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Abstract: 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. DHA is the major n-3 long-chain polyunsaturated
fatty acid in brain gray matter representing about 15% of all fatty acids in the human frontal
cortex. DHA affects neurogenesis, neurotransmitter, synaptic plasticity and transmission, and signal
transduction in the brain. Data from human and animal studies suggest that adequate levels of
DHA in neural membranes are required for maturation of cortical astrocyte, neurovascular coupling,
and glucose uptake and metabolism. Besides, some metabolites of DHA protect from oxidative tissue
injury and stress in the brain. A low DHA level in the brain results in behavioral changes and is
associated with learning difficulties and dementia. In humans, the third trimester-placental supply of
maternal DHA to the growing fetus is critically important as the growing brain obligatory requires
DHA during this window period. Besides, DHA is also involved in the early placentation process,
essential for placental development. This underscores the importance of maternal intake of DHA
for the structural and functional development of the brain. This review describes DHA’s multiple
roles during gestation, lactation, and the consequences of its lower intake during pregnancy and
postnatally on the 2019 brain development and function.

Keywords: DHA; brain; MFSD2a; SPM; fetus; placenta; infant; neurogenesis; pregnancy; pre-term

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 [1–4]. 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 [3,5,6]. The DHA metabolites also mediate their roles in cellular signaling
processes [7]. 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 [5,8,9]. 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 [3,4].
Modern refined diets are mostly deficient in n-3 PUFAs, leading to sub-optimal organ function that
may predispose individuals to an increased risk of diseases [9–11].

1



Nutrients 2020, 12, 3615

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.

Several comprehensive articles have focused on DHA and its impacts on human health [3,4,12–14].
However, this review has primarily concentrated on maternal DHA status during pregnancy on
neurocognitive development in infants.

2. DHA and Its Metabolites: Effects on the Structure and Function of the Human Brain

N-3 PUFAs have essential functions on human health, and various studies have explained the
molecular mechanisms underlying the effects of DHA in various tissues, including the brain. DHA is
the predominant n-3 LCPUFA within the brain. Several neurophysiological functions are attributed
to DHA, including the cell-survival, neuroinflammation, neurogenesis cellular signaling, and its
protective function in maintaining blood-brain barrier integrity. Because of these vital roles of DHA in
the brain, any alteration of DHA metabolism in the brain, as a cause or consequence, affects several
neurological and psychiatric conditions.

DHA derivatives include the families of specialized pro-resolving mediators (SPMs), such as
lipoxins, resolvins (resolvin D (RvD), and resolvin E (RvE)), protectins, and maresins, are known
to have diverse biological activities [15,16]. SPMs actively thwarted the inflammatory response by
stimulating specific G-protein-coupled receptors (GPR) expressed on immune cells that propagate
both the anti-inflammatory and pro-resolving processes [15,16]. The anti-inflammatory activities
of SPMs are mediated by inflammatory scavenging interleukins (IL) such as IL-10, IL-1 decoy
receptors, and IL-1 receptor antagonists and anti-inflammatory cytokines [15,16]. The SPMs activate
their actions by several mechanisms that include the anti-inflammatory resolution, blocking the
intracellular pathways leading to inflammation, downregulation of pro-inflammatory cytokines,
and clearance of inflammatory cell debris macrophages, as well as stabilization of immune cells counts
to basal levels [15,16]. The importance of SPMs in the inflammatory resolution is widely reported
in chronic pathologies, including brain inflammation when their production remained insufficient,
and the administration of SPMs exogenously reduces the inflammatory process and protects inflamed
tissue(s) [15,17]. Dietary supplementation with metabolic precursors of SPMs can increase their
availability and resolve the inflammatory process following neurological injury.

In the brain, DHA and arachidonic acid, 20:4n-6 (ARA) are incorporated into cell membrane
phospholipids and thus influence their metabolism. ARA represents approximately 20% of the total
amount of fatty acids in neurons. ARA, primarily esterified in phospholipids of the membranes,
is released by the phospholipases A2. Several enzymes convert free ARA into several eicosanoids,
and these metabolites may be involved in neuroinflammation [18]. Unesterified ARA can also directly
modify synaptic functions [19]. Therefore, the level of intracellular free ARA plays a critical role in
both neuroinflammation and synaptic functions. Inflammation may prolong due to the presence of
ARA-derived eicosanoids, such as prostaglandin E2 and leukotriene B4, whereas n-3-derived eicosanoids
decrease the levels of these inflammatory compounds and their activity. Thus, supplementation of n-3
fatty acids can restore or reverse the balance of lipid mediator precursors. Metabolic precursors of the
inflammation-resolving SPMs, including DHA itself, having vital inflammation resolution effects in
brain injury [20]. Intravenously administered low-dose DHA in rats showed significant tissue-sparing

2



Nutrients 2020, 12, 3615

effects in the peri-infarct region of the middle cerebral artery occlusion compared to those who received
high or medium DHA doses [21]. DHA-treated rats improved significantly in neurological performance
up to 7 days following middle cerebral artery occlusion. Following experimental traumatic brain
injury in rats, a DHA-enriched diet for 12 days preserved brain-derived neurotrophic factor (BDNF)
concomitant improved learning capability [20]. Although DHA’s mechanism in rescuing neurological
injury is not known, its potential therapeutic warrants further investigations.

Resolvins, protectins, and maresins have SPM functions. SPMs are produced from DHA
either spontaneously or by aspirin, involving enzymes, such as lipoxygenase (LOX) and acetylated
cyclooxygenase-2 (COX-2) enzymatic pathway. Two distinct classes of the resolvins (Rvs) are synthesized
from DHA by different biosynthetic paths, denoted as 17S- and 17RD- series resolvins during
inflammation of the resolution [22,23]. The strong anti-inflammatory and pro-resolving activities of Rvs
were demonstrated in animal models [7]. Rv of E and D series are endogenously produced from EPA
and DHA, respectively. Both RvD1 and RvE1 may potentially lower inflammation. Conversion of DHA
to 17(S)-hydroxy-containing RvD1–D4 and conjugation to triene-containing docosanoid structures
are carried out by LOX [24]. Rvs can reduce the augmented pain by regulating the mediators
of inflammation, ion channels with transient receptor potential, and transmission via the spinal
cord. RvD1 (17(S)-trihydroxy-docosahexaenoic acid) is structurally different from aspirin-triggered
RvD1. COX-2 promotes the synthesis of 17(R)-trihydroxy-docosahexaenoic acid, followed by the
LOX on 13-hydroxyDHA [25]. The transcription of IL-1β is prevented by RvD1 that reduces the
infiltration of neutrophils into the brain [23]. Since all Rvs are potent anti-inflammatory agents,
dietary supplementation of n-3LCPUFAs is beneficial in the inflammatory situation.

The anti-inflammatory protectin D1 (PD1) is also synthesized endogenously from DHA in neuronal
tissues and, therefore, termed neuroprotectin (NPD1). The internally formed NPD1,17(S)-trihydroxy DHA
varies from aspirin-triggered NPD1; 17(R)-trihydroxy DHA structurally. Protectins are anti-microbial
agents. PD1 was shown to prevent infiltration PMN both in vivo and in vitro. NPD1 effectively prevents
damage to several mice tissues, such as the retina, brain, liver, kidney, and fibrosis [26]. The PD1/NPD1
isomer of PDX can prevent both inflammation and atherogenesis [27,28]. Besides its insulin-sensitizing
and glucose regulatory actions, PDX can inhibit inflammation via IL-6 synthesis [29,30]. Maresins,
MaR (macrophage mediators in resolving inflammation) are endogenously synthesized from DHA
by macrophages through 12-LOX, followed by epoxy hydrolase activity. Maresins have both
anti-inflammatory and pro-resolving actions [31]. The two structural variants of MaR are MaR 1
and MaR 2. MaR 1 (7R,14S-dihydroxy-docosa-4Z,8E,10E,12Z,16Z,19Z-hexaenoic acid) is a family of
structurally distinct autacoids [32]. Studies on MaR 1 has potent anti-inflammatory activity even at the
nano molar range [33].

Resolvins and protectins are produced from EPA and DHA. Both resolvins and protectins have
an anti-inflammatory function. While 18R E-series resolvins (RvE1 and RvE2) are generated from
EPA, DHA-derived 17S D-series resolvins (RvD1 to D6), PD1, and MaRs are synthesized during the
inflammatory resolution. These inflammation preventive mediators are critically involved in resolving
inflammation for the healing process. These EPA- and DHA-derived anti-inflammatory compounds
inhibit trans-endothelial migration of PMN, suppress dendritic cell migration, reduce leukocyte
infiltration [34]. PD1 blocks the synthesis of T cells-derived tumor necrosis factor alpha TNF-α and
interferon gamma IFN-γ and induces apoptosis of these cells, implying its role in the down-regulation
of Th1-mediated responses. LOX-dependent Th2-skewed human peripheral blood mononuclear
cells-derived PD1 may favor the Th2 phenotype [35]. Several studies suggest that both n-3LCPUFAs,
DHA, EPA, and their inflammation preventive mediators, such as MaRs, PDs, and Rvs, play vital role
in mitigating the inflammatory process and support wound healing. Therefore, these bioactive lipids
could be developed to manage and prevent various inflammatory diseases [34].

3



Nutrients 2020, 12, 3615

2.1. DHA Accretion, Supplementation, and Fetal Brain Development

DHA is vital for the development of a healthy brain [12,36,37]. Quantitatively in the brain, DHA is
considered as the vital fatty acid [38]. In the human brain, the DHA level is 250–300 times higher
than EPA. DHA is predominantly found in the phospholipid fraction of the brain grey matter [39].
The phospholipid distribution of n-3 LCPUFA in the brain showed a striking difference between EPA
and DHA. DHA is primarily present in phosphatidylethanolamine and phosphatidylserine fractions,
whereas EPA is mostly distributed in the phosphatidylinositol fraction of the membrane phospholipids.
DHA is the most abundant n-3 fatty acids in the entire nervous system. DHA is critically required in
the neuron regeneration and formation of synapse during the fetus’s development and the first two
years following birth [40].

Accumulation of DHA in the fetal brain occurs continuously throughout the gestation but is
most active during week 29 to week 40. Supplementation of DHA (200 mg DHA/day) during the
third trimester of pregnancy prevented the decrease of maternal DHA status [41]. Due to continuum
fetal DHA accretion, the nutritional status of maternal DHA during pre-conception, pregnancy,
and lactation demands DHA requirements for the brain and retinal development of babies [42,43].
Neonates with higher DHA concentrations in umbilical plasma phospholipids showed a longer
gestational length than neonates with a lower concentration of DHA [44]. The pregnant women,
supplemented with 600 mg DHA/day before 20 weeks of gestation until delivery, significantly reduced
the preterm delivery and low-birth-weight babies [45]. DHA supplementation improves the DHA
status both in the mother and her child because of its efficient transfer through the placenta [46],
and breast milk [47,48]. DHA supplementation was beneficial for mothers having low consumption
of seafoods [49]. DHA supplementation during pregnancy increases the placental transport of n-3
LCPUFAs via increased expression of fatty acid-binding/ transport proteins [50,51]. Consuming DHA
(2.2 g DHA/day) and EPA (1.1 g EPA/day), from the 20th week of pregnancy until the partum showed an
improved visual and coordination capacity of the children [52]. Similar beneficial effects were obtained
after the supplementation of mothers with 500 mg DHA/day during pregnancy, which correlated the
high blood DHA levels with the improved cognitive development of 5.5-year-old children [53]. Similarly,
daily supplements of fish oil (500 mg DHA + 150 mg EPA), along with 5-methyltetrahydrofolate
(400 µg/day), showed improved cognitive development until 6.5 years of age [54]. Higher DHA levels
in plasma and breast milk positively correlate the brain’s growth, development, and visual acuity in the
neonate [55,56]. These studies demonstrated that DHA supplementing mothers during pregnancy and
lactation or baby food fortified with DHA enhanced DHA levels in the infant tissues with improved
neurological and visual development [57]. Conversely, a diet low in n-3 LCPUFA during pregnancy
and/or lactation may negatively impact the child’s visual and neurological development [58,59].

Infants fed with breast milk (<0.17% of total fatty acid in milk in contrast to optimal 0.3–0.4%
DHA) showed a lower amount of DHA in erythrocytes, reduced visual acuity, and delayed language
development as compared to infant fed by breast milk containing 0.36% DHA [43,60]. Women who
received DHA (600 mg/day) supplementation during pregnancy from <20 weeks until delivery showed
a substantial increase in visual acuity, particularly in male newborns. DHA supplementation may be
the best predictor for nervous system development [61]. A direct relationship between higher DHA
levels in erythrocytes (in mother and children) and the optimal visual and neuronal development
of children was reported [62–65]. Perinatal DHA supplementation was also reported to reduce the
risk of lower intelligence quotient (IQ) scores in children from very low-income families [66,67].
Newborn, when supplemented with DHA enriched formulas, improved cortical maturation and visual
function [68]. Six-month-old babies who did not receive maternal milk and fed a formula containing
egg yolk enriched with DHA (115 mg DHA/100 g food) showed a significant increase in erythrocyte
DHA phospholipids and a better visual development measured at 1 year [69].

Supplementation of a minimum of 0.35% DHA formulated foods favors improved brain
development until 4 months after delivery, as evaluated by the term’s mental development index [70].
In addition to DHA’s dietary intake, ARA is obligatory for optimal brain and eye development in
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infants [71]. The child who did not receive maternal milk must be fed with a formula containing DHA
and ARA for optimum brain growth and development until 39 months after birth [72] and even 4 years
after birth [71]. A study in newborns (n = 343) of 1–9-day-olds fed with formula with varying levels of
DHA ((control (DHA 0%); 0.32%; 0.64%; 0.96%, with ARA 0.64% in all formulas) until the 12th month
showed that babies fed with formulas containing 0.32% DHA showed a significant improvement in
cognitive development as compared to control group [73]. An improved problem-solving skills and
memory were noticed when human milk supplemented in DHA (32 mg/day) and ARA (31 mg/day)
were fed to the preterm infant (birth weight < 1500 g) until 9 weeks after birth [74]. DHA (0.05 g/100 g)
and ARA (0.1 g/100 g) fortified feeding to the preterm infant (birth weight > 2000 g) performed a
higher index in mental development scores [75]. The term newborn (n = 420) supplemented with n-3
LCPUFA (60 mg of EPA and 250 mg of DHA daily) for six months following birth showed a significant
increase of DHA deposition in the erythrocyte phospholipids and language and communication skills
development [76]. A follow-up study with a formula (0.5% DHA) feeding preterm children (n = 107)
from their birth until nine months showed a significant improvement in the verbal and total intellectual
coefficient, language capacity, and memory in girl children as compared to control (0.0% DHA) [77].
A comparative study among the infants fed on breast milk, a preterm formula supplemented with
LCPUFAs, or a traditional preterm formula without LCPUFAs, showed that preterm formulas with
LCPUFAs improve the visual understanding and development of infants like those fed with maternal
milk [78]. A large study involving 28 countries demonstrated that better mathematics test scores
in children from low-income families are proportionate to the DHA levels in breastfed children’s
performance was found superior to non-breastfed children from high-income families and/or increased
spending on education [79].

DHA level in the blood is positively correlated to cognitive abilities and inversely associated
with cognitive decline. Activation of membrane GPR40 receptor by LCPUFA is responsible for
driving neurogenesis by modulating synaptic plasticity in the adult brain. Dysfunction of GPR40
receptors can produce lipotoxicity in brain endothelial cells and neurons [80]. LCPUFA mediate
GPR40 signaling modulates neurogenesis’s functional aspects, anti-nociceptive effects, anti-apoptotic
effect, and Ca2+ homeostasis in Alzheimer’s disease (AD), and the nigrostriatal pathways. GPR40 is
chosen as a potential drug target in treating several neuropathological disorders, including AD. During
brain development, the DHA availability is also influenced by genetic polymorphisms of enzymes
responsible for the endogenous conversion to LCPUFAs from their precursors.

Linoleic acid, 18:2n-6 (LA), and alpha-linolenic acid,18:3n-3 (ALA), are the two essential fatty
acids. Imbalanced dietary intake of n-3 and n-6 fatty acids may lead to several neurological conditions.
Brain concentrations of n-3 and n-6 PUFA derivatives are modulated by their dietary level and
play a central role in regulating mood and cognition [81]. Endogenous abilities in the conversion
of n-3 LCPUFAs from its precursor is affected by altered gene polymorphisms. The presence of
gene-specific polymorphisms encode∆-5 and ∆-6 desaturases, enzymes involved in the synthesis of
n-3 LCPUFAs from the precursor ALA, altered these fatty acid levels in particular DHA [82]. The f
gene polymorphism (rs 174575) of ∆-6 desaturase enzyme in children allows higher DHA levels
and better IQ test scores [83]. This indicates the importance of gene variations in the metabolism of
n-3 LCPUFA and a consequential beneficial effect on brain development. Nine-month-old children
supplemented with high DHA content showed significant cognitive performance and better arterial
pressure at the end of infancy. N-3 LCPUFA supplementation, especially DHA, may favor optimum
brain development that also has a protective effect against adult life’s cognitive and cardiovascular
diseases [84]. Supplementation of DHA (400 mg/ daily) for 4 months significantly raised blood DHA
levels, positively correlated with an increment of punctuation score obtained for vocabulary and
comprehension tests in 4-year-old children [85]. Supplementation of children (n = 409, 3 to 13-year-old)
in Australia, with 750 mg DHA and 60 mg EPA per day for 20 weeks, demonstrated a significant
increment in children’s academic performance between 7 and 12 years old [86]. The supplementation
of fish oil rich in DHA to 7–12-year-old ADHD children in Australia showed improved word reading,
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spelling capacity, and parents’ conduct. These changes were positively related to an increase in the
DHA level of erythrocyte phospholipids [87].

Despite this evidence, absolute compliance with DHA supplementation of baby food has not been
established yet. The Scientific Opinion of the European Food Safety Authority (EFSA) Panel (2014)
expressed that “ . . . there is no convincing evidence that the addition of DHA to infant and follow-on formulae
has benefits beyond infancy on any functional outcomes”. The panel’s proposal about DHA supplementation
of infant formula is based on DHA’s structural and functional roles in nervous tissue and retina and its
exclusive presence in the brain and retina’s normal development.

2.2. Maternal DHA and Its Effects on the Placental Structure and Functional Development

Inappropriate structure and functional property of the placenta can impair the adequate exchange of
nutrient and waste products between materno-fetal compartments during gestation [88]. The placenta’s
transport efficiency critically determines the fetus’s optimal development and the well-being of the
mother. Majorities of complicated pregnancies in humans are linked with the altered structure
and function of the placenta. Inadequate supply of maternal blood to the fetus via the placenta
is correlated adversity with risks of preeclampsia (PE), and intrauterine growth restriction (IUGR),
preterm delivery (PT), etc. Shallow invasion of uterine spiral arteries by extravillous trophoblasts
(EVTs) is a characteristics phenotype in PE, significant complications of the human pregnancy [89].
The EVTs are engaged in remodeling the uterine spiral artery to improve blood flow from the
maternal circulation to the fetoplacental unit. Typically, humans’ trophoblast invasion is confined to
the endometrium and the first third of the myometrium and restricted within the first trimester of
pregnancy. The pathogenesis of PE is primarily caused due to inadequate angiogenesis and placental
dysfunction, leading to adversity in pregnancy outcomes for both mother and babies. Angiogenesis
forms a new blood vessel from pre-existing ones, critically important for placental development and
vasculature [90]. Several growth factors are known to influence the angiogenesis processes that include
vascular endothelial growth factor (VEGF), platelet-derived growth factor (PDGF), angiopoietin-like
protein 4 (ANGPTL4), platelet-activating factor (PAF), matrix metalloproteinases (MMP), etc. [91].

Recent data highlights about DHA are that in addition to its essential requirement in the third
trimester of pregnancy, it is also involved in the first trimester’s placentation processes. DHA stimulated
tube-like formation in vitro to mimic angiogenesis during the early trimester of pregnancy in
first-trimester human placental trophoblast cells, HTR8/SVneo cells [92,93]. Among the long-chain
fatty acids tested in vitro, DHA was found the most potent stimulator of the in vitro angiogenesis in
placental cells [92,94]. Moreover, DHA stimulated tube formation was partly mediated by increased
expression and secretion of VEGFA synthesis, whereas oleic acid OA, ARA, EPA mediated their effects
via increased synthesis of ANGPTL4 in these cells. The finding of n-3LCPUFAs on VEGFA synthesis
and angiogenesis in placental cells opposed their other cell types’ actions [95,96]. The induction in
the expression of VEGFA by DHA was found unique in many ways as its expression was induced
by several growth factors and cytokines, including EGF, PDGF, TGFβ1, TNFα, and IL-1β, but not by
any fatty acids. The mechanism of DHA’s action is still to be defined. However, DHA metabolites
are unlikely to be involved as DHA induced VEGFA expression was not accompanied by COX-2
expression, a predominant mediator of DHA metabolites. Since peroxisome proliferator-activated
receptor (PPAR,) agonist, and ligands failed to stimulate VEGFA expression, the involvement of PPARγ
in DHA-stimulated VEGFA expression was unlikely. Both DHA and the EPA showed anti-angiogenic
effects in cancer cells by inhibiting angiogenic mediators’ production, VEGF, nitric oxide (NO,) PDGF,
COX-2, PGE2 [95,97]. EPA enhanced VEGF synthesis by activating GPR120 and PPARγ pathway in
3T3-L1 cells [98]. Although DHA metabolite, such as 4-hydroxy-docosahexaenoic acid (4-HDHA),
inhibited PPARγ-mediated angiogenesis in endothelial cells [99], however, DHA metabolites are not
involved in the tube formation and/ VEGF synthesis of the placental trophoblast cells as fatty acid
receptor genes fatty acid-binding protein-4 (FABP4, GPR120, GPR40) and lipid metabolic genes (COX-2
and CAV-1) is not upregulated by DHA [94]. The precise mechanism of enhanced tube formation by
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EPA and DHA in placental trophoblast cells still to be ascertained. These LCPUFAs increased COX-2
messenger RNA mRNA expression, which may play a role in angiogenesis [94]. The mechanism
that distinguishes DHA from other LCPUFA may be due to structural differences of the fatty acids.
Further data postulates that DHA stimulates the expression of FABP4, an upstream target of VEGF in
other cell systems. However, detailed work is essential to underscore DHA’s differential effects over
other fatty acids in endothelial, tumor, and placental trophoblast cells.

DHA delivery is essential for fetal brain and eye development during the third trimester of
pregnancy [93,100]. Due to the limited synthesis and endogenous DHA conversion, the growing fetus
relies mostly on the maternal DHA’s placental supply [100]. Maternal plasma free fatty acids are taken
up by the placental trophoblast via several membranes spanning proteins, such as fatty acid transport
proteins (FAT/ cluster of differentiation 36 CD36, FATPs, and plasma membrane fatty acid-binding
protein FABPpm) and intracellular fatty acid-binding proteins (FABPs) [101]. The mechanism of DHA
uptake and transport in the placenta is not fully understood yet. However, a preferential uptake of DHA
transport over other fatty acids via placental plasma membrane fatty acid-binding protein (p-FABPpm)
was demonstrated [51,102,103]. Recently, a transporter major facilitator superfamily domain-containing
2A (MFSD2a) is present in the human placenta. MFSD2a) is located in the blood-brain barrier vessel
and is involved in transporting the lysophosphatidylcholine form of DHA from the circulation into the
brain. The role of MFSD2a in the placenta is not clear at this moment. Expression of the MFSD2a gene
during pregnancy is used as a biomarker in predicting fetal neurodevelopment [104]. Maternal MFSD2a
levels in blood were positively associated with the Z-score of head circumference at multiple time
points at the neonate’s first year. Placental MFSD2a transporter expression decreased and correlated to
decreased DHA in cord blood of women with gestational diabetes, indicating its role in contributing
to materno-fetal DHA transport [51,105,106]. Not much is known about the cellular localization of
MFSD2a in the human placenta yet, although its expression is altered in the placenta of gestational
diabetes placenta and PE. It is still not known whether the expression of MFSD2a in normal pregnancy
may be used as an indicator of DHA deficiency in the fetus’s brain.

Several researchers reported an increased incidence of preeclampsia in women with low n-3
fatty acids content in their red blood cells [107]. Increased n-3 LCPUFAs intake during pregnancy
was beneficial for overall fetal growth and lowered the risk of early delivery and preeclampsia
incidence [2,108]. In preterm birth, a positive association between placental DHA contents with
placental weight was reported [109]. Maternal DHA content is, therefore, not only crucial for
fetal growth and development but may also contribute a role in determining the placental size by
stimulating first trimester trophoblasts mediated early placentation processes. International scientific
experts recommend maternal consumption of pre-formed DHA for the prevention of premature
birth [110], based on prevailing data from meta-analyses and extensive randomized controlled trial
(RCT) studies [17,111]. The majority of the n-3LCPUFA supplementation trials were conducted
during 16–20 weeks of gestation, well before the development of first-trimester pregnancy. Therefore,
studies are required to evaluate the effects of n-3LCPUFA supplementation during pre-conception or
before placentation prior to the 14th week of pregnancy to ensure optimal placentation and protect
placental developmental-related abnormalities.

DHA incorporates a considerable amount of the fetal brain and retina during the third trimester of
pregnancy [112,113], and this correlates with the development of normal eyesight and cognitive
function [112]. DHA deficient condition can exist for an extended period after birth of very
low birth weight (VLBW) babies since neonates miss the placenta’s DHA supply window due
to shortened gestation time. Various studies demonstrated the beneficial effects of maternal intakes
of n-3 fats during pregnancy in optimum growth and development of the brain and retina [114].
Maternal supplementation of n-3 LCPUFAs during pregnancy increased gestational duration with a
slight increase in birth weight [115,116]. The improvement in birth weight and prolong gestation was
confirmed by meta-analyses of several n-3 LCPUFAs supplementation studies during pregnancy [115].
Despite these, the DHA supplementation had mixed impacts on gestation length in the general

7



Nutrients 2020, 12, 3615

population of pregnant women [74,117]. Low consumption of marine fish is found a decisive risk
factor for preterm delivery [118]. Daily intake of n-3PCPUFA significantly lowered the rate of
recurrent preterm delivery as concluded from a large multicentric clinical trial involving subjects with
a history of preterm delivery [115]. The effects of n-3LCPUFA supplementation in high-risk pregnancy
showed an inconsistent outcome [117]. Regular intake of n-3PCPUFA or placebo failed to prevent the
recurrence of high-risk IUGR or pregnancy-induced hypertension [119]. The power and sample size
can determine the measurable differences in the n-3LCPUFA supplementation trial’s birth outcome
during pregnancy [17,113]. The improved birth weight due to n-3LCPUFA supplementation often
arises due to the longer gestational length of these pregnancies [120]. The adequate intake of n-3
LCPUFA by the mother ensures increased availability of these fatty acids in the fetus [121]. Besides,
post-natal supplementation of LCPUFAs also improved the subsequent development of vision and
brain in VLBW infants [122].

2.3. Maternal Intakes of DHA and Its Impact on Fetal Brain Development

Despite studies supported the nutritional and metabolic requirement of n-3 PUFAs, but functional
implications of the n-3 PUFA, like ALA, were not demonstrated. The first report on ALA deficiency
was reported in 1982 when the parenteral formula containing a higher ALA (42.4% LA and 6.9% ALA)
corrected the neurological disorders of a 6-years old girl [123]. Holman and coworkers then proposed
that ALA was an essential fatty acid. The minimum requirement to prevent symptoms caused by ALA
deficiency was in the range of 0.5–0.6% of total energy intake [123]. After consuming an ALA deficit
diet, elderly patients developed dermatological disorders, particularly dermatitis, and flaky skin,
together with deficient circulating EPA and DHA levels. The adverse skin symptoms were resolved,
and plasma levels of EPA and DHA regained normal value once ALA was added to the formula [124].
Based on available evidence, a minimum intake of ALA and EPA plus DHA for an adult was fixed
at 0.2–0.3 en% per day and 0.1–0.2 en% per day, respectively, indicating that in the absence of EPA
and DHA, the endogenous biosynthesis of these fatty acids from ALA is significantly increased [125].
Considering data available to date and the substantial presence of DHA in the human nervous system,
including in the brain and retina, it is agreed that humans can transform 1% of total ingested ALA
into DHA [126]. The breast milk remained the only food supply to the neonate containing all the
essential nutrients, including the necessary and obligatory n-3 and n-6 LCPUFAs, to ensure optimal
brain development [127–129].

Colostrum levels of n-3 PUFAs are positively associated with infant mental development and [130].
In contrast, LA levels in colostrum are negatively associated with child cognitive scores at ages 2
and 3 years, independently of breastfeeding duration [131]. DHA’s relative content is ranged from
0.1% to 1% of the total fatty acids in human breast milk. The DHA content is vastly varied among
populations globally, depending on their eating habits of fish or seafood intake or food cycle with
land animals that feed on fish-meal or fish oils [43,132]. Over time, the level of DHA in breast milk is
significantly decreased in the Western population, primarily due to lower intake of DHA containing
foods [133]. According to the Food and Agriculture Organization (FAO), minimum dietary intake of
200 mg/day is suggested for pregnant women [134]; however, there is no universal consensus on the
recommendation. However, the compliance was much better when pregnant women were advised or
received dietary counseling about DHA’s physiological importance in pregnancy, as reflected in their
increased consumption of n-3 LCPUFAs containing foods and/or supplements [135]. Dietary counseling
about the benefits of marine fish or fish product consumption during pregnancy significantly boosted
n-3 LCPUFAs [136]. FAO and many studies have established that benefit of consuming marine fish rich
in n-3 LCPUFA quash the possible adverse effects of any heavy metal or other organic contaminants
present [137]. Consumption of two portions of fish rich in DHA, such as salmon, tuna, anchovy,
or mackerel, in a week may adequately comply with the minimum dietary requirements during
pregnancy [138,139]. Low intake of marine foods that provide DHA during pregnancy is critical to
obtain enough of these fatty acid levels, reflected in low DHA levels in umbilical blood [140]. Intake of
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trans fatty acid ingestion may also decrease the availability of n-3 LCPUFA to the mother and her
child [141]. All these data suggest that the public health policies must be developed using DHA
consumption for the population, especially pregnant and nursing women.

3. The DHA Uptake System in the Human Brain

Usually, non-esterified DHA is the major plasma pool for its supply to the brain [142,143]. 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 [144]. 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 [51,102]. 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 [145].
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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. [146] 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 a 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 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 (TNFα, IL-1β, inducible nitric oxide synthase iNOS) in the cerebral cortex
of the DHA deficient mice [147]. 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.
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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 [148]. The n-3 PUFA
deficiency in rats shows downregulated glutamate receptors and upregulated pro-inflammatory
TNFα gene expression in the central nervous tissue independent of their effects on membrane
composition [149]. 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 [150]. 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 [151]. The excess
ARA generates high prostaglandin concentrations, leukotriene, and thromboxane that lead to a
pro-inflammatory state in the brain that disrupts the balance of anti- (n-3) and pro-inflammatory
(n-6) eicosanoids due to alteration in GPR receptors’ signaling [152]. In the animal model, DHA’s
maternal deficiency revealed reduced telencephalon structure in the hippocampus region [153]. 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 [154]. 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 [155]. The maternal DHA deficiency state profoundly affects behavioral
change in feed intake, anxiety, and stress response in the offspring [156]. 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 [157]. 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 [150,158]. 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 [159]. N-3 fatty acid deficiency during utero development and in the
postnatal state negatively impacts cognitive abilities [74,160]. 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.

4. Maternal DHA Supplementation and Brain Development

During pregnancy, DHA’s importance for fetal brain development has been shown in a large
observational study (N = 11,875). The study found that children born to mothers with a higher
intake of seafood during pregnancy improved fine motor skills, more significant pro-social behavior,
higher verbal intelligence, and higher social development scores at eight years of age [66]. A recent
longitudinal cohort concludes that higher DHA status during pregnancy and lactation is associated
with an infant’s problem-solving skills at 12 months [161]. But Crozier did not find any relationship
between DHA level during pregnancy and cognitive performance of 4- or 6-year-old children [161].

A randomized controlled trial (RCT) found that taking 200 mg DHA orally daily for 4 months after
delivery caused children’s higher cognitive abilities at 5 years of age [162]. Ogundipe et al. showed
that 300 mg/day DHA supplementation on the last trimester of pregnancy correlates positively with
an infant’s brain volumes (on MRI scan) [163]. DHA (600 mg/day) supplementation from 14.5 weeks
of pregnancy until the delivery on KUDOS study found improved visual attention in infancy but
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no consistent long-term benefit in childhood [164]. DHA (120 mg/day) supplementation, along with
EPA (180 mg/day), from the 20th week of pregnancy until the 30th day of the postpartum period
among 18–35 years older women in Iran found primary neurodevelopment improvement among 4
to 6 months old children [165]. However, another RCT from Australia did not find any effect among
the toddlers at 18 months of age after an 800 mg DHA intake in 2399 pregnant women during <21st
weeks of gestation to delivery [17]. Maternal supplementation of DHA (400 mg/day) during pregnancy
positively reflected the child’s (5–6 years) performance on language skills and short-term memory [166].
The positive effect of maternal DHA intake during gestation was observed in 18-month-old infants but
not when they were 5 years old. DHA’s long-term effects may be too small to detect, or it is possible
that the DHA intake was not good enough during gestation to have lasting effects.

A considerable DHA accretion occurs during the brain growth spurt beginning in the third
trimester. However, there is no adequate information on whether DHA deficiency during early
gestation can impact fetal brain development in the third trimester. Most DHA intervention studies on
neurodevelopment were carried out from the second trimester of pregnancy. Therefore, the impacts
of DHA intervention at 16 weeks of gestation may be too late as DHA is required during the first
trimester for early placental growth and development, the critical step for future placenta’s adequate
roles for the maternal supply of DHA for the fetal brain development. The inverse relationship of child
Beery scores with maternal erythrocytes 22:4n-6 and 22: 5n-6 suggests that visual-motor integration
development is compromised at low prenatal DHA. This is consistent with the time course of brain
maturation; maturation occurs in the visual cortex before the prefrontal cortex.

Consuming DHA-rich eggs (135 mg DHA/egg) during pregnancy showed higher erythrocyte and
umbilical cord DHA levels as compared with those pregnant women who consumed non-enriched-eggs
(18 mg DHA/egg) [167]. Babies born to mothers who consumed DHA-enriched cereal-bars (300 mg
DHA/bar) had increased visual acuity until four months of postpartum [168], and a better capacity to
resolve problems with an improved organization of their dream [169]. Despite the beneficial effects
of fish oil n-3 fatty acids in fetal development, recommendations to increase fish consumption for
pregnant women are often met by the fear of heavy metal contaminations in these foods. However,
many health professionals recommend avoiding or reducing fish consumption, especially for pregnant
women. Despite some organoleptic problems, because the reconstituted product developed some
uncomfortable smell that is not accepted for some mothers, the formula has proved to increase the
DHA content of breast milk [170]. In Chile, a newly developed inexpensive formula overcame this
organoleptic limitation and increased DHA availability for pregnant and nursing population [171].

Available data based on randomized controlled trials suggest beneficial effects of maternal
supplementation of DHA on neonatal growth and cognitive development (Table 1). Several RCTs
found that DHA supplementation on term and pre-term infants found a significant outcome on visual
development during infancy [172]. Table 2 presents RCTs from the postnatal supplementation of DHA
on the neonatal visual, verbal, and cognitive development. A meta-analysis of RCTs on routinely
supplemented infant formula milk with DHA has found no beneficial role in neurodevelopmental
outcomes [173]. A large trial (DHANI) was carried out in India, where prenatal and 6 months
of post-partum 400 mg/day maternal DHA supplementation effects measure to evaluate the
neurodevelopment outcome [174,175]. The study reported that the mean development quotient
(DQ) scores in the DHA and placebo groups were not statistically significant after 12 months of mothers’
supplementation through pregnancy and lactation with 400 mg/d DHA [175].
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Table 1. Supplementation of DHA on the neonatal growth and cognitive development: a consolidated
Randomized Controlled Trial (RCT).

Subject, Sample
Size, Location Dosages, Duration Primary Outcome References

Pregnant women,
n = 350, USA

DHA 600 mg per day,
<20 wk to delivery

Gestational duration ↑
Birth size ↑ Carlson et al., 2013 [45]

Pregnant women,
n = 315, Germany,

and others

DHA 500 mg and EPA
150 mg per day, <20 wk

to delivery

Visual coordination 2.5
yr. children ↑

Cognitive development
5.5 yr children↑

Dunstan et al., 2008
Escolano et al., 2011 [52]

Pregnant women,
n = 300, UK

DHA 300 mg, EPA 42
mg, ARA 8.4 mg per day

for 12 wks from the
third trimester

MRI of infant (n = 86) at
birth show a correlation

with DHA and
brain volume ↑

Ogundipe et al., 2018 [163]

Pregnant women,
n = 271, Canada

DHA 400 mg per day, 16
wk to delivery

Maternal DHA correlates
with language and
short-term memory

development of
5.79 yr children ↑

Mulder et al., 2018 [166]

Pregnant women,
n = 1094, Mexico

DHA 400 mg per day,
18–22 wk to delivery

Birth size and head
circumference at birth ↑

The attention of 5 yr
pre-school children↑

Ramkrishnan et al., 2010 [113]

Pregnant women,
n = 2399, Australia

DHA 800 mg per day,
<21 wk to delivery

No effects on cognitive
and language

development in
1.2 yr infant

Makrides et al., 2010 [17]

Pregnant women,
n = 301, USA

DHA 600 mg per day,
14.5 wk to delivery

Cognitive behavior 10
mo to 6 yr; Visual

attention ↑
No long-term

beneficial effects

Colombo et al., 2019 [164]

Pregnant women,
n = 143, Norway

DHA 1183 mg and EPA
803 mg per 10 mL per

day, 18 wk to
post-delivery 3 mo

Mental processing score
at 4 and 7 yr age ↑

No effects on BMI at
7 yr age

Helland et al., 2003 [65]

Pregnant women,
n = 150, Iran

DHA 120 mg and EPA
180 mg per day, 20 wk to

post-delivery 1 mo.

Primary
neurodevelopment

outcome of
4–6 mo Infant ↑

Ostadrahim et al., 2018 [165]

Pregnant women,
n = 98, Australia

DHA 2200 mg and EPA
1100 mg per day, 20 wk

to delivery

Visual and coordination
2.5 yr children ↑ Dunstan et al., 2008 [52]

Pregnant women,
n = 30, USA

DHA 214 mg as a
functional food, 24 wk

to delivery

Visual acuity
4 mo infant ↑ Judge et al., 2007 [168]

Abbreviations: DHA: Docosahexaenoic acid; ARA: Arachidonic acid; EPA: Eicosapentaenoic acid; Mo: Month; Yr:
Year; Wk: Week; MRI: Magnetic resonance imaging. ↑ denotes “increased”.
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Table 2. Supplementation of DHA on the neonatal visual, verbal, and cognitive development:
a collection of Randomized Controlled Trials (RCTs).

Subject, Sample
Size, Location Dosages, Duration Measured Outcome References

Term formula-fed infant,
n = 343, USA

DHA (0.32%–0.96%),
ARA (0.64%) from 1–9

day to 1 yr

DHA (0.32%) group
visual acuity ↑ Birch et al., 2010 [73]

Term infant,
n = 420, Australia

DHA 250 mg and EPA
60 mg per day, birth to 6

mo

Accretion of DHA ↑
Early development of

language and
communication skills ↑

Meldrum et al., 2012 [76]

Infant BW < 1.5 kg,
n = 141, Norway

DHA 32 mg, ARA 31 mg
per 100 mL human milk

per day, 1 to 9 wk
after birth

Memory recognition and
problem-solving skills of

6 mo infant ↑
Henriksen et al., 2008 [74]

Pre-term
infant, n = 107, UK

DHA (0.5%) in the
supplemented formula

from birth to 9 mo

Verbal and intellectual
coefficient of 9 yr girl ↑ Isaacs et al., 2011 [77]

Pre-school healthy
children, n = 175, USA

DHA 400 mg per day for
4 mo of 4-yr-old children

Higher blood DHA
correlates

comprehension,
punctuation, and

vocabulary abilities ↑

Ryan et al., 2008 [85]

Indigenous school
children three to13 yr,

n = 409, Australia

DHA 750 mg, GLA
60 mg per day for 20

school week

Scholar performance in
7–12 yr children ↑ Parletta et al., 2013 [86]

Term infant,
n = 227, USA

Algal DHA 200 mg per
day for 4 mo
after delivery

Cognitive abilities
in 5 yr children ↑ Jensen et al., 2010 [162]

Pre-term infant,
n = 361, USA

Algal DHA oil
(17 mg/100 kcal), fungal
ARA oil (34 mg/100 mL)

from birth to 4 mo

Growth and
development of pre-term

infant till 118 wk ↑
Clandinin et al., 2005 [176]

Pre-term 23–24 wk infant,
n = 90, USA

Algal DHA 50 mg per
day from 1 to 6–7 wk at

discharge

DHA levels of pre-term
infant comparable to

term placebo ↑
Baack et al, 2016 [177]

ADHD 7–12 yr children,
n = 90, Australia

DHA 1032 mg or 108 mg,
EPA 264 mg or 1109 mg

for 4 mo

Reading and spelling
correlated DHA levels in

the blood ↑
Milte et al, 2012 [87]

Larger pre-term 30–37
wk, BW > 2 kg,
n = 27, Taiwan

DHA (0.05%), ARA(0.1%)
infant formula for 6 mo

after birth

Mental development
index at 6–12 mo ↑ Fang et al, 2005 [75]

Breastfed 6 mo infant,
n = 25–26, USA

DHA 115 mg/100 g baby
food from 6 mo to 12 mo

of the breastfed infant

Maturation of retina and
visual cortex at 12 mo ↑ Hoffman et al., 204 [69]

↑ denotes “increased”.

Figure 2 shows the accretion of DHA at different development stages that affect fetoplacental and
fetal brain development. DHA accumulates substantially in the retina and cerebral cortex during the
last trimester and the second year of life. Intervention studies have shown that improving maternal
DHA nutrition reduces the risk of visual and neural development in infants and children. Several pieces
of evidence supports the notion that maternal transfer of DHA to the infant before and after birth,
with short and long-term, modulates neural functions. However, genetic variation responsible for
endogenous conversion of DHA by fatty acid desaturases also influences essential fatty acid metabolism
and may affect individuals’ optimal DHA requirements. Consideration of adequate DHA intake includes
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brain development, a balanced intake of n-3, and n-6 PUFAs in gestation, and lactation, and optimal
fatty acid nutrition during pregnancy is required for infant neurodevelopment. Premature infants have
a deficit in DHA shortly after delivery for several reasons, including missing the third trimester DHA
accretion. More studies are required to assess DHA’s optimal dosage, delivery method, and duration
of supplementation to evaluate DHA intake in premature infants.
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DHA plays different roles in the gestation specific development of the feto-placental unit. During the
first trimester, DHA possibly involves in decidual remodeling to establish early placentation by
promoting the expression and secretion of angiogenic growth factors, such as VEGFA, FABP4, ANGPTL4,
leptin, etc. DHA and its metabolites improve maternal-fetal immunocompetence by maintaining the
oxidative stress, production of reactive oxygen species (ROS), and pro-anti-inflammatory balance
maternal-fetal interface. DHA is delivered to the fetal brain during the third trimester via the placenta
and subsequently via breast milk. In addition to DHA’s presence in the neonatal brain matter’s
structural skeleton, mounting evidence suggests DHA helps several brain development processes,
including neurogenesis, synaptogenesis, brain plasticity, inflammatory signaling, neuroprotection, etc.

5. Conclusions

The relationships between DHA on the brain development and function have been extensively
studied. Under its ability to control membrane fluidity, the DHA also modulates neuronal density,
neurotransmitter concentration, and synaptic activity by regulating the brain’s neuroinflammatory
state. Increasing evidence suggests that DHA, the foremost important n-3 long-chain fatty acid in
the brain, has neurotrophic and neuroprotective properties. Dietary n-3 PUFA deficiency during
early development decreased the brain n-3 PUFA levels. Together, this body of evidence supports
the proposition that DHA deficiency in utero increases the vulnerability of brain development.
Most evidence indicates that the DHA accumulation is mainly influenced by dietary intake, specifically
of preformed DHA. Insufficient intake of n-3 PUFA may lead to DHA deficiency states that could
affect the offspring’s metabolic phenotypes by altering placental structure and function, fetal adiposity,
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body fat distribution, energy utilization, musculoskeletal growth, signaling between brain-adipose,
epigenome stability, and inflammation [10].
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Abstract: During the last trimester of gestation and for the first 18 months after birth, both docosahex-
aenoic acid,22:6n-3 (DHA) and arachidonic acid,20:4n-6 (ARA) are preferentially deposited within
the cerebral cortex at a rapid rate. Although the structural and functional roles of DHA in brain
development are well investigated, similar roles of ARA are not well documented. The mode of
action of these two fatty acids and their derivatives at different structural–functional roles and their
levels in the gene expression and signaling pathways of the brain have been continuously emanating.
In addition to DHA, the importance of ARA has been much discussed in recent years for fetal and
postnatal brain development and the maternal supply of ARA and DHA. These fatty acids are also
involved in various brain developmental processes; however, their mechanistic cross talks are not
clearly known yet. This review describes the importance of ARA, in addition to DHA, in supporting
the optimal brain development and growth and functional roles in the brain.

Keywords: arachidonic acid,20:4n-6; brain; docosahexaenoic acid,22:6n-3; fetus; maternal diet;
cognitive; infants; neurodevelopment; neurogenesis

1. Introduction

The neurodevelopmental process involves a complex interplay between nutrients,
genes, and environmental factors that result in the optimal growth, development, and
maturation of the brain. The development of the brain in utero critically depends on the
maternal supply of several components for its well-regulated structural–developmental
process, characterized by specifically defined developmental periods, growth, a cellular
signaling system, and maturation. During the brain growth spurt, neurodevelopment is
particularly vulnerable to nutritional deficiencies [1].

The long-chain polyunsaturated fatty acids (LCPUFAs), docosahexaenoic acid,22:6n-3
(DHA), and arachidonic acid,20:4n-6 (ARA) are important nutrients required for fetal
brain growth and development. The accumulation of DHA and ARA in the fetal brain
predominantly occurs in the third trimester of a human pregnancy. The de novo synthesis
of these LCPUFAs seems low in a growing fetus and placenta [2]; the maternal intake of
these fatty acids contributes a significant share for brain development. Maternal DHA
and ARA are accumulated rapidly within the cerebral cortex during the last trimester of
pregnancy and postnatal 18 months [2–4]. The dietary balance of DHA and ARA intake
and their interactions are thought to be important for the development and function of
the brain. Several experimental studies suggested a crucial involvement of these two fatty
acids in neural membrane formation and various roles of their metabolites, production of
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eicosanoids, and their influence on depression- and anxiety-related behaviors. Moreover,
multiple trials have found that higher plasma or erythrocyte DHA levels positively correlate
with infant neurocognitive outcomes [5–10].

High levels of DHA in the brain are achieved during early life and are maintained
throughout life. DHA accretion to the brain continues into childhood, and the incorporation
of DHA is still high despite its reduced accumulation rate. The preferential transfer of ma-
ternal DHA and ARA by the placenta to fetal circulation and its mechanisms are reviewed
extensively [11,12]. LCPUFA content in human milk also regulate the amount of DHA and
ARA transferred to the infant during breastfeeding [13]. However, this phenomenon may
depend on an optimal maternal dietary intake of DHA from the supplement or marine
fish [14], whereas ARA levels are usually maintained due to high n-6/n-3 ratios in the diet.

In the central nervous system (CNS), the proportion of DHA with other membrane
fatty acids increases as the brain size increases. The increase in the proportion of these
fatty acids continues for the second year of life. DHA has significant neurobiochemical
roles in ion channel and receptor functions, the release of neurotransmitters, synaptic
plasticity, and gene expression in the neurons. Both DHA and ARA of synaptic membrane
phospholipids are released as free fatty acids (FFAs) by activated phospholipase A2 (PLA2)
and are converted to different bioactive metabolites. These liberated fatty acids and the
metabolites play critical roles during ischemia seizure activity, inflammation, and other
types of brain disorders. Figure 1 describes the putative roles of DHA in neural membranes.
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Maternal n-3 PUFA deficiency during pregnancy was associated with impaired brain
development in offspring [15] and defective neuroblast migration [16]. The deficiency of
n-3 LCPUFAs during development causes hypomyelination in the brain, resulting in mood
and anxiety disorders [17,18]. Consuming a diet containing a high amount of n-3 fatty acids
during pregnancy protected infants against the detrimental effects of maternal stress [19].

The essentiality of DHA is well recognized in childhood and adult life, as its deficiency
causes cognitive decline and other psychiatric disorders [20]. Plasma DHA levels are
inversely correlated with depressive symptoms in infants and adolescents with bipolar
disorder [21]. Human breast milk containing higher n-3 and n-6 LCPUFAs was associated
with decreased infant despair and distress [22]. The impact of n-3 PUFAs in human milk in
influencing infant mood or anxiety is still not clearly established, since cortisol levels in
milk are also associated with infant temperament [23]. Moreover, the variation in the fatty
acid composition of mothers’ milk may play an essential role in the outcome of offspring’s
mental status and overall health.

Although n-3 LCPUFAs supplementation is beneficial in preventing and treating
major depression, bipolar disorder, and anxiety disorders in adults [24,25], much less is
known about how the imbalance of these LCPUFA levels impact the mood and behavior of
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infants. Studies in experimental models suggested that early exposure to n-3 fatty acids had
a lasting effect on temperament and behavioral phenotypes of offspring [26]. Interventional
studies in adults also showed an association between the n-3 PUFA status with improved
mood and mental health [17,26].

Though precise molecular mechanisms are not well defined, DHA and its bioactive
derivatives play various essential structural and functional roles in the brain [12,27,28].
High DHA levels in the phospholipids of synaptic membranes provide membrane flexibility
and improve the efficiency of protein–protein interaction necessary for signal transduc-
tion [27]. Different aspects of metabolism, and the structure–function of the brain depend
on optimum ARA and DHA levels and interactions between their metabolites [29]. Cog-
nitive benefits from supplementation of combined ARA and DHA in early life have also
been observed through early and middle childhood [30,31]. Furthermore, several human
brain diseases, such as Alzheimer’s and bipolar disorders, involve disturbed n-3 and n-6
LCPUFA uptake and metabolism. Therefore, understanding the dynamics of the maternal
supply of DHA and ARA to the developing brain may be important for managing brain
disorders. An additional neuroprotective mechanism may involve bioactive molecules
derived from DHA and ARA, which are also involved in several cellular neuronal bio-
chemical processes. These bioactive derivatives modify the functions of several genes in
the brain by acting as ligands for transcription factors involved in critical brain functions,
including signal transduction and synaptic plasticity.

A literature search was performed on the PubMed database by using search terms
such as DHA, ARA, brain development, infant, fetal, breastfeeding nutrients deficiency,
DHA and ARA supplementation. All types of articles related to human and mechanistic
studies on models were included for evaluation. The articles for which full text was not
available or not reported in English were excluded. The articles retrieved in the first round
of searches identified additional references by a manual search among the cited references.
This review describes the latest development of the interplay of DHA and ARA transfer
and their impacts on brain development, their complementarity, the structure–function
relationship, and their mechanisms of action in the brain. Moreover, the evidence of the
essentiality of ARA in brain development is summarized.

2. Maternal Delivery of DHA and ARA to the Developing Brain

Both DHA and ARA are major components of the brain. DHA comprises 10–20% of
the total fatty acid composition in the brain, whereas 9% is present in the form of ARA [32].
During the third trimester of pregnancy, these LCPUFAs preferentially accumulate in the
fetus and reach higher fetal/neonatal blood levels than those in the mother [33]. Both
DHA and ARA are deposited in large amounts relative to the accretion rates of other
fatty acids in the fetal brain during a maximum brain growth spurt, which occurs from
the last trimester in utero and continues through the breastfed postnatal life [4,34–36].
The development of the brain is critically dependent on the adequate maternal supply of
LCPUFAs in this period, since their synthesis from the parent EFAs is insufficient to meet
the high requirement [4,37]. The lower fetal status of both DHA and ARA is associated
with neurological development [38]. Consequently, ample fetal and neonatal LCPUFA
supply via transplacental transport and human milk is critically important, implying that
maternal LCPUFA status should be adequate.

Maternal dietary intakes of fatty acids influence the fatty acid composition of breast
milk and plasma levels of lactating women and their infants [39]. DHA incorporation
in the neuronal membrane in early fetal life solely depends on placental transfer [11],
breastfeeding, and the endogenous synthesis of DHA [40–42]. However, DHA accretion in
the CNS depends on the dietary provision of DHA, i.e., on the duration and concentration
of DHA supplementation. A similar nutritional dependency is absent for ARA accretion in
the brain, i.e., the dosage and duration of postnatal ARA supplementation do not affect
ARA accretion in the CNS [43].
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A robust linear relationship between maternal DHA level and umbilical cord blood
phospholipid was reported [44]. Both ARA and DHA also have a role in the early placen-
tation process, in addition to their roles in fetal neurodevelopment and in the postnatal
lactation period [45–47]. The high-affinity placental plasma membrane, fatty acid-binding
protein (p-FABPpm), is involved in the preferential supply of both maternal DHA and ARA
to the fetus [12,41,48]. Since the rapid deposition of these LCPUFAs into the brain occurs
during the last trimester of pregnancy and subsequently in lactation, the maternal status
must be maintained well during the critical time of brain development. The dietary intake
and maternal stores of DHA are the determinants of infant blood DHA concentrations
at birth [49]. Blood LCPUFAs in breast-fed infants remain higher than those in maternal
circulation postnatally [50,51]. The blood levels of PUFAs of infants are higher than those
in the maternal circulation postnatally during the breastfeeding period. The preferential
postnatal deposition of LCPUFAs in the infant’s brain is mediated via breastmilk. The
dietary supplementation of DHA to pregnant and nursing mothers dose-dependently
increases the DHA level in breast milk, which causes higher tissue accretion of DHA in
breastfed infants with improved outcomes of mental performance [52–54]. The erythrocyte
DHA status of breastfed infants is correlated with the maternal DHA status of erythrocytes
during lactation; however, no such association was observed for ARA [13]. Human breast
milk levels of DHA and ARA are relatively stable throughout the lactation [55]. The world-
wide mean concentration of DHA is 0.3 ± 0.2%, and that of ARA is 0.5 ± 0.1% in breast
milk [56]. Typically, human breast milk has 1.5- to 2-fold more ARA than DHA, though the
breast milk’s DHA content can be higher than ARA in populations with high marine fish
consumption. It has been shown that the DHA level in breast milk is directly related to the
DHA content of the maternal diet [57]. Still, it is unknown whether metabolic or dietary
mechanisms explain the lower variability in breast milk ARA. Breast milk ARA was not af-
fected in lactating mothers allocated to consume increasing doses of DHA [57]. Two recent
studies confirmed the different regulation of ARA and DHA in breast milk, indicating that
ARA is affected by the genetic pattern in the FADS-gene cluster [58] and is less sensitive
than DHA to dietary supplementation [59]. The essentiality of ARA in infant nutrition is
supported by the observation of the potentially adverse effects in preterm infants of con-
suming a marine-oil-containing formula [60]. Dietary ARA has roles in growth, neuronal
development, and cognitive function in infants. Both ARA and DHA are necessary for fetal
development, and a deficiency in one may compromise growth [61]. It has been shown
that growth deficiency induced by fish oil supplementation is related to a reduced ARA
availability due to the excess of DHA [62]. Western diets usually have a much higher ratio
of n-6/n-3 fatty acids [63]. Therefore, it has been proposed that supplementation during
gestation should be based on intake of n-3 fatty acids.

Children’s intelligence quotient (IQ) was increased by 0.8 to 1.8 points when their
mothers consumed DHA from pregnancy to the lactation period and beyond [64,65]. The
mean levels of DHA and ARA in breast milk are found at 0.37% and 0.55% of total fatty
acids across the globe, respectively. Prospective observational studies suggested that
breastfed infants had a significant neurocognitive advantage compared with formula-fed
infants [5,66,67], possibly due to the higher incorporation of DHA and ARA in breast milk
relative to formula milk. The association between breastfeeding and child IQ concerning
FADS2 genetic profile, specifically in SNP rs174575b, was observed [68]. Breastfed infants
with rs174575 C-dominant carriers achieved higher scores on standardized IQ tests than
non-breastfed C-carrier infants. However, observational data are confounded by the
heterogeneous composition of breast milk, and environmental factors that influence the
infant’s mental development.

Based on established guidelines, it is emphasized that maternal dietary DHA re-
quirements should be increased during pregnancy and lactation. Precisely, a minimum of
200 mg of DHA per day is recommended during these periods [69]. In both full-term and
preterm populations, the evidence is compelling that breastfeeding is vital for an infant’s
neurodevelopment.
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3. The Fatty Acid Uptake System of the Brain

The de novo synthesis of DHA in the brain is almost non-existent, and therefore,
it must be imported from the circulation across the blood–brain barrier (BBB) [70]. The
BBB comprises endothelial cells in the capillary connected with tight junctions, astrocytic
end-foot processes, pericytes, and neurons [71]. The endothelial cells offer highly selective
permeability in the BBB by their specialized tight junction function. Thus, the BBB is
provided with a neuronal system immune-privileged environment permitting only small
molecules into the brain.

Free fatty acids (FFAs) are transported into the cytosol via cell membrane- and cyto-
plasmic fatty acid-binding proteins (FABPs) [12]. There are four classes of membrane fatty
acid transport proteins present in the brain, such as fatty acid translocase (FAT/CD36),
plasma membrane fatty acid-binding proteins (FABPpm), fatty acid transport proteins
(FATPs), and several cytosolic fatty acid-binding proteins (FABPs) [41,72,73]. Additionally,
another transporter, Mfsd2a (major facilitator superfamily domain-containing protein 2A),
is present in the BBB [12]. Mfsd2a transports lysophosphatidylcholine (LPC)-DHA, but
not unesterified DHA [12,74–76]. The DHA-LPC produced from DHA-containing phos-
phatidylcholine when acted upon by PLA1. A sterol regulatory element-binding protein
regulates the activity of Mfsd2a to maintain a balance between de novo lipogenesis and
exogenous uptake of LPC-DHA. The brain of the Mfsd2a-deficient mice had significantly
reduced DHA levels and experienced loss of neurons in the hippocampus and cerebellum.
The mice later developed microcephaly with severe cognitive deficits and anxiety. Altered
plasma levels of Mfsd2a during pregnancy influence the placental transport of DHA and
neurodevelopment in utero [77]. The maternal blood levels of Mfsd2a in the third trimester
were inversely correlated to DHA-LPC in maternal plasma [77]. DHA or DHA-LPC is
taken up by the endothelial cells via FAT/CD36, FATPs, or Mfsd2a. Plasma albumin binds
both unesterified DHA and DHA-LPC.

Like LPC-DHA, the accretion of ARA to the brain from ARA-containing lysophospho-
lipids is six-fold more efficient than for unesterified ARA [78]. The brain relies on different
transport systems for shuttling the varied forms of the metabolized DHA across the BBB.
Active pathways of DHA and ARA incorporation into the brain include members of the
FABP family. In human brain microvessel endothelial cells, FAT/CD36 and FATP-1, FATP4
also transport fatty acids across the monolayer [73]. However, DHA incorporation into
brain phospholipids was not affected in CD36−/− mice, indicating this transporter may
not be involved in the transport of DHA.

FABPs involve in the FFA uptake and transport to various intracellular compartments
of a cell [73,79]. The expression of various FABP genes occurs at different developmental
stages of the brain, as shown in animal studies. FABP3 is expressed in the brain after birth,
and its expression levels increases until adulthood [80]. FABP4 is mainly expressed in
grade IV astrocytomas and normal brain tissue [81], whereas FABP5 is expressed in the
mid-term embryonic rat brain and reaches its peak at birth, then gradually decreases in
postnatal life [80]. FABP7 is expressed mainly in radial glial cells at the early stages of brain
development [80,82]. The level of FABP7 expression decreases starkly in the neonate and
adult brain [80]. FABP7 plays a role in the establishment of the radial glial fiber system [82].
Moreover, FABP7 has been suggested to be associated with the decreased survival of
glioblastoma patients [83–85].

FABPs have broad binding specificity, including the binding affinity for long-chain
fatty acids (≥c16), eicosanoids, bile salts, and PPARs [41,86]. Both FABP3 and FABP4 bind
ARA with high affinity [87,88], while FABP5 preferentially binds long-chain saturated fatty
acids (c ≥ 16) [89]. FABP7 binds both DHA and ARA but with four-fold more affinity for
DHA [90], indicating that DHA may be a preferred ligand for FABP7. Although FABP7,
FABP5, and FABP3 can also bind different types of fatty acids [89,91].

FABP3, FABP5, and FABP7 are involved in both developing and mature adult brains [86,92].
Functional studies have demonstrated a variety of roles for FABPs in brain development,
including the generation of neuronal and/or glial cells, differentiation, neuronal cell
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migration, and axis patterning. Like DHA, FABP7 increases the proliferation of neural stem
cells and neural progenitor cells and differentiates into mature neurons both in vitro and
in vivo [93,94].

FABPs are multi-functional proteins, and complex signaling networks and transcrip-
tion factors regulate their expression. FABPs are major downstream effectors of the Reelin-
Dab1/Notch pathway that involves neuron–glia crosstalk during brain development. Since
LCPUFAs and several FABPs are involved in brain development and function, it is impor-
tant to further elucidate their roles in brain disorders’ pathogenesis.

As FABPs are involved in developing, establishing, and maintaining the central
nervous system, FABPs are implicated in the pathogenesis of Down syndrome. FABP7
is overexpressed in Down syndrome adult [95] and fetal brains [96], whereas FABP3
is significantly decreased in Down syndrome adult brains [95]. Furthermore, FABP7
upregulation correlates with PKNOX1 gene-dosage imbalance in the brains of Down
syndrome patients. PKNOX1 is a POU domain protein that may directly control FABP7
expression by interacting with the Pbx/POU binding element of the FABP7 promoter [96].
Human FABP7 mRNA levels were significantly upregulated in the postmortem brains
of schizophrenia patients. A correlation between an SNP variant within the second exon
of human FABP7 and schizophrenia pathology was observed [97]. The impairment of
prepulse inhibition (PPI) occurs in many brain disorders such as Alzheimer’s disease,
autism, bipolar disorders, Tourette syndrome, and schizophrenia [98]. The association
between FABP7 and PPI status suggests roles of the FABP7 gene in the pathology of
PPI-mediated neuropsychiatric and/or neurodegenerative diseases. The association of
FABP3 and FABP5 with several neurodegenerative diseases is also reported [99,100]. DHA
influences brain functions and protects from different brain tumors such as astrocytoma
and glioma by binding to the FABP, resulting in the activation of transcription factor PPARγ
to the nucleus-reduced cell migration, growth arrest, and apoptosis of tumor cells [101].
However, the roles of these proteins in human brain development are not well known.

4. Structural and Functional Roles of DHA in the Human Brain

The brain is known as the body’s fattiest organ, containing phospholipids around
2/3 of its weight. The brain harness 20% of its total energy from β-oxidation of fatty acids
in the mitochondria of astrocytes. The presence of DHA on the membrane influences
neuronal information transmission, signal transduction velocity, and interaction with ion
channels or receptor proteins and their activity [102]. DHA is also predominantly present
in cortical gray matter, representing approximately 15% of total fatty acids in the adult
human prefrontal cortex. As a crucial structural ingredient of the brain, DHA comprises
the regions of the cerebral cortex and synaptic membrane. Neuronal membranes have
approximately 50% DHA [44]. DHA is also vital for hippocampal and cortical neurogenesis,
neuronal migration, and outgrowth [93,103,104].

The brain fatty acid levels, mostly LCPUFAs, are maintained via different mecha-
nisms, as described above. The circulating plasma levels of DHA is positively related
to cognitive abilities during aging and is inversely associated with decline in cognitive
function. DHA, being a part of the cell membrane phospholipid, contributes to main-
taining optimal fluidity and lipid raft assembly in the membranes, membrane electrical
and antigenic signals of the cells. DHA also halts cell death by stimulating cell-cycle
exit in neuro-progenitor cells [93,105]. DHA is involved in monoaminergic and cholin-
ergic systems during brain development processes [52,106,107]. DHA has a long-term
effect on serotonergic and dopaminergic systems during the fetal brain development in
utero [35,107,108]. Data emphasized the importance of examining the long-term critical
impact on brain development due to inadequate DHA supplies to the fetus during preg-
nancy. DHA stimulates neurite outgrowth in cell culture systems. Neurite outgrowth is
an important process in the developing nervous system and also in the regeneration of
nerves. The alpha linoleneic acid, 18:3n-3 (the precursor of DHA)-restricted diet decreased
neurogenesis in rat dams’ fetal brains, possibly due to the deficiency of DHA [103]. DHA
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influences gene expression, neurotransmission and protects the brain from oxidative stress
during development [109]. DHA is an essential factor for neurogenesis, phospholipid
synthesis, and turnover [93,110,111].

Again, DHA can act as a ligand for peroxisome proliferator-activated receptor-gamma
(PPARγ) and retinoid X receptor (RXR). RXR plays a vital role in embryonic neurogenesis,
neuronal plasticity, and catecholaminergic neuron differentiation along with retinoic acid
receptors. RXR is highly expressed in the hippocampus [112,113]. The PPARγ-RXR het-
erodimer modulates early brain development by regulating transcription genes [112,114].

DHA also protects the developing brain from peroxidative damage of lipids and
proteins [115–117]. DHA and eicosapentaenoic acid,20:5n-3 (EPA) were reported as sup-
pressors of angiogenesis in cancer cells, but they stimulate angiogenesis in the placenta [45].
However, DHA and DHA-LPC may act as pro-angiogenic and anti-angiogenic depending
on the concentration and microenvironments [118].

Several epidemiological data show an inverse association of low habitual dietary
intake of DHA and a higher risk of brain diseases [2,119,120]. A diet containing high
amounts of n-3 fats and/or a lower amount of n-6 fats was strongly associated with the
lower incidence of Alzheimer’s disease and other brain diseases [121–124]. Intake of DHA
improves attention deficit hyperactivity disorder (ADHD), bipolar disorder, schizophrenia,
impulsive behavior, and other brain disorders [20,123,125].

Nevertheless, the data of intervention studies with DHA supplements are conflicting,
despite the fact that many such studies demonstrated an apparent benefit of DHA intake in
brain function. Several studies failed to reproducibly show that the absence of DHA and its
metabolites are involved in various adult brain diseases. More well-designed clinical trials
considering background diets and genetic makeup are needed for definitive conclusions.

5. Roles of DHA and Its Metabolites in the Brain

DHA and its metabolites play vital roles in the functional brain development of the
fetus in utero and infants and healthy brain function in adults. DHA and its metabo-
lites play significant roles in cellular and biological functions. The oxidation of DHA by
lipoxygenases produces several types of metabolites such as oxylipins that regulate various
biochemical processes of the brain [126].

DHA stimulates membrane-associated G-protein-coupled receptor (GPR) 120 medi-
ated gene activation to promote anti-inflammatory activities [127,128]. DHA also activates
PPARs and upregulates the expression of genes responsible for increasing insulin sensitivity
and reducing plasma triglyceride level and inflammation. [44]. DHA and its metabolites’
signaling pathways are involved in neurogenesis, anti-nociceptive effects, anti-apoptotic
effects, the plasticity of the synapse, Ca2+ homeostasis in the brain, and nigrostriatal ac-
tivities [129]. DHA itself and its metabolites have a broad spectrum of actions at different
levels and sites in the brain [129,130]. Figure 2 shows the DHA and EPA metabolites and
their function in the brain.

DHA is converted to maresin 1(MaR1), neuroprotectin D1(NPD1), and resolvins by
human 12-LOX, 15-LOX, and CYP or enzymatically by aspirin-treated COX-2. They play
various functions in the brain. DHA is metabolized by the P450 system, cyclooxygenase,
and lipoxygenase enzymes under different metabolic conditions. 14-HDHA: 14-hydroxy-
docosahexaenoic acid; 17-HDHA: 17-hydroxy-docosahexaenoic acid; 18-HEPE: 18-hydroxy-
eicosapentaenoic acid; LG R6: G protein-coupled receptor 6; ALX/Fpr2: N-formyl peptide
receptor 2; BLT1: leukotriene B4 receptor; COX-2: cyclooxygenases; DHA: docosahexaenoic
acid; EPA: eicosapentaenoic acid; GPR32/37: G protein-coupled receptor 32/37; LC-PUFAs:
long-chain polyunsaturated fatty acids; LOX: lipoxygenases.
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DHA-derived specialized pro-resolving mediators (SPMs) such as DHA epoxides,
oxo-derivatives (EFOX) of DHA, neuroprostanes, ethanolamines, acylglycerols, docosahex-
aenoyl amides of amino acids, and branched DHA esters of hydroxy fatty acids play impor-
tant roles in brain functions [131,132]. Additionally, epoxydocosapentaenoic acids (EDPs)
and 22-hydroxydocosahexaenoic acids (22-HDoHEs) are produced from DHA [133,134].
DHA is mainly metabolized by enzymes such as 5-, 12- and 15-lipoxygenases (LOX), COX-
2, and cytochrome P450 (CYP). As the most demanding by-products of DHA, resolvins are
formed by either LOX15 or CYP or aspirin-treated COX-2 activity [28]. The LOX15-derived
resolvins are homologous to CYP-, or aspirin-treated COX-2-derived resolvins [28]. As the
inflammation resolution mediators, resolvins act via different G-protein coupled receptors
(GPRs) [28,135]. Both resolvin D1 and aspirin-triggered resolvin D1 improve brain func-
tions and impede neuronal death by down-regulating several factors such as NFkB, TLR4,
CD200, and IL6R [136,137]. They even induce remote functional recovery after brain dam-
age [136]. Both resolvin D2 and aspirin-triggered resolvin D2 protect from cerebral ischemic
injury via phosphorylation ERK1/2. Subsequently, this pathway stimulates nNOS or eNOS
to inhibit neuronal cell death and maintain BBB integrity by increasing zonula occludens-
1 [138]. Resolvin D3, resolvin D5, aspirin-triggered COX-2 -derived resolvin D3, and
aspirin-triggered resolvin D5 halt the neuroinflammation [139,140]. However, the functions
of other resolvins are still a mystery. Maresin (MaR), the anti-inflammatory pro-resolving
mediator, is produced from DHA in macrophages during the inflammation, healing, and
regeneration process [141–143]. MaR1 is predominant among other maresins. MaR1 de-
creases LTB4 synthesis and stimulates phagocytosis at the site of inflammation [144–146].
MaR1 enhances tissue repair by stimulating stem cell differentiation and plays an analgesic
role through TRPV1-mediated response blockage [145,147]. MaR1 involves neurocognitive
functions by regulating the infiltration of macrophages, regulating NF-κB signaling, ox-
idative stress, and cytokine release. Maresin 1 reduces neuroinflammation perioperative
neurodegenerative disorders in an animal model [148]. MaR1 significantly affects the
post-spinal cord injury model [149,150].

Another SPM, neuroprotectin D1(NPD1), derived from DHA, improves cell survival
and cell repair in brain disorders [151]. Like MaR1, NPD1 also possesses anti-inflammatory
and neuroprotective activities [152]. In response to neuroinflammation, NPD1 is produced
from endogenous DHA in the retina and brain [153,154]. Besides antiviral protection, NPD1
helps in neurocognitive functions [155–157]. NDP1 blocks the progression of Alzheimer’s
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disease by stimulating the expression of PPARγ, amyloid precursor protein-α, and reducing
the β-amyloid precursor protein [156]. Figure 3 describes DHA metabolites and their
global effects on gene expression and second messenger systems affecting multiple cellular
functions in the brain.
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Maresin 1(MaR1), neuroprotectin D1(NPD1), and resolvins are produced from DHA
by human 12-LOX, 15-LOX, and CYP or aspirin-treated COX-2 enzymatically. These
metabolites have multiple functions in the brain, which have been mentioned in the boxes.
DHA is metabolized by the P450 system, cyclooxygenase, and lipoxygenase enzymes under
different metabolic conditions.

Anti-inflammatory activities of EFOX and neuroprostanes protect neuroinflamma-
tion in various diseases, such as Parkinson’s disease and Alzheimer’s disease [158–160].
Another DHA derivative, docosahexaenoyl ethanolamide, improves mood, pain, inflam-
mation status, hunger, and glucose uptake by the brain endocannabinoid system [161–166].
The function of DHA metabolites is summarized in Table 1.

DHA glyceryl ester regulates the intake of food and neuroinflammation, similarly to
the way docosahexaenoyl ethanolamide uses the endocannabinoid system [167,168]. The
endocannabinoid system plays an integral part in memory, cognition, and pain percep-
tion [169,170]. DHA conjugates via cannabinoid receptors reduce neuroinflammation and
improve neurogenesis [171,172].

DHA is involved in alleviating short-term stress, preventing anxiety and stress in
later life [132,173]. DHA is reported to improve various psychiatric disorders such as
schizophrenia, mood and anxiety disorders, obsessive-compulsive disorder, ADHD, autism,
aggression, hostility and impulsivity, borderline personality disorder, substance abuse,
and anorexia nervosa [174]. There is strong evidence that the consumption of marine fish
reduces depression [175].

The mild symptoms of ADHD are corrected with DHA supplementation [176]. DHA
was also shown to improve depressive symptoms of bipolar disorder by increasing N-
acetyl-aspartate brain levels without affecting mania [174]. Even IQ outcomes in children
and cognitive function in the aging brain are improved by DHA supplementation [2,24].
DHA-derived anti-inflammatory eicosanoids’ neuroprotection prevent Alzheimer’s disease
pathogenesis [177]. DHA may modulate the metabolism of cholesterol and apolipoprotein
E, lipid raft assembly, and the cell signaling system in Alzheimer’s disease [178,179]. DHA
protects neuronal brain function by reducing NO production, calcium influx, and apoptosis
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while activating antioxidant enzymes such as glutathione peroxidase and glutathione
reductase [180]. The second most prevalent neurodegenerative disease, Parkinson’s disease,
can be halted by DHA’s neuroprotective role [180].

Table 1. Functions of DHA and ARA metabolites.

Metabolites Name Biological Effects

DHA Metabolites

Maresins Resolution of inflammation, wound
healing, analgesic effects

Protectins Resolution of inflammation,
neuroprotection

Resolvins Resolution of inflammation and
wound healing

Electrophilic oxo-derivatives
(EFOX) of DHA

Anti-inflammatory, anti-proliferative
effects

Epoxides Anti-hypertensive, analgesic actions

Neuroprostanes Cardio-protection, wound healing

DHA conjugates

Ethanolamines and glycerol
esters

Neural development,
immunomodulation, metabolic
effects

Branched fatty acid esters of
hydroxy fatty acids (FAHFA)

Immuno-modulation, resolution of
inflammation

N-acyl amides Metabolic regulation,
neuroprotection, neurotransmission

ARA metabolites Lipoxins A4 Lowers neuroinflammation by
inhibiting microglial activation

Lipoxins B4 Promotes neuroprotection from acute
and chronic injuries

6. DHA Deficiency in Utero and Human Brain Function

DHA deficiency is linked with different brain disorders such as major depressive and
bipolar disorder [181,182]. DHA levels are positively correlated with improved learning
and memory and reduced neuronal loss [24]. DHA deficiency affects epigenetic develop-
ment in the feto-placental unit [183,184]. The improvement in attention scores, adaptability
to new surroundings, mental development, memory performance, and hand–eye coordina-
tion are associated with higher maternal DHA delivery to the fetal brain [7,185].

DHA deficiency during pregnancy suggests the lower development of language
learning skills in children [186]. Even autistic spectrum disorder or ADHD among teenagers
is associated with DHA deficiency [187,188]. Neurocognitive functional insufficiency in
young adults or loneliness-related memory problems in middle age have been associated
with DHA deficiency [189,190]. DHA deficiency in the third trimester significantly causes
preterm brain development due to the insufficient maternal consumption of n-3 fatty acids.
Even following delivery, infants are entirely dependent on breast milk or formula milk for
DHA and ARA. Reduced DHA consumption during this critical brain development period
may influence brain functionalities in adult life [191].

Dementia has shown an inverse relationship with regular marine fish consumption
in different continents [120,192] and higher blood DHA levels inversely related to demen-
tia [193,194]. Various brain diseases/disorders, such as Alzheimer’s disease, Parkinson’s
disease, Huntington’s disease, schizophrenia, and mood disorders, are related to disturbed
fatty acid signaling [195,196]. The most prevalent dementia is Alzheimer’s disease, which
is inversely related to brain DHA level. Serum DHA level reduces significantly, and its ad-
dition positively correlates with memory scores in elderly Alzheimer patients [119,197,198].
The plasma DHA level is significantly associated with the risk of Alzheimer’s disease [199].
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Intake of 200 mg of DHA-containing fish per week reduces the risk of AD by 60% [200].
However, different randomized controlled trials (RCTs) found mixed results with DHA
supplementation. DHA alone or combined with ARA or the EPA found no significant
neuropsychiatric status changes in Alzheimer’s disease patients [123,124,201]. The neu-
rodegenerative disorder, Parkinson’s disease’s etiology is unknown. However, its primary
palliative treatment is dopamine-based therapy. Various animal studies found the neu-
roprotective effect of DHA in the Parkinson’s disease model. DHA has been shown to
improve L-DOPA-induced dyskinesia [202] and reduce dopaminergic neuron apoptosis
in mouse models [121]. DHA supplements offer a beneficial neuroprotective effect for
Parkinson’s disease management [203].

Multiple factors influence serotonin biosynthesis and function. The brain’s serotonin
level correlates with various behavioral consequences, e.g., control of executive function,
sensory gating, social behavior, and impulsivity [204]. Serotonin-related gene polymor-
phism is associated with mental illnesses, e.g., autism spectrum disorders, ADHD, bipolar
disorder, schizophrenia, etc. DHA modulates the activity of serotonin in the brain. DHA
increases serotonin receptor accessibility by increasing membrane fluidity in postsynaptic
neurons [204]. Concentric serotonin and a low DHA level in the orbitofrontal cortex are
correlated with schizophrenia [205].

Observational studies showed that ADHD also has a relationship with DHA levels.
RCTs of DHA with EPA supplementation and the addition of medications have demon-
strated significant improvement in ADHD symptoms [122,187,206–216]. However, DHA
supplementation with methylphenidate did not improve ADHD symptoms [217].

There are mixed results in RCTs that have been observed in early psychosis symptoms
improvement with DHA supplementation. When DHA is supplemented with EPA for at
least 12 weeks, the functional improvement and reduction in psychiatric symptoms are
visible in different studies [218–220]. DHA deficiency elicits the chances of schizophrenia
by promoter hypermethylation of nuclear receptor genes RxR and PPAR, which results
in the downregulation of the gamma-aminobutyric acid-ergic system and the prefrontal
cortex involved in oligodendrocyte integrity [221]. Lower erythrocyte DHA status is
associated with the development of bipolar disorder [222]. However, combined DHA
and EPA supplementation for 6 weeks improved mania and depression among juvenile
patients [223–225]. However, recent RCTs found DHA has no role in improving the
symptoms of bipolar disorder [20].

7. Can DHA Supplementation Improve Brain Function of Infants: Results of
Clinical Trials

Various RCTs proved significant effects of DHA supplementation on infant brain
development in pregnancy. The meta-analytic study in 2007 found a static co-relation
between visual growth and DHA supplementation in first year of life [125]. An RCT in 2011
showed DHA-supplemented 18-month-old children had higher index scores in mental
development [8]. Other RCTs showed DHA-enriched fish oil supplemented children had
significantly higher percentile ranks of the total number of gestures at 1 to 1.5 years of
age [226]. DHA-formula-fed infants scored equal visual equity scores with breast-fed
infants at the age of four [227]. The recent meta-analytic review also found the positive
effects of seafood consumption in pregnancies in developing childhood neurocognitive
function [53]. The supplementation of DHA to pregnant and nursing mothers and the
first year of infant life have developed better cognitive ability. During the last trimester
of pregnancy, fetal brain development demands a higher amount of DHA, which can be
interrupted in the case of a preterm born baby and can result in mental growth retardation.
Different RCTs showed that higher DHA-enriched formula (around 1% of total fatty acids)
is essential for the preterm baby for mental growth and development [24].

DHA supplemented along with EPA enhance the outcome for cognitive and mood
disorders. However, conflicting data exist about the effect of DHA supplementation on
cognition during childhood. The earlier RCT conducted in Australia and Indonesia did
not show any improvement in general intelligence or attention among 6–10-year-old chil-
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dren following 88 mg/d DHA supplementation [228]. The DHA Oxford Learning and
Behavior (DOLAB) study showed a significant improvement in brain function among
aged 7–9-year-olds [229]. Another RCT showed improved memory and learning ability
among 7–9-year-old children [230]. A few years ago, another RCT from Australia found
no significant difference in academic performance between the DHA-supplemented and
control groups [231]. Although the authors have mentioned their study’s limitation that the
final assessment was finished by less than half of the study population, DHA supplementa-
tion was low. The study was conducted with slightly older children, and in some cases,
mothers did not give consent or provide data. The Third National Health and Nutrition
Examination Survey (NHANES III) found a higher DHA supplementation effect in girls
than boys, despite both sexes’ receiving cognitive benefit [232]. The pregnant women need
higher DHA supplementation for their own growth and for the growth and development
of the newborn. Even the source of DHA and the ratio of EPA and DHA may influence the
bioavailability of DHA.

A summary of a few recent clinical trials has been shown in the following Table 2. Al-
though a slight improvement, these studies did not show any significant positive outcome
from DHA supplementation effects on young children. However, a meta-analysis of DHA
supplementation with the EPA improved childhood visual and psychomotor development
without significant global IQ effects later in childhood [233]. However, there are no clini-
cal data available where DHA supplementation was conducted before 14.5 weeks of the
gestational period.

Table 2. Various clinical studies of DHA supplementation in mothers and infants about brain function.

Study Name Experimental Setting Observed Outcome

The Kansas University DHA outcome study
(KUDOS) clinical trial Cognitive and behavioral development

Improvement of visual attention among
infants has been observed to reduce the

preterm birth risk [234].

Effect of DHA supplementation vs. placebo on
developmental outcomes of toddlers born

preterm
Developmental outcomes of toddlers

Daily supplementation of DHA did not
improve cognitive function and may adversely

affect language development and effortful
control in specific subgroups of children [235].

Effect of DHA supplementation during
pregnancy on maternal depression and
neurodevelopment of young children

Neurodevelopmental outcome of children

DHA supplementation during pregnancy did
not reduce postpartum depression in mothers,
neither did it improve cognitive and language

development in their offspring during early
childhood [236].

Neurodevelopmental outcomes of preterm
infants fed high-amount DHA Neurodevelopment at 18 months of age

Bayley mental development index scores of
preterm infants overall born earlier than 33
weeks were not affected but improved the

girls’ Bayley mental development index scores.

Neurodevelopmental outcomes at 7 years
corrected age in preterm infants who were fed

high-dose DHA to term equivalent
Cognitive outcome detected at 18 months age No evidence of benefit [237].

Feeding preterm infant milk with a higher
dose of DHA than that used in current practice Language or behavior in early childhood

No clinically meaningful change to language
development or behavior were observed when

assessed in early childhood [238].

8. Roles of Arachidonic acid20:4n-6 (ARA) in Brain Development and Function

In addition to DHA, the mother preferentially supplies ARA to the growing and
developing brain via the placenta and breastfeeding. ARA uptake was found to be higher
in early trimester trophoblast cells than EPA and DHA [239]. The ARA metabolism in the
brain is suspected of having an altered profile in neurological, neurodegenerative, and
psychiatric disorders. Using various knock-out models for enzymes involved in brain
ARA metabolism, Bosetti showed that the ARA and its metabolites play a significant role
in brain physiology via the PLA2/COX pathway [240]. The effects of DHA and ARA
on body growth and brain functions were studied using delta-6-desaturase knock-out
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(D6D-KO) mice by feeding different combinations of PUFAs in milk formulations. The
in vivo findings confirmed the complementary roles of ARA and DHA in body and brain
development, respectively [241]. ARA may be required in a higher amount to support
growth-promoting placental activities and the production of eicosanoids. In human milk,
the amount of ARA typically exceeds the levels of DHA. Milk ARA content is also less
varied than DHA, and, unlike DHA, ARA does not seem to be linked to maternal intake.
There has been much discussion in recent years about the need for ARA and DHA in infant
formula. Studies clearly show the requirement for both ARA and DHA in addition to
the essential fatty acids (linoleic acid,18:2n-6 (LA), and ALA to support the optimal body,
brain growth, and brain function. ARA is quantitatively the most common LCPUFA in
the brain after DHA [242]. Although diverse roles of DHA are investigated, the roles of
ARA in brain development and functions have not been investigated to a greater extent.
Given that ARA and its precursor, LA, contribute significantly to the Western diet and its
pleiotropic biological effects and its interactions with DHA, this n-6 LCPUFA is a crucial
modifiable factor in brain development and preventive strategies of brain diseases. ARA
corresponds to around 20% of the total amount of neuronal fatty acids and is mainly
esterified in membrane phospholipids.

Several studies have suggested that the structure–function and metabolism of the brain
depend on levels of ARA and DHA and interactions of their metabolites [29]. The recycling
(de-esterification–re-esterification) of these two fatty acids in the brain are independently
carried out by ARA- and DHA-selective enzymes. The ARA-mediated processes can be
targeted or altered separately from the DHA-mediated processes by a dietary deficiency
of n-3 PUFA or genetic manipulation. Therefore, in studies using n-3 PUFA deficiency
models, the homeostatic mechanisms show DHA loss in the brain while increasing ARA
metabolism. Further studies are required to understand the impact of the n-6/n-3 ratio on
the regulation of DHA-selective iPLA2 and COX-1 or ARA-selective cPLA2, sPLA2, and
COX-2 and their effects on brain function and neuroinflammation.

ARA must either be consumed in the diet or synthesized from its precursor LA in
the liver. The brain contains relatively low LA levels, and its conversion into ARA is
minimum in the brain. Thus, the growing brain depends on a steady supply of ARA [243]
from the maternal circulation or via breast milk. Although lipoproteins and lysophos-
pholipids of plasma may contribute to brain ARA levels, their quantitative contribution
is unknown. Upon its entry into the brain, ARA is activated by a long-chain acyl-CoA
synthetase and can be esterified into the sn-2 position of phospholipids. During neurotrans-
mission, the brain ARA cascade is initiated when ARA is released from synaptic membrane
phospholipid by the neuroreceptor-initiated activation of cPLA2. PLA2 is activated by
dopaminergic, cholinergic, glutamatergic, and serotonergic stimulation via G-proteins or
calcium [244]. Several PLA2 are activated via serotonergic (5-hydroxytryptaminergic), glu-
tamatergic, dopaminergic, and cholinergic receptors [244,245]. Usually, calcium-dependent
cytosolic PLA2 (cPLA2) resides at the postsynaptic terminals, selective for releasing ARA,
whereas calcium-independent PLA2 is believed to release the DHA sn-2 position of phos-
pholipids [13,14]. Upon its release, a portion of the unesterified ARA is converted to
prostaglandins, leukotrienes, and lipoxins, a portion oxidized via β-oxidation, and the re-
mainder (approximately 97% under basal conditions) is activated by ACSL and ultimately
recycled and re-esterified into the sn-2 position of phospholipids [246]. An additional
ARA is released by activated cytokine and glutamatergic N-methyl-d-aspartate recep-
tors in conditions such as neuroinflammation and excitotoxicity. Although the signals
that ARA and its derivatives relay are not entirely understood, they regulate blood flow,
neuroinflammation, excitotoxicity, the sleep/wake cycle, and neurogenesis [247].

Like DHA, ARA is also directly involved in synaptic functions. The level of intra-
cellular free ARA and the balance between the releasing and incorporating enzymes in
membrane phospholipids may play critical roles in neuroinflammation and synaptic dys-
function. Both these events are observed in the murine model of Alzheimer’s disease before
the amyloid plaques and the neurofibrillary tangles, respectively formed by the two agents
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known for Alzheimer’s disease agents, A β peptide and hyperphosphorylated tau. Finally,
western food, which contains excessive n-6/n-3 ratios, might favor more ARA levels and
influence Alzheimer’s disease mechanisms.

A better understanding of the complex relationships between ARA and DHA and their
brain mechanisms is required. Free ARA contributes to Alzheimer’s disease progression
via different pathways. ARA and derivatives are pro-inflammatory and participate in neu-
roinflammation. ARA is directly involved in synaptic functions as a retrograde messenger
and a regulator of neuro mediator exocytosis. ARA also influences tau phosphorylation,
and polymerization can compete with DHA. Moreover, ARA has pleiotropic effects on
brain disease, and it may be used in the fight against brain diseases. The dietary ARA and
brain diseases about DHA should be investigated further to prevent the disease.

The transgenic Alzheimer’s disease murine model showed that dietary ARA produced
opposite Aβ production in Alzheimer’s disease. Studies on the impact of dietary ARA
on Alzheimer’s disease are required to identify the underlying mechanisms of action. A
reduced level of ARA in the temporal cortex of Alzheimer’s patients was observed [248];
however, its relation with DHA and its metabolites is unknown. ARA involvement in
Alzheimer’s disease was mediated via cPLA2α. However, a DHA-rich diet did not show
such effects [249]. A diet containing 2% ARA for 21 weeks increased Aβ1-42 production
and deposition in 24-week-old CRND8 mice [250].

ARA is involved in cell division and signaling during brain growth and develop-
ment [251]. In addition, ARA mediates neuronal firing [252], signaling [253] and long-term
potentiation [254]. The absolute levels of n-3 PUFAs and the ratio of n-6 and n-3 PUFA
affect gene expression of controlling neurogenesis and neural function.

ARA maintains structural order of the membrane and hippocampal plasticity [255].
ARA also protects the brain against oxidative stress in the hippocampus region via PPARγ
and synthesizes new proteins [256]. Released intracellular ARA activates protein kinases
and ion channels, inhibits the uptake of neurotransmitters, and enhances synaptic trans-
mission, and modulates neuronal excitability [251]. As ARA is involved in intracellular
signaling, the optimum levels of intracellular free ARA must be steadily maintained. ARA
also activates syntaxin-3 (STX-3), a plasma membrane protein involved in the growth
and repair of neurites [257]. Neurite growth closely correlates with the ARA-mediated
activation of STX-3 in membrane expansion at growth cones [257]. The neurite growth
from the cell body is a critical step in neuronal development. ARA stimulates exocytosis by
allowing the attachment of STX-3 with the fusogenic soluble N-ethylmaleimide-sensitive
factor receptors (SNARE complex) [258]. The SNARE proteins are involved in producing
a fusion of vesicular and plasma membranes in the brain. The formation of this SNARE
complex mediated by ARA drives membrane fusion, leading to the release of vesicular
cargo into the extracellular spaces [258]. α-Synuclein plays a role in the development of
Parkinson’s disease, can sequester ARA and thus blocks the activation of the SNARE com-
plex [258], suggesting the importance of ARA in synaptic transmission. All these data show
the importance of ARA in cell signaling, trafficking, and the regulation of spatial–temporal
interactions between cellular structures.

The most abundant prostaglandins in the brain are PGD2 and PGE2. They are synthe-
sized from ARA by PGD2 and PGE2 synthases. COX-2 is overexpressed in the cortex and
hippocampus of Alzheimer’s disease patients [259]. PGE2 increases neuroinflammation
and amplifies Alzheimer’s disease pathology through various mechanisms.

Figure 4 describes different metabolites of ARA involved in brain function. ARA-
derived lipoxins are anti-inflammatory eicosanoids distinct from pro-inflammatory leukotriene
and prostaglandin. Lipoxin biosynthesis occurs via two different pathways. Lipoxins medi-
ate their action on endothelial cells to offer an inflammation resolution process. LipoxinA4
lowers neuroinflammation by reducing microglial activation. 5- Lipoxygenase (5-LOX)
converts ARA into 5-HPETE and then 5-HETE or leukotriene A4 (LTA4). There is the
increased expression of the dual enzyme 12/15-LOX and its products.
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ARA is converted to lipoxinA4 or lipoxinB4 via two different pathways. Lipoxins
mediate their action on endothelial cells to offer an inflammation resolution process. Lipox-
inA4 lowers neuroinflammation by reducing microglial activation. LTA4, LTB4, LTC4,
LTD4, and LTE4 are leukotrienes A4, B4, C4, D4, and E4, respectively; DP1, EP1-EP4, FP,
and IP, prostaglandin receptors; TP, thromboxane A2 receptor; BLT1 and BLT2, leukotriene
B4 receptor; CysLT1 and CysLT2: cysteinyl leukotriene receptors; ALXR: lipoxins receptor.

12(S)-HETE and 15(S)-HETE were reported in frontal and temporal brain regions’
cerebrospinal fluid, respectively, in Alzheimer’s disease patients.

The endocannabinoids containing ARA are involved in Alzheimer’s disease via the
CB2 receptor. Although neuroinflammation is related to Alzheimer’s disease, there is no
evidence that higher brain contents of ARA would produce inflammation.

Several animal studies indicate that ARA has beneficial effects on cognition and
synaptic plasticity [260]. An association between abilities of spatial memory and ARA
content of the hippocampus was reported. ARA modulates Kv channels at the postsynaptic
membrane, and influences long-term potentiation [261]. ARA induces presynaptic long-
term depression associated with a Ca2+ influx and the activation of metabotropic glutamate
receptors [261]. In addition, ARA can induce neurotransmitter exocytosis in the presynaptic
neuron via activation of the soluble N-ethylmaleimide-attachment receptors (SNARE). ARA
induces the binding of syntaxin-1 to the SNARE complex in the presence of Munc18-1,
which is a critical regulator of the process [262]. Although ARA’s role in synaptic function
is well documented, the benefit or drawback may depend on the delicate balance of ARA
levels. Age and Aβ concentration or other physiological factors could modify ARA’s effects
on synapse and neuronal cells. Additional work is now required to characterize dietary
ARA’s influence on associated brain diseases.

9. Transport of ARA to the Developing Brain

The transport of ARA to the brain tissue and inside the brain are not well understood,
and more investigations are required for their nuanced characterization. The biological
roles of several ACSLs and LPATs for incorporating ARA in the membrane phospholipids
have been studied [246]. Some of them are relatively specific for ARA, such as ACLS4,
LPIAT1, and LPCAT3. The polymorphisms and variations in their expression levels can
affect ARA deposition in the different tissues, including the brain, despite identical ARA
content in the food. Nutritional recommendations regarding the ARA intake must be based
on the knowledge of such variations.

ARA’s effects on brain signaling functions depend on the fact that free ARA is released
from membrane phospholipid by cPLA2α or secretory PLA2. The turnover of ARA in brain
membrane phospholipids is involved bipolar disorder. The downregulation of the turnover
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correlates with the reduced expression of ARA-selective cPLA2 or acyl-CoA synthetase
and COX-2 [244].

It is not known whether higher ARA amounts in specific phospholipid classes in the
brain favor ARA released by these PLA2 and lead to higher free ARA levels in neuronal or
glial cells. Further studies are required to determine the effect of ARA brain uptake on its
release and conversion into pro- or anti-inflammatory derivatives.

While the competition between n-6 and n-3 fatty acids and their precursors for the
desaturases, COXs, and LOXs are known, little is known on the competition between ARA
and DHA in incorporation in the brain. Mfsd2A transports DHA to the brain in the form
of DHA-LPC [74], but brain ARA content was increased by 30% in Mfsd2A knockout mice,
whereas that of DHA was reduced by 58%. These fatty acid changes were accompanied by
neuronal loss in the hippocampus and cerebellum with severe cognitive deficits and anxiety.
Therefore, the deposition of ARA to the brain is not altered by the reduced expression of
Mfsd2A. However, under this circumstance, ARA replaced DHA in phospholipids but
could not play the roles of DHA in neuronal functions [74].

FABPs also have different affinities for ARA and DHA. FABP5 and FABP7 are more
selective for DHA, whereas FABP3 binds ARA with much higher affinity [263,264]. Re-
garding fatty acid metabolizing enzymes, DHA is preferentially used as a substrate by
ACSL6 [265] and calcium-independent group VI PLA2 [266], whereas ACSL4 and group IV
cPLA2 used ARA as the preferred substrate.

ARA and DHA are preferentially incorporated in different lipid fractions of the brain
regions, suggesting a differential role of these lipid biomolecules. ARA is concentrated
into brain inositol phospholipid (PL), ethanolamine plasmalogens lipid fractions, while
DHA is accumulated in serine and ethanolamine PL fractions of the synaptic membranes.
ARA-rich PL is more enriched in white matter (myelinated regions) than grey matter, and
there are regional differences in ARA and DHA in the brain. The DHA, ARA, and adrenic
acid (22:4n-6) are the most abundant PUFAs in the brain. The preterm infants had less
DHA and a lower DHA/ARA ratio in both the brain and the retina than term infants. [267]
The mean proportions of ARA were higher in the early placenta than term, while its
immediate precursor dihomo-gamma-linolenic acid,20:3n-6 (DGLA) was higher in term
than the early placenta. The increased presence of ARA during early placentation supports
its organogenesis and vascularization activities. In contrast, the enhanced proportions
of DGLA favors the optimal blood flow to sustain fetal growth by their vasorelaxant
and anti-platelet effects of PGE1-like activities [268,269]. ARA and DHA are required to
replenish brain injury, vascular regulation, and brain development in preterm babies. ARA
is needed to support endothelial cells during brain injury, while DHA is required to support
membrane fluidity for the receptors and the linear growth and network of neuronal cells.
The neuroprotective actions of DHA in preterm are manifested with anti-inflammatory
initiation and resolutions by its own and its signaling lipid mediators in particular. ARA
and DHA produced different sets of pro-resolving lipid bioactive. Lipoxins are derived
from ARA, while resolvin (neuro) protectin and maresins are derived from EPA and DHA.
LXA4 receptor staining in the brain indicates that lipoxinA4 lowers neuroinflammation and
brain edema during brain injury [270]. The anti-inflammatory lipoxinA4 acts as an endogenous
allosteric modulator of the cannabinoid receptor [271]. Thus, in contrast to PGE2, which shows
pro-inflammatory actions, lipoxins offer an inflammation resolution process.

10. Conclusions

The essentiality of both DHA and ARA is known by the fact that these fatty acids make
up 20% of the brain’s fatty acids. The mother is required to supply these two fatty acids
preferentially during the critical period of brain development via the placenta in utero and
breastfeeding postnatally. However, the data on maternal and infant nutritional intakes are
not yet consistent, despite the fact that DHA’s impact on brain development and function
has been investigated extensively for the last two decades. Due to some compounded
variables and conflicting reports on the association with LCPUFA supplementation and
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cognitive development, it imperative to determine optimum DHA doses in the presence of
ARA for optimum brain development in infants [272–274].

The mean concentrations of DHA and ARA in breast milk can vary based on the
maternal diet [260]. The group with the highest levels of DHA showed decreased ARA
levels in two brain areas, suggesting the competition of DHA with ARA. Still, the absolute
levels of ARA and DHA could be more important than their ratio, in particular with the
preterm infant. ARA supports the first year of developmental growth as the conditional
deficiency of ARA is established in preterm infants [60].

The optimal balance of DHA and ARA intake during infancy is still unknown, but the
current best practice advises that the amount of DHA in infant formula should not exceed
the amount of ARA [275].

The high doses of DHA in formula may suppress the benefits of ARA. The preterm
infant who received formula with the n-6/n-3 ratio of 2:1 showed a higher level of LCP-
UFAs and improved psychomotor development than the n-6/n-3 ratio of the 1:1 group,
suggesting an ARA and DHA ratio of 2:1 in the formula for the very preterm infant [276].
Thus, the common requirement for nutritional supports needs both ARA and DHA for
vascular and neuronal development, in particular with pregnancies where the supply of
these nutrients halted prematurely [277]. The supplementation of DHA:ARA in infant for-
mulas ranges from 1:1 to 1:2. The present recommendations with DHA and ARA levels are
that 0.2% to 0.4% and 0.35% to 0.7% of total fatty acids are appropriate [278]. The formula
should reflect human milk composition for optimal neurocognitive benefits. Both ARA and
DHA are necessary for fetal neurodevelopment, and a deficiency in one may compromise
growth. However, further works are required to understand the complementary roles of
ARA and DHA in neurodevelopment.
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Abstract: Docosahexaenoic acid (DHA) supplementation during pregnancy has been recommended
by several health organizations due to its role in neural, visual, and cognitive development. There
are several fat sources available on the market for the manufacture of these dietary supplements with
DHA. These fat sources differ in the lipid structure in which DHA is esterified, mainly phospholipids
(PL) and triglycerides (TG) molecules. The supplementation of DHA in the form of PL or TG
during pregnancy can lead to controversial results depending on the animal model, physiological
status and the fat sources utilized. The intestinal digestion, placental uptake, and fetal accretion
of DHA may vary depending on the lipid source of DHA ingested by the mother. The form of
DHA used in maternal supplementation that would provide an optimal DHA accretion for fetal
brain development, based on the available data obtained most of them from different animal models,
indicates no consistent differences in fetal accretion when DHA is provided as TG or PL. Other related
lipid species are under evaluation, e.g., lyso-phospholipids, with promising results to improve DHA
bioavailability although more studies are needed. In this review, the evidence on DHA bioavailability
and accumulation in both maternal and fetal tissues after the administration of DHA supplementation
during pregnancy in the form of PL or TG in different models is summarized.

Keywords: docosahexaenoic acid; pregnancy; supplementation; egg yolk; microalgae; placenta

1. Introduction

There is a growing interest in the effects of maternal diet consumed during pregnancy
on both development and fetal programming of many physiological functions. During
pregnancy and lactation there is an elevated docosahexaenoic acid (22:6 omega-3, DHA)
requirement in the fetus and neonate as it is a critical building block of brain and retina [1–3].
In the last trimester of pregnancy, it is estimated a fetal accretion of 67 mg of omega-3 fatty
acids (FA) per day, mainly DHA, and around 5% is delivered to the brain (3.1 mg/d) [4,5].
DHA conversion efficiency from α-linolenic acid (18:3 omega-3), its essential FA precursor,
is very low (<1%) in fetus, placenta and newborns [6–9], being therefore insufficient to
satisfy the high supply of DHA needed by the growing fetus [10,11]. Moreover, several
studies have shown that supplementation with α-linolenic acid in human adults is not a
good strategy to increase DHA levels, being necessary the direct supplementation with
the preformed DHA molecule to observe: enhanced DHA status in blood and tissues [12],
higher transfer of DHA to the fetus [13] or even to increase DHA secretion in human
milk [14].

2. DHA Recommendations and Health Outcomes
2.1. DHA Intake during the Perinatal Period

Omega-3 FA intake had fallen during the 20th century; the development of the mod-
ern vegetable oil industry, the use of cereal grains and the change in eating habits have
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produced a remarkable disparity in the ratio of consumption of omega-6 and omega-
3 FA [15,16]. Omega-6 FA consumption, mainly in the form of linoleic acid (18:2 n-6), has
increased at the expense of omega-3 FA (DHA and eicosapentaenoic acid (EPA, 20:5 n-3))
in the general population [15–17]. Nowadays, the intake of DHA in developed countries
with free access to food of animal origin rich in micronutrients and omega-3 FA is highly
variable. There are several studies evaluating DHA consumption that warn about inad-
equate dietary DHA intake for many women during pregnancy [18–20] (Figure 1). It is
especially alarming the situation in western countries, for example in Canada and U.S.
where DHA intakes are especially low, revealing that a majority of childbearing-age and
pregnant women consume less than the recommended DHA dose [21,22] (Figure 1).
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Figure 1. Estimated dietary docosahexaenoic acid (DHA) intake in pregnant women from different
countries. Data from Innis and Elias 2003 [21], Parra-Cabrera et al. 2011 [18], Gunnarsdóttir et al.
2016 [23], Wierzejska et al. 2018 [24] and Zhang et al. 2018 [22].

The preferential placental uptake and transfer of DHA to the fetus in relation to other
FA (palmitic, oleic and linoleic acid) has been demonstrated by the administration of
stable isotope-labelled FAs to pregnant women [25,26]. Moreover, the percentage of DHA
and arachidonic acid (AA; 20:4 omega-6,) both in plasma and adipose tissue is higher
in the neonate than in the mother, which reveals the important role of the placenta in
the concentration of these FA in the fetal compartment [27,28]. This process is known as
“biomagnification” and is defined as selective enrichment of these FA in fetal, with respect
to maternal plasma [29]. AA and DHA concentration in non-esterified FA (NEFA) of the
intervillous space of the placenta is 3–4 times higher than in maternal blood outside the pla-
centa [30]. This fact implies that there is certain selectivity of placental tissue for the release
of these long-chain polyunsaturated FA (LC-PUFA) from the circulating lipoproteins.

It is well known that the maternal DHA intake, and hence maternal DHA levels,
during pregnancy determines the DHA status of the newborn at birth and for several weeks
following delivery [31–34]. Large observational studies have shown that women with low
seafood intakes during pregnancy are prone to an increased risk of poor infant cognition
and behavioral outcome [35,36]. Low levels of DHA and AA in maternal plasma and cord
blood has been related to lower head circumference, lower birthweight, lower placental
weight [32], and less cognitive and visual maturation during childhood [37,38]. Other
studies found associations between omega-3 FA intake during pregnancy and lower risks of
intrauterine growth restriction, preterm birth, allergies, and asthma in children [19,39,40].
However, some randomized controlled trials and meta-analysis reported inconsistent
evidences and very few differences between child born from omega-3 supplemented vs.
placebo mothers on long-term vision, growth and neurodevelopment outcomes [41–45].
Further follow-up studies are needed to assess the longer-term consequences and health
outcomes for both mother and child of maternal omega-3 supplementation.
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2.2. Dietary Recommendation during Pregnancy and Lactation

DHA dietary supplementation has been recommended by several health organiza-
tions [46,47]. European and global guidelines recommends the intake of at least 200 mg/d
DHA during these periods, which can be met with two servings of fish per week [48–50].
The highest concentration of DHA is found in seafood, especially in oily fish (tuna, salmon,
herring, mackerel, etc.) [51]. Smaller fishes are highly recommendable since they contain
lower levels of methyl mercury and other contaminants than large-size predators [49].
Probably, the dose should be higher to detect significant effects on some outcomes but,
due to the high variability in DHA intake from other sources, these recommendations are
highly conservative.

DHA supplementation should be considered only if dietary consumption (natural
sources) is not sufficient to meet the recommendations or when it is problematic due to food
availability, socio-cultural dietary preferences, fish aversion, ethics issues (e.g., vegans), or
other factors [52].

3. Lipid Sources Utilized in DHA Supplementation

The incorporation of LC-PUFA like DHA into dietary supplement products presents
some technological problems because LC-PUFA are highly oxidable molecules; the large
number of double bonds in their hydrocarbon chain makes advisable the addition of
antioxidants or stabilizers to avoid FA oxidation. The development of microencapsulated
products also allows adequate protection against oxidation, as well as the addition of these
FA to powdered products [53,54]. Obtaining new fat sources with different properties,
more economically competitive, healthier, or with greater bioavailability, has been an
important part of the panorama of nutritional supplements for pregnant women. There
are several fat sources that can be used for the manufacturing of DHA supplements.
However, the lipid structure in which DHA is packaged may vary depending on the source
utilized and sometimes, also on the production procedure utilized: phospholipids (PL),
lyso-phospholipids (Lyso-PL), triglycerides (TG), monoglycerides, ethyl esters, etc.

3.1. Fish Oil

Fish oils are a good source of LC-PUFA omega-3 because they naturally contain
high concentrations of both EPA and DHA, reaching up to 18–30% EPA + DHA in the
form of TG [55]. The problems of sustainability of the large fish farms necessary for the
production of these oils, typical fish odor that persists after deodorization processes and the
constant increase in vegetarians and vegans contributed to the active search of alternatives
for the production of this type of compounds [55,56]. In addition, the presence of some
environmental contaminants in fish (e.g., methyl mercury, dioxins, and polychlorinated
biphenyls), that accumulate along the marine food chain, being particularly concentrated in
large predator species like shark, swordfish, or kingfish, are of special concern for pregnant
women [57]. Methyl mercury is neurotoxic for the central nervous system of the fetus or
newborn and its detrimental effects on neural function have been proved until young adult
age [57,58]. Despite all of that, fish oil is still an important source of DHA for the production
of many supplements not only for pregnant women but also for the general population.

3.2. Microalgae Oil

One of the most widespread alternatives to fish oil today is the oil obtained from
culture in biofactories of different species of microalgae [56]. In fact, microalgae are the
primary producers and the responsible of including LC-PUFA omega-3 in the seawater
food chain [59]. Fish does not synthesize large amounts of LC-PUFA omega-3 but consumes
microalgae rich in EPA and DHA or other organism fed with these microalgae [56]. Microal-
gae oil concentrates reach very high concentrations of DHA, containing up to 50–60% DHA
in the form of TG with low levels of EPA, and have been tested in numerous investigations
without any observed side effects in both animals and humans [55,60,61]. In fact, these oils
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are widely used in the food industry for the production of dietary supplements and the
enrichment of several products [54].

3.3. Enriched Eggs

Chicken eggs are rich in protein and fat but have very little content of LC-PUFA
omega-3 [62]. However, omega-3 enriched eggs can be produced by the addition of
fish meal, flaxseed oil or fish oil to hen diet [54,63]; omega-3 FA increase significantly
in fortified eggs resulting in up to 180 mg DHA/egg, which represent approximately
the daily DHA recommended intake [64,65]. In contrast to fish and microalgae oils, egg
yolk FA are distributed not only in TG but also in PL molecules (~30% of total lipids),
being DHA esterified almost exclusively in phosphatidylcholine (PC) structures [66]. It
has been demonstrated that consumption of omega-3 fortified eggs enhances LC-PUFA
omega-3 status, including DHA levels, in breast and formula-fed infants [67] and healthy
adult subjects [68,69].

Egg yolk is one of the most important sources of dietary PL of animal origin [70]. A typ-
ical Western diet contains about 3–6 g/d PL (4–8% of total fat) and a large egg can provide
up to 0.8 g PL [71,72]. PC is the predominant PL species accounting for approximately 72%
of the total egg PL; other PL are present in lesser quantities: 20% phosphatidylethanolamine
(PE), 3% lyso-phosphatidylcholine (Lyso-PC), 3% sphingomyelin, and 2% phosphatidyli-
nositol [70]. Beneficial health effects of dietary PL have been described over the last years
related to cholesterol absorption, blood lipid profiles and cardiovascular disease risk, re-
duction in inflammatory processes, improvement of immunological functions, neurological
development and disorders, anti-cancer properties, etc., [73,74]. However, more research is
needed in order to discern what are the mechanisms involved and which effects are due to
PL structure and which to the effects of FA or FA-derived metabolites carried in dietary
PL [74].

3.4. Krill Oil

Krill are shrimp-like small crustaceans that live in the Antarctic ocean. Euphasia
superba is the predominant species, known as Antarctic krill, and the main source of
extracted krill oil [75]. Krill oil contains a considerable amount of DHA (~15%) bound to PL
structures, primarily in the form of PC [75,76]. Like fish, marine microalgae are the source
of LC-PUFA for krill [59]. However, in contrast to large fish, krill have a short lifespan
(1–2 years) and, because they live in clean waters, are free of heavy metals, pesticides, and
dioxins [77]. In the last few years, there has been a remarkable increase in the research of
krill and krill oil for its health benefits in hyperlipidemia, chronic inflammation, arthritis,
and premenstrual syndrome complications [75].

3.5. Lyso-Phospholipids

Lyso-PL, especially Lyso-PC, has shown to be a preferred physiological carrier of DHA
to the brain and retina in some studies, being more efficiently taken than the NEFA, PL
or TG form [78–82]. A similar observation has been made for erythrocytes, where DHA
Lyso-PC is the major source of DHA for these cells rather than NEFA [83]. In addition, some
authors have suggested that maternal erythrocytes may be a potential reserve of LC-PUFA
and a preferred vehicle of them to the placenta [84]. Thus, Lyso-PL might represent an
additional source of FA for the placenta. Table 1 summarizes the most relevant in vivo
studies reported on Lyso-PL DHA bioavailability.
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It has been demonstrated that Lyso-PL unsaturated FA at sn-2 position easily migrates
to the sn-1 position in physiological conditions due to the higher reactivity of its primary
alcohol [91,92]. 1-acyl Lyso-PL can be hydrolyzed by phospholipase A1, being its metabolic
fate uncertain while 2-acyl is quickly reacylated and maintained in a PL structure [91]. On
the other hand, during gut digestion sn-2 FA is hydrolyzed by pancreatic phospholipase
A2 and that implies a lower retention in the PL structure [93]. The position of DHA
within the PL molecule can affect its tissue accretion, differential incorporation of sn-1 and
sn-2 Lyso-PC DHA has been reported in different brain regions in adult mice [81]. A
structured 2-acyl Lyso-PL for DHA with the sn-1 position blocked (addition of an acetyl
group, AceDoPC) has been synthesized in order to prevent the migration of DHA from
sn-2 to sn-1 position [94]. Considering that 2-acyl Lyso-PC is the physiological form, this
new molecule of DHA Lyso-PC may represent a more stable and bioavailable source of
DHA for the brain and the placenta. Till now, oral intake of AceDoPC has shown good
in vivo incorporation to human red blood cells PL [90,95]; additionally, it was more rapidly
accumulated in brain of 20-day-old rats compared to the administration of DHA as NEFA
while both compounds showed similar accretion in other tissues like plasma, heart or
liver [86]. However, AceDoPC has been no tested in pregnant animals yet.

There is only one study evaluating the bioavailability of Lyso-PL form of DHA during
pregnancy and it showed positive effects of maternal supplementation with DHA as Lyso-
PC (obtained from egg yolk PL) in pregnant rats [85]. The authors found higher DHA
content in the cerebellum and hippocampus, as well as a better score of learning and
memory of pups at two months delivered by mothers supplemented with DHA Lyso-
PC compared to DHA monoacylglycerides [85]. Based on available data, Lyso-PL forms
of DHA might have a higher bioavailability than other lipid structures like PL, TG, or
NEFA (Table 1). However, the evidences are still limited and more studies are needed
to understand the biological consequences and metabolism of DHA supplementation as
Lyso-PL, especially during critical periods of development like pregnancy.

3.6. Other Sources
3.6.1. Animal Products

The search for new alternative lipid sources more efficient and cost-effective for
improving the intake of DHA is an area of intense research. Enriching animal products
(meat, meat products, and dairy-derived food) through diet fortification with vegetable
and fish sources of omega-3 FA has shown promising results in DHA concentration of
edible tissues and milk. However, the inclusion of these LC-PUFA in meat presents some
technological problems related to oxidative stability, off-flavors and increased production
of trans and conjugated FA in the ruminants [96–99].

3.6.2. Plants

The increase in omega-3 LC-PUFA production and accumulation in plants by genetic
engineering is also of interest. Plants are primary producers of essential FA (linoleic and
α-linolenic acid) but lack of the natural capacity to synthesize LC-PUFA (AA, EPA, and
DHA) [59]. The goal is to produce transgenic plants capable of accumulate omega-3 LC-
PUFA to levels similar to that found in fish oil through the promotion of desaturase (∆-5 and
∆-6 desaturase) and elongase (∆6-elongase) activities [100]. Although this alternative seems
very promising and may lead to significant production of omega-3 LC-PUFA for human
consumption in the future, the levels of omega-3 obtained are much lower than the other
types of lipid sources, the process is still expensive and the cultivation of these plants must
go through a rigorous process of regulatory approvals [54,59,100].

4. Materno-Fetal Bioavailability of Different DHA Sources

The production of dietary DHA supplements has been a field of intense study and
evolution in recent years. However, the use of different fat sources of DHA mean that we
are taking this FA in different lipid structures, which may affect both intestinal digestion
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and absorption, lipoprotein distribution, metabolic fate, placental uptake and delivery
to fetus [101–103]. All these observations open the door to thinking about what is the
quantitative contribution of the different lipid fractions (NEFA, TG, PL, and cholesterol
esters (CE)) of maternal plasma to the placenta and whether they differ in bioavailability.
The incorporation of dietary FA into maternal circulating lipoproteins (mainly in the form
of PL or TG) might be modified by the lipid form consumed in the diet. Therefore, it is
interesting to study whether the consumption of DHA in the form of PL vs. the classical
form of TG could lead to a more favorable plasma conditions for the placenta, enhancing
the production of DHA-rich Lyso-PL and an increased placental uptake and fetal delivery
of DHA. This would allow the design of new nutritional supplements for pregnant women
with sources of DHA with higher bioavailability for the placenta. A summary of the
main data from studies evaluating DHA bioavailability after TG or PL supplementation is
reported in Table 2.
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4.1. Intestinal Digestion and Absorption

The digestion of dietary fats and the subsequent FA absorption and assembly in
plasma lipoproteins depends on the chemical structure in which they have been ingested
(mainly TG or PL). TG digestion takes place in the small intestine where the FA of sn-1 and
sn-3 positions are hydrolyzed by pancreatic lipase releasing the corresponding NEFA and
2-monoacylglycerol (Figure 2). A small part of the 2-monoacylglycerol is fully degraded to
NEFA and glycerol. On the other hand, dietary PL digestion (mainly PC) occurs through the
action of the pancreatic phospholipase A2 which releases the FA located at the sn-2 position
generating a NEFA and a Lyso-PL, although a small part is completely hydrolyzed to NEFA
and glycerol phosphocholine (Figure 2) [117,118].
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Figure 2. Intestinal digestion of dietary docosahexaenoic acid (DHA) ingested as phospholipids (PL)
from egg yolk or triglycerides (TG) from microalgae oil schematic. PLA2, phospholipase A2.

The products generated during the digestion are captured by the enterocytes in a
process not entirely established in which both passive diffusion processes and facilitated
transport by FA binding protein associated with the plasma membrane (FABPpm), fatty acid
translocase (FAT/CD36) and fatty acid transport protein (FATP) take place [101,119,120].
Once inside the enterocyte, TG and PL molecules are re-esterified and the NEFA can be
incorporated into the same structure as they were part or into others that are being formed
at the same time in the cell (TG, PL, or CE) (Figure 2). PL and TG captured or re-synthesized
by the enterocytes are transported in the bloodstream in lipoproteins, mainly chylomicrons
(QM, apolipoprotein B48) and very low density lipoproteins (VLDL, apolipoprotein B100),
especially in fasting situations [121,122]. The ingestion of PL or TG modifies the diameter
of secreted lipoproteins. PL ingestion produce lipoprotein with lower diameter, called
by some authors “small QM”, than those secreted after TG ingestion [122,123]. However,
the lipid source of DHA not only affects the dimension of lipoproteins secreted but also
their FA composition. The four-week administration of LC-PUFA (AA and DHA) from
fungal and tuna oil resulted in a preferential incorporation of these FA in PL fraction of low
density lipoprotein (LDL) particles in neonatal piglets, while when egg yolk PL were used
as DHA source (DHA in the form of PL) a higher incorporation in high density lipoprotein
(HDL) PL was found [109]. This has been observed not only for LC-PUFA but in general
for PC which after being absorbed is preferably incorporated into HDL lipoproteins [124],
probably directly in the enterocyte and without liver intervention [125].

There is controversy on the effects of PL addition to the diet on FA intestinal absorption.
Several studies revealed better fat digestion and increased FA absorption when egg yolk PL
were added to diets of experimental animals or infant formulas [105,107,114,126]. In fact,
Carnielli et al. reported that DHA from egg PL was better absorbed in premature babies
than DHA from breast milk or algae oil (TG form) [114]. However, other authors showed
better absorption of FA after TG sources administration than when using PL sources (egg
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yolk and krill oil) in neonatal piglets and rats [104,110]. Differences in composition or the
presence of other lipid components in important amounts may also affect lipid digestion
and FA absorption. For example, Amate and colleagues showed higher absorption of diet
supplemented with egg yolk PL compared to egg yolk TG and lower absorption of pig
brain concentrate PL compared to tuna and microalgae oil [105]. The authors argued that
the presence of other lipid compounds such as cerebrosides, gangliosides, esphingolipids
and Lyso-PC might have affected the intestinal absorption of the experimental fats [105].

Similarly krill oil, with DHA mainly in PL, has received criticism from some experts
in comparative studies of LC-PUFA omega-3 bioavailability due to its changes in com-
position depending on the technological processing and the season of capture [127,128].
For example, it has been described that krill oil PL content ranged from 19 to 81% and
that it can contain a high amount of DHA in lipid structures different to PL such as NEFA
(up to 21% DHA) and FA ethyl esters, which clearly influences both FA absorption and
bioavailability [76,129–131]. Other aspects such as intestinal maturity, metabolic differences
inter-species, and microflora composition influence both fat digestibility and absorption
processes making difficult the comparison of FA bioavailability studies [132].

Some authors have studied the positions of the lipid structures whose FA are most
likely to be preserved after the process of intestinal digestion and absorption. It has been
shown that FA esterified in the sn-2 position of the TG molecule is widely conserved in TG
fraction of QM particles [133,134]. On the other hand, in the case of PL, the FA esterified
in the sn-1 position of PC is also protected from digestive hydrolysis [117]. Therefore, the
position that occupies the DHA within the molecule is important, it could determine in
which structure this DHA will later appear in the bloodstream and enhanced or minimized
the expected effects of dietary supplementation.

Egg DHA shows a high stereospecificity, being almost exclusively esterified in the
sn-2 position of PC and PE molecules [66,135]. This implies that a large part of the DHA
from egg yolk enters the enterocyte as NEFA and not in the form of Lyso-PC and may not be
maintained in a structure of PL when moving to plasma (Figure 1). In pig brain concentrate
PL something similar occurs, although the composition in terms of the type of PL is not
the same. Egg PL are mainly composed of PC (87% PC and 11% PE) while pig brain
concentrate by PE (44% PE and 24% PC) [135]. The effects that the type of PL might have
on the digestion and absorption of FA are unknown. On the other hand, the distribution
of DHA within TG molecules is also not the same in all sources; tuna oil contains about
50% DHA esterified in the sn-2 position of the glycerol [135], similar values have been also
described for some microalgae oils [136]. However, in other sources, such as egg yolk TG,
a similar distribution has been observed between the sn-1 and sn-2 position [66]. Artificial
re-esterification processes in oil contribute to a random distribution of DHA between
the three available positions of glycerol [128]. Little is known about the likely influence
of the characteristics of each source and the composition of the rest of FA (saturated,
monounsaturated, omega-6, etc.) on the digestion and absorption of DHA. However, DHA
in the sn-2 position of TG has been shown to be better absorbed than those in sn-1 or
sn-3 position [137,138].

Therefore, it is more likely that DHA from microalgae oil or fish oil TG (sn-2 position
TG) remains on the same TG molecule structure than DHA from egg yolk (sn-2 position
PL) (Figure 2).

4.2. Circulating DHA and Metabolic Fate

The lipid fraction in which administered DHA appears in blood circulation is impor-
tant since it may determine in some grade the metabolic fate and metabolism, and hence
the efficiency, of the DHA supplementation applied. It is not clear whether intake of DHA
during pregnancy as PL form can be a better source with higher placental bioavailability
and fetal brain accretion than the consumption of DHA as TG. The use of lipid sources
with PL to evaluate the bioavailability of DHA for different organs in comparison with
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the administration of TG sources has been extensively studied in non-pregnant humans
and animals.

Studies in full-term infants, children and piglets indicated that the plasma lipid
fraction in which DHA is incorporated in circulation after gut digestion and absorption
is not always related with the chemical form of DHA consumed [115,116,139]. In fact,
LC-PUFA are mainly incorporated in maternal plasma PL fraction while saturated and
monounsaturated FA in plasma TG [25]. However, several reports in piglets showed higher
circulating values of DHA in plasma PL fraction when DHA was administered as PL from
different sources: Jiménez et al. in newborn formula-fed piglets after the administration of
a formula enriched with LC-PUFA from pig brain concentrate compared to sow milk [111];
Amate et al. after the administration of DHA in the form of PL from egg yolk or TG from
fungal and tuna oil [109]; and Alessandri et al. administered DHA-rich egg-yolk vs. fish
oil [112]. On the contrary, opposite results with higher DHA enrichment in plasma after
DHA-TG ingestion have been reported in rats [106] and no differences in DHA distribution
between plasma lipid fractions after the supplementation with PL or TG sources the diet of
full-term infants [115]. Vaisman et al. reported higher omega-3 LC-PUFA enrichment in
plasma PL compared with placebo, as well as enhanced visual sustained attention score in
children, but no differences were observed between PL and TG sources supplementation
effects [116].

Studies in pregnant state are scarce. We supplemented the diet of pregnant rats with
2.5% DHA of total FA in the form of PL from egg yolk (mainly PC) or 2.5% DHA in the
form of TG from microalgae oil and both sources produced similar values of total DHA
in total serum FA and even in plasma PL fraction [107]. Valenzuela and colleagues also
reported no differences in the total plasma value of DHA after the administration of this
FA as PL or TG in rats at a dose of 8mg/kg/day in adult non-pregnant females, or in these
same animals during gestation and after delivery [108]. Nevertheless, they observed a
higher value of DHA in the erythrocyte membrane PL after delivery in animals receiving
egg yolk PL compared to animals fed with microalgae oil [108]. Our group also carried out
a similar experiment with pregnant sows in which animals were fed with diets containing
0.8% DHA from egg yolk (PL form) or microalgae oil (TG form) during the last third of
gestation (40 d) (Figure 3) [113]. In this study, despite no differences were observed in
total plasma FA profile between groups, we found a non-significant trend towards greater
incorporation of DHA in plasma PL fraction in DHA-PL fed group compared to DHA-TG
(p = 0.130), which indicates that maternal metabolism modulates in certain degree the effect
of dietary DHA, modifying its incorporation in maternal serum lipid fractions [113]. The
low number of animals per group may have conditioned the lack of statistical significance
in DHA PL fraction data (n = 6/group). The higher incorporation of DHA was in HDL and
LDL lipoproteins [113]. These results of higher DHA in PL fraction after the ingestion of a
DHA-PL source obtained in pregnant sows were in line with previous studies performed in
non-pregnant animals [109,111,112], probably some inter-species differences in metabolism
and in fat sources composition influenced the discrepancies observed between rat and
pig studies.

Concerning other maternal tissues (liver, adipose tissue, and brain), the supplemen-
tation with preformed DHA as PL or TG contributed equally to DHA levels either in rat
or pig models [107,108,113] (Figure 3). However, higher DHA percentage was found in
PL, NEFA, and CE fractions of maternal liver after DHA-TG supplementation compared
to DHA supplementation from egg yolk DHA-PL in pregnant rats, revealing the high
conversion of dietary DHA that takes place also in the liver [107]. Thus, not only digestion
and absorption processes but also liver metabolism regulates the incorporation of DHA into
different lipid fractions in maternal tissues reducing the impact of the dietary intervention
with different fat sources.

We should be cautious comparing studies with different species and under different
physiological conditions, since pregnancy is a special situation in which the maternal lipid
metabolism is altered in order to provide all the nutrients needed for the developing fetus.
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Figure 3. Docosahexaenoic acid (DHA) percentage at delivery in maternal and fetal tissues after
maternal DHA supplementation (0.8% of total fatty acids) as phospholipid (PL) from egg yolk or
triglycerides (TG) from microalgae oil during the last third of gestation in sows (40 d). Values are
means ± SEM (n = 6/group). * Indicates significant differences between PL and TG groups of the
same tissue (p < 0.05). Data from Gázquez et al. 2017 [113].

4.3. Placental DHA Uptake and Fetal Accretion

The process of placental FA transfer has been extensively reviewed by Larqué
et al. [44,102,140]. Placenta can take FA directly from the maternal circulation in the form
of NEFA, which concentration increases in the third trimester compared to a non-pregnant
woman [31,102]. However, most of the FA present in maternal circulation are esterified in
TG, PL, and CE structures. Placenta expresses various lipase activities responsible of the
release of FA, in the form of NEFA, from circulating TG and PL, being two of them exten-
sively studied in the literature: lipoprotein lipase (LPL) and endothelial lipase (EL) [141].
LPL preferentially hydrolyzes TG molecules carried in QM and VLDL particles releasing
the corresponding NEFA for placental absorption and transfer [142,143]. On the other hand,
EL breaks TG but preferably PL [144,145]. EL releases the FA in the sn-1 position of the PL
yielding a NEFA and a Lyso-PL with a FA in the sn-2 position [144]. This sn-2 position of PL
is usually occupied by LC-PUFA, thus EL may be able to generate DHA-rich Lyso-PL [146].

Once FA have been released, mainly in the form of NEFA, by placental lipases, they
enter the cell by passive diffusion or facilitated by protein transports associated with mem-
brane. There are different membrane proteins that have been identified so far: FABPpm,
FAT/CD36 and FATP 1–6. Recently, the orphan protein named Major Facilitator Super-
family Domain Containing 2a (MFSD2a) has been described as one of the major carriers
of DHA Lyso-PC [147]. When FA are inside the placenta cells, they bind to cytosolic FA
binding proteins (FABP). These NEFA can also be oxidized within the trophoblast or reester-
ified and stored in lipid droplets. Placental cells deliver NEFA to the fetal compartment
using the same FA carriers involved in FA uptake from maternal blood [148,149]. A recent
study reported higher protein expression of MFSD2a carrier in the basal membrane of
the syncitiothrophoblast (in contact to fetal blood) than in the microvillous membrane
(in contact to maternal blood), which could indicate that placenta is also able to deliver
Lyso-PL to the fetal circulation [150]. Placental metabolism plays an active role in the
materno-fetal transfer of FA, combined experimental and computational modeling studies
corroborated FA retention and controlled FA delivery to fetal circulation mediated by the
placenta [151,152].

To our knowledge, only our research group has evaluated the incorporation of DHA
to the placenta and the fetal DHA accretion after maternal supplementation with different
DHA fat sources (PL and TG). The administration of 0.8% DHA in the form of PL from
egg yolk to pregnant sows produced a significantly higher accumulation of DHA in
placenta compared to microalgae DHA-TG (Figure 3) [113]. It may be due to higher release
of DHA Lyso-PL from plasma PL lipid pool by the action of endothelial lipase in the
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placenta [144]. However, Lyso-DHA carrier MFSD2a did not appear to be involved since
similar protein expression was observed for DHA-PL and DHA-TG fed groups [113]. This
higher accumulation of DHA in placenta was exclusively in PL fraction, which makes
sense since placental tissue is composed mainly by PL structures (~85%) [153]. In fact,
in vivo [25] and in vitro [154] studies showed that DHA is up-taken by the placenta and
esterified mostly as PL and to a lesser extent as TG.

The administration of DHA from PL or TG sources did not produce any differences in
placental DHA accumulation in pregnant rats [107]. Again, the inter-species differences
seem to affect the results obtained, it is important to mention that the placental structure
is not the same in rats and pigs. The placenta of rodents, just like human placenta, is
a discoidal endotheliochoreal placenta which represent the minimum separation (one
single layer of throphoblast cells) between maternal blood and fetal capillaries while pig
placenta is diffuse epitheliochoreal which higher degree of separation between both blood
circulations (several layers of epithelial cells). It is unknown whether these histological
differences could affect modulate FA uptake or transfer across the placenta.

Despite the discrepancies observed in the placental DHA uptake between different
animal models, in all cases the accumulation of DHA in fetal organs (plasma, liver, and
brain) was similar regardless of the fat source utilized for maternal DHA supplementation
(egg yolk PL or microalgae TG) (Figure 3) [107,113]. Thus, the use of different lipid sources
of preformed DHA in the form of PL or TG contributes to a similar fetal DHA accretion,
including to the fetal brain. This means that both sources are equally efficient for the fetus.

Nevertheless, Valenzuela et al. showed higher milk DHA content of DHA-PL sup-
plemented rats compared to DHA-TG during the first days of lactation (days 3–20 after
delivery), which could have beneficial effects on fetal neurodevelopment [108]. To date
no more studies evaluating milk DHA secretion after the use of different DHA sources
have been published. It would be interesting to know whether milk DHA content can be
increase differentially depending on the lipid source utilized since accelerated fetal brain
DHA accretion in human continues up two years of life [2].

A comprehensive understanding of the actual consequences of maternal DHA supple-
mentation during pregnancy for the fetus, especially in the case of fetal brain, is necessary
to better design these DHA supplements for pregnant women. Dietary supplements for
women need to be tested for real bioavailability and function in the fetus. With the evidence
available today, maternal DHA supplementation as PL produces similar materno-fetal
transfer of DHA across the placenta and DHA bioavailability for the fetus, including the
fetal brain, than DHA in the form of TG. Intestinal digestion and absorption processes,
as well as liver FA re-esterification and placental transfer seem to reduce the expected
efficiency of different fat sources with DHA. Thus, both sources (PL and TG) are equally
available for the developing fetus during pregnancy and can be used for the manufacture
of nutritional supplements with DHA for pregnant women.

5. DHA Supplementation in Complicated Pregnancies

Some maternal diseases and conditions negatively affect LC-PUFA metabolism and
their transfer across the placenta. Tomedi et al. showed that obese pregnant women were
3 times as likely of being in the lowest tertile of essential FA (DHA, EPA, and AA) [155].
Consistent with this, positive associations between maternal body mass index (BMI) and
mid-pregnancy AA and omega-6 PUFA while negative association with total omega-
3 PUFA has been observed in the Dutch Generation R cohort [156]. Moreover, several
studies have shown reduced plasma values of DHA and AA in fetuses of mothers affected
by type I diabetes [157], type II [158] and gestational diabetes mellitus (GDM) [159,160].

Our group demonstrated impaired materno-fetal transfer of DHA in GDM pregnancies
by the administration of stable isotopes labeled-FA to pregnant women while the transfer
of the rest of studied FA was increased [160]. Placenta of these GDM subjects showed lower
expression of MFSD2a transporter compared to healthy women and this is associated with
a lower DHA concentration in cord blood, which supports the contribution of Lyso-PL to
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materno-fetal DHA transport [161]. These results were corroborated by Soygur et al. [162],
which reinforces the role that MFSD2a protein may play a role in the selective transfer
of DHA not only in the brain but also in the placenta. GDM also produces changes in
the expression of other FA transport proteins (e.g., FAT, adipocyte FA binding protein
(A-FABP) and FATP-1) and activates the insulin signaling cascade which may promote
greater transport of fat to fetus [163].

An increase in mRNA and expression levels of lipoprotein receptors in placenta
(LDL and VLDL receptors) has been reported in women with GDM depending on their
BMI [164]. Obese placentas has shown decreased expression of FATP-4 and increased
expression of FAT which could be affecting the FA uptake and transfer process [165].
Besides, an inverse association was found between DHA level in cord blood and pre-
pregnancy BMI of mothers [166]. Interestingly, we found in obese pregnant women that big
placentas had lower levels of PC carrying DHA and AA in intracellular lipid depots or lipid
droplets, indicating not only structural alterations but also changes in FA metabolism [167].
Nevertheless, more studies and with more subjects are needed to establish the mechanisms
underlying these alterations observed in GDM or obese placentas.

Some recent studies suggest lower efficiency of dietary DHA supplementation in obese
and GDM pregnancies [168,169]. Monthe-Dreze et al. showed that, despite all BMI groups
of pregnant women had higher omega-3 concentrations after supplementation, obese
women had attenuated changes compared to lean women, resulting in a 50% difference
in the effect size [169]. Min et al. supplemented GDM women with 600mg/d DHA or
high oleic acid sunflower seed oil and they observed enhanced maternal but not fetal DHA
status, which may indicate that placenta lowered the effect of DHA supplementation [168].

To our knowledge, no studies evaluating the effect of different DHA sources or
structures (e.g., PL vs. TG) have been conducted in complicated pregnancies. All this
together with the high prevalence of diabetes and obesity increases the need for new
sources with greater bioavailability of DHA for the placenta and, more importantly, for
the fetus.

6. Conclusions

The animal model used to evaluate the materno-fetal transfer of DHA as PL or TG
is a key issue since placental structure differs among the species used for such studies.
Administration of DHA-rich PL produces a modest enrichment of DHA in PL plasma
lipid fraction in piglets and pregnant sows compared to DHA-TG administration while
similar or opposite results have been observed in other species. Intestinal digestion, re-
esterification in both gut enterocytes and liver, as well as placental transfer processes
reduce the impact of the dietary intervention with different lipid sources on fetal DHA
levels. Dietary lipid utilization and bioavailability comprises several metabolic processes
that are not completely understood and further research is needed. There are a limited
number of studies evaluating placental and fetal accretion of DHA after the administration
of different fat sources to pregnant animals (PL and TG). Despite some differences observed
in placental DHA content between animal species, fetal DHA accretion and, especially,
fetal brain DHA accumulation after PL or TG administration was similar. However, it is
important to note that the use of animal models (rodents and pigs) in most studies might
have some limitations in extrapolating results to humans. Lyso-PL have been proposed
as a preferred physiological carrier of DHA to the brain, the available data on DHA Lyso-
PL bioavailability with respect to other sources are promising and seem to indicate an
increased DHA incorporation in some tissues but more studies are needed to evaluate their
effects during pregnancy, fetal bioavailability, and long-term effects on neurodevelopment.
In summary, although most of the results available were obtained in animal models, both
PL and TG sources can be used for the manufacture of DHA supplements during pregnancy
since they show a comparable bioavailability and promote similar DHA accretion in the
fetus. The dose of DHA administered is perhaps more decisive than the fat source to
increase fetal DHA status.
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Abstract: Long-chain omega-3 fatty acid status during pregnancy may influence newborn anthro-
pometry and duration of gestation. Evidence from high-quality trials from low- and middle-income
countries (LMICs) is limited. We conducted a double-blind, randomized, placebo-controlled trial
among 957 pregnant women (singleton gestation, 14–20 weeks’ gestation at enrollment) in India
to test the effectiveness of 400 mg/day algal docosahexaenoic acid (DHA) compared to placebo
provided from enrollment through delivery. Among 3379 women who were screened, 1171 were
found eligible; 957 were enrolled and were randomized. The intervention was two microencapsulated
algal DHA (200 × 2 = 400 mg/day) or two microencapsulated soy and corn oil placebo tablets to be
consumed daily from enrollment (≤20 weeks) through delivery. The primary outcome was newborn
anthropometry (birth weight, length, head circumference). Secondary outcomes were gestational age
and 1 and 5 min Appearance, Pulse, Grimace, Activity, and Respiration (APGAR) score. The groups
(DHA; n = 478 and placebo; n = 479) were well balanced at baseline. There were 902 live births.
Compliance with the intervention was similar across groups (DHA: 88.5%; placebo: 87.1%). There
were no significant differences between DHA and placebo groups for birth weight (2750.6 ± 421.5
vs. 2768.2 ± 436.6 g, p = 0.54), length (47.3 ± 2.0 vs. 47.5 ± 2.0 cm, p = 0.13), or head circumference
(33.7 ± 1.4 vs. 33.8 ± 1.4 cm, p = 0.15). The mean gestational age at delivery was similar between
groups (DHA: 38.8 ± 1.7 placebo: 38.8 ± 1.7 wk, p = 0.54) as were APGAR scores at 1 and 5 min.
Supplementing mothers through pregnancy with 400 mg/day DHA did not impact the offspring‘s
birthweight, length, or head circumference.

Keywords: docosahexaenoic acid (DHA); long chain omega-3 fatty acids; maternal supplementation;
pregnancy outcomes; anthropometry; birth weight; birth length; head circumference

1. Introduction

Birth weight is a key predictor of the health trajectory of a child [1]. In 2015, the
global prevalence of low birth weight (LBW) was recorded to be 14.6%, and 91% of these
were from low- and middle-income countries (LMICs), primarily in southern Asia (48%)
and sub-Saharan Africa (24%) [2]. LBW and preterm birth are leading causes of neonatal
death in LMICs [3]. In addition, LBW is associated with an increased risk of numerous
adverse health outcomes in childhood [4,5] and adulthood [6,7]. Women in deprived
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socio-economic conditions frequently have poor nutrition and consequently deliver infants
with LBW [8]. Evidence from several studies, including birth cohorts in Brazil, Guatemala,
India, The Philippines, and South Africa [9], shows that poor fetal growth carries a higher
risk of chronic diseases related to nutrition later in adult life.

LBW can be the result of preterm birth (PTB) and/or intrauterine growth restriction
(IUGR). The underlying causes of both PTB and IUGR are multi-factorial, including infec-
tious diseases, hypertensive disorders, trauma and illness, maternal characteristics, and
social determinants. However, the etiologies lead to a common pathway of insufficient
uterine–placental perfusion and fetal nutrition [10]. Among the maternal characteristics,
maternal nutritional status has been identified as one of the key determinants for LBW
in India [11]. Current dietary recommendations for pregnant women emphasize pro-
tein, energy, vitamin, and mineral adequacy, but increasing attention is being given to
dietary lipids, especially essential fatty acids (EFAs) [12]. Long-chain polyunsaturated
fatty acid (LC-PUFA) intake during pregnancy influences both maternal and infant fatty
acid status at birth [13], which itself is associated with birth weight and gestational age at
birth [14]. A substantial proportion of the Indian population is vegetarian (35%, ranging
from 10% to 62% across regions) or observes religious dietary restrictions that can result
in multiple nutrient deficiencies [15]. Since the main dietary source of DHA is oily fish,
non-supplemented vegetarian diets contain little DHA, and vegan diets contain virtually
none. Indian women have low intakes of omega-3 fatty acids—median alpha linolenic acid
(ALA), eicosapentanoic acid (EPA) and docosahexaenoic acid (DHA) levels are 560, 3, and
1.1 mg/day during pregnancy, respectively [16]. This is significantly lower than the daily
EPA and DHA consumption recommended by the Food and Agriculture Organization
(FAO) [17] (2010), for pregnant and lactating women (300 mg per day EPA + DHA, of
which 200 mg per day is DHA).

Growing evidence suggests that supplementation during pregnancy with omega-
3 fatty acids, especially DHA, may improve birth outcomes. In a prospective cohort
study from southern India, women who did not eat fish during the third trimester had a
significantly higher risk of LBW (OR: 2.49, p = 0.019) when compared to women whose
intake was above median, that is, 9.33 g/day (interquartile range: 5.10–15.69) [18]. A review
by Makrides and Best [19], documenting the global evidence on epidemiological studies
and trials conducted in this area, suggested that N-3 LCPUFA supplementation during
pregnancy increased the mean duration of gestation by 2 days; there was also a 40–50%
reduction in early preterm birth (<34 weeks’ gestation) [19]. In the United States of America,
DHA supplementation resulted in longer gestation duration (2.9 d; p = 0.041) and greater
birth weight (172 g; p = 0.004), length (0.7 cm; p = 0.022), and head circumference (HC)
(0.5 cm; p = 0.012) [20]. Among Mexican women randomized to 400 mg/day of algal DHA
or placebo from 18 to 22 weeks of gestation through delivery, the intent-to-treat analysis
showed no differences between the placebo and DHA groups in newborn anthropometry,
but offspring of supplemented primigravidae were 99.4 g heavier (95% CI, 5.5 to 193.4) and
had 0.5 cm larger HC (diff = 95% CI, 0.1 to 0.9) than controls [21]. In the DHA to Optimize
Mother Infant Outcome (DOMInO) trial from Australia, women who received fish oil
supplements had a lower risk of very preterm birth (1.09% in the DHA group compared to
2.25% in the control group); mean birth weight was 68 g (95% CI, 23–114 g) heavier, and
fewer infants had LBW (3.41% vs. 5.27%; 95% CI, 0.44–0.96) [22].

As results have been inconsistent, and little research on this question comes from
LMIC contexts where the underlying nutritional status and etiology of LBW may differ,
we assessed the impact of maternal DHA supplementation on newborn anthropometry,
APGAR score, duration of gestation, and low birth weight among Indian women.

2. Materials and Methods
2.1. Trial Design and Setting

DHANI (effect of n-3 fatty acid (DHA) supplementation during pregnancy on newborn
birth weight and gestational age in India) was established as a randomized, double-blinded,
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placebo-controlled trial to assess the effect of 400 mg/day algal prenatal DHA consumption
by healthy Indian women from ≤20 weeks of singleton gestation till delivery on their
offspring’s size (weight, length, and head circumference) at birth. The detailed trial
protocol has been published elsewhere [23]. DHANI is registered on the CTRI website as
CTRI/2013/04/003540 and at clinical trials.gov as NCT01580345. Ethical clearance was
obtained from institutional review boards (IRBs) of all participating institutions: Center for
Chronic Disease Control (CCDC-IEC_04_2015), Public Health Foundation of India (PHFI)
(TRC-IEC-261/15), and Jawaharlal Nehru Medical College (MDC/IECHSR/2016-17/A-85).

2.2. Participants and Trial Procedures

The study population was healthy pregnant women, aged 18–35 years with singleton
pregnancy under ≤20 weeks of gestation, with no obstetric high-risk conditions, medical
complications, or chronic diseases, attending the Department of Obstetrics and Gynecology
at the Prabhakar Kore Hospital (PKH) in Belgavi, a largely rural district in Karnataka State,
southwest India for antenatal care. Designated project staff approached women, and the
consulting obstetrician on site, considering obstetric history and complications, affirmed final
eligibility. Consenting eligible women were randomized by project staff to receive either
400 mg/day DHA or a placebo after providing written informed consent using a form in
their preferred local language (Kannada, Marathi, or Hindi) and observed by a witness.
Information on sociodemographic characteristics, obstetric and medical history, dietary intake
(with a pre-piloted semi-quantitative food frequency questionnaire focusing on n-3 LC-PUFA-
rich Indian foods), anthropometric measurements, a non-fasting blood draw, and vital signs
were obtained at enrollment. The women were then given the supplements in the form of
coded bottles (each bottle had a 2 week supply) matching the allotted code for the participant.
Further supplements were either collected by the women from the study site or were delivered
to the women’s homes every fortnight by fieldworkers.

Research staff maintained contact with all women, especially during the last trimester,
and visited the woman in the delivery ward within 24 h of delivery to collect data on
gestational age at delivery, type of delivery, complications (if any), pregnancy outcome,
APGAR (Appearance, Pulse, Grimace, Activity, Respiration) score, newborn anthropometry
(weight, length, and head circumference), and maternal and cord blood samples.

2.3. Randomization, Masking, and Intervention

The randomization list for 1200 women was generated using a permuted block design
(randomly allocating 600 women to DHA or placebo). The assignment code list was placed
in a sealed envelope at the beginning of the study and in a secure location at PHFI by a staff
member not involved in the trial. Study participants and research staff (including those at
the study site) remained blinded to the treatment allocation throughout the duration of
fieldwork. After obtaining due approval from the Data Safety Monitoring Board (DSMB)
of the study, full analyses were carried out. Unblinding of the treatment group was done
only after the generation of the primary tables.

The details of the intervention have been published already [23], but briefly, the inter-
vention was comprised of 635 mg soft gel capsules having either 200 mg/day algal DHA
or a placebo (soy/corn oil in a 50:50 ratio), identical in taste and appearance. The active
ingredient DHA-S (also known as “DHA algal oil”) is a naturally occurring, microalgal oil
derived from Schizochytrium sp. (DSM Nutritional Products, Columbia, MD, USA). The
sealed capsules had a shelf life of 2 years from the date of manufacture when stored at room
temperature (25 ◦C) and 90 days once the bottle was opened. The women were instructed
to store capsules in a cool, dry place and to take two capsules daily, preferably at the same
time each day. Supplements were provided for more than two weeks in cases where the
woman shared plans to travel. Enrolled women received supplements from the date of
randomization through 6 months postpartum; for the present analysis, only supplement
intake through delivery was considered.
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2.4. Outcomes

The primary outcome for the DHANI trial was newborn anthropometry (birth weight,
birth length, head circumference). Secondary outcomes included gestational age, APGAR
scores at 1 and 5 min, still births, LBW, and preterm. All research staff at the study
site were apprised of the data collection methods before the start of the trial and were
provided regular refresher training every 6 months. Abstracted data included gestational
age, pregnancy outcome (live birth, sex of baby, type of delivery), and APGAR score at
1 min and 5 min. Gestational age at delivery was calculated in weeks by noting the number
of days from the last menstrual period (LMP) until delivery. Preterm delivery was defined
as delivery after 20 weeks and before 37 completed weeks. Anthropometric data were
collected by a trained research assistant within 24 h of delivery. Birth weight was measured
to the nearest 10 g by using a portable single-pan digital pediatric weighing scale. Low
birth weight was defined as recorded birth weight less than 2500 g. Birth length and
head circumference were measured by trained research staff to the nearest 1 mm using
a portable anthropometer with a fixed headpiece and a non-stretchable measuring tape,
respectively, according to standard procedures. Fetal losses during pregnancy—including
miscarriages/abortions and still-births and the APGAR scores were obtained from the
hospital records by study personnel on-site, or details were brought by field workers (in
case mother went to any other hospital). Stillbirths were defined as fetuses delivered at
20 weeks of gestation or later with no signs of life and recorded as occurring before or
during the onset of labor; neonatal deaths were defined as deaths among live-born infants
occurring within 28 days after delivery.

2.5. Adherence and Follow Up

Subjects were asked to maintain a daily record of their supplement consumption using
a form provided by study staff. Weekly calls were made by the research staff to encourage
compliance and inquire about general well-being. The used bottles were collected (for
pill count) by the field-workers during the fortnightly home visits. The compliance was
calculated as the total number of capsules actually consumed, expressed as a percentage
of the total number expected to be consumed, which was assessed based on a compliance
form filled by the participant and verified by the research staff at all home visits. A sub-
sample of venous blood samples collected from the mother at recruitment and delivery
was analyzed for DHA levels.

2.6. Statistical Analysis

Using data from published literature from another developing country setting [21], we
estimated that a sample of 350 mothers per group would have at least 80% power to detect an
effect size of 0.20 standard deviation (SD) or greater for the primary outcomes (birth weight
and gestational age) at the end of the study, with a significance level of 0.05 for a two-tailed
test. A 10% loss to follow-up during pregnancy and 45 as the neonatal mortality rate (NMR)
were taken into account. This sample size would also allow us to detect minimum differences
in birth weight of 100 g (0.2 SD) between groups with at least 80% power.

Baseline maternal and offspring characteristics were summarized as means and stan-
dard deviations or medians and inter-quartile ranges as appropriate, and categorical
variables were summarized using proportions.

We used a two-sample t-test to compare the differences in mean birth weight, birth
length, head circumference, and APGAR score at 1 min and 5 min at delivery between
the DHA and placebo groups. We also calculated the z score for birth weight, length, and
head circumference using standards established by the (International Fetal and Newborn
Growth Consortium for the 21st century (INTERGROWTH-21) Project [24] and compared
the difference in z score between DHA and placebo group using two-sample t-tests. The
differences in proportion for preterm birth and LBW between the DHA and placebo groups
were compared using the two-proportion z-test. The analysis was done using the intent to
treat (ITT) principle.
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We conducted several pre-specified subgroup analyses to estimate the treatment
effects within different categories of maternal age (18–20, 21–25, 26–30, 31–35 years), body
mass index (BMI) at enrollment (<18.5 kg/m2; 18.5–23.0 kg/m2; 23.0–27.5 kg/m2; and
27.5 kg/m2) as per Asian cut-offs [25], gravidity (multi-gravida, primi gravida), gestational
age at delivery (<37, ≥37 weeks), compliance (<80.0%, ≥80.0%), vegetarian diet (yes, no),
and child sex (male, female). The p-value for heterogeneity was calculated by including the
interaction term between the characteristic of interest and treatment group in the linear
regression model. The significance of within-subgroup treatment effects was adjusted
for multiplicity for multiple subgroup analyses using the Bonferroni criterion, i.e., by
dividing the overall significance level by the total number of subgroup analyses performed.
For sensitivity analysis, we compared the baseline characteristics between the final study
sample and those who were lost to follow-up. p values <0.05 were considered to be
statistically significant. All statistical analysis was done using STATA 16.0 version (College
Station, TX, USA) and R 3.6.2 software (Free Software Foundation, Inc., Boston, MA, USA).

3. Results
3.1. Trial Population

A total of 3379 women were screened, and 1131 were found to be eligible. Among
these, 957 mothers provided informed consent and were randomly assigned to receive
DHA (n = 478) or placebo (n = 479) (Figure 1).
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Figure 1. Consort # reasons for exclusion: gestational diabetes (n = 69); Hb < 7 g% (n = 46); gestational
age > 20 weeks (n = 673); high risk pregnancies (n = 118); chronic conditions (n = 246); under any
other trial (n = 4); delivery plan other than PK (n = 835); missing/wrong contact information (n = 257).
* Others included abortion (n = 1); abruptio placenta (n = 1); fresh still birth (n = 4); macerated
still birth (n = 3); neonatal death (n = 1) in DHA group. ** Others included fresh still birth (n = 4);
macerated still birth (n = 2); medical termination (n = 1) in placebo group.

Overall, the mean (SD) age of the mothers was 23.5 (3.6) years, and gestational age
(median (interquartile interval)) at enrolment was 15.0 (12.0, 18.0) weeks. A total of 79% of
the women had completed at least secondary school and 23% of the women were employed.
About 12% of the women reported monthly household income more than Rs 20,000 (285 USD
taking 1 USD = 70 INR). Baseline characteristics of the enrolled women were similar between
DHA and placebo groups (Table 1). The details have been published elsewhere [23]. In
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addition, there was no difference in baseline characteristics between those who were followed
up till delivery and those who were not (Supplementary Materials Table S1).

Table 1. Maternal anthropometrics and DHA level according to treatment group at randomization.

Variable DHA (n = 478) Placebo (n = 479)

Maternal age (year), mean ± SD 23.5 ± 3.5 23.6 ± 3.7
Gestational age at enrollment (weeks), median (p25, p75) 15.0 (12.0, 18.0) 14.0 (12.0, 18.0)

Weight (kg), mean ± SD 48.9 ± 9.0 48.9 ± 8.5
Height (cm), mean ± SD 154.1 ± 5.6 153.9 ± 5.7

Body mass index (kg/m2), mean ± SD 20.5 ± 3.5 20.7 ± 3.6
MUAC (cm), mean ± SD 24.3 ± 3.0 24.3 ± 3.1

Hb (g%), mean ± SD 11.1 ± 1.3 11.2 ± 1.3
DHA (mol% of fatty acid) *, mean ± SD 0.86 ± 0.78 0.88 ± 0.71

MUAC: mid upper arm circumference; Hb: hemoglobin; DHA: docosahexaenoic acid; * n = 258 (DHA); n = 224 (placebo).

The two groups did not differ in estimated intake of energy or any macronutrient at
baseline (Supplementary Table S2 and Table 2). The mean DHA levels at baseline and delivery
by birth weight (<2500 g; ≥2500 g), length (<50 cm; ≥50 cm), and head circumference
(<34 cm; ≥34 cm) are shown in Table 3. The mean DHA levels at baseline did not differ
overall between the two groups. A significant change was observed in the mean DHA values
at delivery, being higher in the DHA group as compared to placebo, both overall and when
subdivided by birth weight, length, head circumference, and gestational age.

Table 2. Mean DHA (mol% of fatty acid) levels in RBC phospholipids.

DHA Levels
DHA Placebo Mean Difference *

(95% CI) p-Value
n, Mean ± SD, Median (p25, p75) n, Mean ± SD, Median (p25, p75)

Overall

DHA at baseline n = 256, 0.86 ± 0.78, 0.56 (0.31, 1.20) n = 224, 0.88 ± 0.71, 0.55 (0.37, 1.28) 0.02 (−0.11, 0.15) 0.770
DHA at delivery n = 269, 2.03 ± 1.76, 1.41 (0.61, 2.99) n = 242, 1.12 ± 0.86, 0.83 (0.42, 1.72) −0.91 (−1.16, −0.67) <0.001

Birth Weight < 2500 g

DHA at baseline n = 63, 0.96 ± 0.89, 0.59 (0.39, 1.41) n = 47, 0.74 ± 0.69, 0.46 (0.37, 0.95) −0.22 (−0.53, 0.09) 0.170
DHA at delivery n = 67, 2.00 ± 1.81, 1.39 (0.63, 2.79) n = 50, 1.17 ± 0.80, 0.96 (0.48, 1.74) −0.83 (−1.37, −0.29) 0.003

Birth Weight ≥ 2500 g

DHA at baseline n = 193, 0.83 ± 0.75, 0.53 (0.3, 1.11) n = 177, 0.92 ± 0.71, 0.59 (0.37, 1.33) 0.09 (−0.06, 0.24) 0.221
DHA at delivery n = 202, 2.04 ± 1.74, 1.43 (0.6, 3.17) n = 192, 1.10± 0.88, 0.78 (0.4, 1.7) −0.94 (−1.22, −0.66) <0.001

Gestation Age < 37 Weeks

DHA at baseline n = 18, 1.1 ± 0.74, 0.79 (0.61, 1.55) n = 19, 0.55 ± 0.37, 0.41 (0.37, 0.66) −0.55 (−0.93, −0.16) 0.007
DHA at delivery n = 17, 2.24 ± 1.81, 1.72 (0.96, 2.97) n = 19, 0.99 ± 0.72, 0.62 (0.41, 1.72) 1.25 (−2.16, −0.33) 0.009

Gestation Age ≥ 37 Weeks

DHA at baseline n = 238,0.84 ± 0.79, 0.53 (0.31, 1.14) n = 205,0.91 ± 0.72, 0.59 (0.37, 1.3) −0.07 (−0.07, 0.21) 0.333
DHA at delivery n = 252, 2.02 ± 1.76, 1.4 (0.59, 3.08) n = 223, 1.13 ± 0.87, 0.83 (0.42, 1.72) −0.89 (−1.15, −0.64) <0.001

Birth Length < 50 cm

DHA at baseline n = 234, 0.89 ± 0.81, 0.58 (0.32, 1.33) n = 194, 0.85 ± 0.71, 0.52 (0.34, 1.23) −0.04 (0.1, −0.33) 0.556
DHA at delivery n = 245, 2.04 ± 1.77, 1.39 (0.62, 3.17) n = 213, 1.1 ± 0.86, 0.78 (0.42, 1.72) −0.94 (-0.68, −0.33) <0.0001

Birth Length ≥ 50 cm

DHA at baseline n = 21, 0.51 ± 0.33, 0.44 (0.28, 0.59) n = 30, 1.11 ± 0.64, 1 (0.62, 1.47) 0.6 (0.91, −0.33) 0.0003
DHA at delivery n = 24, 1.97 ± 1.7, 1.72 (0.58, 2.45) n = 29, 1.28 ± 0.87, 1.14 (0.54, 1.73) −0.69 (0.04, −0.33) 0.063

Head Circumference < 34 cm

DHA at baseline N = 123, 0.95 ± 0.89, 0.59 (0.34, 1.36) N = 98, 0.82 ± 0.66, 0.53 (0.39, 1.23) −0.12 (0.09, −0.33) 0.258
DHA at delivery n=132, 2.16 ± 1.81, 1.49 (0.73, 2.98) N = 106, 1.16 ± 0.89, 0.93 (0.45, 1.74) −1.00 (−0.62, −0.33) <0.0001

Head Circumference ≥ 34 cm

DHA at baseline n = 132, 0.78 ± 0.67, 0.52 (0.29, 0.97) n = 126, 0.93 ± 0.74, 0.57 (0.34, 1.4) 0.15 (0.32, −0.33) 0.0916
DHA at delivery n = 137,1.91 ± 1.7, 1.19 (0.55, 3.17) n = 136, 1.08 ± 0.84, 0.78 (0.41, 1.7) −0.83 (−0.51, −0.33) <0.0001

DHA levels were analyzed only in a subset of women; data are presented as mean ± standard deviation, median (p25, p75); DHA:
docosahexaenoic acid; p-Value calculated using unpaired t-test; * difference = placebo minus DHA.
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Table 3. Birth outcomes for all live births according to treatment group.

Birth Outcomes
DHA Placebo Mean Difference §

(95% CI)
p-Value

n Mean ± SD/n (%) n Mean ± SD/n (%)

Gestational age at delivery (weeks) 440 38.8 ± 1.7 440 38.8 ± 1.7 0.07 (−0.16, 0.30) 0.54
Preterm birth (gestation < 37 week) † 440 28 (6.4%) 440 33 (7.5%) 0.01 (−0.02, 0.04)‡ 0.52

Newborn Anthropometry

Birth weight (grams) 440 2750.6 ± 421.5 440 2768.2 ± 436.6 17.6 (−39.2, 74.4) 0.54
Low birth weight (<2500 g) † 440 105 (23.9%) 440 99 (22.5%) −0.01 (−0.07, 0.04) ‡ 0.63

Birth length (cm) 413 47.3 ± 2.0 410 47.5 ± 2.0 0.21 (−0.06, 0.48) 0.13
Birth head circumference (cm) 413 33.7 ± 1.4 410 33.8 ± 1.4 0.14 (−0.05, 0.34) 0.15

Apgar score at 1 min 372 6.9 ± 0.8 376 6.9 ± 0.8 0.01 (−0.11, 0.13) 0.91
Apgar score at 5 min 373 8.0 ± 0.7 378 8.0 ± 0.7 0.03 (−0.07, 0.12) 0.60

Size for Gestational Age and Sex According to Standardized Measures ¶

Birth weight for gestational age
z score 440 −0.97 ± 0.98 440 −0.95 ± 0.95 0.03 (−0.1, 0.16) 0.67

Birth length for gestational age z score 413 −0.84 ± 1.04 410 −0.73 ± 1.12 0.11 (−0.03, 0.26) 0.13
Birth head circumference for

gestational age z score. 413 0.09 ± 1.05 410 0.20 ± 0.97 0.11 (−0.03, 0.25) 0.11

Small for gestational age *,@ 440 172 (39.1%) 440 172 (39.1%) na na
† n (%); ‡ difference in proportions reported; § difference = (placebo − DHA); difference in mean values reported using two-sample
t-test. Difference in proportions reported using proportion test; ¶ standards are based on those established by the INTERGROWTH-21st
(International Fetal and Newborn Growth Consortium for the 21st century) Project [23]. @: Infants considered to be small for gestational age
had a weight-for-age z score that was below the 10th percentile according to neonatal standards established by the INTERGROWTH-21st
Project. Na: not applicable.

Supplementary Materials Table S3 shows the mean change in DHA levels from base-
line to delivery by treatment group. There is an increase in mean DHA level in both the
groups from baseline to delivery (DHA 1.20 (0.98, 1.43), p = <0.001; placebo 0.24 (0.11, 0.36),
p = 0.0002).

There were 450 (94.1%) and 452 (94.3%) live births in the DHA (n = 478) and placebo
(n = 479) groups, respectively. Compliance was high in both groups (DHA: 88.5% and
placebo: 87.1%). There were 230 (52.3%) and 235 (53.4%) male children in the DHA and
placebo groups, respectively, and percentages were calculated based on 440 (DHA) and
440 (placebo) analyzed neonates.

3.2. Outcomes

Table 3 shows birth outcomes for all live births according to the treatment group. There
were no significant differences between DHA and placebo groups for mean birth weight
(2750.6 ± 421.5 vs. 2768.2 ± 436.6 g, p = 0.54), birth length (47.3 ± 2.0 vs. 47.5 ± 2.0 cm,
p = 0.13), or head circumference (33.7 ± 1.4 vs. 33.8 ± 1.4 cm, p = 0.15). The APGAR
scores at 1 min and 5 min were similar between the groups. We did not find any significant
difference between DHA and placebo groups in z scores for birth weight, length, and
head circumference.

Gestational age at delivery was similar between DHA and placebo groups (DHA vs.
placebo: 38.8 ±1.7 vs. 38.8 ± 1.7 wk, p = 0.54). The prevalence of preterm birth and low
birth weight did not differ significantly between the groups. Unfortunately, the causes
of preterm birth and the number of intra uterine growth retardation (IUGR) cases were
not collected.

3.3. Sub-Group Analysis

Figures 2–4 show the results of sub-group analyses for birth weight, birth length, and
head circumference, respectively. The effect of DHA on the birth size (i.e., weight, length,
and head circumference) did not differ across any of the subgroups examined (p = 0.007,
p-value adjusted for multiplicity using Bonferroni correction). Similarly, there was no
evidence of differences by compliance, the gender of the child, or preterm status.

83



Nutrients 2021, 13, 730

Nutrients 2021, 13, x FOR PEER REVIEW 8 of 12 
 

 

† n (%); ‡ difference in proportions reported; § difference = (placebo − DHA); difference in mean values reported using two-
sample t-test. Difference in proportions reported using proportion test; ¶ standards are based on those established by the 
INTERGROWTH-21st (International Fetal and Newborn Growth Consortium for the 21st century) Project [23]. @: Infants 
considered to be small for gestational age had a weight-for-age z score that was below the 10th percentile according to 
neonatal standards established by the INTERGROWTH-21st Project. Na: not applicable. 

Supplementary Materials Table S3 shows the mean change in DHA levels from base-
line to delivery by treatment group. There is an increase in mean DHA level in both the 
groups from baseline to delivery (DHA 1.20 (0.98, 1.43), p = <0.001; placebo 0.24 (0.11, 0.36), 
p = 0.0002). 

There were 450 (94.1%) and 452 (94.3%) live births in the DHA (n = 478) and placebo 
(n = 479) groups, respectively. Compliance was high in both groups (DHA: 88.5% and 
placebo: 87.1%). There were 230 (52.3%) and 235 (53.4%) male children in the DHA and 
placebo groups, respectively, and percentages were calculated based on 440 (DHA) and 
440 (placebo) analyzed neonates. 

3.2. Outcomes 
Table 3 shows birth outcomes for all live births according to the treatment group. 

There were no significant differences between DHA and placebo groups for mean birth 
weight (2750.6 ± 421.5 vs. 2768.2 ± 436.6 g, p = 0.54), birth length (47.3 ± 2.0 vs. 47.5 ± 2.0 
cm, p = 0.13), or head circumference (33.7 ± 1.4 vs. 33.8 ± 1.4 cm, p = 0.15). The APGAR 
scores at 1 min and 5 min were similar between the groups. We did not find any significant 
difference between DHA and placebo groups in z scores for birth weight, length, and head 
circumference. 

Gestational age at delivery was similar between DHA and placebo groups (DHA vs. 
placebo: 38.8 ±1.7 vs. 38.8 ± 1.7 wk, p = 0.54). The prevalence of preterm birth and low birth 
weight did not differ significantly between the groups. Unfortunately, the causes of pre-
term birth and the number of intra uterine growth retardation (IUGR) cases were not col-
lected. 

3.3. Sub-Group Analysis 
Figures 2–4 show the results of sub-group analyses for birth weight, birth length, and 

head circumference, respectively. The effect of DHA on the birth size (i.e., weight, length, 
and head circumference) did not differ across any of the subgroups examined (p = 0.007, 
p-value adjusted for multiplicity using Bonferroni correction). Similarly, there was no ev-
idence of differences by compliance, the gender of the child, or preterm status. 

 
Figure 2. Sub-group analysis for newborn birthweight. Figure 2. Sub-group analysis for newborn birthweight.

Nutrients 2021, 13, x FOR PEER REVIEW 9 of 12 
 

 

 
Figure 3. Sub-group analysis for newborn birth length. 

 
Figure 4. Sub-group analysis for newborn head circumference. 

4. Discussion 
In this study, maternal supplementation with 400 mg/day DHA in the second half of 

pregnancy did not affect the weight, length, or head circumference of the offspring at 
birth. While this was in contrast to findings from some high-income settings [14], it con-
curs with other studies from relatively comparable settings [21]. 

Although mechanistic pathways linking maternal polyunsaturated fatty acid 
(PUFA), especially DHA status with gestational length, are poorly delineated, prenatal 
DHA supplementation has been shown to enhance the gestation duration in some studies 
[26]. This longer gestation duration with fish oil that contains EPA as well as DHA may 
be due to an alteration in the balance of prostaglandins derived from EPA and arachidonic 
acid [27]. A high proportion of omega-6 to omega-3 FAs can contribute to increased pro-
inflammatory eicosanoids (i.e., prostaglandin E2 (PGE2) and prostaglandin F2 (PGF2)) 
production. These metabolites have been shown to be linked with the initiation of labor 
and premature labor. Including more EPA in the diet may lead to a reduction in the pro-
duction of pro-inflammatory eicosanoids and expanded production of prostacyclin 
(PGI2), which may promote myometrial relaxation. Omega-3 LC-PUFA, especially DHA, 
downregulates production of prostaglandins PGE2 and PGF2 and may thus inhibit the 
process of parturition. This has been postulated to be associated with increased gestation 
duration and the accretion of intrauterine LC-PUFA [28]. Longer gestation indeed also 
influences newborn anthropometry positively, and thus DHA was shown to also confer 

Figure 3. Sub-group analysis for newborn birth length.

Nutrients 2021, 13, x FOR PEER REVIEW 9 of 12 
 

 

 
Figure 3. Sub-group analysis for newborn birth length. 

 
Figure 4. Sub-group analysis for newborn head circumference. 

4. Discussion 
In this study, maternal supplementation with 400 mg/day DHA in the second half of 

pregnancy did not affect the weight, length, or head circumference of the offspring at 
birth. While this was in contrast to findings from some high-income settings [14], it con-
curs with other studies from relatively comparable settings [21]. 

Although mechanistic pathways linking maternal polyunsaturated fatty acid 
(PUFA), especially DHA status with gestational length, are poorly delineated, prenatal 
DHA supplementation has been shown to enhance the gestation duration in some studies 
[26]. This longer gestation duration with fish oil that contains EPA as well as DHA may 
be due to an alteration in the balance of prostaglandins derived from EPA and arachidonic 
acid [27]. A high proportion of omega-6 to omega-3 FAs can contribute to increased pro-
inflammatory eicosanoids (i.e., prostaglandin E2 (PGE2) and prostaglandin F2 (PGF2)) 
production. These metabolites have been shown to be linked with the initiation of labor 
and premature labor. Including more EPA in the diet may lead to a reduction in the pro-
duction of pro-inflammatory eicosanoids and expanded production of prostacyclin 
(PGI2), which may promote myometrial relaxation. Omega-3 LC-PUFA, especially DHA, 
downregulates production of prostaglandins PGE2 and PGF2 and may thus inhibit the 
process of parturition. This has been postulated to be associated with increased gestation 
duration and the accretion of intrauterine LC-PUFA [28]. Longer gestation indeed also 
influences newborn anthropometry positively, and thus DHA was shown to also confer 

Figure 4. Sub-group analysis for newborn head circumference.

4. Discussion

In this study, maternal supplementation with 400 mg/day DHA in the second half of
pregnancy did not affect the weight, length, or head circumference of the offspring at birth.
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While this was in contrast to findings from some high-income settings [14], it concurs with
other studies from relatively comparable settings [21].

Although mechanistic pathways linking maternal polyunsaturated fatty acid (PUFA),
especially DHA status with gestational length, are poorly delineated, prenatal DHA sup-
plementation has been shown to enhance the gestation duration in some studies [26].
This longer gestation duration with fish oil that contains EPA as well as DHA may be
due to an alteration in the balance of prostaglandins derived from EPA and arachidonic
acid [27]. A high proportion of omega-6 to omega-3 FAs can contribute to increased pro-
inflammatory eicosanoids (i.e., prostaglandin E2 (PGE2) and prostaglandin F2 (PGF2))
production. These metabolites have been shown to be linked with the initiation of labor
and premature labor. Including more EPA in the diet may lead to a reduction in the
production of pro-inflammatory eicosanoids and expanded production of prostacyclin
(PGI2), which may promote myometrial relaxation. Omega-3 LC-PUFA, especially DHA,
downregulates production of prostaglandins PGE2 and PGF2 and may thus inhibit the
process of parturition. This has been postulated to be associated with increased gestation
duration and the accretion of intrauterine LC-PUFA [28]. Longer gestation indeed also
influences newborn anthropometry positively, and thus DHA was shown to also confer
small benefits on newborn anthropometry because of its impact on gestation duration.
However, our trial did not find any such benefit.

A recent 2018 Cochrane review [29] looking at the impact of omega 3 fatty acids
(including both DHA and EPA) concludes that omega 3 LCPUFA reduces the incidence of
preterm birth <37 weeks and early preterm birth <34 weeks in women receiving omega-3
LCPUFA compared with no omega-3s. Thus, in our study the supplementation of DHA
without other fractions like EPA may not have been able to result in an effect on gestation
length. This review of high-quality evidence from 15 trials with 8449 participants also noted
that there was a reduced risk LBW (15.6% versus 14%; RR 0.90, 95% CI 0.82 to 0.99) [29].
Increased birthweight due to prenatal DHA supplementation has been observed in only
primiparous women [30]. The authors suggest that since primiparous women were, on
average, younger than multiparous women, their own body stores of DHA are not well
established and available to the fetus and infant [30]. Ramakrishnan et al., from the same
cohort, showed that the offspring of primigravid women who received DHA were heavier
at birth than the offspring of primigravid women who received placebo (difference, 99.4 g;
95% CI, 5.5 to 193.4) and had larger head circumferences (difference, 0.5 cm; 95% CI, 0.1 to
0.9 cm) [21]. In the current study, however, the woman’s parity did not affect the effect of
DHA on the newborn’s birth weight, length, or head circumference.

Key strengths of this study are the strong study design combined with high retention
rates and compliance (verified by the rise in erythrocyte DHA levels).

Another parameter which is often of interest is the timing of initiation of supplemen-
tation during pregnancy. The other salient trials [14,19] initiated DHA supplementation
during mid pregnancy (14.5 weeks and 19 weeks median, respectively). Similarly, in our
trial, DHA supplementation started between 12 and 18 weeks of pregnancy, with a median
value of 15 weeks. Nevertheless, we did not observe any impact of DHA on the outcomes,
unlike the two other trials.

The complexity of multiple other factors apart from DHA in affecting birth size needs
to be recognized. Factors like the maternal diet at multiple time points during pregnancy,
family support, stress levels [31], and the consumption of other important micronutrients
like iron and zinc that were not assessed may have influenced birth size [32]. Further,
we do not have data on the single nucleotide polymorphisms (SNPs) in the fatty acid
desaturase (FADS) gene that has been known to affect the activity of the enzymes that
convert PUFAs into their long-chain active form and may determine who benefits from
supplementation [33,34]. Future large-scale trials taking into account all these factors
are warranted.
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5. Conclusions

In summary, no beneficial effects of prenatal supplementation of Indian women with
DHA from mid-pregnancy through delivery on newborn anthropometry were observed.
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3/13/3/730/s1: Table S1: Comparison of baseline characteristics comparing women who continued
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delivery.
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Abstract: Intake of dietary docosahexaenoic acid (DHA 22:6n-3) is very low among Indian
pregnant women. Maternal supplementation during pregnancy and lactation may benefit offspring
neurodevelopment. We conducted a double-blind, randomized, placebo-controlled trial to test
the effectiveness of supplementing pregnant Indian women (singleton gestation) from ≤20 weeks
through 6 months postpartum with 400 mg/d algal DHA compared to placebo on neurodevelopment
of their offspring at 12 months. Of 3379 women screened, 1131 were found eligible; 957 were
randomized. The primary outcome was infant neurodevelopment at 12 months, assessed using
the Development Assessment Scale for Indian Infants (DASII). Both groups were well balanced on
sociodemographic variables at baseline. More than 72% of women took >90% of their assigned
treatment. Twenty-five serious adverse events (SAEs), none related to the intervention, (DHA group
= 16; placebo = 9) were noted. Of 902 live births, 878 were followed up to 12 months; the DASII
was administered to 863 infants. At 12 months, the mean development quotient (DQ) scores in
the DHA and placebo groups were not statistically significant (96.6 ± 12.2 vs. 97.1 ± 13.0, p = 0.60).
Supplementing mothers through pregnancy and lactation with 400 mg/d DHA did not impact
offspring neurodevelopment at 12 months of age in this setting.

Keywords: maternal supplementation; pregnancy; lactation; docosahexaenoic acid (DHA);
neurodevelopment; randomized controlled trial (RCT); India
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1. Introduction

The first 1000 days are crucial for a child’s neurodevelopment [1]. The brain develops rapidly
through neurogenesis, axonal and dendritic growth, synaptogenesis, synaptic pruning, myelination,
and gliogenesis [2]. These events build on each other, such that even small perturbations can have
long-term effects on the brain’s structural and functional capacity [3]. Maternal nutrition during this
time influences both pre- and postnatal growth, and development of the offspring [4–6].

It has been suggested that n-3 long-chain polyunsaturated fatty acids (LCPUFA)
(especially docosahexaenoic acid [DHA]) levels enhance infant neurodevelopment [7–11]. The DHA
is an important structural component of the human brain and retina. DHA accumulates in all of the
brain regions and retinal photoreceptors [12]. These long-chain fatty acids regulate the fluidity of
cell membranes as well as the activity of ion channels, enabling synaptic transmission and providing
substrate binding to membrane receptors. The deposition of DHA in human brain phospholipids
occurs primarily during the last trimester of pregnancy such as week 30 until the early postnatal periods
continuing during the first two years of life [13–15]. Human fetuses and young infants have limited
ability to synthesize n-3 LCPUFA de novo and are supplied via maternal (placental transfer, breast milk)
or external (formula, dietary) sources [16,17]. Approximately 67 mg of DHA is accrued by the fetus
per day [18]. Deprivation of n-3 LCPUFA, whether prenatally or after birth, has deleterious effects on
learning abilities, memory, and visual grating acuity in monkeys, rats, and human infants [19,20].

DHA can be obtained from marine algae, fatty fish, and marine oils. Endogenous synthesis of DHA
is limited, especially in the presence of excess n-6 LCPUFA. The Food and Agriculture Organization
and World Health Organization (FAO/WHO) Expert Committee recommends a diet with a 5–10:1 ratio
of n-6/n-3 LCPUFA and 300 mg/day of preformed DHA during pregnancy [21,22]. Since cereal-based
diets are rich in n-6 LCPUFA but largely deficient in DHA-rich sources, population levels of plasma
DHA are low in India. Studies report [23,24] that mean DHA intake was lowest (11 mg) among Indian
pregnant women in the third trimester [25] compared to pregnant women from other developing
countries like Bangladesh, Burkina Faso, Chile, China, India, and Mexico.

Studies conducted around the world to assess the association between intakes of DHA during
pregnancy or lactation and neurodevelopmental outcomes in childhood have been inconsistent [7,26–35].
Few studies have assessed the effect of both prenatal and postnatal intake of DHA [36,37]. There is a
paucity of data on the potential benefits of maternal DHA supplementation in infants, especially in
the Indian population. The present study examines the hypothesis whether 400 mg/d maternal DHA
supplementation from ≤20 weeks through 6 months postpartum influences infant neurodevelopment
at 12 months of age. The present study DHANI (Maternal DHA supplementation and offspring
Neurodevelopment in India) is the first to examine the effects of maternal DHA supplementation from
mid-pregnancy through six months postpartum on postnatal neurodevelopment in India.

2. Materials and Methods

2.1. Study Design

DHANI was a randomized, double-blinded, placebo-controlled trial to test the effect of
providing pregnant women 400 mg/d algal DHA compared to placebo from ≤20 weeks of
singleton gestation through 6 months postpartum on offspring neurodevelopment. The trial
protocol has been published elsewhere [38]. The protocol was reviewed and approved by
institutional review boards (IRBs) of all participating institutions: Center for Chronic Disease Control
(CCDC-IEC_04_2015), Public Health Foundation of India (TRC-IEC-261/15), Jawaharlal Nehru Medical
College (MDC/IECHSR/2016-17/A-85), and All India Institute of Medical Sciences (IEC-28/17.11.2015).

2.2. Participants

Healthy pregnant women (18–35 years; ≤20 weeks single gestation; with no medical complications
or chronic diseases) attending the Department of Obstetrics and Gynecology at the Prabhakar Kore
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hospital (PKH) in a large city in southwest India for their prenatal check-ups were approached
by designated project staff. The consulting obstetrician on site, considering obstetric history and
complications, affirmed final eligibility. After signing a witnessed informed consent form in their
preferred local language (Kannada, Marathi, or Hindi), consenting women (n = 957) were randomized
to receive either 400 mg of DHA or a placebo until six months postpartum as explained later.
Baseline assessments at enrollment included sociodemographic characteristics, dietary intake, obstetric
history, anthropometric measurements, blood investigations including a non-fasting blood draw,
vital signs. The women received their first 15-day supply of supplements in the form of coded bottles.
Further supplements were provided at the women’s homes every fortnight by fieldworkers.

The next study hospital visit was at delivery (referred to as E0). A research officer stayed in
close contact with each mother after she entered her last trimester and visited the mother within
24 h of delivery to collect information on the type of delivery, complications if any, and newborn
anthropometry, and obtained a breast milk sample. We also collected and stored maternal and cord
blood samples from the enrolled mother–child dyads.

Postpartum visits for mother–child dyads at 1 month (E1), at 6 months (E6), and at 12 months (E12)
postpartum were scheduled. E1 data collection (neonatal anthropometry, maternal anthropometry,
breastfeeding pattern, breast milk sample (transported to site in ice box), overall health of both mother
and child, etc.) was carried out at home by trained fieldworkers. Infant neurodevelopment was
assessed at the hospital at E6 and E12 by trained and certified psychologists.

A pre-piloted and validated semi-quantitative food frequency questionnaire (FFQ) with n-3
LCPUFA-rich Indian foods was administered to all women at enrollment. Dietary data were also
collected in a subsample of women (n = 278) using a 24-h diet recall within 1 month of recruitment.
Nutrient intakes were calculated using DIETSOFT software (http://dietsoft.in/) based on standardized
nutritive values of Indian foods [39]. A study physician reviewed adverse events.

2.3. Randomization and Masking

A computer-generated randomization using a permuted block design was used to generate the
randomization list. The code list was generated for 1200 women to allow for potential loss to follow
up. The assignment code list was placed in a sealed envelope at the beginning of the study and was
held in a sealed location by a staff member at Gurugram, Public Health Foundation of India (PHFI).
This list was used by this person to pre-code the supplement bottles in the warehouse before the
bottles arrived on site, ready for distribution. All study participants and members of the study team
(including members at the study site) remained blinded to the treatment allocation until the analysis
of all data collected was carried out. Blinded preliminary descriptive analyses were presented to
Data Safety Monitoring Board (DSMB) and once approved, full statistical analyses were undertaken.
Unblinding occurred only after primary tables were generated.

The intervention was either 400 mg/d algal DHA or a matching placebo (soy/corn oil) delivered in
the form of similar-looking softgel capsules, donated by DSM Nutritional Supplements, Mumbai.
The composition of all capsules was same except for the DHA. Enrolled women received the intervention
from the date of randomization until six months postpartum.

The shelf life of the capsules at room temperature (25 ◦C) was 24 months from the date of
manufacture (90 days once the bottle was opened). The coded capsule bottles were stored in an on-site
refrigerator for extra safety to slow down oxidation. Each bottle contained a fortnightly supply of
capsules. Bottles were distributed by fieldworkers during scheduled home visits. The women were
instructed to take two capsules (each with 200 mg DHA or placebo) daily, preferably at the same time
each day. They were told to keep them in a cool, dry place. Supplements were provided for more than
two weeks in cases where the woman shared plans to travel.
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2.4. Procedures

Subjects were asked to maintain a daily record in an easy-to-fill log (piloted and found suitable
for population with low literacy levels) of their supplement consumption. Weekly calls were made
to encourage compliance and inquire about the general well-being of the women. The used bottles
were collected (for pill count) by the fieldworkers during the fortnightly home visits. Red blood cell
(RBC) phospholipids were analyzed for DHA levels. The analyses of breast milk samples have not
been presented here.

2.5. Outcomes

Development quotient (DQ) as a marker of neurodevelopment, among infants at 12 months of age,
was assessed by a trained psychologist using the Developmental Assessment Scale for Indian Infants
(DASII). The DASII tool is the Indian modification of the Bayley Scales of Infant Development (BSID),
using Indian norms for 67 motor and 163 mental items. DASII provides a measure of development
for Indian infants below 30 months of age. DQ is defined as the ratio of functional to chronological
age. Third, 50th and 97th percentile norms have been generated for Indian children (DQ range of
35–160 ± 3.5). The maximum DQ score is 160. In terms of interpretation of scores, DQ score ≥85
is normal and 71–84 is mild to moderate delay. Severe developmental delay is defined on DASII
as DQ score ≤70 (≤2 SD). The inter-correlation between the motor and mental performance on the
two sections of the scale ranges from 0.24 to 0.62 [40]. The motor development items cover the child’s
development from supine to erect posture, neck control, locomotion, and manipulative behavior such
as reaching, picking up, handling things, and so forth. The mental development items record the
child’s cognizance of objects in the surroundings, perceptual pursuit of moving objects, development
of communication and language comprehension, spatial relationship and manual dexterity, imitative
behavior, social interaction, and so forth.

2.6. Biomarkers

Fatty acid composition of plasma phospholipids and red blood cell (RBC) membrane phospholipids
are appropriate biomarkers of fatty acid status and related to dietary intakes [41,42]. Since the plasma
(reflecting short-term intake) and RBC (reflecting long-term intake) fatty acid composition are related, the
markers of longer-term intake RBC phospholipid fatty acids (linoleic acid (18:2n-6); alpha-linolenic acid
(18:3n-3); arachidonic acid (20:4n-6); eicosapentanoic acid (20:5n-3); DHA (22:6n-3)) were measured.
Lipids were extracted from RBCs using the method of Rose and Ocklander [43], phospholipids were
separated by thin-layer chromatography. The phospholipids were trans-esterified using the method by
Lepage and Roy [44] and fatty acids were identified by gas chromatography with flame ionization
detector. Thirty-seven fatty acid methyl ester mix from Supelco (SIGMA-ALDRICH) was used to
identify the fatty acids using their retention time.

Maternal nonfasting blood samples (5 mL) were obtained by venipuncture at recruitment, delivery,
and six months postpartum. Neonatal blood samples were obtained from the umbilical cord vein
immediately after delivery using the syringe method. A 2 mL venous blood sample was obtained from
infants at 6 and 12 months of age. All samples were collected into tubes containing disodium ethylene
diamine tetra acetic acid (EDTA). Plasma was separated the same day by cold centrifugation (4 ◦C) at
800× g for 10 min and RBCs were washed thrice using equal volumes of saline. Plasma and washed
RBCs were stored at −80 ◦C for later analysis.

Breast milk samples (one day, one month, and six months postpartum) were collected. The milk
samples were from a morning feed but not the first one, preferably between 08:00 am and 12:00 pm.
Infants were allowed to suckle the nipple for a few minutes, and then a breast milk sample (10 mL)
was expressed manually by the mother herself, after which the feeding continued. The samples were
refrigerated immediately to prevent bacterial growth and later aliquoted into smaller 2 mL containers,
filled nearly to the top to minimize oxidation, and frozen at −80 ◦C until analysis. Although the
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amount of fat may change within and between feeds, the proportion of fatty acid remains relatively
constant. Since breast milk PUFA were being expressed as a percent of total fatty acids, complete breast
expressions were not required [45]. RBC phospholipids were analyzed by gas chromatography using
standard methods.

2.7. Statistical Analysis

The primary study outcome was infant development quotient (DQ) score (composite score of
motor and mental development) obtained at 12 months of age. We required 674 mother–child pairs to
detect an effect size of 0.25 with 90% power [46].

Maternal household and offspring characteristics in the two treatment groups were summarized to
assess the effectiveness of randomization. Continuous, normally distributed variables were summarized
as means and standard deviations, while skewed variables were summarized as medians and
interquartile ranges. Categorical/binary variables were summarized using proportions. Analysis was
done using the intent to treat (ITT) principle. Per protocol analyses were also carried out including
infants who had a valid 12-month DQ score (DASII test administered at 12 months postpartum
± 4 weeks) and whose mothers’ compliance rate >80%. All protocol deviation cases were excluded
from per protocol analyses. We compared baseline characteristics between the final study sample and
those who were lost to follow-up.

For the primary outcome, we used a two-sample t test to compare the mean DQ (mental and
motor) score at 12 months between the DHA and placebo group using DASII. We performed
the subgroup analysis using a two-sample t-test for the difference in mean DQ score between
DHA and placebo group stratified by pre-specified subgroups, that is, mother’s age (18–20, 21–25,
26–30, 31–35 years), mother’s BMI (<18, 18.0–22.9, 23.0–24.9, ≥25 kg/m2), gravidity (multigravida,
primigravida), gestational age at delivery (<37, ≥37 weeks), duration of supplementation (≤10,
10.1–12.0, ≥12.1 months), vegetarian diet (yes, no), physical activity (inactive/low, moderate, high),
and gender of the child (male, female). The p-value for interaction was calculated by including the
interaction term between the characteristic of interest and treatment group in the linear regression model.
Heterogeneity was assessed based on the significance of the interaction term between the characteristic
of interest and treatment (p < 0.05). All the statistical analysis was done using STATA 16.0 version
(College Station, TX, USA) and R 3.6.2 version.

3. Results

Enrollment began in January 2016 and ended in August 2017. Figure 1 shows the CONSORT flow
chart. We screened 3379 women for eligibility and found 1131 to be eligible. A total of 957 mothers
were enrolled and randomized (DHA = 478; Placebo = 479). Of the 902 live births, 878 were followed to
12 months and the DASII was administered to 863 of those. Loss to follow-up (8.2% from randomization
through 12 months) and mean ± SD compliance did not differ by group (DHA: 93.0 ± 10.1; Placebo:
92.7 ± 10.7). Baseline maternal and household characteristics were similar by treatment group (Table 1).
Overall, the mean age of the mothers was 23.9 (3.6) years, the mean BMI of the participating women
was 20.6 ± 3.6 kg/m2, and the mean hemoglobin was 11.1 ± 1.3 gm/L. Based on the semiquantitative
FFQ administered at baseline, the dietary intake of n-3-rich foods was similar across the two groups.
Additionally, there was no significant difference in the baseline characteristics between those who
completed the study and those who did not complete the study (Table S1).
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Figure 1. Consort. # Reasons for exclusion: gestational diabetes (n = 69); Hb < 7 gm% (n = 46);
gestational age >20 weeks (n = 673); high-risk pregnancies (n = 118); chronic conditions (n = 246);
under any other trial (n = 4); delivery plan other than PK (n = 835); missing/wrong contact information
(n = 257). * Others included: abortion (n = 1); abruptio placenta (n = 1); fresh stillbirth (n = 4);
macerated stillbirth (n = 3); neonatal death (n = 2); maternal death (n = 1); congenital anomalies (n = 1);
infant death (n = 2) in DHA group. ** Others included: fresh stillbirth (n = 4); macerated stillbirth
(n = 2); medical termination (n = 1) in Placebo group.
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Table 1. Baseline Characteristics.

DHA (N = 478) Placebo (N = 479)

Maternal age (years), mean ± SD 23.5 ± 3.5 23.6 ± 3.7
Gestational age at enrollment (weeks),

median (p25, p75) 15.0 (12, 18) 15.0 (12, 18)

Primigravida, n (%) 180 (37.7%) 206 (43.0%)
Education, n (%)

College graduated and above 88 (18.4%) 82 (17.1%)
High school/secondary 371 (77.6%) 386 (80.6%)

Employed, n (%) 119 (25.0%) 104 (22.0%)
Household income (>Rs 20,000), n (%) 65 (13.6%) 47 (9.8%)

Dietary habits—vegetarian, n (%) 73 (15.3%) 87 (18.2%)
Consuming fish/seafood, n (%) 258 (53.9%) 202 (57.8%)
Anthropometric measurements

Height (cm), mean ± SD 154.1 ± 5.6 153.9 ± 5.7
Weight (kg), mean ± SD 48.9 ± 9.0 48.9 ± 8.5
BMI (kg/m2), mean ± SD 20.5 ± 3.5 20.7 ± 3.6
MUAC, (cm), mean ± SD 24.3 ± 3.0 24.3 ± 3.1

Biochemical measures
Hb (gm%), mean ± SD 11.1 ± 1.3 11.2 ± 1.3

DHA (mol % of fatty acid) *-, mean ± SD 0.86 ± 0.78 0.88 ± 0.71

BMI: Body mass index; MUAC: Mid upper arm circumference; Hb: Hemoglobin; DHA: Docosahexaenoic acid;
*- N = 258 (DHA); N = 224 (Placebo). Data are presented as mean ± standard deviation or median (p25, p75) or
number (%).

The proportion of live births was similar across both the groups (DHA vs. Placebo: 94.1% vs.
94.3%) (Table 2). Initiation of breastfeeding in 1 h did not differ across groups (DHA vs. Placebo: 79.9%
vs. 81.7%) (Table 3).

Table 2. Offspring characteristics at delivery.

At Delivery DHA
N = 450

Placebo
N = 452

Live births, n (%) 450 (94.1%) 452 (94.3%)
Gestational age at the time of delivery (weeks),
median (p25, p 75) 39.0 (38.0, 40.0) 39.0 (38.0, 40.0)

Delivery place—study center, n (%) 372 (84.7%) 375 (85.2%)
Delivery conducted by doctor, n (%) 416 (94.5%) 423 (96.1%)
Spontaneous labor, n (%) 410 (93.2%) 407 (92.5%)
Caesarean, n (%) 154 (35.0%) 175 (39.8%)
Male child, n (%) 234 (52.0%) 243 (54.0%)

Data are presented as median (p25, p75) or number (%); denominator for live births DHA (N = 478); Placebo
(N = 479).

Table 3. Feeding practices.

DHA n/N (%) Placebo
n/N (%)

Initiation of breastfeeding in 1 h, n (%) 346/433 (79.9%) 357/437 (81.7%)
Exclusively breastfed until 6 months, n (%) 236/426 (55.4%) 237/421 (56.3%)
Age at which complementary feeding
initiated (months) *, mean ± SD 5.4 ± 0.67 5.3 ± 0.83

Data are presented as number (%); * DHA (N = 166); Placebo (N = 156).

The age at which complementary feeding started was similar across groups (DHA vs. Placebo,
mean ± SD: 5.4 ± 0.67 vs. 5.3 ± 0.83 months) (Table 3).
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The maternal RBC DHA concentrations (mol % of fatty acid) (mean ± SD) were not different
between the groups at baseline (DHA; 0.86 ± 0.78, Placebo: 0.88 ± 0.71) but significantly higher in the
DHA group compared to placebo group at delivery (DHA: 1.94 ± 1.42, Placebo: 0.84 ± 0.56; p < 0.001)
(Table 4).

Table 4. Mean DHA (mol % of fatty acid) levels in RBC phospholipids.

DHA Placebo Mean Difference * [95% CI] p-Value

DHA at baseline
N = 258

0.86 ± 0.78,
0.56 (0.32, 1.21)

N = 224
0.88 ± 0.71,

0.55 (0.37, 1.28)
0.02 [0.11,0.15] 0.77

DHA at the time of
delivery

N = 271
2.03 ± 1.75,

1.41 (0.61, 2.99)

N = 242
1.12 ± 0.86,

0.83 (0.42, 1.72)
−0.91 [−1.16, 0.67] <0.001

DHA in cord blood
N = 265

2.61 ± 1.45,
2.64 (1.38, 3.81)

N = 232
1.83 ± 0.90,

1.76 (1.16, 2.48)
−0.77 [−0.99, 0.56] <0.001

DHA in infant blood
at 6 months

N = 263
1.94 ± 1.42,

1.65 (0.64, 3.08)

N = 240
0.84 ± 0.56,

0.77 (0.43, 1.12)
−1.09 [−1.29, −0.9] <0.001

DHA in infant blood
at 12 months

N = 227
1.71 ± 1.18,

1.50 (0.60, 2.64)

N = 204
1.27 ± 0.93,

1.03 (0.43, 1.89)
−0.44 [−0.64, −0.24] <0.001

Data are presented as mean± standard deviation, median (p25, p75); DHA: Docosahexaenoic acid; p-value calculated
using unpaired t-test; * difference = Placebo minus DHA.

In the placebo group, there was no change in RBC DHA concentrations over the period of
intervention while in the DHA group, concentrations increased by 1.04 (0.86, 1.23) mol % of fatty acid,
paired t-test, p < 0.001.

The DQ score (mean ± SD) at 12 months for the DHA and placebo groups was 96.6 ± 12.2 and
97.1 ± 13.0, respectively, and the mean difference (placebo minus DHA) was 0.46 (95% CI: −1.23, 2.14;
p = 0.60). The motor and mental scores also did not differ significantly across the groups at 12 months
(Table 5). There were 25 serious adverse events, all determined to be unrelated to intervention
(DHA group = 16; placebo = 9; p = 0.154) (Table S2). The last 12-month assessment (including DASII)
was conducted in early April 2019.

Table 5. DQ score and components of DQ (motor and mental scores) at 12th month.

At 12th Month DHA
(n = 433)

Placebo
(N = 430) Difference * [95% CI] p-Value

DQ score 96.6 ± 12.1 97.1 ± 13.0 0.46 [−1.23,2.14] 0.60
Motor score 47.6 ± 3.7 47.6 ± 3.7 0.03 [−0.47,0.52] 0.92
Mental score 106.0 ± 7.0 106.7 ± 7.6 0.63 [−0.35,1.61] 0.21

Data are presented as mean ± standard deviation and [95% CI]; unadjusted model: t-test for difference between
mean values at 12 months; DQ: development quotient. * Placebo minus DHA.

The per protocol analysis also showed no difference in 12-month DQ scores between the two groups
(Table S3). The mean infant DQ, mental and motor scores at six months did not differ significantly
across groups (secondary outcomes not shown in this paper). The mean DQ score did not differ
significantly across mother’s age group, BMI, gravida, gestation age at delivery, compliance rate,
duration of supplementation, physical activity (Figure 2).
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Figure 2. Subgroup analysis. Difference: Placebo minus DHA; Difference in mean DQ score
between DHA and placebo group at 12 months was calculated using two-sample t-test for each
subgroup; p-value for interaction calculated using linear regression model including interaction term
for characteristic of interest and treatment group.

However, the mean DQ score for female child was higher in placebo as compared to DHA
[mean difference (placebo−DHA) (95% CI): 2.74 (0.40, 5.09)]. The p-value for interaction was significant
for gender of the child (p = 0.013). The pre- and postnatal maternal supplementation with 400 mg/d
DHA did not improve the infant’s DQ score as measured by DASII at 12 months of age.

4. Discussion

In this well designed and executed RCT (CONSORT checklist enclosed as Table S4), pre- and
postnatal maternal supplementation with 400 mg/d DHA did not improve the infant’s development
score as measured by DASII at 12 months of age. Our findings are in accordance with some other
trials [46–49]. The reviews published so far in this field to understand the association between maternal
DHA supplementation and infant neurodevelopment have also reported the evidence of a positive
association between maternal DHA supplementation and infant neurodevelopment to be either
too low or inconsistent, with a majority of the RCTs showing no positive effect [36]. Makrides et al.
provided 800 mg/d and [50] showed no difference in children’s cognitive scores between the intervention
and control group at 18 months. Similarly, Helland et al. [49] found no effect of prenatal supplementation
with cod liver oil on cognitive development among 288 three-month-old children in Norway. On the
other hand, the randomized trial of Colombo et al. [51] found that lower doses of DHA supplementation
of the infants (4 to 9 months of age) showed better cognitive outcomes in terms of their attention
span. Studies have reported maternal DHA status in pregnancy to be positively associated with
infant’s brain volume at 1 month [52], improved infant’s attention [53], and enhanced problem-solving
skills at 12 months [54]. Rees et al. [26] showed that the infants of mothers who had a higher dietary
DHA intake during the second and third trimesters of their pregnancy performed better on cognitive
assessment measures (habituation and sustained visual attention) at 4.5 and 9 months of age. However,
it was also observed that the infants from the medium dietary DHA group [0.64% of fatty acids from
DHA (34 mg/100 kcal)] performed significantly better than the low-DHA [0.32% (17 mg/100 kcal)]
and high-DHA group [0.96% (51 mg/100 kcal)], with the latter showing the worst performance [26,51].
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Additionally, some studies have reported improved cognition among older children whose mothers
were supplemented with 400–600 mg/d DHA prenatally, after they turned four years old [27,30,35].

The neurodevelopment in the current study was assessed with the help of the DASII test
which is BSID’s adaptation. Although BSID is a global standardized test for assessing cognitive
functioning and has been frequently utilized in neurodevelopment effects of LCPUFA in infants [55],
its sensitivity to pick up some subtle differences in infant cognitive ability has been questioned [56].
Experts suggest that differences in intellectual functioning that are sensitive to pathways influenced
by n-3 fatty acids may only be detected with more sensitive measures of neurodevelopment such as
neuroimaging techniques [57], neuropsychological testing [58], distinct cognitive abilities, or executive
functioning [59]. The suitability of these approaches for large field-based trials in low resource settings
warrants further exploration.

Few possible limitations of our single-center trial may include lack of details on home environment
and detailed dietary data on the children which may have influenced the neurodevelopment in the
first year of life. The measure of neurodevelopment used in the study (i.e., the DQ score) has not been
validated against the functional magnetic resonance imaging (fMRI) which is currently considered the
gold standard noninvasive hemodynamic-based neuroimaging technology. The fatty acid composition
of the blood and breast milk collected from the enrolled women are not currently available. We also
did not estimate dietary n-3 LCPUFA intakes in all the study subjects; however, the biomarker
(RBC phospholipid DHA) is very responsive to intake and was measured at both enrollment and
immediately after birth as an indicator of prior status and study DHA intake. Further, other fatty
acids like AA and DHA:AA ratios may play a key role in neurodevelopment [60]. To the best of our
knowledge, our study is the first one to examine the effects of in utero and early-life DHA exposure
(through maternal supplementation from mid-pregnancy through six months postpartum) on postnatal
neurodevelopment of Indian infants. Through a long supplementation phase and follow-up period,
the participants of our trial reported good compliance and very low attrition. Genetic predisposition,
prenatal and postnatal care and nutrition, and social and physical environment may all be critical in
shaping the neurodevelopment of an infant. We collected maternal dietary data at baseline but not at
later visits. Changes throughout the pregnancy with respect to not only n-3 LCPUFA but also other
nutrients such as vitamin D or iron [61,62] may affect offspring neurodevelopment.

While DHA is a key intrinsic factor constituting more than 40% of brain polyunsaturated fatty
acids [63,64], external factors like care and stimulation in the home environment also play a significant
role in a child’s cognitive development [65,66]. Poor physical conditions of home and limited access
to age-appropriate learning materials have been linked with social–emotional problems in children.
Ramakrishnan et al. [46] indicated a possible attenuating effect of DHA on the positive association
between home environment and psychomotor development. DHA may be especially helpful for
children living in home environments characterized by reduced caregiver interactions and opportunities
for early childhood stimulation [67]. It might have been useful to have these data in the present study.
Further, the mean DQ score of girl children in the placebo group was higher. This inconsistency may
be due to chance. Some studies also attribute gender-related differences in neurodevelopment to sex
hormones [68] and/or social context [69], but since these were not assessed in our trial, we cannot be
certain of this.

In summary, supplementing mothers through pregnancy and lactation with 400 mg/d
DHA (vs. placebo) did not benefit offspring neurodevelopment at one year of age in this
Indian setting. Deeper insights into maternal dietary patterns, young child feeding practices,
home environment, and the interactions amongst these factors are warranted to understand what
shapes early neurodevelopment.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6643/12/10/3041/s1,
Table S1: Comparison of baseline characteristics of those who completed the study and those who did not,
Table S2: Listing of serious adverse events by group, Table S3: Primary outcome (per protocol analysis), Table S4:
CONSORT checklist.
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A significant gap between the actual intake and current nutritional recommendations. Roczniki Państwowego
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