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Abstract

The biorefinery approach ensures a sustainable source of valuable fatty acids and opens up new avenues for their application
in healthcare industries. Recent studies highlight the health benefits of omega-PUFAs, spurring the search for cost-effective
production methods. Microbial platforms are promising for high-yield PUFA production, with ®-3 dominating the market. ®-3
PUFA s offer antioxidant and anti-inflammatory effects, reducing illness risk, while all PUFAs contribute to cardiovascular
health, diabetes prevention, cancer risk reduction, and more. -6 PUFAs, particularly linoleic acid (LA) and arachidonic
acid (ARA), play vital roles in various aspects of health, making them high-demand bioavailable compounds. Additionally,
docosahexaenoic acid (DHA) and eicosapentaenoic acid (EPA) exhibit potential benefits in brain development and COVID-
19 prevention. This comprehensive review provides insights into the state-of-the-art microbial biorefinery strategies for -3
and -6 PUFA production and their wide-ranging health-related benefits.
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Introduction

With growing health concerns, the urban population is greatly
inclined to a healthy lifestyle, which includes functional
foods and healthy food supplements in their daily diets to
lower their common health risks related to nutrition and age.
Among several healthy diets, essential (omega) w-fatty acid
consumption is rising with increasing awareness and benefits
offered by the ®-3 and -6 group of fatty acids [112, 116,
117,119, 122, 123, 126]. The human body lacks some genes,
including fatty acid desaturase 2 (FADS2), A5-desaturase,
and A12-desaturase, which help convert lipids into essential
-3 and ®-6 polyunsaturated fatty acids (PUFAs). Due to
this, they cannot convert lipids into essential PUFAs, which
must be obtained from their diet [42, 62]. These essential
fatty acids have a crucial role to produce prostaglandins,
leukotrienes, and thromboxanes by involving a cyclooxyge-
nase, lipoxygenase, and CYP450 enzymes. These enzymes
functioning would be compromised without a source of ara-
chidonic acid which commonly have a significant impact
on many regular metabolic processes [68]. Therefore, they
must be obtained from daily diet to overcome the complexes
and illnesses caused by the deficiency. Thus, both the above-
mentioned m-groups are called essential fatty acids.
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Essential fatty acids

The -3 and -6 fatty acids cannot be produced by the
human body in sufficient levels, therefore, they are essen-
tial to obtain from the diet, and are referred to by the
term "essential fatty acids" (EFA). EFA refers to PUFA
and is classified into two types: ®-3 and -6 fatty acids
[43]. EFA are the components of lipids and consist of
hydrocarbon chains with carboxyl groups at one end
and methyl groups at the opposite end. Different types
of fatty acids can be identified based on criteria such
as length, number, and position of double bonds in the
hydrocarbon chain. The presence of double bonds defines
the saturation and unsaturation of fatty acids. If there is
one double bond, it is known as monounsaturated fatty
acids or MUFAs, and if two or more double bonds exist,
it is termed PUFA [99]. PUFAs play an important role in
human nutrition, as w-3 fatty acids carry a double bond
between C-3 and C-4 and w-6 fatty acids carry a double
bond between C-6 and C-7 from the methyl end of the fatty
acid chain. Based on the double bond position, a-linolenic
acid (ALA), eicosapentaenoic acid (EPA), docosapentae-
noic acid (DPA), and docosahexaenoic acid (DHA) are
placed in the w-3 fatty acid pool, whereas mainly linoleic
acid (LA), y-arachidonic acid (ARA), and linoleic acid
(GLA) are placed in the w-6 fatty acids pool [112, 116,
117, 119, 122, 123, 126]. Many scientists have classi-
fied PUFAs based on their carbon chain length. A long
chain PUFA consists of 20-24 carbon atoms, and a very
long chain contains > 26 carbon atoms. Moreover, nota-
tion is very crucial to nominate any naturally occurring
fatty acids or unsaturated fatty acids; “n-minus” is com-
monly used as notation. It designates the position of the
first double bond that is closest to the methyl group of the
hydrocarbon chain. For example, linoleic acid is desig-
nated as C18:2n-6 since the first double bond is present at
carbon 6 atoms from the methyl end, but with the help of
this nomenclature, the position of the remaining double
bonds present in the molecular structure cannot be speci-
fied [131]. The o-PUFAs from fish and microbial sources
are mainly DHA and EPA, both of which are more readily
bioavailable than PUFAs (mainly ALA from plant sources
upon consumption). Plant LA and ALA are relatively less
bioavailable, and hence animal sources mainly fish are pre-
ferred. A study shows that microalgal PUFAs are the main
source of fish-derived PUFAs [75]. Microalgae and thraus-
tochytrids can accumulate lipid 35-70% of their dry bio-
mass in which 15-29% DHA is reported [25-27]. Hence,
developing the microbial platform for PUFA production is
the current research’s major focus. The biorefinery concept
is a sustainable approach to maximize the value obtained
from biomass resources while reducing waste. It optimizes
resource utilization by extracting value from multiple
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fractions of biomass and involves the integrated processing
of various biomass feedstocks to produce a range of valu-
able products, including PUFAs, from different fractions
of biomass [3]. This environmentally sustainable approach
aligns with the principles of the circular economy, where
resources are used efficiently.

w-3 and w-6 PUFA and health prospects

Since humans lack enzymes that support the production
of -3 and -6 PUFA, it is a must to obtain them from
their diet. It is important to find rich sources of these EFA.
Both ®-3 and -6 fatty acids are possessed in numerous
plant and animal products at varying levels such as chia
seed, flaxseed, sunflower oil, walnuts, kidney beans, leafy
greens, fish, pork, and beef. [46]. Buglossoides arvensis
is the richest natural plant-based source and is consid-
ered an emerging oilseed crop for nutritional ®-3 fatty
acid [105]. There are four major -3 fatty acids: alpha-
linolenic acid (ALA-C18:3n3), stearidonic acid (SDA-
C18:4n3), eicosapentaenoic acid (EPA-C20:5n3), and
docosahexaenoic acid (DHA-C22:6n3), which are long-
chain fatty acids and EFA [164]. During the last decades,
many studies have recommended the positive health effects
of consuming EPA and DHA in the diet, such as reduc-
ing the weakening of eyesight, lowering the risk of blood
vessel stiffness, and bringing down the risk of anxiety and
inflammation. It has also been observed that low DHA
content in the diet causes many psychological problems
[7]. Recent research has established that the consumption
of seed oils rich in SDA offers superior nutritional ben-
efits compared to ALA, primarily due to the more efficient
conversion of SDA to EPA in the human body. SDA serves
as a highly effective alternative precursor for the synthesis
of w-3 LC-PUFAs because it circumvents the rate-limiting
step in EPA production. Moreover, recent studies have
uncovered the major plant sources of SDA and its poten-
tial health advantages, which include preventive effects on
inflammation, cardiovascular disease, and cancer [132].
Moreover, the three w-6 fatty acids are also important in
health prospects such as linoleic acids (LA-C18:2n-6),
gamma-linolenic acid (GLA-C18:3n6), and arachidonic
acids (ARA-C20:4n-6). Among them, LA and ARA help
in blood clotting, wound healing, cholesterol maintenance,
membrane fluidity, and hypertension, as well as lowering
the risk of vision loss and improving bone and sperm qual-
ity [39]. To avoid complications and maintain good health,
and a balanced metabolic process of the body, a ratio of
1:1-4:1 between w-6 and -3 is recommended. The pro-
portion of both -3 and w-6 required in the diet is 16-17 g/
day and 11-12 g/day for males and females, respectively;
however, western diets possess rather high o-6 (>4:1),
which causes several health risks. If the final product ALA
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and ARA is eicosanoids, it may cause contrasting effects
on health. It mainly causes inflammatory diseases such as
obesity. Obtaining a high amount of ®-6 in diets may cause
pro-inflammatory diseases such as arthritis and atheroscle-
rosis, leading to the narrowing of blood vessels known as
vasospasm, causing an increase in blood pressure [46].

A balanced diet is crucial for human health, as it
helps to prevent many adverse health issues. Both -3
and ®-6 PUFA help to maintain numerous biological func-
tions, such as reproductive, physiological, and develop-
mental. These PUFAs are the main energy source and have
a rich caloric value. EFA and liposoluble bioactive com-
pounds are the most important components of vegetable
oils such as soybean oil, sunflower oil, mustard oil, and
olive oil [5]. Botanical organisms, microalgae, and micro-
organisms constitute the primary origins of these fatty
acids. The escalating demand for oils and fats in recent
times has prompted the food industry to explore alternative
sources for these essential components. [40]. According to
research, Amazonian fruits are high in bioactive compo-
nents, particularly unsaturated fatty acids, carotenoids, and
sterols. It has been observed that high levels of linoleic
acid are mainly found in passion fruit seeds and Brazil
nut oil [143]. There are some natural producers, such as
marine microalgae, yeast, bacteria, diatoms, and phyto-
plankton, and protists such as thraustochytrids that can
produce DHA, EPA, and ARA. For obtaining high lipid
content, scientists mainly focused on the thraustochytrid
genus Thraustochytrium, Aurantiochytrium, and Schiz-
ochytrium, a single-celled eukaryotic organism found in
the marine environment and with the potential to produce
lipids and carotenoids [26, 87]. In thraustochytrids, the
elongase—desaturase pathway and polyketide-like synthase
pathway are the two important routes actively involved to
produce PUFAs. The biosynthesis of PUFAs was carried
out by various pathways in different species of thraus-
tochytrids, some of which used the elongase—desaturase
pathway, while others used the polyketide-like synthase
(PKS) pathway, and others used both, e.g., Schizochytrium
mangrovei PQ6 [41]. In fact, the PKS pathway is more effi-
cient as it requires 14 NADPH molecules, while the elon-
gase—desaturase pathway requires 26 NADP molecules
to produce fatty acids [41]. In recent studies, researchers
mainly focus on metabolic engineering techniques, and
with the help of these techniques they can improve the
amount of the target product [61]. In response to com-
mercial demands and considerations regarding health-
related requirements, microalgae have emerged as a viable
alternative source of polyunsaturated fatty acids (PUFAs).
Consequently, their potential in mitigating chronic dis-
eases has garnered attention, primarily due to the sub-
stantial PUFA yields offered by microalgae in comparison
to other microbial sources [83, 148]. Scientists primarily

focus on large-scale nutritional PUFA production from
various sources to prevent many heart-related diseases,
inflammatory diseases, obesity, vasospasm, diabetes, etc.
[21].

Emerging research trends on microbial w-PUFA
production

To understand the co-occurrence of specific keywords in
the field of emerging omega and their production by using
the microbial platform, the following terms were searched:
“microorganism”, “polyunsaturated fatty acid”, and “omega”
in the Scopus database. These terms were searched in the
article title, keywords, and abstract; moreover, the timeline
was limited to the years 2017-2022. The published docu-
ment type was research article, review article, and book
chapter. The language selected as English in scopus; and
articles in the final publication stage were selected and a
total of 116 were retrieved and saved in comma-separated
values (CSV) Excel format. The data were further analyzed
for duplicate entries and incomplete entries. Thereafter, all
116 entries remained and were named dataset A.

Subsequently, the dataset was analyzed for duplicate
entries and finalized and analyzed in VOSviewer for the co-
occurrence of related index keywords under the above-men-
tioned combined dataset. The minimum number of occur-
rences of a keyword was 5 for all 2309 keywords found with
144 meeting thresholds. Due to fewer occurrences of novel
index keywords, the threshold for keyword occurrence was
set to two, i.e., if any keyword was repeated two or more
times, it would be considered for analysis. A total of 2309
index keywords were listed and out of these, the top 140
keywords were selected based on their total link strength.
Thereafter, the remaining keywords were analyzed, and
most related keywords were manually screened and selected
based on the relatedness to our interests and focus. A total
of 140 keywords were selected and classified into five clus-
ters, where clusters 1, 2, 3, 4, and 5 had 40, 33, 33, 28,
and 6 items in descending order. Based on this analysis,
Fig. 1 shows the dataset’s co-occurrence network of specific
keywords. The larger dots in the figure show popular terms
which have been greatly used in past works and smaller dots
show emerging platforms to produce o-PUFAs. »-3 fatty
acid, polyunsaturated fatty acid, and microorganisms were
the dominant models for ® production. Microalgae, fatty
acid, DHA, w-6, and EPA model were extensively used in
Fig. 1.

These datasets indicate the increasing research trend and
awareness toward polyunsaturated fatty acid groups, mainly
-3 fatty acid-containing diets for maintaining a healthy
lifestyle. The larger dots (red dots) represent the micro-
organisms that comprise the most fascinating platform for
omega production, which mainly consist microalgae and
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Fig. 1 The conceptual structure of the co-occurrence network for microorganism, PUFA, and omega search terms

macroalgae groups, followed by smaller dots of emerging
Schizochytrium thraustochytrid. Moreover, research trends
illustrate that the biosynthesis and metabolism aspects of
these microbes are adequately covered. Based on the above
search, the current article reviews research advances on die-
tary PUFA sources and current updates on PUFA production
from potential microorganisms, mainly thraustochytrids, and
microalgae groups as emerging alternative platforms that
are promising among other groups reported for PUFA pro-
duction in reasonable quantities such as fungi, yeasts, and
bacteria. However, the demand for PUFAs has been on the
rise, driven by increasing consumer awareness of their health
benefits. Microbial biorefinery approaches have emerged as
promising solutions due to their potential for high yield and
scalability while minimizing environmental impact. This
article seeks to provide valuable insights into sustainable
PUFA production and its applications in healthcare indus-
tries, addressing a critical need for both scientific knowledge
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and practical solutions in the fields of biotechnology and
health. Especially, it includes a specific o-PUFA role for
the development of bone, skin, eye, brain, and fetus develop-
ment and to cure several diseases such as CVDs, diabetes,
cancer, and hypertension. The overview of natural sources
and microbial bioprocess of PUFAs along with their health
beneficiary effect on human life is schematically shown in
Fig. 2.

The growing microbial platform for w-PUFA
production

The demand for -PUFAs as a necessary diet is growing
because of their leading role in health promotion. Under
the suggested daily nutritional design for managing health,
regular essential PUFA uptake of 0.2-0.3 g seems quite
promising. Prevention is better than cure is an emerging
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Fig.2 The schematic overview of sources and microbial bioprocess of PUFAs along with their health beneficiary effect on human life

mindset for urban lives who cannot afford adequate time
for collecting and consuming several essential food types
for essential nutrients. The microbial platforms are alternate
greater PUFA sources that must be developed due to rising
demand, notably for vegetarians. The microbial platform
could be promising for developing health supplements and
functional food to fulfill essential fatty acid requirements
and bypass the health risks due to deficiencies. Several
oleaginous microbes such as thraustochytrids, microalgae,
bacteria, yeast, and fungu, are reported for high PUFA and
offer a promising supply of ®-3 and ®-6 PUFAs. Some-
where, diatoms and phytoplanktons are also found to be
PUFAs-producing organisms. Due to their great capacities
for substrate consumption and lipid production, as well as
their rapid growth rates, many oleaginous microorganisms
are exploited for lipid and PUFAs production [10, 112, 116,
117,119, 122, 123, 126]

Thraustochytrids

In recent years, thraustochytrids have served as com-
mercial bio-factories for -3 and w-6 PUFAs [25, 26]. In
the eukaryotic group of marine protists, thraustochytrids
are non-photosynthetic creatures possessing mono-
centric thalli with an ectoplasmic net and biflagellate
zoospores. They can be found globally in habitats like

seawater, seagrass, coral reefs, estuaries, mangrove for-
ests, sediment, and oceans [69]. Numerous thraustochytrid
strains have beeen specifically introduced for high lipid
content and w-PUFAs. Notable strains include Thraus-
tochytrium ANVKK, Schizochytrium mangrovei and
Thraustochytrium kinnei, all recognized for their remark-
able lipid content, ranging from 40% to 71.2%. In par-
ticular, Schizochytrium mangrovei stands out for its rich
®-3 (DHA) up to 2.8 g/L [112, 116, 117, 119, 122, 123,
126]. To improve the DHA purity, the metabolic engi-
neering technique was used in some studies such as in
Aurantiochytrium. Through the disruption of one copy of
the fatty acid synthase gene, the competitive pathway of
DHA biosynthesis is partially deactivated. Acetyl-CoA
carboxylase and diacylglycerol acyltransferase are overex-
pressed, boosting the substrate supply and triacylglycerol
production. This method produced a final mutant with a
61% DHA purity in total PUFAs [168]. Several other wild-
type strains also exhibited high ®-3 PUFA production from
this group of protists [112, 116, 117, 119, 122, 123, 126].
Thraustochytridhis group is the most fascinating due to
their fast growth rate and highly oleaginous nature (up
to 70% total lipid accumulation) of biomass with approx.
30% -3 PUFA contents [25-27]. However, there is lack
of reports to confirm their ability to produce w-6 PUFA
[112, 116, 117,119, 122, 123, 126].
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Microalgae

Microalgae are a growing research area for ®-3 and ®-6 bio-
synthesis and a fascinating platform based on PUFA produc-
tivity, scale-up potential, and other sustainable features. The
latest cultivation method improves three to five times the
biomass and five to ten times the product yields [115, 149]
(Choi et al. 2019); however, its advantages are not limited
to a wide range of products to offset cultivation and harvest-
ing costs [111, 116-119, 121, 124, 126, 127] (Patel et al.
2022g), but widely covers high CO, capturing ability, biore-
mediation ability, greenhouse gas emission (GHGs) reduc-
tion, carbon footprint improvement, etc. [109, 113, 122,
123, 125]. Emerging nanobubble, nanoparticle, and other
existing auxiliary technologies can further enhance this plat-
form’s performance [117, 120]. The four microalgae species,
Chlamydomonas variabilis, Chlorella vulgaris, Haemato-
coccus pluvialis, and Spirulina platensis, are recognized
for producing essential PUFAs. The findings disclosed that
Chlorella vulgaris has significant lipid content with 21.17%
of w-3, whereas C. variabills has the highest concentration
of @-6 (30.24%) and the highest lipid (21%), respectively.
Spirulina platensis, an important species of cyanobacteria,
has the highest percentage of total lipids (15.8%) and ®-3
PUFASs (4.9%). In contrast, Haematococcus pluvialis, a bio-
platform that can generate the highest percentage of ®-6
PUFAs (14.83%), has the lowest percentage of total lipid
(10%) [140]. H. pluvialis increased the generation of 31%
®-3 content by improving CO, capturing and lipid produc-
tivities through Ca-driven membrane fluidity adaptation
and biomineralization [175]. By introducing the 5-elon-
gase from the green algae Ostreococcus tauri into the host
cells, Phaeodactylum tricornutum was genetically modified
to accumulate the high-value -3 long-chain polyunsatu-
rated fatty acid docosahexaenoic acid (DHA). The amount
of DHA increased eightfold due to heterologous elongase
expression [58]. Table 1 provides detailed information on
various groups of microalgae efficient in both ®-3 and w-6
PUFA production.

The most promising platform for producing o-6 PUFAs
is fast-growing oleaginous microalgae such as Porphyridium
purpureum. They are also effective producers of m-3 PUFAs.
Commercial models are primarily fungi now, but microalgae
are becoming increasingly popular because of fast-growing
strain development, mixotrophic cultivation for supporting
additional biomass, and their sustainable properties such as
carbon capturing, GHG emission reduction, O, evolution,
and carbon footprint [157].

Bacteria

Bacteria are not thought to be effective producers of EFAs
when compared to microalgae and fungi. However, some
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barophilic and psychrophilic organisms found in the ocean
depths, such as members of the Shewanella genus, have been
shown to be significant PUFA producers [145]. Acinetobac-
ter sp., Rhodococcus sp., Gordonia sp., Arthrobacter sp.,
Kocuria sp., and Bacillus alcalophilus are a few notable
genera of oleaginous bacteria. Oleaginous bacteria are also
a rich source of TAGs. Rhodococcus sp. has received the
most attention among them due to its capacity to flourish
on various substrates. R. opacus PD630 has been reported
for lipid content of 70% w/w using the substrate as dextrose
and dairy wastewater [75, 109, 113, 114]. Colwellia strains,
heterotrophs occurring in cold habitats, produce DHA, up
to 17% of TFAs. DHA concentrations in Colwellia psychr-
erythraea 34H were raised by the addition of cerulenin, an
inhibitor of FAS. Another deep-sea bacterium, Shewanella
sp., amassed enough EPA to account for up to 36% of TFAs.
Shewanella electrodiphila MAR441 produced more EPA on
adding cerulenin, and chemical mutagenesis increased pro-
duction at low temperatures. Aetherobacter sp. produced all
major PUFAs in terrestrial myxobacteria, whereas Soran-
gium cellulosum only produced LA, and Phaselicystis flava
was enriched in ARA. Several studies have also demon-
strated the viability of manufacturing PUFAs in heterolo-
gous bacteria such as Escherichia coli, lactic acid bacteria,
and Pseudomonas putida. Still, the output did not exceed
milligram levels [72].

Moreover, for suitability of lipid fraction, their fatty acid
content from oleaginous bacteria is preferable for biofuels
due to less PUFA contents and generation from waste frac-
tion. Moreover, the fascinating part is that it can effectively
biotransform high-carbon wastes into lipids. Certain chemo-
lithotrophic bacteria use CO, as a carbon source and gen-
erate large amounts of extracellular lipids. Unfortunately,
the fraction still represents an inadequate essential m-PUFA
fraction compared to the microalgae group and hence can
be used to make biodiesel and reduce CO, emissions effec-
tively [80].

Yeast and fungi

Due to the faster ability of carbon utilization, effective
lipogenesis, the ability of higher lipid production, and the
capability to adopt genomic alterations to have prevailing
micro-factories, oleaginous yeasts have emerged as the
utmost advantageous models for lipid and PUFA production
among several investigated microbes [161]. Several yeasts
are reported for PUFAs production such as Rhodotorula,
and Rhodosporidium genera. In contrast, the most promi-
nent novel yeast that can store plenty of PUFAs (largely
EPA) in cells is Yarrowia lipolytica. Many biotechnological
approaches have been applied to Y. lipolytica for enhance-
ment of PUFAs by optimizing and reconstructing the path-
ways, such as inhibiting the difficult pathway, enhancing
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Table 1 The comparative account of w-3 and w-6 PUFAs content along with total lipid determined in different microorganisms’ dried biomass

Microorganism ®-3 (% of total lipid) -6 (% of total lipid)) Total lipid (%) References

L. Thraustochytrids

Schizochytrium mangrovei TB17 DHA—36.66 DPA—11.73 - 34.16+2.34 Ha and Hong [57]
EPA—0.48

Thraustochytrium RT2316 EPA—50.2 - 26.3+1.7 Leyton et al. [87]
DHA—7.1

Thraustochytrium sp. DHA—22.61 - 67.6+1.9 Chauhan et al. [27]
EPA—2.44
DPA—20.7

Aurantiochytrium sp. DHA—42.52 ARA—0.6 62.4+1.81 Chauhan et al. [25]
EPA—0.8
DPA—0.99

Aurantiochytrium sp. DHA—42.63 - 6.59+0.2% Patel et al. [109]
(2.8 g/L)

Thraustochytrium ANVKK EPA—11.03 - 71.03+4.2 Kalidasan et al. [74]
DPA—S8.65
DHA—47.19

II. Microalgae

1. Chlorophyceae (Green algae)

Chlorella vulgaris ALA—23.0 GLA—5.6 219 Ferreira et al. [49]

Ankistrodesmus falcatus - LA—6.64+0.33 59.6 Singh et al. [153]

GLA—11.77+0.73

Haematococcus pluvialis - 14.83 10 Patel et al. [112]

Chlamydomonas variabills EPA—5.84 GLA—29.24 21 Sayeda et al. [140]

2. Eustigmatophyceae

Nannochloropsis gaditana EPA—29.2 - 12.3+0.9 Castejon et al. [24]

3. Dinophyceae (Green algae)

Crypthecodinium cohnii DHA—42.17 (11.7%) - 30.52 Didrihsone et al. [38]

4. Bacillariophyceae

Fistulifera solaris 6.38+0.63 -27.73+9.55 - 65 Suhaimi et al. [158]

Chaetoceros sp. EPA—19.29 +1.54° - 22+0.21 Bhattacharjya et al. [19]
DHA—22.09+1.9°

Skeletonema sp. EPA—15.178 +0.78* - 44+0.41 Bhattacharjya et al. [19]
DHA—12.28 +0.73*

5. Phaeodactylaceae

Phaeodactylum tricornutum EPA—36 ARA—7.5 234 Jovanovic et al. [72]
DHA—23.6

6. Coscinodiscophyceae

Thalassiosira sp. EPA—25.54 +1.26* - 52+0.49 Bhattacharjya et al. [19]
DHA—25.238+1.52*

7. Oscllatoriaceae (Blue-green algae)

Spirulina platensis 4.9 - 15.8 Patel et al. [112]

III. Yeast

Lodderomyces elongisporus ALA—7.5-10.8 - 54 Adel et al. [2]

Rhodotorula mucilaginosa - LA—21.4-22.7 48 Adel et al. [22]

Rhodosporidium kratochvilovae SA—10.36+0.59 LA—10.48+0.43 51.7+0.81 Patel et al. [110]

IV. Fungus

Y. lipolytica EBL13 Linolenic acid 0.15 LA—22.15 Azin et al. [9]
EPA—0.21

Mortierella alpina FU30797 - ARA—34.60 25.97 Chen et al. [28]

Trichoderma sp. DHA—7-47° EPA—0-298" - Kannan et al. [75]

V. Bacteria

Rhodopseudomonas faecalis PA2 ALA—0.183% of CDW LA—0.641% of CDW, 13.28 Saejung et al. [137]

DGLA—0.643% of CDW
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Table 1 (continued)

Microorganism ®-3 (% of total lipid)

-6 (% of total lipid))

Total lipid (%) References

Shewanella colwelliana, Photobacterium EPA—14% of TFA
lipolyticum

Vibrio splendidus EPA—4.29% +1.07 of TFA

- Freese et al. [50]

- Estupifian et al. [45]

TFA total fatty acid, CDW cell dry weight
ag/I‘
"mg/g

the supply of precursors for NADPH and acetyl CoA, sup-
pressing the p-oxidation metabolic pathway, manipulating
a gene responsible for the metabolism of fatty acids, etc.
These modifications were made by using gene editing tech-
nology called CRISPR/Cas-9 in Y. lipolytica to increase the
generation of PUFA. Two yeasts, Lodderomyces elongispo-
rus, and Rhodotorula mucilaginosa, have also been capable
of producing high wo-fatty acids. Yeast models are promis-
ing for genomic and omics studies with adequate genomic
information. The major disadvantage is that they are less
oleaginous (30-40%) than thraustochytrids and microalgae
(30-70%), and hence reported for less total essential PUFA
yield. Therefore, other high-yielding microbial platforms are
more attractive for genomic alteration and enhance PUFA
production [70, 112, 116, 117, 119, 122, 123, 126].

Fungi constitute a significant alternative source of micro-
bial oils that are now being researched. Zhao et al. [182]
found several fungal strains among 669 strains that are capa-
ble of PUFAs. A promising phylum for producing microbial-
rich oil that contains essential PUFAs is the Mucoromycota.
Genus Backusella has been observed to have higher oil accu-
mulation rates of up to 59.08 +2.24%, Pilaria is known to
synthesize a high LA, while Rhizopus and Thamnostylum
synthesize normally greater GLA. An excellent fungus
model that produces a lot of ARA is Mortierella alpina.
Numerous fungus genera such as Trichosporon, Crypto-
coccus, and Lipomyces, and Yarrowia have been found to
be a good source of PUFAs generation. Various strains of
Mortierella alpina were promising in higher essential PUFA
production, according to a recent study [28]. Out of the three
strains they looked at, M. alpina has the maximum total lipid
(around 26%) and ARA ratio (about 35%). Higher ARA,
dihomo-y-linolenic acid (DGLA), and EPA fractions were
examined in M. Alpina. Mucor circinelloides, an oleaginous
filamentous fungus, has gained attention for its superior abil-
ity to produce and store lipids like large amounts of GLA
[47]. The lipid yield of the fungal system was improved by
adding nanoparticles. M. alpine, an oleaginous fungus, has
been studied for its use in enhancing the lipid fraction (by
increasing the glucose intake) rich in high ARA. In a recent
work, the Mg?* ions act as cofactors for numerous enzymes
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involved in the induction of lipids [95]. Promising results
were found on the effect of TiO, nanoparticles in a fungus
Pichia pastoris for increased synthesis of total lipid and
PUFA. The model yeast experiences certain stress due to the
mild toxicity of the TiO, nanoparticles, which leads to vacu-
olic membrane penetration, cellular membrane damage, and
cell wall destruction by reactive O, radicals. To combat the
pressures, these circumstances also caused a larger buildup
of w-6 PUFA besides total lipid content [176]. MgONPs may
undoubtedly be tested to increase lipid production in thraus-
tochytrid strains and oleaginous algae, as both organisms
are eukaryotic, like fungus. The use of TiO, nanoparticles
was directly investigated in the yeast expression model to
improve total lipid and GLA fractions. The above work also
supported the impact of TiO, on the upregulation of lipid-
related genes, particularly those involved in GLA production
[112, 116, 117,119, 122, 123, 126].

Although some oleaginous fungi are promising in PUFA
content, total lipid content is not competitive with the microal-
gae and thraustochytrid groups. Oleaginous fungi are promis-
ing to produce w-6 PUFA (ARA and GLA); however, biofuel
can be produced from remaining saturated and monosaturated
fatty acids fraction. They also slightly produce EPA and DHA
fractions. The drawback of fungi are their often long devel-
opment periods and the need of an organic carbon source as
compared to CO,-utilizing phototrophic microbes [146].

Diatoms and phytoplankton

Many more species of diatoms and phytoplankton are signifi-
cant producers of PUFAs. Phaeodactylum tricornutum, a pho-
tosynthetic diatom, may accumulate w-3 fatty acids through
the metabolic pathway. P. tricornutum naturally assembles up
to 36% EPA in its total fatty acids (TFAs). A mutant strain that
accumulated 36.5% EPA and 23.6% DHA, both reported as
fractions of the TFAs, was created by the simultaneous intro-
duction of glucose transporter and the 5 elongase. As further
evidenced, endogenous 6-desaturase overexpression improved
EPA selectivity. With a large increase in TAGs components
(15.2% EPA, 7.5% ARA, and 1.2% DHA), the total lipid content
was increased by 1.8 times [72]. Hamilton et al. [58] increased
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the endogenous fatty acid pathway by expressing d-5-elongase
from O. tauri. When heterologous 8-5-elongase was expressed
in P. tricornutum, the concentration of DHA increased eightfold
and the overall number of fatty acids increased by 10.4%, which
is a useful and important modification in the PUFA profile of
this algae. Later, in the subsequent round of metabolic engi-
neering, the co-expression of acyl CoA-driven 6-6-desaturase
and &-5-elongase led to an even greater rise in DHA contents
(Jakhwal et al. 2022). According to reports, the marine oleagi-
nous diatom Fistulifera solaris grown under photoautotrophic
conditions can produce large amounts of EPA. F. solaris was
found to produce 135.7 mg/L/day of EPA under optimal pro-
duction circumstances, which is on par with the output of het-
erotrophic cultivation. In contrast, it has been noted that the
addition of glucose for the heterotrophic growth of Nitzschia
laevis produced EPA at a rate of 174.6 g/L/day [109, 113, 114].

The microscopic primary producers known as phytoplank-
ton play a key role in the transformation such as the cycling
of energy and biomolecules in aquatic food webs. For the
benefit of consumers, it produces PUFA. While all phyto-
plankton taxa can produce shorter-chain ®-3 and w-6 PUFA,
only specific phytoplankton taxa can produce EPA and DHA
[163]. A meta-analysis of more than 160 fatty acid profiles
from seven different marine phytoplankton phyla demon-
strates that marine phytoplankton produces PUFAs that are
not only phylum specific, but also substantially class spe-
cific. Dinophyta and the Haptophyte Emiliana huxleyi exhibit
the highest production of DHA, whereas the two groups of
Haptophyta and Ochrophyta produce the highest amounts
of EPA relative to total fatty acids. High concentrations of
an essential EPA and stearidonic acid (SDA) precursor are
observed in Cryptophyta and the Chlorophyta class Pyrami-
monadophyceae [71]. Table 1 summarizes the ®-3 and ®-6
PUFAs content along with total lipid determined in differ-
ent microorganisms’ dried biomass. Omega content can vary
depending on the specific biomass source and its processing
method. Omega-3 fatty acids include EPA, DHA, and ALA,
and their content may be different in each source. This envi-
ronmentally sustainable approach aligns with the principles
of the circular economy, where resources are used efficiently.
In the context of PUFA production, it allows for the genera-
tion of not only valuable fatty acids, but also a range of co-
products with economic and environmental benefits which
could be further used for bio-oil production [108].

w-6 PUFAs role in human health
management
w-6 and the brain, blood cholesterol, and CVDs

For normal growth and development of the human body, LA
is a necessary polyunsaturated fatty acid. During the 1930s,

western diets was popular for PUFA rich food due to agri-
cultural shifts. Many researches found that high cultivation
of soybean and corn oil are rich in -6 PUFAs [5]. It has
been observed that ARA plays an essential role in neurode-
velopment and many other physiological processes [152].
LA is also known as oxidized LA metabolites (OXLAMs),
as it is a precursor to oxidized products. OXLAMs are lipid
moderators that aid in the maintenance of peripheral tissue
function, as well as the regulation of pain and inflammatory
signaling [134]. The association between food and sickness
is an important factor in identifying diverse diseases in the
human body, as PUFAs in the diet are linked to neurodegen-
erative diseases. Intake of ARA, ALA, EPA, and DHA in
the diet aids in preventing neural cell death, also known as
neurodegeneration [165]. Several studies show the role of
LA in breast milk. LA is an important component for devel-
oping infants, as it accumulates in the mother’s breast milk,
a primary source from which the infant gets nutrition during
the first few months. However, some researchers discovered
an inverse relationship between breast milk and linoleic
acid. Some believe that if the consumption of LA is not in
the proper amount, there is a high chance of reduced motor
control in the age group of 2- to 3-year-old infants and also
loss of verbal IQ at the age of 5-6 years [162]. Brain tissues
are highly rich in PUFAs, such as ARA and DHA, which are
essential constituents of the phospholipid membrane. The
mammalian brain comprises approx. 20% ARA and DHA
[129]. COX2, cyclooxygenase-2, accelerates the production
of thromboxane, levuloglandins, and prostaglandins, but the
overexpression of COX, causes neural damage and various
brain injuries, which result in the interruption of the cell
membrane and activation of phospholipases, leading to the
release of ARA from the membrane. ARA, then converted
into eicosanoids, produces reactive oxygen products that are
required for preventing neural damage [14]. Alzheimer’s dis-
ease (AD) is the most common neurological disease result-
ing in brain shrinkage, tissue damage, and cell death. Amy-
loid precursor protein (f-amyloid peptide), A, plays a major
role in Alzheimer’s disease and causes progressive memory
loss. The generation of toxicity by fA has not been com-
pletely researched; it leads to neuroinflammation, a vital fea-
ture of AD. However, GLA plays an important role in AD, as
it inhibits the action of pro-inflammatory cytokines and aids
in the prevention of amyloid-induced damage through the
nuclear factor kappa B (NF-KB) signaling pathway [6, 174].

It was studied that saturated fatty acids are not beneficial for
human health as they cause many chronic diseases like heart
failure, high blood pressure, and increased cholesterol levels.
The diet replaces unsaturated fatty acids with saturated fatty
acids to overcome this. Basically, polyunsaturated acids are
commonly used, including -6 PUFA (LA, ARA, and GLA)
and -3 PUFA (ALA, EPA, and DHA). It has also been studied
that linoleic-rich foods and foods that contain both linoleic and
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linolenic fatty acids show different results for diseases like cor-
onary artery disease and nonfatal myocardial infarction [16].
Many hypotheses have suggested that consumption of linoleic
acids (w-6) along with linolenic acid (w-3) decreases the accu-
mulation of cholesterol and triglycerides in artery walls and
also reduces the risk of cardiovascular diseases (CVD) [52].
Triglycerides are lipids that provide us energy, and a high num-
ber of triglycerides along with high cholesterol levels cause
many different types of cardiovascular diseases. Intake of LA
with fish oil that is rich in EPA and DHA maintains the proper
number of triglycerides in the human body, but LA does not
show the same output as olive oil capsules that are rich in
oleic acid [20]. Similarly, LA-containing diet decreases total
cholesterol concentrations as compared to diets having stearic
acid (SA), saturated fatty acid (SFA), monounsaturated fatty
acid (MUFA), and medium-chain fatty acid (MCFA). Some
theories demonstrate the mechanisms by which polyunsatu-
rated fatty acid (PUFA) decreases CVD. High-density lipopro-
teins (HDL) are the particles also known as good cholesterol,
as a high level of HDL in the body results in a lower risk of
CVD [136]. The concept behind this is inhibiting gene tran-
scription (sterol-regulatory element-binding protein-1) respon-
sible for cholesterol and lipogenesis synthesis in the liver [66].
Intake of PUFAS results in the activation of gene transcription
of liver X receptor alpha (LXRa), which shows upregulation of
cholesterol 7a-hydroxylase (CYP7) expression. It transforms
cholesterol into bile acids; hence, PUFASs aid in the catabo-
lism of cholesterol by increasing CYP7 activity [39]. ARA
and its derivatives, along with o-3 PUFAs, are collectively
known as eicosanoids. They also play a crucial role in prevent-
ing many cardiovascular diseases [59]. The release of endog-
enous ARA from the phospholipid cell membrane is induced
by inflammation and stimulation of various receptors such as
tumor necrosis factor receptor (TNFR) and toll-like receptor
4 (TLR4), catalyzed by phospholipase enzyme. It has been
observed that ARA has an important relationship with grow-
ing chronic conditions in the human body, as an imbalance
of hypercholesterolemia and lipoprotein leads to an increase
in the low-density lipoprotein cholesterol (LDL-C). This
results in the deformation of arteries and blood flow passages
becoming thick, which narrows the passage and reduces the
blood flow due to which cardiovascular conditions exist and
contribute to mortality worldwide. Foam cells and polymor-
phonuclear leukocytes (PMNs) also accelerate inflammation
and atherosclerosis (deformation of blood vessels). Still, the
process conducted with the help of ARA metabolites, known
as efferocytosis, majorly focuses on the resolution of inflam-
mation and foam cells [155].

w-6 PUFA and the health of skin and eye

Skin is the most important and largest organ in our body. The
outermost layer of skin is known as the epidermis. It acts as
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a shield that protects our body from various chemical, physi-
cal, and biological stresses that frequently result in tissue
damage. Under the epidermis, the dermis layer is present,
which consists of hair follicles and sweat glands. Then the
layer of subcutaneous tissue, fatty tissue, and connective
tissue present is known as the hypodermis (deeper layer).
Each layer of skin has the potential to activate an impor-
tant process that helps in wound repair. The development of
some chronic conditions such as aging, diabetes, rheumatoid
arthritis, CVD, etc., causes the prevention of wound repair
efficiently. Many studies have been conducted that demon-
strate that PUFAs (o-3 and ®-6) are crucial factors in skin
healing and also help in wound repair [142]. Similarly, the
skin barrier is also very important for the body as it protects
from different types of allergens and irritants, including
chemical, microbial, and UV radiation. To strengthen the
skin barrier, the contribution of certain dietary changes has
been researched [18]. GLA helps in building up the skin
barrier, as human skin does not consist of the 5-6-desaturase
enzyme, which is responsible for the production of GLA
from LA. As a result, the skin is primarily dependent on
GLA produced by the liver. But oral intake of evening prim-
rose oil (EPO) and borage oil (BO) provides GLA to the skin
in an appropriate amount. GLA and its metabolites possess
anti-inflammatory functions and also lead to an increase in
ceramide production. It also prevent the synthesis of leu-
kotriene (LT) B,, which is the main cause of rigidness of
muscles and having shortening of breathing [107]. Nowa-
days, it has been observed that 20% of children are affected
by a disease known as atopic dermatitis, in which the skin
becomes usually irritated with red and itchy patches, leading
to a noticeable reduction in the patient's quality of life as a
failure of the skin's natural barrier and also an increase of
transdermal absorption [82]. These changes allow the mal-
function of type 1 IgE antibodies. Abnormalities in immune
responses mediated by cells and the skin antimicrobial bar-
rier are also compromised. These changes collectively result
in the loss of water from the skin, which leads to skin dehy-
dration. For skin restoration and defense, hydration of the
skin is crucial, which it gets from skin moisturizers and vari-
ous types of natural oils such as evening primrose oil, borage
oil, hemp seed oil, and blackcurrant seed oil, which contain
significant amounts of beneficial GLA. Compared to other
oils, blackcurrant oil is the most crucial for skin hydration.
Blackcurrant seed oil is one of the richest sources of GLA,
containing 10.9-16.7% compared to the fruit. It has been
observed that when blackcurrant seed oil is consolidated
with electrospun patches, it enables the release of the oil
through the skin surface in a desired and regulated manner.
So, we can say that GLA delivery to atopic skin improves
skin blockade and lowers trans-epidermal dehydration [156].

The stratum corneum (SC), the outermost layer of the epi-
dermis, acts as a skin barrier. The epidermal keratinocytes
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undergo a multi-step differentiation process to form the SC,
and both the structural and homeostatic aspects of lipid
metabolism are crucial to this process. Basically, linoleic
acid is involved in these processes by the metabolic pathway.
The basal layer of the epidermis, where cells are multiply-
ing, is where this route is most active. The breakdown of
phospholipids is seen during the skin's differentiation pro-
cess, and keratinocytes tend to create more neutral lipids
such as triglycerides and ceramides. The SC lipid matrix,
specifically made up of a combination of 45% ceramides,
30% cholesterol, and 15% free fatty acids, will be formed
by the newly generated lipid [150]. Derivates of LA such
as hydroxy-epoxy- and trihydroxy also play an essential
role in the building up of the skin permeability barrier by
providing a structural role when protein binding is eased
by derivates of linoleic acid [76]. Apart from ®-6 PUFAs,
®-3 also has an essential role in skin-related problems. It
has been observed that recipients of organ transplants may
suffer from cutaneous squamous cell carcinoma (SCC) due
to UV exposure, which may cause inflammation and affect
the skin’s immune system. Recently, it has been noted that
skin cancer has been reduced by the intake of ®-3 PUFAs
by recipients of lung transplants. Patients have been advised
to take care of their skin from direct sun rays by applying
sunscreen all over their bodies [96]. The process of skin
wound healing is a highly efficient mechanism involving the
migration of various cell types into the wound, the genera-
tion of fresh epithelial cells, and the formation of new capil-
laries. This results in the emergence of pink, granular new
tissue, a phenomenon commonly referred to as granulation
[88]. Many treatments are involved in skin wound healing,
including cytokines growth factors that are fabricated by
hematopoietic cells and immune cells such as interleukins
and interferons. An additional medical approach, recognized
as cell-based therapy, has gained significance, involving the
utilization of stem cells. The present study has demonstrated
that ARA instigates the movement of human umbilical cord
blood-derived mesenchymal stem cells (HUCB-MSCs) to
improve stem cell mobility and recruitment into the wound
site. Basically, ARA amplifies the skin wound healing pro-
cess by boosting up the mTORC?2 signaling pathway through
the GPR40 coupling reaction mechanism which promotes
cell proliferation and angiogenesis, the formation of new
blood vessels [104].

When tears cannot adequately lubricate your eyes, dry eye
disease (DED), a common illness, develops. It is an ocular
surface disease in which the eye’s surface layer has been
damaged, namely, the cornea and conjunctiva. Neurosen-
sory dysfunctions, in addition to inflammation and damage
to the ocular surface, can lead to ocular symptoms such as
discomfort, stinging sensation, irritation, a feeling of a con-
taminant in the eye, and blurry vision, which can interfere
with everyday activities. For treatment of DED symptom:s,

clinical trials were reported with food items rich in PUFAs.
It has been observed that the symptoms of DED and tear
osmolarity were found to be improved by the oral consump-
tion of 2000 mg of sea buckthorn oil, which contains both
-3 and -6 PUFAs [67]. Arachidonic acid’s efficient bio-
active metabolite prostaglandins (PGs) may control various
biological reactions in different tissues including the eye.
ARA helps in obstructing glaucoma, which is the third most
common global cause of blindness and visual impairment.
Damage to the head of the optic nerve and the visual field
characterizes the diverse illness known as glaucoma. High
intraocular pressure is a significant risk factor and the cause
of glaucoma optic neuropathy [170]. Premature birth leads
to a major issue where the retina is not properly developed,
commonly known as retinopathy of prematurity (ROP),
which results in blindness. Premature infants who consumed
fish oil and soybean oil high in DHA and LA reduced their
risk of ROP. It has been reported that both o-3 and -6
PUFAs are required for fetal eye growth. DHA and EPA aid
in vascularizing the retina, whereas ARA is essential for the
growth and metabolism of retinal neurons [53].

Significant contribution of w-6 PUFA in cancer
treatment

PUFAs have major implications in breast cancer and help
inhibit mammary tumor cells by inducing morphological
changes in the cell membrane and affecting gene expression,
and signaling pathways of cells [177]. ¢9, t11-CLA, and t10,
c12-CLA are two conjugated linoleic acid (CLA) isomers
having chemotherapeutic properties. The findings demon-
strated that apoptosis of colorectal (MIP-101) and prostate
(PC-3) cancerous cells were more effectively induced by
the t10, c12-CLA isomer. It has been observed that daily
consumption of dairy products rich in high fat reduced the
risk of distal colon cancer by 34% and colorectal cancer
by 13%. Clinical trials showed a positive influence between
breast cancer and the intake of CLA by female patients
aged 55-69 years [33]. One of the most popular parenteral
formulations used in advanced breast cancer treatment is
docetaxel (DTX) solution. DTX causes the mitotic catas-
trophe of cancerous cells by preventing dynamic microtu-
bule activity at the mitotic spindle. Docetaxel-linoleic acid
conjugate (DTX-LA), a new DTX-based prodrug, was suc-
cessfully designed by the esterification of 2’-OH of DTX
and the R-COOH group of LA to target breast cancerous
cells and increase drug loading [180]. In 2020, more than
50,000 fatalities from colorectal cancer and 150,000 new
cases were recorded in the USA. Obesity, Westernized
eating patterns, and a lack of exercise are all recognized
risk factors for this malignancy. In contrast, 15-lipoxyge-
nase-1 metabolizes LA resulting in the activation of PPARY,
inhibiting the proliferation of cancerous cells. Furthermore,
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long-term administration with LA has resulted in dormancy
and senescence in cancer cells [103]. Bleomycin is a popular
antineoplastic antibiotic used as an anticancer medication.
ARA when combined with bleomycin shows the tumoricidal
effects of ARA and its capacity to boost the cytotoxic effects
of several anticancer medications. ARA intensifies the action
of destruction of tumor-causing cells on human neuroblas-
toma cells (IMR-32) and results in activation of the extrin-
sic pathway for apoptosis by expression of FAS, caspases
3 and 8. Caspases play a part in inflammation, cell growth,
and the prevention of tumors. As compared to other PUFAs,
ARA was discovered to be the most effective in reducing the
viability of human neuroblastoma cells [130]. Non-small
cell lung cancer (NSCLC) is the most common kind of lung
cancer. It has been reported that GLA inhibits the growth
of NSCLC cells by down-regulating the effects of HIF-1a
and VEGF. HIF-1a and HIF-1p are two common subunits
of hypoxia-inducible factor 1 (HIF-1), which is responsible
for hypoxia and promotes tumor malignancy [167]. GLA
increases the level of cellular lipid peroxidation, which
causes the release of cytochrome ¢ from the mitochondrial
intermembrane space, activating caspase-3, and blocking the
signaling pathway for protein kinase B (PKB, commonly
known as AKT). The protein kinase B pathway plays an
important role in cell proliferation [138]. GLA regulates cell
apoptosis and anti-inflammatory activities by altering the
composition of the mitochondrial membrane,e thus reduc-
ing hexokinase’s ability to attach to the outer mitochondrial
membrane [166].

Effect of w-3 and w-6 PUFAs supplements
in health promotion

Obesity and diabetes

Although short-term measures to combat obesity, such
as exercise and calorie restriction, have been successful,
obesity still exists due to a high propensity for weight
gain [37]. Obesity continues to be a growing health issue,
especially for young people. One of the top ten health con-
cerns that may be avoided, according to the World Health
Organization, is obesity. Americans’ diets have significantly
increased in LA, mostly because of recommendations made
over the past several decades to reduce saturated fat con-
sumption in the hopes of reducing cardiovascular disease
[94]. When 3.2-3.4 g/day of CLA was taken for at least
6 months, meta-analyses of three human trials found that
CLA supplementation caused a substantial decrease in body
weight and BFM. There are several health benefits that the
CLA isomers cis-9, trans-11-(c9, t11) are known to have on
the body. For humans, CLA is considered an anti-obesity
agent [13]. Madry et al. [91] have studied the relationship
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between body fat content in overweight and obese women
and CLA intake in the diet. 3 g/day CLA for 12 weeks was
randomly allocated to 74 obese or overweight women. His
trials demonstrated decreases in a variety of fat metrics,
including the amount of fat in the visceral, android, and
gynoid tissues, and the ratio of lean body mass to height
increased significantly by p=6.1 x 107!!. Obesity brought
on by a high-fat diet (HFD) affects the reverse cholesterol
transfer from macrophages to feces (RCT). Conjugated
linoleic acid (CLA) and alpha-linolenic acid (ALA) are
thought to protect HFD-impaired RCT by altering hepatic
protein pathways [101]. Obesity occurs in mice fed a high-
fat diet due to activating inflammatory responses via TLR4.
It has been discovered that saturated fatty acids are respon-
sible for activating toll-like receptor-4 (TLR,) and induce
pro-inflammatory cell signaling pathways, therefore, pro-
ducing pro-inflammatory cytokines. Saturated fatty acids
are prevented from activating the pro-inflammatory signal-
ing pathway of TLR4 by ARA, which binds directly to the
TLR, co-receptor, myeloid differentiation factor 2 [181].
Nuts and green leafy vegetables contain trace levels of
preformed GLA. Breast milk is the main source of GLA
for babies. Dihomogamma linolenic acid (DGLA), formed
from GLA, is metabolized through oxidative metabolism by
cyclooxygenases and lipoxygenases to create anti-inflam-
matory eicosanoids [11].

Increasing LA intake is one of the dietary suggestions
for preventing type 2 diabetes. However, in persons with
atherogenic dyslipidemia, a low-carb diet led to a significant
rise in ®-6 PUFAs and a significant drop in serum saturated
fat. Thus, the levels of adipose linoleic acid in the USA are
significantly greater than those in European nations, where
the prevalence of type 2 diabetes is lower [64]. Because it
involves both insulin resistance and abnormal pancreatic
beta-cells, type 2 diabetes mellitus may be distinguished
from other forms of the disease. Chronic feeding with CLA
slightly raises fasting blood glucose and/or insulin in non-
diabetic pigs and mice, despite the fact that it improves
impaired glucose tolerance and insulin levels in diabetic rats
[17]. Finding inhibitors for PTPN1, PTPN9, or PTPNI11 is
seen as a successful technique for the prospective treatment
of type-2 diabetes, since these PTPs are linked to the nega-
tive control of insulin activity. Studies have shown that LA
inhibits PTPN1, PTPNO, and PTPN11’s catalytic activity,
showing that LA specifically targets these three proteins to
prevent type 2 diabetes. It has also been observed that the
improvement of glucose homeostasis and insulin sensitivity
that results from AMPK activation, suggesting that AMPK
should be a target for the treatment of metabolic syndrome
and type 2 diabetes [173]. Research conducted in the USA
showed that both men and women who consume a lot of
LA have a decreased chance of developing type 2 diabetes,
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especially when LA is used to substitute SFAs, trans fats,
or carbs [183].

Bones and semen quality

Both ®-3 and w-6 are crucial factors for bone development.
An ideal ®-6/w-3 ratio in the diet can also help with age-
related bone health issues including osteoporosis. It may be
because ®-3 PUFAs do not induce adipogenesis as strongly
as w-6 PUFAs do, enabling osteoblastogenesis to occur
while also promoting an inhibitory impact on osteoclas-
togenesis, which aids in preserving bone mineral density
[15]. Dietary fats, important for bones and joints, have been
noted in states where essential fatty acid deficiencies were
at their peak, due to abnormal calcification. In the signal-
ing pathway of bone turnover, lipid mediators are crucial.
Prior to the mechanical stress of bone tissue, mature osteo-
blasts and osteocytes both emit prostaglandin E2 (PGE2).
The cyclooxygenase 2 (COX-2) enzyme, which transforms
ARA into PGE2, is expressed more often when phospholi-
pase-mediated membrane releases of ARA, the substrate for
PGE2 production, occur. This increases the turnover of bone
[15, 133]. Numerous metabolic processes can influence the
development of bones. In fatty acid metabolism, it has been
noticed that LA and ALA control calcification and bone
resorption processes in the body. Bone disorders are associ-
ated with metabolic problems, but nutrition and medication
may be able to modify these pathways to prevent or treat
them [160]. In Odutuga et al. [102] study, the young grow-
ing rats were tested for high calcification of bones which
was influenced by the consumption of zinc and vital PUFAs
as part of their dietary intake. Soybean oil contains 53.7%
linoleic acid and 7.6% linolenic acid, which were used in the
research. The present study indicates that a lack of zinc and
EFA in the diet results in a reduction of an enzyme known
as alkaline phosphate (ALP) present in the rat femur. As part
of the calcification process, alkaline phosphatase is involved
in cleaving phosphate ions from organic ester bonds. Both
EFA and zinc deficiency have comparable consequences
observed in both humans and young growing rats. Com-
parative studies have been conducted between Antarctic krill
oil, rich in -3 PUFAs, and ARA, rich in o-6PUFAs. The
study revealed that the enhancement of bone mineral density
(BMD) by AKO was more as compared to ARA-rich oil
(AKO) administered to mice (220 mg/kg) for 30 days [178].

The intricate process of spermatogenesis involves the
growth of spermatozoa in the seminal tubules. A num-
ber of cell types must participate in the differentiation of
spermatogonia into spermatozoa, and the proper essential
fatty acid profile is necessary for a healthy spermatoge-
netic process [29]. These PUFAs are also important ele-
ments of the sperm membrane, which has to be fluid and

active to encourage fertilization. In fact, an increase in
mitochondrial energy metabolism and a decrease in oxi-
dative damage were seen in response to PUFA delivery,
particularly -3 PUFA [48]. Changes in testes as well as
a decrease in testosterone production have been observed
in animal studies administered by trans-fat-rich diets. ®-6
PUFAs are also important, especially if their supply is
excessive compared to that of -3 PUFAs. They may have
a negative impact on fertility since they are likely to cause
mild inflammation, oxidative stress, endothelial dysfunc-
tion, and atherosclerosis [154]. Table 2 summarizes the
recommended -3 and -6 amounts for consumption by
humans per day, along with their prevention mechanism.

Therapeutic effects of w-3 and w-6 PUFA
Role of w-3 and w-6 PUFAs in fetal programming

The mother’s health during pregnancy is important for
the development of the fetus, and negative impacts on the
mother's physiology are closely linked to the offspring's
poor health. Therefore, proper maintenance of diet intake
is essential. Both LA and ALA are significant ®-6 and
®-3 PUFAs and are considered to be a crucial part of the
maternal diet. Since fetal growth is rapid, both w-6 and
®-3 from the mother's diet are necessary for optimal heart,
neurological, immunomodulation, and immune develop-
ment and function [147]. Members of many transmem-
brane protein families, including fatty acid transport pro-
teins (FATPs), fatty acid translocase (FAT/CD36), and
intracellular FA binding proteins, are hypothesized to
transfer FAs from the maternal to the fetal circulation [63].
It has been noted that the fetus’s epigenetic processes are
influenced by its surroundings in gestation. Food intake
can affect fetal development and placental function in
ways that are either decreased or boosted. Changes in
fetal growth and development can result from endothe-
lial dysfunction brought on by altered placental function
[73]. The programming of the epigenetic machinery in
the child can be affected by the maternal consumption of
various SFA, MUFA, and PUFA types through histone
modifications, DNA methylation, and miRNA regulation.
To assess variations between the sexes, further research,
including both in male and female children, is required,
as well as epigenetic investigations in the descendants of
male progenitors exposed to various kinds of fatty acids
[144]. Research has demonstrated that the programming
of health may involve ALA. More specifically, it may go
beyond being converted metabolically into DHA and EPA
to possess inherent regulatory qualities on gene expres-
sion throughout fetal development [86]. The frequency of
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Table 2 (continued)

References

Recommended w-6 (mg or g/day) Recommended w-3 (mg or g/day) Prevention mechanism

Omega associated disease

Peppone et al. [128]

-3-PUFA supplementation significantly decreased

045 ¢

Tumor necrosis factor (TNFa) 1.2 g

Hodge et al. [65]

the levels of the inflammatory markers IFN, IL-6,

and PTGES2, whereas w-6-PUFA supplementation
decreased TNF and CRP levels. Given that TNF is a

key mediator of inflammation associated with cancer

physiological inflammatory reactions is closely associated
with the incidence of ovulation, menstruation, pregnancy,
and delivery. As a result, the lipoxygenase-5 (5-LOX) and
cyclooxygenase (COX) pathways for ARA transformation
are turned on. It has been discovered that improper embryo
implantation and a decidual response occur in COX-2 defi-
cient circumstances [79].

w-3 and w-6 role in psychological, psychiatric,
and behavioral disorders

Psychological distress is a mental health condition that
affects general functioning and raises the risk of death from
all causes [34]. -3 and w-6 groups of PUFAs found in vari-
ous food products have been suggested as potential treatment
for psychological, psychiatric, and behavioral disorders,
behavioral management issues and mental health issues.
Numerous epidemiological studies have connected aggres-
sive behavior to a lack of seafood consumption or low levels
of -3 PUFAs in the diet [36]. DHA is a crucial essential
fatty acid with brain function for the formation of neuronal
cells, according to animal and cell research. Pharmacologi-
cally, these ®-3 PUFAs enhance psychological well-being
and lower the risk of brain-related illnesses such as Alzhei-
mer's disease, moderate cognitive impairment, depressive
symptoms, epilepsy, schizophrenia, stroke, Parkinson's dis-
ease, and autism spectrum disorders [77]. Yau et al. [172]
have demonstrated, in their research on 5-week-old male and
female offspring who underwent behavioral tests to gauge
social interaction and anxiety- and depression-like behav-
ior, that a prolonged high linoleic acid or HLA (w-6) diet
did not alter friendliness or social memory, but it did cause
depressive-like behavior in male offspring but not in female
offspring. Therefore, HLA under a recommended safe ratio
with o-3 would be encouraging for the offspring’s normal
behavioral development.

Effect of w-3 PUFA on COVID-19

Acute respiratory distress syndrome (ARDS), a serious lung
ailment that is sometimes fatal, complicates coronavirus dis-
ease-2019 (COVID-19) symptoms in around 10% of SARS-
CoV-2-infected individuals [12]. ARDS, mainly caused by
cytokine stroke syndrome, causes systemic inflammation
and multiple organ failure due to the excessive production of
immune cells and cytokines. This disorder appears between
7 and 15 days after the onset of symptoms [55]. It has been
noticed that PUFAs (w-3 LC-PUFAs) may contribute to a
better resolution of the inflammatory balance. Based on prior
clinical trials that suggested adding ®-3 supplements to the
diets of critically sick patients in the acute stage of ARDS
might enhance their clinical outcomes [169]. The main goals
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of current therapies are to treat thrombosis and inflamma-
tion. w-3 fatty acids, particularly EPA and DHA, are anti-
inflammatory, encourage the production of pre-resolving
mediators, and control platelet aggregation and thrombosis.
These results imply that EPA and DHA may be helpful in
COVID-19 treatment [56]. Macrophages, natural killer cells,
mast cells, basophils, and eosinophils are only a few of the
innate immune system's cells whose capabilities have been
discovered to be enhanced by w-3 fatty acids. Additionally,
they support T cell and B cell-mediated antigen-specific
responses that produce antibodies and develop an immu-
nological memory specific to recurrent infections with the
same pathogen [8]. According to research, people with an
®-3 index of more than 5.7% had a roughly 75% reduced
mortality risk than those with a lower index. Based on the
results of the COVID-19 symptom study app, those who
consume ®-3 PUFA supplements have a modestly reduced
risk of being infected by the virus [39]. Both ®-3 and ®-6
metabolites are essential in synthesizing mediators such as
prostaglandins, leukotrienes, thromboxanes, protectins, and
resolvins [35]. The research demonstrates that fish oil boosts
the antiviral response by triggering interferon (IFN), which
prevents virus multiplication. By integrating into the cell
membrane, -3 fatty acids (specifically, DHA and EPA)
contribute to immune regulation, hinder the aggregation of
toll-like receptors, block signaling pathways that activate
NF-B, and reduce the production of pro-inflammatory mol-
ecules. These actions collectively aid in mitigating the com-
plications associated with COVID-19 [60, 159]. Protectin
D1, DHA-derived mediators, have been shown to inhibit
viral RNA replication, such as influenza viruses [98]. The
UK, USA, and Sweden have reported lower rates of positive
SARS-CoV-2 infection in people who took ®-3 fatty acid
supplements more than three times a week [90]. An addi-
tional study concluded that ®-3 fatty acid supplementation
has a variable effect on infection depending on the pathogen,
the dose, and the frequency of supplementation [100].

Industrial scope and health applications

PUFAs will play a crucial role in human health, especially
in the hectic urban lifestyle. They have intriguing anti-oxida-
tive, anti-inflammatory, or anticancer capabilities and have
been demonstrated to favorably affect a variety of disorders
[135]. Many developed nations raising investments in bio-
based platform development for providing functional foods
and health supplements to consumers. These nations make
up the bulk of the market for -3 PUFAs globally and are
mostly found in North America (the USA, Canada, and Mex-
ico). PUFAs are also found in various nutraceutical items
intended for direct human ingestion, often with positive
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benefits. Like animal feed, fish oils are the primary source
of PUFAs in nutraceuticals. Overall, it has been projected
that fish oils account for most of the PUFA market volume
[139]. However, fish ingest PUFAs primarily through their
food, which includes zooplankton and other PUFA-rich
creatures as well as microalgae or microalgal grazers. Ter-
restrial plants, microalgae, and certain heterotrophic protists
are additional sources of PUFA. Short-chain PUFAs, such
as LA, linolenic acid, and ALA, are common in plants and
are especially prevalent in linseeds and nuts.

EPA and DHA PUFAs are notably abundant in microal-
gae. The primary producers of PUFAs are microalgae and
other protists like thraustochytrids or heterotrophic dinoflag-
ellates [22]. Currently, the practices of @ PUFA are reported
for various industries due to their wide range of health appli-
cations: food additives, feed for farm animals and birds,
aquaculture, cosmetic products, food products, etc. [93].
PUFAs from these sources are major components of nutra-
ceuticals. Nutraceutical is a broad term that originated from
the term nutrition and pharmaceutical. Herbs, nutrients,
and dietary supplements are the three basic subcategories
of nutraceuticals. Dietary fiber, prebiotics, probiotic supple-
ment or symbiotic, PUFAs, antioxidants, spices, and other
natural herbs and plants are among the food products utilized
as nutraceutical foods. Using o-3 PUFA lowers cholesterol,
and excessive cholesterol levels in several inflammatory ill-
nesses and cardiovascular conditions have been observed
[54]. Marine fish have long been considered a nutritious
food option. Still, recent advances in the fields of nutra-
ceuticals and functional foods reveal that their value goes
beyond nutritive, as they provide our diet with molecules
that have a significant therapeutic role in the treatment of
human diseases or their prevention. The commercial demand
and pricing of ®-6 polyunsaturated fatty acids (PUFAs) typi-
cally exceed that of ®-3 PUFAs. This is due to their easy
digestibility in an infant's digestive system, a crucial factor
for proper cognitive development during pregnancy [112,
116, 117,119, 122, 123, 126, 152].

The development of microbial platforms is gaining impor-
tance mainly due to their scaleup potential, more sustainable
features, utilization of waste fraction for growth, structural
simplicity, ease of process, continuation in supply chain
irrespective of climate condition and season, and of offer
by-products such as sterols, enzymes, carotenoids, exopoly-
saccharides, and flavonoids to offset processing costs among
others [106, 112, 116, 117, 119, 122, 123, 126]. Especially,
oleaginous thraustochytrids and microalgae could be a sus-
tainable substitute for existing plant and animal sources to
produce ®-3 and »-6 at a commercial scale due to the fas-
cinating growth rate, productivity, and yield [89, 112, 116,
117, 119, 122, 123, 126]. Currently, microalgae are a better
source of -6 PUFAs production, and thraustochytrids are the
preferred platform for o-3 [112, 116, 117, 119, 122, 123, 126].
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Moreover, microbial platform yields are greater than from any
other sources, have easy production at controlled fermenta-
tion conditions, offer more oxidative stability of the product,
and reduce the dependency on plant and animal sources [30].

No report provides a comparative account of the bioactivity
of microbial and nonmicrobial PUFAs. However, some studies
have shown how native PUFAs bioactivity can be enhanced.
The direct transformation of microbial lipids results in PUFA
salts with stronger bioactivity than their parent PUFAs. For
example, EPA and GLA-containing lipids produced by Tham-
nidium elegans and Nanochloropsis salina were transformed
into water-soluble fatty acid potassium salts (FAPS). FAPS
were found to be potent inhibitors even at low doses against
several Gram-positive and Gram-negative bacteria, as well as
breast cancer cells [141].

Future research direction and enhancement
strategies of w-PUFAs

The first research question that comes to mind is how this
microbial platform can be efficiently developed replacing the
existing ®-PUFA production platforms from plant and animal
sources. Moreover, would ®-PUFA offer the same level of
bioactivities and health benefits? Would microbial o-PUFA
be acceptable for a vegetarian diet, and above all, on what
production scale would it be cost-effective and sustainable,
etc.? These are future questions that will be dependent on
the preliminary outcome of their yield and productivity in an
acceptable range. Research advances show that one group of
microorganisms are not able to produce all kinds of w-PUFA
and their production range greatly lies on their genetic capa-
bilities; however, nutrition factor is the most affecting param-
eter for »-PUFA enhancement. Several reports have been
published over the past decades addressing enhanced ®-3
production strategies by thraustochytrids. None of the reports
show a significant accumulation of ®w-6 PUFAs which are
intermediates of w-3 PUFAs in the metabolic pathway [109,
113, 114]. It is a prerequisite to target enhanced production of
®-6 PUFAs from these strains by omics (genomics, proteom-
ics, miRNAomics, transcriptomics, nutrigenomics, etc.) and
mutation approaches to enhance w-6 fraction in microbial cells
[84]. Moreover, recent studies also tried some exogenous sup-
plementation strategies to enhance o-PUFA from their base-
line production range. Some strategies to improve ®-6 PUFA,
supplementation of polyoxyethylene sorbitan monooleate and
nanoparticles, UV treatments, and inhibition of delta-15-de-
saturase, delta-17-desaturase, delta-4-desaturase, and delta-
19-desaturase must be adopted [112, 116, 117, 119, 122, 123,
126]. Furthermore, for enhancing o-3 PUFA, potential strate-
gies may include the addition of 1:1 of external oils or waste
oils and linseed oil or garden cress oil. Additionally, supple-
mentation of natural antioxidants such as a-tocopherol, ascor-
bic acid, mannitol, tea extract, sesamol, melatonin, butylated

hydroxytoluene, and others could be considered. Inhibition of
the delta-17-desaturase gene and the overexpression of heter-
ologous delta-5-elongase are also feasible approaches [85, 112,
116,117,119, 122, 123, 126, 179].

Conclusions

The demand for -PUFAs as a necessary diet is growing
due to their leading role in health promotion. The microbial
platforms are alternate sources of PUFA that must emerge
to meet the rising demand, especially for vegetarians who
do not prefer foods from animal sources. Several oleagi-
nous microbes are known for higher PUFA content and offer
an adequate proportion of ®-3 and w-6 groups of essential
PUFAs. Microalgae stand out as a fascinating source of
high polyunsaturated fatty acid (PUFA) production, offer-
ing scalability and sustainability with a reduced carbon
footprint and greenhouse gas emissions. PUFAs, including
®-3 and -6, play critical roles in health by providing anti-
oxidant and anti-inflammatory effects, lowering the risk and
severity of illnesses. They contribute to reducing the risk
of cardiovascular diseases, diabetes, cancer, and hyperten-
sion through various mechanisms. w-6 PUFA, linoleic acid
(LA), positively influences LDL cholesterol levels, while
EPA and DHA support cardiovascular function, blood flow,
and inflammation regulation. Recent studies highlight LA
and ARA’s impact on bone, skin, and eye development.
Despite some controversy over the ideal ®-6 to ®-3 ratio in
diets, the combination of these PUFAs consistently reduces
inflammation and supports various biological processes. The
microbial production platform would offer to design the pre-
ferred ratio of ® content at the production and co-extraction
or sequential extraction stages. Early visual and brain devel-
opment depends on DHA. The main functions of the plant
-3 PUFA, ALA are to regulate the conversion of LA to
ARA and to serve as a substrate for EPA production. ®-3
PUFAs (EPA +DHA) appear to affect COVID-19 patients
positively based on preliminary data positively, but further
clinical research is required to validate these advantages.
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