FISH LIPIDS FUNCTIONALITY IN HEALTH AND DISEASE

ABSTRACT

Aim: This literature review discusses the roles of fish lipids in health and disease.

Duration and location: It was done between July 2021 and September 2022 by the author at the
Department of Food Science and Nutrition, Karatina University, Kenya

Results: Adipocyte overabundance can result in cholesterol plaque deposition in arterial walls,
which is a risk factor for diabetes, hypertension and cardiovascular diseases (CVD). Cholesterol
is required for many cellular processes and its availability in oligodendrocytes may be the
limiting factor in brain maturation, myelination and neurotransmission. The -3 and 6 fatty acids
regulate cholesterol metabolism, blood clotting and control inflammation. They are important for
brain activity, structure and function, form nerve cell membranes, and insulate neurons.
Eicosapentaenoic acid (EPA), decosahexaenoic acid (DHA) and decosapentaenoic acid (DPA)
are associated with reduced risk of CVD, cardiac arrhythmias and sudden cardiac death by
reducing small, dense, low-density lipoprotein (sdLDL) particles, which are more atherogenic
and hence can shift some sdLDL to larger more buoyant LDL particles that are likely to reduce
the risk of CVD. EPA is anti-atherosclerotic, anti-inflammatory, reduces platelet

aggregation, increases vasodilation and lowers plasma triglycerides. DHA is necessary for
cognitive development and visual function, while DPA reduces platelet aggregation, improves
lipid metabolism, reduces endothelial cell migration and improves resolution of chronic
inflammation.

Conclusion: Regular intake of EPA and DHA is important for nursing or pregnant women, as a
child needs DHA to form the brain and other parts of the nervous system up to about 2 years of
age. While regular intake of the ®-3 FA seems beneficial for brain health and alleviation of
major mental-depression, further research is needed to better understand their roles in brain
health and in related dystrophies. Also, the roles of DPA vis-a-vis those of EPA and DHA
require further investigation.
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Acronyms

ALA---Alpha linolenic acid
ARA---Arachidonic acid
CCK---Cholecystokinin
CHD---Coronary heart disease
CLA---Conjugated linoleic acid
CM---chylomicrons
CNS---Central nervous system



CVD---Cardiovascular diseases
DHA---Decosahexaenoic acid
DPA---Decosapentaenoic acid
EFA---Essential fatty acids
EPA---Eicosapentaenoic acid
FA---Fatty acids

FFA---Free fatty acids

GLA---Gamma linoleic acid
HDL----High density lipoprotein
LA---Linoleic acid

LDL---Low density lipoprotein
LDL-C---Low density lipoprotein cholesterol
MUFA---Mono-unsaturated fatty acids
NCD---Non-communicable diseases
PNS---Peripheral nervous system
PUFA---Polyunsaturated fatty acids
sdLDL---Small, dense, low-density lipoprotein
SFA---Saturated fatty acids
TAG---Triacylglycerol

TC-Total cholesterol

TFA---Trans fatty acids
TG----Triglycerides
UFA---Unsaturated fatty acids
VLDL---Very low density lipoprotein

INTRODUCTION

Oils and fats are a group of chemically-heterogeneous organic compounds that are made up of
three fatty acids (FA) attached to a glycerol molecule, and can thus be described as triesters of
FA with glycerol. Fats and oils differ in the nature of the FA on the chain and in the degree of
unsaturation of the constituent FA. While oils tend to be fluid and liquid at room temperature
(20-25°C) [McNaught and Wilkinson, 1997], fats tend to be highly viscous, rigid and therefore
commonly solid at room temperature. Most oils are obtained from plants, while fats are mainly
from animal sources-commonly from terrestrial animals. The extent of fluidity and other



physical properties of a lipid at room temperature depends on the ratio of the saturated FA (SFA)
to unsaturated FA (UFA) on the carbon chain, the nature of the FA, the molecular mass of the
chain, the degree of unsaturation of the constituent FA, and the positional orientation or
stereospecificity of the FA on the triacyl glycerol (TAG) molecule [Hunter, 2001]. Fats are
predominantly made up of SFA and trans FA (TFA), but monounsaturated FA (MUFA) and
polyunsaturated FA (PUFA) predominate in oils [AOCS, 1998]. FA may also be linear or
branched and contain hydroxyl, methyl or cyclopropane groups.

Fats and oils are classified under lipids, although steroid hormones, waxes and compound lipids
are also included. The latter are complexed with other compounds to form glycolipids,
phospholipids and lipoproteins. Lipids are all insoluble in polar solvents like water, but

highly soluble in non-polar or weakly polar organic solvents. Food lipids are important for
human health and the general functioning of the body and to prevent disease. This review
provides an overview of food lipids with a focus on fish lipids, and specifically on the merits and
demerits of their consumption for human health and as potential disease-preventive and curative
agents. The review will include brain health, with passing mention of the health maintenance and
curative role of fish lipids on cardiovascular diseases (CVD) and diabetes mellitus, along with its
less understood roles in decreasing mental depression.

LIPID METABOLISM

Lipids are formed and modified in plants, animal and human bodies using condensation,
alkylation, interesterification, oxidation and reduction reactions, and alkylation.
Interesterification, oxidation, condensation, alkylation and reduction reactions are the main
mechanisms for the modification of lipids in plant, animal and human bodies [McNaught and
Wilkinson, 1997]. Elongation and hydrogenation or desaturation reactions also occur [McNaught
and Wilkinson, 1998]. However, most food lipids are taken into the human body in the form of
triglycerides (TG) and cholesterol. Their metabolic bioconversion begins in the intestine, where
ingested TG are broken down into a diglyceride and a FA and subsequently into monoglyceride
molecules by pancreatic lipases (lipolysis), enzymes that break down fats after emulsification
with bile salts [AOCS, 1998]. When food reaches the small intestine in the form of chyme, the
hormone cholecystokinin (CCK) is released by intestinal endocrine I-cells in the intestinal
mucosa and in cerebral neurons [Rehfeld, 2017]. Cholecystokinin stimulates the release of
pancreatic lipase from the pancreas and the contraction of the gall bladder to release stored bile
salts into the intestine. Cholecystokinin also travels to the brain, where it can act acts as a hunger
suppressant [Rehfeld, 2017]. Together, the pancreatic lipases and bile salts break down TG into
free FA (FFA), which are transported across the intestinal membrane, where they are recombined
to form TG molecules, which are packaged along with cholesterol molecules in phospholipid
vesicles referred to as chylomicrons (CM) [Rehfeld, 2017]. The CM enable fats and cholesterol
to move within the aqueous environment of the human lymphatic and circulatory systems. By the
process of exocytosis, chylomicrons leave the enterocytes and enter the lymphatic system via
lacteals in the villi of the small intestine [Cavalho and Caramujo, 2018]. They are transported to
the circulatory system, where they can either go to the liver or are stored in fat cells (adipocytes)
that are found throughout the human body. Despite the exogenous source of FA as explained
above, de novo synthesis also occurs [Cavalho and Caramujo, 2018]. All PUFA in food webs
originate from primary producers (mainly plants) and animals only have the ability to modify
them by bioconversion and elongation as they pass through the food web (i.e., trophic



upgrading), to give lipids of varied structural heterogeneity and therefore functionality. The
pathway for FA biosynthesis is highly conserved, starting with the formation of malonyl-
Coenzyme A (malonyl-CoA) by carboxylation of acetyl-CoA and further condensation of
malonyl-CoA with acetyl-CoA, with the release of CO; [Berg et al., 2002]. The discussions that
follow relate specifically to human cells.

OVERVIEW OF THE FUNCTIONS OF LIPIDS

The major FA of dietary significance are SFA, MUFA and PUFA. Their nature, location on the
triglyceride (TG) and amount determines the enzymatic pathways of hydrolysis, absorption and
metabolic fate in the body [Decker, 1996]. Energy from their metabolism is required for all
physical work and to keep all the moving parts of the body functioning smoothly. Adipocytes are
specialized for fat storage and are able to expand almost indefinitely in size. An overabundance
of adipose tissue can, however, result in undue stress on the body and can therefore be
detrimental to health. Excess fat consumption can lead to the accumulation of cholesterol plaques
in the arterial wall, which can thicken the wall over time and are a risk factor for diabetes,
hypertension and several types of CVD [Frohnert et al., 2013]. Thus, while some body fat is
important for normal body functioning and good health, too much consumption of the wrong
types can be detrimental to health, especially when consumed in excess of metabolic
requirements and as saturated animal lipids (Liu et al., 2017).

The ©-3 and 6 essential FA help regulate cholesterol metabolism [Gibbons, 2003], blood clotting
[Sanders, 1996] and control inflammation in the joints, tissues, and blood stream [Calder, 2011].
Fatty acids take part in impulse transmission and signaling, gene transcription and expression
and act as biomarkers. These latter functions will not, however, be discussed in this article.
Evidence indicates that intake of marine -3 FA lowers serum triglycerides (TG) and that
replacing SFA with PUFA reduces total plasma cholesterol and low density lipoprotein-
cholesterol (LDL-C) [Conway et al., 2021].

Cholesterol, a much maligned molecule, is an important constituent for the normal functioning of
the nervous system, and has an important role both during the developmental stage and in the
adult. The brain is considered a cholesterol-rich organ as it contains approximately 25% of the
body’s total cholesterol [Bjorken and Meahoney, 2004]. Cholesterol is the most important
component and fundamental functional unit of the mammalian cell membrane [Segatto et al.,
2013]. Most of the body’s cholesterol is found in the brain in the form of myelin, which contains
almost 80% of the cholesterol found in an adult brain [Segatto et al., 2013]. Therefore, it is an
important constituent of myelin in the central nervous system (CNS) and peripheral nervous
system (PNS). In the CNS and PNS, myelin is synthesized by oligodendrocytes and Schwan
cells, respectively [Saher et al., 2011]. As cholesterol is synthesized actively in the CNS in
humans and rodents during the first few weeks post-birth, any interruption in its synthesis and
availability at this neonatal stage can lead to the development of neurodegenerative disorders
[Cunningham et al., 2015]. Cholesterol is also required for cellular processes such as glial cell
proliferation, neurite growth, stability of microtubules, synaptogenesis and myelination [Goritz
et al., 2015]. As revealed in a review of several studies, the limiting factor in brain maturation,
myelination and neurotransmission, seemed to be cholesterol availability for oligodendrocyte
functions [Liu et al., 2010]



Omega-3 FA as Functional Lipids

FA composition (especially the levels of »-3, 6 and 9 FA) and other minor lipid compounds
(glycolipids, phospholipids, tocols, phytosterols, aroma compounds, and phenolics) showed
health-promoting properties and positively affected the physiological functions™ of the human
body [Sanders, 1996; Gibbons, 2003, Druce and Bloom, 2005; Calder, 2011].Other functional
lipids include the ®-3 FA-alpha linolenic acid (ALA), eicosapentaenoic acid (EPA),
decosapentaenoic acid (DPA) and decosahexaenoic acid (DHA); and the -6 FA, gamma
linoleic acid (GLA), linoleic acid (LA), conjugated linoleic acid (CLA), medium chain
triglyceride oils and phytosterols. Fish oils are good sources of EPA, DHA and DPA [Prakash,
2021]. The human body can make most types of fats that it needs from other fats or related raw
materials, but not the o-3 FA. Therefore, the ®-3 FA are essential FA (EFA).as the body cannot
make them, and so must be provided in the diet. Good sources of the ®-3 FA include fish,
vegetable oils, nuts (especially walnuts), flax seeds and leafy vegetables [Prakash, 2021]. These
FA are an integral part of cell membranes throughout the body and affect the functioning of the
cell receptors in membranes. Hormones, which are chemicals compounds that are responsible for
the regulation of blood clotting, contraction and relaxation of arterial walls and the mitigation of
inflammation, are synthesized from FA [Rudkowska, 2013]. Fatty acids also bind to receptors in
cells that regulate genetic functions [Freitas and Campos, 2019]. Due to these effects, the ®-3 FA
help prevent heart disease and stroke, may help control lupus, eczema, and rheumatoid arthritis
and have protective roles with cancer and some other conditions [Leaf, 2007]. As EPA, DPA and
DHA are mainly found in fish lipids, they are commonly referred to as the marine o-3 FA. Alpha
linolenic acid, the most common ®-3 FA in most Western diets [Daley et al., 2010], is found in
other foodstuffs mentioned above [Prakash, 2021] and some animal fats, especially those from
grass-fed animals [Daley et al., 2010].

The strongest evidence for a beneficial effect of ®-3 FA is related to heart disease. These FA
seem to help the heart beat steadily and not go into a dangerous or potentially fatal and erratic
rhythm (arrhythmia) [GISSI, 1999; Daley et al., 2010]. They also lower blood pressure and heart
rate, improve blood vessel function, and, at higher doses, lower TG and may ease inflammation,
which has a role in the development of atherosclerosis [Daley et al., 2010]. Several large trials
have evaluated the effect of fish or fish oils on heart disease. In the Italian Gruppo Italiano per lo
Studio della Sopravvivenza nell’Infarto Miocardio (the GISSI Prevention Trial), heart attack
survivors who took a 1 g capsule containing ®-3 FA every day for three years were less likely to
have a repeat heart attack, stroke, or die of sudden death than those who took a placebo [GISSI,
1999]. It was apparent from the same study that the risk of sudden cardiac death was reduced by
about 50%. In a more recent Japan EPA Lipid Intervention Study (JELIS), participants who took
EPA plus a cholesterol-lowering statin were less likely to have a major coronary event (sudden
cardiac death, fatal or nonfatal heart attack, unstable angina, or a procedure to open or bypass a
narrowed or blocked coronary artery) than those who took a statin alone [Mozzafarian et al.,
2005].

Most modern diets including for Kenyans, are likely to be composed of far more -6 than ®-3
FA (except for fishermen and their families living in coastal and lakeside areas or those engaged
in fish culture and regularly eat fish and other aquatic organisms), because of the widespread
practice throughout Kenya of cooking, and/or frying with sunflower, palm, soya, simsim or
maize oils. It has been suggested that this high intake of ®-6 FA could be a factor for CVD,
although this has not been supported by evidence with humans.



In a study of an African population in South Africa, the dietary intakes of 1751 apparently
healthy adults, stratified according to gender and stratum of urbanization were assessed using a
validated quantitative food frequency questionnaire. The mean energy and protein intakes for all
strata were adequate. Mean intakes of micronutrients were low in comparison to reference
standards, while mean energy distribution was 65% carbohydrate, 12% protein and 22% fat for
the rural, farm, informal settlement and middle class urban strata and 57, 13 and 31% for the
upper class urban strata, respectively. Intakes of the staple, maize meal, decreased between the
urban middle and upper class strata, while fruit and vegetable consumption was low for all
groups. Food intakes showed a shift from the traditional high carbohydrate, low fat diet to a diet
associated with non-communicable diseases [Macintyre et al., 2002]. This study did not,
however, provide the nature, sources and amounts of the different lipid classes in the dietary fat
of the study population. Despite the negative publicity about the consumption of the “unhealthy”
®-6 FA, the global studies by Harika et al. [2013] concluded that “at present, no sound evidence
to suggest that the m-6 FA should be looked upon as harmful exists, and there is therefore no
reason to worry about the proportion of calories they provide within a healthy diet.” In the US
Health Professionals Follow-up Study, the ratio of ®-6 to -3 FA was not linked to the risk of
heart disease because both of these FA seemed beneficial [Leitzmann et al., 2004]. Although
there may be no question that many consumers could benefit from increasing their intake of ®-3
FA, there is evidence that »-6 FA also positively influence cardiovascular risk factors and reduce
heart disease [GISSI, 1999]. Researchers also examined the possible effects of marine and plant
®-3 FA on prostate cancer. Results from the US-based Health Professionals Follow-up Study
showed that men whose diets were rich in EPA and DHA (mainly from fish and other seafood)
were less likely to develop advanced prostate cancer than those with low intake of EPA and
DHA [Koralek et al., 2006]. Also, some, but not all studies showed an increase in prostate cancer
and advanced prostate cancer among men with high intakes of ALA (mainly from supplements),
though this effect was inconsistent. In the large US Prostate, Lung, Colorectal, and Ovarian
(PLCO) Cancer Screening Trial, e.g., there was no link between ALA intake and early, late, or
advanced prostate cancer [Leyrolle et al., 2021]. Given the presumed importance and benefits of
marine -3 FA, it is important to eat fish or other seafood 1-2 times/week, particularly fatty
(dark meat) fish that are richer in EPA and DHA. This is especially important for women who
are nursing babies, pregnant or hoping to become pregnant. From the third trimester until the
second year of life, a developing child needs a steady supply of DHA to form the brain and other
parts of the nervous system [Oken et al., 2003]. Many women shy away from eating fish because
of concerns that mercury and other possible contaminants might harm their babies [Peet and
Stokes, 2005], yet the evidence of harm from lack of w-3 FA is far more consistent, and a
balance of benefit vs. risk suggests the need for greater ®-3 FA consumption.

Functions of EPA, DHA and DPA

Eicosapentaenoic acid, a highly active PUFA, is a precursor of a large variety of bioactive
metabolites and has diverse physiological functions in the human body including treatment of
various neuropsychiatric disorders such as bipolar disorder, depression, and schizophrenia [Wani
et al., 2015; Pawelczyk et al., 2015; Back, 2017]. Clinical trials withof EPA have usually
involved oral administration of its ethyl ester. Eicosapentaenoic acid-rich oils are not commonly
found as the only omega-3 FA in microorganisms unlike arachidonic acid (ARA) and DHA,
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which have been found as the sole PUFA in several microbial species. Eicosapentaenoic acid
always occurs along with either ARA or DHA or sometimes both. Algae contain significant
amounts of EPA [Borowitzka, 2013]. However, sustainable commercial production is based on
genetic engineering using microalgae and bacteria. In addition to their cardiovascular benefits,
these FA are sought after for health benefits associated with the brain and eyes, as well as
general inflammation and multiple inflammatory conditions. Pregnant and lactating women also
take fish oil to benefit their unborn foetuses and babies, respectively. The majority of these oils
are sold in developed countries as dietary supplements, pharmaceuticals and in infant
formula, for better nutrition and as functional foods. The numerous antiatherosclerotic effects of
EPA include antiplatelet aggregation, vasodilation, anti-inflammation and lowering plasma TG
[Valdivielso, 2009; Daley et al., 2010]. In a small study, ®-3 FA induced a significant reduction
of apoB-48 when added to a fluvastatin treatment with type 2 diabetes mellitus and
mixed hyperlipidemia [Hogue et al., 2008]. The effect of fluvastatin on apoB-48 has not been
reported. Nevertheless, atorvastatin is able to reduce apoB-48 by increasing CM and CM-
remnant catabolism [Mohebi-Nejad and Bikdeli, 2014]. This study was consistent with apoB-48
containing atherogenic lipoproteins that may be further reduced by -3 FA, even when added to
a traditional statin therapy. The reduction of apoB-48 was over twofold greater with omega-3 FA
than fluvastatin (80 mg) alone. Because patients were evaluated for 8 weeks, it is likely that the
reduction in apoB-48 could have been even more pronounced over a longer period of time.
ApoB-48 only decreased significantly when ®-3 FA were added to the fluvastatin treatment.
Only the addition of omega-3 FA to the fluvastatin treatment significantly decreased ApoB-48.
Supplementation with ®-3 FA reduced ischemic events and vascular death, even in populations
that consume high amounts of fish [Oscarsson and Hut-Camejo, 2014]. A reduction of ApoB-48
containing particles could have been the cause of the benefit. Omega-3 FA may enhance CM
clearance by reduced hepatic VLDL synthesis [Lepretti et al., 2018]. Furthermore, ®-3 FA may
also reduce intestinal lipoprotein production, which is increased in insulin resistance and type 2
diabetes mellitus [Chewcharat et al., 2020]. In this group of diabetics with mixed
hyperlipidaemia, the preliminary results suggested that supplementation with ®-3 FA (4 g) to a
higher dose of fluvastatin was accompanied by a significant additional benefit of reducing
ApoB-48 particles. This approach may represent a complementary therapy for a reduction of
LDL-C, non-HDL cholesterol, and apoB-100 when used with statins.

Seafood, and especially fatty fish and various forms of ®-3 supplements, contain fairly high
amounts of DHA. However, the amount of the FA in seafood and in supplements varies [Wang
and Daggy, 2017]. Breast milk also contains DHA. It is found esterified into complex lipids
within the bloodstream, in adipose stores and in cell membranes. The concentration of DHA in
different compartments varies greatly [Wang and Daggy, 2017]. The brain and eye have high
DHA contents compared to other organs [Walchuk and Suh, 2020]. The FA is especially
concentrated in the grey matter of the brain and in the outer rod segments of the retina [Wang &
Daggy, 2017]. In the brain, it is involved in neuronal signalling, while in the eye it affects the
quality of vision [Eilander et al., 2007]. It is accumulated in the brain and eye late in pregnancy
and in early infancy [Peet and Stokes, 2005; Wani et al., 2015]. A lower DHA content is linked
to poorer cognitive development and visual function [Byelashov et al., 2015]. It affects cell and
tissue physiology and function through various mechanisms, including alterations in membrane
structure and function, in membrane protein function, in cellular signalling and in lipid mediator
production [Wang and Daggy, 2017].



Decosapentaenoic acid is a part of healthy nutrition, since infants obtain almost as much DPA as
DHA from human milk [Wang and Daggy, 2017]. For the general population, the primary DPA
sources are fish oil supplements, oily fish, and beef from grass-fed ruminants [Wang and Daggy,
2017; Daley et al., 2010]. Although the DPA levels in fish oils are substantially lower than those
of EPA and DHA, concentrated DPA products are now becoming commercially available, and
DPA-based drugs are under development [Frigerio et al., 2018]. Epidemiological studies showed
that similar to EPA and DHA, DPA is linked to various improvements in human health, perhaps
owing to its structural similarity to EPA and DHA molecules. Studies in mammals, platelets, and
cell cultures have shown that DPA reduces platelet aggregation [Kaur et al., 2011], and improves
lipid metabolism, endothelial cell migration [Back and Hansson, 2019], and resolution of chronic
inflammation [DiNicolantonio and O’Keefe, 2018]. Further, other in vivo and in vitro studies
have shown that DPA can improve neural health [Kaur et al., 2011]. A human supplementation
trial with 99.8% pure DPA suggested that it serves as a storage depot for EPA and DHA in the
human body [Kaur et al., 2011]. Future randomized controlled human trials with purified DPA
are required to clarify its effects on human health, and confirm the available evidence pointing to
its nutritional and biological functions, either as overlapping or are unique from those of EPA
and DHA.

Relationship of Omega-3 FA and Other Lipids and Lipid Components

The flesh of fatty fish such as herring, tuna, anchovies, mackerel and salmon is the source of fish
oil. The livers of codfishes, Atlantic and Pacific cod are the most commonly used raw material
for cod liver oil production. The fish get their omega-3 FA by eating phytoplankton, which
absorb microalgae. Microalgae are the original sources of the -3 rich FA, found in fish and sea
algae. Intake of fish and fish oil, containing o-3 FA, EPA, DPA and DHA, has beneficial health
effects as described by several authors [GISSI, 1999; Daley et al., 2010; Mozzafarian et al.,
2005; Kaur et al., 2011]. A high ®-6:®-3 ratio diet (~11:1), when compared with a diet enriched
with EPA and DHA (an ®-6:0-3 ratio of ~ 3:1) caused a reduction in fasting and postprandial
TG as well as sdLDL [B&ck and Hansson, 2019]. Reducing the ®-6:»-3 ratio with EPA and
DHA ingestion also reduced VLDL, increased LDL particle size and increased HDL2. ALA did
not confer these benefits. Moreover, increasing the intake of LA from 4.7 to 7% of total energy
reduced the protective HDL2 (35.2 vs. 31.7%) (DiNicolantonio and O’keefe, 2018]. Reducing
intakes of animal fats and by gradually reducing intakes of TFA, a reduction of cholesterol-
raising FA by about one-third seems practical as this will reduce the contribution of these FA to
total energy intake to ~ 7-8% [Griffin et al., 2006]. Such a reduction seems reasonable and
practical for the general population. Furthermore, because of the potential harmful effects of high
intakes of PUFA, their consumption should not exceed current intakes, i.e., ~ 7% of total energy
[Griffin et al., 2006]. Thus, the ratio of cholesterol-raising FA to PUFA probably should be ~
1:1, with total intakes of each being ~ 7% of total energy. The ideal diet of human ancestors
which was approximately 1:1 would be desirable, although this may be difficult to achieve in
modern diets. Also, MUFA should feature more prominently in diets for better outcomes for an
appropriate LDL to HDL balance in humans and it is therefore apparent that a ratio of
approximately 1:1.3:1 of SFA:MUFA:PUFA is appropriate [Grundy, 1997]. Avocados, unsalted
nuts such as almonds, cashews, peanuts and olives; and cooking oils made from plants or seeds,
including olive, canola, peanut, sunflower, soybean, sesame and safflower, are good dietary
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sources of MUFA. The ability of the ©-3 FA to increase LDL-C has led to questions on the
heart-healthy properties of these FA. However, their ability to transform the atherogenic sdLDL
(pattern B) particles to large-buoyant LDL (pattern A), likely outweighs any harm of a higher
LDL-C level. It is apparent that the increased lipoprotein gene expression in the plasma is
responsible for the increase in large buoyant LDL with marine ®-3 FA consumption [Back and
Hansson, 2019].

The effect of -3 PUFA on the susceptibility of LDL oxidation is controversial. Some studies
suggested that marine -3 FA, provided as fish, do not increase oxidised LDL with decreases
being noted in urinary isoprostane excretion [Hayes, 2002]. Plasma F(2)-isoprostane and
malondialdehyde, which are markers of oxidative stress, were significantly lower with fish oil
supplementation versus sunflower oil [Mori et al., 2000]. Maximal rates of phosphatidylcholine
hydroxyperoxide and cholesteryl linoleate hydroperoxide formation were also significantly lower
with fish oil (3.4 g of EPA or DHA/day) compared with safflower oil (10.5 g of LA/day). The
authors concluded that “compared to dietary oils that are rich in oleate and linoleate,
supplementation of diets of menopausal women with fish oil, does not result in overall oxidation
of LDL ex-vivo” [Higdon et al., 2000].

In a randomized double-blind cross-over study in familial combined with hyperlipidaemia giving
3.4 g of EPA or DHA/day (as Omacor) for 8 weeks, significantly lowered plasma TG and VLDL
(27 and 18%, respectively) [Higdon et al., 2001]. Although there was a decrease in LDL-C by
21%, and a decrease in the denser, slow floating LDL-3 subclass, it was accompanied by an
increase in the more buoyant, fast floating LDL-1 and LDL-2 subclasses. This study confirmed
that EPA and DHA can increase LDL-C but at the same time reduce LDL density. The average
LDL size was not significantly reduced with fish oil, but this was thought to be due to the
baseline LDL size (25.0 nm) already being quite low [Higdon et al., 2001]. Thus, the marine ®-3
FA EPA or DHA are associated with slight increases in LDL-C, which may be because DHA
downregulates the LDL-receptor, possibly decreasing LDL clearance [Calabresi et al., 2000].
However, DHA was observed to increase LDL size and buoyancy, which indicated less
atherogenic LDL [Calabresi et al., 2000].

Another double-blind parallel design placebo-controlled trial with 42 adults found that 4 g/day of
EPA and DHA for 12 weeks increased LDL-C by 13% (p<0.01). However, there were increases
in both large (LDL1 (+2.2 mg/dL) and LDL2 (+2.6 mg/dL)) and sdLDL (LDL3 (+6.3 mg/dL)
and LDL4 (+0.04 mg/dL)) [Oelrich et al., 2013]. Only the change in LDL-4 was not statistically
significant, while the changes with LDL 1-3 subclasses were all statistically significant. The
authors concluded that ‘in this population of hypertriglyceridemic adults, dietary
supplementation with fish oil resulted in an increase in total LDL-C which was distributed
relatively evenly across the range of smaller and more atherogenic as well as larger and less
atherogenic LDL particles’ [Oelrich et al., 2013].

In a trial carried out for 12 weeks, fifty seven men with dyslipidaemia were randomly assigned to
one of three diets enriched with flaxseed oil (~ 25g of ALA/day), sunflower oil (~ 25 g of
LA/day) or sunflower oil plus fish oil (~ 3g of EPA or DHA/day) [Rodriguez-Levya et al.,
2010]. All three diets reduced cholesterol levels. The reduction in TG level was most pronounced
with the fish oil group (—23%, p<0.01), although it was also reduced in the flax and sunflower
plus fish oil groups, but to a lower level. Moreover, the fish oil also group had a significant
reduction in small-dense LDL (—22%, p=0.01) and a significant increase in HDL2. Additionally,
only the fish oil group had a significant reduction in the TC/HDL ratio, which is a better
predictor of CHD compared with LDL-C. Both the flax oil and sunflower oil groups caused a
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decrease in HDL (—10.5 and —5.6%, respectively), whereas the group given fish oil had a slight
increase in HDL (+3%). Although the proportion of sdLDL decreased in all groups, it was only
significant with the fish oil supplemented diet. A shift in the LDL subclasses towards larger,
lighter LDL particles was found with the group supplemented with fish oil. The reductions in TG
and sdLDL that occurred after fish oil consumption correlated with an increase in membrane
DHA levels, suggesting that if DHA levels are not increased, small-dense LDL may not be
reduced. The authors concluded that: an ALA-enriched diet cannot reproduce the predictable
changes in plasma lipids and small-dense LDL that are apparent with fish oil [Rodriguez-Levya
et al., 2010]. Thus, the overall evidence suggests that marine m-3 FA reduce sdLDL, which are
more atherogenic and hence supplementing with marine ®-3 FA to shift the sdLDL pattern to a
larger more buoyant LDL particle pattern is likely to reduce CVD risk. Indeed, at least seven
randomized controlled trials have found that -3 FA increased LDL particle size or shifted LDL
particle distribution from atherogenic pattern B to pattern A [Egert et al., 2009]. The benefit of
supplementing with marine -3 FA seems therefore to depend on whether someone has pattern B
LDL to begin with and if plasma TG levels are significantly low.

Omega-3 Lipids and Brain Health

The glycerophospholipids in the brain contain a high proportion of PUFA derived from the EFA,
LA and ALA. The main PUFA in the brain are DHA and ARA [Paluchova et al., 2020].
Experimental studies in animals have shown that diets lacking omega-3 PUFA lead to substantial
disturbances in neural function, which in most circumstances can be restored by the inclusion of
omega-3 PUFA in the diet [Sinclair et al., 2007]. Epidemiological and cross-sectional studies
have also identified a role for long-chain omega-3 PUFA, including DHA, EPA and DPA in the
aetiology of depression [Reimers and Ljung, 2019]. In four out of the seven studies done with
depressed individuals, using long-chain o-3 PUFA as adjunct therapy, and in two out of the five
studies with bipolar patients, a positive outcome following supplementation with ethyl-EPA or
fish oil containing long-chain -3 PUFA was reported, although no effect was shown in other
participants [Stahl et al., 2008]. The mechanisms to account-for the benefits of the long-chain ®-
3 PUFA with depression, included reductions in prostaglandins derived from ARA, which lead
to decreased brain-derived neurotrophic factor levels, and/or alterations in blood flow to the
brain [Stahl et al., 2008]. In a meta-analysis, EPA, rather than DHA, influenced the final clinical
efficacy when the o-3 PUFA were used as an adjuvant rather than mono-therapy. However, no
relation between efficacy and study quality, baseline depression severity, study size, trial
duration and age of patients was found. Omega-3 PUFA seemed to be effective in randomized
controlled trials on patients with bipolar disorder, whereas no evidence was found in those
studies that explored their efficacy on depression symptoms in young populations with perinatal
depression, or a primary disease, other than depression and healthy subjects [Grosso et al., 2014].
The main limitation of the meta-analysis was the inability to control the many potential sources
of heterogeneity. Despite using a logical grouping of trials, a non-modifiable degree of
heterogeneity, due to the specific characteristics of the different trials, still weakened the pooled
analysis. However, the inclusion of the updated randomized control trials strengthened the
conclusions of the effects of -3 PUFA intake on depressive disorders. Therefore, trials with
individuals diagnosed with major depressive disorder provided evidence that ®-3 PUFA
supplementation had beneficial clinical effects on depression. Evidence of their efficacy was also
provided for patients with bipolar disorder [Grosso et al., 2014]. However, according to the
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results in other randomized controlled trials in healthy subjects and patients with schizophrenia,
Alzheimer’s disease and CVD, »-3 PUFA supplementation seemed to be ineffective [Grosso et
al., 2014]. But in a stratified meta-analysis, the effects of trial duration, trial methodological
quality, baseline depression severity, diagnostic indication, dose of EPA and DHA in ®-3
preparations, and whether ®-3 FA were given as mono-therapy or augmentation were studied. In
13 randomized, placebo-controlled trials examining the efficacy of ®-3 FA involving 731
participants, the meta-analysis showed no significant benefit of ®-3 FA treatment compared with
placebo (standard mean difference, SMD=0.11, 95% confidence interval, CI: -0.04, 0.26). The
meta-analysis showed significant heterogeneity and publication bias. Nearly all evidence of an
omega-3 benefit was removed after adjusting for publication bias using the trim-and-fill method
(SMD=0.01, 95% CI: -0.13, 0.15). However, in trials of lower methodological quality, trials of
shorter duration, trials which utilized completers rather than intention-to-treat analysis, and those
in which study participants had greater baseline depression severity, secondary analyses
suggested a trend towards increased efficacy of -3 PUFA. Recent published trials suggested a
small, non-significant benefit of ®-3 FA for major depression and therefore nearly all of the
treatment efficacy observed in the literature may be attributed to publication bias [Bloch &
Hannestad, 2012]. Studies done specifically on the association between ®-3 intake and
depression reported contrasting results, suggesting that the preventive role of ®-3 PUFA may
depend on other less understood factors [Grosso et al., 2014], therefore suggesting the need for
further research in this area.

Recommended Dietary Marine Omega-3 FA Intake

Due to the importance and benefits of marine omega-3 FA, it is important to eat fish or other
seafood 1-2 or more times/week, particularly fatty (dark meat) fish that are richer in EPA and
DHA [Calder, 2006]. This is especially important for women who are pregnant or hoping to
become pregnant and nursing mothers. A developing child needs a steady supply of DHA to
form the brain and other parts of the nervous system beginning in the third trimester until the
second year of life [Mallick et al., 2019]. A 70% decrease in total mortality was observed in a
secondary prevention of CVD study, with a ratio of 4:1 (of ®-6:0-3 FA) (Simopoulos,2002). A
ratio of 2.5:1 reduced rectal cell proliferation in patients with colorectal cancer [Simopoulos,
2002], whereas a ratio of 4:1 with the same amount of ®-3 PUFA had no effect. In women with
breast cancer the lower m-6:0-3 FA was associated with decreased risk [Simopoulos, 2002]. The
lower ®-6:0-3 FA A ratio of 2-3:1 suppressed inflammation in patients with rheumatoid arthritis,
and a ratio of 5:1 had a beneficial effect on patients with asthma, whereas a ratio of 10:1 had
adverse consequences [Simopoulos, 2008]. These studies indicated that the optimal ratio may
vary with the disease as chronic diseases are multigenic and multifactorial [Simopoulos, 2002,
2008]. Therefore, it is possible that the therapeutic dose of -3 FA will depend on the degree of
severity of a disease resulting from a genetic predisposition. In developed and modernizing
societies, a lower ratio of ®-6:0-3 FA seems more desirable in reducing the risk of many of the
chronic diseases of high prevalence. It is generally apparent that a ratio of ~ 1:1.3:1 of
SFA:MUFA:PUFA is appropriate for a desirable LDL/HDL balance in humans [Grundy, 1997],
which is close to the palaentological dietary intake of 1:1 [Simopoulos, 2002]. Thus excessive
amounts of ®-6 PUFA and a higher ®-6:®-3 ratio, as is found in today's diets, promote the
pathogenesis of many diseases, including CVD, cancer, inflammatory and autoimmune diseases.
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However, higher levels of ®-3 PUFA (a lower o-6:0-3 ratio) have suppressive effects. Dietary
ARA and LA increase the risk for CVD in those with the variants, whereas dietary intake of EPA
and DHA, the major FA in fish lipids decrease the risk [GISSI, 1999].

Demerits of Eating Excessive Amounts of Fish Oils

As much as fish oil has been shown to be beneficial to human health and even some disease
conditions, deleterious effects of either too much or too little consumption do occur.

Both fish oil and cod liver oil are generally considered safe, but caution and medical advice is
called for before taking them. Both of them might not be safe for all people and may also cause
minor side effects. The most common use of fish oils has been for children to relieve colds and
headaches. However, medical advice is still necessary, especially for people with fish and
shellfish allergies, and those with heart and blood conditions.

Cod liver oil has been associated with belching, nosebleeds, heartburn and blood thinning
[Clarke, 1990; Akintoye et al., 2018], although a recent systematic review by Bergtrup et al.
[2017] refutes the bleeding claim. Fish oils may also contain high levels of vitamins A and D,
which when taken in excess may cause avitaminosis [Schmitt et al., 2020]. Fish oils normally
contain high amounts of vitamins A and D, which when taken in excess may cause avitaminosis
[Schmitt et al., 2020]. Vitamin D toxicity can lead to a buildup of calcium in the blood
(hypercalcaemia), which can cause nausea, vomiting, weakness, and frequent urination [Schmitt
et al., 2020]. Nausea and vomiting, weakness, and frequent urination can result from a buildup of
calcium in the blood (hypercalcaemia), which is due to Vitamin D toxicity [Schmitt et al., 2020].
Vitamin D toxicity may sometimes progress to bone pain and kidney problems, such as the
formation of calcium stones. Intake of excess Vitamin A on the other hand can lead to increased
intracranial pressure (pseudotumour cerebri), dizziness, nausea, headaches, skin irritation, pain in
the joints and bones, coma, and even death [Penniston and Tanumihardjo, 2006]. Consuming too
much vitamin A over a long period of time can cause coarse hair, partial loss of hair (including
the eyebrows), cracked lips, and dry, rough skin, while chronic consumption of large doses of the
vitamin can cause liver damage and birth defects in a foetus [Penniston and Tanumihardjo,
2006]. Those taking excessive amounts of supplements of these vitamins are therefore advised to
exercise caution. Pregnant women should also be cautioned as excess fish oil intake may cause
blood clotting or nosebleeds, nausea, loose stools, rash, indigestion and fish-tasting burps,
reduced vitamin E levels and even a spontaneous abortion [Schmitt et al., 2020], and interactions
with contraceptive medications, weight loss drugs containing orlistat and blood medications.

Fish oils contain high levels of EPA and DHA as well as vitamins A and D, some of which may
confer the anti-inflammatory properties of fish oils [\Valdivielso et al., 2009; Daley et al., 2010].
The presence of vitamins A and D may also contribute to other beneficial effects of fish lipids,
for optimal human health. The functions of fish lipids in CHD, ocular and retinal health, bone
health, and dementia have been documented [Daley et al., 2010; Bloch and Hannestad, 2012].
But they also continue to be implicated as important remedies in similar disease conditions
[Shahidi and Ambigaipalan, 2018].

CONCLUSION
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Lipids have numerous functions in human metabolism and health. Cholesterol availability in
oligodendrocytes seems to be the limiting factor in brain maturation, myelination and
neurotransmission. The ®-3 and 6 fatty acids regulate cholesterol metabolism, blood clotting and
control inflammation. They are important for brain activity, structure and function, form nerve
cell membranes, and insulate neurons. An ALA-enriched diet cannot reproduce the predictable
changes in plasma lipids and the LDL pattern that is produced with fish oil. Marine omega-3 FA
cause a significant increase in HDL2, LDL particle size and shift LDL particle distribution from
atherogenic small, dense LDL particles (pattern B) to large, buoyant particles (pattern A). These
benefits are likely to occur only when TG levels are significantly low and one has pattern B LDL
to begin with. Anti-atherosclerotic effects of EPA include antiplatelet aggregation, vasodilation,
anti-inflammation and maintaining low plasma TG levels. DHA functions through alterations in
membrane structure and function, in membrane protein function, cellular signalling and lipid
mediator production. Low DHA levels have been linked to poor cognitive development and
visual function. Decosapentaenoic acid reduces platelet aggregation, improves lipid metabolism,
endothelial cell migration, and resolution of chronic inflammation. While a low ratio of ®-6 to -
3 seems to alleviate most disease conditions, the beneficial ratio of -6 to -3 PUFA seems to
differ with different diseases. Clarification on whether the nutritional and biological functions of
DPA are unique or overlap with those of EPA and DHA needs further study. The roles of ApoB
particles in relation to other lipids remain unclear. Meta-analyses on major depression suggested
a small, but non-significant benefit, implying that the preventive role of ®-3 PUFA may depend
on other not yet understood factors. The roles of marine ®-3 FA on brain health are being
established, but mechanisms of action are not yet clear, especially with depression.

Conflicting or competing interests
The author declares no conflicting or competing interests relate to this publication.

Author’s contribution
The sole author conceived, conceptualized, designed and wrote the review.

REFERENCES
1. McNaught AD and Wilkinson A. IUPAC Compendium of Chemical
Terminology (2nd ed.). Blackwell Scientific Publications, Oxford, UK, 1997.
doi:10.1351/goldbook.
2. Hunter JE. Studies on effects of dietary fatty acids as related to their position on the
triglycerides. Lipids 2001; 36(7): 655-68.
3. American Oil Chemists’ Society (AOCS). Fats and Oils Handbook. AOCS Press,

13



Elsevier Inc., Oxford, UK, 1998. doi: https;//doi.org/10.1016/8978-0-
9818936-0-0-50007-X. Accessed on 10" December, 2020.
4. Rehfeld JE. Cholesystokinin from local gut hormone to ubiquitous messenger.

Frontiers in Endocrinology (Lausanne) 2017; 8: 47.
doi: 10.3389/fendo.2017.00047.

5. de Cavalho CRC and MJ Caramujo. The various roles of fatty acids. Molecules
2018; 23(10): 2583. doi: 10.3390/molecules23102583. Accessed 15" January 2021.
6. Berg JM, Tymoczko JL and Stryer L. Section 22.5-Acetyl Coenzyme A

carboxylase plays a key role in controlling fatty acid metabolism. In: Berg JM.,

Tymoczko JL and L Stryer (editors). Biochemistry. 5th ed. W. H. Freeman, New
York, 2002.

7. Decker EA. The role of stereospecific fatty acid positions on lipid metabolism.
Nutrition Review 1996; 54: 108-110.

8. Frohnert BI, Jacobs DR Jr., Steinberger J, Moran A, Steffen LM and AR
Sinaiko. Relation between serum free fatty acids and adiposity, insulin resistance,
and cardiovascular risk factors from adolescence to adulthood. Diabetes 2013; 62:
3163-3169.

9. Liu AG, Ford NA, Hu FB, Zelman KM, Mozaffarian D and Kris-Etherton PM. A
healthy approach to dietary fats: understanding the science and taking action to reduce
consumer confusion. Nutrition Journal 2017; 16(1): 53.
https://doi.org/10.1186/s12937-017-0271-4

10.

11.

12.

13.

14.

15.

Gibbons GF. Regulation of fatty acid and cholesterol synthesis: Cooperation or
competition? Progress in Lipid Research 2003; 42(6): 479-97.

Sanders TA. Effects of unsaturated fatty acids on blood clotting and fibrinolysis.
Current Opinions in Lipidology 1996; 7(1):20-3.

Calder PC. Fatty acids and inflammation: The cutting edge between food and pharma.
European Journal of Pharmacology 2011; 668 Suppl 1. S50-8. doi:
10.1016/j.ejphar.2011.05.085.

Conway MC, McSorley EM, Mulhern MS and Strain JJ. The influence of fish
consumption on serum n-3 polyunsaturated fatty acid (PUFA) concentrations in
women of childbearing age: A randomized controlled trial (the iFish
Study). European Journal of Nutrition 2021; 60(3): 1415-1427. doi:10.1007/s00394-
020-02326-w.

Bjorkhem | and Meaney S. Brain cholesterol FAM. Long secret life behind a barrier.
Arteriosclerosis, Thrombosis, and Vascular Biology 2004: 806-15.

Segatto M, Di Giovanni A, Marino M and Pallottini V. Analysis of the protein
network of cholesterol homeostasis in different brain regions: An age and sex
dependent perspective. Journal of Cell Physiology 2013; 228: 1561-7.

14



16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

Saher G, Quintes S and Nave KA. Cholesterol: A novel regulatory role in myelin
formation. Neuroscientist 2011: 79-93.

Cunningham D, DeBarber AE, Bir N, Binkley L, Merkens LS, Steiner RD and
Herman GE. Analysis of hedgehog signaling in cerebellar granule cell precursors in a
conditional Nsdhl allele demonstrates an essential role for cholesterol in postnatal
CNS development. Human Molecular Genetics 2015; 24: 2808-25.

Goritz C, Mauch DH and Pfrieger F. Multiple mechanisms mediate cholesterol-
induced synaptogenesis in a CNS neuron. Molecular and Cellular Neuroscience
2005; 29: 190-201.

Liu JP, Tang Y, Zhou S, Toh BH, McLean C and Li H. Cholesterol involvement in
the pathogenesis of neurodegenerative diseases. Molecular and Cellular
Neuroscience 2010: 43(1): 33-42.

Druce M and Bloom SR. The regulation of appetite. Archives of Diseases of
Childhood 2006; 91(2): 183-187. doi:10.1136/adc.2005.073759.

Prakash B. Functional and preservative properties of phytochemicals. Elsevier BV.
Amsterdam, The Netherlands, 2021. doi: https://doi.org/10.1016/C2018-0-03991-2.
Rudkowska I, Garenc C, Couture P and Vohl MC. Omega-3 fatty acids regulate gene
expression levels differently in subjects carrying the PPARalpha L162V
polymorphism. Genes in Nutrition 2009; 4(3):199-205. doi:10.1007/s12263-009-
0129-2.

Freitas RDS and Campos MM. Protective effects of omega-3 fatty acids in cancer-
related complications. Nutrients 2019; 11(5):945. doi: 10.3390/nu11050945.

Leaf A. Prevention of sudden cardiac death by n-3 polyunsaturated fatty
acids. Journal of Cardiovascular Medicine. (Hagerstown, MD, USA). 2007; 8 Suppl
1: S27-29.

Daley CA, Abbott A, Doyle PS, Nader GA and Larson S. A review of fatty acid
profiles and antioxidant content in grass-fed and grain-fed beef. Nutrition Journal
2010; 9:10. doi:10.1186/1475-2891-9-10.

GISSI. Dietary supplementation with n-3 polyunsaturated fatty acids and vitamin E
after myocardial infarction: Results of the GISSI-Prevenzione trial. Gruppo lItaliano
per lo Studio della Sopravvivenza nell’Infarto miocardico. Lancet 1999; 354: 447-
455.

Mozaffarian D, Ascherio A, Hu FB, Stampfer MJ, Willett WC, Siscovick DS and
Rimm EB. Interplay between different polyunsaturated fatty acids and risk of
coronary heart disease in men. Circulation 2005; 111(2): 157-64. doi:
10.1161/01.CIR.0000152099.87287.83.

Macintyre VE, Kruger HS, Venter CS and Vorster HH. Dietary intakes of an African
population in different stages of transition in the North West Province, South Africa:
The THUSA study. Nutritional Research 2002; 22: 239-256.

Harika RK, Eilander A, Alssema M, Osendarp SJ and Zock PL. Intake of fatty acids
in general populations worldwide does not meet dietary recommendations to prevent
coronary heart disease: A systematic review of data from 40 countries. Annals of
Nutrition and Metabolism 2013; 63: 229-238. doi: 10.1159/000355437.

Leitzmann MF, Stampfer MJ, Michaud DS, Augustsson K, Colditz GC, Willett WC
and Giovannucci EL. Dietary intake of n-3 and n-6 fatty acids and the risk of prostate

15



38.

39.

40.

cancer. American Journal of Clinical Nutrition 2004; 80(1): 204-216. doi:
10.1093/ajcn/80.1.204.

31. Koralek DO, Peters U, Andriole G, Reding D, Kirsh V, Subar A, Schatzkin A, Hayes
R and Leitzmann MF. A prospective study of dietary alpha-linolenic acid and the risk
of prostate cancer (United States). Cancer Causes Control 2006; 17(6): 783-791. doi:
10.1007/s10552-006-0014-x.

32. Leyrolle Q, Decoeur F, Briere G, Amadieu C, Quadros ARAA, Voytyuk I, Lacabanne
C, Benmamar-Badel A, Bourel J, Aubert A, Sere A, Chain F, Schwendimann L,
Matrot B, Bourgeois T, Grégoire S, Leblanc JG, De Moreno De Leblanc A, Langella
P, Fernandes GR, Bretillon L, Joffre C, Uricaru R, Thebault P, Gressens P, Chatel
JM, Layé S and Nadjar A. Maternal dietary omega-3 deficiency worsens the
deleterious effects of prenatal inflammation on the gut-brain axis in the offspring
across lifetime.  Neuropsychopharmacology 2021; 46(3): 579-602. doi:
10.1038/s41386-020-00793-7.

33. Oken E, Kleinman KP, Berland WE, Simon SR, Rich-Edwards JW and Gillman MW.
Decline in fish consumption among pregnant women after a national mercury
advisory. Obstetrics and Gynecology 2003; 102: 346-351.

34. Peet M and Stokes C. Omega-3 fatty acids in the treatment of psychiatric disorders.
Drugs 2005; 65(8): 1051-1059. doi: 10.2165/00003495-200565080-000024.

35. Wani AL, Bhat SA and A Ara. Omega-3 fatty
acids and the treatment of depression: a review of scientific evidence. Integrated
Medical Research 2015; 4(3): 132-141. doi:10.1016/j.imr.2015.07.003.

36. Pawelczyk T, Grancow M, Kotlicka-Antczak M and Pawelczyk A. Omega-3 fatty
acids in first-episode schizophrenia-a randomized controlled study of efficacy and
relapse prevention (OFFER): rationale, design, and methods. BioMedical Central
Psychiatry Journal  2015; 15:97.  https://doi.org/10.1186/s12888-015-0473-2.
Accessed 9" November, 202114.

37. Sanders TA. Effects of unsaturated fatty acids on blood clotting and fibrinolysis.
Current Opinions in Lipidology 1996; 7(1):20-3.

Back M. Omega-3 fatty acids in atherosclerosis and coronary artery disease. Future

Science Open Access Journal 2017; 3(4): FSO236. doi:10.4155/fsoa-2017-0067.

Borowitzka MA. High-value products from microalgae: Their development and

commercialization. Journal of Applied Phycology 2013; 25: 743-756. https://doi.org/

10.1007/s10811-013-9983-9.

Valdivielso P, Rioja J, Garcia-Arias, Miguel Angel Sanchez-Chaparro C and

Gonzélez-Santos P. Omega 3 fatty acids induce a marked reduction of apolipoprotein

B48 when added to fluvastatin in patients with type 2 diabetes and mixed hyperlipidemia:

a preliminary report. Cardiovascular Diabetology 2009; 8: 1.
https://doi.org/10.1186/1475-2840-8-1.
41. Hogue JC, Lamarche B, Deshaies Y, Tremblay

AJ, Bergeron J, Gagné C and Couture P. Differential effect of fenofibrate and
atorvastatin on in vivo Kkinetics of apolipoproteins B-100 and B-48 in subjects with
type 2 diabetes mellitus with marked hypertriglyceridemia. Metabolism 2008; 57(2):
246-254. doi: 10.1016/j.metabol.2007.09.008. Accessed 9™ Nov 2021.

42. Mohebi-Nejad A and Bikdeli B. Omega-3 supplements and cardiovascular
diseases. Tanaffos 2014; 13(1): 6-14.

16



43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Oscarsson J and Hurt-Camejo E. Omega-3 fatty
acids eicosapentaenoic acid and decosahexaenoic acid and their mechanisms of action
on apolipoprotein B-containing lipoproteins in humans: A review. Lipids in Health
and Disease 2017; 16: 149. https://doi.org/10.1186/s12944-017-0541-3.

Lepretti M, Martucciello S, Burgos-Aceves MA, Putti R and Lionetti L. Omega-3
fatty acids and insulin resistance: Focus on the regulation of mitochondria and
endoplasmic Reticulum stress. Nutrients 2018; 10(3): 350. doi:10.3390/nu10030350.
Chewcharat A, Chewcharat P, Rutirapong A and Papatheodorou A. The effects of
omega-3 fatty acids on diabetic nephropathy: A meta-analysis of randomized
controlled trials.. PLOS ONE 2020; https://doi.org/10.1371/journal.pone.0228315.
Wang H and Daggy BP. The role of fish oil in inflammatory eye
diseases. BioMedicine Hub Journal 2017; 2(1): 1-12. https:/doi:10.1159/000455818.
Walchuk C and Suh M. Nutrition and the aging retina: A comprehensive review of
the relationship between nutrients and their role in age-related macular degeneration
and retina disease prevention. Advances in Food and Nutrition Research 2020; 93:
293-332. doi: 10.1016/bs.afnr.2020.04.003.
Eilander A, Hundscheid DC, Osendarp SJ, Transler C and Zock PL. Effects of n-3
long chain polyunsaturated fatty acid supplementation on visual and cognitive
development throughout childhood: A review of human studies. Prostaglandins,
Leukotrienes & Essential Fatty Acids 2007; 76: 189-203.
Byelashov OA, Sinclair AJ and Kaur G. Dietary sources, current intakes, and
nutritional role of omega-3 decosapentaenoic acid. Lipid Technology 2015; 27(4): 79-
82. doi: 10.1002/lite.201500013.
Frigerio F, Pasqualini G, Craparotta I, Marchini S, van Vliet EA, Foerch P,
Vandenplas C, Leclercq K, Aronica E, Porcu L, Pistorius K, Colas RA, Hansen TV,
Perretti M, Kaminski RM, Dalli J and Vezzani A. n-3 Decosapentaenoic acid-derived
protectin D1 promotes resolution of neuroinflammation and arrests
epileptogenesis. Brain 2018; 141(11): 3130-3143.
https://doi.org/10.1093/brain/awy247.
Kaur G, Garg M and Sinclair AJ. Decosapentaenoic acid (22:5n-3): A review of its
biological effects. Progress in Lipid Research 2011; 50(1): 28-34. Available at:
https://doi.org/10.1016/j.plipres.2010.07.004. Accessed 10™ June, 2021.
Back M and Hansson GK. Omega-3 fatty acids, cardiovascular risk, and the
resolution of inflammation. FASEB Journal 2019; 33(2): 1536-1539. doi:
10.1096/1j.201802445R.
DiNicolantonio JJ and O’Keefe JH. Effects of dietary fats on blood lipids: A review
of direct comparison trials. Open Heart 2018; 5: e000871. doi: 10.1136/openhrt-
2018-000871.
Griffin MD, Sanders TA, Davies IG, Morgan LM, Millward DJ, Lewis F, Slaughter
S, Cooper JA, Miller GJ and Griffin BA. Effects of altering the ratio of dietary n-6 to
n-3 fatty acids on insulin sensitivity, lipoprotein size, and postprandial lipidaemia in
men and postmenopausal women aged 45-70 y: The OPTILIP Study. American
Journal of Clinical Nutrition 2006, 84: 1290-1298. doi:10.1093/ajcn/84.6.1290.
Accessed 11™ November, 2021.

17



55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Grundy SM. What is the desirable ratio of saturated, polyunsaturated, and
monounsaturated fatty acids in the diet? American Journal of Clinical Nutrition 1997,
66(suppl): 988S-990S.

Hayes KC. Dietary fat and heart health: in search of the ideal fat. Asia Pacific Journal
of Clinical Nutrition 2002; 11 Suppl 7(s7): S394-400. doi:10.1046/j.1440-
6047.11.5.7.13.X

Mori TA, Puddey IB, Burke V, Croft KD, Dunstan DW, Rivera JH and Beilin LJ.
Effect of omega 3 fatty acids on oxidative stress in humans: GC-MS measurement of
urinary F2-isoprostane excretion. Redox Report Journal 2000; 5(1): 45-46. doi:
10.1179/rer.2000.5.1.45.

Higdon JV, Liu J, Du SH, Morrow JD, Ames BN and Wander RC. Supplementation
of postmenopausal women with fish oil rich in eicosapentaenoic acid and
decosahexaenoic acid is not associated with greater in vivo lipid peroxidation
compared with oils rich in oleate and linoleate as assessed by plasma
malondialdehyde and  F(2)-isoprostanes. American  Journal of  Clinical
Nutrition 2000; 72: 714-722. doi:10.1093/ajcn/72.3.714. Accessed 9" November,
2021.

Higdon JV, Du SH, Lee YS,Wu T and Wander RC. Supplementation of
postmenopausal women with fish oil does not increase overall oxidation of LDL ex
vivo compared to dietary oils rich in oleate and linoleate. Journal of Lipid
Research 2001; 42: 407-418. Accessed 9™ Nov 2021.

Calabresi L, Donati D, Pazzucconi F, Sirtori CR and Franceschini G. Omacor in
familial combined hyperlipidemia: effects on lipids and low density lipoprotein
subclasses. Atherosclerosis 2000; 148: 387-396. doi:10.1016/S0021-9150(99)00267-
1. Accessed 9™ November, 2021.

Oelrich B, Dewell A and Gardner CD. Effect of fish oil supplementation on serum
triglycerides, LDL cholesterol and LDL subfractions in hypertriglyceridemic
adults. Nutrition, Metabolism and Cardiovascular Diseases 2013; 23: 350-357.
doi:10.1016/j.numecd.2011.06.003.

Rodriguez-Leyva D, Dupasquier CM, McCullough R and Pierce GN. The
cardiovascular effects of flaxseed and its omega-3 fatty acid, alpha-linolenic
acid. Canadian Journal of Cardiology 2010; 26(9): 489-496. doi:10.1016/s0828-
282x(10)70455-4. Accessed 20" November, 2021.

Egert S, Kannenberg F, Somoza V, Erbersdobler HF and Wahrburg U. Dietary alpha-
linolenic acid, EPA, and DHA have differential effects on LDL fatty acid
composition but similar effects on serum lipid profiles in normolipidemic
humans. Journal of Nutrition 2009; 139: 861-868. d0i:10.3945/jn.108.103861.
Accessed 19™ November, 2021.

Paluchova V, Vik A, Cajka T, Brezinova M, Brejchova K, Bugajev V, Draberova L,
Draber P, Buresova J, Kroupova P, Bardova K, Rossmeisl M, Kopecky J, Hansen TV
and Kuda O. Triacylglycerol-rich oils of marine origin are optimal nutrients for
induction of polyunsaturated decosahexaenoic acid ester of hydroxy linoleic acid (13-
DHAHLA) with anti-inflammatory properties in mice. Molecular Nutrition & Food
Research 2020; 64(11): €1901238. doi: 10.1002/mnfr.201901238.

18



65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

Sinclair AJ, Begg D, Mathai M and Weisinger RS. Omega 3 fatty acids and the brain:
Review of studies in depression. Asia Pacific Journal of Clinical Nutrition 2007; 16:
391-397.

Reimers A and Ljung H. The emerging role of omega-3 fatty acids as a therapeutic
option in neuropsychiatric disorders. TherapeuticAdvances in Psychopharmacology
2019; 9: 2045125319858901. doi:10.1177/2045125319858901.

Stahl LA, Begg DP, Weisinger RS and Sinclair AJ. The role of omega-3 fatty acids in
mood disorders. Current Opinion in Investigational Drugs 2008; 57-64.

Grosso G, Galvano F, Marventano S, Malaguarnera M, Bucolo C, Drago F and Caraci
F. Omega-3 fatty acids and depression: Scientific evidence and biological
mechanisms. Oxidative Medicine and Cellular Longevity 2014; 2014: 313570. doi:
10.1155/2014/313570.

Bloch MH and Hannestad J. Omega-3 fatty acids for the treatment of depression:
Systematic review and meta-analysis. Molecular Psychiatry 2012; 17(12):1272-1282.
doi: 10.1038/mp.2011.100.

Calder PC. n-3 polyunsaturated fatty acids, inflammation, and inflammatory diseases.
American Journal of Clinical Nutrition 2006; 83(6 Suppl): 1505S-1519S. doi:
10.1093/ajcn/83.6.1505S.

Mallick R, Basak S and Duttaroy AK. Decosahexaenoic acid, 22:6n-3: Its roles in the
structure and function of the brain. International Journal of Developmental
Neuroscience 2019; 79: 21-31. doi: 10.1016/j.ijdevneu.2019.10.004. Accessed 15"
August, 2021.

Simopoulos AP. The importance of the ratio of omega-6/omega-3 essential fatty
acids. Biomedicine and Pharmacotherapy 2002; 56(8): 365-379. doi: 10.1016/s0753-
3322(02)00253-6.

Simopoulos AP. The importance of the omega-6 /omega-3 fatty acids ratio in
cardiovascular disease and other chronic diseases. Experimental Biology and
Medicine 2008; 233(6): 674-688. doi:10.3181/0711-MR-311. Accessed 10" October,
2021.

Clarke JTR, Cullen-Dean NG, Rege NE, Chan L and Rose MDV. Increased incidence
of epistaxis in adolescents with familial hypercholesterolemia treated with fish oil.
Journal of Pediatrics 1990; 116 (1): 139-141.

75.Akintoye E, Sethi P, Harris WS, Thompson PA, Marchioli R, Tavazzi L, Latini R,
Pretorius M, Brown NJ, Libby P and Mozaffarian D. Fish oil and peri-operative bleeding:
Insights from the Omega-3 Fatty Acids for Prevention of Postoperative Atrial Fibrillation
(OPERA) randomized trial. Circulation and Cardiovascular Quality Outcomes 2018;
11(11): e004584. doi:10.1161/CIRCOUTCOMES.118.004584. Accessed 11™ October,
2021.

76.

Begtrup KM, Krag AE and Hvas AM. No impact of fish oil supplements on bleeding

risk: A systematic review. Danish Medical Journal 2017; 64(5): A5366.

77. Schmitt C, Domangé B, Torrents R, de Haro L and Simon N. Hypervitaminosis A
following the ingestion of fish liver: Report on 3 cases from the Poison Control
Center in Marseille. Wilderness and Environmental Medicine 2020; 31(4): 454-
456. doi: 10.1016/j.wem.2020.06.003.

19



78. Penniston KL and Tanumihardjo SA. The acute and chronic effects of vitamin A.
American Journal of Clinical Nutrition 2006; 83(2): 191-201. doi:
https://doi.org/10.1093/ajcn/83.2.191.

79. Shahidi F and Ambigaipalan P. Omega-3 polyunsaturated fatty acids and their
health benefits. Annual Review of Food Science and Technology 2018; 25(9):
345-381.

Notes

ApoB-48: Is the primary apolipoprotein of CM, VLDL, Lp(a), IDL (intermediate density
lipoprotein), and LDL (commonly known as the “bad cholesterol”), which is responsible for
carrying fat molecules (lipids) including cholesterol around the body to all cells within all
tissues. While all the functional roles of ApoB within the LDL (and all larger) particles remain
unclear, it is the primary organizing protein (of the entire complex shell enclosing/carrying fat
molecules within) of the particles and is required for the formation of these particles.

CM (chylomicrons): Are the largest lipoproteins, with diameters of 75-600 nm. They have the
lowest protein-to-lipid ratio (being about 90% lipid) and therefore the lowest density. CM are
synthesized by the absorptive cells of the intestinal lining and are secreted by these cells into
the lymphatic system which joins the blood circulation at the subclavian vein. They transport
lipids from the intestinal tract to body cells for further metabolism.

De novo synthesis: Refers to the synthesis of complex molecules from simple molecules such
assugars or amino acids, as opposed to recycling after partial degradation. For
example, nucleotides are not needed in the diet as they can be constructed from small precursor
molecules such as formate and aspartate. Methionine, on the other hand, is needed in the diet
because while it can be degraded to and then regenerated from homocysteine, it cannot be
synthesized de novo.

Myelin: Is an insulating layer, or sheath, that forms around nerves, including those in the brain
and spinal cord. It is made up of protein and fatty substances. The myelin sheath allows electrical
impulses to transmit quickly and efficiently along the nerve cells. If myelin is damaged, the
impulses slow down.

A neurite: Refers to any projection from the cell body of a neuron. This projection can be either
an axon or a dendrite.

Oligodendrocytes: Area type of large glial cell found in the central nervous system.
Oligodendrocytes produce the myelin sheath that insulates neuronal axons (analogous to
Schwann cells in the peripheral nervous system), although some oligodendrocytes (called
satellite oligodendrocytes) are not involved in myelination.

Small, dense LDL (sdLDL): Are a sub-class or fraction of LDL that seems to be more
atherogenic than the larger LDL sub-fractions. sdLDL is characterized by an enhanced ability to
penetrate the arterial wall which makes it a potent source of cholesterol for the development of
atherosclerotic plaque.
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