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Abstract

Context: Eicosapentaenoic acid, docosahexaenoic acid, and docosapentaenoic acid are the significant members of the w-3 fatty acid group. Their beneficial
pharmacological effects open new paths for therapeutics.

Aims: To provide an updated overview of the source, chemical features, pharmacological effects, dosage forms, and patents of omega-3 fatty acids and
analyze the limitations in visualizing them as an active drug for treatment.

Methods: PubMed, Science Direct, Google Scholar, Springer Link, Google Patent, and Espacenet were used for the systematic search for articles from 2011-
2023. Specific keywords were used for the search. For the screening process, articles related to the topic with full text in English were chosen. Two
independent researchers analyzed, extracted, and summarized relevant data in Excel for data presentation.

Results: 196 references were chosen for this review. In summary, lipid mediators from omega-3 fatty acids were found to exert anti-inflammatory functions,
modulate signal transactions, regulate gene expression, and work as anti-microbial agents. These functions positively impact the cardiovascular, immune,
metabolic, nerve, and optic systems. Despite abundant benefits, most products related to n-3 fatty acids were concentrated on utilizing as adjuvants and
supplements. The source-related issues, complex extraction methods, oxidative instability, cost, side effects of formulations, complicated patent processes,
and lenient regulation for supplements have been viewed as the reasons.

Conclusions: Omega-3 fatty acids are a safe choice as a therapeutic drug for elderly patients, pregnant women, and children with disorders. Microbial
production, low-energy formulation, and the use of natural emulsifiers can resolve the obstacles in this pathway.

Keywords: anti-inflammatory; anti-microbial agent; human disease; n-3 polyunsaturated fatty acids; therapeutic drug.

Resumen

Contexto: El cido eicosapentaenoico, el dcido docosahexaenoico y el acido docosapentaenoico son los miembros significativos del grupo de acidos grasos w-
3. Sus efectos farmacoldgicos beneficiosos abren nuevas vias terapéuticas. Sus efectos farmacoldgicos beneficiosos abren nuevas vias para la terapéutica.

Objetivos: Proporcionar una vision actualizada del origen, caracteristicas quimicas, efectos farmacoldgicos, formas farmacéuticas y patentes de los acidos
grasos omega-3y analizar las limitaciones para visualizarlos como un farmaco activo para el tratamiento.

Métodos: Se utilizaron PubMed, Science Direct, Google Scholar, Springer Link, Google Patent y Espacenet para la busqueda sistematica de articulos entre
2011-2023. Se utilizaron palabras clave especificas para la bisqueda. Para el proceso de cribado, se eligieron articulos relacionados con el tema con texto
completo en inglés. Dos investigadores independientes analizaron, extrajeron y resumieron los datos relevantes en Excel para la presentacién de los datos.

Resultados: Se eligieron 196 referencias para esta revision. En resumen, se descubrié que los mediadores lipidicos de los acidos grasos omega-3 ejercen
funciones antiinflamatorias, modulan las transacciones de sefiales, regulan la expresion génica y funcionan como agentes antimicrobianos. Estas funciones
repercuten positivamente en los sistemas cardiovascular, inmunitario, metabdlico, nervioso y ptico. A pesar de sus abundantes beneficios, la mayoria de los
productos relacionados con los 4cidos grasos n-3 se concentraban en su utilizacién como adyuvantes y suplementos. Los problemas relacionados con las
fuentes, los complejos métodos de extraccidn, la inestabilidad oxidativa, el coste, los efectos secundarios de las férmulas, los complicados procesos de
patentey la regulacion poco estricta de los suplementos se han considerado las razones.

Conclusiones: Los acidos grasos omega-3 son una opcidn segura como farmaco terapéutico para pacientes ancianos, mujeres embarazadas y nifios con
trastornos. La produccidén microbiana, la formulacién de bajo contenido energético y el uso de emulsionantes naturales pueden resolver los obstéculos en
esta via.

Palabras Clave: acidos grasos poliinsaturados n-3; agente antimicrobiano; anti-inflamatorio; enfermedad humana; farmaco terapéutico.
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Abbreviations: AA: Arachidonic acid; ACE: Angiotensin-converting enzyme; ACOX1: Peroxisomal acyl-coenzyme A oxidase 1; AD:
Alzheimer's disease; ADHD: Attention deficiency hyperactivity disorder; ALA: Alpha-linolenic acid; ALX: Lipoxin A4 receptor; AKT: A
serine/threonine protein kinase; BAX: Bcl-2-associated X; BBB: Blood brain barrier; Bcl: B-cell lymphoma; COX: Cyclooxygenase; CREBP 1:
CAMP responsive element binding protein 1, CRYAB: Alpha B-crystallin; CVD: Cardiovascular disorders; CYP450: Cytochrome P450; D5D
A5 -eicosatrienoyl-CoA desaturase; DES: Dry eyes syndrome; DHA: Docosahexaenoic acid; DPA: Docosapentaenoic acid; EE: Ethyl-ester;
ELOVL-2- Elongation of very long chain fatty acids protein 2; EPA: Eicosapentaenoic acid; FA: Fatty acid; Fab: Fragment antigen-binding;
FADS: Fatty acid desaturase; FFA: Free fatty acids; FPR: Formyl peptide receptors; GDM: Gestational diabetes mellitus; GPR: G-Protein
coupled receptors; HbAlc: Hemoglobin Alc; HDL: High-density lipoprotein; HGMB 1: High mobility group box 1; HIF1A: Hypoxia-
inducible factor 1-alpha; HSD1784: Hydroxysteroid 17-beta dehydrogenase; Ig: Immunoglobulin; IL- Interleukin; LDL: Low-density
lipoprotein; LPC: Lysophosphatidylcholine; MaR: Maresin; MHC: Major histocompatibility complex; MFSD2A: Major facilitator
superfamily domain-containing protein 2; MOA: Mechanism of action; MS: Multiple sclerosis; NAFLD: Non-alcoholic fatty liver diseases;
NPD1: Neuroprotectin D1; NF-xB: Nuclear factor kappa beta; OAS: 2'-5'-Oligoadenylate synthetase; OSDI: Ocular surface disease index;
PD: Parkinson’s disease; PEG: Polyethylene glycol; PG: Prostaglandin; PL: Phospholipids; PLA2: Phospholipase A2; PIK3:
Phosphatidylinositol-3-kinase; PKS: Polyketide synthase; PPAR: Peroxisome proliferator-activated receptor; PUFA: Polyunsaturated fatty
acid; RA: Rheumatoid arthritis; ROS: Reactive oxygen species; Rv D: Resolvins of D series; Rv E: Resolvin of E series; SLC27A2: Solute
carrier family 27 member 2; SDA: Stearidonic acid; Ser 530: Serine 530; SPM: Specialized pro-resolving mediators; TAG: Triacylglycerol;

TLR: Toll-like receptor; VLDL: Very-low-density lipoprotein.

INTRODUCTION

Omega-3 FAs refer to those groups of bioactive
molecules necessary for the growth of the body. Even
though it took a long time to realize their significance,
their emergence gave biomedical science a new direc-
tion. The researchers regained their interest after two
remarkable achievements in the 1970s on the relation-
ship of omega-3 fatty acids with cardiovascular and
optical functions (Spector and Kim, 2019). Until now,
scientists have focused on three types of omega-3
FAs. Such as docosahexaenoic acid (DHA), eicosapen-
taenoic acid (EPA), and docosapentaenoic acid (DPA)
(Dyall, 2015). DHA is found in the neuronal system in
significant amounts. Therefore, it carries the potential
to cure different neurodegenerative diseases, for ex-
ample, Alzheimer's disease (AD), dementia, and de-
pression. In terms of antibacterial effects, DHA is also
ahead of EPA (Desbois and Lawlor, 2013; Mil-
Homens et al., 2012).

On the other hand, EPA is renowned for its anti-
atherogenic effects on the cardiovascular system.
DPA is the most recent one to be invented and has
been less investigated than the other two omega-3
FAs. It is considered an intermediate product of bio-
conversion to EPA and DHA from alpha-linolenic
acid (ALA). Consequently, scientists concluded from
an investigation that DPA can be a good source of
omega-3 biosynthesis (Gaetan et al., 2019). Although
this group of wonder molecules possesses many bene-
ficial pharmacological effects, most products contain-
ing omega-3 are marketed as supplements or as adju-
vants. The reasons behind not having sufficient prod-
ucts with n-3 fatty acids as therapeutics are not ex-
plored in detail. Hence, this review will outline the
chemical features and pharmacological effects of
omega-3 FAs and their mechanism of action (MOA),
the sources, market-available dosage forms, and pa-
tents. The purpose of this review is to highlight the
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obstacles in the path of commercializing n-3 fatty
acids as therapeutic drugs through the analysis of the
above-mentioned aspects.

MATERIAL AND METHODS

Review methodology

This is a critical review where the research ques-
tions and objectives were decided based on the limita-
tions of the current studies. The PRISMA guidelines
were followed to prepare this review article (Page et
al., 2021).

Search strategy

Scientific online databases such as PubMed, Sci-
ence Direct, Google Scholar, Springer Link, Google
Patent, and Espacenet were used to collect articles
related to omega-3 fatty acids. Keywords like "omega-
3 fatty acids", "EPA", "DHA", "DPA", "source", "anti-
inflammatory", "immunological", '"cardiovascular
effects", "herbal", "neurological", "formulation", "dos-
age form, and "clinical trials" were used for strategic
searches. For patent searches, only three keywords
were used: "omega-3 fatty acids", "pharmaceutical",
and "cosmeceutical". The studies between 2011 and
2023 were considered for this review. The search
strategy in detail step by step is exhibited in Fig. 1.

Eligibility criteria

The inclusion and exclusion criteria for studies
shown in Table 1 were fixed to facilitate the review.
The studies were excluded by assessing their titles,
abstracts, and full texts, as shown in Fig 1. The rec-
ords that were included in the study discussed the
different omega-3 fatty acids and their sources, bio-

conversion, structure, formulations, and pharmaco-
logical effects.
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Figure 1. Search strategy flowchart.
Table 1. Inclusion and exclusion criteria for articles.
Inclusion Exclusion

Papers related to the pharmacological effects, formulation, patents,
clinical trials, source, and chemistry of omega-3 fatty acids

Papers written in English
Works published in journals, books, patents, or scientific websites

Articles available in full-text

Papers unrelated to pharmaceutical and cosmetical

Articles are written in languages other than English
Unpublished works

Articles without available full-text

Selection of articles and data analysis

Based on the search strategy, the collected sources
from the online database were analyzed by two inde-
pendent researchers according to the eligibility crite-
ria. The studies were assessed through their titles” and
abstracts” relevancy and availability of full text. The
duplicate studies were excluded by choosing the most
recent. During the screening process, discordance
between studies was discussed with other authors
and concluded. The selected studies were included in
the Mendeley Reference Manager. From the selected
references, the following types of data were included:
sources of omega-3 fatty acids, bioconversion, and
chemical features that influence the research on ome-
ga-3 fatty acid effects; pharmacological effects and
their updated mechanism of action; clinical trials of
omega-3 fatty acids, dosage forms, and their limita-
tions; and recent patents on omega-3 fatty acids. The
limitations and loopholes in the literature that might
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contribute to restricting the usage of these fatty acids
as therapeutic drugs were discussed as well. The
summarized data was stored in Excel files for data
presentation by two independent investigators.

Synthesis methods

The graphical data and tabulation structures were
developed by one independent reviewer. The chemi-
cal structures were drawn using “Chem Sketch” soft-
ware. The tables and flow charts were created in
Word file.

RESULTS AND DISCUSSION

As demonstrated in Fig 1, the total number of
studies found with the keywords was 676. 330 studies
passed title eligibility, and abstract eligibility was
passed by 241. 232 studies were rejected due to being
duplicates. Due to title, abstract, and full-text criteria,
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Table 2. Plants rich with omega-3 fatty acids.
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Source ALA (%) EPA (%) DHA (%) DPA (%) Reference

Flaxseed 57 - (Shahidi and Ambigaipalan, 2018)
Walnut 2-9 - (Poon and Baldwin, 2014)

Canola Oil 6-14 - (Nandasiri et al., 2020)

Wheat germ oil 3-11 - (Barros et al., 2021)

Soybean 10 - (Sharma et al., 2019)

Mustard 5.9 - (Shahidi and Ambigaipalan, 2018)
Undaria pinnatifida - 13 (Oliver et al., 2020)

Rhododendron sochadzeae - 2

Portulacaoleracea L 30.15 - (Yuan et al., 2022)

Chia Seed 69 - (Amaya Cano et al., 2021)

Perilla oil 54-64 - (Sargi et al., 2013)

Hemp seed 8.56 - (Shahidi and Ambigaipalan, 2018)

114, 89, and 45 sources were rejected, respectively.
After assessing the inclusion and exclusion criteria,
195 studies were finally selected, which included re-
view articles, original research, clinical trials, patents,
scientific websites, and book chapters. The selected
references focused on DHA, EPA, and DPA, their
structure, sources, and bioconversions; their anti-
inflammatory, immunological, neurological, and car-
diovascular effects; formulations; and limitations on
these aspects that hinder promoting omega-3 fatty
acids as therapeutics.

Source and bioconversion

Omega-3 FAs are known to be essential fatty acids
because of the inability of the human body to produce
these directly. So, foods enriched with these fatty
acids are important for health. In addition, these are
means of collecting pure compounds for research and
treatment purposes. For a long time, it was known
that there were two principal groups of sources of
omega-3: 1) animal sources and 2) plant sources. With
the progression of research, many new variant re-
sources, like marine life and even microorganisms,
have come to light. The amount and quality of omega-
3 in different resources are presented in detail in the
following tables.

As seen in Table 2, most plant sources are rich in
ALA. The process of ALA synthesis is not studied in
detail and is generally recognized as the process of
lipogenesis. However, different research has been
done and found that ALA is a component of the
thylakoid membranes found in chloroplasts. It is also
an essential fatty acid (Popov et al., 2017). The per-
centage value is approximate, as different species of
the same plant produce omega-3 FAs in different
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amounts. There is a lack of studies on the sources
based on their species. Therefore, sometimes journals
give confusing values on how much omega-3 FAs are
present in foods. For instance, a study shows that 20%
of ALA is found in soybean oil. But in the other two
studies, the percentage was approximately 10%
(Baker et al., 2016; Sharma et al., 2019). Hence, inves-
tigating the source species in detail can provide in-
formation on which one is suitable for commercial
production.

In the case of animal resources, as Table 3 repre-
sents, most of the animals are deep-sea fish. Marine
fish are rich in omega-3 FAs due to the food chain, as
they are fed on microalgae or diatoms. These micro-
creatures are another primary producer of these fatty
acids, like flaxseed and walnuts. Therefore, the fish
convert this omega-3 into DHA, EPA, and DPA inter-
nally (Cholewski et al., 2018). Comparing the pres-
ence of the different omega-3 FAs in fish, DHA se-
cures first place. After that, the EPA and DPA are
significant, respectively.

Researchers have been looking for alternative re-
sources other than plant and animal sources for many
reasons: 1) increasing demand for the fishery market;
2) limited natural resources (both plants and animals);
3) expensive extraction method; 4) contamination
problems with the fish oil extracted omega-3 FAs; 5)
unpleasant smell and taste of the product; 6) prefer-
ence of vegetarians; 7) allergies towards fish; 8) fish
oil quality changes with geography and seasons (Pel-
tomaa et al., 2018; Verma et al., 2019).

Recently, many investigators have drawn attention
to microalgae due to their growth rate, higher omega-
3 FA presence than other marine fishes, and easy ex-
traction process due to their fragile cell walls (crypto-
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phytes). Scientists are thoroughly investigating three
microalgae groups: cryptophytes, diatoms, and dino-
flagellates. Table 4 represents the microalgae contain-
ing impressive amounts of the ®-3 FAs. The microal-
gae can produce an almost similar amount of EPA
and DHA together. In addition, some types amplify
only a single type of fatty acid. For instance, Crypthe-
codinium cohnii and Thraustochytrium are highly rich in
DHA. Interestingly, two species of the same genre can
focus on producing two different w-3 FAs. Schizo-
chytrium mangrovei is specified in DHA and Schizo-
chytrium limacinum in EPA (Oliver et al., 2020; Pel-
tomaa et al., 2018; Verma et al., 2019).

Moreover, some beneficial bacteria in the ecosys-
tem have joined the group of omega-3 FA resources.
For example, Shewanella, Photobacteria (Kannan et al.,
2021), Colwellia, Vibrio, Flexibacter, and Psychromonas.
The importance of these ®-3 FAs in the bacteria is to
maintain membrane fluidity during high hydrostatic
pressure and low temperatures. These also utilize the
polyunsaturated  fatty  acid (PUFA) syn-
thase/polyketide synthase (PKS) pathway, which is
different from the usual pathway mentioned previ-
ously (Estupifian et al., 2020). Studies have provided
evidence that some soil bacteria or bacteria that are
shallow aquatic can produce omega-3 FAs at 14.7-
36% in highly concentrated NaCl environments. An-
other example is R. aetherivorans, which produces -3
FA in media with naphthenic acids as the sole nutri-
ent (De Carvalho and Caramujo, 2018).

Some strains of fungus are also being considered
as sources. Scientists are looking into ways to increase
the production of @-3 FAs by the fungus. The reasons
behind this interest are that the requirement for me-
dia culture preparation is less compared to microal-
gae cultivation, small changes in the cultivation envi-
ronment can increase the production of the ®-3 sub-

Table 3. Omega-3 from animal sources.

Omega-3 fatty acids as therapeutic drugs

strates, and it is easier to reach the location compared
to marine organisms. Rhizopus, Mucor (Vadivelan and
Venkateswaran, 2014), Mortierella, and Pythium (Pel-
tomaa et al., 2018) are a few to mention. However, the
risk is the sudden arrival of any infectious disease
among the people using the fatty acids from fungus
sources (Mucor genus) (Sharma et al., 2019). With the
assistance of genetic studies, species with infectious
genes can be separated or modified.

Most scientists are focusing their combined efforts
on the bioconversion of ALA into EPA, DHA, and
DPA in the body. The first stages of the bioprocess
occur in the endoplasmic reticulum. Initially, ALA
goes through desaturation by the enzyme A6 -
oleoyl(linolenoyl)-CoA desaturase to form stearidonic
acid (SDA). Then, an elongation and another desatu-
ration by A5 -eicosatrienoyl-CoA desaturase (D5D)
happen to produce EPA. The rate of this conversion is
about 8-20%. The conversion process continues by
elongase-2 into DPA, followed by tetracosapentaenoic
acid. The last desaturation happens by A6 desaturase
from tetracosapentaenoic acid to tetracosahexaenoic
acid. The final step occurs in the peroxisome with the
translocation of tetracosahexaenoic acid. Later, it goes
through p-oxidation and forms DHA. The enzymes
involved in this step are acyl-coenzyme-A oxidase, D-
bifunctional enzyme, and peroxisomal thiolase (Ver-
ma et al., 2019). Some genes have also been re-
searched to be a part of the process, for example, the
ACOX1 gene, the HSD1784 gene, the ELOVL genes,
and the FADS genes (Dyall, 2015). The rate of conver-
sion from ALA to DHA is significantly lower than
that of EPA, around 0.5-9% (Oliver et al., 2020). Even
the rate varies depending on the age and gender of
humans. The conversion rate is still vague, as another
paper mentions that the ALA to EPA conversion is
around 0.2-20% (Sharma et al., 2019).

Source EPA (%) DHA (%) DPA (%) References
Salmon 13.6 15.44 5.6 (Oliver et al., 2020)
Salmon Roe - 17.4
Sardine 13.6 12.8-14.8 1.6-2.7
Tuna 1.34
Cod Oil 19.1 32.6 2.0 (Shahidi and Ambigaipalan, 2018)
Labeo rohita 3.05 1.45 muscle fatty acid tissue (Oliver et al., 2020)
Catla catla 3.15 17.98 1.09
Lamb 13.8-16.7
Herring 15 22.6
Pollock roe 18.8 22.2
Flyingfish - 27.9
https://jppres.com J Pharm Pharmacogn Res (2024) 12(1): 124
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Table 4. Microalgae rich in omega-3 fatty acids.
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Source ALA (%) EPA (%) DHA (%) DPA(%) References
Nannochloropsis salina CCMP1176 - 12.74+1.84 - (Oliver et al., 2020)
Nannochloropsis salina CCMP567 - 10.93+1.84 -

Phaeodactylum tricornutum - (22.4-31.4) £1.7 -

Rhodomonas baltica - 13.1 0.6 - (Peltomaa et al., 2018)
Chroomonas mesostigmatica - 20.5 17 -

Proteomonas sulcata - 12.17 12.6 -

Storeatula major - 16.00 10 -

Teleaulaxacuta - 26.00 14.3 -

Hemiselmis sp. - 21.20 5.1 -

Teleaulax amphioxeia - 23.60 12.7 -

Crypthecodinium cohnii - - 30-60 - (Stramarkou et al., 2021)
Schizochytrium limacinum - 34.90 16 - (Verma et al., 2019)
Thraustochytrium roseum - - 48.3-58.2 -

Schizochytrium mangrovei - - 28 -

Portulaca oleracea L. 48-56 - - (Petropoulos et al., 2015)
Thraustochytrium aureum - 1.20-5.20 41-75 - (Vermaetal., 2019)

According to some studies, the conversion process
is more active in the early years of life and slowly
decreases with aging—the need for these omega-3
FAs in the diet increases for older people. Conse-
quently, most of the chronic diseases prevalent in
elderly citizens are linked to the deficiency of omega-
3 FAs, for instance, AD, weak eyesight, dementia,
cardiovascular disorders, and a weak immune sys-
tem. Though there is no clear justification for this
variance in conversion, some scientists suggest that it
is due to the difference in gene expression involved in
the process. According to a study, the ELOVL2 gene
is more active in females than males, which is why
females have higher DHA levels in the blood as the
ELOLV2 gene encodes elongase-2. The difference
between the ALA to EPA and DHA conversation
rates based on gender (male: 3-6% and female: up to
9%) is significant enough to study in detail and con-
sider during the development of pharmaceutical
products (Metherel et al., 2021).

Chemical structure

The structural features of omega-3 FAs are a cru-
cial point of focus to explain the biological incidents,
for example, their bioavailability, transportation in
different tissues, and pharmacological effects. Omega-
3 FAs are called PUFAs due to their structural fea-
tures. In addition, they possess similar characteristics
in their chemical structure, which leads to the reason-
ing for naming these fatty acids omega-3. All these
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fatty acids are constituted of multiple double bonds,
and their last bond in the structure is at the third car-
bon of the terminal methyl end of the carbon chain.
The structures shown in Fig. 1 show that these fatty
acids possess many double bonds and are arranged in
a specific manner. No significant pattern was found in
the first double bond in the molecule, but the rest of
the double bonds were at every third carbon of the
chain. Due to multiple double bonds, fatty acids have
a high unsaturation level, which makes them prone to
oxidation (Leng et al., 2018). The fishy smell or taste
of the fatty acids is due to this oxidation. It is a signif-
icant piece of information in the case of formulating a
dosage form of omega-3 FAs, storing the products,
and selecting excipients. The post-oxidation com-
pounds are still being investigated. There has been
disagreement about whether oxidative products are
harmful or not. Different new chemical compounds,
like acid peroxide, alcohol, and aldehyde, are formed
upon oxidation of omega-3 fatty acids, for example,
(E, E)-2,4-decadienal, 2-butanol, propane-2-one, (E,
E)-2,4-heptadienal, and 4-hydroxy-2-hexenal. Accord-
ing to some studies, oxidized lipids do not show ad-
verse effects on the body due to the internal antioxi-
dant and detoxification systems neutralizing rapidly.
However, most studies point out the presence of toxic
compounds like acrolein in oxidized fatty acids and
their harmful effects on health, for instance, hyper-
cholesterolemia, atherosclerosis, and even cancer
(Hammouda et al., 2016). More studies are needed to
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Figure 2. Omega-3 and omega-6 fatty acids.
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clear the confusion about ®—3 FAs oxidation (Ismail et
al., 2016; Nogueira et al., 2019).

One of the interesting facts is that the structure of
omega-3 FAs, especially EPA, is similar to that of
arachidonic acid (AA) (Fig. 2). It is the most prevalent
omega-6 FA in the body, which leads to the fact that
EPA can compete for the enzymes involved in the
functions of AA. Also, the amount of AA in the phos-
pholipids of the cell membrane can change with the
supplementation of omega-3 FAs. It is linked to the
anti-inflammatory action of these unique fatty acids,
which will be discussed later (Shahidi and Ambigai-
palan, 2018).

Omega-3 FAs are found in the body in four chemi-
cal forms. These are either free fatty acids (FFA),
ethyl-ester (EE), phospholipids (PL), or triacylglycerol
(TAG). The most recently studied structural forms are
PL and TAG. In PL, two FFA are bonded by a glycerol
bridge, and the third carbon is attached to a phos-
phoric acid ester group. This phosphate ester can be
linked with ethanolamine, serine, choline, or inositol
and form phosphatidylethanolamine, phosphatidyl-
serine, phatidylcholine, and phosphatidylinositol.
These molecules have biological functions inside the
body. TAG form of ®-3 acids is made of three mole-
cules of the fatty acids linked by glycogen bond.
Mostly, these are present in the cell membrane of the
tissues through being associated with the phospholip-
id (Zhang, 2016). EPA is a much more reliable indica-
tor for omega-3 FA baseline in the body that changes
with blood lipoprotein. The other two are located in
the inner membrane and are affected by erythrocyte
turnover (Gareri, 2022). In natural sources, these nu-
trients can be in any form mentioned above; for ex-
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ample, in krill oils, these are present in TAG and PL
forms. In the case of omega-3 FA supplements, acyl-
glycerol or ester form is available. In the case of bioa-
vailability, the type of chemical form of these fatty
acids present is a matter of concern. Some studies
suggest that triacylglycerols are more bioavailable
than other forms because these can be broken and
converted into monoacylglycerol and passively dif-
fused during absorption. In comparison, other omega-
3 FA forms get transferred by specific protein media-
tors. According to studies, the sn-2 location is better
for bioavailability than sn-1 and sn-3 for the esterifica-
tion of these fatty acids due to the particular transport
system inside the body. Most of the fish oils have ®-3
in the sn-2 position. Therefore, these are ahead in
bioavailability compared to marine sources. When the
FA is attached to the phospholipid in the sn-1 posi-
tion, this gives protection from oxidative stress like-
hydroperoxide. A few studies also suggest that the
phospholipid form is in the highest ranking than oth-
ers regarding bioavailability (Ahmmed et al., 2020). In
terms of transportation to different tissue targets,
studies have suggested that PL forms are more trans-
portable to the brain, platelets, and red blood cells.
Even the biological activities of the two forms are
compared in some studies, and concluded that PL
forms are more efficient than TAG forms as PL can
work as a ligand for different receptors. For example,
nuclear receptors are involved in regulating the tran-
scription of cholesterol metabolism and steroidogene-
sis. The knowledge of the chemical structure of ome-
ga-3 and its different forms serves the purpose of
developing new methods to effectively extract these
fatty acids from their resources and modify them for
better quality (Zhang, 2016).
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Figure 3. Release of omega-3 fatty acids from the plasma membrane and production of SPMs.

Anti-inflammatory

Most of the beneficial properties of ®-3 FAs are
linked to their anti-inflammatory properties, whether
cardiovascular or immune-modulatory. While the
dietary balance ratio between n-6 and n-3 fatty acids
turns less, at a physiological level like 4:1, especially
in the liver and kidney, the advantages of EPA and
DHA are observed due to their incorporation in the
cell membrane phospholipid. Toll-like receptor 4 and
purinergic receptor activation can cause the release of
these fatty acids by the phospholipase A2 (PLA2)
enzyme (Maskrey et al., 2013). In addition, the fatty
acids get metabolized in the liver into different eico-
sanoids (EPA metabolites) and docosanoids (DHA
metabolites) that ameliorate chronic conditions like
atherogenic inflammation, rheumatoid arthritis (RA),
asthma, psoriasis, insulin resistance, allergy, Crohn’s
disease, metastasis inhibitor, lupus, dyslipidemia,
multiple sclerosis (MS), cystic fibrosis, and visceral
obesity (Baumgartner, 2016; Ramessar et al., 2022;
Siegert et al., 2017; Zhang, 2016).

The metabolites from the omega-3 fatty acids are
often known as specialized pro-resolving mediators
(SPM). As mentioned previously, omega-3 and ome-
ga-6 have a similar structure. Therefore, these always
compete for the enzymes needed for metabolism.
There are three recognized pathways for their metab-
olism: 1) Lipoxygenase enzymatic pathway; 2) Cy-
clooxygenase pathway; and 3) Cytochrome P450
(CYP450) pathway. In the metabolism of EPA, three
of these pathways participate and provide SPMs, such
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as resolvins and epoxyeicosatetraenoic acid, catalyzed
by the CYPP450 enzyme and COX-2 enzyme; throm-
boxanes and prostaglandins of the 3-series by COX-2;
and 5-series leukotrienes by 5-lipoxygenase (Wang et
al., 2017). However, DHA utilizes only two pathways.
For instance, pretectins or neuroprotectins, maresins,
resolvins of the D series (RvD), and recently discov-
ered sulfide-conjugates of resolvins by the COX-2 and
lipoxygenase pathways (Nesman et al., 2019). Hy-
droxylase and soluble epoxide hydrolase are some
extra enzymes taking part in this process. These
pathways are also known as the aspirin-independent
route. The aspirin-dependent route is initiated due to
a drug-drug interaction between aspirin and omega-3
FA (EPA and DHA). Aspirin causes the inactivation
of the COX-1 enzyme by transferring the acetyl group
(COCHB3) to the Ser530 active site of the enzyme. On
the other hand, aspirin increases the activity of the
COX-2 enzyme through this acetylation (Gimenez-
Bastida et al., 2019). DPA also produces docosanoids
like DHA (Drouin et al. 2019). The metabolites of n-3
FAs are also named oxylipins, as these are oxygenat-
ed from the fatty acids (Rodway et al., 2021). A more
detailed explanation, along with the classification of
the SPMs, is exhibited in Fig. 3 (Gutiérrez et al., 2019;
Kwon, 2020; Maskrey et al., 2013).

In a normal inflammatory process, after getting
stressed by an allergen or pathogen, the inflammation
starts as a signal to remove the harmful foreign target
from the body. The cytokines and immune cells re-
solve the inflammation and eliminate the target. If the
inflammation continues for an extended period, it
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leads to chronic diseases (Sansbury and Spite, 2016).
The MOA behind the anti-inflammatory effects of
these essential fatty acids is to reduce the inflammato-
ry chemical mediators (leukotriene B4, prostaglandin
E2, and thromboxane A2) and increase the resolution
mediators (prostaglandin PG3, leukotriene B5, and
thromboxane A3). These cause a reduction in edema
and redness (Escamilla-Nufez et al., 2014). The ratio
of AA lessens due to competition with omega-3. The
chemomediators synthesized from AA are pro-
inflammatory and vasoconstrictive and attract cyto-
kines and immune cells to a site of inflammation. On
the contrary, the metabolites from n-3 FA are anti-
inflammatory, vasodilative, anti-aggregator, proph-
agocytic, and antinociceptive, and they prevent leu-
kocyte infiltration (Fiala et al., 2017; Shahidi and Am-
bigaipalan, 2018).

The G-protein-coupled receptors (GPR) for omega-
3 FA are GPR 32, 120/FFA4, and ALX. GPR120/FFA4
receptor is related to the anti-inflammatory response;
GPR32 and ALX/FPR2 are related to immunological
and anti-inflammatory actions (Im, 2015). These also
bind with the nuclear receptor family, where DHA
activates peroxisome proliferator-activated receptor
(PPARa), and EPA activates PPARy (Hathaway et al,,
2020). This family of receptors is necessary to main-
tain liver health.

A study showed a decent reduction in serum C-
reactive protein (an inflammatory mediator) in the
liver test after omega-3 supplementation (Taha et al.,
2022). The n-3 FA can reduce reactive oxygen species
(ROS), and scientists are trying to find the correct
mechanism to understand the process meticulously
(Di Minno et al., 2012; Hathaway et al., 2020). A few
additional mechanisms for anti-inflammatory actions
involve the declination of adhesion molecule expres-
sion, interference in leukocyte-endothelial cell interac-
tion, inhibition of the nuclear factor kappa beta (NF-
kB) pathway, and changes in lipid crafts of the cell
membrane (Rogero et al., 2020). The functions of these
lipid mediators from the n-3 FAs are explained com-
prehensively in the later sections.

Cardiovascular and other metabolic benefits

Interest in omega-3 FAs was initiated by research-
ing their effect on the cardiovascular system. Their
influence on atherosclerosis, myocardial infarction,
arrhythmias, hyperlipidemia, stroke, obesity, diabe-
tes, nonalcoholic fatty liver diseases (NAFLD), and
hypertension was proven by numerous studies. There
are several complicated mechanisms involved. Start-
ing with the simplest ones, EPA and DHA assist in
maintaining healthy gut microbes and decrease the
intestinal permeability that influences obesity, cardio-
vascular issues, and diabetes (Costantini et al., 2017).
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These also change the eicosanoid and docosanoid
profiles and provide anti-inflammatory protection.
The metabolites of n-3 PUFAs are also known as car-
dioprotective (RvE1l and RvD1). RvDl and 2,
maresins, and 13S5,14S-epoxy-maresin modify the
phenotype of the macrophages, transform it into less
inflammatory, and decrease the secretion of interleu-
kin (IL-6 and IL-1) harmful cytokines. Another im-
portant EPA-metabolite is 17(R),18(S)-epoxy- eico-
satetraenoic acid from the CYP450 pathway. This can
lower the contraction rate of naturally beating hearts
and protect them from Ca?* overload in rat models
(Falck et al., 2011). Many clinical trials provide evi-
dence that omega-3 PUFAs can reduce the risk of
cardiovascular disorders (CVD) and prevent sudden
heart failure. These reduce the availability of AA me-
tabolites that delay platelet aggregation, fibrinolysis,
and the progression of atherogenesis, lowering the
plasma triglycerides (like-LDL and VLDL) level by
the liver, limiting the absorption by the intestine, in-
creasing HDL levels, and improving blood pressure
and vasodilation by improving endothelial function
and relaxing smooth muscle (Colussi et al., 2017; Klek
2016; Shahidi and Ambigaipalan, 2018). The lipid-
lowering activity of the -3 PUFAs is signaled by
PPARa nuclear receptors that modulate lipid metabo-
lism (Zhang, 2016). A new study demonstrated that
preventing cholesterol crystal formation and causing
an oxidative modification of atherogenic lipoprotein
particles are additional mechanisms of EPA's anti-
atherogenic property in statin-treated patients (Pres-
ton Mason, 2019). The genes involved in CVD, such as
HIF1A and CREBI, are also downregulated by EPA
and HMGB1 by DHA (Tsunoda et al., 2015). Another
recent study demonstrates that the EPA+DPA combi-
nation increased the plasma EPA level more effective-
ly than EPA supplements and provided a better tri-
glyceride reduction (Maki et al., 2022). One reason is
that DPA is a good reservoir of EPA (Drouin et al,,
2019). Some exceptional clinical trials state otherwise
about omega-3's beneficial effect on the heart (Aung
et al. 2018). However, the source of EPA and DHA,
dose, drug-drug interactions, and duration of treat-
ment are significant factors. Cardiolipins are dimeric
phospholipids present in heart muscles. These are less
available in aged and diseased hearts and are associ-
ated with respiratory complex stabilization for mito-
chondrial energy production. Supplementation with
ALA can increase the cardiolipin number. Unexpect-
edly, this inhibited the delta-6 desaturase to prevent
the conversion from ALA to DHA or EPA and pro-
tected the cardiolipin remodeling that prevented con-
tractile dysfunction in the heart (Ting et al., 2019). The
FFA4, an omega-3 receptor, is responsible for control-
ling appetite and adipogenesis. The dysfunction of
these receptors is seen in obesity models (Hudson et
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al., 2014; Ichimura et al., 2012). RvD1 also controls the
movement of macrophages into adipose tissue. Obesi-
ty also includes inflammation in adipose tissue and
the secretion of pro-inflammatory cytokines. These
mechanisms work to some extent in controlling the
disease (Maskrey et al., 2013). Along with RvD1, other
oxylipins also play a role in handling the complica-
tions of obesity (Fisk et al., 2022). Alone or in combi-
nation with probiotics and vitamins, omega-3 FAs
have been very effective in improving insulin sensi-
tivity, especially in type-2 diabetics and obese people.
The HbA1c test score of 8.26 + 0.82 turned into 7.80 *
0.86 (Gareri, 2022; Kobyliak et al., 2020). Another re-
search suggests that the beneficial effect of obesity-
induced insulin resistance could be gender dependent
(no effect on men) (Abbott et al., 2016). One of the
known mechanisms to improve insulin resistance is to
reduce chronic systematic inflammation by reducing
TNF-a, IL-6, IL-8, and IL-13 (Kobyliak et al., 2020).
The production of ROS by mitochondrial dysfunction
is another harmful effect of being obese, as these can
affect other organs. Omega-3 PUFAs can repair mito-
chondrial structure and function. At the genetic level,
these modulate the expression of genes (SLC27A2 and
OAS) involving fat accumulation by binding with
PPARs (Rodway et al., 2021). In another study, loss of
corneal nerve fiber due to obesity and type-2 diabetes
was reversed by omega-3 FAs. This invention can
help with the progressive vision loss that troubles
diabetic patients (Coppey et al., 2020). Their role in
controlling diabetics also provides a safe road for
pregnancy in cases of gestational diabetes mellitus
(GDM). Based on experiments, the fatty acids are
increased in the plasma membrane but lower in the
red blood cell membrane after dietary intake, which
positively controls the glycemic level in the mother
(Elshani et al., 2019). In terms of liver health, DPA and
DHA have decreased serum alanine aminotransferase
levels more effectively than EPA, which also affected
the TLR-4/NF-xB signaling pathway. Eventually,
these decrease lipid formation in the liver and protect
from NAFLD (Gareri 2022; Guo et al. 2018).

Immunological modulation

Our immune system is a complexly structured sys-
tem that is needed to defend ourselves from various
external stimuli that are harmful to our body. The
influence of omega-3 on the body's defense mecha-
nisms can be divided into three types: 1) modulation
of immune cells; 2) modulation of the gut microbiota;
and 3) exerting anti-microbial effects.

e  The cells involved in this defense program of
the body are macrophages, B cells, T cells, den-
dritic cells, eosinophils, neutrophils, and mono-
cytes. The way DHA and EPA will influence
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the cells depends on the situation and the cell
type. Either it will increase the activity of a spe-
cific cell or decrease it. Either way, the result is
to maintain homeostasis in the immune system.
The normal function of these essential fatty ac-
ids in terms of immunity is 1) to be a part of the
phospholipid membrane of immune cells to
provide fluidity, change the lipid draft, and in-
fluence the cell-to-cell and intracellular signal-
ing pathway; and 2) to alter the protein struc-
ture and location on the membrane, acting as a
regulator for gene expression involved in the
process (Fiala et al., 2017); 3) synthesis of bioac-
tive anti-inflammatory mediators (resolvins,
protectins) and decreasing inflammatory cyto-
kine and eicosanoid production (Myles et al.,
2014). The incorporation of omega-3 FAs hap-
pens in a dose-dependent manner, and pieces
of evidence were found in rodent studies. A di-
et rich in these essential fatty acids can decrease
antigen presentation by major histocompatibil-
ity complex (MHC) molecules to T cells, result-
ing in fewer T-cell activations. DHA seems to
be more specific to the MHC-1 complex. These
also control the expression of adhesion mole-
cules on lymphocytes, monocytes, and endo-
thelial cells' surfaces (Klek, 2016). Macrophages
are modified through n-3 FAs by increasing the
phagocytic capacity (related to cell membrane
composition change), favoring M2 polarization,
and changing the secretion of cytokines (in-
creasing anti-inflammatory IL-10 and decreas-
ing IL-1B) and chemokines, as well as altering
the expression of genes involved in miRNA
regulatory mechanisms and transportation.
DHA influences macrophages better than EPA
(Chang et al., 2015). The bioactive molecules
from EPA and DHA, like prostaglandin, can
impact the neutrophils by influencing cell mi-
gration, increasing phagocytic properties (35%-
62%), and decreasing the production of ROS
(Gutiérrez et al., 2019). The metabolites of n-3
FAs slow down actin polymerization and de-
crease the adhesion and transmigration of neu-
trophils through changing endothelial cells,
which ultimately leads to less migration of the
neutrophils. Resolvin from EPA and DHA can
inhibit the pathological process in different in-
flammatory animal models like colitis, peritoni-
tis, and air pouch inflammation by reducing
leukocyte and neutrophil migration toward the
site of inflammation and accelerating the apop-
tosis of polymorphonuclear leukocytes by in-
teraction with the receptors on phagocytes
(GPR32 and ALX). PGE3 is also responsible for
preventing neutrophil migration by competing
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with PGD2 for the prostaglandin D2 receptor 1
on neutrophils (Maskrey et al., 2013). The in-
crease in M2 macrophages by ®- 3 FAs also
leads to an increase in Treg cells that help to
treat diseases like atopic dermatitis. The effect
on B cells has been different in studies based on
the type of source. Fish oil favors transitional
type 1 B cells, and direct supplementation with
EPA and DHA favors transitional type 1 B and
transitional type 2 B cell populations. In the
case of B cell efficacy, these have different ac-
tions. The fatty acids increase IgM antibody
production by B cells. Whereas these decrease
the secretion of IL-6 and IL-10. The influence on
natural killer cells is still a vague subject, as
both increases (DHA) and decreases (EPA) in
the activation process have been reported in the
studies. Other immune cells, like basophils and
eosinophils, are negatively influenced by the n-
3 FAs (Gutiérrez et al.,, 2019). In the case of au-
toimmune diseases like rheumatoid arthritis, T
cells play a crucial role in disease activity.
Omega-3 FAs can correct the imbalance be-
tween the TH1 and TH2 ratios in RA disease
models, and along with cytokine suppression
and antigen representation, these can improve
the symptoms (Kostoglou-Athanassiou et al.,
2020). In contrast, some researchers think that
n-3 PUFAs favor more TH2 polarization, which
increases the risk of RA (Zhu et al., 2022).
However, other pieces of evidence from differ-
ent studies outweigh this, where these fatty ac-
ids were able to decrease the disease activity
and reduce the inflammatory pain with analge-
sic actions (Chang et al., 2021; Marana et al,,
2022; Tanski et al., 2022). There is also evidence
that n-3 FAs prevent allergic reactions, includ-
ing dermatitis, by suppressing the TH2 polari-
zation, decreasing IgE production, and enhanc-
ing IL-10 (Sartorio et al., 2022). Researchers
have confirmed the role of omega-3 FAs in pso-
riasis-like dermatitis by causing the depletion
of the cyp4f18 gene in mice that is involved in
the conversion of the epoxide metabolite of
omega-3 FAs, and the results were dermatitis
attacks (Yoshida et al., 2022).

The anti-microbial effect of omega-3 fatty acids
has also been of great interest to scientists.
Some of the reasons are microbial resistance
against drugs and the severe side effects of the
available anti-microbials (Subramaniyan et al.,
2019). Burkholderia cenocepacia (Mil-Homens et
al., 2012), Helicobacter pylori (Seabra et al., 2017),
Candida albicans (Ercan and Dogru, 2022), Por-
phyromonas gingivitis (Ozaki et al., 2020), Fuso-
bacterium nucleatum, Salmonella typhimurium and
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enteritidis, Pseudomonas aeruginosa, Bacillus sub-
tilis, Listeria monocytogenes (Chanda et al., 2018),
Staphylococcus aureus (Myles et al., 2014), and
Propionibacterium acnes (Desbois and Lawlor,
2013) are some bacteria against which EPA and
DHA have shown their potency. Therefore,
omega-3 can act as a potent agent to treat acne
through its antibacterial and anti-inflammatory
properties (Baldwin and Tan, 2021; Jung et al,,
2014). In most antibacterial studies, DHA has
exhibited better efficacy than EPA. In the peri-
odontal disease or gingivitis model, n-3 FAs
have been shown to downregulate the gene in-
volved in the virulence factor and cause inter-
ference. Research has succeeded in increasing
the biosynthesis of these fatty acids, which in-
hibit the bacterial growth of Vibrio vulnificus in
transgenic zebrafish. These can cause electron
leakage by modifying the cell membrane and
inducing cell death. In animal models, the bio-
active metabolites from EPA and DHA (resol-
vin) reduced bacterial loads after surgeries like
cecal ligation and puncture. Neutrophils
showed improved antiparasitic activity against
Plasmodium falciparum after being treated with
n-3 FAs (Klek, 2016). In addition, DHA can in-
hibit the Fab I enzyme, which is responsible for
fatty acid production in parasitic cells. It is
around 90% effective with only 20-40 pg/mL
(Chanda et al., 2018). Moreover, these PUFAs
prevented pneumonia and increased the sur-
vival rate in mice (Hinojosa et al., 2020). The re-
searchers are looking for ways to eliminate the
continuously mutating SARS-CoV-2, and they
did not exclude DHA and EPA from the list.
According to some studies, these fatty acids in-
terfere with the entry of the virus into the cells
as they can change membrane fluidity, protein
complexes in lipid rafts, and the replication of
the virus by inhibiting sterol regulatory ele-
ment binding protein activity. These modulate
the ACE2 enzyme activity, which is needed for
infection progression. Their anti-inflammatory
actions also assist in mitigating the severity of
COVID-19 in patients due to the excessive pro-
duction of immune cells and cytokines. Studies
have confirmed other mechanisms, such as in-
terfering with adenosine triphosphate produc-
tion, changing cell membrane hydrophobicity
and porosity, and interrupting the electron
transport system. Due to their anti-microbial
advantage, omega-3 FAs are coated in poly-
propylene meshes that are used for hernia re-
pair (Chanda et al., 2018).

According to some current literature, ®—3 FAs
change the host environment for gut microbe
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production by changing the nutrients available
and reducing TLR4-dependent local inflamma-
tion. Thus, these favor some beneficial mi-
crobes over others. For example, increasing
Blautia (Liu et al., 2021). This event leads to an
alteration of Treg cell regulation and enhance-
ment of IL-10 levels that cause the anti-
inflammatory effect, controlling sepsis and
Staphylococcus aureus skin infections, and pre-
venting allergy downregulation (Myles et al.,
2014). These also increase the abundance of
Escherichia coli (Balfego et al., 2016), Bacteroide-
tes, and butyrate-producing bacteria from the
Lachnospiraceae family and improve the in-
flammatory bowel disease condition. These fat-
ty acids stimulate the secretion of intestinal al-
kaline phosphatase and reduce metabolic endo-
toxemia in the gut. The mechanism is not yet
fully understood. Some microbes are responsi-
ble for inflammatory responses in the intestine;
for instance, Enterobacteriaceae and Clostridia
cause the release of endotoxemia (Kaliannan et
al., 2015). Studies state that omega-3FA sup-
plements from fish oil can decrease these in in-
testinal environments (Arnold et al, 2017;
Ghosh et al., 2013). On the other hand, in an-
other study, these increased enterobacteria
abundance in the gut. Along with n-3 FAs, the
immune system and gut microbiota maintain
robust intestinal wall integrity and secure ho-
meostasis. With the help of next generation se-
quencing technology, the correlation between
omega-3 FA and gut microbiota is being stud-
ied at an accelerated speed. In the future, these
studies will help to establish n-3 fatty acids as a
prebiotic (Costantini et al., 2017).

Anticancer effects

The anticancer value of -3 FAs is still a new area
to explore. Some studies indicate that cancer inci-
dences are lower in the population with a diet rich in
omega-3 fatty acids (Dydjow-Bendek and Zagozdzon,
2020; Gevariya et al., 2019). Its significance is backed
up with logical reasons. The research on these fatty
acids in the cancer field can be divided into two sec-
tors: 1) as an adjuvant and 2) as an inhibitor of cancer
cell growth. The physicians use EPA and DHA as
adjuvants with chemotherapies to make them tolera-
ble to the patient through their anti-inflammatory and
antioxidant actions (Sawada et al., 2021). As tumor
growth inhibitors, these can modulate the immune
system, induce apoptosis, and inhibit angiogenesis
(reduced PGEy) (Bilodeau et al., 2021) and metastasis.
The suppression of PGE; causes inhibition of inflam-
mation and alters the immunosuppressive effects in
cancer cells in many cancerous cases. In breast and
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endometrial cancers, estrogen-stimulated cell growth
is observed. Omega-3 PUFAs can change the prolifer-
ative effect of estrogen into a pro-apoptotic effect (Cao
et al., 2012). Studies have proved that combinations of
different bioactive compounds like vitamin Ds, a-
tocopherol, and phytoestrogen with omega-3 FAs can
kill breast cancer cells (Yang et al., 2017). By working
as COX-2 inhibitors, these can also inhibit endothelial
cell proliferation and reduce tumor microvessel densi-
ty. All these block pathways for nutrition for cancer
cells and eventually lead to cell apoptosis (Klek,
2016). In addition, the fatty acids disrupt the
PI3K/AKT signaling pathway that regulates the cell
cycle and activates the Fas/FasL/caspase-8 apoptosis
pathway. The inhibition of NF-kB pathways also af-
fects the tumor (Ma et al.,, 2021). In prostate cancer
research, these fatty acids have increased nonenzymic
metabolites, RvD5 and PGF3a, which inversely affect
tumor size (Bilodeau et al.,, 2021). The proteins in-
volved in cancer progression are influenced by ome-
ga-3 FAs. For instance, BAX proteins get upregulated,
Bcl-2 production decreases, causing apoptosis, and
CRYAB protein production decreases, inhibiting tu-
mor genesis (Ma et al., 2021). The anticancer effect is
also seen in various other cancers, such as neuroblas-
toma, colon cancer, pancreatic cancer, prostate cancer
(Gevariya et al., 2019), gastric cancer, and melanoma
(Yamada et al., 2019). N-3 FAs increase the radiosensi-
tivity of tumor cells in radiotherapy (Ljungblad et al.,
2022). Even the drug resistance (gemcitabine) in can-
cer cells is decreased with omega-3 FA. As an adju-
vant, n-3 PUFAs improve cancer cachexia by provid-
ing an anabolic effect on nutrition, stabilizing energy
expenditure, and increasing patients' quality of life
(Klek, 2016; Shahidi and Ambigaipalan, 2018). The
analgesic properties of RvEl and RvD1 help with
chemotherapy-induced neuropathic pain (Maskrey et
al., 2013).

Neurological effects

The significance of omega-3 FAs in neurological
functions was analyzed by studying the lipid profile
of the human brain. Most of the fat portion is present
in the white matter of the brain. DHA is the omega-3
FA that is predominant in the brain’s lipids. The exact
percentage of DHA in the brain is contradictory, but
its importance in healthy brain maintenance is prov-
en. The amount depends on the nutritional habits of
the individual. A study on infants' brains during
breastfeeding and baby formula discovered that the
mean amount of DHA is 25% higher than that of in-
fants on baby formula. Even before birth, the fetus
gets DHA nutrition from the mother through the pla-
centa (Shrestha et al., 2020). It starts accumulating in
the brain during the fetus’s growth in the uterus until
age two (Lauritzen et al., 2016). DHA will help with
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the function of cholinergic neurotransmission. In ad-
dition, DHA can restore damaged dendrites and ax-
ons after injury. Its antioxidant property protects the
brain from ROS and free radicals by enhancing the
enzyme activity of glutathione peroxidase and cere-
bral catalase (Klek, 2016). According to a study, the
amount of DHA in the human brain is approximately
30% (Patrick, 2019). The influence of omega-3 FAs in
an infant’s brain is also a matter of great interest, as
there have been some studies on the early prediction
of an infant’s brain being affected by diseases like
schizophrenia and Huntington's disease in adult life
(Shahidi and Ambigaipalan, 2018).

The brain has the most complex barrier, named the
blood-brain barrier (BBB). To develop a neurodrug,
scientists must work hard to make the drug cross that
barrier, as no biomolecule can be passed without a
specific transporter. Only a few molecules are allowed
to enter the brain, and DHA is one of them. DHA can
cross the BBB with the help of MFSD2A, or Major
Facilitator Superfamily Domain-Containing Protein 2
(Andreone et al., 2017). It is an atypical MFS protein
that makes up the largest secondary-active trans-
porter. Its function is to transport large-sized
lysolipids that are amphiphilic (Quistgaard et al.,
2016). The receptor is highly expressed within endo-
thelial cells of the BBB and blood-retina barriers. The
whole process is conducted in a Na*-dependent man-
ner. DHA gets transferred in lysophosphatidylcholine
form (LPC-DHA). At first, albumin takes LPC-DHA
to MFSD2A. The exact mechanism is still under inves-
tigation. But scientists proposed, based on molecular
dynamics simulations of MFSD2A and substrate in-
teraction, that MFSD2A in the normal state is in an
outward-facing apo conformation. When extracellular
Na+ interacts with the protein, it interacts first with
E312 and then with D92. After that, LPC-DHA comes,
and the Na* ion gets displaced by the headgroup of
the substrate. Consequently, another confirmation
change happens, and MFSD2A becomes inward-
facing. Then, the substrate passes the membrane
through the opened intracellular gate at the inner
leaflet of the membrane (Cater et al., 2021).

Neuroscientists have been studying to find links
between omega-3 FAs and neurological disorders
such as AD, schizophrenia, depression, mood disor-
ders, attention deficit hyperactivity disorder (ADHD),
vision impairment, and many more.

Alzheimer's disease (AD)

It is a brain disease where unwanted amyloid
plaques, or AP protein plaques, are formed outside of
the neurons and neurofibrillary tangles formed by tau
protein form inside. All these lead to interference in
cellular metabolism and energy production. In the
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end, cell death happens, which causes disruptions in
neuronal transmission and affects cognitive function
and memory. As time goes by, the symptoms get
worse due to being incurable. The treatments are only
able to manage the conditions. The pathological fac-
tors behind the disease could aid in finding a cure.
These are: 1) macrophages with defective phagocytic
properties, unable to prevent AP plaques; 2) due to
AP plaques, inflammation in the brain is initiated,
which causes the accumulation of microglia and reac-
tive astrocytes. This inflammation causes damage in
the brain as microglia and reactive astrocytes have
toxic effects on neurons. Finally, 3) blood glucose
intake is reduced in the brain (Patrick, 2019). As pre-
viously mentioned, mediators derived from -3 FAs
can increase the phagocytic property. So, some stud-
ies suggest that this can help restore the phagocytic
behavior of macrophages in AD patients (Lau et al,,
2020). These also influence the inflammation resolu-
tion process at the genetic level, as seen in in vivo and
in vitro. Resolvin E1 and E2, maresin (MaR 1 and 2),
protectin D1, and resolvin D (RvD 1-6) affect inflam-
mation by preventing neutrophil recruitment.
Maresins and protectins participate in neuronal tissue
regeneration (Dyall, 2015; Pifferi et al., 2020). From
these activities, it can be stated that DHA and EPA
supplements are necessary to prevent and maybe cure
the disease as well. Studies are presented to support
the evidence of a lack of RvD1 in AD-affected brains
(Fiala et al., 2017). Studies have also reported that
DHA can lessen AP plaque production and aggrega-
tion. Further, it induces the clearance of the Ap
plaques and tau tangles (Freund Levi et al., 2014; Lau
et al., 2020). Its positive impact on the regulation of
the GLUT1 transporter in the brain increases glucose
uptake (Pifferi et al., 2020). From these activities, it
can be stated that DHA and EPA supplements are
necessary to prevent and maybe cure the disease as
well. Studies are presented to support the evidence of
a lack of RvD1 in AD-affected brains (Fiala et al.,
2017). APOE4 carriers are at major risk of suffering
from AD. It is suspected that free DHA cannot get
into the brain due to an impaired passive transport
system due to APOE4 (Patrick, 2019). There are some
exceptions in clinical trials where DHA does not in-
fluence memory functions. One of the reasons might
be not considering the differences in DHA sources, as
the bioavailability and amount of DHA change with
the various sources (Kiilzow et al., 2016; Shinto et al.,
2014).

Depression and mood disorders

Depression is another prevalent disorder in the
world. As mentioned before, EPA can cause changes
in the brain, like reducing the lateral ventricular vol-
ume of the brain and neuronal protein turnover (Bolin
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et al., 2022; Shahidi and Ambigaipalan, 2018). The role
of DHA has also been extensively studied. It can in-
crease dopamine concentrations in the frontal cortex
of the brain. Also, it increases cell-to-cell signaling
and the transportation of the signaling molecules by
changing the membrane fluidity. Both cause de-
creased secretions of cytokines, which improve the
symptoms. EPA and DHA play essential roles in reg-
ulating the immune responses and oxidative stress
situations that again help in the disease condition.
Although the study indicated omega-3 FA as a pre-
treatment (Borsini et al., 2020), EPA and DHA were
able to prevent those processes. Supplementation
with a combination of 700-1600 mg EPA and 200-800
mg DHA per day is effective against depression.
However, the dose depends on the omega-3 FA level
in the patient's blood (Lauritzen et al., 2016; Shahidi
and Ambigaipalan, 2018).

Parkinson's disease (PD)

Parkinson's disease is an age-related neurodegen-
erative disorder. The patient shows symptoms like
hand tremors, bradykinesia, muscle rigidity, and bal-
ance issues (Pantzaris et al., 2021). The lack of EPA or
DHA in PD-affected individuals shows varied results
(Lange, 2020). Postmortem samples from early-stage
patients showed a decrease in DHA levels, but no
correlation was found was found in levodopa-treated
patients. In another study, EPA-treated mice brain
samples were observed, and there was no effect on
dopamine loss. Yet, it could treat hypokinesia, de-
crease striatal pro-inflammatory cytokines, increase
the production of neurotrophic factors and their re-
ceptors, and improve memory deficiency (Cardoso et
al. 2014). There are some similarities in pathological
mechanisms between AD and PD, such as oxidative
distress, inflammation, and mitochondrial defects.
Therefore, n-3 fatty acids can protect the brain from
PD, applying the same mechanisms as AD. These can
prevent microglial activity and neuroinflammation.
Their antioxidant property averts dopamine loss
through neuronal NADPH oxidase and COX-2 en-
zymes. These also control neurotrophin production
by astrocytes, which helps in healthy neurotransmis-
sion (Li and Song, 2020). The effect of DHA on PD is
debatable. There is evidence of DHA protecting do-
pamine levels in the striatum by slowing the metabo-
lism along with protein kinase C activation, but there
was no effect on bradykinesia, and it could increase
cytotoxic oligomers in PD in vitro models (Chitre et
al., 2020; Dyall, 2015). However, there was also data
presented in the literature about improved motor
coordination and decreased locomotor functions in
rat models (Li and Song, 2020). More extensive stud-
ies are needed to understand the efficacy of DHA and
the severity of its side effects.
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Schizophrenia

Schizophrenia is one of the most complicated neu-
rological disorders, and the pathological process is
still vague. While the treatments for the disease man-
age the patient's behavior with difficulty, scientists
have discovered that n-3 FAs can delay the psychotic
state of the patient (von Schacky, 2021). Some re-
searchers hypothesize the presence of PUFA metabo-
lism abnormalities in schizophrenic patients and in-
dividuals at high risk (Pawelczyk et al., 2015). PLA2
enzyme activity is seen to increase in those patients
with increased release of n-3 PUFAs from the neu-
ronal cell membrane, changing the fluidity of synaptic
membranes. Consequently, abnormal neurotransmis-
sion happens. Based on some studies, it is better to
start the omega-3 FA supplements during the early
stages of schizophrenia at a dose range of 2-3 g/day.
Sometimes schizophrenia is accompanied by bipolar
disorder, which is also a mental condition with alter-
ing stages of mood (mania or hypomania). The n-3
FAs can treat maniacal behavior at a minor level.
There should be more studies on omega-3 PUFAs
preventing the relapse of schizophrenia (Lange, 2020;
Minarikova et al., 2022).

Autism

Autism spectrum disorder is a neurodevelopmen-
tal condition in which symptoms manifest during the
early stages of life. One of the genetic factors behind
this condition is the lack of fragile X mental retarda-
tion protein. It is an incurable condition. Therefore,
scientists are looking for a nutritional effect on autism
(Schiavi et al., 2022). Epidemiological studies have
provided proof of the lack of EPA and DHA levels in
the blood of children with autism. An in-depth analy-
sis of those studies revealed that the indications of
autism, such as poor speech, social interaction, repeti-
tive behavior, and restricted interest, were also less
noticeable with omega-3 FA supplementation (Cardo-
so et al.,, 2014; Lange, 2020; von Schacky, 2021). An-
other recent study suggests that in the fragile X mes-
senger ribonucleoprotein 1 knock-out model mimick-
ing autistic features, omega-3 PUFA supplementation
can restore the neuro-inflammatory balance, impaired
cognitive behavior, and social interactions (Doaei et
al., 2021; Schiavi et al., 2022).

Attention deficit/ hyperactivity disorder (ADHD)

The connection between a deficiency of EPA and
DHA in the body and ADHD has been established
through many clinical trials (Lange, 2020). However, a
recent epidemiological study suggests that EPA im-
proves the condition by increasing its level in the red
blood cells that enhance cognitive abilities only when
the baseline was below average from the beginning,
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which leads to perplexity about whether EPA is effec-
tive or not (von Schacky, 2021). Another recent study
concluded no association between ADHD and omega-
3 fatty acids. The placebo group had a better reduc-
tion in ADHD rating scale-IV score than the group
receiving omega-3 PUFAs (Cornu et al., 2018).

Multiple sclerosis (MS)

The pathology of this disorder is significantly due
to chronic inflammation in the CNS that proceeds to
demyelination. As a result, the patient slowly suffers
from disabilities. Though the involvement of EPA and
DHA in treating the autoimmune response in MS
patients is very limited, it still opens the door for new
treatment options. In a recent study, researchers tried
to increase the biosynthesis of omega-3 FAs in MS rat
models by increasing desaturase expression. This
facilitated an increase in remyelination. Their findings
focus more on the EPA (Siegert et al., 2017). There has
also been a combination study of omega-3 and 6 with
multiple vitamins (A and E), and this specific formu-
lation was able to prevent disability progression (Pan-
tzaris et al., 2013). A similar formulation was also
tested later as an adjuvant in PD (Pantzaris et al.,
2021).

Dry-eyes syndrome (DES)

The ocular surface of healthy eyes is supposed to
produce enough tears. Keratoconjunctivitis sicca, or
dry eye syndrome, is a condition where tear produc-
tion and drainage systems are defective, and the eyes
become dry with increased susceptibility to inflam-
mation. This disease also causes discomfort in the
eyes and visual difficulties (Sharma and Hindman,
2014). According to studies, EPA and DHA have been
found to be natural constituents of tears. These are
involved in maintaining tear homeostasis. Due to the
anti-inflammatory effects of the -3 FAs, the cytokine
profile in the ocular blood circulation changes. Lack
of these essential fatty acids or a high value of @-6 to
®-3 FA ratio has been correlated with DES symptoms
like dysfunction in the tear film. These fatty acids
produce different pro-resolving lipid mediators upon
stress or injury in the corneal limbus and lacrimal
glands: like neuroprotectin D1 (NPD1), EPA-derived
resolvin E1 (RvE1), resolvin D1 (RvD1), and lipoxins.
Their MOA can be utilized to explain how these
maintain homeostasis in the ocular environment.
NPD1 is responsible for corneal nerve regeneration,
regaining corneal sensitivity, wound healing from
stress, and oxidative distress (Cortina et al., 2012).
Lipoxin also helps in wound healing and inhibits pro-
inflammatory cytokine production and undesirable
angiogenesis (Walter et al., 2016; Wang et al., 2012).
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RvE1 shows its anti-inflammatory effects through
G-protein-coupled receptors. It modifies the negative
feedback mechanism on COX-2 expression. There are
works of literature representing the evidence of RvD1
and RvEl involving tear production, goblet cell sur-
vival, and secretion due to stress, which are tasks of
maintaining homeostasis (De Paiva et al., 2012). The
researchers have hypothesized that DES is a faulty
metabolic condition (Walter et al., 2016). Therefore,
manipulating the amount of omega-3 FA in the ocular
region can help with disease management and pre-
vention. Scientists have been attempting to find a
better treatment for DES by utilizing these fatty acids
(Singh et al., 2022).

Scientists have been attempting to find a better
treatment for DES by utilizing these fatty acids. How-
ever, different clinical studies gave different results,
which still clouded the significance of fatty acids in
treating DES. Some studies showed positive respons-
es to their treatment of the w-3 FAs. For example, a
study published on 32,470 women ranging in age
from middle to old age concluded that a daily sup-
plement of EPA and DHA can prevent the disease by
around 17%, depending on the dose (Walter et al,,
2016). There was also some clinical evidence that
these fatty acids could improve disease symptoms.
Most of the studies responded that &-3 FAs could
improve the ocular surface disease index (OSDI)
scores in DES patients that measure the lubrication
level of the ocular surface (Ng et al., 2022). These
studies' durations have been in the range of 3 months
to a few years (O'Byrne and O’'Keeffe, 2022). A recent
study was conducted on DES patients to check the
inflammation level, with positive results. Some stud-
ies showed improvement only in one or two aspects
like tear osmolarity, matrix metalloproteinase 9 posi-
tivity, and bulbar conjunctival redness. Yet, compared
to the placebo, the overall improvement was insignifi-
cant (Oydanich et al., 2020; Roy et al., 2022).

Some works of literature claim that omega-3 fatty
acids are ineffective against dry eye syndrome.
Though there have been studies on the MOA, the
shreds of evidence were not enough, according to
these studies. A recent cross-sectional study on 322
postmenopausal women found no improvement in
their DES condition with omega-3 FAs (Ziemanski et
al., 2018). Another study measured the ocular in-
flammation status by HLA-DR frequency on conjunc-
tival cells and tear cytokines. Unfortunately, the re-
searchers could not correlate between DES and -3
FAs (Roy et al., 2022).

Most studies mentioned oral supplements as a
source of omega-3 FAs that exhibited differential bio-
availability issues. The varied bioavailability influ-
enced the efficacy of the fatty acids to cure the dis-
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ease, which could relate to the unsynchronized results
of the clinical trials. One clinical trial used re-
esterified -3 FAs that were only beneficial for ocular
surface inflammation rather than tear secretion (Park
et al., 2021). The phospholipid form of EPA and DHA
is still an area that needs extensive study in treating
DES. Most studies did not mention the natural
sources of those supplements or their dietary intake
(Christen et al., 2022). But this is also a significant
factor to consider in clinical studies. According to
recent literature, omega-3 FAs from marine sources
were given to patients with DES and showed no sig-
nificant improvement in the symptoms. A few re-
searchers suggest that only DHA can treat DES, and
there is no correlation between EPA and the disease
(Asbell and Maguire, 2022). It could be the possible
reason that marine sources are richer in EPA than
DHA (Spilling et al., 2021). Another crucial aspect to
consider is the dose of EPA and DHA. The quantities
used in the studies range from 400-2000 mg/day.
Surprisingly, the response to these doses has also
been ambiguous. One recent clinical trial recorded
gastric disturbances among patients who took 1440
mg of EPA plus 960 mg of DHA. However, there has
been a previous study where 2000 mg of EPA and
1000 mg of DHA per day were given, and no side
effects were recorded (Ng et al., 2022; Oydanich et al.,
2020; Singh et al., 2022; Walter et al., 2016). Moreover,
most studies considered using a more significant por-
tion of the dose of EPA than DHA without any possi-
ble explanation. Therefore, many areas or loopholes
present in these clinical trials have yet to be explored.
In the near future, oral supplements are not going to
be the only way to provide omega-3 FAs to DES pa-
tients. NovaTears + omega-3 is a topical water-free
eye solution for dry eye syndromes with omega-3 FAs
at 0.2% that has been recently developed. Clinical
improvements were observed in 33 samples. Further
research will help resolve the issues patients had with
oral supplements (Jacobi et al., 2022).

Patents

Given the growing interest in utilizing the ad-
vantages of omega-3 FAs, inventions including these
fatty acids are being patented. The patented products
focus on different aspects, such as combination thera-
py for prophylaxis, anti-tumor, nephrological, cardio-
vascular, and neurological purposes, as shown in
Table 5. There is a rising number of patents for paren-
teral nutrients containing EPA and DHA. Probiotic
and herbal formulations with omega-3 PUFAs as APIs
are getting attention these days. Some of these also
focused on dosage forms to protect against oxidation.
According to statistics from the European Patent Of-
fice data source, the cumulative number increased
during the past five years. However, the number of
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patent publications per year regarding omega-3 FAs
decreased, as seen in Fig 4. Availability of the fatty
acids from the source, oxidation spoilage, strict regu-
lation of patent applications, and the impact of the
COVID-19 lockdown on research areas could be some
of the reasons to mention.
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Figure 4. Comparison of patent publications in five years.

Dosage form

The dosage forms available for the @-3 FAs can be
divided into conventional and modernized ones. The
previous dosage forms include soft gels, capsules,
pills, emulsions, and gummies. Soft gel capsules are
available on the market, like Lovaza, Epanova,
Vascepa, Omtryg, MaxEPA, and Omacor as pharma-
ceutical lipid-lowering drugs. Most of these are in
ethyl ester form (Fialkow, 2016; Weintraub, 2015).
Vayarin is also a prescription medicinal product in
phosphatidylserine form, used to modify the lipid
imbalance in ADHD children (Manor et al., 2012).
Liquid forms are usually for parenteral solutions and
eye solutions for DES (Manor et al., 2013; Weylandt et
al., 2023). The parenteral emulsions of n-3 FAs have
acquired a crucial role as nutritional support before
and after surgery in aspects of CNS injury and gastro-
intestinal cancers due to the promotion of wound
healing, control of sepsis, and immunomodulatory
benefits (Klek, 2016; Yu et al., 2017). Some are liquid
emulsions encapsulated in soft gelatin shells, like a
combination drug with atorvastatin (Brinton and Ma-
son, 2017). In the future, more combination therapies
are coming onto the market. Omega-3 fatty acids with
aripiprazole for bipolar disorder are currently under
clinical trial (Voggt et al., 2015). There are patents on
combination therapies mentioned in the previous
section.

The main concern while formulating a dosage is to
control the oxidation and bioavailability of FAs. The
conventional dosage forms cannot protect against
these issues at a satisfactory level, which opens the
scope for the application of nanotechnology (Karthik
and Anandharamakrishnan, 2016). Nano-
formulations, like nanoemulsions, solid nanoparticles,
polymeric nanoparticles, liposomes, and lipid
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nanocarriers, provide nano-sized particles that im-
prove skin permeability (Tou et al.,, 2019) and bioa-
vailability, increase efficacy and increase shelf-life
(Dinshaw et al., 2021; Mohamed et al., 2021; Zakir et
al., 2021). In the early stages of studies, the focus was
primarily on parameters of formulation development
like- cycles, temperatures, pH, pressure, and use of
emulsifiers (Karthik and Anandharamakrishnan,
2016). Then, the concern shifted to applying methods
to prevent oxidation. Such as encapsulation (Chen et

Omega-3 fatty acids as therapeutic drugs

al., 2017; Du et al., 2022), nano-composite microsphere
formation (Hamed et al., 2020), and the use of dual-
property antioxidant emulsifiers, like casein (Chen et
al., 2016), rosemary extract (Hamed and Abo-Elwafa,
2020), tea phenol, and vitamin C (Bush et al., 2019;
Zhang et al., 2019). The nanoformulations gave satis-
factory results in several disease conditions like pso-
riasis (Ahmad et al., 2019; Mittal et al., 2021), dermati-
tis (Kildaci et al., 2021), cancer (Cassano et al., 2017),
and hyperlipidemia (Tripathi et al., 2018).

Table 5. Patents related to omega-3 fatty acids.

Innovation Year

Reference

Pharmaceutical composition comprising 2022
eicosapentaenoic acid and nicotinic acid,

and methods of using this pharmaceuti-

cal composition

Emulsifier composition and application 2022
thereof in emulsion

Pharmaceutical composition for treating 2022
chronickidney disease

Zeaxanthin formulations with additional 2022
ocular-active nutrients, for protecting eye
healthandtreatingeye disorders

Compositions and methods for neuroprotec- 2022
tion in neonatal hypoxic- ischemic encepha-
lopathy

Oils with anti- inflammatory activity con- 2021
taining natural specialized proresolving
mediators and their precursors

Parenteral lysophosphatidylcholin e formu- 2021
lations

Lipid nanoparticles containing pharmaceuti- 2020
cal and/or nutraceutical agents and meth-
ods thereof

Pharmaceutical composition for preventing 2020
or treating cholesterol gallstone comprising
ursodeoxycholic acid (UDCA) and omega-3

fatty acid, and process for producingthe
same

Intended for use Patent number
Formulation for cardiovascular disease con-  JP2022090132A
taining nicotinic acid and EPA

Improves oral bioavailability CN115025230A
Protects from oxidation by preparing acidic

nanoemulsion

Aformulation for treating chronic kidney W02022145443A 1
diseases

An oral formulation for preventing ortreating ~ US11045431B1
macular degeneration

An emulsion formulation to protect W02022125484A 1

against brain injury associated with hypoxic-
ischemic encephalopathy

Used alone or in combination with therapeutic
hypothermia

Anti-inflammatory oil containing natural SPMs  US2019201363A1
from omega-3 FAs.

From natural sources-algae, fish, and crusta-

ceae

For pharmaceutical, nutraceutical, and
cosmeceutical fields

Parenteral formulation for therapy or prophylax-NL2023407B1
is, traumatic brain injury

Intravenous administration in LysoPC-omega-3

form

Enhanced intake by the brain andincreased
half-life

Anti-tumor nanoparticle formulation with APl W02020247912A 1

covalently bonded with DHA

Gallbladder stone solubilizer omega-3 PUFAs  US2020376003A1
prevent the crystal formation of cholesterol

Enhances the bile phospholipids and decreas-
es bile mucin, which disrupts the gallstone
structure

An alternative to cholecystectomy

(Manku, 2022)

(Jing et al., 2022)

(Masahiro, 2022)

(Giehart, 2021)

(Richard et al., 2022)

(Bannenberg et al.,
2021)

(Finn et al., 2021)

(Cui and Valdes, 2020)

(Lee and Jang, 2020)

Prebiotic compositions 2020 Probiotic solution with omega-3 PUFAsand ~ W02020234221A 1 (Speckmann and
essential amino acids as food supplements Studte, 2020)
and pharmaceuticals
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Table 5. Patents related to omega-3 fatty acids (continued...)

Innovation Year

Intended for use Patent number

Reference

Composition for resisting tumor 2020

Compositions and methods to treat non- 2020
alcoholic fatty liver diseases (NAFLD)

Preparation comprising a probioticstrain of 2020
the genus Bacillus megaterium and a poly-
unsaturated fatty acid component

Combination taxoid nanoemulsion with 2019
immunotherapy in cancer

Application of pharmaceutical composition 2018
of rapamycin type drugs and omega-3 fatty

acid to preparation of drugs for treating

kidney cancer

Cannabinoid- containing fatty acid 2018
formulations fortreating disorders of the
nervous System

Concentration of omega-3 polyunsaturated 2017
fatty acids in krill oil

Composition and method to alleviate joint 2017
pain using a mixture of fish oil and fish oil
derived, choline-based, phospholipid-bound

Highly safe anti-cancerformulation CN111714616A

Composition comprising anutrient and an anti-
tumor for abetter therapeutic and prophylactic
effect

A combination therapy with API for their lipid- W02020205025A 1
lowering action

Probiotic formulation WO02020109474A 1

Anti-cancer formulation withimmunotherapy W02019126302A 2
agent as a taxoid-conjugate

Combination anti-cancer therapy CN108143732A
Tackling the side effects of rapamycin
Liquid formulation with acombination of W02018145213A1

cannabidiol and tetrahydrocannabi nol for
braininjuries

Increasing the commercial production of marineW02014/013335 A3
oil concentrates with enhanced percentages of
EPAand DHA

The ratio of DHA and EPA: omega-6 (w/w

total fatty acids) is 10:1 to 14:1.

Oral dosage form containing fish oil and other US9597300B2
natural ingredients

For joint pain and arthritis

(Wang et al., 2020)

(Mantzoros and
Rosen, 2020)

(Speckmann et al.,
2020)

(Eganetal., 2019)

(Chenetal., 2018)

(Jha, 2018)

(Hoem and Tilseth,
2017)

(Minatelli et al., 2017)

fatty acid mixture including polyunsaturated
EPAand DHA

Omega-3 enriched fish oil-in-water paren- 2017
teral nutrition emulsions

60% omega-3 FAs in the parenteral solution

US9642826B2 (Driscoll, 2017)

Problems associated with omega-3 FA products

Though n-3 FAs have many beneficial influences
on health, the problems linked to them limit their
utilization. The associated obstacles can be of four
types: 1) regulatory; 2) the shortcoming of nanofor-
mulation; 3) unwanted interactions; and 4) cost.

1. There are supplements presented on the market
where most are not FDA-approved (Vectoomega,
Primacare, PR Natal 400 cc, and many more), as
these do not fall under FDA regulations. Hence,
there is doubt about their safety, quality, and
quantity checks. A study is presented on OTC
products in the Ghanaian market where from 0.4
to 125 pg/L mercury were found in fish oils, and
over 90% did not meet the quality parameters.
Therefore, a strict regulation system is needed
for medicinal products (Adam et al., 2022; Fial-
kow, 2016).

2. Although nanotechnology is being applied to
overcome the shortcomings of traditional dosage
forms, the new ones also have significant con-
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cerns. Though there are natural emulsifiers
available, synthetic emulsifiers are preferred in
most formulations, such as the Tween series
(Nielsen et al., 2016; Pietersen et al., 2020), the
Span series, PEG (Lim et al., 2014), and polysorb-
ates. These are used in high concentrations to
stabilize the formulation. These can have harm-
ful effects on prolonged use, like allergies,
Crohn’s disease, acute hypersensitivity, skin irri-
tation, systemic immune reactions, rash, and
drug-drug interactions (Partridge et al. 2019).
Their usage can cause potential drug-drug inter-
actions (doxorubicin, docetaxel, methotrexate,
and paclitaxel). Therefore, this evidence indicates
possible cytotoxicity from prolonged systemic
absorption by the nanoemulsion. These chemi-
cals have detrimental effects on the environment
as well (Schwartzberg and Navari, 2018). Natural
emulsifiers can be possible solutions to these is-
sues.

There are some possible drug-drug interactions
as omega-3 FAs are pharmacological com-
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pounds. As these can increase the bleeding time
by inhibiting platelet formation, there is a possi-
ble interaction between blood thinners like war-
farin, acetylsalicylic acid, and clopidogrel. Other
drugs that interact with the CYP450 and COX
pathways should be tested as well (Gross et al.,
2017; Ito, 2015; Stanojevi¢-Risti¢ et al., 2022).

4. Cost is another aspect of products that will de-
cide their availability to the general public. The
extraction and purification processes for EPA
and DHA from different sources are costly. For
instance, sources, like deep areas of the sea, con-
tain krill (Colletti et al., 2021). In addition, most
nanotechnology applications are related to high-
energy methods, for example, microfluidizers
and homogenizers (Gharibzahedi and Jafari,
2018; Hamed and Abo-Elwafa, 2020). All these
require a lot of energy and money. Consequent-
ly, the product is highly priced. Utilizing low-
energy methods for the formulation process can
be an alternative way.

Omega-3 fatty acids as therapeutic drugs
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CONCLUSION

There is no doubt that omega-3 PUFAs are a mira-
cle compound in the medicinal field. Their cellular
and anti-inflammatory functions positively impact the
cardiovascular, immune, neurological, and gastroin-
testinal systems. Researchers have studied DPA less
than EPA and DHA due to the lack of pure DPA. But
now, the focus is shifting toward DPA and exploring
its wonders. Through continuous research, it will be
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