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I.  Introduction

Docosahexaenoic acid (DHA) is a long-chain, highly unsaturated omega-3 (n-3) fatty acid. It has 22
carbons in its acyl chain, which includes 6 double bonds. Chemically it can be described as all-cis-
4,7,10,13,16,19-docosahexaenoic acid, with the numbers 4, 7, 10, 13, 16 and 19 referring to the carbon atoms in
the acyl chain that bear double bonds when the carboxyl or a-carbon is counted as number 1 (Fig. 1). DHA is
shown in the common fatty acid nomenclature as 22:6w-3 or 22:6n-3, with the ®-3 (or n-3) indicating the
position of the first double bond in the acyl chain, in this case counting the methyl or w-carbon as number 1 (Fig
1). The common name for DHA, which is rarely used, is cervonic acid. Fatty acyl chains with no double bonds,
such as in saturated fatty acids, are straight and pack together tightly. Introduction of a cis double bond into an
acyl chain introduces a ‘kink' into the chain, making it less easy for such chains to pack together and lowering
their melting point. As the acyl chain of DHA contains 6 cis double bonds, it becomes highly twisted (fig. 1),
giving it unique physical properties and resulting in a very low melting point (-44°C). DHA is metabolically
related to other n-3 fatty acids. It can be synthesized from the plant-derived a-linolenic acid (ALA; 18:3n-3) or
obtained directly from the diet. In common with other fatty acids, DHA is most often found linked via its
carboxyl group into a more complex lipid structure such as a triglyceride, phospholipid or cholesteryl ester.
Here, the pathway of DHA biosynthesis, dietary sources of DHA, the status (i.e. concentration) of DHA at
different sites in the human body and the response of those sites to increased DHA intake, and selected actions
of DHA at the molecular and cellular levels will be described. DHA plays vital roles in the structure and
function of the brain and eye and an appropriate supply during fetal life and in infancy is essential to assure
optimal development.
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Fig 1: Different depictions of the structure of DHA. DHA has 22 carbons and 6 cis double bonds in its
hydrocarbon (acyl) chain. The a-carbon is the carbon of the terminal carboxyl group (COOH) and the -
carbon is the carbon of the terminal methyl (CH3) group.

Biosynthesis of DHA

ALA is an essential fatty acid. It is synthesized in plants and in many lower organisms and is found in
the human diet mainly as a component of green leaves, some nuts, seeds and vegetable oils, and foods made
from or containing those ingredients. There is a metabolic pathway that links ALA to DHA (Fig. 2). This
pathway involves a series of enzyme-catalysed elongation and desaturation reactions. Elongation enzymes,
called elongases, add pairs of carbon atoms to the growing acyl chain, in this case converting an 18-carbon fatty
acid into a 22-carbon one, while desaturase enzymes insert double bonds into the acyl chain, in this case
converting a fatty acid with 3 double bonds in its acyl chain into one with 6 double bonds. These reactions occur
predominantly within the endoplasmic reticulum. The pathway is believed to mainly occur within the liver, but
there is some evidence that other tissues, including brain and testis, have high expression of the genes encoding
the relevant enzymes.
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Fig 2: The metabolic pathway of conversion of a-linolenic acid to DHA showing the enzymes involved.

The initial step in the pathway is the conversion of ALA to stearidonic acid (18:4n-3), catalysed by A-
6-desaturase, which is generally considered to be the rate-limiting reaction in the pathway. A-6-desaturase is
encoded by the gene fatty acid desaturase 2 (Fads2). Stearidonic acid is converted to 20:4n-3 by the addition of
2 carbons by the enzyme elongase-5, encoded by fatty acid elongase 5 (Elovl5). 20:4n-3 is then converted to
eicosapentaenoic acid (EPA; 20:5n-3) by insertion of a double bond catalysed by A-5-desaturase, which is
encoded by the gene fatty acid desaturase 1 (Fadsl). EPA can be elongated by elongase 2 (encoded by Elovi2)
to form n-3 docosapentaenoic acid (DPA,; 22:5n-3) and then to 24:5n-3 followed by desaturation that again uses
A-6-desaturase activity to form 24:6n-3. This desaturation seems to be catalysed by the same A-6-desaturase as
in the first step of the pathway. 24:5n-3 is then translocated from the endoplasmic reticulum to the peroxisome
where it undergoes one round of B-oxidation to form DHA.

It is important to note that the same enzymes are active in the metabolism of the n-6 fatty acid family,
converting the essential n-6 fatty acid linoleic acid (18:2n-6) to arachidonic acid (20:4n-6) and on to n-6 DPA
(22:5n-6). Thus, competition exists between the conversion of n-6 and n-3 fatty acids. The rate-limiting enzyme,
A-6-desaturase, has a preference for ALA over linoleic acid. However, this may be more than offset by the
greater abundance of linoleic acid than ALA in most human diets, meaning that the metabolism of the former is
favoured.

In addition to the availability of the essential fatty acid substrates and the competition between them, a
number of other factors have been demonstrated to regulate the pathway. These include the availability of
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several trace elements including zinc and iron, since the enzymes involved in the pathway require these as co-
factors; sensitivity to insulin; female sex hormone status; polymorphisms in Fads genes which control gene
expression and enzyme activity, and epigenetic modification of Fads and Elovl genes, which will affect their
expression. Other nutrients, metabolites and hormones, and ageing may also affect the pathway. Measurements
of EPA and DHA status reveal differences among some population subgroups, for example between men and
women *and among individuals with different Fads polymorphisms ?, that are likely to reflect different activities
of the biosynthetic pathway. There has been much interest in the reported differences in EPA and DHA status
between men and women. Studies using stable isotopes to trace metabolism of ALA have demonstrated that the
conversion of ALA to both EPA and DHA is more efficient in young women than in young men.® In men,
conversion of ALA to EPA has been reported to be between 0.3 and 8%, and conversion to DHA <1%, whereas
in women up to 21% conversion to EPA and up to 9% conversion to DHA have been reported. It has been
suggested that the higher rate of conversion in women may be because of their greater requirement to produce
DHA during pregnancy and lactation. Infants may be more effective at converting ALA to DHA than adults, and
newborns appear to be better at synthesizing DHA than older infants.*

Sources of DHA

Since neurons do not have a de novo DHA synthesis system, the supply of DHA to neurons depends on
diet or synthesis from the DHA precursor a-linolenic acid.® Previous studies have shown that DHA is found in
animals, fungi, and many microorganisms, and is particularly abundant in fish 0il.® Oils such as menhaden,
salmon, sardines, and cod liver are abundant in DHA.” Vegetable oils such as linseed oil, canola oil, and
soybean oil, chia, cannabis seeds, and walnuts, are abundant in a-linolenic acid, a precursor of DHA, and it is
converted to EPA and DHA in the human body.® Earlier studies have shown that high intake of o-linolenic acid
in humans increased the EPA content in plasma lipids, red blood cells, white blood cells, platelets, and breast
milk, but did not increase DHA.°

Algal oil provides a substitute for fish and fish oil. It’s an oil made from certain types of microalgae.
Usually, fish consume these microalgae and convert them into essential fatty acids that get stored in their tissue,
which you eat. Algal oil skips the fish altogether. Algal oil contains docosahexaenoic acid (DHA) and
eicosapentaenoic acid (EPA). DHA and EPA are two of the most important omega-3 fatty acids. Algal oil also
contains other important fatty acids called omega-9 fatty acids.

DHA Status

DHA Concentration in Different Metabolic and Anatomical Compartments

DHA is transported in the bloodstream as a component of lipoproteins (within triglycerides, phospholipids and
cholesteryl esters) or as a nonesterified (‘free’) fatty acid (largely due to release from adipose tissue stores or
from spill-over of lipase-mediated hydrolysis of circulating lipoproteins). DHA can be stored in adipose tissue
esterified into triglycerides. DHA is found in all cell membranes esterified into phospholipids and other complex
lipids.

DHA is highly concentrated in the Human Brain and Eyes

More than 50% of the dry weight of the human brain is lipid, particularly structural lipid (i.e. phospholipids).
The most abundant fatty acids in the brain are DHA, arachidonic acid and adrenic acid.'® The human brain and
retina contain an especially high proportion of DHA relative to other tissues and little EPA.'* For example,
DHA was reported to contribute an average of 18% of fatty acids to adult human brain grey matter, while
Makrides et al." reported average DHA contents of about 8 and 12% of fatty acids for human infant cerebral
cortex and retina, respectively.

DHA Concentration during Pregnancy

There is a significant linear relationship between the DHA contents of maternal and umbilical cord plasma
phospholipids. This suggests that maternal plasma phos- pholipids are an important source of DHA for the fetus
and that maternal plasma phospholipid DHA concentration determines DHA supply to the fetus. An increase in
maternal plasma DHA concentration occurs during pregnancy, and this increase precedes the increase in DHA
accretion by the brain.*®

Docosahexaenoic acid in breast milk: Impact on infant brain development

The long chain omega-3 fatty acid, DHA, is a major lipid in the brain recognized as essential for normal brain
function. n infants, DHA is important for optimal visual and cognitive development. The usual intake of DHA
among toddlers and children is low and some studies show improvements in cognition and behavior as the result
of supplementation with polyunsaturated fatty acids including DHA.

Due to the lack of de novo PUFA synthesis, the rate of membrane DHA incorporation in early life—in the brain
as well as in other tissues—depends on maternal transfer, dietary supply (i.e., breastfeeding) and endogenous
LC-PUFA production
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More recently, a large cluster randomized trial of breastfeeding promotion using an experimental design
demonstrated a large effect of breastfeeding on cognition, adding credence to the evidence for beneficial effects
seen in past observational studies.* Anderson et al.”® showed in a meta-analysis that, after appropriate
adjustments, breastfeeding was associated with an advantage of around three points on tests of cognition in
children born at term and around five points in those born preterm, both large effects in population terms. The
implication is that, over and above social factors, one or more constituents of breast milk benefit
neurodevelopment, particularly so in those born preterm, at a more sensitive stage of brain development.

DHA and depression

Brain needs the type of fatty acids that are in omega-3s for proper functioning. It’s believed by some that those
who experience depression may not have enough EPA and DHA. This is the premise that researchers are using
as they study the possible benefits of using omega-3 and fish oil to treat depression.

In 2009 researchers reviewed data from three studies that used EPA in the treatment of three different types of
depression: recurrent major depression in adults, major depression in children, and bipolar depression. The large
majority of subjects taking EPA in all types showed significant improvement and benefited from the EPA as
compared to those with a placebo. An overview of research on omega-3s and depression showed that DHA may
also play an important role along with EPA in the treatment of various types of depression. Those with minor
depression, postpartum depression, and suicidal ideation had lower levels of EPA and DHA. These studies
showed that a combination of EPA and DHA found in fish oil seemed to improve the depression symptoms of
most participants that were tested.*

Biological functions of DHA

Antioxidant activities of DHA

Although it is a highly polyunsaturated fatty acid, astonishingly, DHA can act as an antioxidant. Oral
administration of DHA was accompanied with an increase in the antioxidant activities, such as catalase,
glutathione peroxidase (GPx) and glutathione reductase (GR) enzyme activities. ” There are also a few reports
of the effect of DHA on the genetic expression of antioxidative enzymes. DHA increases expression of GPx in
the brain hippocampus. Dietary polyunsaturated fatty acids also increase the mRNA levels of catalase and
glutathione peroxidase in hepatic tissues.”® Finally, DHA being a member of the highly unsaturated fatty acid
family can act as an antioxidant even in the oxidatively vulnerable organs including the brain

Antihypertensive effects

Epidemiological study indicated plasma docosahexaenoic acid (DHA) level as a useful biomarker of the
frequency of fish intake.”® The intake of fish oils has been associated with a significant reduction in blood
pressure (BP), triglycerides, and very-low density lipoprotein cholesterol.?’ The effect of fish oil on reducing
heart rate (HR), a CVD risk factor, has also been recognized.” In a Scottish study, 2 g of DHA decreased the
systolic and diastolic blood pressure and heart rate significantly as compared to the placebo. Further, the high-
density lipoprotein cholesterol (HDL-C) increased significantly, and total cholesterol (TC)/HDL-C and non-
HDL-C/HDL-C ratios decreased significantly in DHA treated groups. %

DHA improves memory

The hippocampus and the cerebral cortex are referred to as the key structures of memory formation. Gamoh et
al.?® in their study DHA (300 mg/kg/day, for 10 weeks) fed to male Wistar rats (tested by radial maze tasks
and/or active shuttle avoidance apparatus) significantly ameliorated learning-related memory in DHA-deficient
rat groups. Although the mechanism is unclear, corticohippocampal enrichment of DHA was positively
correlated with improvement of memory.?* Lim and Suzuki,?® also reported that dietary administration of DHA
to young mice for 4-7 months improved their spatial cognition learning ability

Effects of DHA on neurogenesis and improvement of memory

The dentate gyrus is a part of the hippocampus and is critical for forming/storing spatial memories. It is one of
the regions in the brain where neural progenitor cells constantly produce new neurons (i.e. undergo
neurogenesis), which then integrate into the new neural network and form new synapses with other numerous
neurons. Although the exact mechanisms remain unknown, neurogenesis is believed to participate in learning
and memory.*®

Neural stem cells (NSCs) isolated from 15.5-day-old rat embryos were propagated as neurospheres and cultured
with or without DHA for the periods of 4 and 7 days. DHA significantly elevated the number of Tujl-positive
neurons when compared with that of the control on both 4 and 7 culture days, and the newborn neurons in the
DHA group were morphologically more mature than those in the control. Thus, DHA stimulates the
differegtiation of neural stem cells into neurons by helping the exit from cell cycle and suppressing the cell
death.
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Effects of DHA on Alzheimer’s disease

Docosahexaenoic acid (DHA) is an omega-3 fatty acid identified as a potential treatment for Alzheimer
disease. Epidemiological studies have shown that omega-3 fatty acid consumption reduces Alzheimer disease
risk and DHA modifies the expression of Alzheimer-like brain pathology in mouse models. Previous studies
investigated the effect of oral administration of DHA on cognitive impairment of AB-infused AD model. After
12-week oral administration of DHA, increases in brain DHA levels were significantly associated with
amelioration of learning-related memory of the rats. These results provided us with an ample opportunity to
study the effect of DHA in AD model rats maintained in DHA-deficient conditions for three generations. The
oral administration of DHA for 12 weeks to Amyloid beta-infused AD model rats significantly improved
memory loss. The mechanism of the ameliorative effect was associated with: (i) increases in the levels of DHA
and decreases in levels of arachidonic acid in both brain cortex and hippocampus, with resulting increases in the
molar ratios of DHA/AA, (ii) decreases in the levels of LPOs in the cortex—hippocampus of DHA-fed AD
model rats; (iii) decreases in reactive oxygen species (ROS) levels in synaptosomal plasma membranes; (iv)
decreases in the levels of histone-associated DNA fragments, an apoptosis marker; (v) decreases in cortical
lipid-raft cholesterol; (vi) increases in lipid-raft DHA levels and (vii) decreases in the amyloid burden in the
cortex of AD model rats.”®

Effect of DHA on lipid rafts

Lipid rafts or caveolae are specialized membrane structures consisting of saturated fatty acid- and
cholesterol-rich membrane-invaginated floating microdomains. They harbor many key proteins and serve as
signaling platforms to facilitate the transfer of substrates and protein—protein and protein—lipid interactions to
facilitate specific signal transduction in living cells. Previous studies show that DHA pre-administration to rats
inhibited hemolysis by AP1-42.° This activity was accompanied by increased DHA levels and membrane
fluidity and by decreased cholesterol levels, lipid peroxidation, and reactive oxygen species in the RBCs of the
DHA-pretreated rats, suggesting that the antioxidant activity of DHA rescues RBCs from oxidative damage by
AB1-42.

Dietary supplements DHA and its effect on humans
Docosahexaenoic acid, or DHA, is a type of omega-3 fat. Like the omega-3 fat eicosapentaenoic acid
(EPA), DHA is plentiful in oily fish, such as salmon and anchovies.

Our body can only make a small amount of DHA from other fatty acids, so you need to consume it directly from
food or a supplement.

Reduces Heart Disease Risk

In one study in 154 obese adults, daily doses of 2,700 mg of DHA for 10 weeks increased the omega-3 index, a
blood marker of omega-3 levels that’s linked to a reduced risk of sudden heart-related death by 5.6%.The same
daily dose of EPA increased the omega-3 index of the same participants by only 3.3%.%°

DHA also decreased blood triglycerides more than EPA, 13.3% versus 11.9% and increased “good” HDL
cholesterol by 7.6% compared to a slight decrease for EPA.*

Notably, DHA tends to increase “bad” LDL cholesterol levels but mainly the number of large, fluffy LDL
particles, which unlike small, dense LDL particles aren’t linked to increased heart disease risk.

May Improve ADHD

Attention deficit hyperactivity disorder (ADHD) characterized by impulsive behaviors and difficulty
concentrating generally starts in childhood but often continues into adulthood

As the main omega-3 fat in your brain, DHA helps increase blood flow during mental tasks. Research has
shown that children and adults with ADHD commonly have lower blood levels of DHA.

In a recent review, seven of nine studies that tested the effects of DHA supplements in children with ADHD
showed some improvement such as with regard to attention or behavior.*

For example, in a large 16-week study in 362 children, those taking 600 mg of DHA daily had an 8% decrease
in impulsive behaviors as rated by their parents which was twice the decrease observed in the placebo group.®
Fights Inflammation

Omega-3 fats such as DHA have anti-inflammatory effects. Increasing your DHA intake can help balance the
excess of inflammatory omega-6 fats that is typical of Western diets rich in soybean and corn oil. DHA’s anti-
inflammatory properties may reduce your risk of chronic diseases that are common with age, such as heart and
gum disease, and improve autoimmune conditions like rheumatoid arthritis, which causes joint pain.**

For example, in a 10-week study in 38 people with rheumatoid arthritis, 2,200 mg of DHA daily decreased the
number of swollen joints by 28%, compared to a placebo. *
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Flaxseed in diet and its effects on humans

Dietary flaxseed has an impressive and growing research literature supporting its use in a variety of health
conditions. The main bioactive compounds in flaxseed include alpha-linolenic acid (ALA), lignans and fiber.
Four common forms of flaxseed available for human consumption include whole flaxseed, ground flaxseed,
flaxseed oil and partially defatted flaxseed meal.

Data suggest that omega-3 fatty acid, ALA, which is enriched in flaxseed, may have functional significance for
the brain.

In a cross-sectional study, Djoussé et al. **found that a higher intake of dietary ALA (highest tertiles 0.89 g/day)
was inversely associated with heart rate-adjusted QT and JT intervals in a dose-response manner in both men
and women. The authors suggested that dietary ALA might be associated with a reduced risk of abnormally
prolonged repolarization.

In a study of 30 healthy adults, ALA supplementation increased BDNF levels. BDNF is a vital growth factor for
neurons; the authors of this study concluded that ALA is worth studying in the context of stroke recovery.*’

In a study of 51 bipolar disorder patients, flaxseed oil supplementation helped improve their mood.*

Quantification of Docosahexaenoic acid

Fish oil products that have so much EPA and DHA contents, are available, and have very variable
prices. The profiles of the chemical compounds are to be identified by using GC-MS chromatography method.
The GC-MS method, used in fish oil analysis for the determination of EPA and DHA, has been confirmed to be
effective and accurate.® Also, EPA and DHA are to be analyzed, by using High Performance Liquid
Chromatography (HPLC), and Liquid Chromatography Mass Spectrometry (LC-MS), with the HPLC not as
sensitive enough like the GC-MS, while requiring very high costs when using LCMS.**Also, clinical trials are to
be conducted, in comparing the two products, to observe the effects of EPA and DHA, in the reduction of blood
cholesterol levels (LDL, total cholesterol, and triglycerides).

Previous study done by Lorensia et al.*° used the following conditions, Shimadzu QP-2010 SE brand
GC-MS, Japan-using capillary column RTX-5SM (60 m x 0.25 mm, layer thickness 0.25 um), with minimum
column temperature of 330°C-350°C, used for sample separation. For temperature programming, the oven was
maintained at 80°C for one min, increased at intervals of 10°C/min to 250°C, then reduced to 8°C/min to 280°C,
and balanced for 5 min. Split injection was performed at a ratio of 1:200, as an helium carrier gas, with 1 pl
injection volume of 0.73 ml/min was used. The mass spectrum, was operated in electron impact mode (EI).
Furthermore, other parameters included, pressure 100 Kpa, injection temperature 250°C, ion source EI 200°C,
interface temperature 220°C, electron energy 70 eV, delay solvent 5 min. For the qualitative analysis the full
scan mode used for variously was 40-400m/z

References

[1]. Childs CE, Romeu-Nadal M, Burdge GC, Calder PC. Gender differences in the n -3 fatty acid content of tissues. Proc Nutr Soc.
2008 Feb;67(1):19-27.

[2]. Schaeffer L, Gohlke H, Miller M, Heid IM, Palmer LJ, Kompauer I, et al. Common genetic variants of the FADS1 FADS2 gene
cluster and their reconstructed haplotypes are associated with the fatty acid composition in phospholipids. Hum Mol Genet. 2006
Jun;15(11):1745-56.

[3]. Burdge GC, Jones AE, Wootton SA. Eicosapentaenoic and docosapentaenoic acids are the principal products of a-linolenic acid
metabolism in young men. Br J Nutr. 2002 Oct;88(4):355-63.

[4]. Carnielli VP, Simonato M, Verlato G, Luijendijk I, De Curtis M, Sauer PJJ, et al. Synthesis of long-chain polyunsaturated fatty
acids in preterm newborns fed formula with long-chain polyunsaturated fatty acids. Am J Clin Nutr. 2007 Nov;86(5):1323-30.

[5]. Larrieu T, Madore C, Joffre C, Layé S. Nutritional n-3 polyunsaturated fatty acids deficiency alters cannabinoid receptor signaling
pathway in the brain and associated anxiety-like behavior in mice. J Physiol Biochem. 2012;

[6]. Adarme-Vega TC, Lim DKY, Timmins M, Vernen F, Li Y, Schenk PM. Microalgal biofactories: a promising approach towards
sustainable omega-3 fatty acid production. Microb Cell Fact. 2012 Dec;11(1):96.

[71. Saini RK, Keum Y-S. Omega-3 and omega-6 polyunsaturated fatty acids: Dietary sources, metabolism, and significance — A
review. Life Sci. 2018 Jun;203:255-67.

[8]. Baker EJ, Miles EA, Burdge GC, Yagoob P, Calder PC. Metabolism and functional effects of plant-derived omega-3 fatty acids in
humans. Progress in Lipid Research. 2016.

[9]. Burdge GC. Polyunsaturated Fatty Acid Biosynthesis and Metabolism in Adult Mammals. In: Polyunsaturated Fatty Acid
Metabolism. Elsevier; 2018. p. 15-30.

[10]. O’BrienJS, Sampson EL. Fatty acid and fatty aldehyde composition of the major brain lipids in normal human gray matter, white
matter, and myelin. J Lipid Res. 1965 Oct;6(4):545-51.

[11].  Anderson RE. Lipids of ocular tissues. Exp Eye Res. 1970 Oct;10(2):339-44.

[12].  Makrides M, Neumann MA, Byard RW, Simmer K, Gibson RA. Fatty acid composition of brain, retina, and erythrocytes in breast-
and formula-fed infants. Am J Clin Nutr. 1994 Aug;60(2):189-94.

[13]. Al MDM, Van Houwelingen AC, Kester ADM, Hasaart THM, De Jong AEP, Hornstra G. Maternal essential fatty acid patterns
during normal pregnancy and their relationship to the neonatal essential fatty acid status. Br J Nutr. 1995 Jul;74(1):55-68.

[14]. Gokcay G. Breastfeeding and child cognitive development. Child Care Health Dev. 2010 Jul;36(4):591-591.

[15].  Anderson JW, Johnstone BM, Remley DT. Breast-feeding and cognitive development: a meta-analysis. Am J Clin Nutr. 1999
Oct;70(4):525-35.

[16].  Osher Y, Belmaker RH. Omega-3 Fatty Acids in Depression: A Review of Three Studies. CNS Neurosci Ther. 2009 Jun;15(2):128—

*Corresponding Author: Kavindra Borgaonkar 43 | Page



Review on omega-3 fatty acid in relation to DHA Docosahexanoic acid

[17].

[18].

[19].

[20].
[21].

[22].

[23].
[24].
[25].

[26].
[27].

[28].
[29].

[30].

[31].

[32].

[33].

[34].

[35].

[36].
[37].
[38].
[39].

[40].

33.

Zimmer L, Hembert S, Durand G, Breton P, Guilloteau D, Besnard J-C, et al. Chronic n-3 polyunsaturated fatty acid diet-deficiency
acts on dopamine metabolism in the rat frontal cortex: a microdialysis study. Neurosci Lett. 1998 Jan;240(3):177-81.
Casafias-Sanchez V, Pérez JA, Fabelo N, Quinto-Alemany D, Diaz ML. Docosahexaenoic (DHA) modulates phospholipid-
hydroperoxide glutathione peroxidase (Gpx4) gene expression to ensure self-protection from oxidative damage in hippocampal
cells. Front Physiol. 2015 Jul;6.

Mizushima S, Moriguchi EH, Nakada Y, Biosca MDG, Nara Y, Murakami K, et al. The Relationship of Dietary Factors to
Cardiovascular Diseases among Japanese in Okinawa and Japanese Immigrants, Originally from Okinawa, in Brazil. Hypertens
Res. 1992;15(1):45-55.

Bgnaa KH, Bjerve KS, Straume B, Gram IT, Thelle D. Effect of Eicosapentaenoic and Docosahexaenoic Acids on Blood Pressure
in Hypertension. N Engl J Med. 1990 Mar;322(12):795-801.

Mozaffarian D, Geelen A, Brouwer |IA, Geleijnse JM, Zock PL, Katan MB. Effect of Fish Oil on Heart Rate in Humans.
Circulation. 2005 Sep;112(13):1945-52.

Sagara M, Njelekela M, Teramoto T, Taguchi T, Mori M, Armitage L, et al. Effects of Docosahexaenoic Acid Supplementation on
Blood Pressure, Heart Rate, and Serum Lipids in Scottish Men with Hypertension and Hypercholesterolemia. Int J Hypertens.
2011;2011:1-7.

Gamoh S, Hashimoto M, Sugioka K, Shahdat Hossain M, Hata N, Misawa Y, et al. Chronic administration of docosahexaenoic acid
improves reference memory-related learning ability in young rats. Neuroscience. 1999 Jun;93(1):237-41.

Hashimoto M, Hossain S, Shimada T, Sugioka K, Yamasaki H, Fujii Y, et al. Docosahexaenoic acid provides protection from
impairment of learning ability in Alzheimer’s disease model rats. J] Neurochem. 2002 May;81(5):1084-91.

Lim SY, Suzuki H. Intakes of dietary docosahexaenoic acid ethyl ester and egg phosphatidylcholine improve maze-learning ability
in young and old mice. J Nutr. 2000;

Gross CG. Neurogenesis in the adult brain: death of a dogma. Nat Rev Neurosci. 2000 Oct;1(1):67—73.

Kawakita E, Hashimoto M, Shido O. Docosahexaenoic acid promotes neurogenesis in vitro and in vivo. Neuroscience. 2006
Jan;139(3):991-7.

Lim GP. A Diet Enriched with the Omega-3 Fatty Acid Docosahexaenoic Acid Reduces Amyloid Burden in an Aged Alzheimer
Mouse Model. J Neurosci. 2005 Mar;25(12):3032—40.

Hashimoto M, Hossain S, Katakura M, Al Mamun A, Shido O. The binding of AB1-42 to lipid rafts of RBC is enhanced by dietary
docosahexaenoic acid in rats: Implicates to Alzheimer’s disease. Biochim Biophys Acta - Biomembr. 2015;

Allaire J, Harris WS, Vors C, Charest A, Marin J, Jackson KH, et al. Supplementation with high-dose docosahexaenoic acid
increases the Omega-3 Index more than high-dose eicosapentaenoic acid. Prostaglandins, Leukot Essent Fat Acids. 2017
May;120:8-14.

Allaire J, Couture P, Leclerc M, Charest A, Marin J, Lépine MC, et al. A randomized, crossover, head-to-head comparison of
eicosapentaenoic acid and docosahexaenoic acid supplementation to reduce inflammation markers in men and women: The
Comparing EPA to DHA (ComparED) Study. Am J Clin Nutr. 2016;

Ramalho R, Pereira AC, Vicente F, Pereira P. Docosahexaenoic acid supplementation for children with attention deficit
hyperactivity disorder: A comprehensive review of the evidence. Clin Nutr ESPEN. 2018 Jun;25:1-7.

Richardson AJ, Burton JR, Sewell RP, Spreckelsen TF, Montgomery P. Docosahexaenoic Acid for Reading, Cognition and
Behavior in Children Aged 7-9 Years: A Randomized, Controlled Trial (The DOLAB Study). Scott JG, editor. PLoS One. 2012
Sep;7(9):e43909.

Tabbaa M, Golubic M, Roizen M, Bernstein A. Docosahexaenoic Acid, Inflammation, and Bacterial Dysbiosis in Relation to
Periodontal Disease, Inflammatory Bowel Disease, and the Metabolic Syndrome. Nutrients. 2013 Aug;5(8):3299-310.

Dawczynski C, Dittrich M, Neumann T, Goetze K, Welzel A, Oelzner P, et al. Docosahexaenoic acid in the treatment of rheumatoid
arthritis: A double-blind, placebo-controlled, randomized cross-over study with microalgae vs . sunflower oil. Clin Nutr. 2018
Apr;37(2):494-504.

Djoussé L, Rautaharju PM, Hopkins PN, Whitsel EA, Arnett DK, Eckfeldt JH, et al. Dietary linolenic acid and adjusted QT and JT
intervals in the national heart, lung, and blood institute family heart study. J Am Coll Cardiol. 2005;

Hadjighassem M, Kamalidehghan B, Shekarriz N, Baseerat A, Molavi N, Mehrpour M, et al. Oral consumption of a-linolenic acid
increases serum BDNF levels in healthy adult humans. Nutr J. 2015 Dec;14(1):20.

Gracious BL, Chirieac MC, Costescu S, Finucane TL, Youngstrom EA, Hibbeln JR. Randomized, placebo-controlled trial of flax
oil in pediatric bipolar disorder. Bipolar Disord. 2010 Mar;12(2):142-54.

Yi T, Li S-M, Fan J-Y, Fan L-L, Zhang Z-F, Luo P, et al. Comparative analysis of EPA and DHA in fish oil nutritional capsules by
GC-MS. Lipids Health Dis. 2014 Dec;13(1):190.

Lorensia A, Budiono R, Suryadinata RV, Tiarasari N. Quantitative determination of EPA and DHA in fish oil capsules for
cardiovascular disease therapy in Indonesia by GC-MS. J Public health Res. 2021 Apr;10(2).

*Corresponding Author: Kavindra Borgaonkar 44 | Page



