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1. Fish oil production

The annual production of fish body oil presented important fluctuations over the last two
decades (Fig. 1). These fluctuations, as mentioned by Barlow [1], have been due to El Nifo
phenomenon, which has greatly affected the fish oil production in Chile and Peru. This is
particularly evident in 1998 where the total production of Peru and Chile only reached 130
thousand tons, which was 15 % of total annual production whereas it generally represented
more than 40 %. The El Nifio of 1991-1992 and 2002-2003 also caused reductions of fish
oils production but they were not as strong as that of 1997-1998.
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Figure 1 - Major worldwide producers of fish body oil between 1991 and 2009.
The changing uses of fish oil between 1970 and 2009 are shown in figure 2. The most

noticeable is the current importance of fish oil in the production of aquafeeds which is



Figure 3

estimated as 81 % of total fish oil production [2]. Only 6 % of fish oil is hydrogenated or has
an industrial use whereas in 1970 it was totally used by these two types of oil processing.
Another significant aspect is the increasing production of refined edible oil, which is related to
the recognized health benefits associated with the fish oil consumption. The percentage of
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Figure 2 - Evolution of fish oil usage in the period between 1970 and 2009.

fish oil used in aquaculture has substantially increased but between 2000 and 2008 the
amount to produce aquafeeds has been stationary despite the continuous growth of global
aquaculture production [2]. In figure 3 is shown the percentage of of fish oil usage in
aquaculture in 2009. The highest percentage went to salmon and trout production (68 %) but
in 2000 it represented 40 % of total [3]. This increase reflects the growing production of

salmonids in Norway, Chile, Canada and various European countries.
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Figure 3 — Percentage of fish oil used in aquaculture in 2009.
1.1 Fish oil recovery

Fish body oil is almost exclusively produced from small pelagic species, such as
anchovy, sardine and jack mackerel in South America and sandeel, capelin, sprat, herring
and horse mackerel in Europe [3]. In these species the lipids are deposited under the skin,
distributed in their muscle tissue and also located in the tissues of the intestine and
mesentery. The oil may be also produced from the liver of white lean fish and blubber of
marine mammals [4].

Fish oil composition varies markedly depending on a variety of factors including

species, sex and season. As reported [5], commercial fish oil is usually composed of over 90



% triacylglycerols (TAGs), about 8 % of mono-, and di-acylglycerols and other lipids such as
phospholipids. The unsaponifiable fraction accounts for the remaining 2 % and includes
sterols (mainly cholesterol), glyceryl ethers, hydrocarbons, fatty alcohols and fatsoluble

vitamins (A, D, and E).

1.1.1 Traditional methods for oil recovery

Fish oil is a coproduct of fish meal production, which could be produced by two general
types of processes: wet-reduction and dry-rendering. The wet-reduction process applies to
the processing of fatty species and consists of the following main operations: (1) heating or
cooking small whole fish or ground fish offal with live steam under pressure, (2) pressing the
cooked fish to release the liquid fraction, the press liquor, and retaining the semi-dry portion,
the press cake, (3) screening out the suspended fish solids from the press liquor and
returning the wet solids to the press cake, (4) drying the press cake, which was previously
fluffed, (5) grinding and sacking the dried meal, (6) heating and centrifuging the screened
press liquor to obtain the oil and a aqueous phase, the stickwater, (7) oil purification by
centrifuging, (8) recovery of the stickwater, which involves concentration and returning to the
press cake.

The dry-rendering process is mainly applied to the production of fish meal from fish or
fish offal from nonoily fish. The main steps involved in this process are: (1) coarse grinding of
fish offal and (2) treatment of the ground material in a steam-jacketed cooker drier.
Sometimes the residual oil may be extracted by pressing.

Thus, the wet-reduction method is particularly suited for the extraction of oil from fatty
species and dry rendering is preferred when small quantities of nonoily fish are available [6].
The latter process yields much darker oil than that obtained by the wet-reduction process.

Several other processes for oil extraction involving protein coagulation at temperatures
higher than 95 °C were patented [7, 8, 9]. More recently the wet rendering method was used
to separate the oil from precooked and non-precooked tuna heads [10]. Higher yields of
crude oil were obtained from precooked tuna heads but the oil from non-precooked raw
material had higher quality than that from precooked samples. However, crude oil from

precooked samples had high DHA (25.5 %) than oil from non-precooked samples (18.8 %).

1.1.2 A modified Conkix process for oil extraction

A new method based on the Conkix process from Alfa Laval for the oil recovery from
fish by-products was investigated. This process involves fish mincing, pumping of minced
material to a heat exchanger where the fish oil is released and the proteins denaturated,

centrifugation in a three-phase decanter, and collection of fish oil. It was used for upgrading



by-products from salmon slaughtering [11]. The salmon oil obtained in this process was not
rancid and according to the authors well suited for human consumption or usage. The same
process was used for the extraction of herring oil from the by-products resulting from the

production of maatjes herring [12].

1.1.3 Oil recovery from the washing mince process

Small fatty fish species represent a significant resource and their utilization for the
production of fish minces or surimi has been considered as an alternative to fish meal
production. However, the high fat content of these species constitute an important drawback,
which led to the development of different approaches to remove fat. One of these processes
was tried with capelin [13], which involved cutting the fish into small pieces, washing out the
depot fat, dark pigments and viscera under acid (pH 4) or neutral conditions and heating at
40 - 45 °C and bone separation. The maximum release of lipids (ca. 80 % of total lipids) at
pH 4 was obtained in approximately 60 min. The same amount of lipids was also removed
after the same stirring period under neutral conditions when the temperature was adjusted to
40 - 45 °C. This process was also applied in the preparation of snipefish and boar-fish [14].

The process currently used in commercial plants to produce surimi from sardine is
similar to the conventional one for lean fish species. However, it presents a difference in the
leaching cycle, which involves a first washing step with a cold diluted alkaline solution (0.15
% NacCl, 0.2 % NaHCO ; with an ionic strength of 0.05 and a final pH between 6.8 and 7.3)
[15]. The material recovered from this washing step may be leached one or two times in
water or 0.2-0.3 % NaCl. Hirata [16] described a method to recover fish oil from highly
nutritional fish meat. In this process the sardine mince was ground with diluted alkaline
solution (0.125 % NaHCO, 0.125 % NacCl, water/fish ratio 4:1). The slurry was centrifuged,
water added to the floating oil layer resulting from centrifugation and heated up to 40 °C. The
mixture was then centrifuged at 10,000xg and collected the oil released. According to the
authors, this oil presented a light yellow colour and the amount of volatile compounds was
much smaller than that of sardine oil prepared by conventional method at a fish meal plant.

In an alternative processing method to produce surimi from dark-fleshed fatty species
[17], the fish muscle is disintegrated into very small particles prior to leaching. The particle
reduction is carried out under vacuum to reduce lipid and protein oxidation and also to
promote a ready separation of lipids. These authors also used a mixture of sodium
pyrophosphate (0.05 - 0.1 %) and bicarbonate (0.1 %) as the leaching medium. The
leaching process was done under vacuum, which facilitated the release of water-soluble
compounds and lipids. Nishioka et al. [18] studied the effect of different vacuum levels,
particle size and suction time at 5 mmHg on the fat removal from fish mince. The highest oil

removal was achieved in the material with the finest particles (1 mm) at a pressure of 5



mmHg and after 20 min of suction time. The vacuum leaching permitted to remove fat more
completely, rapidly and consistently than other methods [19]. Mendes et al. [20] reported that
the use of vacuum leaching for short time periods was highly efficient and produced a 50 %

decrease in fat content of European sardine washed mince when compared with the washing
process at atmospheric pressure. The triacylglycerols were extracted the most [21] mainly at
intermediate pressure values and increase washing periods. Polyunsaturated fatty acids
were the major groups of fatty acids, mainly EPA and DHA, extracted at low pressure levels
(4 mmHg) and increased periods of washing. The recovery of sardine by centrifugation of
surimi wastewater was described [22]. The wastewater resulting from the surimi preparation
was centrifuged continuously by two types of three-phase nozzle centrifuge at 8 - 15 °C and
the oil phase was further dewatered by high-speed continuous centrifuge. The recovered oil
showed light yellow colour and a peroxide value less than 1.0 meq/kg. The oil quality
indicated that it could be directly used as food materials without further purification.

1.1.4 Oil recovery from acid and alkaline protein solubilization

The application of acid and alkaline digestion methods for the extraction of oil from low
oil content fish liver was early described in 1955 [23]. In this type of fish livers the oil is more
closely held by the proteins and steaming methods traditionally used for oil extraction from
livers with high oil content are not effective. An acid digestion method for oil extraction was
reported [6], which is based on a patent by Van Deurs [24]. Later on an alkaline process for
fish liver oil recovery was described [25], which intended to yield high vitamin potency oils. In
a more recent patented method [26] for the protein recovery involving acid solubilization
followed by protein precipitation it is claimed that neutral lipids are also separated during the
process. These authors reporting the utilisation of this process to the recovery of proteins
from mackerel light muscle referred that 97 % of the initial lipid content were removed [27]. A
method for isolation edible protein from animal muscle by solubilizing the proteins in an
alkaline aqueous solution was also described [28]. In this process it is claimed that neutral
lipids can be separated from the aqueous phase by centrifugation. Kristinsson and Demir
[29] using the acid- and alkali-aided processing to prepare protein isolates obtained higher
lipid reduction than the conventional surimi processing. The lipid reduction depends on the
fish species as well as on the processing alternatives followed in these methods. It was also
referred [30] that acid and alkali processes led to a great reduction of membrane and neutral
lipids in the protein isolate obtained, which clearly distinguishes from other available
processes. In another work [31] was also achieved around 70 % reduction in neutral lipids
and about 50 % reduction in membrane phospholipids in the recovery of proteins from
herring light muscle by acid or alkaline solubilization processes. Hultin [32] reported that the
oil released is richer in saturated fatty acids whereas most of the unsaturated membrane

phospholipids are sedimented during centrifugation. Another oil extraction method for sardine



(Sardinops sagax) involving pH adjustment was developed [33]. The pH of sardine muscle
was adjusted to the isoelectric point (5.5) with either HCL or tartaric or citric acid (with and
without calcium) followed by centrifugation. The highest oil recovery was achieved with citric
acid plus calcium and the oil extracted showed the best quality and the highest 03 PUFA
content. The oil extracted by pH adjustment was more stable against oxidation than the oil
extracted by the traditional heat extraction method. The beneficial effect of calcium addition

in terms of lipid oxidation stability and oil colour was also observed.

1.1.5 Solvent oil extraction

The production of fish protein concentrates (FPC) for human consumption requires the
presence of very low oil content (below 1 %, frequently in the vicinity of 0.1 %) in order to
make the product palatable for humans. The process of FPC production generally involved
an oil extraction step with a solvent. Such as reported [34] this process could be done by
employing a standard cycling of a solvent through homogenized fish or using a solvent in an
azeotropic distillation-solvent extraction technique. The solvents most successfully used in
conventional liquid extraction process are alcohols such as ethanol, propanol or isopropanol
[35, 36, 37]. The two-step VioBin process [38] is an azeotropic extraction technique where
the first extraction is done with ethylene dichloride and in the second extraction is used
isopropanol. In general, organic solvent extraction is effective for lipid removal but it causes
protein denaturation and loss of functional properties [39]. On the other hand, the production
of FPC requires massive inputs of capital, energy, and expertise [40]. The quality of the
recovered oil was not generally mentioned in the many works published on the preparation of
FPC because proteins were the main objective. However, it was referred [6] that the oil
recovered by solvent extraction was darker than that produced by the wet reduction process
and was pointed out [34] that oil recovered in the second extraction in the VioBin process is

highly polymerized.

1.1.6 Enzymatic methods for oil recovery

The enzymatic oil extraction from the starting material (whole fish or parts) using food-
grade proteases has been indicated as an alternative method because it takes place at
moderate temperatures and for a short duration, thus limiting the negative chemical changes
occurring in fatty acids during oil recovery by the traditional methods. Proteases are used to
disrupt tissues and cell membranes leading to the release of oil.

One of the earliest references to the utilization of enzymatic hydrolysis for oil extraction
dates back to the 1930’s [41]. The hydrolysis was done with pepsin at pH between 1.2 and

1.5 followed by an alkaline digestion at approximately pH 9. This process was considered



advantageous because it minimized the difficulty of separating the oil from the emulsion
formed during the alkaline digestion and reduced the oil acidity due to the inactivation of
lipases. However, the need of suitable equipment, of process control and the relatively high
costs involved were pointed out as the main disadvantages of the method [23]. Bailey [42]
also used proteolytic enzymes under acid conditions to release oil from fish livers with low oil
content. The process reduced the oil hydrolysis by lipases and emulsification and allowed to
higher oil recovery.

Fish ensiling is a preservation technique first developed in the Nordic countries [43]. In
this process the fish liquefaction is due to the activity of endogenous proteases, mainly
present in the digestive organs. This autolytic process permitted the oil release, which is
removed by centrifugation after heating the autolysate to facilitate oil separation from sludge
and dissolved matter [44]. However, it was concluded [45] that the oil recovered from acid
medium results in high free fatty acid (FFA) values due to the dissociation of fatty acids salts
and breakdown of the oil by a low pH optimum lipase present in some fish species.
Moreover, the oil from fish silage is very dark and presents a reduced iodine value [43]. The
pigmentation of the oil during ensiling was shown to be caused by the release of haemin, a
product resulting from acid hydrolysis of haemoglobin [46]. This author also showed thata 2
% addition of 20 volume hydrogen peroxide inhibit oil pigmentation and reduced FFA content
in the recovered oil.

A method to prepare fish muscle tissue with very low lipid content based on the
autolysis of skin and belly line was patented [47]. In this process chopped fish is suspended
in acidified water which is slowly heated and gently stirred. According to the authors, skin
and belly line dissolve completely and the oil released floats to the surface. The enzymic
hydrolysis of salmon frames was studied [48] using the commercial protease mixture
Protamex™, which has been referred to produce non-bitter hydrolysates. The authors
recovered approximately 77 % of total lipids present in the salmon frames, which had 9.3 %
EPA and 11.3 % DHA.

The use of enzymatic extraction of fish oil from by-products by Linder et al. [49] was
patented. These authors [50] also reported the application of three commercial proteases
(Alcalase®, Neutrase®, and Flavourzyme™) to extract the oil from salmon heads under mild
conditions (below 55 °C). The amount of oil released after two hours of hydrolysis was about
17 % regardless of the enzyme used and was close (20 %) to that obtained by the Bligh and
Dyer method [51].

With the objective of obtaining the highest possible amount of valuable products from
farmed cod by-products (backbones and liver), it was studied the effect of different hydrolysis
conditions on the yield, functional properties and lipid distribution in the various fractions

obtained [52]. The enzymatic hydrolysis was performed with Alcalase and it was concluded



that centrifugation forces were important for separation of oily fractions, but not to separate
the protein fractions. The results indicated that a two step separation process could be
designed, one using low centrifugation speed and a second step at high speed centrifugation
to separate oil and emulsion. The major lipid class in the oil and emulsion fractions was
triacylglycerols, while phospholipids were found mostly in the protein containing fractions
(protein hydrolysate and sludge).

The utilization of various proteases (papain, chymotrypsin, Protamex™, and
Flavourzyme®) for the fat extraction of cod by-products (head, backbones, viscera, roes, milt,
skin, and cut-offs) was reported in another work [53]. The authors concluded that the use of
proteolytic enzymes had generally enhanced the fat extraction, particularly phospholipids.

A number of papers were published in 2005 on the preparation of protein hydrolysates
from cod by-products. Thus, it was obtained [54] the highest lipid recovery in the enzymatic
hydrolysis (with Flavourzyme or Neutrase) cod by-products when water was not added. The
amount of oil fraction obtained with Neutrase was up to 10 % higher compared to
Flavourzyme. Similarly, using the same type of raw material and the same enzymes obtained
higher oil recovery in the trials without addition of water [55]. They also obtained higher
amount of oil released in autolysates with added water than in hydrolysates prepared with
commercial enzymes. The highest yields of oil fraction were also obtained in the
hydrolysates where Neutrase was used. The presence of digestive tract in the raw material
increased the amount of free fatty acids and gave darker colours. The oil fraction contained
mostly triacylglycerols and monounsaturated fatty acids. In a last paper [56], was concluded
that initial heating of cod by-products causes formation of protein-lipid complexes, which
were found in all protein containing fractions being phospholipids and other polar lipids the
main part of lipids. The highest amount of separated oil was obtained in the experiments
without added water and after initial heating. It was also concluded that the maximum oil and
protein hydrolysate yield and the minimum emulsion and sludge yield were achieved in the
hydrolysis of unheated raw material with Alcalase and water added.

In another work [57] was reported the use of commercial proteases to extract oil from
salmon heads. The oil recovery by the enzymatic method attained 19.6 % whereas the heat
treatment led to 14.5 % and the oil released had about 35 % of polyunsaturated fatty acids
(PUFA) (7.7 % EPA and 11.9 % DHA). Industrial proteases were also used by Dumay et al.
[58] to improve lipid and phospholipid recovery from European sardine viscera. The total lipid
content in the oily phase and aqueous phases represented 85 % of lipids presented in the
raw material indicating that wide-spectrum proteases enhance lipid recovery. It was also
concluded that a pre-hydrolysis step led to an increase of total lipids content when compared
with the classic organic solvent extraction methods. In another study [59] on the oil recovery

from sardine by-products the highest percentage of oil recovery was obtained from the raw



by-products sing Alcalase or Protamex. The latter protease was tested in the hydrolysis of
black scabbardfish (Aphanopus carbo) [60]. About 36 % of oil was released and 50 - 60 %

remained in and emulsion.

1.1.7 Supercritical fluid extraction

The specificity of physicochemical properties of supercritical fluids led to the
development of a new process for the extraction of different substances. Supercritical fluids
behave as intermediates between liquid and gases, which allow them to dissolving large
quantities of natural substances. Such as mentioned [61], the relatively high gas density
gives good solvent power, while the relatively low viscosity and high diffusivity provide
appreciably higher gas permeability into the solute matrix. Several advantages have been
pointed out to this process: (i) gentle treatment of heat-sensitive materials, (ii) solvent-free
products covering all legal requirements, (iii) fragrances and aromas remain unchanged, (iv)
selective extraction and fractionated separation, and (v) simple solvent recovery. The
supercritical fluid extraction (SFE) technique was tested to extract oil from oilseeds and later
on for removing lipids from fish muscle proteins. In 1984, Eisenbach [62] reported the
effectiveness of the SFE process for fractionating fish oil esters. This technique was also
studied for the concentration of n-3 fatty acids [63-69]. The use of this technique for the oil
extraction and concentration of n-3-PUFA from fish oil was reviewed [70-73].

The coupled process allowed keeping a high solvent power for SFE-CO2 and also
reaching high selectivity levels due to the filtration of supercritical mixtures through a
nanofiltration membrane. It was also stated that the coupled separation permitted the
concentration of EPA and DHA in the retentate stream and short-chained fatty acids in the
permeate.

The supercritical extraction technique has been also used for oil extraction directly from
fish muscle although less extensively. This methodology was tested for the removal of lipids
from freeze-dried Antarctic krill [74]. As working conditions they used a pressure of 25 MPa
at 40 °C, 60 °C and 80 °C. The oil recovered was composed solely by nonpolar lipids, largely
triglycerides and presented a relatively high proportion of EPA (11 %). SFE-CO, at 4.9 - 24.5
MPa and 40 °C was applied to the lipid extraction of freeze-dried mackerel (Scomber
japonicus) powder [75]. The yield achieved in the oil extraction increased with pressure and
was comparable to that from hot hexane extraction.

The application of SFE-CO, for lipid and cholesterol extraction from rainbow trout
muscle allow to concluding that: (i) the increase of oil removal with increasing the extraction
time from 3 h to 9 h; (ii) the use of ethanol as an entrainer significantly enhanced lipid

extraction attaining 97 % but coextraction of polar lipids occurred [61].



This technique was used for the oil removal from freeze-dried Atlantic mackerel
(Scomber scombrus) muscle [76]. These authors optimized the extraction temperature and
pressure. The highest oil yield and concentration of n-3 PUFA was achieved for the
temperature range between 35 °C and 55 °C and pressure in the interval 20.7 MPa and 34.5
MPa. According to these authors the high lipid removal and retention of protein functionality
in the residue may make this technique useful for future food applications.

This technique was used for the extraction of sardine (Sardina pilchardus) oil from
freeze-dried muscle [77, 78]. The extraction experiments were done under pressures of 12.6
to 108.0 MPa and temperatures ranging from 40 °C to 48 °C. The loading of sardine oil in
CO, (kg oil/kg CO,) increased with increasing pressure, but diminished with increasing
temperature. A slight increase in PUFA content of the oil extracted by SFE-CO, was
observed throughout the extraction.

In a study [79] on the SFE- CO, lipid extraction from freeze-dried salmon roe was found
that triacylglycerols were not completely extracted and phospholipids PLs not at all.
However, the SFE-CO, with 10, 15 or 20 % of ethanol as an entrainer was effective in
extracting PLs from the above raw material [80]. These authors reported that the extraction
withSFE-CO, and 20 % ethanol mixture allowed to extracting more than 80 % of the PLs.

The previously reported studies were done in dried fish samples but moisture of the
materials may interfere with SFE- CO, extraction [81]. Thus, the effect of moisture content on
the SFE- CO, extractability of oil from Atlantic mackerel was studied [82]. They reported that
dehydration of the muscle to 10.2 % (w/w)resulted in high oil yield with minimum changes in
protein content and composition.

A mathematical model based on the interaction between oil and water in the fluid phase
was developed [83]. This study was done in Atlantic mackerel fillets with different moisture
levels prior to extraction at 35 °C and 34.5 MPa. The model developed simulated the
extraction behaviour of both oil and water in the initial solubility-controlled region.

The SFE-CO, conditions of sardine oil extraction from canning by-products was
optimized by Létisse et al. [84]. The optimal conditions for pressure, temperature and CO,
rate were, respectively, 300 bar, 75 °C and 2.5 ml/min during 45 min extraction. The yield of
10.36 % of extracted oil was achieved with an amount of 10.95 % of EPA and 13.01 % of
DHA. According to these authors, this technique presented the advantages of a shorter
extraction time, prevention of heating and a better organoleptic aspect of the oil by excluding
the use of not legally allowed organic solvents.

The extraction of phospholipids from tuna shavings by SFE- CO ,/ethanol was also tried
[85]. It was performed at 17.7 MPa and 33 °C and ethanol concentrations higher than 5 %
were used. In order to reduce the amount of consumed ethanol in the process, the tuna

shavings were previously soaked in the same volume of ethanol before extraction with neat



SFE-CO,. The extraction was done both at laboratorial and industrial scale and it was
concluded that the amount of consumed CO, per g tuna shavings decreased with increase in
reactor-scale.

This technique was applied to the extraction of squalene from shark liver oil containing
around 50 % squalene. Squalene of 95 % purity was obtained without using external reflux
[86]. However, the purity could be increased to a maximum of 99 % at fractionation
conditions of 250 bar and 60 °C and using reflux of squalene. The extraction and
fractionation of a range of crude fish oils (orange roughy oil, deep sea shark and spiny
dogfish liver oil and commercial cod liver) using SFE-CO, and CO,+ethanol mixtures was
reported [87].

The use of extremely high pressures and high capital costs have been the main
disadvantages pointed out [88], which may limit the widespread use of supercritical fluid

technique for the oil extraction or PUFA concentration.



2. Oil refining process

The composition and characteristics of crude fish oils depend very much on process
and raw material (Table 1). This intermediate product contains a wide range of undesirable
compounds, which have to be removed to make the oil meet the quality standards in regard
to the obligatory properties for edible or technical applications [89]. Thus, the quality of raw
material has to fit the adequate requirements [90] and the process has to be done in a way
that essential fish oil components are not being damaged, e.g. polymerisation should be
avoided. Within intrinsic materials, small amounts of proteins, water, pigments, free fatty
acids (FFAs), phospholipids, and lipid oxidation products are the most significant. Trace

components related to environmental pollutants can also be present.

Table 1. Crude fish oil properties and physical characteristics (Adapted

from [90]).
Properties
Moisture and Usually 0.5up to1 %
impurities
FAs Range 1-7 % oleic acid

Peroxide value

(usually 2-5)
3-20 meq O, /kg

Anisidine value 4-60

Totox value 10-60

lodine value Capelin (95-160); Herring
(115-160); Menhaden
(120-200); Sardine
(160-200); Anchovy
(180-200)

Iron 0.5-7.0 mg/kg

Copper Less than 0.3 mg/kg

Phosphorus 5-100 mg/kg

Physical

characteristics

Colour (Gardner Up to 14

scale)

Slip melting point 10-15 °C

Greater than 250 °C
About 0.92 (at 15 °C),
About 60-90 cp (at 20 °C),
20-30 cp

(at 50 °C), 10cp (at 90 °C)

Boiling point
Specific gravity
Viscosity




The common oil refining is usually made by chemical methods, which include namely
settling, and degumming, de-acidification, bleaching, deodorization, and storage and
antioxidant addition. In the frame of this purpose hydrogenation is not included.

Settling is made with or without heating, allowing the aqueous phase separation,
which is further withdrawn, and in such way part of water, proteinaceous material and
phospholipids are purged. Degumming, considered in some circumstances an optional
stage, consists of a treatment with water or aqueous solutions of acids or salts (at 30 - 100
°C) to remove soluble and insoluble impurities that are then separated either by
centrifugation or decantation. De-acidification or alkali refining is typically performed with an
aqueous alkaline solution to remove FFAs and reduce oil acidity. In addition to the use of
alkali substances, supercritical fluid technology, jointly with membrane and enzymatic
processes, and thin film deodorisation technologies may be alternatives to the classical
procedure [91, 92]. The oil is then heated to 80-85°C and mixed with an activated bleaching
clay and/or activated carbon. Sulphurous compounds, soaps, trace metals, and part of the
most stable pigments and pigment-breakdown products are separated. Physical adsorption
on activated carbon is necessary when the removal of organic contaminants such as dioxins/
furans and dioxin-like PCBs is required [93, 94]. This step also converts hydroperoxides to
their respective aldehydes, ketones and other products [95].

The deodorisation step, intended to remove FFAs, aldehydes and ketones, which
give unpleasant smell and flavour characteristics to the oil, is conventionally based on the
application of high temperatures [96, 97]. The volatile materials are stripped by means of a
stripping gas, normally steam at high temperature (190-200 °C) and low pressure (2-5 mbar).
However, the application of such temperatures has to be carefully considered since for
temperatures higher than 180 °C the degradation of n-3 PUFA take place, involving the
formation of polymers, isomers, cyclic FAs monomers and other undesirable compounds
[98]. Optional methods, such as vacuum steam distillation at low temperatures followed by a
treatment in a silica gel column [99], adsorption with a resin [100], or treatment with
diatomaceous earth [101] have been considered.

After leaving the deodoriser equipment and be cooled, the fish oil is dosed with the
suitable amounts of selected antioxidant(s) and then transferred to appropriate storage
tanks; preferably, stainless steel tanks under nitrogen blanketing and at low temperature. To
avoid oxidation, improve the stability and extend the fish oil shelf-life, a great number of
antioxidants (natural and synthetic compounds) have been proposed [102, 103, 104]. The
adequate concentration of antioxidant depends on the chosen substance, the storage
conditions and the intended applications. The oxidation of fish oils may also be delayed by
encapsulation or microencapsulation with a coating material [105]. For this purpose, various

physical and chemical processes using several wall materials have been developed [106],



being spray-drying the most common and cheaper method [107]. Other processes such as
freeze drying [108], ultrasonic atomization [109] or coacervation [110] have also been
proposed recently as alternative to reduce n-3 PUFA oxidation. Qil-in-water emulsions are
increasingly being used as delivery systems for fish oils for functional foods. If properly
designed such emulsions can protect the fish oil from lipid oxidation before the addition to
foods [111, 112] and in some cases it may also improve the oxidative stability of the fish oil
enriched food [113].

2.1 Characteristics of refined fish oils

The chemical and physical characteristics of refined fish, which are influenced by the
refining process itself and by the raw material, are quite variable and influence the potential
uses and price. Based on information disseminated by [95, 114, 115] and the Codex

Standard (1981) some guidelines are given in Table 2.

Table 2. Some quality guidelines for refined fish oils [95, 114, 115].

Parameter Quality
guidelines

Colour <3.0 Red, 30
Yellow

Odour and taste Bland

Matter volatie at <0.2%

105°C

Insoluble impurities <0.05 %

Soap content <0.005 %

Iron <0.12 mg/kg

Free FAs <0.10 % (as oleic
acid)

Copper <0.05 mg/kg

Peroxide value <0.1 meq O,/kg

Nickel <0.20 mg/kg

3. n-3 PUFA concentrates

The preparation of n-3 PUFA concentrates usually comprises five steps: de-
acidification (optional), transesterification, concentration, deodorisation/earth treatment, and
antioxidant addition and fill off. The raw material must have previously undergone a
meticulous refining process, including the removal of contaminants [92]. These concentrates

may be in different forms: FFAs, methyl and ethyl esters or acylglycerols.



De-acidification is typically the first step, when such operation was not included in the
refining strategy. For the most common industrial process, transesterification is the following
step, which may be carried out by a chemical catalyst (usually sodium ethoxide at 80-90 °C)
or by non-selective lipases [88, 92, 116]. For concentration numerous methods have been
anticipated, but only a few are suitable for large-scale production, being the most widespread
process the concentration of n-3 PUFA by molecular distillation. Other available methods
less frequently used include: adsorption or partitioning chromatography, enzymatic splitting,
low-temperature crystallization, supercritical fluid extraction, and urea complexation. Each
methodology has its own advantages and drawbacks, and all present important
shortcomings that limit their use by the industry. The decision for one specific technology or
the combination of two or more must depend on the required final characteristics of n-3
PUFA concentrates and on the costs associated to each choice.

Fractional distillation has been extensively used for partial separation of mixtures of
fatty acid esters. Separation is done by asset of their different boiling points. The method
applies lower temperatures and shorter heating intervals than conventional distillation
methods. Moreover, the use of high vacuum is very common with temperatures ranging from
100-200 °C typically being used during processing in order to minimise heat damage to the
oils. Nevertheless, fractionation of marine oil esters has some problems; namely, separation
of components becomes less effective with increasing molecular weight, as happens with n-3
PUFA. Moreover, concentration in the natural TAG form (without previous transesterification)
presents very important practical difficulties [117].

Adsorption chromatography is based on the potential of some appropriate adsorbents
to separate fatty acids (FAs) according to their carbon number or degree of unsaturation.
High performance liquid chromatography [118] and silver resin chromatography [119] have
been used for the production of n-3 PUFA concentrates. Counter current chromatography
and centrifugal partition chromatography have gained much attention in last two decades for
isolation of PUFA [120]. In what concerns enzymatic methods, lipases are utilized to catalyze
esterification, hydrolysis or exchange of FAs in esters [121]. Accordingly, this technology
may enable the performance of the transesterification and concentration phases in a single
step. The direction and efficiency of the reaction can be influenced by the choice of
experimental conditions and the source of lipase [122]. Low-temperature crystallization is
based on the fact that solubility of fats in organic solvents decreases with increasing
molecular weight and increases with higher levels of unsaturation [123]. Consequently, at low
temperature, long chain saturated FAs which have higher melting points crystallize out and
n-3 PUFA remain in the liquid fraction. The low-temperature crystallization process may be
carried out in the absence of a solvent or in a selected solvent mixture [88]. The frequently

used solvents are methanol and acetone, which pose problems in products for human



consumption. Crystallization in the absence of a solvent occurs by using the Tirtiaux process,
which involves slow cooling and slow agitation, and in the hydrophilisation process. SFE-CO,
is another alternative method for the preparation of n-3 PUFA concentrates [70]. SFE-CO,
fractionation of fish oil fatty acid ethyl esters was investigated to obtaining enriched n-3
PUFA and a suitable EPA/DHA ratio [72]. The results obtained by these authors indicated
that optimizing the extraction conditions could modify the original fatty acid ethyl esters
concentrations.

Coupled SFE-CO, with nanofiltration separation was used for the concentration of
PUFA [73]. Urea complexation by itself or complexation after an enzymatic reaction offers
important technical possibilities [49, 124, 125, 126, 127]. This methodology is based on the
crystallization of urea in hexagonal structures within the hexagonal crystals, provided the
presence of long straight-chain molecules in the medium [128]. The formed channels are
sufficiently large to accommodate aliphatic chains. However, whereas straight-chain
saturated FAs fit easily in the channels, the presence of double bonds in the carbon chain
increases the bulk of the molecule, thereby reducing the likelihood of its complexation with
urea [129]. FAs must be previously converted to free FAs (FFAs) or ethyl esters. These
forms of the FAs are mixed with an ethanolic solution of urea with some moderate heating.
Afterwards, the mixture is allowed to cool down to a particular temperature, depending on the
degree of concentration desired [88]. The saturated, monounsaturated and, to a lesser
extent, the dienoic FAs are crystallized with urea and the other FAs remain non-crystallized
in the solution, being separated by filtration. Among these, a high concentration of n-3 PUFA
is found.

Having in mind that concentration may lead to the formation of small amounts of off-
odours and leave trace amounts of some impurities, a thorough deodorisation/purification
(removal of impurities) process of the oil may be carried out. For this purpose, the
concentrated material is heated to 80-85 °C and mixed with an activated bleaching clay and/
or activated carbon. The bleaching clay removes any oxidation products which may be
present in the oil along with heavy metals. The addition of activated carbon is required when
the removal of organic contaminants such as dioxins/furans and dioxin-like PCB’s is still
necessary. Another possibility is to promote the contact with powdered or granulated
diatomaceous earth [130].

Then, the concentrates have to be stored and stabilized by using similar procedures to

those described previously for the refined fish oils.



3.1 Characteristics of n-3 PUFA concentrates

The intensive use of n-3 PUFA concentrates for human health and well-being purposes
obliges their characteristics to fulfila high number of requirements. Thus, all the processing
steps must reduce exposure to factors that accelerate oxidation, such as heat, intense light
or oxygen. Peroxide values must be kept low throughout all the concentration process. The
levels of off-flavours and impurities must be below human sensory perception [92. FFAs
must be limited to a minimum because hydrolysis and acidity represent a major loss of
quality for n-3 PUFA concentrates. According to the GRAS notifications, concerning food-
grade specifications accepted by FDA for different omega-3 concentrates, some quality
guideline can be viewed in Table 3 [131, 132].

The form in which concentrates are present is of utmost importance. Effectively, some
studies have reported that n-3 PUFA concentrates are better absorbed by human organism
and more stable against oxidation when they are in triacylglycerols (TAGs) form than as
esters [133, 134]. Moreover, stability is also higher when n-3 PUFA are bound to sn-2
position of the glycerol structure than to the sn-1,3 position [135]. Therefore, the production
of TAGs concentrates with n-3 PUFA in sn-2 position and the development of viable

technological solutions for this purpose have been acknowledged as a wishful outcome [92].

Table 3. Some quality guidelines for omega-3 FAs concentrates [131, 132].(FDA GRAS
Notification 2002; 2006).

Parameter Quality guidelines

Appearance Light yellow to yellow at room
temperature

Triglycerides >50 %

Odour and At worst, a slightly fishy odour and taste

taste

Acid value <1.0%

Peroxide value <2.5 meq O,/kg

p-Anisidine <20

value

Totox value <25

Density 0.85-1.00 g/ml

Tocopherols >2.0 mg/g

Moisture <0.1%

Unsaponifiable <2.35%
S

4, Structured triacylglycerols



Most of TAGs found in fish oils has a LLL-type structure, which symbolizes three long-
chain fatty acids (LCFAs) (16 or more carbon atoms) esterified in the three carbon atoms in
the glycerol backbone (named sn-1, sn-2 and sn-3). Once ingested, dietary TAGs are
hydrolyzed in the small intestine to sn-2 monoacylglycerols (sn-2 MAGs) and FFAs released
from the sn-1,3 positions of the original TAGs due to the action of the human pancreatic

lipase, which is sn-1,3 specific [136] (Fig. 4).

sn-1 CH,— O0— CO— R CH,— OH

‘ , ‘ R, — COOH

Pancreatic

sn-2 CH—O0O—CO—R; ——— CH—0—CO0O—R, +

‘ lipase ‘

R, — COOH
sn-3 CH,— O— CO—R; CH,— OH
Dietary TAGs sn-2MAGs FFAs

Figure 4. Enzymatic hydrolysis of dietary TAGs by pancreatic lipase. Hydrocarbon chains of

FAs esterified in sn-1, sn-2 and sn-3 are represented by R4, R; and R; respectively.

Sn-2 MAGs are the most favorable structure for LCFAs to be absorbed by the
intestinal mucosa. Thus, allowing these FAs to be used in biosynthetic processes [137]. On
the other hand, LCFAs released from sn-1 and sn-3 positions are mainly transported to the
large intestine to form calcium soaps, which are removed with stools. This way, the metabolic
use of these FAs is usually impaired.

The hydrolytic activity of pancreatic lipase is higher towards medium-chain FAs
(MCFAs) (from 8 to 14 carbon atoms) than for LCFAs, especially PUFA [138]. Therefore, a
structured triacylglycerols (STAGs) having a MLM structure (in which “M” refers to a MCFA
esterified in sn-1,3 positions of the glycerol backbone and “L” refers to a LCFA esterified in
sn-2 position) offer the most favorable case for the metabolic bioavailability of LCPUFAs, and
also is a suitable source of MCFAs, which are transported to the liver to be used as a quick
energy source; thus, improved absorption of MLM-type TAGs has been reported [139, 140].
Unfortunately, no natural sources containing MLM-TAGs have been found until now.
However, MLM-TAGs can be achieved by means of chemical or enzymatic reactions.

STAGs, generally named structured lipids (SLs), are synthesized molecules, where
MCFAs and LCFAs are esterified in the three carbons in the glycerol backbone. MLM-STAGs
can be used with alimentary or pharmaceutical purposes. The most employed MCFAs for the
STAG synthesis are caprylic acid (8:0) and capric acid (10:0) [141-144]. Most of the
experimental designs to obtain STAGs are based in enzymatic reactions, due to its several

advantages when compared with chemical synthesis, such as mild reaction conditions, more



biocompatible and safer operative procedures, and the possibility of a more effective control
of the FA positional distribution in the final product, due to the use of regiospecific enzymes.
Fish oil constitutes a raw material for STAGs synthesis due to its high content in n-3
PUFA mainly EPA and DHA. The properties of both n-3 PUFAs in the treatment and
prevention of a number of pathologies such as coronary heart disease, retinal and brain
development, hypertension, rheumatoid arthritis and some types of cancers has been widely
reported [145, 146]. Although EPA and DHA are reported to be mainly located in the sn-1,3
positions of TAGs of marine mammals, they are usually located in the sn-2 position in the
TAGs of fish oil [140]. This way, fish oil is a suitable source to be used as a starting material
in the synthesis of STAGs containing EPA and DHA in sn-2 position. In addition, fish oil has
a competitive price compared to other sn-2 PUFA rich oils, as single cell oils from algae.
Moreover, it seems to be an appropriate way to add value to the by-products generated in

the fishery industry.

4.1 Enzymatic Synthesis of STAGs
The synthesis of STAGs containing n-3 PUFA located in the sn-2 position, like EPA or

DHA, and MCFAs in sn-1,3 positions, have received increasing attention in the last years.
Thus, as explained above, PUFAs from STAGs can be directly absorbed as sn-2 MAGs after
lipase pancreatic digestion, resulting in increasing absorption rates and becoming in a target
product for alimentary and pharmaceutical industry.

The designing of STAGs with a particular structure requires specific modifications at
the desired positions in the glycerol backbone [142]. Although some commercial STAGs
have been produced by chemical methods [147], the random nature of the reactions usually
limits the possibilities of such procedures. In contrast, the use of sn-1,3 regioespecific lipases
allows to a positionally specific modification of TAGs. Lipases belong to the hydrolase family,
although their physiologic role is the AG hydrolysis, can also operate “in reverse” under low
water activity conditions, synthesizing an ester bond. This property has been widely exploited
in the production of STAGs, allowing the catalysis of different types of reactions such as

interesterification, acydolysis, alcoholisis or esterification (Fig. 5).

Figure 5. Different reactions catalyzed by lipases (adapted from Houde et al. [148]).
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Actually, there is a wide supply of regioespecific lipases which show specificity for one or
more individual FAs and also present different degrees of regioespecifity. Immobilization
supports modify lipase properties, confer thermostability and allow an easy recovery of the
biocatalyst, but can also influence a non-desired process of acyl-migration [149], so the
choice of a suitable lipase becomes in a great importance step in the design of a STAG

synthesis reaction. These processes can be composed of one or more reactions:

4.1.1 One-step processes

Interesterification reaction is indeed an ester exchange where FAs from different TAGs
are relocated. Thus, employing a sn-1,3 regiospecific lipase, FAs in the extreme positions of
the glycerol backbone of an sn-2 PUFA rich oil can be replaced by a MCFA, resulting in a
mixture of MLM-type STAGs. This kind of reaction has been employed by Xu and coworkers
[150], who obtained different products by interesterification of fish oil and a caprylic and
capric acid mixture of TAGs, although a percentage of the original PUFAs remained at sn-1,3
positions (3.7% of EPA+DHA from total FAs in sn-1,3 position).

Acydolisis has been commonly applied looking for a modification of fish oil. In this
process, the acyl exchange takes places between an ester and a FA. With this objective, a
wide number of works have been reported. Shimada et al. [151] achieved a modified tuna oil
with nearly 45% incorporation of caprylic acid mainly located in sn-1,3 position (0.5% mol of
total FAs in sn-2 position) and 14.5% of EPA+DHA in sn-2 position, although DHA bounded
at sn-1,3 position was not exchanged. Similar results were obtained by Zhou et al. [152], who
reported a 45.2% incorporation of caprylic acid. Hita el al. [149] indicates an increase in
caprylic acid incorporation up to 56% and 26.7% mol EPA+DHA of total FAs in sn-2 position
when acidolysis of tuna oil was performed, parallel to an increase in the caprylic acid content
in sn-2 position. Results were improved in a later work [137], when acidolysis of tuna oil in a
continuous mode was performed. A 39.3% incorporation of caprylic acid and 42.1% mol of

DHA of totalsn-2 FAs was achieved with an optimal distribution.

4.1.2 Two-step processes



In order to obtain high purity MLM-STAGs from fish oil, two-step enzymatic methods
have been developed, involving sn-2 MAG production by alcoholysis prior to the final
esterification step.

Alcoholysis has been applied by Schmid et al. [153] to different fish oils, performing
MAGs with 70% (EPA+DHA), 75% (EPA+DHA) and 50% (EPA) PUFAs. The controversial
issue of this method is that purification procedures developed to purify sn-2 MAGs used
could produce acyl-migration processes.

Muhio et al. [154] reported the production and purification of sn-2 MAGs from tuna oil,
obtaining a purified fraction of MAGs with 31.8% EPA+DHA, but no regiospecific data were
provided. By applying solvent extraction to purify sn-2 MAGs, and later an esterification
reaction with caprylic acid, acyl-migration seems to be avoided, since PUFA content in sn-2
position of STAGs agrees with PUFA content in MAGs, resulting in 39.9% of EPA+DHA of
total FAs in sn-2 position and 64% incorporation of caprylic acid [155].

Irimescu et al. [156] developed a method for the synthesis of STAG involving
ethanolysis of bonito oil and a reesterification of sn-2 MAGs with ethyl caprylate. They
achieved a final STAG mixture: 85.3% STAGs with two caprylic acid residues, 13% with two
original FA residues and 1.7% of tricapryloylglycerol. The calculated 1,3-dicapryloyl-2-
docosahexaenoylglycerol to 1,2(2,3)-dicapryloyl-3(1)-docosahexaenoylglycerol ratio was

greater than 50:1, showing a good regiospecifity in the whole method.

4.2 STAGs quality and safety

Lipid oxidation is one of the major causes of quality deterioration in lipid-containing foods.
Despite their health benefits, all oils containing PUFA are highly susceptible to rapid
oxidative deterioration and thus experience problems with storage stability [157]. Therefore,
is important to prevent oxidation of any edible oil and foods that contain them in order to
maintain their quality and safety.

Oxidation of oils may be initiated by light, heat, and in the presence of metal ions. QOil
oxidation occurs via a free-radical chain reaction mechanism involving initiation, propagation,
and termination steps [158]. Oxidative deterioration of edible oils involves autoxidation
accompanied by both oxidative and nonoxidative reactions [159]. The oxidation products
from oils, which include hydroperoxides, decompose to produce a variety of volatile
compounds that result in off-flavor and offodor in oils [160].

Peroxidation can be measured by a great number of methods, which include oxygen
consumption of PUFAs, lipid hydroperoxide formation, thiobarbituric acid (TBA) trials of
malonaldehyde (MDA), gas chromatography/mass spectrometry (GC/MS) of volatile

compounds and sensory evolution, and diene conjugation [161].



Rancidity of lipids can be retarded by several procedures. Among them, phenolic
compounds, such as butylated hydroxyanisole (BHA), butylated hydroxytoluene (BHT) and
organic esters of gallic acid (gallates) have been widely used as antioxidants in foods
containing oils [159].

Several authors discus about the oxidizability of STAGs. The most interesting results
among literature are shown below. The oxidative stability of STAGs based on y-linolenic acid
(18:3n-6; GLA)-rich borage oil (BO) and evening primrose oil (EPO), modified with DHA was
compared with unmodified borago oil and evening primrose oil as controls [160]. It was
probed that STAGs gave rise to higher quantities of conjugated dienes, TBARS, and
headspace volatiles as compared to their unmodified counterparts, and results indicated that
modified oils were less stable than their unmodified counterparts.

Other work about STAGs pointed in the same direction. This way, after the
incorporation of capric acid (CA) into the DHA single cell oil DHASCO, the oxidative stability
of the modified DHASCO in comparison with the original DHASCO, as indicated in the
conjugated diene values, showed that the unmodified oil remained relatively unchanged
during storage for 72 h, but DHASCO- based structured lipid was oxidized to a much higher
level than the original oil. It was argued that removal of antioxidants during the process is
primarily responsible for the compromised stability of the modified oil [162].

Other studies about STAGs made for infant milk formulation founded that the oxidative
stability index, after purification by distillation and addition of antioxidants, was similar
between STAGs and the starting oil blends, and also that oxidative stability of the STAGs
can be improved with tocopherol addition as antioxidants [163].

After the literature, and taking into account that STAGs may contain FAs with a high
degree of unsaturation, to prevent its oxidation it seems advisable to keep the maximum
precautions that are usual for PUFAs: the addition of antioxidants, the performing enzymatic

synthesis processes in an inert atmosphere, and its preservation at low temperatures.

To conclude STAGs having MLM structure is the best source of sn-2 MAGs, which are the
most favorable structure for LCFAs, allowing these to be used in biosynthetic processes.
Unfortunately, no natural sources containing MLM have been found until now. However,
MLM-TAGs can be achieved by means of chemical or enzymatic reactions.

Although some commercial STAGs have been produced by chemical methods, the
random nature of the reactions usually limits the possibilities of such procedures. In contrast,
the use of sn-1,3 regioespecific lipases allows to a positionally specific modification of TAGs.
These processes can be composed of one or more reactions. Among one-step processes,

acydolisis has been commonly applied looking for a modification of fish oil, while for two-step



processes ethanolysis of bonito oil and a reesterification of the obtained sn-2 MAGs with
ethyl caprylate showed good results.
Considering that STAGs may contain FAs with a high degree of unsaturation, to prevent

its oxidation it seems advisable to keep the maximum precautions that are usual for PUFAs.

5. Fish oil health benefits

Epidemiological studies later confirmed that the marine oil consumed by the Inuit
population rich in EPA and DHA, was directly correlated with a cardioprotective role on the
risk of cardiovascular disease in healthy individuals [164-168]. Over the years the number of
studies in this area has increased, emphasizing the importance of fish oil consumption
mainly supported by two important intervention studies that found a cardioprotective effect of
these n-3 PUFA, the DART and GISSI studies: (i) DART - Diet and reinfarction trial: a
secondary prevention study in which male individuals who had previously suffered a
myocardial infarction, ingested over 2 years fish oil capsules, results showed a 29%
reduction in overall mortality, and a 33% decrease of deaths caused by heart disease [169]|
(ii) The GISSI- Gruppo Italiano per Studio della Sopravvivenza nell it 'miocardico infarction -a
secondary prevention study with 11,324 patients surviving a myocardial infarction, receiving
for 42 months fish oil capsules with 850 mg of EPA + DHA/day. Results pointed out that
there was a 15% reduction in death from heart attack or stroke. The overall mortality
decreased 21% and sudden death caused by heart disease decreased 45% [170]. Among
the possible mechanisms of intake of n-3 PUFA in reducing cardiovascular disease and
platelet stability, is described its effect in decreasing the total lipids in plasma, decreased by
approximately 25-30% of TAGs in plasma decreased very low density lipoprotein (VLDL)
production [165, 171].

Metabolic disorders, like obesity, metabolic syndrome (Met Synd) and diabetes, are
characterized by increasing TAG production and impair of TAG metabolism, contributing for
VLDL and chylomicron (QM) particle accumulation. Combined, these metabolic features
contributed for LDL clearance delay, by LDL-receptor (LDL-R) competition with TAG-rich
lipoproteins, lead to long-time LDL circulation. This can take to LDL modified particles
towards a small and dense LDL (sdLDL). n-3 PUFA, mainly EPA, enhances B-oxidation, and
decreases the substrate available for neo TAG synthesis in vivo. Both, EPA and DHA, can
significantly decrease the VLDL production, by several mechanisms, and n-3-TAG-enriched
lipoproteins are more rapidly metabolized by TAG lipases [172-174]. sdLDL, by itself, has
less affinity for LDL-R and are more prone to oxidation. Metabolic disorders can also be
characterized by an increase in the lipid oxidation, the Maillard reaction and glycoxidation.

These effects increase radical-mediated reaction, ROS production, and the accumulation of



very reactive aldehydes and dicarbonyl compounds. This scenario can lead to increasing
susceptibility of LDL particles for modifications and oxidation (LDLox), an important

biomarker of cardimetabolic risk (Figure 6).
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Figure 6. Hyperglicemia and dyslipidemia can lead to increase production of ROS, reactive
carbonyl compounds and AGEs, which, by several mechanisms, can impair lipoprotein
metabolism and endothelial function. IR: Insulin Resistance; MR: Maillard Reactions; AGEs:
Advanced Glycation End Products; RAGE: AGE Receptor; ROS: Reactive Oxygen Species;
PL: Phospholipids; EL: Endothelial Lipase.

LDL modified particles also favour the expression of adhesion molecules, increasing
macrophages activation and the release of pro-inflammatory mediators, like TNF-a. The later
can stimulate transcriptional factors that amplify the production of pro-inflammatory
mediators, leading to endothelial cells dysfunction [175-178]. Fish oils ingestion can
contribute to a beneficial lipoprotein profile. Moreover, the decrease of TAG-rich lipoproteins
effect is well known. However, more accurate evidences of n-3 PUFA mediate lipoprotein
effect are needed based on molecular mechanisms. In fact, the majority of studies showed
no significant changes in both, total LDL-C and HDL-C. A regular ingestion of fish oil
promotes significant changes on HDL2/HDL3 ratio, as well in their phospholipid (PL)

composition. The beneficial effects of n-3 PUFA, on lipoprotein profile, can be related with
their ability to change the composition, the size or the properties (e.g, antioxidant or
cholesterol scavenger capacity) of HDL, and also for LDL particles [179-184]. A shift toward
a large HDL and LDL subfractions seems to be beneficial in respect to n-3 PUFA

cardioprotective effect, and part of this effect is obtained independently of the changes in the



total HDL-C or LDL-C [179, 181, 184]. A more favourable n-3 PUFA mediated lipoprotein
profile is achieved even in those individuals that do not significantly alter the total HDL-C or

LDL-C. The role of HDL particles on reverse cholesterol transport is partially dependent of PL

composition of these lipoproteins. Likewise, the role of HDL particles in ceramide pathway
(inhibiting the sphingosine kinase) seems to be, at least in part, mediated by the type of fatty
acids in PL of these lipoproteins [185]. These features support the pivotal role of HDL, and
justify the indication for HDL increase/changes (in quantity and/or quality), even in the
subjects that achieved a normal LDL-C range [186]. n-3 PUFA can lead to changes in HDL
subfractions, increasing large HDL particles and/or reducing small HDL particles. The later
seems to be less cardioprotective than large HDL. Some of the effects attributed to n-3
PUFA on lipoproteins can be related to the TAG- and PL-lipase activity. Both, activity and/or
expression of LPL (liproteic lipase) and HL (hepatic lipase) can be modulated by n-3 PUFA
[187]. However, phospholipase activity might be the key feature in this process. EL

(endothelial lipase) is predominantly a phospholipase enzyme, compared with HL and LPL,
and has a pronounced effecton HDL metabolism in vivo. EL is related to the total HDL-C and
with changes of the profile of HDL particles and size [188, 189]. The effect of n-3 PUFA on
EL activity and expression can be an important mechanism to understand the effect of n-3
PUFA on HDL (and LDL) subfractions. EPA and DHA can alter the biosynthetic pathways of
PL, changing the composition of lipoproteins and EL activity. Moreover, EL showed to
possess specificity for different PL and, within the same class, a preference for DHA at sn-2
position of PL [190]. The effect of pro-inflammatory mediators on both EL activity and
expression seems to be an important mechanism for over-expression of EL that is related
with the decrease of the totalHDL-C and remodelling of HDL particles molecular composition
[189, 191, 192] (Figure 6). EPA and DHA can directly regulate the activity and/or expression
of EL; and indirectly, by down-regulating the production of inflammatory mediators [193]. EL
has a dual role on lipoprotein metabolism. Despite the effect on HDL remodelling (e.g. PL)
and catabolism (Apo A1), the lipase also acts on Apolipoprotein B [189]. HDL Apo A1

catabolism can reduce the protection of LDL particles from oxidation mediated by those

apolipoproteins. The effect of n-3 PUFA on ApoAl/ApoB ratio, an important cardiovascular
biomarker [194], as well HDL/ApoA1 ratio, can bring some light on the action of these fatty
acids related to EL. Future work may explain the potential benefit of n-3 PUFA on lipoprotein
metabolism, mediated by direct/indirect effect on EL expression and/or activity.

Studies also pointed out that consumption of n-3 PUFA is related to the relaxation of
the endothelium, since the path is vasodilatation dependently enhanced by increased
production of NO (nitric oxide), and independently by suppression of the influx of calcium ion

through the channel activated by transmembrane potential differences in smooth muscle



cells and endothelium. Inhibition of these channels also contributes to reducing the large and
rapid fluctuations in the concentration of free calcium, which contributes to the reduction of
ventricular arrhythmias (seen with supplementation with fish oil capsules [195, 196]. Thus,
the intake of fish oil (EPA and DHA) is associated with the decrease of blood pressure, this
decrease could be related to the inhibition of the renin-angiotensin system, including
angiotensin converting enzyme, thereby inhibiting the release of the hormone aldosterone,
which is responsible for the increase in blood pressure [197, 198]. Intake of fish oil is also
associated with improvements in processes and reduction of atherosclerotic platelet
aggregation as well as decreased production of clotting factors and fibrinolytic factors
[199-202]. The participation of EPA and DHA in the autonomic nervous system is also
evident, since they are associated with decreased activation of the sympathetic system,
increasing the activity of the parasympathetic system, thereby reducing cardiovascular risk
[203].

Another important effect of fish oil ingestion is related with the impact of n-3 PUFA in
membrane fluidity, flexibility, permeability essential for the proper functioning of tissues and
organs [204,205]. In fact, n-3 PUFA, particularly EPA and DHA are important structural
components of membrane phospholipids, serving as biosynthetic and cellular mediators.
DHA is selectively concentrated in the synaptic membrane and retinal membranes and is
thought to be related to visual function, brain development, behavior and learning. More
recent studies indicate the beneficial effect of n-3 PUFA the neurological level, anti-
depressive and mental health [206-208].

n-3 PUFA also act as autacoids, doing regulation of gene expression, the factors of
non-nuclear (SREBP- 1c_sterol regulatory element binding protein, isoform 1, subform c) and
nuclear transcription (PPARa PPARy, LXR, and HNF-4a, NF-k B). The SREBP-1c is a
binding protein, which participates in the activation of the transcription of genes involved in
fatty acid synthesis (acetyl-CoA enzyme, acyl-CoA and A6, A9 and A5 desaturases). In the
presence of PUFA, the transcription of SREBP- 1c is suppressed, and no interference in the
activation process of SRBP- 1c precursor, which occurs in the membrane of the reticulum
endoplasmic reducing the activity of this protein in binding to genes encoding the enzymes of
fatty acid synthesis [209]. Moreover, the PPARa (peroxisome proliferator activated receptor
isoform a), induces the genes for enzymes involved in B-oxidation, and liver desaturases,
establishing a direct link to PUFA. When in excess PUFA inhibit the transcription of the
desaturase and activate the transcription of the enzymes of B-oxidation of fatty acids [209].
The fatty acid profile of erythrocyte as a biomarker of several pathologic situations has been
receiving increasing attention. Dietary intake, digestion, absorption, metabolism, storage and
exchange amongst compartments, greatly influence the fatty acid composition in several

blood cells, plasma and tissues [210]. Erythrocytes provide a good model for study fatty acid



metabolism [211] and plasma exchanges explains the enrichment of n-3 PUFA in PL-
membrane of erythrocytes [212] (Figure 7).

Figure 7. Fatty acids could be incorporated into erythrocytes by exchanges with plasma, as
a function of dietary intake, metabolism, and storage and exchange amongst different
compartments (adapted for [213]).

Eicosanoid biosynthesis is also a central mechanism in regulating the anti-inflammatory
process in body, modulating the intensity and duration of immune response. n-3 PUFA
becomes the substrate for the synthesis of prostaglandins, thromboxanes and leukotrienes,
responsible for increased vascular permeability, vasodilation and increased production of
anti-inflammatory cytokines such as IL-4, IL-10 and TNF-B and regulation eliminating the
production of inflammatory cytokines such as IL-1, IL-2, IL-6, IL-8, TNF-a and CRP.
Therefore, fish oils seem to have a beneficial effect in diseases such as rheumatoid arthritis,
Crohn's disease, cystic fibrosis, obesity, atherosclerosis, among others [197, 214-218].

At normal physiologic conditions a correct balance between inflammatory mediators is
the usual situation. The immunomodelation of pro and anti-inflammatory mediators increased

in importance in the cases of bowel inflammatory disease, asthma, diabetes, autoimmune

diseases or in cancer [219, 220], as well as in obesity and cardiometabolic disorders. The



activation of CD4* T cells can lead to differentiation of T-helper cells and amplified immune
system response. The CD4" T cells can polarize between the Th1 and Th2 subset as
function of different internal and external stimulus. Th1 and Th2 cells release specific
cytokines, the first produces mainly IFN-y, IL-2 and TNF-a [221, 222], that can enhance the
pro-inflammatory response by activating the macrophages and increasing the citotoxic
capacity of CD8" T cells. The IFN-y stimulates B cells to produce antibodies and IL-12,
produced by CD8*, DC, and macrophages promote more polarization to Th1 cells by
activating STAT4 (signal transducer and activator of transcription 4) [222]. Th2 cells produce
mainly IL-4, IL-5, IL-9, IL-10 and IL-13 [219, 222]. IL-4 promotes Th2 cells differentiation, by
activation of STAT6, and IL-13, which enhance production of 1IgG1 and IgE, are related with
asthma and allergic reaction. T cells can also differentiate to Th3 cells, that produce TGF-(3
(transforming growth factor-beta) [222] and have an important role in antigen
immunotolerance. The TGF-[3 can modulate Th1/Th2 balance, macrophages, NK and B cells.
This means that TGF- 3 could have an important role in immunomodelation and inflammation.
Dietary components, like n-3 PUFA, can modulate the polarization of T cells by different
mechanisms, in both human and animal studies. EPA, DHA and fish oils can 1) reduce the
Th1 polarization [219] and provide a better Th1/Th2 balance [223]; 2) decrease IL-1, IL-2,
IFN-y, and TNF-a production [219, 223]; 3) create a more favourable eicosanoids profile; 4)
EPA and DHA, or their derivatives, can inhibit transcriptional factor that is involved in pro-
inflammatory cascade; and 5) possibly by the increase of TGF-[3 secretion [224]. This means
that n-3 PUFA can produce, locally or systematically a proper environmental by changing
Th1/Th2 polarizations, increasing Th3 differentiation, and decreasing pro-inflammatory
mediators. The consumption of higher levels of n-3 PUFA, leads to the replacement of ARA
in membranes by EPA, including the inflammatory cells. In these cells the incorporation of
EPA and DHA is made in a dose-response. This replacement results in decreased
inflammatory response due to the formation of eicosanoids 10-100 times less potent than
those derived from ARA, increased formation of resolvins E Series with anti-inflammatory
action, decreased production of inflammatory cytokines, decreased leukocyte signaling,
decreased expression of adhesion molecules like ICAM- 1 and VCAM-1 [214]. Despite the
unique properties of EPA and DHA (or derivatives), some of the above mentioned
mechanisms could bee integrated in light of n-3/n6 fatty acids ratio. In addition,
immunomodelation of n-3 PUFA can be explained by the capacity to change cellular
membrane properties, as a function of their capacity to altering conformation, organization
and cellular signalling pathways [219, 223, 225]. Conformational organization of n-3 PUFA
acyl chains (Figure 8) alters the properties of the membrane. The change in lipid rafts,

constituted mainly by saturated fatty acids, seems to be an important mechanism for anti-



inflammatory and immunomodelation properties of n-3 PUFA [223, 226]. DHA and EPA,
modulation of cellular signalling pathways could been explained, at least in partially, by the
modification of membrane microdomain organization; reducing NF-kB activation and IL-2
secretion, in CD4" T cells, by inhibitions of the protein kinase C [227], and of the JNK activity
and nuclear factor of activated T cells [228], respectively. The (micro) environmental
perpetuation of T cells is an important feature in inflammation and cancer development.
Activation of caspase 8, via Fas ligand [226] or TNFRI, induced apoptosis, and is closely

related with membrane properties and lipid rafts [229].
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Figure 8. Electrostatic potential for DHA and derivatives. The electrostatic potential (in a.u.)

is represented over a constant electronic isodensity p (in A™) surfaces of volume V; (in A3).
All figures correspond to p = 0.05 A=, (a) DHA dimer, (b) DHA ester dimer.

6. Recommended Intake Levels of n-3 PUFA and n-3 Sources in the Diet

Current recommendations for the intake of n-3 PUFA (18:3n-3 including, EPA and
DHA) were established for the prevention of deficiency in EFA, and the prevention and
treatment of CVD. Thus, the WHO recommended for the prevention of CHD and stroke
ischaemia, the PUFA in the diet should represent 60-10% of total energy intake, being 5-8%
n-6 PUFA and 1-2% n-3 PUFA, as well as a regular consumption of 1-2 servings of oily fish
per week, representing 400-1000 mg of EPA + DHA /day [230]. The ISSFAL (International
Society for the Study of Fatty Acids and Lipids) recommended that the maintenance of
cardiovascular health that LA represents 2% of energy, LNA 0.7% of the energy and 0.5 g of
EPA + DHA /day [231]. The AHA (American Heart Association) recommended in 2006 that
the American people should eat two portions (85 g) of oily fish a week, about 400-500 mg of
EPA + DHA/day, and to secondary prevention should use 1g of EPA + DHA /day [232, 233].

However the intake of more than 3 g of n-3 PUFA /day appear to be responsible for

gastrointestinal disorders [234]. Supplementation with very high n-3 PUFA levels (> 7g/dia)



may generate excessive bleeding when the level of n-6 PUFA in the diet is low (ARA, EPA
4:1), suppress certain immune responses, increase cholesterol (especially in individuals with
familial combined hyperlipidemia) or cause damage oxidative they contain low levels of
vitamin E [235, 236], and can transiently increased glycemia, by enhancing neoglucogenic

subtracts [237] and/or increased B-oxidation.
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