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Abstract

Antarctic krill (Euphausia superba) oil is attracting more interest for its nutritional as well as functional potentials. Nev-
ertheless, its potential as new and innovative food component remains largely unexplored. This review aims to outline
the chemical composition, extraction methods, and health advantages of krill oil, offering insights for its utilization
and provides evidence why it is now on the spotlight. Krill oil presents a distinctive fat profile, rich in lipid classes,

with phospholipids (PLs) comprising a significant portion (38.93—79.99%) with high levels of eicosapentaenoic acid
(EPA) and docosahexaenoic acid (DHA). Additionally, it includes several minor bioactive components like astaxanthin,
tocopherols, sterols, flavonoids, and vitamin A. Various extraction technics, including solvent and solvent-free extrac-
tion, enzyme-assisted pretreatment extraction, super/subcritical fluid extraction, significantly influence both output
as well as standard of the resulting product. Furthermore, the oil had been linked to a number of health advantages,
including prevention of cardiovascular disease (CVD), anti-inflammatory effects, support for women’s physiology,
anticancer activities, as well as neuroprotection, among others. Despite the commercial availability of krill oil products
as dietary supplement, there is a scarcity of studies exploring the underlying molecular mechanisms responsible for its
various biological activities. Despite this, apply krill oil as an innovative food ingredient has not been thoroughly inves-
tigated. This review consolidates information on the chemical composition, extraction techniques, possible health
advantages, as well as existing uses as applications, aiming to offer insights for its complete exploitation. In addition, it
attempts to unravel the fundamental molecular mechanisms that being investigated to deeply understand how krill
oil produces various biological effects.
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Introduction as TAGs, the oil has a significant portion of phosphati-

Krill, scientifically known as Euphausia superba, is a tiny
crustacean found in the seas of the Antarctic Ocean, its
also holds significant ecological importance as a primary
food source for many fish species (Zhou et al., 2021).
Although quantifying krill biomass poses challenges,
estimates suggest approximately 379 million metric
tons. In an effort to preserve the marine ecosystem, the
agency of Antarctic Marine Living has implemented the
catch maximum per season which is<619,000 tons (Zeb
et al,, 2021). However, the actual catch less than 250,000
tons, which is below the allowed limits, likely due to chal-
lenges in preserving krill due to its delicate nature (Fux-
ing et al,, 2017). Krill composition has a water content of
77.9—83.1%, lipids from 0.5 to 3.6%, protein from 11.9 to
15.4%, chitin at 2%, along with carbohydrates, and 3% ash
(Xie et al., 2017).

Krill oil (KO) finds its way in the aquaculture sec-
tors and as a dietary supplement to enhance health.
This is attributed to its nutritional profile, that is high
in omega-3 fatty acids as triacylglycerols (TAGs) also
phospholipids (PLs), astaxanthin, and vitamins (A and E)
(Cicero and Colletti, 2015).

Krill has a lipid content of 0.5-3.6% (Xie et al., 2019),
notably phospholipids (PLs) that account for 30 to 65%
of the total. Unlike fish oils (FO), which primarily occur

dylcholine. With roughly 40% of its overall fatty acids
are due to EPA (C20:5) and DHA (C22:6) (Ramprasath
et al.,, 2013). The C20:5 and C22:6 in KO exhibit vari-
ous beneficial pharmacological properties, hence serve a
major role in the management of several chronic condi-
tions like CVD as well as inflammatory diseases (Cicero
et al,, 2012; Costanzo et al.,, 2016). Moreover, they con-
tribute to cancer prevention and improve the gut health
(Saravanan et al., 2010). Research findings indicate that
C20:5 and C22:6 obtained from KO shown better bioac-
cessibility when compared to different n-3 PUFA sources
and varieties (Rossmeisl et al., 2012).

Krill oil received approval from the U.S. Food and
Drug Administration (FDA) in 2008, designated as
Generally Recognized as Safe (GRAS) status. It was
also granted approval as a novel food by the European
Food Safety Authority (EESA) in 2009 and was granted
authorization in China in 2014. Additionally, EFSA
approved the use of KO for pregnant women in 2014.

This write up offers a comprehensive account of krill
oil with regard to its chemical composition, bioavail-
ability, health benefits, mechanisms of action, extrac-
tion methods (both traditional and unconventional),
and existing applications. Additionally, it explores the
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future prospects of krill oil as nutraceutical and why it
has captured the spotlight.

Composition of Antarctic krill oil (Euphausia
superba)
Lipid class composition
Unlike typical edible oils, which predominantly compris-
ing mostly TAGs (over 95%) (Shahidi and Abad, 2019;
Shahidi et al., 2020), krill oil consists of a broader range
of lipid classes. Phospholipids constitute the primary
class, followed by TAGs, DAGs, MAGs, FFAs, and other
constituents (Ahmmed et al., 2020; Phleger et al., 2002).
Various factors affect the composition of each lipid por-
tion in krill oil. These include year-to-year environmen-
tal changes, seasonal fluctuations, the maturity level of
KO, and storage conditions, transportation means, and
preparation techniques (Xie et al., 2019). For instance,
dehydrating krill through hot air yields higher amounts
of free fatty acids (Gang et al., 2019). Moreover, several
studies have employed different analytical methods to
analyze the composition of krill oil, thus comparison of
the results may not always be straightforward (Han and
Liu, 2019).

Numerous studies have documented varying lipid com-
positions in different krill samples. Krill oils typically
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exhibit a substantial content of PLs, varying from 39.89
to 80.69%, which can vary based on the sample type as
well as the analytical method employed (Table 1). Dis-
crepancies in lipid compositions observed in different
years and regions may be due to fluctuations in feeding
behavior (Phleger et al., 2002). Clarke (1980) noted that
oil extracted from krill ovarian tissues had higher phos-
pholipid levels compared to that from muscle tissues,
similar to that observed in fish (Takama et al., 1994).
Thus, females tended to possess higher PL levels
than males due to the presence of developing ovaries
(Kotakowska, 1991). Moreover, the extracted KO’s PL
content was greatly impacted by the extraction solvent
selection, with mix of ethanol and isopropanol extraction
resulting in elevated levels of phospholipids compared to
solvents like hexane and acetone (Xie et al., 2017).

Table 2 provides an overview of the phospholipid (PL)
composition of Antarctic krill oil, indicating that phos-
phatidylcholine (PC) constitutes the majority, 44.58 to
99.80%, followed by phosphatidylethanolamine (PE) at
0.20 to 24.74%. Additionally, lysophosphatidylcholine
(LPC) is also present in significant proportions, pos-
sibly attributed to PC hydrolysis due to either incor-
rect storage or preparation of KO (Lim et al., 2015).
Other PLs types such as lysophosphatidylethanolamine,

Table 1 Percentage composition of lipid classes in krill (Fuphausia superbay) oil®

Sample details PLs TAGs DAGs MAGs FFAs ST  Wax Reference

Euphausia superba, Gerlacihe Strait 44 404 36 09 85 14 ND  Phlegeretal, (2002)
Euphausia superba, US supplier A 486 376 ND ND 135 0.6 ND Siriwardhana et al., (2012)
Commercial supplements, from Norway 80.69 11.85 0.93 ND 346 280 ND Araujo et al,, (2014)
Norwegian supplier 49.0 437 6.2 ND 1 ND ND  Castro-Gomezetal, (2015)
Northeast Atlantic Ocean 73.7 58 ND ND tr 13.1 89 Huenerlage et al,, (2016)
Commercial source, UK supplier 32.51 37.99 ND ND 990 560 ND  Albalatetal, (2016)

Five samples (capsules) from local supermarket, Australia  34.2-64.7 31.2-63.1 2 ND 2-98 1-3 ND Akanbi and Barrow (2018)
Euphausia superba, commercial source in New Zealand 47 37 0.0 8 6 ND Fuller et al,, (2020)
Euphausia superba, commercial source from Norway 433 428 9.8 0.0 4.2 ND ND Dalheim et al,, (2021)

2 Abbreviations are: PLs Phospholipids, TAGs Triacylglycerols, DAGs Diacylglycerols, MAGs Monoacylglycerols, FFA Free Fatty Acids, ST Sterols, Wax Waxes, ND not

detected, tr trace

Table 2 PLs composition of Antarctic krill (Fuphausia superba) oil as percentage of total PLs®

PC PE SM PI PA PS LPE LPC PG DPG Reference

779 13.2 nd 1.8 13 nd nd 32 nd 2.1 Fricke et al., (1984)
62.5 247 nd 74 nd nd 52 nd nd nd Kotakowska (1991)
43.1 206 35 46 74 8.1 nd 34 nd nd Albalat et al., (2016)
66.5 36 nd 03 nd nd 1.0 12.2 nd nd Burri et al, (2016)
87.9-95.1 48-12.1 nd nd nd nd nd nd nd nd Wu et al,, (2020)
66.0 18.8 nd 6.4 nd nd nd nd nd nd Sun et al, (2018)

2 Abbreviations are: PG phosphatidylglycerol, LPE lysophosphatidylethanolamine, DPG cardiolipin, PE phosphatidylethanolamine, LPC lysophosphatidylcholine, PC
phosphatidylcholine, PA phosphatidic acid, Pl phosphatidylinositol, PS phosphatidylserine
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phosphatidylinositol, phosphatidylserine, cardiolipin,
sphingomyelin, phosphatidic acid, and phosphatidyl-
glycerol have also been observed in smaller amounts,
typically not surpassing 15%, in certain studies (Fricke
et al, 1984; Kotakowska, 1991). PLs, particularly PC,
have long been used as food additives and nutritional
supplements, mainly derived from sources such as egg
yolk, plant oils, and milk products (Chen et al., 2023).
The abundance of PC in KO provides a promising marine
source for supplying PLs.

Lipid fraction (TAGs and PLs)

As already noted, KO composition consists primarily
phospholipids (PLs) followed by triacylglycerols (Abad
and Shahidi, 2023; Ahmmed et al., 2020). These com-
ponents significantly contribute to in absorption, and
metabolism (Zhang et al., 2021).

More than 64 molecular species of triacylglycerols have
been identified in krill oil, with carbon number (CN) 42
to 60 and with one to eleven double bonds. Among these,
the primary prevalent TAG species are 16:0/16:0/18:1,
14:0/16:0/18:1, 16:0/18:1/18:1, and 16:0/16:1/16:1 (Cas-
tro-Gomez et al., 2015), constituting relative proportions
of 4.8, 8, 5.5, and 6% of all TAG species found, in that
order. This observation is consistent with the primary
fatty acid profiles of TAG that contain 14:0, 16:0, 16:1,
and 18:1. While the TAG fraction in krill oil contains
relatively low levels of C20:5 and C22:6, the majority of
residues are EPA found in the sn-1,3 positions, whereas
C22:6 residues are located mainly in the sn-2 position
(Fuller et al., 2020). This distribution pattern mirrors that
observed in FO (Akanbi et al., 2013; Standal et al., 2009).
Moreover, another study found that about 21% of n-3
PUFAs were in TAGs fraction of krill oil, notably found
in the sn-2 location (Araujo et al., 2014).
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Choline-containing PLs are dominant in krill oil. Using
HPLC-ESI-MS, Winther et al. (2011) 69 PL species in
krill oil have choline-head groups, comprising 60 PC spe-
cies and nine LPC species. Notably, PC (16:0/22:6), PC
(16:0/18:1), also PC (16:0/20:5) were the species with the
highest abundance based on relative intensity, consist-
ent with findings reported by Castro-Gémez et al. (2015)
as well as Le Grandois et al. (2009). Although differing
numbers of PC and LPC species were reported, it was
discovered that about seven species of PC have omega-3
fatty acid in both two positions (sn-1 and sn-2). These
species included PC, (18:4/22:6), (18:4/20:5), (20:5/22:6)
(20:5/20:5), (20:5/23:5), (20:5/22:5), as well as (22:6/22:6)
(Winther et al, 2011), highlighting the prevalence of
omega-3 fatty acid within PC molecules. Furthermore,
NMR analysis (Hupfeld, 2018) indicated that in con-
trast to the first position (sn-1), the majority of omega-3
fatty acids in krill phospholipids were located in the sn-2
positions.

Fatty acid composition

Krill oil is rich in PUFAs, including C20:5 and C22:6,
together with high amounts of C14:0, C16:1, C16:0, C18:1,
and C20:1(Sun et al,, 2018). In addition, n-3 PUFAs, in
particular C20:5 and C22:6 derived from dietary lipids,
are recognized for their vital role in health (Marven-
tano et al., 2015). While other marine oil including fish
known for their high C20:5 and C22:6 content and have
traditionally been used as supplements of n-3 PUFAs,
similar composition could be offered by KO. Table 3
provides a comparative overview of the composition
of fatty acid in KO (Xie et al, 2018) along with other
marine oils including algal oil (DHASCO) (Abuzaytoun
and Shahidi, 2006), cod liver oil (Dalheim et al., 2021),
as well as tuna and menhaden oils (Codex Standard

Table 3 Fatty acids profile of KO (Euphausia superba) and some marine oils (tuna oil, algal oil (DHASCO), and menhaden oil) (%)*

FAC Krill oil Tuna oil Cod liver oil Algal oil (DHASCO) Menhaden oil
C14:0 75=-174 nd-5.0 3.6 174-17.7 8.0-11.0
C16:0 17.9-22.1 14.0-24.0 89 12.0-12.2 18.0-20.0
c16:1 3.1-76 nd-12.5 9.6 219 9.0-13.0
C17:0 0.8-2.9 nd-3.0 nd nd ND-1.0
C18.0 0.8-1.1 nd-7.5 20 nd 2.5-40
C18:1(n-9) 6.5-12.3 10.0-25.0 15.6 16.4 55-85
C18:1(n-7) 6.3-8.1 nd-7.0 49 nd 25-35
C18:2 1.6-1.9 nd-3.0 26 0.65 20-3.5
C18:3(n-3) 21-23 nd-2.0 1.0 nd ND-2.5
C20:1(n-9) 54-9.1 nd-2.5 14.5 nd ND-0.5
C20:5 (EPA) 9.0-24.81 2.5-9.0 9.1 nd 12.5-19.0
C22:6 (DHA) 4.7-13.8 21.0-425 137 409 50-11.5

? Abbreviations are: FAC Fatty acids composition, nd not detected
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329-2017, WHO, Food and Agriculture Organization of
the United Nations, 2017). Furthermore, KO has similar
levels of C20:5 and C22:6 as other marine oils, although a
significant portion of these fatty acids in KO are linked to
PLs rather than TAGs found in other oil like fish.

The levels of C20:5 and C22:6 in krill oil are similar to
what been found in FO (Table 3), but occurring mainly in
the PLs rather than TAGs. Clarke (1980) found that the
PLs portion of KO exhibited substantially greater propor-
tions of PUFAs, as well as n-3 PUFAs, along with lower
concentrations of monounsaturated and saturated fatty
acids. Specifically, 31.13% of C20:5 and 14.87% of C22:6
been identified in PL portion, compared to about 3.17% of
C20:5 and 1.5% of C22:6 in TAG portion. Those findings
were supported by several additional research (Cicero and
Colletti, 2015; Laidlaw et al., 2014), which indicate that
KO with elevated PL levels have higher amount of C20:5
and C22:6 (Sun et al.,, 2019). The latest studies have indi-
cated that omega-3 fatty acid that located in PLs demon-
strate notably enhanced bioavailability compared to other
omega-3 that located in TAGs (Jiang et al., 2020). Conse-
quently, krill oil may offer superior bioavailability of C20:5
and C22:6 compared to FO.

Minor components

Astaxanthin

Astaxanthin, consider as a primary carotenoid present in
certain marine organisms as well as algae, exhibits potent
antioxidant properties as well as significant biological
advantages (Table 4) (Ambati et al., 2014). Miki (1991)
highlighted astaxanthin’s antioxidant potency that is ten
times stronger than zeaxanthin, lutein, canthaxanthin,
and [-carotene; furthermore, hundred times superior
to alpha-tocopherol. Moreover, existence of astaxanthin
responsable the deep red color in KO (Zeng et al., 2024).
The astaxanthin content in krill 0ilKO varies from 4 to
500 mg/100 g, also is affected by factors such as extrac-
tion techniques and analytical methods (Ali-Nehari
et al., 2012; Sun et al.,, 2017a; Tandyet al., 2009). Extrac-
tion by acetone solvent has been shown to yield krill oil
with higher levels of astaxanthin (Ahmadkelayeh and
Hawboldt, 2020).
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In KO astaxanthin predominantly exists as form of fatty
acid esters. Foss et al. (1987) reported that astaxanthin
diesters (51%), monoesters (43%), as well as free astaxan-
thin (6%), which coincides with findings of other studies
(Lambertsen and Braekkan, 1971; Yamaguchi et al., 1983)
and similar to that of other shellfish. Subsequently,
research has identified C14:0, C16:0, C16:1, C18:1, C20:0,
C20:5, as well as C22:6 as primary fatty acids present as
astaxanthin esters form (Cao et al,, 2023). Furthermore,
astaxanthin was found to exist as three astaxanthin iso-
mers in KO, namely all-trans, 9-cis, and 13-cis astaxanthin,
with the all-trans isomer being most abundant.

Sterols
KO have a considerable proportion of sterols, ranging
from 2.3 to 3.9% of total lipids, mainly as cholesterol
and desmosterol (Table 1) (Huenerlage et al., 2016).
Cholesterol constitutes approximately 81.31—82.57%
of total sterols at concentrations ranging from 1895
to 3196 mg/100 g (Colletti et al, 2021). These con-
centrations exceed those found in certain fish oils like
tuna oil (204 mg/100 g) and hoki oil (515 mg/100 g)
(Huenerlage et al.,, 2016), also those present in egg yolk
(1181 mg/100 g) (Albalat et al., 2016). Since diet that
including high cholesterol is associated with CVD
(Nissinen et al., 2008), concerns have been expressed
regarding the consumption of krill oil. Bruheim et al.
(2017) suggested that employing one solvent for extrac-
tion like ethanol may end to reduced cholesterol levels in
KO in contrast to ethanol-water mixtures. Nonetheless,
there is a need to explore novel extraction techniques to
further mitigate cholesterol amounts in KO.
Desmosterol, recognized as the forerunner to choles-
terol which constitutes 1.70—18.63% of all sterols (Fricke
et al., 1984). Additionally, Phleger et al. (2002), identified
several other sterols in KO like brassica-sterol brassica-
sterol (0.5—1.7%), 24-nordehydrocholesterol (0.1—1.7%),
24-methylenecholesterol ~ (0.1—0.4%), transdehydro-
cholesterol (1.1—1.5%), and stanols (0.1—0.2%). Minor
discrepancies in sterol composition may arise from vari-
ations in krill diet over different years, as crustaceans rely
heavily on dietary sources or phytosterol dealkylation

Table 4 Minor compounds (mg/100 g) of different Antarctic krill oil samples?

Sample details Astaxanthin Tocopherols Vitamin A References

Krill meal was purchased from Chinese supplier A 9.39-22.26 17.36-26.10 16.40-28.55 Xie et al, (2017)

Frozen Antarctic krill was provided by Chinese supplier B 19.71-26.22 21.6-67.7 ND Sun etal, (2018)

Krill was provided by Chinese supplier A 0.75-5.05 3.65-29.39 2.27-34.32 Xie etal, (2018)
Antarctic krill were provided by Chinese supplier B 27.28-55.35 15.50-39.28 0.08-0.09 Wang et al,, (2019)
Antarctic krill was supplied by Chinese supplier C 8.06-23.61 33.37-49.98 0.006-0.009 Liuetal, (2019)

Krill was obtained from a local supplier in Thailand 1154 9.6 117 Prommetta et al., (2020)

2 Abbreviations are: ND not detected
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for sterol acquisition, rather than de novo synthesis (Xie
etal, 2018).

Vitamins

Vitamin E encompasses all tocopherols and tocotrienols,
comprising four pairs of homologues (a-, B-, y-, -), each
possessing antioxidant properties and biological advan-
tages, with a-tocopherol being the most potent (Valk and
Hornstra, 2000). Similar to many other marine organ-
isms (Ackman and Cormier, 1967), a-tocopherol pre-
dominates in krill oil, ranging from 14.74 to 63.0 mg/100
(Xie et al., 2017; Tilseth, 2010). Some studies have also
identified y-tocopherol vary in concentration from 0.25
to 3.67 mg/100; however, traces of d-tocopherol from
0 to 0.65 mg/100 g (Sun et al, 2018; Xie et al.,, 2017).
Typically, in KO over 90% of tocopherols exist as
a-tocopherol. Tocopherols in KO may enhance antioxi-
dant capacity also potentially synergize with some bioac-
tive constituents.

Vitamin A, crucial for human nutrition, is essential
for both immune function as well as the management
of certain infectious diseases (Mayo-Wilson et al., 2011).
According to wet weight basis, frozen krill normally
contains 0.11 mg/100 g of vitamin A, (Suzuki and Shi-
bata, 1990). a nutrient that is fat-soluble and may con-
centrate in the oil during the lipid extraction process.
Xie et al. (2017) reported vitamin A contents of 16.40—
28.55 mg/100 g of krill oil, with variations attributed to
the extraction solvents used. Tilseth (2010) noted that
oil extracted from cookedd krill had a vitamin A con-
tent of about 18 mg/100 g. Krill oil has a higher content
of vitamin A than some FO, like menhaden oil (0.1-
0.6 mg/100 g) as well as tuna oil (11.09 mg/100 g), but
less than the 99.76 mg/100 g found in hoki oil.

Flavonoids

Flavonoids exhibit various biological activities, includ-
ing antioxidant, antibacterial, immunomodulatory,
antitumor, also anti-inflammatory properties (Ullah
et al., 2020). While fruits, vegetables, and grains are pri-
mary sources of flavonoids (Merken and Beecher, 2000;
Shahidi and Yeo, 2018), krill oil contains a novel flavonoid,
6,8-di-C-glucosyl luteolin. Sampalis (2013) patented a
KO extract containing approximately 40% phospholipids
(PLs) and about 7 mg/100 mL of flavonoids. This extract
demonstrated efficacy in protecting the skin against
harmful ultraviolet B (UVB) radiation also in improv-
ing dyslexia and abnormal motor function. According
to certain research (Omar et al., 2011), flavonoids’ abil-
ity to function as antioxidants is increased when they
are C-glycosylated at particular locations as well as their
antidiabetic properties (Matsuda et al., 2003). However,
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information about the characteristics of flavonoids
found in KO are currently unavailable.

Minerals

Whole krill possesses significant levels of minerals that
are necessary for bone health, including magnesium, cal-
cium, and phosphorus 360, 1322 1140 mg/100 g respec-
tively, that fulfill the recommended amount for adults
(Colletti et al., 2021). Even though processing of krill may
lead to loss of some minerals, using the Sampalis (2011)
patented process, a krill lipid extract enriched with mul-
tiple minerals including potassium, calcium, selenium,
and zinc may be obtained. Moreover, KO also have a
great amount of fluoride which is 2,400 mg/kg (Soevik
and Braekkan, 1979). However, fluoride is recognized as
a global health concern (Barbier et al., 2010). While fluo-
ride in krill predominantly accumulates in the exoskel-
eton, there is a potential chance that it gets released in
deceased krill. Hence, careful consideration of fluoride
transfer is essential during krill oil extraction to prevent
excessive fluoride levels in the oil. Typically, removing the
exoskeleton from krill prior to extract the oil yields KO
with low concentration of fluoride <0.5 mg/kg, whereas
extract by use whole body of krill exhibit a great concen-
tration of fluoride from 3—5 mg/kg (Bruheim et al., 2016;
Jansson et al., 2018).

Extraction methods

Krill oil extraction uses dried material as well as fresh
krill (Katevas et al., 2014; Ronen et al., 2017). High con-
centrations of active proteolytic enzymes in krill allow for
quick autolysis following catch. Therefore, it is imperative
to commence on-board processing as soon as krill are
captured in order to extract oil from fresh krill (Beaudoin
et al,, 2004). The krill biomass serves as a more suitable
material for on-shore krill oil extraction, particularly in
regions lacking onboard or offshore processing capa-
bilities (Yoshitomi et al., 2003). Various extraction tech-
niques, such as solvent extraction, mechanical pressing
(nonsolvent extraction), enzyme-assisted extraction, and
super/subcritical fluid extraction, are well-documented
for krill oil extraction (see Table 5). Every approach has
pros and disadvantages of its own, which are discussed
below.

Traditional extraction methods

Solvent extraction

Solvent extraction, a traditional method in oil produc-
tion (Abad and Shahidi, 2017, 2021), remains prevalent
for krill oil production. Since one type of solvent cannot
effectively extract all of the lipids from krill because of
presence of different lipid classes with differing polarities,
Xie et al. (2017) found that alcohols like ethanol as well
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as isopropanol could extract substantial volumes of PLs
from krill meal but yield KO has less minor components.
Conversely, acetone efficiently extracts minor compo-
nents but fails to fully extract PLs. Hexane is widely used
in oil extraction from seeds and is cost-effective with high
extraction efficiency (Abad and Shahidi, 2020a, 2020b); as
such, it shows moderate capabilities to extract PLs as well
as minor components (Li et al, 2013). Combining sol-
vents such a polar with a nonpolar can help balance the
extraction efficiencies of PLs as well as minor component
(Ronen et al., 2017). Although the Folch method (Folch
et al,, 1957) is widely applied to extract lipids from animal
tissues with high lipid (Bruheim et al., 2016), its commer-
cial feasibility is limited due to the solvent’s toxicity such
as chloroform as well as methanol.

Presently, the most used technique for extracting KO
involves a two-step process using ethanol and acetone
(Beaudoin et al., 2004) which yields better lipid extrac-
tion (2.62%) compared to a single solvent extraction
(acetone, 2.15%). Alternatively, a simpler one-step strat-
egy, using a mixture of ethanol and acetone (1:1, v/v), can
also achieve high lipid yields (Gigliotti et al., 2011). Fur-
thermore, Yin et al. (2015) found that combining solvent
extraction with extrusion pretreatment enhances lipid
extraction efficiency from krill. Defatted krill remains a
valuable resource for protein recovery (Chen et al., 2009),
including enzymatic hydrolysis for producing pep-
tides (Zhao et al, 2013) or by fermentation (Sun and
Mao, 2016). While solvent extraction is cost-effective and
scalable, it necessitates large quantities of solvents, thus
posing potential environmental concerns. Moreover, the
process takes a lot of time also labor-intensive.

Mechanical pressing (solvent-free extraction)

Solvent-free extraction, unlike solvent-based meth-
ods, does not rely on organic solvents for extracting KO.
Mechanical pressing, which is known as classic solvent-
free extraction technique, is commonly used for oilseeds
with great content of oil including sesame oil 49 to 58%
and sunflower oil 40 to 43% (Khan and Hanna, 1983).
Although less efficient compared to solvent extraction,
mechanical pressing is often employed to remove the
majority of the oil before recovering the remaining oil via
solvent extraction. Fresh krill is not inherently suited for
conventional mechanical pressing due to its relatively and
17.24% in krill meal (Yin et al., 2015) using this method,
fresh or thawed material should be ground as slurry in
fluid medium, facilitating lipid release during subse-
quent mechanical disruption procedures, followed by oil
recovery using centrifugation (Larsen et al., 2007). How-
ever, the resultant slurry during grinding could lead to
emulsification because of nature of phospholipids, hence
complicating the removal of the fat off the mixture. To

(2024) 6:88

Page 8 of 26

address this concern, Katevas et al. (2014) introduced an
alternative method, which includes cooking, drain, and
centrifuging. The approach allows simultaneous extrac-
tion of PLs-enriched KO as well as neutral lipid-enriched
KO. It is worth noting that the initial cooking step take
place at 90 °C with no agitation to prevent emulsification.
Additionally, it is preferable to process krill when fresh,
because ice crystals that grow as a result of freezing might
harm krill tissues, resulting in emulsification during pro-
cessing and yielding low-quality products.

Solvent-free extraction offers the advantage of pro-
viding a safer and more environmentally friendly pro-
cess compared to solvent extraction methods. However,
it presents significant drawbacks such as the need
for investing in equipment purchase and high energy
requirements. Additionally, the high operating tempera-
tures involved may lead to product oxidation. Further-
more, solvent-free extraction may not efficiently extract
all oil that exist in krill, as indicated by Katevas et al.
(2014) who reported a yield of only 2.1%. Consequently,
some krill manufacturers opt to use mechanical separa-
tion consider as very first step to extract a portion of oil
while at the same time producing krill meal. Thereafter,
some techniques like solvent extraction or supercriti-
cal fluid extraction are employed to extract oil from the
remaining krill meal (Tilseth et al., 2015).

Other extraction techniques

Enzymatic extraction

Enzyme pretreatment represents an efficient method for
releasing bound compounds and increasing lipid yield
during the extraction process (Dom‘inguez et al., 1994).
By using specific enzymes, the extractability of oil can
be improved. Moreover, the gentle nature of this process
guarantees better-quality meal and oil. These advantages
render enzyme pretreatment an attractive option for KO
extraction.

Oil has been extracted from raw krill using proteases,
as demonstrated by Bruheim et al. (2016). The typical
process involves disintegrating the krill into small par-
ticles, followed by the addition of water then heating.
Subsequently, enzymes are added to hydrolyze result-
ant material, after which the enzymes are deactivated.
The solids, primarily the exoskeleton, are removed and
then PL-protein complex is separated then dried. KO is
then extracted from this complex (Bruheim et al., 2016).
It is worth noting that the remove the exoskeleton from
material can lead to a reduction in fluoride content in the
resulting products. Lee (2014) patented an alternative
enzyme assisted extraction method by using ultra high-
pressure reactor ranging from 10 to 300 MPa to liquefy
krill and assure effective interaction with enzyme (pro-
teases). Following undergoing enzymatic processing for a
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duration of 4 to 24 h, the krill that had turned into liquid
was thereafter subjected to filtration in order to sepa-
rate the resulting filtrate from the solid residue known
as sludge via centrifugation. moreover, the astaxanthin-
enriched oils were separated from sludge using another
solvent such as ethanol.

This method’s main benefit is gentle operating condi-
tions, that enable the extraction of high-quality protein
and oil from krill at the same time. Additionally, the
enzymatic hydrolysis process facilitates the recovery use-
ful byproduct like krill peptides. These peptides are gain-
ing attention and recognized as bioactive compounds in
functional foods and nutraceuticals, that have positive
effects on health and low the risk of disease. Neverthe-
less, importantly, the longer hydrolysis time restricts the
enzymes’ potential for large-scale industrial applications,
Furthermore, the high coast compared to other extrac-
tion method.

Supercritical fluid extraction
Lipid extraction via supercritical extraction has attracted
a lot of attention recently for its solvent-free nature,
environmental friendliness, and gentle operating condi-
tions. Among supercritical solvents, supercritical carbon
dioxide (SC-CO,) is preferred for its chemical inert-
ness, safety, non-toxicity, and moderate critical proper-
ties (Friedrich and Pryde, 1984). Despite its advantages,
SC-CO, is not optimal for extracting all krill lipids, par-
ticularly phospholipids (PLs) (Yamaguchi et al., 1986).
Nevertheless, extracting lipids using SC-CO, yields good
quality as well as more thermally stable proteins from
krill compared to the traditional solvent extraction meth-
ods. The addition of ethanol at 5 to 20% in SC-CO2 could
enhance PL solubility, thereby improving lipid recovery.
However, because ethanol is liquid at ambient tempera-
ture, use it not be ideal. on the other hand, for commer-
cial of extraction by supercritical fluid remains limited
because of the restricted processing capacity and expen-
sive high-pressure equipment (Bruheim et al., 2018).
Although it works at lower pressure and tempera-
ture levels than supercritical extraction, subcritical
fluid extraction has many of the same benefits. Liu et al.
(2015) reported that propane as well as butane are pri-
mary subcritical fluids used in extraction due to their
colorless nature also easy removal from the extracted
products. Extracting krill oil using subcritical butane
at 30 °C and 0.3—0.8 MPa conditions (Xie et al., 2017)
yielded similar oil quantity and quality as hexane but in
a faster process with less solvent usage. A study by Sun
et al. (2018) showed that KO extracted with subcritical
butane contained great levels of tocopherols also asta-
xanthin while maintaining lower oxidation level com-
pared to solvent extraction methods. However, similar to
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supercritical fluid extraction is also not yet cost-effective
for routine applications.

Health benefits of Antarctic krill oil

Krill oil contains a number of nutrients and bioactives
like C20:5, C22:6, PLs, astaxanthin, vitamin A, also toco-
pherols (vitamin E), all of which contribute to human
health support. Multiple research studies have examined
the potential health benefits of Antarctic krill oil, encom-
passing cardiovascular disease prevention, anti-inflam-
matory activities, potential anti-cancer properties, effects
on diabetes and obesity, neuroprotection, and benefits
for women'’s physiology. These findings are summarized
in Table 6.

Cardiovascular health

CVD is recognized as a significant worldwide health chal-
lenge and a leading cause of mortality among adults and
the elderly. Research by Harris et al. (1988), also Rizos
et al. (2012) has indicated that incorporating n-3PUFAs
into the diet can help mitigate CVD risks. Fish oil con-
sumption, for having a high n-3 PUFA content, is widely
acknowledged for its positive impact on CVD preven-
tion. Studies are presently underway to investigate any
possible connection between the use of KO and CVD
prevention.

Elevation of triacylglycerols (TAG), total cholesterol
(TC), also low-density lipoprotein cholesterol (LDL-C)
usually linked to increased risk of CVD disease and are
commonly considered as CVD risk indicators. Papakon-
stantinou et al. (2013) have demonstrated this association.
Several studies (Batetta et al., 2009; Hals et al., 2017; Sun
et al., 2017b; Zhu et al., 2008) utilizing animal models have
assessed the impact KO on CVD risk factor in both tis-
sues and blood. Through eight weeks feeding trial, where
mice were supplemented with 1.25, 2.50, or 5.0% KO in
their diet, significant reductions in hepatic TAG and TC
levels were observed, along with a decrease in serum TAG
levels in mice fed with diet contains lots of fat (Tandy
et al.,, 2009). Additionally, in the diet that has a highest
dosage of 5%, rise in serum adiponectin level was noted
in mice fed with krill oil, supporting its anti-atherogenic
properties (Lu et al., 2008).

In another investigation, revealed that KO supple-
mentation (5% in the diet) caused the drop in serum
LDL-C after twelve weeks (0.45 mol/L) and TC (reaching
2.50 mol/L) levels in mice fed with diet contains lots of
fat, compared to control group (0.65 mol/L, 3.70 mol/L,
respectively). Additionally, Zhu et al. (2008) also Batetta
et al. (2009) showed that KO can lower TAGs, TC, as
well as LDL levels in mice with metabolic dysfunction
induced by diet contains lots of fat. Similar findings
observed in a separate study, using cynomolgus monkeys
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as a model Hals et al. (2017), where KO effectively
improved various CVD risk factors, including HDL-C,
LDL, TC, TAG, apolipoprotein, as well as Al, apolipo-
protein B100 in dyslipidemic nonhuman primates with
diabetes type 2.

Further support for the preventive effects of KO against
CVD has emerged from human clinical trials conducted
by, Cicero et al. (2016), also Rundblad et al. (2017). Bunea
et al. (2004) examined the relationship between the con-
sumption of KO and level of lipid in blood in 120 hyper-
lipidemic patients with moderately very high level of TC
as well as high TAGs. Patients receiving 1- 3 g/day of KO
for 3 months exhibited significantly elevated levels of
HDL also decreased levels of glucose in blood, TC, LDL,
as well as TAG compared to others were given placebo.
In a similar vein, Berge et al. (2014) noted reduced risk
of CVD in 300 adults with extremely high or high fast-
ing serum TAG levels after consuming KO capsules.
An about 10 percentage reduction in serum TAG level
(relative to the placebo group) was observed in subjects
administered krill oil at doses ranging from 0.5 — 4.0 g/
day for 3 months. Similar improvements in lipid profiles
following KO treatment were observed in overweight
subjects as well as healthy individuals with fasting serum
TAG levels range from 1.3 to 4.0 mmol/l (Rundblad
etal, 2017).

Anti-inflammatory properties

Chronic inflammation is strongly linked to numer-
ous illnesses, including inflammatory bowel disease,
asthma, psoriasis, and rheumatoid arthritis (Barnes and
Karin, 1997). Additionally, systemic inflammation might
be contributed to development of exacerbated like ather-
osclerosis, obesity, cachexia, osteoporosis, as well as ano-
rexia (Gan, 2004; Monteiro and Azevedo, 2010). Hence, it
is crucial to focus on controlling inflammation for overall
health improvement. The anti-inflammatory properties
of KO have been validated through in vivo as well as vitro
studies, as detailed in Table 6.

In laboratory experiments, it has been demonstrated that
krill oil can markedly reduce the tumor necrosis factor o
(TNF-«). This reduction is achieved by blocking the attach-
ment of lipopolysaccharide (LPS) to toll-like receptor 4
(TLR4) (Bonaterra et al., 2017) in LPS induced inflammatory
human acute monocytic leukemia cell line THP-1, in a man-
ner that depends on the dosage of KO used. At a concentra-
tion of 49 pg/ml in the medium, KO totally prevented the
irrevocable of LPS to TLR4 and decreased TNF-a produc-
tion by 75%. Similarly, Batetta et al. (2009) observed reduced
TNEF-« release in LPS-treated peritoneal macrophages from
obese Zucker rats, given KO supplements in their diets
compared to control. The n-3PUFAs induced modifications
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in the endocannabinoid (EC) system which affects these
anti-inflammatories.

The endocannabinoids (ECs) derived from n-3PUFAs
have been shown to possess anti-inflammatory properties
(Calder, 2009). Additionally, KO effectively reduced the
mRNA expression levels of pro-inflammatory cytokines
such as interleukin-8 (IL-8) and TNF-« in inflammatory
cells exposed to LF82 bacteria or cytomix. Treatment
with about 250 (mg/L) of krill oil in the medium also
inhibited bacterial adhesion/invasion in epithelial cells
as well as promoted wound healing. Those findings pro-
vide support for the health benefits associated with KO,
particularly in the process of mitigating epithelial restitu-
tion and enhancing intestinal barrier integrity (Costanzo
etal., 2016).

The main focus of in vivo investigations has been on
investigating the anti-inflammatory effects of krill oil on
conditions such as arthritis or colitis in both humans
and mice, as summarized in Table 6. One study investi-
gated the anti-inflammatory properties of KO using an
experimental model of collagen-induced arthritis in mice
(DBA/1) (Ierna et al., 2010). They found that administer-
ing KO at a daily dosage approximately 0.45 g of C20:5
and C22:6/100 g of diet for 8 weeks (in mice) improved
arthritis pathology. This improvement was evidenced by
cartilage erosion, synovial membrane thickening, and
reductions in cell influx. Moreover, krill oil demonstrated
potential in mitigating inflammation in a rat model of
colitis. Rats supplemented with KO at amount of 4.9% in
diet for one month exhibited preserved colon length and
favorable changes in prostaglandin (PG) and interleukin
(IL) levels associated with inflammation.

The plasma level of CRP notably increases during
inflammatory states and serves as a marker for multi-
ple forms of inflammation (Young et al., 1991). Deutsch
(2007) observed that everyday intake of 300 mg of KO
over 2 weeks led to a significant decrease in CRP con-
centration and relief of arthritic symptoms in patients
with chronic inflammatory conditions. Similarly, another
study reported that supplementing with 500 mg of
KO two time a day for one month resulted in a signifi-
cant reduction in high-sensitivity CRP levels in plasma,
decreased from 2.15 to 0.43 mg/L in overweight subjects
(Cicero et al., 2016).

Anti-cancer

Cancer has emerged as a primary cause of death world-
wide in both developed and developing nations (Jemal
et al., 2011) The worldwide prevalence of cancer is stead-
ily increasing due to factors such as population growth,
aging, as well as lifestyle habits, including smoking, also
food rich in fat, sugar, and salt (Torre et al., 2015) While
chemotherapy as well as radiotherapy known as crucial
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in cancer treatment to slow down disease progression or
inducing apoptosis to halt tumor formation, they are often
come with undesirable consequences like diarrhea, mye-
losuppression, mucositis, as well as dermatitis (Jayathilake
et al,, 2016). There is an increasing interest in exploring
the potential of dietary factors to modulate apoptosis as a
means of anticancer therapy (Block et al., 1992). Although
there are relatively few experimental studies examining
the in vivo anticancer effect of KO in the literature, several
in vitro studies have evaluated its impact on the growth of
certain cancer cell lines (Xie et al.,, 2019).

Colon cancer ranks as the second most common
cause of cancer related deaths the United States
(Jemal et al., 2005). Research indicates that KO exhib-
its dose- duration of treatment effects on the growth
of colon cancer cells, specifically SW480 cells (Jemal
et al., 2005). Application of KO at dose of 20 pg/ml in
Dulbecco’s modified Eagle’s medium for two days led
to a 29.9% suppression of SW480 cell growth (Zhu
et al, 2008). Jayathilake et al. (2016) investigated
impact of KO free fatty acid (FFA) extracts on cell pro-
liferation and apoptosis in three human colon adeno-
carcinoma cell lines. Treatment use 0.12 pL of FFA
from KO in 100 pl of DMEM for two inhibited the pro-
liferation of HCT-15 as well as SW-480 cells. Addition-
ally, The FFA extract elicited markedly elevated levels
of apoptosis in all three colon cell lines (Su et al., 2018)
compared to control. Furthermore, the anticancer
activity of FFA that extracted from KO was validated
in human osteosarcoma cells, where the inhibitory
effect of 1.89 pM of FFA from KO comparable to 0.5 to
1.0 uM of doxorubicin which is commonly used anti-
cancer drug (Su et al., 2018).

Zheng et al. (2017) conducted research to isolate
and identify the trans (E) -configuration of certain FAs
detected in KO, such as C20:5 and C22:6. They discov-
ered that these FAs exhibited significantly stronger inhib-
itory effects on the growth of various cancer cell lines
(including K562, PC-3, HL60, MCF-7, and U937) com-
pared to C20:5 and C22:6 from FO. Additionally, asta-
xanthins as well as tocopherols have shown anti-cancer
effects (Constantinou et al., 2008; Rao et al., 2013). It is
plausible that the combined effects of the bioactive com-
pounds in KO contribute to its potent anti-cancer capa-
bilities. However, further in vivo studies are necessary to
elucidate the underlying molecular mechanisms and vali-
date these anti-cancer effects.

Anti-diabetic and anti-obesity effects

Imbalanced intake of energy could disrupt the endocan-
nabinoid (EC) system, leading to excessive accumulation
of visceral fat and reduced release of adiponectin, thereby
the chances of type 2 diabetes and obesity. Anandamide
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(AEA) and 2-arachidonoylglycerol (2-AG) are the pri-
mary ECs studied, known for their roles in regulat-
ing fat as well as glucose metabolism (Di Marzo, 2008).
Obese people’s tissues have been found to contain ele-
vated quantities of 2-AG and AEA (Batetta et al., 2009;
Di Marzo et al., 2010). Diets supplemented with KO
have been shown to reduce the concentration of AEA
as well as 2-AG in various tissues, including the kid-
neys, heart, as well as adipose tissues in high fat-fed
C57BL/6 mice (Piscitelli et al., 2011). Furthermore, krill
oil diets decreased body weight gain in obese mice (Sun
et al.,, 2017b; Yang et al., 2016) also hyperlipidemic rats
(Zhu et al., 2008). The n-3PUFAs diminished the bio-
synthesis of arachidonic acid and its integration into
phospholipids, possibly decreasing the quantity avail-
able of biosynthetic precursors for anandamide as well as
2-arachidonoylglycerol (Matias et al., 2008). Effect of the
anti-obesity associated with KO are likely due to its high
content of n-3 PUFAs. Maki et al. (2009) also, observed
that one month of KO supplementation at amount of 2 g/
day led to increased the plasma level of C20:5 and C22:6
in obese as well as overweight individuals.

Insulin resistance caused by fat is a prevalent issue.
Ivanova et al. (2015) demonstrated that consuming a diet
supplemented with KO, has about 600 mg of n-3PUFAs
daily for one month, resulted in reduced the fasting
blood glucose levels also improved the glucose tolerance
in obese rabbits (New Zealand with rabbits). Similarly,
healthy subjects experienced a decrease in fasting blood
glucose after consuming about 4 g per day of KO for two
months, indicating its potential as an anti-diabetic agent
(Rundblad et al., 2017) suggested that n-3PUFAs from
KO had improved insulin sensitivity as well as secretion
and altered the expression level of key enzymes involved
in B-oxidation and lipogenesis in muscles as well as liver
(Ivanova et al., 2015).

Neuroprotective effects
Alzheimer’s disease (AD) is a neurological condition that
progresses over time, frequently seen in the elderly (Fran-
cis et al,, 1999). It manifests as a gradual decline in cog-
nitive function, often accompanied by behavioral changes
like wandering, aggression as well as depression, signifi-
cantly affecting both patients and their caregivers’ quality
of life. Various studies in animal and human models have
explored the neuroprotective properties of KO (Table 6).
Using the Aversive Light Stimulus Avoidance Test
(ALSAT), the Unavoidable ALSAT, as well as the Forced
Swimming Test (FST), rats were treated with 1.25 g/100 g
of food containing KO for around two months exhibited
a positive impact on memory processes and learning.
Additionally, rats supplemented with krill oil showed
elevated expression levels of mRNA for brain-derived
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neurotrophic factor (Bdnf), a gene linked to neuronal
growth also differentiation in the hippocampus. These
results are consistent with those of Tome-Carneiro
(2018). Moreover, Cheong et al. (2017) noted a correla-
tion between KO consumption and alterations in the
proteome of aged mice’s brain tissues. They observed
that giving elderly mice KO at doses ranging from 150 to
600 mg/kg daily for seven weeks dramatically changed
the expression levels of 28 different proteins in their brain
regions. Notably, the group receiving KO showed a sig-
nificant increase in the expression levels of Celsr3 as well
as Ppplrlb mRNA, that linked to working memory, brain
development, and learning acquisition. KO was found
to enhance oxidative stress biomarkers in serum like
malondialdehyde (MDA) as well as superoxide dismutase
(SOD). Furthermore, Li et al. (2018) demonstrated that
KO has a beneficial impact on Alzheimer’s disease in ani-
mal model using senescence-accelerated prone mouse
strain 8 mice, providing evidence for its preventive prop-
erties. Over three months, using supplement have 1% of
KO in the diet effectively improved the memory capabili-
ties and learning while alleviating nervousness in SAMP8
old mice, as determined through the open field test as
well as Morris water. The accumulation of B-amyloid (Ap)
is implicated in cognitive decline as well as AD pathology.
Moreover, KO mitigated the accumulation of AP in the
hippocampus, along with reducing oxidative stress in the
brain.

The decline in estrogen levels among aging women may
heighten risk of AD (Janicki and schupf, 2010). Research
conducted on ovariectomized rats have revealed signifi-
cantly reduced levels of serotonin, insulin growth fac-
tor, estrogen, and dopamine, alongside alterations in the
gene expression of amyloid precursor protein, glycogen
synthase-3beta, Bdnf, as well as selective AD indicator-1,
all of which are associated with AD in rats. Mansour
et al. (2017) observed that supplementation with KO at
200 mg/kg per day for 8 weeks resulted in the normali-
zation of all these parameters in ovariectomized rats,
suggesting the effects of KO in inhibition of AD develop-
ment and neurodegeneration in old women.

Human studies have also provided evidence support-
ing the favorable impacts of KO on cognitive function.
Oxyhemoglobin, which is mostly linked to cerebral blood
flow, acts as a measure of regional brain function acti-
vation during cognitive tasks (Hibino et al., 2013). The
P300 event-related potential is a cognitive component
utilized to objectively evaluate neuroelectrical activity-
linked cognitive behaviors as well as activities (Alva-
renga et al., 2005; Hansenne, 2000). Konagai et al. (2013)
assessed the effects of dietary KO on cognitive function
in more than 45 healthy elderly males during calcula-
tion and memory tasks by monitoring oxyhemoglobin
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variations as well as P300 event-related potential compo-
nents in the cerebral cortex. Following the administration
of KO about 1.98 g/day for three months, subjects exhib-
ited important alterations in oxyhemoglobin concentra-
tion during working memory tasks as well as reduced
differential value of P300 latency during calculation tasks
compared to the control. These findings demonstrate the
positive effects of KO in enhancing cognitive function
among the elderly.

Women'’s physiology

Premenstrual syndrome (PMS) is a cyclic disorder com-
monly experienced by young as well as middle aged
women during the luteal phase of menstruation, char-
acterized by psychological, emotional, also behavio-
ral symptoms (Dickerson et al., 2003; Stevinson and
Ernst, 2001). While the exact cause of PMS is unclear,
around 75% of women encounter some PMS symptoms
(Barnhart et al.,, 1995) during their reproductive years.
Various dietary supplements, such as multivitamin/min-
eral supplements, vitamins (A, E, and By), and minerals
(magnesium and calcium) have been suggested for alle-
viating certain PMS symptoms (Bendich, 2000; Dicker-
son et al., 2003). Additionally, it has been noted thatn-3
PUFAs (Sohrabi et al., 2013) may help reduce both psy-
chiatric as well as somatic of PMS.

Krill oil as source of n-3 PUFAs as well as vitamins (E
and A), has demonstrated beneficial effects in managing
both emotional and physical symptoms associated with
PMS. Individuals who took KO soft gels for three men-
strual cycles reported decreased usage of pain reliev-
ers for menstrual pain as well as lower scores on the self
assessment questionnaire for PMS, based on the Ameri-
can College of Obstetricians and Gynecologists (ACOG)
diagnostic criteria for PMS, which ranged from zero
to no symptoms to ten for unbearable. Moreover, KO
exhibited greater efficacy in managing PMS and dys-
menorrhea compared to FO (Sampalis et al., 2003). This
superior performance is attributed to the unique profile
of krill oil which includes a combination of phospholip-
ids, n-3 PUFAs as well as antioxidative substances. The
n-3 PUFAs linked with PLs in KO are believed to offer
higher bioavailability than TAGs in FO, thus potentially
playing a more active role in regulating emotional symp-
toms (Sampalis et al., 2003; Schuchardt et al., 2011). Nev-
ertheless, additional inquiries are required to elucidate
the underlying mechanisms involved.

Postmenopausal women commonly encounter cer-
ebrovascular dysfunction as a result of estrogen defi-
ciency (Serock et al., 2008). Key regulatory components
like KCa channels, KATP channels, as well as Na*/Ca**
exchanger 1 (NCX1) are crucial in maintaining cerebral
blood flow autoregulation; however, they are susceptible
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to disruption in cases of ovarian dysfunction. In a study
involving ovariectomized rats, the administration of KO
(providing 182 mg EPA+118 mg DHA sourced from
KO) for a duration of 2 weeks was found to beneficially
regulate the expression of NCX1 mRNA, KCa channels,
as well as KATP channels in the basilar artery, leading to
an enhancement in cerebral blood circulation. The results
indicate that KO may serve as a beneficial supplement for
women who gone through menopause (Sakai et al., 2014).

Effect on depression

The impact of KO supplementation on cognitive func-
tion as well as depression like behaviors was assessed
through both preclinical and clinical studies. One of
the initial investigations in this area involved a one and
half month trial conducted on rats which received either
krill oil at a dosage of 0.2 g/rat per day, imipramine at
20 mg/kg per day (utilized as a reference drug for anti-
depressant effects), or a placebo. Following the treat-
ment period, cognitive abilities were evaluated using
the ALSAT, while the potential antidepressant effects
were assessed through FST and the Unavoidable Aver-
sive Light Stimulus Test (UALST). The rats treated with
krill oil demonstrated a notable ability to differentiate
between active as well as inactive levers in the ALSAT
test from the initial day of training. Furthermore, rats
receiving KO and imipramine showed high improve-
ments in behavioral aspects, including reduced level in
the UALST test from the third day onwards as well as
decreased immobility time in the FST test. Moreover,
study examined the expression of Bdnf (Zadeh-Ardabili
et al,, 2019), which was observed to be elevated in the
hippocampus of rats treated with KO.

Zadeh-Ardabili et al. (2019) conducted a study involv-
ing mice subjected to treatments with FO, KO, vitamin
B12, imipramine, or over two weeks, beginning after
seven days of exposure to the Chronic Unpredictable
Stress (CUS) paradigm overnight procedure. During the
CUS procedures, mice were exposed to stress overnight
using 10W LED light at a frequency of 15 Hz for 12 h over
21 days. The potential therapeutic benefits of the treat-
ments on depression were assessed using the tail suspen-
sion test (TST) as well as FST. After the animals were
sacrificed, oxidation markers were assessed in the brain
tissue. Both KO and FO were high decreased immobil-
ity factors as well as increased climbing and swimming
time, similar to the effects observed with imipramine.
Moreover, both KO and FO reduced levels of MDA and
hydrogen peroxide, decreased catalase activity, increased
glutathione peroxidase levels, and increased superoxide
dismutase activities as well as glutathione levels in hip-
pocampal tissue (Mendoza et al., 2018).
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In another pre-clinical study, Mendoza et al. (2018)
examined the impact of krill oil on restraint stress in mice
following reduced mobility. The study investigated the
effects of KO on the response to restraint stress in mice
after experiencing limited mobility. Following 14 days of
handling and acclimation, the mice were immobilized
for one month, and then behavioral test took place for
seven days. Over the course of the one month study, mice
orally received either PBS, nicotine derivative cotinine
about 5 mg, or combination of cotinine with 140 mg/
kg of KO. Although cotinine by itself reduced the loss of
memory deficiencies and the behaviors associated with
anxiety and depression, cotinine in combination with KO
proved to be more beneficial. This underscores the role of
KO in mechanisms related to depression (van der Wurff
et al, 2016). Subsequently, these authors conducted,
over the course of one year employed a double-blind,
randomized, and controlled methodology to investigate
the impact of KO supplementation on the learning and
cognitive function of teenagers, mental well-being, also
visual processing. The study involved 260 adolescents
aged 13 to 15 years, divided into two cohorts. The first
cohort initially received 400 mg/day of C20:5 and C22:6
or a placebo, with dose increased to 800 mg of C20:5 and
C22:6 per day after 12 weeks. The second cohort started
directly with 800 mg of C20:5 and C22:6 per day (Zheng
et al., 2017). The efficacy of these treatments was evalu-
ated through omega-3 index finger-prick blood meas-
urements, using the Centre for Epidemiologic Studies
Depression Scale, and the Rosenberg Self-Esteem ques-
tionnaire. The authors did not find any evidence support-
ing the effectiveness of KO in reducing depressive feeling
(van der Wurff et al., 2020).

Exercise and bodily performance

Krill oil enhances exercise performance and reduces
oxidative stress and inflammation, leading to the ini-
tiation of several clinical trials. One of the initial stud-
ies involved a small double blind trial conducted on 16
members of Polish National Rowing Team. Participants
were divided into 2 groups, first one had received 1 g
of KO per day for one and half month, while the other
received a placebo. Various parameters were assessed
before, after 1 min, and after 24 h of exercise, with
the latter representing maximum effort after rowing
2000 m. Exercise increased levels of certain markers
including superoxide dismutase, TNF-a, and TBARS,
which indicate lipid oxidation. While there were gener-
ally no significant differences between the control and
KO groups in most parameters, during the recovery
period, TBARS levels kept rising in the control, while
the KO group displayed notably lower levels of lipid
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oxidation (Da Boit et al., 2015). Thus, krill oil supple-
mentation helped reducing exercise-induced free radi-
cal mediated injuries.

The effects of KO on exercise performance as well as
post effort immune function were investigated in small
randomized clinical trial involving 37 athletes (Average
age of 25.8 years). Participants, in two groups, first one
has receiving about 2 g/day of KO for one and half month.
On the other hand, second group receiving a placebo. A
cycling time test was conducted before and after the sup-
plementation period, during which blood samples were
collected for five time test as follow: prior to supplemen-
tation, immediately post-exercise, after 1 h, after 3 h, as
well as at rest. The results showed that after one and half
month of supplementation, athletes who received krill oil
showed significant increases in peripheral blood mononu-
clear cell IL-2 production and natural killer cell cytotoxic
activity 3 h post exercise (Georges et al., 2018). Based on
these findings, additional research examined the poten-
tial of KO to increase body mass. In vitro experiments
utilized C2C12 rat myoblasts (skeletal muscle) treated
with KO, PC derived from soy, or control. Only KO was
capable of stimulating the mTOR pathway. Subsequently,
a double-blind, placebo controlled clinical trial was con-
ducted on resistance-trained athletes who received 3 g per
day of KO or placebo over two months resistance trained
program. The findings showed no significant differences
in complete blood count, comprehensive metabolic panel,
and urine analysis between the two groups. Nevertheless,
KO supplementation resulted in an increase in lean body
mass by approximately 2.2% compared to the baseline
(Barenie et al., 2022).

In another study, a specific mixed formulation called
ESPO-572%, consisting of 75% PCSO-524® (mussel
oil) at 600 mg/day and 25% KO for 26 days, was found
to alleviate exercise-induced muscle damage as well as
cytokine-induced tissue degradation in untrained men
who underwent a running test As choline is associated
with maintaining muscle function and exercise per-
formance, a reduction in choline level may occur after
high resistance or high intensity exercise. To investigate
whether krill oil could offer any protective effect against
this choline loss, Storsve et al. (2020) conducted a study
involving 47 triathletes randomly divided into 2 groups.
First one received 4 g per day of KO called Superba-
Boost " for 40 days leading up to the race, while the other
group received a placebo. Blood test results showed high
decrease in choline levels after the race; however, athletes
in KO group had higher choline levels compared to those
in placebo group. Thus, krill oil supplementation may
help mitigating the negative effects on exercise perfor-
mance, particularly during high-resistance activities by
preventing choline decline (Ibrahim et al., 2016).
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Comparison with fish oil (bioavailability

and bioaccessibility)

When KO and FO supplements compared, it has been
found that KO had more pronounced effects in managing
cognitive function (Konagai et al., 2013), PMS (Sampalis
et al,, 2003), and hyperlipidemia (Bunea et al., 2004). Sev-
eral studies carried out by Ulven et al. (2011), Rossmeisl
et al. (2012), Ramprasath et al. (2013), and Laidlaw et al.
(2014) attributed the superior performance of KO to its
higher bioavailability of EPA and DHA in phospholipid
form. However, these studies failed to administer identi-
cal doses of EPA and DHA from KO and FO as well as
the existing differences arising from other components
present, thus additional work is needed to verify these
findings. In this connection, problems noted may be
exemplified by the work of Ramprasath et al. (2013) who
found that KO can elevate plasma n-3 PUFA concentra-
tions more effectively than fish oil, but used daily amount
of EPA and DHA of 777 mg for KO group and about
664 mg for FO group. In addition, Ulven et al. (2011)
used dosages of EPA and DHA of around 543 mg for KO
group with ratio of EPA (1.74) also 864 mg for FO with
ratio o EPA/DHA (1.12). As already mentioned, most
studies did not account for the minor components pre-
sent in two olis (Bunea et al., 2004; Konagai et al., 2013;
Sampalis et al., 2003). Meanwhile, Kohler et al. (2015)
reported that EPA and DHA in krill meal had a lower
bioavailability compared to KO, but similar to FO. Thus,
EPA and DHA in phospholipid form alone may not fully
explain the superior performance of KO.

The exact mechanism of superior effect of KO com-
pared to FO effect remains elusive. This may arise from
the fact that KO contain high concentration of various
biological active components such as astaxanthin, toco-
pherols, and vitamin A, hence the effects may be mul-
tifactorial. Therefore, more investigation is required to
comprehend the underlying mechanisms and to use
better controlled human trials to determine the perfor-
mance as well as the efficacy of KO and FO after pro-
longed administration (Tillander et al., 2014).

Applications and future perspectives of KO
Production and use of KO has emerged as a highly
appealing within the food industry. Recognized as unique
food ingredient, KO shows promise for applications in
food, pharmaceutical, and nutraceuticals because of its
wide range of health advantages.

Presently, KO products can be easily obtained as sup-
plements in various forms including capsules, soft gels,
tablets, and gummies. There are leading global produc-
ers of krill oil, with their products enjoying popularity
in European and American health markets. Patents and
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patent applications for krill oil highlight its potential in
preventing inflammation, CVD, PMS, cognitive diseases,
and enhancing brain function. Some KO products are for-
mulated with additional beneficial additives including var-
ious carotenoids, conjugated linoleic acid, and vitamin D,
in order to offer enhanced benefits (Rockway, 2006; Dero-
hanes et al,, 2018). For instance, a combination of KO,
vitamin D, and probiotic Lactobacillus reuteri is proposed
to alleviate gut inflammation by promoting epithelial res-
titution and modulation the gut microbiota (Costanzo
et al,, 2018). Additionally, intranasal administration of KO
along with cotinine (a product found in tobacco) exhib-
its potential in treating depressive symptoms associated
with recurrent associative trama memories in patients
with posttraumatic stress disorder (Alvarez-Ricartes
etal, 2018).

While numerous studies have explored the various
functionalities as well as commercial applications of KO
only a limited number have detailed molecular mecha-
nisms involved in its diverse activities. For instance,
Xie et al. (2018) observed significant differences in anti-
oxidant activity among krill oils with distinct chemical
compositions. Nevertheless, the majority of studies that
examined the health advantages in KO (Table 6) do not
provide detailed information abut the composition of KO
which used in these studies. Therefore, future research
must clarify the relationship between the content and
health benefits of KO in order to facilitate the develop-
ment of more specialized and a variety of useful KO
products with specific health benefits. This would accel-
erate broader application of KO by taking advantage of its
multicomponent feature.

Conclusion

Krill oil derived from Antarctic krill (Euphausia superba)
garnered growing interest due to its unique benefits.
This contribution explored the chemical composition,
health benefits, extraction methods as well as some of
current application of KO. As noted, KO is abundant in
EBA, DHA, tocopherols, vitamin A, astaxanthin, and
flavonoids, all of which offer significant health benefits.
Notably, a substantial portion of EPA and DHA in KO
exists in the phospholipid (PL) form, prompting exten-
sive research comparing its benefits with those of fish oil.
Four primary extraction technologies are employed in
KO production, namely solvent extraction, solvent-free
extraction, enzyme-assisted pretreatment extraction, as
well as super/subcritical fluid extraction, each with its
own advantages as well as limitations.

At present, commercially available KO products are
utilized as supplements. Numerous researches inclu-
sive in vivo as well as in vitro experiments, have indi-
cated that KO offers a range of benefits, including CVD,
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anti-inflammatory, anti-cancer, anti-obesity and antidia-
betic effects, neuroprotective effects, benefits for wom-
en’s physiology, and effect on depression. In spite of that,
the precise mechanisms underlying these effects require
further investigation. It is widely acknowledged that the
functionalities of product are closely linked to its chemi-
cal composition. Hence, further research is impera-
tive to help understanding of the intricate relationship
between the chemical composition and functional prop-
erties of KO. This enhanced knowledge would not only
enable the refinement of extraction techniques but also
empower the creation of a wider range of KO products to
address the requirements of specific markets and health
objectives.
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