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Abstract: Given the comprehensive examination of the role of fa�y acid-rich diets in central nervous 

system development in children, this study bridges significant gaps in the understanding of dietary 

effects on neurodevelopment. It delves into the essential functions of fa�y acids in neurodevelop-

ment, including their contributions to neuronal membrane formation, neuroinflammatory modula-

tion, neurogenesis, and synaptic plasticity. Despite the acknowledged importance of these nutrients, 

this review reveals a lack of comprehensive synthesis in current research, particularly regarding the 

broader spectrum of fa�y acids and their optimal levels throughout childhood. By consolidating the 

existing knowledge and highlighting critical research gaps, such as the effects of fa�y acid metabo-

lism on neurodevelopmental disorders and the need for age-specific dietary guidelines, this study 

sets a foundation for future studies. This underscores the potential of nutritional strategies to sig-

nificantly influence neurodevelopmental trajectories, advocating an enriched academic and clinical 

understanding that can inform dietary recommendations and interventions aimed at optimizing 

neurological health from infancy. 
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1. Introduction 

The development of the nervous system in children is a sophisticated process that is 

influenced by a myriad of environmental factors, among which nutrition plays a critical 

role. Fa�y acids (FAs), particularly long-chain polyunsaturated FAs (LC-PUFAs), have 

emerged as key dietary components because of their essential functions in neurodevelop-

ment. These FAs are integral to the formation and maintenance of neuronal membranes, 

the modulation of neuroinflammation, and the facilitation of neurogenesis and synaptic 

plasticity. Despite the acknowledged importance of FAs in neurodevelopment, the precise 

mechanisms through which specific dietary FAs contribute to the development of the cen-

tral nervous system (CNS) and their optimal levels during various stages of childhood 

remain an area of ongoing research. 

The current literature delineates the significance of omega-3 FAs such as docosahex-

aenoic acid (DHA) and eicosapentaenoic acid (EPA) in supporting cognitive development 

and mental health [1–3]. However, there is a noticeable gap in the comprehensive review 

and synthesis of recent findings that articulate a broader spectrum of FAs, including 

omega-6 FAs and their ratios to omega-3 FAs, in the context of neurological development 

and function. 
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Our review article aims to consolidate the existing knowledge on the influence of a 

fa�y acid-rich diet on CNS development in children, exploring both beneficial and poten-

tially adverse effects. It critically assesses the current understanding from molecular biol-

ogy to clinical outcomes, highlighting the essential roles of FAs in neurodevelopmental 

processes and their implications for dietary recommendations. 

Moreover, this review identifies the need for further research in several key areas, 

including the impact of FA metabolism on neurodevelopmental disorders, the long-term 

effects of early-life nutrition on adult neurological health, and the development of age-

specific dietary guidelines that optimize neurodevelopmental outcomes. By addressing 

these gaps, this review contributes to a more nuanced understanding of the relationship 

between nutrition and nervous system development and proposes suggestions for poten-

tial future research that could offer valuable input for the development of dietary guide-

lines and interventions. 

In doing so, we refer to original studies and recent meta-analyses, such as those con-

ducted by Lehner et al. (2021) and Verfuerden et al. (2020), which have begun to illuminate 

these complex interactions but also call for a deeper, more integrated approach to under-

standing the nutritional underpinnings of neurodevelopment [4,5]. Through a detailed 

examination of the current evidence and identification of research gaps, our review en-

deavors to advance the field of pediatric nutrition and neurodevelopment, se�ing a stage 

for future investigations to further elucidate the critical role of dietary FAs in the develop-

ing brain. 

2. The Types of Fa�y Acids 

Fa�y acids (FAs) are carboxylic acids comprising a long carbon chain and at least one 

carboxyl group; their links can be double bonds. Most naturally occurring FAs have an 

unbranched chain with an even number (4–28) of carbon atoms. FAs can be divided into 

four groups based on the number of carbon atoms in the aliphatic hydrocarbon chain. 

Short-chain, medium-chain, long-chain (LCFAs), and very-long-chain fa�y acids 

(VLCFAs) contain up to 5 carbon atoms (C1–5), 6–12 carbon atoms (C6–12), 13–21 carbon 

atoms (C13–21), and more than 22 carbon atoms (C > 22), respectively. Another criterion 

used to categorize FAs is the presence of double bonds. FAs can be divided into a few 

groups: saturated FAs, monounsaturated FAs, and polyunsaturated FAs (PUFAs). 

Omega-3 and omega-6 FAs are subgroups of polyunsaturated fa�y acids (PUFAs). They 

possess numerous double bonds, and the first contains three and six atoms away from the 

terminal methyl group in their aliphatic hydrocarbon chains for omega-3 and omega-6 

FAs, respectively [6]. The most notable omega-3 FAs are all-cis-9,12,15-octadecatrienoic 

acid (α-linolenic acid—ALA), all-cis-5,8,11,14,17-eicosapentaenoic acid (EPA), all-cis-do-

cosa-4,7,10,13,16,19-hexaenoic acid (DHA), and all-cis-6,9,12,15-octadecatetraenoic acid 

(stearidonic acid) [7]. 

3. Nutritional Importance of Fa�y Acids 

Essential fa�y acids (EFAs), as their name suggests, are a group of fats that are crucial 

for maintaining human health. As EFAs cannot be synthesized in sufficient amounts by 

organisms, they must be supplied with food. The condensation of acetyl-CoA in cells fa-

cilitates the formation of palmitic acid, which contains 16 carbon atoms. In addition, 

through elongation and desaturation in the endoplasmic reticulum, the length of the ali-

phatic chains increases, and double bonds are introduced into the FA molecules. Although 

mammalian desaturases can insert double bonds at specific locations (Δ9, 6, 5, and 4), they 

cannot be added to positions beyond the tenth carbon of the fa�y acid chain. As such, only 

ALA and linoleic acid (LA) are essential FAs for humans because they are precursors of 

other members of the omega-3 and omega-6 families, respectively [8]. 

In all major dietary sources, PUFAs are chemically bound to glycerol molecules in 

the form of triacylglycerols (TAGs) or diacylglycerols. Other chemical entities containing 

FAs include phospholipids (e.g., lecithin) and cholesterol esters [8]. Like other long-chain 



Nutrients 2024, 16, 1093 3 of 30 
 

 

fa�y acids (LCFAs), ALA is absorbed from the gut and enters circulation, where it is pri-

marily esterified into triacylglycerols carried by chylomicron particles. These triacylglyc-

erols are further hydrolyzed by lipoprotein lipase, which is expressed in the endothelium. 

Fa�y acids from chylomicron remnants are processed in the liver and may reappear in the 

bloodstream as components of triacylglycerols (very-low-density lipoproteins) or phos-

pholipids. Through these processes, dietary ALA can be made available to be incorporated 

into cell membranes and pools for storage, energy production, or conversion into long-

chain omega-3 polyunsaturated fa�y acids (PUFAs), which are believed to occur mainly 

in the liver [9]. It should be noted that, following absorption in the gastrointestinal tract, 

most ALA is catabolized via β-oxidation for energy production. Only a fraction of ALA is 

converted into two other important EFAs: EPA and DHA. In the human body, the rate of 

conversion of ALA to EPA and DHA has been reported to be 8–12% and <1%, respectively 

[10]. However, recent research has indicated that DHA synthesis rates cannot be as low as 

previously reported [11]. The conversion of omega-6 and omega-3 FAs is a competitive 

process because both utilize the same metabolic pathways. However, if the availability of 

LA exceeds that of ALA, metabolism of the former exceeds that of the la�er. The conver-

sion of ALA to EPA and DHA appears to be more efficient in women than in men [12]. 

Considering these biochemical properties, a well-balanced diet should not only contain a 

sufficiently high intake of omega-3 and omega-6 PUFA but also a proper proportion be-

tween them [13]. 

Genetic factors may also influence the ALA conversion rate, as many single nucleo-

tide polymorphisms have been identified in the FA desaturase (Fads1 and Fads2) genes 

[14]. The significance of this genetic variability should be considered when preparing rec-

ommendations for dietary PUFA intake. For instance, the C allele of FADS1 rs174547, 

which plays a crucial role in the conversion of plant-based LC-PUFAs into VLC-PUFAs, is 

commonly found in Americans (59%), East Asians (57%), and Europeans (35%). However, 

it is rarely present in South Asian (14%) or African (2%) populations. Therefore, it has been 

proposed that a diet rich in ALA may benefit South Asian and African populations (who 

have limited access to seafood) because of the normal functioning of desaturase enzymes 

(absence of mutations) and efficient conversion of ALA. However, Americans may require 

direct supplementation with EPA and DHA because of the low conversion rate of ALA to 

longer-chain EFAs [15]. 

4. Dietary Sources of Fa�y Acids 

There are numerous recommendations concerning the optimal dietary intake of 

PUFA in a healthy diet [16]. According to the WHO, the minimum intake values for EFAs 

to prevent deficiency symptoms are estimated at the following levels: 2.5% of daily energy 

intake should be consumed as LA, and 0.5% of daily energy intake should be consumed 

as ALA. The recommended daily intake of EPA and DHA for adult males and non-preg-

nant and non-lactating adult females is 250 mg per day. Currently, there is insufficient 

evidence to establish a specific minimum intake of either EPA or DHA alone; therefore, 

both should be consumed. For pregnant and lactating adult females, the minimum intake 

for optimal adult health and fetal and infant development is 300 mg/day EPA + DHA with 

at least 200 mg/day DHA [17,18]. The National Institutes of Health recommends an ade-

quate intake of 1.4 g of omega-3 FAs per day for male children aged >14 years and men. 

For women, pregnant women, and lactating women, the numbers should be 1.1 g, 1.4 g, 

and 1.3 g, respectively. Specific intake recommendations for EPA and DHA have not been 

established [19,20]. The European Food Safety Authority proposes that 4% of the total en-

ergy intake should be provided as LA, and 0.5% of the total energy intake should be pro-

vided as ALA, regardless of age, sex, and pregnancy status. While children up to the age 

of 1 year should consume 100 mg DHA daily, children older than 1 year and all adults 

should consume 250 mg DHA and EPA daily [21]. 

Considering the metabolic pathway of PUFAs in cells, they can be provided by the 

consumption of fish rich in DHA and EPA or plant seeds or oils that contain ALA. PUFA-
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rich sources include certain seeds, nuts, and oils (Table 1) and, to a lesser extent, beans. 

The most common EPA and DHA sources are fish, especially species found in cold waters 

and seafood, meat, and eggs to a lesser extent (Figure 1). Other sources of PUFAs have 

been proposed. Mushrooms can contribute to the uptake of FAs with some advantages, 

such as their ubiquity, low caloric value, high fiber and protein content, and absence of 

cholesterol [22]. The biosynthesis of omega-3 PUFAs in algae has also been extensively 

studied, especially in commercial species [23]. Alternative herbal, microbial, and seaweed 

sources of DHA and EPA, which could be acceptable for vegans, have also been proposed 

[8,24]. 

 

Figure 1. Food sources of omega-3 unsaturated fa�y acids (DHA, EPA, and ALA) and their roles in 

central nervous system development. ALA, α-linolenic acid; DHA, docosahexaenoic acid; EPA, 

eicosapentaenoic acid. Created with BioRender.com (accessed on 1 March 2024). 

Table 1. Selected dietary sources of ALA, DHA, and EPA [19,25]. 

Food 
PUFAs Content (g/100 g of Product) 

ALA DHA EPA 

Seeds and nuts 

Walnuts 9.05 - - 

Chia seeds 17.81 - - 

Flaxseed 19.4 - - 

Oils 

Canola 7.45 - - 

Soybean 6.62 - - 

Olive 0.65 - - 

Fish 

Salmon, Atlantic - 1.45 0.69 

Herring, Atlantic - 1.09 0.9 
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Sardines - 0.86 0.5 

Seafood 

Lobster 0.05 0.08 0.12 

Shrimps - 0.14 0.14 

Scallops - 0.10 0.07 

ALA, α-linolenic acid; DHA, docosahexaenoic acid; EPA, eicosapentaenoic acid; PUFAs, polyun-

saturated fa�y acids. 

Despite the fact that various scientific commi�ees and advisory bodies have pub-

lished their recommendations, the observed intake of omega-3 FAs in the population is 

lower than required. A recently published study on the American population showed that 

toddlers, children, and adolescents had significantly lower omega-3 FAs intake than 

adults and seniors. Moreover, females exhibited a lower intake of omega-3 FAs than 

males, and adult and senior women had a significantly lower intake than men in the same 

age groups. Women also consumed less fish than men. The estimated intake of omega-3 

FAs in pregnant women did not differ from that in non-pregnant women, although preg-

nant women reported lower consumption of high-omega-3-FA-containing fish than non-

pregnant women. Only 0.8% of the study population reported using EPA/DHA supple-

ments, but this was associated with significantly higher EPA, DHA, and EPA + DHA in-

take than in non-supplement users. This indicates that some subgroups of the population 

may be at a higher risk for omega-3 FAs intake below the recommended levels [26]. 

5. Omega-3 Polyunsaturated Fa�y Acids in Brain Health: Structural and Functional 

Impacts of Docosahexaenoic Acid on Neural Development and Homeostasis 

In mammals, lipids account for approximately half of the dry weight of the brain, 

with 35% being omega-3 PUFAs. DHA constitutes over 40% of omega-3 PUFAs present in 

neuronal tissues, particularly in the gray ma�er. In contrast, EPA represents less than 1% 

of the total acid content of the brain [27]. FAs are critical constituents that determine the 

structural diversity of lipids and their function in the CNS [28]. In addition, FAs and their 

metabolites play crucial roles in maintaining brain homeostasis and affect several neural 

functions, including cell survival, neurogenesis, and synaptogenesis [29,30]. Most DHA 

accumulation in the brain occurs during the perinatal period, which is a period of signifi-

cant brain development [31]. DHA, a significant component of neural membranes, makes 

for 30–40% of phospholipids in the gray ma�er of the cerebral cortex and photoreceptor 

cells of the retina. It plays a crucial role in regulating the physicochemical properties of 

synaptic membranes, such as fluidity, permeability, and viscosity, as well as in modulat-

ing the neurotransmission, gene expression, and activities of enzymes, receptors, and ion 

channels [32]. Brain development involves the incorporation of DHA into membrane 

phospholipids, particularly phosphatidylethanolamine, which leads to neurite out-

growth, synaptogenesis, and neurogenesis. In the hippocampus, omega-3 PUFAs expo-

sure enhances synaptic plasticity by increasing synaptic protein expression, dendritic 

spine density, and long-term potentiation [33]. It augments glutamatergic synaptic activ-

ity accompanied by an increase in the expression of synapsin and glutamate receptor sub-

units [34]. DHA modulates the activity of glutamate transporters such as GLT1, GLAST, 

and excitatory amino acid transporter 3 (EAAC1) through extracellular Ca2+, Ca2+/calmod-

ulin-dependent protein kinase II (CaM), and protein kinase C [33]. Cerebral endothelial 

and glial cells produce DHA and EPA from dietary sources and serve as DHA precursors. 

However, the capacity for endogenous synthesis or conversion of DHA is notably low 

[35]. Therefore, dietary DHA is the main source of DHA in the brain [36]. Although neu-

rons cannot synthesize PUFAs, they can incorporate them into their membranes [37] (as 

shown in Figure 1). 

In addition to the well-documented roles of DHA in enhancing cognitive and visual 

function, recent studies have elucidated its synergistic interaction with phosphatidylser-

ine (PS) in membrane dynamics, which is crucial for brain health. Sinclair (2019) 
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highlighted the integral role of PS, predominantly localized on the cytoplasmic side of 

neuronal cell membranes, in facilitating the action of signaling proteins that underpin 

neuronal survival, neurite growth, and synaptogenesis. DHA not only promotes the syn-

thesis of PS but also leads to an expansion of the PS pool in neuronal membranes, thus 

influencing PS-dependent signaling pathways vital for optimal neuronal function. This 

interaction underscores the multifaceted role of DHA in brain health, extending beyond 

its direct action to include significant effects on membrane lipid composition and function, 

thereby enhancing signal transduction processes essential for cognitive and neurological 

health [38]. 

Glial cells are typically divided into three primary types: astrocytes, microglia, and 

oligodendrocytes. Each of these cell categories plays a crucial role in maintaining neuronal 

health in their vicinity [39]. Astrocytes are the primary source of DHA, which is synthe-

sized (essential) within the central nervous system. Although most DHA in the CNS is 

obtained from dietary sources (non-essential), the synthesis of DHA from ALA by astro-

cytes in response to various stimuli is crucial for neuroinflammation and cell survival [40]. 

DHA diminishes microglial-induced inflammation by inhibiting the nuclear factor-κB 

(NF-κB) and mitogen-activated protein kinase (MAPK) pathways [41], whereas DHA de-

ficiency increases the expression of pro-inflammatory cytokines such as interleukin-6 (IL-

6) and tumor necrosis factor α (TNF-α) [42]. Research has demonstrated that fa�y acid 

metabolism plays a crucial role in regulating astrocyte function under both normal and 

abnormal conditions. Some studies have shown that the synthesis of fa�y acids by astro-

cytes is necessary for neuronal differentiation during development. In particular, it has 

been reported that an increase in albumin during this phase triggers the expression of 

sterol regulatory element-binding protein 1 (SREBP-1), leading to the accumulation of 

oleic acid, a monounsaturated fa�y acid (MUFA). Astrocytic oleic acid is transferred hor-

izontally to phosphatidylcholine (PC) and phosphatidylethanolamine (PE) in neurons, 

thereby promoting neuronal differentiation. Oligodendrocytes synthesize sphingomyelin, 

which stimulates myelination. These data suggest that fa�y acid metabolism is a key fac-

tor in astrocyte function under physiological and pathological conditions [38,43]. 

DHA is a crucial precursor of various mediators, including protectins and resolvins, 

which are signaling molecules that play a role in inflammation [44]. It can also be metab-

olized to docosahexaenoylethanolamide (DEA), the main endogenous ligand of orphan 

adhesion G-protein-coupled receptor 110 (GPR110, ADGRF1) in the brain [34,45]. Activa-

tion of the GPR110 receptor by the endogenous ligand synaptamide promotes neurogen-

esis, neurite growth, and synaptogenesis in the developing brain through cAMP signal 

transduction [46]. GPR40/FFAR1 is a free FA (FFA) receptor expressed in different regions 

of the CNS, including the cortex, hypothalamus, and spinal cord [47]. DHA is a 

GPR40/FFAR1 agonist. Experimental research has demonstrated that GPR40/FFAR1 plays 

a crucial role in mediating the effects of DHA on a variety of physiological activities, such 

as insulin secretion, regulation of hormone secretion in the digestive system, taste percep-

tion, and bone remodeling [47,48]. Activation of the GPR40 receptor in the CNS has been 

linked to pain control and the regulation of cognition and emotional behavior [49,50]. Alt-

hough the positive impact of DHA on the central nervous system, particularly at the mo-

lecular level, is well established, the specific molecular pathways involved in its neu-

rotrophic and neuroprotective effects are not fully understood. Identifying these path-

ways may pave the way for innovative therapeutic approaches for the treatment of CNS 

diseases [51]. In our comprehensive review of fa�y acids crucial for neurodevelopment, 

n-3 docosapentaenoic acid (DPA) is also a noteworthy inclusion. Despite its relative ob-

scurity compared to its n-3 PUFA counterparts EPA and DHA, n-3 DPA has a significant, 

albeit understated, role in the brain and other tissues. Ghasemi Fard et al. (2021) illumi-

nated the nuanced biological functions of n-3 DPA, underscoring its potent effects which 

may not be immediately apparent—akin to the largely submerged part of an iceberg. This 

minor omega-3 fa�y acid, which is less abundant than DHA and EPA, is intricately in-

volved in the biosynthesis of specialized pro-resolving lipid mediators (SPMs) such as 
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resolvins, maresins, and protectins. n-3 DPA mediators are critical for reducing inflamma-

tion and regulating immune reactions, which underscores their significant and extensive 

impact on neurodevelopment and overall health [52]. The importance of n-3 DPA should 

be highlighted to explore its role further. 

6. Impact of Malnutrition on Neurodevelopment and Child Health 

Malnutrition encompasses deficiencies and excess nutrient intake, an imbalance of 

essential nutrients, and impaired nutrient utilization, as defined by the World Health Or-

ganization (WHO). UNICEF’s 2022 report highlights that approximately 2.4 billion indi-

viduals, predominantly women and rural residents, lack access to adequate food supplies, 

with more than 200 million children suffering from various forms of malnutrition. This 

issue is particularly critical for children under the age of five, including newborns, where 

malnutrition significantly contributes to long-term neurological disabilities and impaired 

developmental outcomes. Increasing a�ention has been paid to the role of specific nutri-

ents such as DHA in supporting the complex process of neurodevelopment in early child-

hood. Particularly, in preterm infants who are at a heightened risk of developmental chal-

lenges, early nutritional interventions have shown promising results. A recent study 

demonstrated that neonatal supplementation with DHA in preterm infants is linked to 

improved intelligence quotients at 5 years, underscoring the long-term cognitive benefits 

of targeted nutritional support during critical developmental windows [53]. This finding 

aligns with further discussion of the crucial impact of malnutrition and specific nutrient 

deficiencies during the prenatal and neonatal periods on subsequent child health and cog-

nitive development. Despite widespread concerns about the adequacy of dietary intake of 

omega-3 fa�y acids, particularly DHA, and its implications for brain health, recent re-

search has provided a nuanced perspective on this issue. Sinclair et al. (2022) meticulously 

explored the evidence for dietary-induced DHA deficiency in human brains, challenging 

prevailing assumptions about the prevalence of such deficiencies. Their review also eluci-

dated the critical periods for DHA accrual in the brain, notably during fetal and postnatal 

development, and identified specific populations that might be at risk owing to dietary 

pa�erns. This comprehensive analysis not only highlights the complex interplay between 

diet and brain DHA levels but also highlights the significant gaps in our understanding, 

particularly concerning the direct evidence of DHA deficiency in human brain tissue. This 

research underscores the importance of continued investigation into dietary needs for op-

timal brain function and the potential consequences of deficiency [54]. Moreover, as sug-

gested by Sinclair et al. (2022), the prevalence of omega-3 PUFA deficiency in the human 

brain is not well documented owing to insufficient data, particularly from populations 

that are likely to be deficient. As shown in their review, (1) most of the existing research 

focuses on Western countries, where dietary omega-3 PUFA deficiency is less common; 

(2) vegetarians, especially vegans, tend to have lower levels of DHA in their plasma, blood, 

and tissues because their diets are typically rich in LA and poor in ALA and LC-PUFAs 

(significant signs of omega-3 PUFA deficiency were generally not found in these groups 

despite their dietary restrictions); and (3) there is evidence of potential omega-3 PUFA 

deficiency in a few specific cases involving newborns: Hindu vegetarian mothers in Lon-

don had infants with high levels of omega-3 PUFA deficiency markers in cord arterial 

tissue, infants in the U.K. and Australia showed signs of deficiency when fed formulas low 

in omega-3 PUFAs, and mothers from northern Sudan had very low DHA levels in their 

milk. As the authors concluded, the lack of global data on the status of DHA and others 

PUFAs in brain tissue from risk regions suggests an urgent need for research in popula-

tions at risk of its deficiency [54]. Notably, low birth weight associated with malnutrition 

has been linked to long-term neurological disabilities and delayed language development 

[55]. Additionally, congenital defects such as neural tube abnormalities may arise from 

selective deficiencies in essential micronutrients during prenatal development [56]. The 

“Barker hypothesis” suggests that low birth weight is a crucial risk factor for chronic dis-

eases, including systemic arterial hypertension and chronic renal insufficiency [57]. 
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Nutrient deficiencies during prenatal development, particularly tryptophan, folate, and B 

vitamins, may result in irreversible alterations in the brain [58]. B vitamins, which are es-

sential for healthy brain development, highlight the critical role of nutrition in cognitive 

function and overall health [59]. Fa�y acids, which are pivotal for normal fetal growth, 

underline maternal nutritional status as a determinant of health outcomes [60]. Evidence 

from animal studies indicates that omega-3 fa�y acid deficiency during pregnancy leads 

to visual and behavioral deficits that are irremediable postnatally [61]. Thus, addressing 

undernutrition, including the inadequate intake of proteins, vitamins, and essential fa�y 

acids, especially in pregnant women in developing countries, has emerged as a paramount 

public health concern [62]. 

7. Cognitive Dysfunction in Children and Fa�y Acids 

Cognitive impairment encompasses various facets of intellectual and cognitive per-

formance, such as working memory, a�ention, and executive function [63]. Cognitive 

function is fundamentally linked to both instinctive and learned behaviors and forms the 

foundation for successful education within and beyond the classroom during childhood 

and teenage years. If cognitive skills are compromised, it may hinder a child’s ability to 

function autonomously in adulthood or lead to behavioral issues that obstruct learning 

and its practical application [64]. It is estimated that this problem, which can influence 

learning and intellectual abilities, is present in approximately 2–5% of the pediatric pop-

ulation. Cognitive disorders in children can be associated with a range of diseases and 

conditions including but not limited to (1) neurodevelopmental disorders, including au-

tism spectrum disorder, a�ention-deficit/hyperactivity disorder (ADHD), learning disor-

ders, intellectual disability, and communication disorders that affect brain development 

and functioning; (2) genetic conditions (Down syndrome, Fragile X syndrome, and Wil-

liams syndrome); (3) neurological disorders (epilepsy, cerebral palsy, traumatic brain in-

jury, and brain tumors); (4) infectious diseases (meningitis and encephalitis); (5) metabolic 

disorders (thyroid dysfunction and diabetes); (6) environmental exposures (lead poison-

ing and prenatal exposure to alcohol or drugs); (7) psychiatric conditions (depression and 

anxiety disorders); (8) chronic illnesses (cancer and treatments like chemotherapy, sickle 

cell disease, and chronic kidney disease); and (9) nutritional deficiencies (iron-deficiency 

anemia, malnutrition, and essential FA deficiencies) [64–71]. 

More than 20 years ago, a positive correlation between omega-3 PUFAs during preg-

nancy and cognitive functions in childhood, such as sequential processing and intelligence 

quotient (IQ), was observed [71–73]. Furthermore, recent studies have indicated a link be-

tween the levels of PUFAs in mothers during pregnancy and their children’s cognitive 

abilities, including intelligence [74]. Nevertheless, in the field of pediatric nutrition and 

cognitive development, research findings regarding the impact of omega-3 LC-PUFA sup-

plementation are mixed. However, most publications indicate the benefits of DHA sup-

plementation in populations at risk for FA deficiency. For example, Stonehouse [75] 

pointed out that people who typically consume insufficient amounts of omega-3 LC-

PUFAs, undernourished children with limited literacy skills, and older people experienc-

ing the early stages of memory and thinking disorders may benefit the most from in-

creased DHA intake. Moreover, neonates delivered significantly preterm, particularly at 

or before the juncture marking the commencement of the final trimester of gestation, ex-

hibited diminished DHA concentrations within neural tissues [31,76]. Two meta-analyses 

conducted in 2018 showed that this population was at an elevated risk of cognitive func-

tion deficits [77,78]. Furthermore, assessments of intellectual capacity, as determined by 

IQ evaluations, typically reveal a decrement of 10–12 points in comparison with infants 

born at full term [77,79]. 

Several observational studies have consistently shown a relationship between the fish 

consumption habits of pregnant women and the neurological and cognitive development 

of their offspring, according to various sources [80–83]. However, comprehensive anal-

yses, including systematic reviews and meta-analyses of clinical trials that supplemented 
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omega-3 PUFAs during pregnancy, breastfeeding, and in infant formulas, have yielded 

inconsistent results [84–89]. In a comprehensive systematic review and meta-analysis of 

randomized control trials, Lehner et al. [4] investigated the impact of LC-PUFA supple-

mentation, primarily consisting of DHA and EPA, on cognitive outcomes in children of 

pregnant and lactating mothers. By examining 22 publications corresponding to 11 trials, 

they found no significant relationship between DHA/EPA supplementation and any of the 

assessed cognitive parameters. These findings are consistent with the outcomes of previ-

ous reviews and meta-analyses on this subject [89–91]. In addition, the results of a meta-

analysis performed by Emery et al. [92] showed that supplementation with either DHA- 

or EPA-rich omega-3 PUFA did not lead to improvements in a�entional capacities in typ-

ically developing children and adolescents, indicating that omega-3 PUFA do not enhance 

performance in tasks requiring vigilant a�ention, a critical cognitive function that allows 

maintenance of a�ention, particularly in redundant or intellectually unchallenging situa-

tions [92]. Similarly, Nevins et al. [93] conducted a systematic review to examine the rela-

tionship between omega-3 FA supplementation during pregnancy and/or lactation and 

neurodevelopment in children. They enrolled 33 articles from 15 randomized controlled 

trials and 1 prospective cohort study. Among the randomized controlled trials that ad-

ministered dietary omega-3 FA supplements (ranging from 200 to 2200 mg/day of DHA 

and 0 to 1100 mg/day of EPA for approximately 20 weeks) during pregnancy, only five 

reported at least one positive outcome, indicating that supplementation led to a 6–11% 

improvement in cognitive development measures in infants or children. Most of the eight 

studies uncovered at least one outcome that failed to achieve statistical significance. These 

studies typically fell short of adequately representing populations with lower socioeco-

nomic status and adolescents, as they displayed a scarcity of racial and ethnic diversity 

among the study participants. Based on the findings of this review, the authors concluded 

that there is a limited body of evidence to suggest that supplementation with omega-3 

fa�y acids during pregnancy might positively affect a child’s cognitive development [93]. 

The literature also included meta-analyses and systematic reviews aimed at assessing 

the impact of PUFAs on cognitive function in older children and adolescents. A systematic 

review conducted by Verfuerden et al. [5] investigated the cognitive outcomes in children 

aged 2.5 years or more who were randomized as infants to receive formula with added 

LC-PUFAs compared to those who received formula without these supplements. None-

theless, the overall quality of evidence from this meta-analysis was considered low be-

cause of the significant variability in the study results, poor follow-up rates, and signs of 

selective reporting in the publications. The long-term effects of LC-PUFA supplementa-

tion on the cognitive development of both term and preterm infants remain highly uncer-

tain, with possibilities ranging from considerable benefits to significant harm. In light of 

these findings, the authors concluded that supplementation of infant formula with LC-

PUFAs cannot be recommended until more reliable evidence is available to rule out the 

potential for long-term adverse effects [5]. A review by van der Wurff et al. [94] aimed to 

investigate whether a certain omega-3 index level and minimum daily omega-3 LC-PUFA 

dose are required to improve cognition in 4- to 25-year-olds. An examination of 33 studies 

revealed more frequent observation of cognitive improvements when there was an in-

crease in the omega-3 index beyond 6%. In the case of children with typical development, 

half of the studies that provided a daily dose of 450 mg of DHA and EPA reported en-

hanced cognitive function. However, no specific threshold has been identified for children 

with disorders. On this basis, they concluded that a daily intake of 450 mg DHA and EPA, 

along with an elevation in the omega-3 index above 6%, appeared to enhance cognitive 

effects in children and teenagers [94]. In addition, Kadosh et al. [95] highlighted the sig-

nificance of nutrient roles in the cognitive development of infants and young children, 

thereby emphasizing the growing importance of polar lipids. Their review elucidated how 

the distinct contributions of nutrients such as PUFAs and their synergistic interactions 

with other micronutrients and macronutrients as well as their organization within the 

food matrix are vital for proper neurocognitive development [95]. A meta-analysis by 
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Emery et al. [92] aimed to expand our understanding of the effects of omega-3 supple-

mentation on cognitive test scores in young individuals. This study included 29 published 

randomized controlled trials that examined the influence of omega-3 PUFAs on individu-

als from birth to the age of 25 years, a threshold commonly considered as the age of com-

plete brain development. Quantitative analysis did not find evidence of a significant effect 

of omega-3 PUFA supplementation on youth performance in specific cognitive domains. 

Nonetheless, certain cognitive domains, notably long-term memory (specifically recall), 

working memory, and problem-solving abilities, showed potential improvements with 

supplementation of EPA-dominant omega-3 PUFA formulations. In contrast, DHA-rich 

omega-3 PUFA formulations did not exhibit any beneficial effects on cognitive domains, 

a finding that persisted even when analyses were restricted to the most favorable study 

results [92]. 

A recent analysis of data from a substantial cohort study (17,641 children and teen-

agers) including 8656 girls and 8985 boys, prepared by Lehner et al. [96], aimed to explore 

the link between fish consumption and cognitive school performance in school-aged chil-

dren and adolescents. Their research revealed a significant correlation, demonstrating that 

consuming 8 g of fish daily increased the likelihood of improving final grades in German 

(odds ratio 1.193; 95% confidence interval 1.049–1.358) and mathematics (odds ratio 1.16; 

95% confidence interval 1.022–1.317) compared to negligible or no fish consumption. This 

finding aligns with prior studies suggesting a beneficial effect of fish intake on academic 

performance [97]. The study found that the relationship between fish consumption and 

cognitive school performance was not linear but instead showed a reduction in the posi-

tive effect at higher levels of fish consumption. This resulted in the identification of a U-

shaped curve that demonstrated the association between the two variables among the 

children in the cohort [96]. The Seychelles Child Development Study Nutrition Cohort 2, 

which involved 1237 children aged 7 years and utilized a comprehensive neurodevelop-

mental test ba�ery, evaluated various domains such as cognition, executive function, and 

language skills. Although some indicators of improved neurodevelopmental performance 

were observed with higher maternal omega-6/omega-3 PUFA ratios, these results were 

not statistically significant after accounting for multiple comparisons [98]. 

There are also reports on the impact of various types of diets, including vegetarian, 

on the level of PUFAs in children’s bodies and cognitive function. Studies have indicated 

that women following a vegetarian diet exhibit DHA levels that are reduced by 20–40% 

compared to women who consume a diet that includes meat [99]. Additionally, studies 

have demonstrated that vegan mothers tend to have breast milk with lower DHA content 

than mothers who include animal products in their diet [100]. Crozier and colleagues [101] 

carried out a prospective observational study to explore if vegetarianism during preg-

nancy affects the maternal nutritional status, particularly fa�y acids, and cognitive func-

tion in children aged 6–7 years. This study included 3158 pregnant women aged 20–34 

years and their children. The researchers assessed the children’s cognitive function, in-

cluding visual working memory, rule learning and cognitive flexibility, working memory, 

and impulsivity and decision making, at the age of 6–7 years. The findings of this study 

suggest that a vegetarian diet during pregnancy is not harmful to a child’s neurocognitive 

development as long as the mother’s nutrient levels critical for neurological growth are 

maintained within normal limits [101]. 

The discrepancies observed in the aforementioned studies are often ascribed to dif-

ferences in research design, such as the number of participants, amount of supplement 

given, length of time the supplements were taken, and methods used to evaluate out-

comes. Relatively few investigations have been conducted into the long-term impact on 

children’s development. Table 2 presents the main results. 
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Table 2. Influence of nutritional supplements on cognitive development in children and variability 

observed in randomized controlled trials. 

Type of Study Participants Intervention Main Outcomes Ref. 

Single-center, double-

blind, placebo-con-

trolled randomized 

clinical trial 

Mother–child cohort, 

736 women at preg-

nancy week 24, 654 

participants 

The pregnant women received four 1 g cap-

sules of fish oil per day, providing 2.4 g/day 

of omega-3 LC-PUFA (55% EPA and 37% 

DHA) or four capsules with olive oil (72% n-9 

oleic acid and 12% omega-6 LA; control 

group) 

Maternal administration of omega-3 LC-PUFA 

(EPA and DHA) during pregnancy was correlated 

with improved early language development and 

reduced emotional and behavioral issues in chil-

dren at 6 years of age, with particular cognitive 

development advantages observed in male chil-

dren at 2.5 years. 

[102] 

Randomized, con-

trolled trial 

Mother–child pairs, 

622 participants 

Pregnant women in their 18–22 week of gesta-

tion received 400 mg/day of algal DHA or a 

placebo mixture of corn and soybean oil 

through delivery 

Maternal fa�y acid desaturase 2 (FADS2) single 

nucleotide polymorphisms rs174602 may modify 

the effect of prenatal DHA supplementation on 

child cognitive development at 5 years. 

[103] 

Multicenter, random-

ized, double-blind, 

placebo-controlled 

trial 

Pregnant women and 

their children, 311 

participants  

Pregnant women received either a modified 

fish-oil (FO) preparation (500 mg DHA + 150 

mg EPA/day), 5-methyl-tetrahydrofolate (5-

MTHF) (400 g/day), a combination of both 

supplements (FO + 5-MTHF), or placebo, 

from gestational week 20 until delivery 

No definitive impact of prenatal omega-3 supple-

mentation on processing speed was observed in 

children up to 9 years old. 

[104] 

Subgroup analyses of 

a randomized trial 

Infants born <29 

weeks of gestation, 

227 participants 

Breastfeeding mothers consumed either six 

capsules, each containing 500 mg of DHA-

rich tuna oil (to achieve a breastmilk DHA 

concentration of approx. 1% of total fa�y ac-

ids) + a dietary supplement that provided ap-

prox. 60 mg/kg/day of DHA (high-DHA 

group) or 500 mg soy oil (which does not al-

ter the fa�y acid composition of the breast-

milk) + a dietary supplement that provided 

approx. 20 mg/kg/day of DHA (standard-

DHA group) 

High-dose DHA supplementation in preterm in-

fants did not demonstrate a clear benefit to IQ. 
[105] 

Double-blind, ran-

domized, controlled 

trial 

Healthy term infants, 

420 participants 

Infants received either fish oil (containing at 

least 250 mg of DHA and at least 60 mg of 

EPA) or placebo (olive oil) daily from birth to 

6 months of age 

Supplementation with fish oil from birth to 6 

months did not confer significant cognitive bene-

fits at 6 years of age. 

[106] 

Triple-blind, random-

ized, controlled clini-

cal trial 

Children with un-

complicated severe 

acute malnutrition 

(SAM), 2758 partici-

pants 

Children with severe acute malnutrition were 

treated with three RUTF variants, i.e., DHA-

HO-RUTF, HO-RUTF, and S-RUTF, in a clini-

cal trial. 

Children with severe acute malnutrition showed 

cognitive improvement after treatment with 

DHA-enriched therapeutic food. 

[107] 

Randomized, 

controlled trial 

Children aged 15 

months to 7 years, 

1059 participants 

Children received supervised isocaloric serv-

ings (≈1300 kJ, five mornings each week, 23 

weeks) of a new food supplement (NEWSUP, 

high in plant polyphenols and omega-3 FAs, 

within a wide variety and high fortification of 

micronutrients and a high protein content), a 

fortified blended food (FBF) used in nutrition 

programs, or a control meal (traditional rice 

breakfast) 

Nutrient-rich supplementary feeding improved 

cognitive function in undernourished children. 
[108] 

Randomized, con-

trolled trial 

Healthy children 

aged 4–6 years, 205 

participants 

Children received three prepared meals 

weekly for 16 weeks, containing either ap-

proximately 50 g of Atlantic salmon or 50 g of 

meat per meal 

Moderate consumption of fish was related to bet-

ter performance in specific fluid intelligence tests 

but did not affect overall IQ in preschoolers. 

[109] 

Multicenter, blinded, 

parallel-group, ran-

domized, controlled 

trial 

Children born before 

29 week’s gestation, 

656 participants 

Children received an enteral intervention 

emulsion that provided 60 mg of DHA per 

kilogram of body weight per day or a control 

emulsion that provided contained no DHA 

from the first 3 days of enteral feeds until 36 

weeks of postmenstrual age or discharge 

home, whichever occurred first 

The use of enteral emulsion containing DHA until 

36 weeks of postmenstrual age was associated 

with moderately higher full-scale IQ (FSIQ) 

scores at the age of 5 years compared to control 

feeding. 

[53] 

Prospective, random-

ized, double-blind 

study 

Children aged 6 

years, 108 partici-

pants 

Infants received up to 18 months of life a 

standard infant formula (SF) or experimental 

infant formula (EF) enriched with milk fat 

An infant formula enriched with nutrients such 

as MFGM, LC-PUFAs, and synbiotics led to be�er 
[110] 
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globule membrane (MFGM), LC-PUFAs, and 

synbiotics, and a reference group of breastfed 

(BF) infants were also recruited 

cognitive outcomes compared to standard for-

mula or breast milk. 

Cross-sectional study 

Children aged 6–8 

years, 487 partici-

pants 

Parents recorded all food and drinks con-

sumed by their children at home, at school, in 

afternoon care, and elsewhere outside home 

using household or other measures  

No consistent relationship was found between di-

etary FAs and cognitive performance in children 

aged 6–8 years. 

[111] 

Randomized, con-

trolled trial 

Children 8–9 years 

old, 198 participants 

Children consumed 375 g/week of oily fish or 

poultry (control) for 12 ± 2 week 

Weekly consumption of oily fish improved cogni-

tive functions, particularly a�ention and cogni-

tive flexibility in children aged 8–9 years. 

[112] 

Cross-sectional study 

Children aged 8–9 

years, 199 partici-

pants 

None 

Performance in particular cognitive domains did 

not consistently correlate with omega-3 LC-

PUFAs levels, with the exception of processing 

speed metrics, where all indications suggested 

quicker cognitive processing associated with 

higher omega-3 PUFAs status. 

[113] 

Follow-up of double-

blind, randomized 

clinical trial 

Children aged 9.5–10 

years, 85 participants 
Mother’s supplementation with fish oil 

Pregnant mothers who supplement with fish oil 

may influence resting-state network function in 

school-aged children and generate long-lasting 

impacts on their cognitive processing. 

[114] 

Double-blind, pla-

cebo-controlled, ran-

domized trial 

Children aged 7–12 

years, 106 partici-

pants 

Children received either 300 mg/d of DHA or 

placebo for 6 months 

DHA supplementation did not improve executive 

functions in school-aged children. 
[115] 

Randomized, con-

trolled trial 

Children aged 8–14 

years, 119 partici-

pants 

Children consumed either 0.6 L/day of a forti-

fied milk beverage containing vitamins (A, B 

complex, C, D, and E), minerals (calcium, 

phosphorus, and zinc), fish oils (with high 

levels of DHA and EPA), oleic acid, and car-

bohydrates (sugar and honey) or 0.6 L/day of 

regular full milk every day for 5 months. 

Fortified milk beverages with micronutrients and 

PUFAs appeared to support the cognitive devel-

opment in children aged 8–14 years. 

[116] 

5-MTHF, 5-methyl-tetrahydrofolate; BF, breastfed; DHA, docosahexaenoic acid; EF, experimental 

infant formula; EPA, eicosapentaenoic acid; FADS2, fa�y acid desaturase 2; FBF, fortified blended 

food; FO, fish oil; HO, high-oleic; LC-PUFAs, long-chain polyunsaturated fa�y acids; MFGM, milk 

fat globule membrane; NEWSUP, new food supplement; PUFAs, polyunsaturated fa�y acids; 

RUTF, ready-to-use therapeutic food; SAM, severe acute malnutrition; SF, standard infant formula. 

A correlation between omega-3 PUFA intake during pregnancy and improved cog-

nitive function in children has been highlighted, although research on supplementation 

with long-chain omega-3 PUFAs, particularly DHA, has yielded mixed results. Although 

some studies have found potential benefits, especially for populations at risk for nutri-

tional deficiencies, others have shown no significant improvement in cognitive outcomes. 

This inconsistency is also seen in research focusing on older children and adolescents, 

with some studies suggesting that higher omega-3 intake could be beneficial, whereas 

others found no substantial impact. Research has also shown that fish consumption by 

pregnant women is positively associated with children’s cognitive and school perfor-

mance; however, this relationship is not linear. Research has also addressed the issue of 

dietary choices such as vegetarianism, indicating that while vegetarian diets may lead to 

lower DHA levels, they are not necessarily harmful to neurocognitive development if es-

sential nutrients are preserved. Discrepancies in the study outcomes were a�ributed to 

differences in the study design and methodology. The overarching conclusion from pre-

vious studies indicates that although there is some evidence supporting the cognitive ben-

efits of omega-3 FAs, especially in populations with nutritional deficits or specific genetic 

backgrounds, the overall evidence remains inconclusive. There is a need for more rigorous 

and diverse research to establish clear guidelines for omega-3 supplementation and its 

long-term impact on cognitive development in children and adolescents. The potential 

benefits must be weighed against the lack of consistent evidence and possibility of long-

term adverse effects. 
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8. Polyunsaturated Fa�y Acids in Neurodevelopmental Disorders: Therapeutic  

Potential and Clinical Insights 

PUFAs play a critical role in several neurodevelopmental conditions including 

ADHD, autism, major depressive disorders, and anxiety. They are not the only factors that 

trigger the development of the above-mentioned diseases; they may also contribute to 

other (genetic, environmental, and anatomical/neural) factors and may have a modulatory 

role in the onset and severity of a given disorder [117]. Certainly, there is some therapeutic 

potential for PUFAs in neurodevelopmental conditions. Some studies have supported the 

role of PUFAs in alleviating hyperactivity, irritability, impulsivity, and aggressive behav-

ior, which are the adverse symptoms of ADHD and/or autism. An improvement was ob-

served in relation to children’s a�ention, academic performance, and parent- and teacher-

rated behavior [118]. However, most meta-analyses that have assessed the beneficial ef-

fects of omega-3 FAs in patients with neurodevelopmental conditions have yielded am-

biguous conclusions. First, the data were still sparse. Furthermore, differences in the meth-

odology used in individual clinical trials, such as variable doses of DHA and EPA, differ-

ent proportions of their combinations, wide range of intervention periods (i.e., from sev-

eral weeks to several months), sample size, inclusion and exclusion criteria, concomitant 

medications, and heterogeneity in measuring the potential effect, may be responsible for 

the lack of significance of the analyzed outcomes. The literature suggests that patients 

with dietary deficiencies may benefit from PUFAs [119]. Supplementation with PUFAs is 

usually well tolerated and not associated with serious adverse reactions. 

8.1. ADHD 

Behavioral symptoms of ADHD, the onset of which is usually observed in children 

below seven years of age, include ina�ention, hyperactivity/impulsivity, aggression, 

learning problems (in reading, writing, or mathematics), executive functioning, and poor 

relations with other people. In a systematic review and meta-analysis based on seven stud-

ies, Chang et al. (2018) demonstrated that young people with ADHD have lower levels of 

total omega-3 FAs, EPA, and DHA in red blood cells [120]. A previous meta-analysis car-

ried out by Hawkey and Nigg (2014) also reported significantly reduced overall blood 

levels of omega-3 FAs in patients with ADHD compared with the healthy population 

[121]. Lower levels of omega-3 FAs have also been detected in the cellular membranes of 

both adults and children with ADHD [122]. These abnormalities seem to correlate with 

ADHD symptomatology [123]. Furthermore, an association between impulsivity and 

omega-3 FA deficiency (due to for example their insufficient intake, rapid metabolism, or 

disturbances in the conversion of short-chain to long-chain acids) and hyperactivity has 

been observed [124]. Thus, many authors have assumed that increasing the intake of 

omega-3 FAs in individuals with ADHD (in a regular diet or by supplementation) would 

improve the symptoms of this disease. The relationship between omega-3 FA status and 

the development of ADHD may be due to its influence on cellular phospholipid mem-

branes, dopamine cortical neurotransmission, and inflammatory processes [125]. 

The standard treatment for patients with ADHD involves pharmacotherapy with am-

phetamine-type stimulants (i.e., methylphenidate, atomoxetine, dexamphetamine, and 

lisdexamphetamine) and behavioral therapy. It is important to recognize that the National 

Institute for Health and Care Excellence (NICE) guidelines for ADHD diagnosis and man-

agement do not advise or suggest dietary FA supplementation for treating ADHD in chil-

dren and young people [126]. Based on the guidelines provided by the World Federation 

of Societies of Biological Psychiatry (WFSBP) and the Canadian Network for Mood and 

Anxiety Treatments (CANMAT), it is not currently recommended to use omega-3 fa�y 

acids (ranging from 120 to 1200 mg) as a monotherapy or as an adjunctive treatment for 

children with ADHD, as per the clinical guidelines [127]. This recommendation was de-

veloped based on the outcomes from one statistically significant meta-analysis (taking into 

account seven trials/comparisons and 534 participants) and several negative/null 
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randomized clinical trials, with 344 participants. Preparations with a higher amount of 

EPA than DHA alone could be more effective (although the results did not demonstrate a 

clear dose-response association), and children with fa�y acid deficiency may benefit more 

from such supplementation. According to the same guidelines, omega-9 FAs (at doses of 

2–3 g), which are found in evening primrose oil, are not recommended for monotherapy 

or adjunctive use in children with ADHD. 

However, several authors have claimed that supplementing children with ADHD 

with long-chain marine omega-3 FAs may be beneficial for the improvement of ADHD 

symptoms, and such supplementation does not seem to be associated with any harm to 

health. The available literature suggests that the intake of both omega-3 and omega-6 FAs 

may have beneficial effects on the overall symptoms of ADHD as well as on cognitive 

performance, ina�ention, and hyperactivity, although the impact is usually either small 

or statistically insignificant [120,128,129]. The results of 13 out of 18 clinical trials consid-

ered in the critical review by Rosi et al. [130] demonstrated that PUFAs (DHA, EPA, ALA, 

and/or others) administered to children and adolescents with ADHD as monotherapy or 

standard pharmacotherapy contributed to the improvement of their sympathology, which 

was measured with diverse scales (i.e., Conners’ Parent Rating Scale, Parent-rated ADHD 

Rating Scale, Clinical Global Impression-Severity-A�ention-Deficit/Hyperactivity Disor-

der Scale, Child Behavior Checklist, Continuous Performance Test, Strengths and Difficul-

ties Questionnaire, Child Health Questionnaire, and others). However, it was not ob-

served that any positive changes were linked to a specific behavioral or cognitive charac-

teristic. In accordance with the findings of a recent systematic review and meta-analysis 

of clinical trials conducted by Händel et al. [131], there is no evidence to suggest that PUFA 

supplementation has a positive impact on the primary symptoms of ADHD, behavioral 

issues, or quality of life in children and adolescents. These conclusions were based on the 

results of 31 randomized controlled clinical trials involving 1755 participants [131]. In a 

systematic review of randomized clinical trials, Abdullah et al. [132] indicated that there 

is li�le evidence to suggest that omega-3 supplementation provides any benefit to ADHD 

symptoms in children and adolescents. This conclusion was based on the results of six 

studies from 2009–2017 [132]. In fact, in most of them, omega-3 supplementation had ben-

eficial effects on ADHD symptoms measured by Conners’ rating scales, but they were not 

statistically significant. Two studies revealed sex-dependent results, that is, a greater im-

provement in males than in females. According to a narrative review by D’Helft et al. 

[133], the administration of omega-3 FAs as monotherapy may not be sufficient to treat 

patients with ADHD. However, the addition of gamma-linolenic acid (GLA) (i.e., omega-

6 FAs with anti-inflammatory potential) to EPA and DHA may augment the effects of 

these omega-3 FAs [133]. Data from the literature suggest that EPA:DHA:GLA in a 9:3:1 

ratio may improve ADHD symptoms. The authors explained that, most probably in the 

presence of GLA, omega-3 acids prevented the accumulation of arachidonic acid in the 

serum. Previous systematic reviews by Bloch and Qawasmi [129] and Chang et al. [120] 

demonstrated be�er omega-3 FAs activity when administered at higher dosages (e.g., EPA 

at a dose of ≥500 mg produced a significant effect) [120,129]. In addition, the use of PUFAs 

as an add-on treatment to methylphenidate may potentiate the effects exerted by the la�er, 

and such a combination has an acceptable safety profile [134–136]. The results of the most 

important studies that were carried out during the last five years, evaluating the effects of 

omega-3 FA in children and adolescents with ADHD, are presented in Table 3. The out-

comes of the randomized placebo-controlled trial by Dopfner et al. (2021) (not mentioned 

in Table 3) also support the positive effects of omega-3/omega-6 FA supplementation on 

ADHD symptoms in preschool children [137]. 
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Table 3. Omega-3 fa�y acid intake and its effects on ADHD, autism, and mood disorders in children 

and adolescents: recent studies. 

Type of 

Condition 

Type of 

Study 
Participants Intervention Main Outcomes Reference 

ADHD Open-label 
Children 7–15 years 

old, 40 participants 

All participants received a combination of 

methylphenidate (1 mg/kg/day) and EPA 

(70 mg/day) + DHA (250 mg/day) for 1 

month 

Significantly increased quality of a�ention, im-

provement of ADHD core symptoms, signifi-

cantly increased levels of EPA and DHA, signif-

icantly decreased levels of several omega-6 FAs 

(including arachidonic acid), and slightly de-

creased omega-6/omega-3 index slightly de-

creased. No severe side effects. 

[136] 

None 

Random-

ized, open-

label 

Children 9–10 years 

old, 132 partici-

pants (57 males, 75 

females) 

Each group with 66 subjects. DHA-enriched 

fish oil capsules containing 403 mg of DHA 

or a daily midday lunch snack comprising 

100 g of a lightly grilled fish (grouper, sea-

bream, kingfish, emperor, or snapper) 

sandwich with some vegetables (providing 

150–200 mg of DHA) 5 days in a week for 

12 weeks 

Fish oil supplement increased the DHA level 

more profoundly than the meal. 

Improvement in verbal fluency and executive 

functioning was noted in all children, but a sig-

nificantly greater effect was seen only with ex-

ecutive functioning in the group receiving the 

DHA supplement. 

[138] 

Mild to 

moderate 

ADHD 

Random-

ized, dou-

ble-blind, 

controlled 

for 6 

months + 

open-label 

for 6 

months 

Children 6–12 years 

old, 160 partici-

pants (118 males, 42 

females) 

Intervention group 79 subjects): 2 cap-

sules/day (each capsule containing 279 mg 

of EPA, 87 mg of DHA, and 30 mg of GLA) 

for 6 months; 

Control group (81 subjects): 

2 capsules of placebo for 6 months; 

Open-label phase: 

All children were given: 2 capsules/day 

(each capsule containing 279 mg of EPA, 87 

mg of DHA, and 30 mg of GLA) for 6 

months 

Omega-3/6 dietary supplementation 

was not significantly correlated with the clinical 

improvement in ADHD symptoms or with es-

sential fa�y acids blood levels. 

[139] 

ADHD 

Random-

ized, dou-

ble-blind, 

controlled 

Children 7–14 years 

old, 50 participants 

(46 males, 4 fe-

males) 

Intervention group (25 subjects): 2 soft gela-

tin pearls/day providing a dose of 500 mg 

of algal DHA for 6 months; 

Control group (25 subjects): 2 pearls/day 

containing 500 mg of wheat germ oil with 

vitamin E (placebo) for 6 months 

DHA supplementation had no beneficial 

effect on the symptoms of ADHD, but it had 

small positive effects on other behavioral and 

cognitive difficulties related to ADHD, such as 

psychosocial functioning, emotional problems, 

and focused a�ention. 

[140] 

ADHD 

Random-

ized, dou-

ble-blind, 

controlled 

Children 6–18 years 

old, 92 participants 

(79 males, 13 fe-

males) 

Intervention group (48 subjects): 1.2 g/day 

of EPA for 12 weeks; 

Control group (44 subjects): placebo (1.2 

g/day of soybean oil) for 12 weeks 

EPA supplementation improved focused a�en-

tion and vigilance. 
[141] 

ADHD 

observa-

tional co-

hort study 

Children 6–16 years 

old, 60 participants 

(42 males, 18 fe-

males) 

Intervention groups: 

1st group received Mediterranean diet for 8 

weeks (19 subjects); 

2nd group received 4 soft gels/day provid-

ing 550 mg of EPA and 225 mg of DHA/day 

for 8 weeks (29 subjects); 

3rd group received Mediterranean diet and 

4 soft gels/day providing 550 mg of EPA 

and 225 mg of DHA/day for 8 weeks (19 

subjects); 

Control group (19 subjects): 

Usual diet for 8 weeks 

Supplementation of EPA and DHA is associ-

ated with less marked impulsive behavior in 

children with ADHD. A Mediterranean diet 

may improve the Barra� Impulsiveness Scale 

score, although obtained results were not con-

clusive in the studied population. 

[142] 

ADHD 

Random-

ized, dou-

ble-blind, 

controlled 

Children 6–15 years 

old, 162 partici-

pants (127 males, 35 

females) 

Intervention group (77 subjects):  

for 3 months capsules containing: 

(1) For children 6–8 years old 336 mg of 

EPA + 84 mg of DHA/day; 

(2) For children 9–11 years old 504 mg of 

EPA + 126 mg of DHA/day; 

(3) for children 12–15 years old 672 mg of 

EPA + 168 mg of DHA/day. 

Control group (44 subjects): placebo for 3 

months 

No beneficial effect of omega-3 supplementa-

tion was detected. 
[143] 
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ADHD 

Random-

ized, dou-

ble-blind, 

controlled 

Children 6–12 years 

old, 60 participants 

(49 males, 11 fe-

males) 

All participants were taking methylpheni-

date at a dose of 10 mg/day (in 2 doses) and 

20–30 mg/kg/day (in 2 doses) from the sec-

ond week.  

Intervention group: 

1 capsule and from the 2nd week 2 capsules 

containing 180 mg of EPA + 120 mg of 

DHA/day for 8 weeks; 

Control group: 

1 capsule and from the 2nd week 2 capsules 

of placebo for 8 weeks 

No beneficial effect of omega-3 supplementa-

tion was detected. 
[144] 

None 

Random-

ized, dou-

ble-blind, 

controlled 

Children 10 to 16 

months at enroll-

ment, born at 35 

weeks’ gestation, 

377 participants 

(195 males, 182 fe-

males) 

Intervention group (189 subjects): 

dissolvable, 200 mg microencapsulated 

DHA 

and 200 mg of arachidonic acid pow-

der/day for 180 days; 

Control group (188 subjects): placebo (400 

mg of a daily microencapsulated corn oil 

powder) for 180 days 

No overall treatment effect of DHA and arachi-

donic acid supplementation on caregiver-re-

ported outcomes of child competence and prob-

lem behaviors were observed. Children in the 

intervention group had a decreased risk of clin-

ical concern for autistic spectrum disorder com-

pared with the placebo-treated group. 

[145] 

None 

Random-

ized, dou-

ble-blind, 

controlled 

Children 18–38 

months of calendar 

age who were born 

at ≤29 completed 

weeks’ gestation, 31 

participants (21 

males, 10 females) 

Intervention group (15 subjects): 

oral omega 3-6-9 FA supplementation in 

the form of a lemon-flavored fish and bor-

age oil (706 mg total omega-3 FAs 338 mg 

EPA, 225 mg DHA; 280 mg total omega-6 

FAs: 83 mg GLA; and 306 mg total omega-9 

FAs (oleic acid)/day for 90 days. 

Control group (16 subjects): 

Placebo (canola oil—124 mg palmitic acid, 

39 mg stearic acid, 513 mg LA, 225 mg 

ALA, 1346 mg oleic acid/day) for 90 days 

Omega 3-6-9 supplementation had beneficial ef-

fects on anxious and depressed behaviors, in-

ternalizing behaviors, and interpersonal rela-

tionship adaptive behaviors. No effects were 

observed on other aspects of behavior or sleep. 

[146] 

Autism 

Random-

ized, dou-

ble-blind, 

controlled 

Children 5–15 years 

old, 54 participants 

(39 males, 15 fe-

males) 

Intervention group (28 subjects): 

1 capsule with omega-3 FAs (180 mg of EPA 

+ 120 mg of DHA) for 8 weeks; 

Control group (26 subjects): 

1 capsule of placebo (medium chain triglyc-

eride) for 8 weeks 

Omega-3 supplementation improved GARS 

score, stereotyped behaviors, and social com-

munication. 

[147] 

Autism 

Random-

ized, dou-

ble-blind, 

controlled 

Children (2–6 years 

old), 70 participants 

(57 males, 13 fe-

males) 

Children were assigned to 1 of 3 different 

doses of treatment (25 “low”, 50 “medium”, 

or 100 “high” mg/kg/day of GLA + EPA + 

DHA) or 1 of 3 doses of placebo. 

Intervention groups (37 subjects): oral 

Complete Omega™ supplementation in the 

form of lemon oil flavored fish and borage 

oils (providing 

185 mg of total omega-3 fa�y acids includ-

ing 112 mg of EPA, 67 mg of DHA, 122 mg 

of total omega-6 fa�y acids including 32 mg 

of GLA, and 83 mg of total omega-9 fa�y 

acids per milliliter of supplement) for 90 

days; 

Control groups (33 subjects):  

Placebo (canola oil—providing 188 mg of 

LA, 81 mg of ALA, and 590 mg of oleic acid 

per milliliter) for 90 days 

Intervention increased levels of omega-3 and 

omega-6 FAs and reduced IL-2 levels. 

Omega 3-6 treatment was tolerable. 

[148] 

Autism 

Random-

ized, dou-

ble-blind, 

controlled 

Children (2.5–8 

years old), 117 par-

ticipants (100 

males, 17 females) 

Intervention groups: 

1st group received 4 capsules/day with vit-

amin D3 (2000 IU/day) for 12 months (31 

subjects); 

2nd group received 4 capsules/day with 

DHA (722 mg/day) for 12 months (29 sub-

jects); 

3rd group received 4 capsules/day with vit-

amin D3 (2000 IU/day) and of DHA (722 

mg/day) for 12 months (28 subjects). 

Possible efficacy of the intake of omega-3 FAs 

alone or in combination with vitamin D in the 

management of core symptoms of autism spec-

trum disorders. 

[149] 
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Control group (29 subjects): 

4 capsules/day with placebo for 12 months 

Depressive 

disorder (n 

= 31) or 

mixed anxi-

ety and de-

pressive 

disorder (n 

= 29) 

Random-

ized, dou-

ble-blind, 

controlled 

Children (7–18 

years old), 60 par-

ticipants  

All participants received standard antide-

pressant therapy. 

Intervention group: omega-3 fish oil emul-

sion providing 2400 mg of total omega-3 

FAs (1000 mg EPA and 750 mg DHA, 

EPA:DHA ratio = 1.33:1) for 12 weeks; 

Control group: omega-6 sunflower oil 

emulsion containing 2467 mg of omega-6 

LA in triacylglycerol form for 12 weeks  

Significant reduction in Children’s Depression 

Inventory scores in the group receiving omega-

3 fish oil emulsion when compared to the group 

receiving omega-6 fish oil emulsion. At the 

baseline, significantly lower concentrations of 

EPA and DHA levels as well as a higher omega-

6/omega-3 ratio were detected.  

[150] 

None 

Random-

ized, dou-

ble-blind, 

controlled 

Adolescents (sec-

ond-year high 

school students), 

267 participants 

Cohort I 

Intervention group: 

4 krill oil capsules/day (260 mg of EPA/day 

and 140 mg DHA/day) for 3 months; 

Control group:  

4 placebo capsules/day for 3 months; 

After 3 months: 

Intervention group: 

8 krill oil capsules/day (520 mg of EPA/day 

and 280 mg of DHA/day) for 9 months; 

Control group: 

8 placebo capsules/day for 9 months. 

Cohort II 

Intervention group: 

8 krill oil capsules/day (520 mg of EPA/day 

and 280 mg of DHA/day) for 12 months; 

Control group: 

8 placebo capsules/day for 12 months 

No effect of one year of krill oil supplementa-

tion on depression score and on self-esteem 

score was demonstrated. However, high drop-

out rate and lack of compliance could have in-

fluenced the obtained results. 

[151] 

Depressive 

disorder or 

mixed anxi-

ety and de-

pressive 

disorder 

Random-

ized, dou-

ble-blind, 

controlled 

Children (7–18 

years old), 58 par-

ticipants 

All patients received standard antidepres-

sant therapy. 

Intervention group: 

20 mL of omega-3 FAs rich fish oil emulsion 

(providing 2400 mg of total omega-3 FAs: 

1000 mg of EPA and 750 mg of DHA, 

EPA:DHA ratio = 1.33:1) for 12 weeks; 

Control group: 

omega-6 FAs rich sunflower oil emulsion 

for 12 weeks 

Improvement of symptoms measured by the 

Children’s Depression 

Inventory in the group supplemented with 

omega-3 fa�y acids was observed. 

[152] 

Major de-

pressive 

disorder or 

depressive 

disorder 

not other-

wise speci-

fied 

Random-

ized, dou-

ble-blind, 

controlled 

Adolescents (9–21 

years old) 

Intervention group: 

3 capsules/day with fish oil for 12 weeks (1 

capsule contains 450 mg of EPA, 40 mg 

DHA, and 260 mg of DHA; the total daily 

dose of EPA + DHA was 2130 mg; 

EPA:DHA ratio was 1.7:1); 

Control group: 

3 capsules of placebo/day for 12 weeks 

Monotherapy with fish oil was not superior to 

placebo for reducing depressive symptoms in 

high-risk youth as 

assessed by the Childhood Depression Rating 

Scale-Revised. 

[153] 

ALA, α-linolenic acid; DHA, docosahexaenoic acid; EPA, eicosapentaenoic acid; FA, fa�y acid; 

GARS, Gait Abnormality Rating Scale; GLA, gamma linolic acid; IL-2, interleukin 2. 

It should be emphasized that in the clinical trials listed in Table 3 as well as in clinical 

trials analyzed in the above-mentioned meta-analyses and systematic reviews, partici-

pants were given various PUFAs, including EPA and DHA acids (most frequently), but 

also LA, omega-6 acids (i.e., GLA, LA), or precursors of both omega-3 and omega-6 FA-

conjugated LA. Omega FAs were the only treatment, or they were concomitantly used 

with pharmacological or vitamin (A, D, or E) supplementation. Similarly, several distinct 

methods of evaluating results were used, such as various questionnaires/ratings, cognitive 

tasks, and functional magnetic resonance imaging (fMRI) assessment. 

According to a panel of experts on ADHD (see [119]), if the decision to give omega-3 

FAs to patients with ADHD arises, dietary supplements should contain both EPA and 

DHA (at least 750 mg/day) as well as vitamin E, which prevents the oxidation of FAs. Such 
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supplementation should be administered for at least 12 weeks. However, each patient 

should be assessed first in relation to ADHD severity, treatment history, and benefit–risk 

balance of FA intake. Moreover, PUFA intake cannot be considered an alternative to evi-

dence-based medications. According to the preliminary clinical guidelines for children 

with ADHD developed by Chang and Su [154], the recommended dosage of DHA and 

EPA is 750 mg/day. However, patients with a high level of inflammation or low levels of 

omega-3 acids should be administered 1200 mg/day. The recommended duration of sup-

plementation was 16–24 weeks (for ina�ention) or 52 weeks (for behavioral changes). For 

safety reasons, the authors recommend routine blood tests for fasting glucose, cholesterol, 

HDL, LDL, and TG every 6–12 months [154]. 

Data regarding the effects of omega-3 FA supplementation in pregnant women on 

the development of ADHD in children are ambiguous. According to Kohlboeck et al. [155], 

higher concentrations of DHA in cord blood serum were associated with a decreased level 

of hyperactivity and ina�ention in children when they were 10 years old. Some studies 

have reported promising results for eating fa�y fish (as a source of EPA and DHA) 

[156,157] or DHA supplementation [158,159] during pregnancy to prevent the develop-

ment of hyperactivity in children, whereas others have not demonstrated any significant 

effects of such treatments [160]. Surprisingly, Gould et al. [161] reported that DHA sup-

plementation might have a negative effect on the behavioral functioning of children 

whose mothers regularly took omega-3 FA before delivery. A total of 543 parent–child 

pairs were included in a follow-up study of a multicenter, double-blind, randomized con-

trolled trial conducted on women with a singleton pregnancy who took 800 mg of DHA 

per day for several weeks, starting from trial entry (less than 21 weeks of gestation) until 

birth [161]. The study revealed that the scores on various assessment scales, including the 

BRIEF Global Executive, Behavioral Regulation, and Metacognition Indexes; the Shift, In-

hibit, Monitor, Working Memory, and Organization of Materials scales; the Conners 3 

ADHD index; the SDQ Total Difficulties score; the Hyperactivity/Ina�ention score; and 

the Peer Relationship Problems score were lower in children whose mothers were as-

signed to the intervention group than in those whose mothers were assigned to the control 

group. 

8.2. Autistic Spectrum Disorders 

The disease, which occurs during the first years of life, is usually characterized by an 

impairment in social-communicative skills (i.e., difficulties with verbal and non-verbal 

communication, problems with recognizing and expressing emotions, being over-

whelmed in social situations, etc.) and restricted, repetitive behaviors (e.g., repetitive body 

movements or motions with objects, specific interests, ritualistic behaviors, resistance to 

change, etc.). Individuals with autism sometimes have impaired language skills or intel-

lectual disabilities. Therefore, when assessing the efficacy of a given treatment in autistic 

spectrum, different parameters may be taken into consideration, including autism symp-

tom severity, maladaptive behaviors, social interaction, communication, psychopathol-

ogy, behavior, and sleep in toddlers. The association between low levels of PUFAs (DHA, 

EPA, and total omega-3) in the plasma and an elevated omega-6:omega-3 ratio, the devel-

opment of autistic spectrum disorder, and the severity of its symptoms has been known 

for years [125,162,163]. Furthermore, Lyall et al. [164] and Huang et al. [165] suggested 

that an elevated intake of PUFAs during pregnancy may diminish the risk of developing 

autism in children, whereas low intake of PUFAs during the last months of pregnancy 

may be a risk factor [164,165]. Martins et al. [125] in their recent review also highlighted 

the problem of a low dietary intake of omega-3 acids (as DHA supplementation or with 

fish) in pregnant women in the context of the neurodevelopment of their children (cogni-

tive function, language and communication skills, social behavior, and others). According 

to Graaf et al. [166], a higher maternal omega-6/omega-3 FA ratio may be associated with 

the development of autistic traits in offspring. Several drugs are used for the pharma-

cotherapy of autism, including risperidone, aripiprazole, methylphenidate, atomoxetine, 
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selective serotonin reuptake inhibitors, amitriptyline, and loxapine. In fact, they do not 

cure the disease but can alleviate some symptoms [163]. Therefore, new treatment strate-

gies for autism have been investigated, including various dietary interventions [167]. One 

novel approach is supplementation with omega-3 FAs. Tauri et al. [118] in their narrative 

review focused on randomized clinical trials published between 2007–2021 that evaluated 

the potential beneficial effects of polyunsaturated fa�y acids in children with autism spec-

trum disorder. Outcomes from five out of ten studies confirmed the positive effects of such 

a supplementation (particularly in relation to social communication, hyperactivity, irrita-

bility, and stereotypy), whereas others did not demonstrate any significant activity when 

measured by several different scales (such as the Aberrant Behavior Checklist, Pervasive 

Developmental Disorders Screening Test II, Brief Infant Toddler Social and Emotional As-

sessment, Social Responsiveness Scale, Pervasive Developmental Disorder Behavioral In-

ventory, and others). Based on their literature review, the authors suggested that the chil-

dren of obese women could be a subpopulation of patients with autism who benefit the 

most from polyunsaturated fa�y acid supplementation [118]. Therefore, additional intake 

of omega-3 FAs could be particularly recommended for children with autistic spectrum 

disorders and abnormal FA metabolism as an etiological factor of the disease. A previous 

meta-analysis by Fragaus et al. [168] demonstrated the positive effects of omega-3 FAs as 

a dietary intervention in relation to general autistic psychopathology, restricted repetitive 

behaviors, stereotypies, hyperactivity, and language function. Based on the results of 15 

case–control studies (with 1193 participants) and four randomized control trials, 

Mazahery et al. [169] also assumed that the intake of omega-3 FAs has the potential to 

partially improve some symptoms of autism. In a recent meta-analysis, de Andrade 

Wobido et al. [170] demonstrated that omega-3 acids can significantly improve both social 

interaction and repetitive and restricted interests when compared with placebo-treated 

patients. It has been suggested that the impact of omega-3 and omega-6 FAs on neurite 

outgrowth (via modification of the neuronal cytoskeleton, expansion of neuronal mem-

branes, or influence on vesicular fusion), synaptic transmission, or release of neurotrans-

mi�ers may be responsible for behavioral and cognitive improvement in patients with 

autism [171]. In contrast, a systematic review with meta-analyses carried out by De 

Crescenzo et al. [172] did not provide evidence that supplementation with EPA or DHA 

may improve ASD symptoms of autistic spectrum disorder in children and adolescents. 

The authors included nine studies with 405 participants [172]. Similar conclusions were 

drawn in two systematic reviews by James et al. [173] and Horvath et al. [174]. Bozzatello 

et al. [175], Veselinovic et al. [176], and Pancheva et al. [177] drew a�ention to the fact that 

clinical studies that have evaluated the effects of omega-3 FAs on the symptoms of autism 

are highly contrasting. According to a review by Bozzatello et al. [175], four trials out of 

eight supported their beneficial role, whereas four did not indicate any significant clinical 

improvement. In positive studies, dietary intervention had beneficial effects on the follow-

ing parameters: stereotypy, hyperactivity (impulsivity, distractibility, and disobedience), 

and social withdrawal. Furthermore, baseline levels of FAs in the blood are predictive fac-

tors for clinical response to omega-3 supplementation [175]. According to a review by 

Pancheva et al. [177], 7 out of 12 trials revealed that omega-3, omega-6, and/or omega-9 

FAs may have therapeutic potential in autistic spectrum disorder when administered for 

several weeks. Positive changes in pediatric patients were noted in relation to sleep, be-

havioral and verbal activity, social communication, and motivation [177]. Jiang and col-

leagues [178], who reviewed 10 studies evaluating effects of omega-3 supplementation in 

people with autistic spectrum disorder, indicated that only some of them gave evidence 

that the supplementation improved core symptoms of autism. Much be�er effects (both 

in social and behavioral outcomes) were obtained when omega-3 acids were administered 

concomitantly with vitamin D [178]. In view of the above divergent findings, it is possible 

that the response to the intake of PUFAs may be different between subgroups of patients 

with autistic spectrum disorder and may depend on the etiology of the disease (i.e., ge-

netic versus non-genetic) as well as whether the person is high- or low-functioning. All 
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authors of meta-analyses have underlined a great divergence in the methodology used, 

including individual randomized clinical trials, low sample size, differences in FA doses 

and their combinations (omega-3, omega-6, omega-9 FAs), their co-administration with 

other dietary supplements (e.g., vitamin D), treatment duration, inherent individual var-

iations among study participants, severity of the disease, existence of comorbidities, use 

of pharmacotherapy (for autism and/or other diseases), assessment tools, and outcome 

measures. The results of the most important studies, which were carried out during the 

last five years, evaluating the effects of omega-3 FA intake in children and adolescents are 

presented in Table 3. 

Although for the time being, there is no clinical recommendation to supplement au-

tistic patients with PUFAs as a dietary intervention for their disease, according to the pre-

liminary clinical guidelines for children with autistic spectrum disorder developed by 

Chang and Su [154], the recommended dosage of DHA and EPA should be 1300–1500 

mg/day, with a recommended duration of the supplementation 16–24 weeks. Some au-

thors claim that a longer period of omega-3 FA supplementation is necessary because, 

according to literature data, it takes at least four months to observe any effect of PUFAs 

intake on cognitive performance [154]. 

Donovan and colleagues [179] wanted to check whether the intake of omega-3 acids 

during pregnancy and lactation has any effect on neurodevelopment in children, includ-

ing the risk of autism. Based on the outcomes of 33 publications included in the review, 

the authors were unable to find a significant relationship between omega-3 FA supple-

mentation in mothers and the development of autism in their children [179]. The results 

of these studies were inconclusive, partially due to the insufficient number of participants. 

In particular, participants with lower socioeconomic status as well as racially and ethni-

cally diverse populations were not sufficiently represented. The same group of authors 

reached similar conclusions in another study [93]. Interestingly, Bragg et al. [180] sug-

gested that a prenatal diet rich in FAs may act as a protective modifier of the association 

between environmental exposure to air pollutants, endocrine-disrupting chemicals, pes-

ticides, or heavy metals and an increased risk of autism spectrum disorders. 

8.3. Depression 

Depression in children and adolescents may manifest as the following symptoms: 

feeling sad and hopeless, having no joy when doing fun things, presenting changes in 

sleeping or eating pa�erns, being tired and restless, being unable to pay a�ention, self-

destructive or self-injury behavior, and feeling useless, worthless, and guilty. Several 

studies have shown that the levels of EPA, DHA, and total omega-3 FAs are significantly 

lower in patients with depression, and their supplementation may improve symptoms 

[181–183]. Both omega-3 and omega-6 PUFAs are involved in hippocampal neurogenesis. 

They influence signaling dependent on brain-derived neurotrophic factor, cyclic adeno-

sine monophosphate response element-binding protein, and CaM, that is, pathways that 

play a significant role in the development of depressive disorders. PUFA deficiency is as-

sociated with changes in glutamate, serotonergic, norepinephrine, and dopaminergic neu-

rotransmission as well as in the hypothalamic–pituitary–adrenal axis. Furthermore, 

omega-6 FAs are pro-inflammatory, and a bidirectional relationship between mood disor-

ders and inflammation has been described [181]. However, most of these studies were 

conducted on adult patients. As the brains of children and adolescents are still developing 

and are more vulnerable to environmental factors and stressors, children have different 

nutritional needs; therefore, it is not possible to directly extrapolate the results obtained 

in the adult population. A recent matched case–control study of adolescents diagnosed 

with major depressive disorder in children conducted by Osuna et al. [184] demonstrated 

that a higher level of omega-3 FAs in red blood cells is correlated with a lower risk of 

developing major depressive disorder in children, whereas a higher omega-6/omega-3 FA 

ratio is correlated with a higher risk of developing major depressive disorder. According 

to Haberling et al. [185] and Chang and Su [154], even though the number of studies in 
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children and adolescents is not high, outcomes of several randomized, controlled trials 

carried out in minors indicated beneficial effects of omega-3 FAs in pediatric depression. 

The increased intake of omega-3 FAs resulted in a small-to-medium effect in relation to 

symptom remission or reduction in depression severity when compared with placebo-

treated groups [154,185]. The results of the most important studies that were carried out 

during the last five years, evaluating the effects of omega-3 FA intake on pediatric depres-

sion, are presented in Table 3. In the most recent review, considering seven studies with 

541 patients, Thakur et al. [186] found it difficult to determine the clinical use of omega-3 

FAs for depression in children and adolescents owing to the high heterogeneity in out-

comes. In four of the seven studies, the improvement in depression symptoms was statis-

tically significant. Differences in inclusion and diagnostic criteria, presence of comorbidi-

ties, treatment strategies (with or without standard pharmacotherapy), and assessment 

scales may be responsible for these divergent results [186]. According to the Preliminary 

Clinical Guidelines for Children with Major Depressive Disorder developed by Chang 

and Su [154], the recommended dosage of DHA and EPA is 1000 mg/day for children 

between 6 and 12 years of age and at least 2000 mg/day for children over 12 years old. The 

DHA to EPA ratio was 1:2. The recommended duration of supplementation is 12–16 weeks 

[154]. 

Further high-quality trials are required to evaluate the potential role of PUFAs in the 

management of neurodevelopmental conditions. These clinical studies should be multi-

center and should include more participants and patient stratification. A comparable 

methodology should be applied, particularly related to both the quality and quantity of 

omega-3 and omega-6 acids, the duration of the intervention, and concomitant admin-

istration of standard pharmacotherapy. 

This review concisely describes the relevance and efficacy of PUFAs in the manage-

ment of three neurodevelopmental conditions in children: ADHD, autism, and depres-

sion. Our opinion is similar to that of other scientists testing and/or evaluating the poten-

tial of PUFAs in the above-mentioned conditions as a novel treatment option; that is, their 

effects are either mild or statistically insignificant. Although amelioration of some behav-

ioral symptoms in pediatric patients participating in clinical trials has often been reported 

by both parents and clinicians, meta-analyses and systematic reviews do not present an 

unequivocal conclusion. Consequently, there is still no clarity or confidence regarding the 

use of PUFAs for neuropsychiatric disorders. However, most probably, the problem is not 

in the “ambiguous” effect of PUFAs but in the quality and diversity of trials/studies that 

brought highly variable outcomes. Therefore, be�er-quality research with a unified meth-

odology is needed depending on the tested conditions: inclusion/exclusion criteria, ap-

plied doses (both cumulative PUFAs doses and doses of individual acids), treatment pe-

riod, sample size, severity of a given condition, comorbidities, concurrent treatment, die-

tary status (potential dietary deficiencies), and measurement tools. First, it is necessary to 

establish an optimal dose of EPA and DHA as well as their ratio for each neurodevelop-

mental condition. Moreover, it is necessary to investigate whether supplementation with 

PUFAs would be sufficient as a single therapeutic strategy or whether it should be treated 

as an additional regimen to standard pharmacotherapy. Based on the outcomes of clinical 

trials, we can conclude that PUFAs are safe and well tolerated by the general population, 

including more vulnerable patients such as children, elderly people, and pregnant 

women. 

9. Broader Conclusions 

This review meticulously explores the multifaceted impact of fa�y acid-rich diets on 

central nervous system development, underscoring the indispensable role of fa�y acids, 

particularly omega-3 polyunsaturated fa�y acids, in neurodevelopmental processes. The 

evidence presented illustrates not only the foundational significance of these nutrients in 

the formation and maintenance of neuronal membranes but also their profound influence 

on neurogenesis, synaptic plasticity, and neuroinflammation modulation. 
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Our discussion highlights critical research gaps, particularly in understanding nu-

anced interactions between dietary fa�y acids and neurodevelopmental outcomes. While 

the current literature provides a robust framework for appreciating the beneficial effects 

of fa�y acids, it also calls a�ention to the need for more nuanced investigations, especially 

concerning the dosage, timing, and long-term effects of fa�y acid supplementation. 

The broader implications of our findings suggest a pivotal role for dietary guidelines 

in optimizing neurodevelopmental health. It is clear that ensuring adequate intake of es-

sential fa�y acids, particularly during critical periods of development, is not only benefi-

cial but also necessary for fostering optimal neurological and cognitive outcomes. This 

realization not only has implications for dietary recommendations but also underscores 

the importance of accessible nutritional education and interventions, especially in popu-

lations at risk of malnutrition or those experiencing dietary deficiencies. 

This field stands on the cusp of significant advancements. Longitudinal studies are 

needed to determine the long-term effects of fa�y acid intake on neurodevelopmental tra-

jectories. Such research is crucial for developing targeted nutritional interventions that 

could mitigate the risks of neurodevelopmental disorders and enhance cognitive and neu-

rological health across the lifespan. 

In conclusion, this review not only consolidates current knowledge on the impact of 

fa�y acids on CNS development but also sets a compelling agenda for future research. By 

bridging the gaps identified and responding to the complex questions raised, the scientific 

community can move closer to unraveling the intricate nexus of nutrition, neurodevelop-

ment, and health, paving the way for innovations in dietary strategies and public health 

policies aimed at nurturing the full potential of future generations. 
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Abbreviations 

ALA α-linolenic acid 

DHA all-cis-docosa-4,7,10,13,16,19-hexaenoic acid 

EFAs Essential fa�y acids 

EPA all-cis-5,8,11,14,17-eicosapentaenoic acid 

FA/FAs Fa�y acid/fa�y acids 

GLA Gamma linolic acid 

LA Linolic acid 

LC-PUFAs Long-chain polyunsaturated fa�y acids 

PUFA Polyunsaturated fa�y acid 

TAGs Triacylglycerols 

VLCFAs Very-long-chain fa�y acids 

References 

1. Dighriri, I.M.; Alsubaie, A.M.; Hakami, F.M.; Hamithi, D.M.; Alshekh, M.M.; Khobrani, F.A.; Dalak, F.E.; Hakami, A.A.; Alsue-

aadi, E.H.; Alsaawi, L.S.; et al. Effects of Omega-3 Polyunsaturated Fatty Acids on Brain Functions: A Systematic Review. Cureus 

2022, 14, e30091. 

2. Chang, J.P.C.; Pariante, C.M.; Su, K.P. Omega-3 fatty acids in the psychological and physiological resilience against COVID-19. 

Prostaglandins Leukot. Essent. Fat. Acids 2020, 161, 102177. 

3. Dinicolantonio, J.J.; O’keefe, J.H. The importance of marine OMEGA-3S for brain development and the prevention and treat-

ment of behavior, mood, and other brain disorders. Nutrients 2020, 12, 2333. 



Nutrients 2024, 16, 1093 23 of 30 
 

 

4. Lehner, A.; Staub, K.; Aldakak, L.; Eppenberger, P.; Rühli, F.; Martin, R.D.; Bender, N. Impact of omega-3 fatty acid DHA and 

EPA supplementation in pregnant or breast-feeding women on cognitive performance of children: Systematic review and meta-

analysis. Nutr. Rev. 2021, 79, 585–598. 

5. Verfuerden, M.L.; Dib, S.; Jerrim, J.; Fewtrell, M.; Gilbert, R.E. Effect of long-chain polyunsaturated fatty acids in infant formula 

on long-term cognitive function in childhood: A systematic review and meta-analysis of randomised controlled trials. PLoS 

ONE 2020, 15, e0241800. 

6. Kapoor, B.; Kapoor, D.; Gautam, S.; Singh, R.; Bhardwaj, S. Dietary Polyunsaturated Fatty Acids (PUFAs): Uses and Potential 

Health Benefits. Curr. Nutr. Rep. 2021, 10, 232–242. 

7. Shahidi, F.; Ambigaipalan, P. Omega-3 Polyunsaturated Fatty Acids and Their Health Benefits. Annu. Rev. Food Sci. Technol. 

2018, 9, 345–381. 

8. Saini, R.K.; Keum, Y.S. Omega-3 and omega-6 polyunsaturated fatty acids: Dietary sources, metabolism, and significance—A 

review. Life Sci. 2018, 203, 255–267. 

9. Baker, E.J.; Miles, E.A.; Burdge, G.C.; Yaqoob, P.; Calder, P.C. Metabolism and functional effects of plant-derived omega-3 fatty 

acids in humans. Prog. Lipid Res. 2016, 64, 30–56. 

10. Goyens, P.L.L.; Spilker, M.E.; Zock, P.L.; Katan, M.B.; Mensink, R.P. Conversion of α-linolenic acid in humans is influenced by 

the absolute amounts of α-linolenic acid and linoleic acid in the diet and not by their ratio. Am. J. Clin. Nutr. 2006, 84, 44–53. 

11. Metherel, A.H.; Bazinet, R.P. Updates to the n-3 polyunsaturated fatty acid biosynthesis pathway: DHA synthesis rates, tetra-

cosahexaenoic acid and (minimal) retroconversion. Prog. Lipid Res. 2019, 76, 101008. 

12. Bourre, J.M. Dietary omega-3 fatty acids for women. Biomed. Pharmacother. 2007, 61, 105–112. 

13. Simopoulos, A.P. The importance of the ratio of omega-6/omega-3 essential fatty acids. Biomed. Pharmacother. 2002, 56, 365–379. 

14. Howard, T.D.; Mathias, R.A.; Seeds, M.C.; Herrington, D.M.; Hixson, J.E.; Shimmin, L.C.; Hawkins, G.A.; Sellers, M.; Ainsworth, 

H.C.; Sergeant, S.; et al. DNA methylation in an enhancer region of the FADS cluster is associated with FADS activity in human 

liver. PLoS ONE 2014, 9, e97510. 

15. Schulze, M.B.; Minihane, A.M.; Saleh, R.N.M.; Risérus, U. Intake and metabolism of omega-3 and omega-6 polyunsaturated 

fatty acids: Nutritional implications for cardiometabolic diseases. Lancet Diabetes Endocrinol. 2020, 8, 915–930. 

16. Van Dael, P. Role of n-3 long-chain polyunsaturated fatty acids in human nutrition and health: Review of recent studies and 

recommendations. Nutr. Res. Pract. 2021, 15, 137–159. 

17. Burlingame, B.; Nishida, C.; Uauy, R.; Weisell, R. Fats and fatty acids in human nutrition: Introduction. Ann. Nutr. Metab. 2009, 

55, 5–7. 

18. WHO. Fats and Fatty Acids in Human Nutrition. Available online: https://www.who.int/news-room/events/de-

tail/2008/11/10/default-calendar/fats-and-fatty-acids-in-human-nutrition (accessed on 5 December 2023). 

19. NIH. Omega-3 Fatty Acids—Health Professional Fact Sheet. Available online: https://ods.od.nih.gov/factsheets/Omega3Fat-

tyAcids-HealthProfessional/#ref%0Ahttps://ods.od.nih.gov/factsheets/Omega3FattyAcids-HealthProfessional/ (accessed on 12 

December 2023). 

20. National Institutes of Health Omega-3 Fatty Acids. Available online: https://ods.od.nih.gov/factsheets/Omega3FattyAcids-

HealthProfessional/#en5 (accessed on 2 December 2023). 

21. EFSA. Dietary Reference Values for nutrients Summary report. EFSA Support. Publ. 2017, 14, e15121E. 

22. Sande, D.; de Oliveira, G.P.; e Moura, M.A.F.; Martins, B.d.A.; Lima, M.T.N.S.; Takahashi, J.A. Edible mushrooms as a ubiqui-

tous source of essential fatty acids. Food Res. Int. 2019, 125, 108524. 

23. Harwood, J.L. Algae: Critical sources of very long-chain polyunsaturated fatty acids. Biomolecules 2019, 9, 2–14. 

24. Rocha, C.P.; Pacheco, D.; Cotas, J.; Marques, J.C.; Pereira, L.; Gonçalves, A.M.M. Seaweeds as valuable sources of essential fatty 

acids for human nutrition. Int. J. Environ. Res. Public Health 2021, 18, 4968. 

25. U.S. Department of Agriculture; Agricultural Research Service. USDA National Nutrient Database for Standard Reference, Release 

24; U.S. Department of Agriculture: Beltsville, MD, USA, 2011. 

26. Thompson, M.; Hein, N.; Hanson, C.; Smith, L.M.; Anderson-Berry, A.; Richter, C.K.; Bisselou, K.S.; Appiah, A.K.; Kris-Etherton, 

P.; Skulas-Ray, A.C.; et al. Omega-3 fatty acid intake by age, gender, and pregnancy status in the United States: National health 

and nutrition examination survey 2003–2014. Nutrients 2019, 11, 177. 

27. Bos, D.J.; van Montfort, S.J.T.; Oranje, B.; Durston, S.; Smeets, P.A.M. Effects of omega-3 polyunsaturated fatty acids on human 

brain morphology and function: What is the evidence? Eur. Neuropsychopharmacol. 2016, 26, 546–561. 

28. Jové, M.; Pradas, I.; Dominguez-Gonzalez, M.; Ferrer, I.; Pamplona, R. Lipids and lipoxidation in human brain aging. Mitochon-

drial ATP-synthase as a key lipoxidation target. Redox Biol. 2019, 23, 101082. 

29. Watkins, P.A.; Hamilton, J.A.; Leaf, A.; Spector, A.A.; Moore, S.A.; Anderson, R.E.; Moser, H.W.; Noetzel, M.J.; Katz, R. Brain 

uptake and utilization of fatty acids: Applications to peroxisomal biogenesis diseases. Proc. J. Mol. Neurosci. 2001, 16, 87–92. 

30. Tracey, T.J.; Steyn, F.J.; Wolvetang, E.J.; Ngo, S.T. Neuronal lipid metabolism: Multiple pathways driving functional outcomes 

in health and disease. Front. Mol. Neurosci. 2018, 11, 10. 

31. Martinez, M. Tissue levels of polyunsaturated fatty acids during early human development. J. Pediatr. 1992, 120, PS129–PS138. 

32. Farooqui, A.A. Beneficial Effects of Fish Oil on Human Brain; Springer: Berlin/Heidelberg, Germany, 2009; ISBN 9781441905437. 

33. Tanaka, K.; Farooqui, A.A.; Siddiqi, N.J.; Alhomida, A.S.; Ong, W.Y. Effects of docosahexaenoic acid on neurotransmission. 

Biomol. Ther. 2012, 20, 152–157. 



Nutrients 2024, 16, 1093 24 of 30 
 

 

34. Kim, H.Y.; Spector, A.A.; Xiong, Z.M. A synaptogenic amide N-docosahexaenoylethanolamide promotes hippocampal devel-

opment. Prostaglandins Other Lipid Mediat. 2011, 96, 114–120. 

35. Hashimoto, M.; Hossain, S.; Al Mamun, A.; Matsuzaki, K.; Arai, H. Docosahexaenoic acid: One molecule diverse functions. Crit. 

Rev. Biotechnol. 2017, 37, 579–597. 

36. Hashimoto, M.; Hossain, S. Fatty Acids: From Membrane Ingredients to Signaling Molecules. In Biochemistry and Health Benefits 

of Fatty Acids; IntechOpen: London, UK, 2018. 

37. Joffre, C. Polyunsaturated Fatty Acid Metabolism in the Brain and Brain Cells. In Feed Your Mind—How Does Nutrition Modulate 

Brain Function throughout Life?; IntechOpen: London, UK, 2019. 

38. Sinclair, A.J. Docosahexaenoic acid and the brain—What is its role? Asia Pac. J. Clin. Nutr. 2019, 28, 675–688. 

39. Barber, C.N.; Raben, D.M. Lipid metabolism crosstalk in the brain: Glia and neurons. Front. Cell. Neurosci. 2019, 13, 212. 

40. Aizawa, F.; Nishinaka, T.; Yamashita, T.; Nakamoto, K.; Koyama, Y.; Kasuya, F.; Tokuyama, S. Astrocytes release polyunsatu-

rated fatty acids by lipopolysaccharide stimuli. Biol. Pharm. Bull. 2016, 39, 1100–1106. 

41. Mencarelli, C.; Martinez-Martinez, P. Ceramide function in the brain: When a slight tilt is enough. Cell. Mol. Life Sci. 2013, 70, 

181–203. 

42. Joffre, C.; Rey, C.; Layé, S. N-3 polyunsaturated fatty acids and the resolution of neuroinflammation. Front. Pharmacol. 2019, 10, 

1022. 

43. Tabernero, A.; Lavado, E.M.; Granda, B.; Velasco, A.; Medina, J.M. Neuronal differentiation is triggered by oleic acid synthe-

sized and released by astrocytes. J. Neurochem. 2001, 79, 606–616. 

44. Serhan, C.N. Pro-resolving lipid mediators are leads for resolution physiology. Nature 2014, 510, 92–101. 

45. Lee, J.W.; Huang, B.X.; Kwon, H.S.; Rashid, M.A.; Kharebava, G.; Desai, A.; Patnaik, S.; Marugan, J.; Kim, H.Y. Orphan GPR110 

(ADGRF1) targeted by N-docosahexaenoylethanolamine in development of neurons and cognitive function. Nat. Commun. 2016, 

7, 13123. 

46. Huang, B.X.; Chen, H.; Joo, Y.; Kwon, H.S.; Fu, C.; Spector, A.A.; Kim, H.Y. Interaction between GPR110 (ADGRF1) and tight 

junction protein occludin implicated in blood-brain barrier permeability. iScience 2023, 26, 106550. 

47. Niaudet, C.; Hofmann, J.J.; Mäe, M.A.; Jung, B.; Gaengel, K.; Vanlandewijck, M.; Ekvärn, E.; Salvado, M.D.; Mehlem, A.; Al 

Sayegh, S.; et al. Gpr116 receptor regulates distinctive functions in pneumocytes and vascular endothelium. PLoS ONE 2015, 10, 

e0137949. 

48. Langenhan, T.; Piao, X.; Monk, K.R. Adhesion G protein-coupled receptors in nervous system development and disease. Nat. 

Rev. Neurosci. 2016, 17, 550–561. 

49. Nakamoto, K.; Nishinaka, T.; Matsumoto, K.; Kasuya, F.; Mankura, M.; Koyama, Y.; Tokuyama, S. Involvement of the long-

chain fatty acid receptor GPR40 as a novel pain regulatory system. Brain Res. 2012, 1432, 74–83. 

50. Nakamoto, K.; Nishinaka, T.; Sato, N.; Aizawa, F.; Yamashita, T.; Mankura, M.; Koyama, Y.; Kasuya, F.; Tokuyama, S. The 

activation of supraspinal GPR40/FFA1 receptor signalling regulates the descending pain control system. Br. J. Pharmacol. 2015, 

172, 1250–1262. 

51. Petermann, A.B.; Reyna-Jeldes, M.; Ortega, L.; Coddou, C.; Yévenes, G.E. Roles of the Unsaturated Fatty Acid Docosahexaenoic 

Acid in the Central Nervous System: Molecular and Cellular Insights. Int. J. Mol. Sci. 2022, 23, 5390. 

52. Ghasemi Fard, S.; Cameron-Smith, D.; Sinclair, A.J. N–3 Docosapentaenoic acid: The iceberg n–3 fatty acid. Curr. Opin. Clin. 

Nutr. Metab. Care 2021, 24, 134–138. 

53. Gould, J.F.; Makrides, M.; Gibson, R.A.; Sullivan, T.R.; McPhee, A.J.; Anderson, P.J.; Best, K.P.; Sharp, M.; Cheong, J.L.Y.; Opie, 

G.F.; et al. Neonatal Docosahexaenoic Acid in Preterm Infants and Intelligence at 5 Years. N. Engl. J. Med. 2022, 387, 1579–1588. 

54. Sinclair, A.J.; Wang, Y.; Li, D. What Is the Evidence for Dietary-Induced DHA Deficiency in Human Brains? Nutrients 2022, 15, 

161. 

55. Zerbeto, A.B.; Cortelo, F.M.; Filho, É.B.C. Association between gestational age and birth weight on the language development 

of Brazilian children: A systematic review. J. Pediatr. 2015, 91, 326–332. 

56. Simpson, J.L.; Bailey, L.B.; Pietrzik, K.; Shane, B.; Holzgreve, W. Micronutrients and women of reproductive potential: Required 

dietary intake and consequences of dietary deficienty or excess. Part II—vitamin D, vitamin A, iron, zinc, iodine, essential fatty 

acids. J. Matern. Neonatal Med. 2011, 24, 1–24. 

57. Reyes, L.; Mañalich, R. Long-term consequences of low birth weight. Kidney Int. 2005, 68, S107–S111. 

58. Anjos, T.; Altmäe, S.; Emmett, P.; Tiemeier, H.; Closa-Monasterolo, R.; Luque, V.; Wiseman, S.; Pérez-García, M.; Lattka, E.; 

Demmelmair, H.; et al. Nutrition and neurodevelopment in children: Focus on NUTRIMENTHE project. Eur. J. Nutr. 2013, 52, 

1825–1842. 

59. Czeizel, A.E.; Dudás, I. Prevention of the First Occurrence of Neural-Tube Defects by Periconceptional Vitamin Supplementa-

tion. N. Engl. J. Med. 1992, 327, 1832–5. 

60. Basak, S.; Vilasagaram, S.; Duttaroy, A.K. Maternal dietary deficiency of n-3 fatty acids affects metabolic and epigenetic pheno-

types of the developing fetus. Prostaglandins Leukot. Essent. Fat. Acids 2020, 158, 102109. 

61. Medicine, I. Seafood Choices: Balancing Benefits and Risks; Nesheim, M.C., Yaktine, A.L., Eds.; The National Academies Press: 

Washington, DC, USA, 2007; ISBN 978-0-309-10218-6. 

62. Marshall, N.E.; Abrams, B.; Barbour, L.A.; Catalano, P.; Christian, P.; Friedman, J.E.; Hay, W.W.; Hernandez, T.L.; Krebs, N.F.; 

Oken, E.; et al. The importance of nutrition in pregnancy and lactation: Lifelong consequences. Am. J. Obstet. Gynecol. 2022, 226, 

607–632. 



Nutrients 2024, 16, 1093 25 of 30 
 

 

63. Van Pelt, A.E.; Lipow, M.I.; Scott, J.C.; Lowenthal, E.D. Interventions for children with neurocognitive impairments in resource-

limited settings: A systematic review. Child. Youth Serv. Rev. 2020, 118, 105393. 

64. Dooling, E.C. Cognitive disorders in children. Curr. Opin. Pediatr. 1993, 5, 675–679. 

65. Chmielewska, A.; Dziechciarz, P.; Gieruszczak-Białek, D.; Horvath, A.; Pieścik-Lech, M.; Ruszczyński, M.; Skórka, A.; Szajewska, 

H. Effects of prenatal and/or postnatal supplementation with iron, PUFA or folic acid on neurodevelopment: Update. Br. J. Nutr. 

2019, 122, S10–S15. 

66. Nickels, K.C.; Zaccariello, M.J.; Hamiwka, L.D.; Wirrell, E.C. Cognitive and neurodevelopmental comorbidities in paediatric 

epilepsy. Nat. Rev. Neurol. 2016, 12, 465–476. 

67. Brooks, B.L.; Iverson, G.L.; Sherman, E.M.S.; Roberge, M.C. Identifying cognitive problems in children and adolescents with 

wepression using computerized neuropsychological testing. Appl. Neuropsychol. 2010, 17, 37–43. 

68. Lipkin, P.H. Childhood Cognitive Disorders, 2nd ed.; Johnston, M.V, Gross, R., Eds.; Oxford University Press: New York, NY, USA, 

2010; ISBN 9780195146837. 

69. Morrison, S.; Chawner, S.J.R.A.; van Amelsvoort, T.A.M.J.; Swillen, A.; Vingerhoets, C.; Vergaelen, E.; Linden, D.E.J.; Linden, 

S.; Owen, M.J.; van den Bree, M.B.M. Cognitive deficits in childhood, adolescence and adulthood in 22q11.2 deletion syndrome 

and association with psychopathology. Transl. Psychiatry 2020, 10, 53. 

70. Compas, B.E.; Jaser, S.S.; Reeslund, K.; Patel, N.; Yarboi, J. Neurocognitive deficits in children with chronic health conditions. 

Am. Psychol. 2017, 72, 326–338. 

71. Bryan, J.; Osendarp, S.; Hughes, D.; Calvaresi, E.; Baghurst, K.; Van Klinken, J.W. Nutrients for cognitive development in school-

aged children. Nutr. Rev. 2004, 62, 295–306. 

72. Helland, I.B.; Smith, L.; Blomen, B.; Saarem, K.; Saugstad, O.D.; Drevon, C.A. Effect of supplementing pregnant and lactating 

mothers with n-3 very-long-chain fatty acids on children’s iq and body mass index at 7 years of age. Pediatrics 2008, 122, e472–

e479. 

73. Cohen, J.T.; Bellinger, D.C.; Connor, W.E.; Shaywitz, B.A. A quantitative analysis of prenatal intake of n-3 polyunsaturated fatty 

acids and cognitive development. Am. J. Prev. Med. 2005, 29, P366. 

74. Zou, R.; El Marroun, H.; Voortman, T.; Hillegers, M.; White, T.; Tiemeier, H. Maternal polyunsaturated fatty acids during preg-

nancy and offspring brain development in childhood. Am. J. Clin. Nutr. 2021, 114, 124–133. 

75. Stonehouse, W. Does consumption of LC omega-3 PUFA enhance cognitive performance in healthy school-aged children and 

throughout adulthood? Evidence from clinical trials. Nutrients 2014, 6, 2730–2758. 

76. Clandinin, M.T.; Chappell, J.E.; Leong, S.; Heim, T.; Swyer, P.R.; Chance, G.W. Intrauterine fatty acid accretion rates in human 

brain: Implications for fatty acid requirements. Early Hum. Dev. 1980, 4, 121–129. 

77. Allotey, J.; Zamora, J.; Cheong-See, F.; Kalidindi, M.; Arroyo-Manzano, D.; Asztalos, E.; van der Post, J.A.M.; Mol, B.W.; Moore, 

D.; Birtles, D.; et al. Cognitive, motor, behavioural and academic performances of children born preterm: A meta-analysis and 

systematic review involving 64 061 children. BJOG An Int. J. Obstet. Gynaecol. 2018, 125, 16–25. 

78. Twilhaar, E.S.; Wade, R.M.; De Kieviet, J.F.; Van Goudoever, J.B.; Van Elburg, R.M.; Oosterlaan, J. Cognitive outcomes of chil-

dren born extremely or very preterm since the 1990s and associated risk factors: A meta-analysis and meta-regression. JAMA 

Pediatr. 2018, 172, 361–367. 

79. Burnett, A.C.; Youssef, G.; Anderson, P.J.; Duff, J.; Doyle, L.W.; Cheong, J.L.Y. Exploring the “preterm Behavioral Phenotype” 

in Children Born Extremely Preterm. J. Dev. Behav. Pediatr. 2019, 40, 200–207. 

80. Julvez, J.; Méndez, M.; Fernandez-Barres, S.; Romaguera, D.; Vioque, J.; Llop, S.; Ibarluzea, J.; Guxens, M.; Avella-Garcia, C.; 

Tardón, A.; et al. Maternal consumption of seafood in pregnancy and child neuropsychological development: A longitudinal 

study based on a population with high consumption levels. Am. J. Epidemiol. 2016, 183, 169–182. 

81. Davidson, P.W.; Cory-Slechta, D.A.; Thurston, S.W.; Huang, L.S.; Shamlaye, C.F.; Gunzler, D.; Watson, G.; van Wijngaarden, E.; 

Zareba, G.; Klein, J.D.; et al. Fish consumption and prenatal methylmercury exposure: Cognitive and behavioral outcomes in 

the main cohort at 17 years from the Seychelles child development study. Neurotoxicology 2011, 32, 711–717. 

82. Daniels, J.L.; Longnecker, M.P.; Rowland, A.S.; Golding, J. Fish intake during pregnancy and early cognitive development of 

offspring. Epidemiology 2004, 15, 394–402. 

83. Hibbeln, J.R.; Davis, J.M.; Steer, C.; Emmett, P.; Rogers, I.; Williams, C.; Golding, J. Maternal seafood consumption in pregnancy 

and neurodevelopmental outcomes in childhood (ALSPAC study): An observational cohort study. Lancet 2007, 369, 578–585. 

84. Shulkin, M.; Pimpin, L.; Bellinger, D.; Kranz, S.; Fawzi, W.; Duggan, C.; Mozaffarian, D. N-3 fatty acid supplementation in 

mothers, preterm infants, and term infants and childhood psychomotor and visual development: A systematic review and meta-

analysis. J. Nutr. 2018, 148, 409–418. 

85. Jasani, B.; Simmer, K.; Patole, S.K.; Rao, S.C. Long chain polyunsaturated fatty acid supplementation in infants born at term. 

Cochrane Database Syst. Rev. 2017, 2017, CD000376. 

86. Meldrum, S.; Simmer, K. Docosahexaenoic acid and neurodevelopmental outcomes of term infants. Ann. Nutr. Metab. 2016, 69, 

23–28. 

87. Simmer, K. Fish-oil supplementation: The controversy continues. Am. J. Clin. Nutr. 2016, 103, 1–2. 

88. Hadders-Algra, M. Prenatal and early postnatal supplementation with long-chain polyunsaturated fatty acids: Neurodevelop-

mental considerations. Proc. Am. J. Clin. Nutr. 2011, 94, S1874–S1879. 



Nutrients 2024, 16, 1093 26 of 30 
 

 

89. Gould, J.F.; Smithers, L.G.; Makrides, M. The effect of maternal omega-3 (n23) LCPUFA supplementation during pregnancy on 

early childhood cognitive and visual development: A systematic review and meta-analysis of randomized controlled trials1-3. 

Am. J. Clin. Nutr. 2013, 97, 531–544. 

90. Delgado-Noguera, M.F.; Calvache, J.A.; Bonfill Cosp, X.; Kotanidou, E.P.; Galli-Tsinopoulou, A. Supplementation with long 

chain polyunsaturated fatty acids (LCPUFA) to breastfeeding mothers for improving child growth and development. Cochrane 

Database Syst. Rev. 2015, 2015, CD007901. 

91. Dziechciarz, P.; Horvath, A.; Szajewska, H. Effects of n-3 long-chain polyunsaturated fatty acid supplementation during preg-

nancy and/or lactation on neurodevelopment and visual function in children: A systematic review of randomized controlled 

trials. J. Am. Coll. Nutr. 2010, 29, 443–454. 

92. Emery, S.; Häberling, I.; Berger, G.; Walitza, S.; Schmeck, K.; Albert, T.; Baumgartner, N.; Strumberger, M.; Albermann, M.; 

Drechsler, R. Omega-3 and its domain-specific effects on cognitive test performance in youths: A meta-analysis. Neurosci. Biobe-

hav. Rev. 2020, 112, 420–436. 

93. Nevins, J.E.H.; Donovan, S.M.; Snetselaar, L.; Dewey, K.G.; Novotny, R.; Stang, J.; Taveras, E.M.; Kleinman, R.E.; Bailey, R.L.; 

Raghavan, R.; et al. Omega-3 Fatty Acid Dietary Supplements Consumed during Pregnancy and Lactation and Child Neurode-

velopment: A Systematic Review. J. Nutr. 2021, 151, 3483–3494. 

94. van der Wurff, I.S.M.; Meyer, B.J.; de Groot, R.H.M. Effect of omega-3 long chain polyunsaturated fatty acids (N-3 LCPUFA) 

supplementation on cognition in children and adolescents: A systematic literature review with a focus on n-3 LCPUFA blood 

values and dose of DHA and EPA. Nutrients 2020, 12, 3115. 

95. Kadosh, K.C.; Muhardi, L.; Parikh, P.; Basso, M.; Mohamed, H.J.J.; Prawitasari, T.; Samuel, F.; Ma, G.; Geurts, J.M.W. Nutritional 

support of neurodevelopment and cognitive function in infants and young children—An update and novel insights. Nutrients 

2021, 13, 199. 

96. Lehner, A.; Staub, K.; Aldakak, L.; Eppenberger, P.; Rühli, F.; Martin, R.D.; Bender, N. Fish consumption is associated with 

school performance in children in a non-linear way. Evol. Med. Public Health 2020, 2020, 2–11. 

97. De Groot, R.H.M.; Ouwehand, C.; Jolles, J. Eating the right amount of fish: Inverted U-shape association between fish consump-

tion and cognitive performance and academic achievement in Dutch adolescents. Prostaglandins Leukot. Essent. Fat. Acids 2012, 

86, 113–117. 

98. Strain, J.J.; Love, T.M.; Yeates, A.J.; Weller, D.; Mulhern, M.S.; Mcsorley, E.M.; Thurston, S.W.; Watson, G.E.; Mruzek, D.; Broberg, 

K.; et al. Associations of prenatal methylmercury exposure and maternal polyunsaturated fatty acid status with neurodevelop-

mental outcomes at 7 years of age: Results from the Seychelles Child Development Study Nutrition Cohort 2. Am. J. Clin. Nutr. 

2021, 113, 304–313. 

99. Burdge, G.C.; Tan, S.-Y.; Henry, C.J. Long-chain n-3 PUFA in vegetarian women: A metabolic perspective. J. Nutr. Sci. 2017, 6, 

e58. 

100. Sanders, T.A.B.; Reddy, S. The influence of a vegetarian diet on the fatty acid composition of human milk and the essential fatty 

acid status of the infant. J. Pediatr. 1992, 120, PS71–PS77. 

101. Crozier, S.R.; Godfrey, K.M.; Calder, P.C.; Robinson, S.M.; Inskip, H.M.; Baird, J.; Gale, C.R.; Cooper, C.; Sibbons, C.M.; Fisk, 

H.L.; et al. Vegetarian diet during pregnancy is not associated with poorer cognitive performance in children at age 6–7 years. 

Nutrients 2019, 11, 3029. 

102. Sass, L.; Bjarnadóttir, E.; Stokholm, J.; Chawes, B.; Vinding, R.K.; Mora-Jensen, A.R.C.; Thorsen, J.; Noergaard, S.; Ebdrup, B.H.; 

Jepsen, J.R.M.; et al. Fish Oil Supplementation in Pregnancy and Neurodevelopment in Childhood—A Randomized Clinical 

Trial. Child Dev. 2021, 92, 1624–1635. 

103. Gonzalez Casanova, I.; Schoen, M.; Tandon, S.; Stein, A.D.; Barraza Villarreal, A.; DiGirolamo, A.M.; Demmelmair, H.; Ramirez 

Silva, I.; Feregrino, R.G.; Rzehak, P.; et al. Maternal FADS2 single nucleotide polymorphism modified the impact of prenatal 

docosahexaenoic acid (DHA) supplementation on child neurodevelopment at 5 years: Follow-up of a randomized clinical trial. 

Clin. Nutr. 2021, 40, 5339–5345. 

104. Campoy, C.; Azaryah, H.; Torres-Espínola, F.J.; Martínez-Zaldívar, C.; García-Santos, J.A.; Demmelmair, H.; Haile, G.; Rzehak, 

P.; Koletzko, B.; Györei, E.; et al. Long-chain polyunsaturated fatty acids, homocysteine at birth and fatty acid desaturase gene 

cluster polymorphisms are associated with children’s processing speed up to age 9 years. Nutrients 2021, 13, 131. 

105. Gould, J.F.; Bednarz, J.M.; Sullivan, T.R.; McPhee, A.J.; Gibson, R.A.; Makrides, M. Subgroup analyses of a randomized trial of 

DHA supplementation for infants born preterm with assessments of cognitive development up to 7-years of age: What happens 

in infants born <29 weeks’ gestation? Prostaglandins Leukot. Essent. Fat. Acids 2023, 198–199, 198–199. 

106. Meldrum, S.J.; Heaton, A.E.; Foster, J.K.; Prescott, S.L.; Simmer, K. Do infants of breast-feeding mothers benefit from additional 

long-chain PUFA from fish oil? A 6-year follow-up. Br. J. Nutr. 2020, 124, 701–708. 

107. Stephenson, K.; Callaghan-Gillespie, M.; Maleta, K.; Nkhoma, M.; George, M.; Park, H.G.; Lee, R.; Humphries-Cuff, I.; Lacombe, 

R.J.S.; Wegner, D.R.; et al. Low linoleic acid foods with added DHA given to Malawian children with severe acute malnutrition 

improve cognition: A randomized, triple-blinded, controlled clinical trial. Am. J. Clin. Nutr. 2022, 115, 1322–1333. 

108. Roberts, S.B.; Franceschini, M.A.; Silver, R.E.; Taylor, S.F.; De Sa, A.B.; Có, R.; Sonco, A.; Krauss, A.; Taetzsch, A.; Webb, P.; et 

al. Effects of food supplementation on cognitive function, cerebral blood flow, and nutritional status in young children at risk 

of undernutrition: Randomized controlled trial. BMJ 2020, 370, m2397. 



Nutrients 2024, 16, 1093 27 of 30 
 

 

109. Demmelmair, H.; Øyen, J.; Pickert, T.; Rauh-Pfeiffer, A.; Stormark, K.M.; Graff, I.E.; Lie, Ø.; Kjellevold, M.; Koletzko, B. The 

effect of Atlantic salmon consumption on the cognitive performance of preschool children—A randomized controlled trial. Clin. 

Nutr. 2019, 38, 2558–2568. 

110. Nieto-Ruiz, A.; García-Santos, J.A.; Verdejo-Román, J.; Diéguez, E.; Sepúlveda-Valbuena, N.; Herrmann, F.; Cerdó, T.; De-Cas-

tellar, R.; Jiménez, J.; Bermúdez, M.G.; et al. Infant Formula Supplemented With Milk Fat Globule Membrane, Long-Chain 

Polyunsaturated Fatty Acids, and Synbiotics Is Associated With Neurocognitive Function and Brain Structure of Healthy Chil-

dren Aged 6 Years: The COGNIS Study. Front. Nutr. 2022, 9, 820224. 

111. Naveed, S.; Venäläinen, T.; Eloranta, A.M.; Erkkilä, A.T.; Jalkanen, H.; Lindi, V.; Lakka, T.A.; Haapala, E.A. Associations of 

dietary carbohydrate and fatty acid intakes with cognition among children. Public Health Nutr. 2020, 23, 1657–1663. 

112. Teisen, M.N.; Vuholm, S.; Niclasen, J.; Aristizabal-Henao, J.J.; Stark, K.D.; Geertsen, S.S.; Damsgaard, C.T.; Lauritzen, L. Effects 

of oily fish intake on cognitive and socioemotional function in healthy 8-9-year-old children: The FiSK Junior randomized trial. 

Am. J. Clin. Nutr. 2020, 112, 74–83. 

113. Teisen, M.N.; Niclasen, J.; Vuholm, S.; Lundbye-Jensen, J.; Stark, K.D.; Damsgaard, C.T.; Geertsen, S.S.; Lauritzen, L. Exploring 

correlations between neuropsychological measures and domain-specific consistency in associations with n-3 LCPUFA status in 

8-9 year-old boys and girls. PLoS ONE 2019, 14, e0216696. 

114. Azaryah, H.; Verdejo-Román, J.; Martin-Pérez, C.; García-Santos, J.A.; Martínez-Zaldívar, C.; Torres-Espínola, F.J.; Campos, D.; 

Koletzko, B.; Pérez-García, M.; Catena, A.; et al. Effects of maternal fish oil and/or 5-methyl-tetrahydrofolate supplementation 

during pregnancy on offspring brain resting-state at 10 years old: A follow-up study from the nuheal randomized controlled 

trial. Nutrients 2020, 12, 2701. 

115. Yang, G.Y.; Wu, T.; Huang, S.Y.; Huang, B.X.; Wang, H.L.; Lan, Q.Y.; Li, C.L.; Zhu, H.L.; Fang, A.P. No effect of 6-month sup-

plementation with 300 mg/d docosahexaenoic acid on executive functions among healthy school-aged children: A randomized, 

double-blind, placebo-controlled trial. Eur. J. Nutr. 2021, 60, 1985–1997. 

116. Petrova, D.; Bernabeu Litrán, M.A.; García-Mármol, E.; Rodríguez-Rodríguez, M.; Cueto-Martín, B.; López-Huertas, E.; Catena, 

A.; Fonollá, J. Еffects of fortified milk on cognitive abilities in school-aged children: Results from a randomized-controlled trial. 

Eur. J. Nutr. 2019, 58, 1863–1872. 

117. Bozzatello, P.; Brignolo, E.; De Grandi, E.; Bellino, S. Supplementation with omega-3 fatty acids in psychiatric disorders: A 

review of literature data. J. Clin. Med. 2016, 5, 67. 

118. Tarui, T.; Rasool, A.; O’Tierney-Ginn, P. How the placenta-brain lipid axis impacts the nutritional origin of child neurodevel-

opmental disorders: Focus on attention deficit hyperactivity disorder and autism spectrum disorder. Exp. Neurol. 2022, 347, 

113910. 

119. Banaschewski, T.; Belsham, B.; Bloch, M.H.; Ferrin, M.; Johnson, M.; Kustow, J.; Robinson, S.; Zuddas, A. Supplementation with 

polyunsaturated fatty acids (PUFAs) in the management of attention deficit hyperactivity disorder (ADHD). Nutr. Health 2018, 

24, 279–284. 

120. Chang, J.P.C.; Su, K.P.; Mondelli, V.; Pariante, C.M. Omega-3 Polyunsaturated Fatty Acids in Youths with Attention Deficit 

Hyperactivity Disorder: A Systematic Review and Meta-Analysis of Clinical Trials and Biological Studies. Neuropsychopharma-

cology 2018, 43, 534–545. 

121. Hawkey, E.; Nigg, J.T. Omega-3 fatty acid and ADHD: Blood level analysis and meta-analytic extension of supplementation 

trials. Clin. Psychol. Rev. 2014, 34, 496–505. 

122. Kidd, P.M. Omega-3 DHA and EPA for cognition, behavior, and mood: Clinical findings and structural-functional synergies 

with cell membrane phospholipids. Altern. Med. Rev. 2007, 12, 207–227. 

123. Milte, C.M.; Sinn, N.; Buckley, J.D.; Coates, A.M.; Young, R.M.; Howe, P.R.C. Polyunsaturated fatty acids, cognition and literacy 

in children with ADHD with and without learning difficulties. J. Child Health Care 2011, 15, 299–311. 

124. Bellino, S.; Bozzatello, P.; Badino, C.; Mantelli, E.; Rocca, P. Efficacy of polyunsaturated fatty acids (PUFAs) on impulsive be-

haviours and aggressiveness in psychiatric disorders. Int. J. Mol. Sci. 2021, 22, 620. 

125. Martins, B.P.; Bandarra, N.M.; Figueiredo-Braga, M. The role of marine omega-3 in human neurodevelopment, including Au-

tism Spectrum Disorders and Attention-Deficit/Hyperactivity Disorder–a review. Crit. Rev. Food Sci. Nutr. 2020, 60, 1431–1446. 

126. Chaplin, S. Attention deficit hyperactivity disorder: Diagnosis and management. Prog. Neurol. Psychiatry 2018, 22, 27–29. 

127. Sarris, J.; Ravindran, A.; Yatham, L.N.; Marx, W.; Rucklidge, J.J.; McIntyre, R.S.; Akhondzadeh, S.; Benedetti, F.; Caneo, C.; 

Cramer, H.; et al. Clinician guidelines for the treatment of psychiatric disorders with nutraceuticals and phytoceuticals: The 

World Federation of Societies of Biological Psychiatry (WFSBP) and Canadian Network for Mood and Anxiety Treatments 

(CANMAT) Taskforce. World J. Biol. Psychiatry 2022, 23, 424–455. 

128. Gillies, D.; Sinn, J.K.H.; Lad, S.S.; Leach, M.J.; Ross, M.J. Polyunsaturated fatty acids (PUFA) for attention deficit hyperactivity 

disorder (ADHD) in children and adolescents. Cochrane Database Syst. Rev. 2012, 2012, CD007986. 

129. Bloch, M.H.; Qawasmi, A. Omega-3 fatty acid supplementation for the treatment of children with attention-deficit/hyperactivity 

disorder symptomatology: Systematic review and meta-analysis. J. Am. Acad. Child Adolesc. Psychiatry 2011, 50, 991–1000. 

130. Rosi, E.; Grazioli, S.; Villa, F.M.; Mauri, M.; Gazzola, E.; Pozzi, M.; Molteni, M.; Nobile, M. Use of non-pharmacological supple-

mentations in children and adolescents with attention deficit/hyperactivity disorder: A critical review. Nutrients 2020, 12, 1573. 

131. Händel, M.N.; Rohde, J.F.; Rimestad, M.L.; Bandak, E.; Birkefoss, K.; Tendal, B.; Lemcke, S.; Callesen, H.E. Efficacy and safety 

of polyunsaturated fatty acids supplementation in the treatment of attention deficit hyperactivity disorder (Adhd) in children 

and adolescents: A systematic review and meta-analysis of clinical trials. Nutrients 2021, 13, 1226. 



Nutrients 2024, 16, 1093 28 of 30 
 

 

132. Abdullah, M.; Jowett, B.; Whittaker, P.J.; Patterson, L. The effectiveness of omega-3 supplementation in reducing ADHD asso-

ciated symptoms in children as measured by the Conners’ rating scales: A systematic review of randomized controlled trials. J. 

Psychiatr. Res. 2019, 110, 64–73. 

133. D’Helft, J.; Caccialanza, R.; Derbyshire, E.; Maes, M. Relevance of ω-6 GLA Added to ω-3 PUFAs Supplements for ADHD: A 

Narrative Review. Nutrients 2022, 14, 3273. 

134. Barragán, E.; Breuer, D.; Döpfner, M. Efficacy and Safety of Omega-3/6 Fatty Acids, Methylphenidate, and a Combined Treat-

ment in Children With ADHD. J. Atten. Disord. 2017, 21, 433–441. 

135. Sinn, N.; Bryan, J.; Wilson, C. Cognitive effects of polyunsaturated fatty acids in children with attention deficit hyperactivity 

disorder symptoms: A randomised controlled trial. Prostaglandins Leukot. Essent. Fat. Acids 2008, 78, 311–326. 

136. Checa-Ros, A.; Haro-García, A.; Seiquer, I.; Molina-Carballo, A.; Uberos-Fernández, J.; Muñoz-Hoyos, A. Early monitoring of 

fatty acid profile in children with attention deficit and/or hyperactivity disorder under treatment with omega-3 polyunsaturated 

fatty acids. Minerva Pediatr. 2019, 71, 313–325. 

137. Döpfner, M.; Dose, C.; Breuer, D.; Heintz, S.; Schiffhauer, S.; Banaschewski, T. Efficacy of Omega-3/Omega-6 Fatty Acids in 

Preschool Children at Risk of ADHD: A Randomized Placebo-Controlled Trial. J. Atten. Disord. 2021, 25, 1096–1106. 

138. Al-Ghannami, S.S.; Al-Adawi, S.; Ghebremeskel, K.; Hussein, I.S.; Min, Y.; Jeyaseelan, L.; Al-Shammakhi, S.M.; Mabry, R.M.; 

Al-Oufi, H.S. Randomized open-label trial of docosahexaenoic acid–enriched fish oil and fish meal on cognitive and behavioral 

functioning in Omani children. Nutrition 2019, 57, 167–172. 

139. Carucci, S.; Romaniello, R.; Demuru, G.; Curatolo, P.; Grelloni, C.; Masi, G.; Liboni, F.; Mereu, A.; Contu, P.; Lamberti, M.; et al. 

Omega-3/6 supplementation for mild to moderate inattentive ADHD: A randomised, double-blind, placebo-controlled efficacy 

study in Italian children. Eur. Arch. Psychiatry Clin. Neurosci. 2022, 272, 1453–1467. 

140. Crippa, A.; Tesei, A.; Sangiorgio, F.; Salandi, A.; Trabattoni, S.; Grazioli, S.; Agostoni, C.; Molteni, M.; Nobile, M. Behavioral and 

cognitive effects of docosahexaenoic acid in drug-naïve children with attention-deficit/hyperactivity disorder: A randomized, 

placebo-controlled clinical trial. Eur. Child Adolesc. Psychiatry 2019, 28, 571–583. 

141. Chang, J.P.C.; Su, K.P.; Mondelli, V.; Satyanarayanan, S.K.; Yang, H.T.; Chiang, Y.J.; Chen, H.T.; Pariante, C.M. High-dose 

eicosapentaenoic acid (EPA) improves attention and vigilance in children and adolescents with attention deficit hyperactivity 

disorder (ADHD) and low endogenous EPA levels. Transl. Psychiatry 2019, 9, 303. 

142. San Mauro Martin, I.; Sanz Rojo, S.; González Cosano, L.; Conty de la Campa, R.; Garicano Vilar, E.; Blumenfeld Olivares, J.A. 

Impulsiveness in children with attention-deficit/hyperactivity disorder after an 8-week intervention with the Mediterranean 

diet and/or omega-3 fatty acids: A randomised clinical trial. Neurologia 2022, 37, 513–523. 

143. Cornu, C.; Mercier, C.; Ginhoux, T.; Masson, S.; Mouchet, J.; Nony, P.; Kassai, B.; Laudy, V.; Berquin, P.; Franc, N.; et al. A 

double-blind placebo-controlled randomised trial of omega-3 supplementation in children with moderate ADHD symptoms. 

Eur. Child Adolesc. Psychiatry 2018, 27, 377–384. 

144. Rodríguez, C.; García, T.; Areces, D.; Fernández, E.; García-Noriega, M.; Domingo, J.C. Supplementation with high-content 

docosahexaenoic acid triglyceride in attentiondeficit hyperactivity disorder: A randomized double-blind placebo-controlled 

trial. Neuropsychiatr. Dis. Treat. 2019, 15, 1193–1209. 

145. Boone, K.M.; Parrott, A.; Rausch, J.; Yeates, K.O.; Klebanoff, M.A.; Turner, A.N.; Keim, A. Fatty acid supplementation and soci-

oemotional outcomes: Secondary analysis of a randomized trial. Pediatrics 2020, 146, e20200284. 

146. Boone, K.M.; Klebanoff, M.A.; Rogers, L.K.; Rausch, J.; Coury, D.L.; Keim, S.A. Effects of Omega-3-6-9 fatty acid supplementa-

tion on behavior and sleep in preterm toddlers with autism symptomatology: Secondary analysis of a randomized clinical trial. 

Early Hum. Dev. 2022, 169, 105588. 

147. Doaei, S.; Bourbour, F.; Teymoori, Z.; Jafari, F.; Kalantari, N.; Torki, S.A.; Ashoori, N.; Gorgani, S.N.; Gholamalizadeh, M. The 

effect of omega-3 fatty acids supplementation on social and behavioral disorders of children with autism: A randomized clinical 

trial. Pediatr. Endocrinol. Diabetes Metab. 2021, 27, 12–18. 

148. Keim, S.A.; Jude, A.; Smith, K.; Khan, A.Q.; Coury, D.L.; Rausch, J.; Udaipuria, S.; Norris, M.; Bartram, L.R.; Narayanan, A.R.; 

et al. Randomized Controlled Trial of Omega-3 and -6 Fatty Acid Supplementation to Reduce Inflammatory Markers in Chil-

dren with Autism Spectrum Disorder. J. Autism Dev. Disord. 2022, 52, 5342–5355. 

149. Mazahery, H.; Conlon, C.A.; Beck, K.L.; Mugridge, O.; Kruger, M.C.; Stonehouse, W.; Camargo, C.A.; Meyer, B.J.; Tsang, B.; 

Jones, B.; et al. A Randomised-Controlled Trial of Vitamin D and Omega-3 Long Chain Polyunsaturated Fatty Acids in the 

Treatment of Core Symptoms of Autism Spectrum Disorder in Children. J. Autism Dev. Disord. 2019, 49, 1778–1794. 

150. Trebatická, J.; Hradečná, Z.; Surovcová, A.; Katrenčíková, B.; Gushina, I.; Waczulíková, I.; Sušienková, K.; Garaiova, I.; Šuba, J.; 

Ďuračková, Z. Omega-3 fatty-acids modulate symptoms of depressive disorder, serum levels of omega-3 fatty acids and omega-

6/omega-3 ratio in children. A randomized, double-blind and controlled trial. Psychiatry Res. 2020, 287, 112911. 

151. van der Wurff, I.S.M.; von Schacky, C.; Bergeland, T.; Leontjevas, R.; Zeegers, M.P.; Kirschner, P.A.; de Groot, R.H.M. Effect of 

one year krill oil supplementation on depressive symptoms and self-esteem of Dutch adolescents: A randomized controlled 

trial. Prostaglandins Leukot. Essent. Fat. Acids 2020, 163, 102208. 

152. Katrenčíková, B.; Vaváková, M.; Waczulíková, I.; Oravec, S.; Garaiova, I.; Nagyová, Z.; Hlaváčová, N.; Ďuračková, Z.; Trebatická, 

J. Lipid profile, lipoprotein subfractions, and fluidity of membranes in children and adolescents with depressive disorder: Effect 

of omega-3 fatty acids in a double-blind randomized controlled study. Biomolecules 2020, 10, 1427. 



Nutrients 2024, 16, 1093 29 of 30 
 

 

153. McNamara, R.K.; Strawn, J.R.; Tallman, M.J.; Welge, J.A.; Patino, L.R.; Blom, T.J.; Delbello, M.P. Effects of Fish Oil Monotherapy 

on Depression and Prefrontal Neurochemistry in Adolescents at High Risk for Bipolar i Disorder: A 12-Week Placebo-Con-

trolled Proton Magnetic Resonance Spectroscopy Trial. J. Child Adolesc. Psychopharmacol. 2020, 30, 293–305. 

154. Chang, J.P.C.; Su, K.P. Nutritional Neuroscience as Mainstream of Psychiatry: The Evidence-Based Treatment Guidelines for 

Using Omega-3 Fatty Acids as a New Treatment for Psychiatric Disorders in Children and Adolescents. Clin. Psychopharmacol. 

Neurosci. 2020, 18, 469–483. 

155. Kohlboeck, G.; Glaser, C.; Tiesler, C.; Demmelmair, H.; Standl, M.; Romanos, M.; Koletzko, B.; Lehmann, I.; Heinrich, J. Effect 

of fatty acid status in cord blood serum on children’s behavioral difficulties at 10 y of age: Results from the LISAplus Study. 

Am. J. Clin. Nutr. 2011, 94, 1592–1599. 

156. Gale, C.R.; Robinson, S.M.; Godfrey, K.M.; Law, C.M.; Schlotz, W.; O’Callaghan, F.J. Oily fish intake during pregnancy—Asso-

ciation with lower hyperactivity but not with higher full-scale IQ in offspring. J. Child Psychol. Psychiatry Allied Discip. 2008, 49, 

1061–1068. 

157. Sagiv, S.K.; Thurston, S.W.; Bellinger, D.C.; Amarasiriwardena, C.; Korrick, S.A. Prenatal exposure to mercury and fish con-

sumption during pregnancy and attention-deficit/hyperactivity disorder-related behavior in children. Arch. Pediatr. Adolesc. 

Med. 2012, 166, 1123–1131. 

158. Jensen, C.L.; Voigt, R.G.; Llorente, A.M.; Peters, S.U.; Prager, T.C.; Zou, Y.L.; Rozelle, J.C.; Turcich, M.R.; Fraley, J.K.; Anderson, 

R.E.; et al. Effects of early maternal docosahexaenoic acid intake on neuropsychological status and visual acuity at five years of 

age of breast-fed term infants. J. Pediatr. 2010, 157, 900–905. 

159. Ramakrishnan, U.; Gonzalez-Casanova, I.; Schnaas, L.; DiGirolamo, A.; Quezada, A.D.; Pallo, B.C.; Hao, W.; Neufeld, L.M.; 

Rivera, J.A.; Stein, A.D.; et al. Prenatal supplementation with DHA improves attention at 5 y of age: A randomized controlled 

trial. Am. J. Clin. Nutr. 2016, 104, 1075–1082. 

160. Gould, J.F.; Makrides, M.; Colombo, J.; Smithers, L.G. Randomized controlled trial of maternal omega-3 long-chain PUFA sup-

plementation during pregnancy and early childhood development of attention, working memory, and inhibitory control. Am. 

J. Clin. Nutr. 2014, 99, 851–859. 

161. Gould, J.F.; Anderson, P.J.; Yelland, L.N.; Gibson, R.A.; Makrides, M. The influence of prenatal dha supplementation on indi-

vidual domains of behavioral functioning in school-aged children: Follow-up of a randomized controlled trial. Nutrients 2021, 

13, 2996. 

162. Esposito, C.M.; Buoli, M.; Ciappolino, V.; Agostoni, C.; Brambilla, P. The role of cholesterol and fatty acids in the etiology and 

diagnosis of autism spectrum disorders. Int. J. Mol. Sci. 2021, 22, 3550. 

163. Hellings, J. Pharmacotherapy in autism spectrum disorders, including promising older drugs warranting trials. World J. Psychi-

atry 2023, 13, 262–277. 

164. Lyall, K.; Munger, K.L.; O’Reilly, É.J.; Santangelo, S.L.; Ascherio, A. Maternal dietary fat intake in association with autism spec-

trum disorders. Am. J. Epidemiol. 2013, 178, 209–220. 

165. Huang, Y.; Iosif, A.M.; Hansen, R.L.; Schmidt, R.J. Maternal polyunsaturated fatty acids and risk for autism spectrum disorder 

in the MARBLES high-risk study. Autism 2020, 24, 1191–1200. 

166. Steenweg-De Graaff, J.; Tiemeier, H.; Ghassabian, A.; Rijlaarsdam, J.; Jaddoe, V.W.V.; Verhulst, F.C.; Roza, S.J. Maternal Fatty 

Acid Status during Pregnancy and Child Autistic Traits : The Generation R Study. Am. J. Epidemiol. 2016, 183, 792–799. 

167. Cekici, H.; Sanlier, N. Current nutritional approaches in managing autism spectrum disorder: A review. Nutr. Neurosci. 2019, 

22. 

168. Fraguas, D.; Díaz-Caneja, C.M.; Pina-Camacho, L.; Moreno, C.; Durán-Cutilla, M.; Ayora, M.; González-Vioque, E.; De Matteis, 

M.; Hendren, R.L.; Arango, C.; et al. Dietary interventions for autism spectrum disorder: A meta-analysis. Pediatrics 2019, 144, 

e20183218. 

169. Mazahery, H.; Stonehouse, W.; Delshad, M.; Kruger, M.C.; Conlon, C.A.; Beck, K.L.; von Hurst, P.R. Relationship between long 

chain n-3 polyunsaturated fatty acids and autism spectrum disorder: Systematic review and meta-analysis of case-control and 

randomised controlled trials. Nutrients 2017, 9, 155. 

170. de Andrade Wobido, K.; de Sá Barreto da Cunha, M.; Miranda, S.S.; da Mota Santana, J.; da Silva, D.C.G.; Pereira, M. Non-

specific effect of omega-3 fatty acid supplementation on autistic spectrum disorder: Systematic review and meta-analysis. Nutr. 

Neurosci. 2022, 25, 1995–2007. 

171. Barón-Mendoza, I.; González-Arenas, A. Relationship between the effect of polyunsaturated fatty acids (PUFAs) on brain plas-

ticity and the improvement on cognition and behavior in individuals with autism spectrum disorder. Nutr. Neurosci. 2022, 25, 

387–410. 

172. De Crescenzo, F.; D’Alò, G.L.; Morgano, G.P.; Minozzi, S.; Mitrova, Z.; Saulle, R.; Cruciani, F.; Fulceri, F.; Davoli, M.; Scattoni, 

M.L.; et al. Impact of polyunsaturated fatty acids on patient-important outcomes in children and adolescents with autism spec-

trum disorder: A systematic review. Health Qual. Life Outcomes 2020, 18, 28. 

173. James, S.; Montgomery, P.; Williams, K. Omega-3 fatty acids supplementation for autism spectrum disorders (ASD). Cochrane 

Database Syst. Rev. 2011, 11, CD007992. 

174. Horvath, A.; Łukasik, J.; Szajewska, H. ω-3 Fatty Acid Supplementation Does Not Affect Autism Spectrum Disorder in  Chil-

dren: A Systematic Review and Meta-Analysis. J. Nutr. 2017, 147, 367–376. 

175. Bozzatello, P.; Blua, C.; Rocca, P.; Bellino, S. Mental health in childhood and adolescence: The role of polyunsaturated fatty 

acids. Biomedicines 2021, 9, 850. 



Nutrients 2024, 16, 1093 30 of 30 
 

 

176. Veselinović, A.; Petrović, S.; Žikić, V.; Subotić, M.; Jakovljević, V.; Jeremić, N.; Vučić, V. Neuroinflammation in autism and 

supplementation based on omega-3 polyunsaturated fatty acids: A narrative review. Medicina 2021, 57, 893. 

177. Pancheva, R.Z.; Nikolova, S.; Serbezova, A.; Zaykova, K.; Zhelyazkova, D.; Dimitrov, L. Evidence or no evidence for essential 

fatty acids in the treatment of autism spectrum disorders? Front. Nutr. 2023, 10, 1251083. 

178. Jiang, Y.; Dang, W.; Nie, H.; Kong, X.; Jiang, Z.; Guo, J. Omega-3 polyunsaturated fatty acids and/or vitamin D in autism spec-

trum disorders: A systematic review. Front. Psychiatry 2023, 14, 1238973. 

179. Donovan, S.; Dewey, K.; Novotny, R.; Stang, J.; Taveras, E.; Kleinman, R.; Nevins, J.; Raghavan, R.; Scinto-Madonich, S.; Venka-

tramanan, S.; et al. Omega-3 Fatty Acids from Supplements Consumed before and during Pregnancy and Lactation and Developmental 

Milestones, Including Neurocognitive Development, in the Child: A Systematic Review; USDA Nutrition Evidence Systematic Review: 

Alexandria, VA, USA, 2020. 

180. Bragg, M.; Chavarro, J.E.; Hamra, G.B.; Hart, J.E.; Tabb, L.P.; Weisskopf, M.G.; Volk, H.E.; Lyall, K. Prenatal Diet as a Modifier 

of Environmental Risk Factors for Autism and Related Neurodevelopmental Outcomes. Curr. Environ. Health Rep. 2022, 9, 324–

338. 

181. Stachowicz, K. The role of polyunsaturated fatty acids in neuronal signaling in depression and cognitive processes. Arch. Bio-

chem. Biophys. 2023, 737, 109555. 

182. Sabião, T.d.S.; de Oliveira, F.C.; Bressan, J.; Pimenta, A.M.; Hermsdorff, H.H.M.; de Oliveira, F.L.P.; Mendonça, R.d.D.; Carraro, 

J.C.C. Fatty acid intake and prevalence of depression among Brazilian graduates and postgraduates (CUME Study). J. Affect. 

Disord. 2024, 346, 182–191. 

183. Yang, Y.; Kim, Y.; Je, Y. Fish consumption and risk of depression: Epidemiological evidence from prospective studies. Asia-Pac. 

Psychiatry 2018, 10, e12335. 

184. Osuna, E.; Herter-Aeberli, I.; Probst, S.; Emery, S.; Albermann, M.; Baumgartner, N.; Strumberger, M.; Ricci, C.; Schmeck, K.; 

Walitza, S.; et al. Associations of n-3 polyunsaturated fatty acid status and intake with paediatric major depressive disorder in 

Swiss adolescents: A case-control study. J. Affect. Disord. 2023, 339, 355–365. 

185. Häberling, I.; Berger, G.; Schmeck, K.; Held, U.; Walitza, S. Omega-3 Fatty Acids as a Treatment for Pediatric Depression. A 

Phase III, 36 Weeks, Multi-Center, Double-Blind, Placebo-Controlled Randomized Superiority Study. Front. Psychiatry 2019, 10, 

863. 

186. Thakur, T.; Mann, S.K.; Malhi, N.K.; Marwaha, R. The Role of Omega-3 Fatty Acids in the Treatment of Depression in Children 

and Adolescents: A Literature Review. Cureus 2023, 15, e44584. 

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual au-

thor(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to 

people or property resulting from any ideas, methods, instructions or products referred to in the content. 


