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Dietary components are essential for the structural and functional development of the brain. Among these,
docosahexaenoic acid, 22:6n-3 (DHA), is critically necessary for the structure and development of the growing fetal

brain in utero.

Docosahexaenoic Acid DHA long-chain polyunsaturated fatty acid brain fetus

infant placenta breast milk

| 1. Introduction

Docosahexaenoic acid, 22:6n-3(DHA), an n-3 (omega-3) long-chain polyunsaturated fatty acid (LCPUFA), plays
various essential roles in human health REIBIE DHA takes part in several biological processes, such as
angiogenesis, immune modulation, inflammatory response, signal transduction, apoptosis, cell proliferation, and a
host of the membrane, cellular and molecular functions that affect health and diseases EIEI8] The DHA metabolites
also mediate their roles in cellular signaling processes . Inadequate dietary consumption of DHA and
eicosapentaenoic acid, 22:5n-3 (EPA) impairs the optimal growth of the feto-placental unit and imposes plausible
risks of cognitive decline, inflammatory disease, cardiovascular disease, inflammatory disorders, behavioral
changes, and mental stress in later life (B8, While the metabolites of EPA and DHA, such as eicosanoids and
docosanoids, are involved in cell signaling, DHA is primarily used for membrane structure and function B!,
Modern diets are mostly deficient in n-3 PUFAs, leading to sub-optimal organ function that may predispose

individuals to an increased risk of diseases RI[10]111]

The recommended intake of DHA and the EPA is based on the quantum of data supporting beneficial outcomes in
protecting cognitive development and cardiovascular diseases. Experts are agreed upon to enhance n-3 LCPUFA
intake via increased seafood or supplementary approaches. An n-3 LCPUFA intake of no less than 250-500 mg/d
should be made available to maintain healthy adults’ physiological needs in their daily routine. Even though DHA
consumption during pregnancy is an essential consideration as it is required for fetal brain development and
growth, a limited number of countries have adopted and implemented appropriate guidelines for the n-3 LCPUFA
consumption during pregnancy. DHA's requirement during placental growth and early development has been
highlighted recently. Thus, low maternal DHA status may lead to the placenta’s functional inadequacy and
accordingly alter fetoplacental growth and development. Therefore, DHA supplementation well before gestation can

be considered to prevent feto-placental associated developmental disorders.
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| 2. The DHA Uptake System in the Human Brain

Usually, non-esterified DHA is the major plasma pool for its supply to the brain 1213l DHA is also present as an
esterified to lysophosphatidylcholine (LPC-DHA) pools in similar amounts. The brain maintains its fatty acid level
via fatty acid uptake from circulation 24l Astrocytes and endothelial cells of the blood-brain barrier (BBB) are
significantly involved in the brain’s uptake of plasma fatty acids. The brain’s fatty acid uptake may occur via

different mechanisms, such as passive diffusion and a saturable protein-mediated transport system.

In circulation, free fatty acids (FFAs) are mainly bound by albumin. At the inner surface of endothelial cell
membranes, a small fraction of FFAs is delivered into the subcellular compartments for further metabolism. At the
same time, most FFAs diffuse into the cytosol with or without the help of the battery of cell membrane- and
cytoplasmic fatty acid-binding proteins. Figure 1 shows the putative fatty acid transport system of the brain. There
are four classes of fatty acid transport proteins involved in transportation in the adult brain, including fatty acid
translocase (FAT/CD36), plasma membrane-fatty acid-binding proteins (FABPpm), fatty acid transport proteins
(FATPs), and cytoplasmic FABPs. Additionally, MFSD2a is newly identified as a DHA transporter in the brain. Even
though there is a preferential uptake by the brain of esterified DHA (LPC-DHA), this is not the major pathway by
which DHA is transported into the brain. Despite being an abundant fatty acid in brain phospholipids, DHA cannot
be synthesized de novo in the brain and must be imported across the blood-brain barrier, but its transportation
pathways are unknown yet. MFSD2a is the major DHA transporter, is expressed exclusively in the endothelium of
the BBB of micro-vessels. The MFSD2a-deficient mice brain had significantly reduced DHA concentrations with
neuronal cell loss in the hippocampus and cerebellum. These mice also exhibited had microcephaly with severe
cognitive deficits and anxiety. MFSD2a transports LPC-DHA, but not unesterified DHA, in a sodium-dependent
manner. Notably, MFSD2a transports plasma pool LPCs carrying long-chain fatty acids (C>14). Long-chain acyl-
CoA synthetases (ACSLs) are also involved in brain DHA uptake (12116l Brain development requires an incredible
increase in the de novo synthesis and accretion of DHA, mediated by several factors, including sterol regulatory
element-binding protein SREBP. In normal physiology, the activity of MFSD2a is regulated by SREBP to maintain a
balance between de novo lipogenesis and exogenous uptake of LPC-DHA 17,
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Figure 1. Docosahexaenoic acid (DHA) uptake system of the brain. DHA: Docosahexaenoic acid; MFSD2A: Major
facilitator superfamily domain containing 2A; FABPpm: Plasma membrane fatty-acid binding proteins; FAT/CD36:
Fatty acid translocase/cluster of differentiation 36; FABP: Fatty acid-binding protein; FATP: Fatty acid transporter
protein; ACSL: long-chain acyl-CoA synthetase.

DHA is carried through the plasma by albumin and circulating lipoproteins. There are four classes of lipid transport
proteins involved in DHA uptake of the brain that includes fatty acid translocase (FAT/CD36), plasma membrane
fatty acid-transport proteins (FABPpm), and fatty acid transport proteins (FATPs) and cytoplasmic FABPs.
MFSD2a, a specific protein, can transport plasma LPC-DHA, but not other DHA forms, across the blood-brain

barrier to the neuron.

DHA Deficiency during Fetal Brain Development and Its Impact on Cognitive
Functions

During pregnancy and lactation, maternal intake of DHA ensures adequate maternal reserve deposited during
pregnancy to support six-month breast-fed post-natal life. Maternal adipose resources during pregnancy cover the
increasing demand for DHA in the early post-natal stage. Although it is difficult to estimate the quantity of DHA
require in the diet for optimum brain development, the study from Kuiper et al. 28 first estimated the absolute
requirement of DHA, ARA, and LA at 25 (conceptual age), 35 (preterm), and 45 (term) weeks. Based on the
mother’s data fed on the western diet, the DHA accretion rate was found 42 mg/day in the last five weeks of
pregnancy. The accretion of DHA was found double in the last five weeks of pregnancy compared with the first
thirty-five weeks together. The DHA accretion rate largely determines the DHA deficiency during brain development
in the brain during term and preterm conditions. Thus, it is important to devise the DHA requirement for preterm
babies based on the mother’s data from a different ethnic and dietary background. The majority of the available

data suggests DHA's optimal requirement during brain development in infants is fed on the Western diet. A
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scenario with high LA intake in the diet will further enhance the need for pre-formed DHA in infant formula. To fulfill

enough maternal reserve of DHA, intake may be required well before conception.

In developing populations, where pregnant women'’s usual diet is low in fats in which n-6 PUFAs are predominantly
present with little intake of ALA or DHA as n-3PUFAs, most of the women start pregnancy with inadequate or
insufficient n-3 PUFA status in their reserve. Under such a scenario, where a maternal reserve of DHA is low,
endogenous synthesis of DHA from precursors is inadequate, resulting in an insufficient supply of DHA to the fetus
that may affect DHA accretion in the brain during the brain development phase of the neonate. DHA's placental
deficiency can be correlated with the lower DHA accretion in the brain of the babies born preterm in the developing
population. There is no clinical data available about DHA accretion in the brain and neonatal’s cognitive
performance from the mother fed on the n-3 deficient diet in such a population. Therefore, optimal maternal intake
of n-3 LCPUFAs is essential to fulfilling DHA's neonatal requirement for the first six months. Maternal intake of DHA
is correlated with the problem-solving skills of the children in some aspects. It was argued that inadequate intake of
DHA could affect rapid accretion of DHA in the human brain, mainly when brain growth is maximal as with the third
trimester or first six months of life. Adequate DHA during this period ensures the maturation of the prefrontal

cortex’s specific brain domain that may support the problem-solving skills.

The impact of DHA deficiencies on cognitive functions is extensively studied using animal models in vivo. DHA
deficiency can influence DHA's endogenous synthesis in the brain and its impact on synaptic plasticity. A recent
study with DHA deficient mice by silencing ELOVL2, an enzyme that is responsible for endogenous synthesis of
DHA from its precursors, showed downregulation in the expression of neural plasticity factors (BDNF, Arc-1) with a
concomitant increase in the pro-inflammatory markers (TNFa, IL-1(3, inducible nitric oxide synthase iNOS) in the
cerebral cortex of the DHA deficient mice 22, The altered expression of these factors is also associated with the
learning and memory function in the brain. The endogenous DHA deficient mice showed an alteration in microglial
architecture and cytokine factors without involving astrocytes indicates that resident immune cells are affected in
the brain by endogenous DHA deficiency. The replenishment with DHA restored the physiological expression of
neuroinflammatory and neuroplasticity factors in the cerebral cortex. These data indicate that DHA plays a critical

role in neuroimmune communication in brain function and synaptic plasticity.

The damaging effects of n-3 PUFA deficiency on brain lipid composition and memory performance were evidenced
in lipopolysaccharides (LPS)-induced rat models, suggesting that in utero n-3 PUFAs deficiency could be a
potential risk factor for neurodevelopmental disorders 29, The n-3 PUFA deficiency in rats shows downregulated
glutamate receptors and upregulated pro-inflammatory TNFa gene expression in the central nervous tissue
independent of their effects on membrane composition 21, Chronic deficiency of DHA over multiple generations
during brain spurt affects the process of neurodevelopment by modulating the neuronal cell growth and
differentiation, as well as neuronal signaling. The deficiency may cause a functional deficit in the offspring’s
learning and cognitive efficiency by reducing intellectual potential and enhancing the risks of neurological diseases
in adult life (221, The n-3 fatty acid deficiency disrupts the peripheral balance of pro-and anti-inflammatory states in
the brain due to altered systemic ARA: DHA ratio (23l The excess ARA generates high prostaglandin

concentrations, leukotriene, and thromboxane that lead to a pro-inflammatory state in the brain that disrupts the
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balance of anti- (n-3) and pro-inflammatory (n-6) eicosanoids due to alteration in GPR receptors’ signaling 24!, In
the animal model, DHA's maternal deficiency revealed reduced telencephalon structure in the hippocampus region
(23] such a deficiency state affects region-specific brain development areas where the cerebral frontal cortex
region is affected mostly, leading to hyper motor activity, reduced learning ability, and altered monoamine
transmission 28, The maternal DHA deficiency affects the offspring’s brain development in a gender-specific

manner due to differential efficiency of endogenous DHA converting enzyme in males and females.

As the endogenous conversion of DHA from its precursor is more efficient in female newborns due to estrogen
presence, the infant male is more susceptible to the risk of brain disorders, such as ADHD, Autism, etc., in their
later life [ZZ], The maternal DHA deficiency state profoundly affects behavioral change in feed intake, anxiety, and
stress response in the offspring [28]. The n-3 deficiency state triggers sucrose-motivated food intake preference due
to alteration in the brain-rewarding pathway that may prompt children to consume calorie-dense foods 22, Chronic
deficiency of n-3 fatty acids for multiple generations induces anxiety-related stress behavior in the offspring due to
altered expression of neuropeptide Y-1 receptor and glucocorticoid receptor in the pre-frontal and hippocampus of
the rat brain 2229, Data from several in vivo studies suggest that DHA promotes neurogenesis by improving the
membrane fluidity in the structural domain of the hippocampus, prefrontal cortex, and hypothalamus region to
stabilize the neurodevelopment circuitry network required for learning and memory recognition processes B4, N-3
fatty acid deficiency during utero development and in the postnatal state negatively impacts cognitive abilities 32
331 DHA's dietary deficiency increases the risk for neurocognitive disorders, whereas a diet enriched with DHA
increases learning and memory and protects against cognitive decline during aging. However, whether increased

intake of DHA can prevent the risk of brain disorders requires further investigation.
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