when e
neuronal membrane structure. . .
balanced with omega-6 intake.
. L Excess omega-6 fatty acids without adequate omega-3
QIMEERS [Pty ) S, e eSO M EAITE ) [ {10 intake can exacerbate neuroinflammation, worsening [230,231]

Acids brain.

ADHD symptoms.

Neuroinflammation, a central factor in the pathophysiology of
ADHD, is characterized by an excessive immune response in the
brain. An imbalance favoring pro-inflammatory mediators, such
as PGE2, impairs neuroplasticity and contributes to cognitive and
behavioral deficits™**”. Omega-3 fatty acids, such as DHA and
EPA, are known for their anti-inflammatory properties and help
modulate brain inflammation by supporting neuronal membrane
structure and producing lipid mediators that resolve inflamma-
tion. In contrast, omega-6 fatty acids may exacerbate neuroin-
flammation if not balanced by adequate omega-3 intake™******’],

Targeting PUFA metabolism offers a promising therapeutic
strategy for ADHD. Omega-3 supplementation, particularly with
DHA and EPA, has shown potential in reducing brain inflamma-
tion and alleviating ADHD symptoms (Table 4). Genetic factors,
such as polymorphisms in the FADS1 and FADS2 genes, which
affect omega-3 conversion, could guide personalized treatment
approaches. Individuals with impaired PUFA metabolism may
benefit from direct omega-3 supplementation or dietary adjust-
ments aimed at improving neuroinflammation and cognitive func-
tion in ADHD.

The Role of omega-3 PUFAs in the Management of
ADHD: Insights from Meta-Analyses and Clinical Trials

Challenges in Meta-Analyses and the Need for Focused
Investigations

Research into the therapeutic potential of omega-3 PUFAs for
managing ADHD has produced mixed results, primarily due to

methodological inconsistencies in earlier studies. These studies
were often characterized by small sample sizes, inadequate con-
trol of confounding variables, and varied supplementation proto-
cols, which limited the ability to draw definitive conclusions
about the efficacy of omega-3 PUFAs in alleviating ADHD
symptoms.

Meta-analyses investigating the effects of omega-3 PUFAs in
ADHD face additional challenges stemming from the heterogen-
eity of clinical samples. Participants in these studies frequently
span a wide range of age groups and present with diverse comor-
bid conditions, introducing significant variability into the results
and complicating the accurate assessment of omega-3 PUFA ef-
fects. Furthermore, many studies employ mixed supplementation
regimens, combining omega-3 PUFAs with other nutrients such
as vitamins or minerals. This approach makes it difficult to isol-
ate the specific therapeutic effects of omega-3 fatty acids on AD-
HD symptoms.

These methodological challenges emphasize the critical need
for focused research on omega-3 PUFA monotherapy in ADHD
treatment. Prioritizing the control of variables, such as comorbid-
ities and co-supplements, is essential for accurately evaluating the
therapeutic potential of omega-3 PUFAs. Selecting well-defined
patient populations and implementing standardized treatment pro-
tocols can minimize confounding factors and improve the reliab-
ility of findings. By employing rigorous methodologies, research-
ers can gain a clearer understanding of the role omega-3 PUFAs
play in managing ADHD symptoms, ultimately facilitating the
development of more effective and targeted therapeutic strategies.
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Optimizing omega-3 PUFA Supplementation in ADHD: A
Meta-Analysis of EPA Doses, Treatment Duration, and
Personalized Approaches

A targeted meta-analysis of six RCTs involving 524 children dia-
gnosed with ADHD revealed significant improvements across
multiple domains, including inattention, overall ADHD symptom
severity, and cognitive function (Table 5)!'**'*2"%3] Notably, a
subanalysis within this meta-analysis emphasized the efficacy of
supplementation with EPA at doses of 500 mg/day or higher.
These doses were particularly effective in mitigating hyperactiv-
ity and impulsiveness, highlighting EPA’s pivotal role in ADHD
management.

In support of these findings, a comprehensive review of 10
clinical trials, encompassing approximately 700 predominantly
male children, reinforced the critical importance of EPA supple-
mentation. This review identified that doses ranging from 1 to 2
g/day were necessary to achieve meaningful reductions in AD-
HD symptoms (Table 5)!'¥%%**] Together, these studies provide
robust evidence for the therapeutic potential of EPA in address-
ing core ADHD symptoms, particularly in the context of hyper-
activity and impulsivity

The therapeutic benefits of EPA are likely attributable to its
anti-inflammatory and antidepressant properties, which may
counteract arachidonic acid and associated inflammatory pro-
cesses, further supporting its role in ADHD treatment***”), Not-
ably, these findings suggest that formulations with higher EPA-to-
DHA ratios—or even EPA monotherapy —could yield superior
clinical outcomes compared to supplements focusing on DHA or
low-dose combined DHA and EPA formulations, which have
generally shown limited efficacy.

Moreover, the data indicate that the beneficial effects of omega-
3 PUFA supplementation may be more pronounced in individu-
als with an EPA deficiency, a fatty acid critical for brain function
and neurodevelopment™?. These insights emphasize EPA's
pivotal role in targeting the neurobiological mechanisms underly-
ing ADHD, positioning it as the most essential omega-3 PUFA
for therapeutic interventions in this context.

The duration of treatment significantly influences the extent of
clinical improvement. Cognitive performance enhancements were
typically observed after 16 weeks of supplementation, while

stable red blood cell PUFA levels required at least 24
weeks!'”!"**"l Behavioral changes, however, necessitated treat-
ment durations of up to 52 weeks to manifest significant im-
provements (Table 5). These findings underscore the importance
of sustained supplementation for achieving comprehensive thera-
peutic outcomes across cognitive, physiological, and behavioral
domains.

Identifying specific patient subgroups that are most responsive
to omega-3 PUFA therapy could optimize treatment efficacy. Re-
cent clinical trials have shown that high-dose EPA supplementa-
tion, particularly at 1200 mg/day, improved cognitive function in
children with low endogenous EPA levels, which may indicate
elevated inflammation. In contrast, children with moderate to
high endogenous EPA levels exhibited minimal cognitive im-
provementst>*****%  These results suggest that stratification
based on biomarkers such as inflammation levels or endogenous
PUFA concentrations could enable more personalized and effect-
ive treatment strategies for ADHD.

The implications of omega-3 PUFA supplementation extend to
adult ADHD, which often persists from childhood and is fre-
quently accompanied by comorbid depression. Studies indicate
that adults with ADHD exhibit lower erythrocyte omega-3 PUFA
levels and higher n-6/omega-3 ratios. Supplementation with
omega-3 PUFAs has demonstrated benefits in improving cognit-
ive function and reducing these unfavorable ratios in
adults #1823 Moreover, given the high comorbidity between
ADHD and depression, omega-3 PUFAs could provide dual
therapeutic benefits, addressing both cognitive and mood-related
symptoms in adult populations.

Omega-3 PUFA supplementation, particularly with higher
doses of EPA, demonstrates significant potential in managing
ADHD™**I_ However, further investigation is needed to estab-
lish optimal dosages and treatment durations, explore stratified
treatment approaches based on clinical characteristics—such as
inflammation levels or endogenous PUFA concentrations —and
extend research to adult populations with persistent ADHD
symptoms. By tailoring interventions to individual clinical pro-
files, omega-3 PUFAs could become a valuable component of
ADHD treatment, offering safe and effective therapeutic out-
comes for both children and adults.

Table 5. Key Insights on Omega-3 PUFA Efficacy and Mechanisms in ADHD Management.

Aspect Findings Key Insights Reference
Heterogeneity in Variability in age groups, comorbid conditions, and Focused analyses on monotherapy are [215,242]
meta-analyses mixed regimens complicates result consistency. required for accurate conclusions. ’
S . - . .
Effective doses EPA dgs_es_ =500 mg/c_iay alleviate hyperactivity and EPA demonstrates superior therapeutic [41,42,60]
impulsivity; 1-2 g/day improves overall symptoms. effects compared to DHA.
Mechanism of EPA’s anti-inflammatory and antidepressant properties Suggests a role of immune modulation in [43,243]
action counteract arachidonic acid and inflammation. ADHD pathophysiology. ’
Duration of Improvements in cognition (16 weeks), red blood cell Longer treatments are necessary for [244,245]
treatment stability (24 weeks), and behavior (52 weeks). sustained benefits. ’
Personalized High-dose EPA effective in children with low Stratification based on inflammation or
treatment endogenous EPA,; less effective in those with higher endogenous PUFA levels enhances [42,43,212]
levels. treatment outcomes.
Adults with ADHD show low omega-3 PUFA levels;
Adult ADHD supplementation improves cognitive function and OIS FUIFAS Y Ll ED el D [42-44]

omega-6/omega-3 ratios.

depression in adult populations.
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Inflammation and Omega-3 PUFAs in the Pathogenesis
and Management of ADHD: Exploring Cytokine Mod-
ulation

Inflammation has gained increasing recognition as a crucial factor
in the pathophysiology of ADHD. Several interconnected mech-
anisms, including immune system dysfunction, neuroinflammat-
ory responses, and alterations in the HPA axis, have been pro-
posed to contribute to the onset and exacerbation of
ADHD™7***1 Understanding how omega-3 PUFAs, particu-
larly EPA, may modulate these inflammatory pathways and po-
tentially offer therapeutic benefits in managing ADHD symp-
toms is crucial.

The Inflammatory Basis of ADHD: Exploring the Role of
Cytokines and Immune Dysregulation

Epidemiological studies have consistently linked ADHD with a
higher prevalence of inflammatory and autoimmune disorders,
suggesting a possible inflammatory basis for the condition. AD-
HD often co-occurs with conditions such as asthma, atopic
dermatitis, and psoriasis, indicating a shared inflammatory eti-
ology™>*¥, Furthermore, a family history of autoimmune dis-
eases —including thyrotoxicosis, type 1 diabetes, autoimmune
hepatitis, and psoriasis —has been associated with an elevated
risk of developing ADHDP***, This association points to the
potential role of chronic inflammation and continuous cytokine
release in altering brain function and contributing to ADHD.

Cytokines, which are signaling molecules produced during sys-
temic inflammation, can cross the blood-brain barrier and exert-
ing significant effects on brain function. Once inside the CNS,
cytokines can affect processes such as synaptic plasticity, neuro-
genesis, and neuroinflammation, all of which are critical to main-
taining proper cognitive function™***”), Research has highlighted
the impact of inflammatory cytokines on the prefrontal cortex, a
brain region essential for executive functions like attention and
impulse control, which are often impaired in individuals with
ADHD™"*¥_ This suggests that inflammatory processes may dir-
ectly disrupt the neural circuits involved in these functions, con-
tributing to ADHD pathology.

Further supporting the inflammatory hypothesis of ADHD,
studies have found higher rates of T-cell mediated neuroinflam-
mation in individuals with ADHD. This immune response, which
involves the activation of immune cells in the brain, may play a
critical role in the development and exacerbation of ADHD
symptoms™”.. Moreover, maternal inflammation during preg-
nancy has been linked to an increased risk of ADHD in
offspring™”, suggesting that prenatal inflammatory exposures
may lead to long-term neurodevelopmental consequences.

Although there is evidence of an inflammatory component to
ADHD, the findings regarding specific inflammatory biomarkers
have been inconsistent. Some studies have found elevated levels
of pro-inflammatory cytokines such as IL-6, as well as anti-in-
flammatory cytokines like IL-10, in individuals with ADHD.
These findings suggest a dysregulated immune response in AD-
HD. However, other studies have reported no significant differ-
ences in cytokine levels between ADHD and typically develop-
ing children, underscoring the need for further research to clarify
the relationship between inflammation and ADHDP*2%*¢',

The Role of Omega-3 PUFAs in Modulating Inflammation
and Protecting Against ADHD

Omega-3 PUFAs, particularly EPA, have been shown to play a
vital role in modulating the immune response and reducing in-
flammation. EPA exerts its anti-inflammatory effects by redu-
cing the levels of AA, a pro-inflammatory omega-6 fatty acid,
and by inhibiting the synthesis of prostaglandin E2 (PGE2), a
molecule involved in promoting inflammation®****), By regulat-
ing these pathways, EPA may help to mitigate the inflammatory
processes that contribute to ADHD and other comorbid condi-
tions.

Beyond reducing pro-inflammatory signaling, omega-3 PU-
FAs such as EPA and DHA are known to modulate oxidative
stress and free radical generation, both of which are implicated in
inflammation®'**), These fatty acids help maintain cellular integ-
rity by regulating lipid raft signaling platforms on cell mem-
branes, which are involved in neurotransmitter release and im-
mune function******, Through these mechanisms, omega-3 PU-
FAs can exert protective effects on the brain and help balance im-
mune system activity.

Emerging evidence highlights the potential benefits of omega-
3 supplementation, particularly during critical periods of brain
development. Maternal systemic inflammation during pregnancy
has been linked to adverse effects on fetal brain development, in-
cluding heightened inflammation and cognitive deficits in off-
spring®®**. However, an adequate omega-3 intake during preg-
nancy appears to mitigate these impairments, suggesting a pro-
tective role for omega-3 PUFAs. These findings underscore the
importance of maternal nutrition in safeguarding fetal
neurodevelopment and reducing the risk of neurodevelopmental
disorders such as ADHD.

Inflammation is increasingly recognized as a central mechan-
ism in the pathogenesis of ADHD, with immune dysfunction,
neuroinflammatory responses, and prenatal factors all playing a
role in its development™’*'. Omega-3 PUFAs, particularly
EPA, offer a promising therapeutic strategy for modulating these
inflammatory pathways. By reducing systemic inflammation,
protecting against neuroinflammation, and supporting proper
brain development, omega-3 PUFAs may contribute to mitigat-
ing ADHD symptoms™'**, A better understanding of the specif-
ic mechanisms through which omega-3 PUFAs exert their effects,
as well as determining the optimal conditions for their use in clin-
ical interventions for ADHD, is essential.

Advancing ADHD Treatment: The Role of omega-3
PUFAs and Personalized Approaches in Managing
Neurobiological Dysfunction

Pharmacological interventions, including stimulant medications
such as methylphenidate and amphetamines, as well as non-stim-
ulant options like atomoxetine and guanfacine, remain the corner-
stone of ADHD treatment, with efficacy in alleviating symptoms
in 60-80% of patients by improving attention, impulse control,
and behavior regulation''****”), However, these medications do not
provide universal efficacy, as approximately 20-40% of individu-
als experience inadequate symptom control or intolerable side ef-
fects, such as sleep disturbances, appetite suppression, or irritabil-
ity. These limitations have led to growing interest in exploring al-
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ternative or adjunctive treatment approaches, particularly nutri-
tional interventions like omega-3 PUFAs. Supplementation with
omega-3 PUFAs, especially DHA and EPA, has emerged as a
promising adjunct to pharmacotherapy, offering potential bene-
fits for managing ADHD symptoms, particularly for patients who
do not respond well to conventional treatments or experience sig-
nificant side effects!*>**2¢],

Given the neurobiological effects of DHA and EPA and their
favorable safety profile, these fatty acids have shown promise in
mitigating several neurobiological dysfunctions associated with
ADHD, making them a viable adjunctive treatment option for in-
dividuals who either do not respond well to conventional pharma-
cological therapies or suffer from significant side effects.

Neuroprotective and Anti-Inflammatory Effects of Omega-3
PUFAs in ADHD: Mechanisms and Clinical Benefits

DHA and EPA are increasingly recognized for their neuroprotect-
ive and anti-inflammatory properties, offering significant poten-
tial in the treatment of ADHD. These omega-3 fatty acids are es-
sential for maintaining brain structure and function''**, DHA, in
particular, serves as a major component of neuronal membranes,
enhancing membrane fluidity, supporting synaptic plasticity, and
facilitating neurotransmission. Deficiencies in DHA have been
linked to alterations in the lipid composition of neuronal mem-
branes, which can subsequently impair the functioning of key
neurotransmitter systems, including serotonin, norepinephrine,
and dopamine pathways”*). These disruptions are often ob-
served in ADHD and are linked to cognitive impairments, mood
disorders, and behavioral dysregulation, which are hallmark fea-
tures of the disorder.

In addition to their structural role, omega-3 PUFAs exert sub-
stantial effects on the brain’s inflammatory pathways, which are
increasingly recognized as playing a critical role in the patho-
physiology of ADHD™***, Neuroinflammation, characterized by
an overactivation of microglia and an imbalance in pro-inflam-
matory and anti-inflammatory cytokines, has been proposed as a
contributing factor to ADHD symptoms. Omega-3 fatty acids,
particularly DHA and EPA, have been shown to modulate these
inflammatory processes”’"*". Specifically, they help to reduce
the production of pro-inflammatory cytokines and eicosanoids,
such as prostaglandins and leukotrienes, which are known to con-
tribute to neuroinflammation. By enhancing the production of
anti-inflammatory molecules, omega-3s can help restore the bal-
ance of the brain’s immune response, potentially alleviating some
of the neuroinflammatory contributions to ADHDY>***,

Clinical studies investigating the therapeutic effects of omega-
3 PUFA supplementation in ADHD have shown promising res-
ults. Supplementation with DHA and EPA has been demon-
strated to improve cognitive function, particularly in areas such
as attention, working memory, and processing speed, which are
commonly impaired in individuals with ADHDM"'"**7,
Moreover, omega-3 PUFAs have been shown to reduce hyper-
activity and inattention, two core symptoms of ADHD®"*!, These
improvements are thought to be mediated by omega-3’s ability to
enhance neurotransmission and synaptic plasticity, thereby sup-
porting more efficient cognitive processing and reducing behavi-
oral impulsivity.

Beyond cognitive and behavioral improvements, omega-3 sup-
plementation has also been shown to have beneficial effects on

mood regulation, a key concern in ADHD management™”. Many
individuals with ADHD experience co-occurring mood disturb-
ances, including anxiety and depression, which can further com-
plicate the management of the disorder. Omega-3 fatty acids,
through their effects on the serotonin and dopamine systems, are
thought to help stabilize mood and reduce symptoms of anxiety
and depression in ADHD patients™*****", By supporting the op-
timal functioning of neurotransmitter systems involved in mood
regulation, omega-3s may offer a valuable adjunct to traditional
treatments for mood-related symptoms in ADHD.

Another significant benefit of omega-3 PUFA supplementa-
tion is its potential to reduce markers of neuroinflammation. Re-
search has demonstrated that individuals with ADHD often ex-
hibit elevated levels of inflammatory markers, such as cytokines
and C-reactive protein (CRP)™**". These markers are associated
with increased neuroinflammation and are thought to play a role
in the development and exacerbation of ADHD symptoms. Sup-
plementation with omega-3 fatty acids has been shown to reduce
these inflammatory markers, suggesting that omega-3s may help
mitigate the inflammatory component of ADHD.

Therefore, the neuroprotective and anti-inflammatory proper-
ties of omega-3 PUFAs, particularly DHA and EPA, offer a mul-
tifaceted approach to managing ADHD. Their ability to enhance
cognitive function, regulate mood, and reduce neuroinflamma-
tion positions omega-3 fatty acids as a promising adjunctive or
alternative treatment for individuals with ADHD. However, fur-
ther research is necessary to optimize treatment protocols, de-
termine the most effective dosages and durations of supplementa-
tion, and better understand the mechanisms underlying the thera-
peutic effects of omega-3s.

Personalized Approaches to Omega-3 PUFA Supplementation:
Optimizing ADHD Management through Biomarker-Driven
Strategies

As research on omega-3 PUFA supplementation advances, there
is growing recognition that a one-size-fits-all approach may not
be the most effective strategy for managing ADHD. Personalized
medicine, which takes into account individual biological markers
such as baseline EPA levels and inflammatory markers, is emer-
ging as a more effective way to optimize treatment outcomes.

For instance, children with elevated inflammatory biomarkers
or low plasma EPA levels are more likely to experience symp-
tom improvements with high-dose EPA supplementation!****",
In contrast, individuals with normal PUFA profiles may derive
little benefit from such interventions. These findings underscore
the importance of tailoring supplementation strategies to indi-
vidual needs, which could enhance treatment efficacy while min-
imizing unnecessary treatments.

Omega-3 PUFAs, particularly EPA, represent a promising ad-
junctive therapy for ADHD, offering a safe and potentially effect-
ive approach to managing the disorder’s neurobiological under-
pinnings™*%. However, the variability in treatment responses
highlights the necessity of personalized approaches that account
for individual genetic, metabolic, and inflammatory profiles.

By incorporating nutritional strategies into a comprehensive,
patient-centered treatment plan, clinicians may improve the man-
agement of ADHD, offering safer and more effective options for
individuals affected by the disorder. As the research landscape
continues to evolve, omega-3 PUFAs could play a key role in re-
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shaping ADHD therapy, complementing existing pharmacologic-
al treatments, and ultimately enhancing the quality of life for in-
dividuals living with ADHD.

While pharmacological treatments remain the cornerstone of
ADHD management, omega-3 PUFA supplementation presents a
viable alternative or adjunctive strategy for individuals who do
not respond well to medications or prefer to avoid the side ef-
fects associated with pharmacotherapy. In particular, omega-3
PUFAs may be beneficial in addressing cognitive deficits, mood
dysregulation, and neuroinflammation, which are often observed
in ADHD'™*,

Emerging evidence suggests that omega-3 PUFAs may hold
significant therapeutic potential for managing ADHD. However,
further research is necessary to refine clinical protocols for
omega-3 PUFA supplementation, particularly emphasizing the
identification of optimal dosage ranges, treatment durations, and
patient populations most likely to benefit.

A critical aspect of this refinement is the investigation of both
established and hypothetical mechanisms through which omega-3
PUFAs may influence ADHD symptomatology. These mechan-
isms include the modulation of neuroinflammation, neuronal
membrane fluidity and signal transduction, and neurotransmitter
regulation. Omega-3 PUFAs, particularly EPA and DHA, have
been shown to reduce the production of pro-inflammatory cy-
tokines. This reduction may help alleviate neuroinflammatory
processes that contribute to the pathophysiology of ADHD". By
mitigating inflammation, omega-3 PUFAs may indirectly im-
prove the neurological environment, potentially benefiting indi-
viduals with ADHD. DHA also plays a structural role in enhan-
cing neuronal membrane fluidity, which is essential for maintain-
ing proper synaptic function and neurotransmitter release. This
function is critical for the effective transmission of signals across
neurons, contributing to cognitive and behavioral regulation,
which are often impaired in ADHD"”"). Moreover, omega-3 PU-
FAs may influence key neurotransmitter pathways, particularly
those involving dopamine and serotonin, which are known to
play a significant role in attention and mood regulation. This sug-
gests a neurochemical basis for the beneficial effects of omega-3
PUFAs in the management of ADHD, potentially offering thera-
peutic avenues for improving these symptoms®?.

Personalized strategies for omega-3 PUFA supplementation in
ADHD could be further enhanced through biomarker-driven ap-
proaches. For example, assessing baseline omega-3 index levels
or inflammatory markers could guide individualized treatment
plans, ensuring patients receive tailored interventions based on
their specific neurobiological profiles”’. Dosage optimization
remains an area requiring clarification, with current studies sug-
gesting therapeutic ranges of 500-1000 mg/day of combined EPA
and DHA, though individual variability in absorption and meta-
bolic response warrants further investigation™*'.

Conclusion

The multifaceted role of omega-3 PUFAs in brain health,
neurodevelopment, and the management of neurodevelopmental
and neuropsychiatric disorders underscores their critical import-
ance across the lifespan. These fatty acids, particularly DHA and
EPA, contribute to structural integrity, functional optimization,
and modulation of inflammatory and immune pathways in the

brain. Despite significant progress, the field remains ripe for ex-
ploration, with future research needed to address key gaps and
challenges.

For neurodevelopmental disorders like ASD and ADHD,
omega-3 PUFAs show promise in mitigating core and associated
symptoms through their neuroprotective, anti-inflammatory, and
immunomodulatory properties. Personalized approaches that ac-
count for genetic predispositions, metabolic profiles, and indi-
vidual dietary needs could maximize their therapeutic potential.
Advances in biomarker identification and the integration of
omega-3s with complementary therapies such as vitamin D, pro-
biotics, or existing pharmacological treatments offer pathways to
enhanced outcomes.

Additionally, the emerging interplay between omega-3 PUFAs
and the gut-brain axis represents a compelling area of study. In-
vestigating how these fatty acids influence the microbiome, and
immune responses may unlock novel interventions for both neur-
ological and systemic health. To advance clinical applications,
addressing limitations in study design, standardizing methodolo-
gies, and extending treatment durations are essential. Longitudin-
al studies are particularly crucial for assessing sustained benefits
and refining precision nutrition strategies.

By embracing a holistic and multidisciplinary perspective, the
therapeutic potential of omega-3 PUFAs can be harnessed to
transform public health approaches to brain health and
neurodevelopmental disorders. These efforts hold the promise of
innovative, individualized, and effective strategies that improve
long-term outcomes and quality of life for affected individuals.

Abbreviation

ADHD, Attention-deficit/hyperactivity disorder; ALA, Alpha-li-
nolenic acid; APOE4, Apolipoprotein E4; ASD, Autism spec-
trum disorder; BBB, Blood-brain barrier; BDNF, Brain-derived
neurotrophic factor; CNS, Central nervous system; COX2, Cyc-
looxygenase-2; CRP, C-reactive protein; DHA, Docosahexaeno-
ic acid, EFA, Essential fatty acid; EPA, Eicosapentaenoic acid;
FABPs, Fatty acid-binding proteins; FADS, Fatty acid desat-
urase; GBA, Gut-brain axis; HPA, Hypothalamic-pituitary-adren-
al; IFN-p, Interferon-p; IL-12, Interleukin 12; IL-1f, Interleukin-
1B; IL-6, interleukin-6; MCP-1, Monocyte chemoattractant pro-
tein-1; NF-xB, Nuclear factor kappa-light-chain-enhancer of ac-
tivated B cells; PGE2, Prostaglandin E2; PLA2, Phospholipase
A2; PUFAs, Omega-3 polyunsaturated fatty acids; RCTs, Ran-
domized controlled trials; ROS, Reactive oxygen species;
SCFAs, Short-chain fatty acids; SPMs, Specialized pro-resolving
mediators; SSRIs, Selective serotonin reuptake inhibitors; TGF-f,
Transforming growth factor beta; TNF-a, tumor necrosis factor-
alpha.
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