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ABSTRACT

Several types of antioxidative compounds are found in all fish species to protect their
lipids against damage caused by reactive oxygen species. These compounds belong to
various chemical groups and make use of their antioxidative effects via different
modes of action. These include antioxidant enzymes, amino acids, peptides, ascorbic
acid, carotenoids and phenolic compounds such as tocopherols and ubigquinones. The
occurrence of endogenous antioxidants in fish is reviewed, including their

concentration, chemical nature and antioxidative activity.

1 INTRODUCTION

Fish with its high content of unsaturated fatty acids (Ackman 1980, 1989a, 1989b;
Morris and Culkin 1989) is highly susceptible towards lipid oxidation (Ackman 1988,
Hardy 1980, Khayat and Schwall 1983). The resulting development of rancidity in
fish leads to undesirable changes in flavor (Durnford and Shahidi 1998, Karahadian
and Lindsay 1989), texture (Castell 1971, Sikorski et al. 1976), color (Haard 1992,
Jensen et al. 1998, Smith and Hole 1991) and nutritional value (Opstvedt, 1971, 1975,
Watanabe 1982). In fresh fish the balance between the prooxidative and antioxidative
factors which control oxidative reactions is maintained by numerous systems (Hultin
1992, 1994; Undeland 1997). With processing and prolonged storage time the control
of oxidation islost and the onset of lipid oxidation can no longer be prevented (Flick
et al. 1992). How long this will take is highly dependent on the type of handling the
fish is subjected to and the level of antioxidants present in the fish tissue (Decker
1998, Petillo et al. 1998).

In this review, the role and mechanism of endogenous antioxidants in fish and
seafoods are reviewed, including their presence, concentration and antioxidative

mechanisms.

1.1 Lipid oxidation and antioxidants
Lipid oxidation has been well documented (Chan 1987, Frankel 1980, Labuza 1971,
Pokorny 1987, Frankel 1991). Autoxidation is the direct reaction of molecular oxygen

with organic compounds.
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Figure 1.1. Schematic illustration of the lipid oxidation process.
LH = unsaturated lipid, X = initiator, Le = alkyl radical, LO* = alkoxyl radical,
LOOe = peroxy radical, LOOH = hydroperoxide, AH = antioxidant.

Autoxidation of lipids proceeds through a free radical chain mechanism involving
initiation, propagation and termination steps (Figure 1.1). Lipid oxidation in fish is
influenced by severa catalytic systems for oxygen activation. To overcome the spin
restriction between ground state oxygen and lipids, the reaction requires initiation (or
initiator: X+) which may be the activation of ground state oxygen (°0,) into singlet
oxygen (*0y), superoxide (O.*), hydroxyl radical (HOO»), or peroxides (LOOH), or
transformation of unsaturated lipids into lipid radicas (Le). Under most
circumstances, autoxidation starts in the presence of initiators with an extraction of H-
atom from a fatty acid to produce the free radical. Subsequently the reaction proceeds
through propagation reactions, which produce further free radicals. In the terminating

reaction two free radicals combine to produce non-radical products.

Lipid hydroperoxides are formed in the propagation phase when lipid radicals react
with oxygen. They are relatively stable, but transition metal ions (Me), such as iron
and copper, as well as haem compounds catalyze their decomposition both by
oxidation and by reduction;

LOOH + Me™" —— LOe + OH + Me™*!
LOOH + Me"™ —— LOOs + H" + Me™

Transition metal ions are therefore important prooxidants for the initiation of lipid

oxidation.



In biological tissues such as fish muscle, other components such as proteins, amino
acids and ascorbate can interact with these free radicals to terminate the reaction.
When components other than lipids terminate the reaction, they are often referred to
as antioxidants.

The definition of an antioxidant as any substance that, when present at low
concentrations compared to those of an oxidizable substrate (Haliwell and
Guitterridge 1989) indicates that almost everything found in foods and in living tissues
including proteins, lipids, carbohydrates and DNA is able to act as an antioxidant
(Halliwell et al. 1995).

The antioxidant systems in living organisms may be divided in to two types. One is
represented by enzymes, such as superoxide dismutase, catalase and the peroxidases,
which remove reactive oxygen species. The other group of antioxidative compounds
scavenges free radicals, they are generally of low molecular weight and may be water-
or lipid soluble. These antioxidants reduce free radicals and are themselves oxidized.

After that they may be reduced to their active forms by other reducing systems.

In biological systems the initiation of oxidation is balanced by the presence of natural
antioxidants. Lipid-soluble antioxidants donate a hydrogen atom (H) to a fatty acid
based free radical more readily than does an unoxidised fatty acid. Water-soluble
antioxidants interacting between the agueous and lipid phases can then reduce the
lipid soluble antioxidant so they can continue to participate in these antioxidative
reactions. The ability of an antioxidant to reduce another antioxidant or alipid derived
radical is determined by their reduction potentials (Buettner and Jurkiewicz 1996). In
post mortem muscle tissue the ability to keep the antioxidants in the reduced state
diminishes with time because of the loss of reducing compounds, the ability to
stabilize lipid freeradical islost, and the lipids will eventually oxidize.

Antioxidants can act at different stages in the oxidation process and some may have
more than one mechanism of action. Their mode of action can be classified into the
following categories (Symons Gutteridge 1998):

e Removing oxygen or decreasing local O, concentrations.

e Removing catalytic metal ions.

e Removing reactive oxygen species such as Oy and H,0s.

e Scavenging initiating radicals such as *OH, LOe and LOOs.



e Breaking the chain of an initiated sequence.

e Quenching or scavenging singlet oxygen.

Thus antioxidants may directly or indirectly inhibit the initiation and propagation
steps of lipid oxidation. They sometimes have multiple effects and their mechanisms
of action are therefore often difficult to interpret. According to their mode of action,
antioxidants can be categorized into preventive inhibitors and true antioxidants.
Preventive inhibitors are those which interfere with the lipid oxidation initiation step,
for example with various prooxidants. Preventive inhibitors are divided into primary
and secondary inhibitors. Primary inhibitors remove active reduction products of
oxygen or convert transition metals to inactive forms. Secondary initiation inhibitors
can affect the production of the primary catalysts of lipid oxidation. True antioxidants
(AH), adso called chain breaking antioxidants interfere with the propagation step of
lipid oxidation by reacting with the lipid derived radicals. Chain breaking antioxidants
can be further sub-divided into hydrogen or electron donors to peroxyl or hydroxyl
radicals and hydrogen or electron acceptors from carbon-centered radicals (Scott
1997). The first class comprises phenol antioxidants and the second the stable

phenoxyl radicals and quinonoid compounds (Scott 1997):

Oz
Le LOOe
A
IlA AH
—C=C- + AH LOOH + Ae
Acceptor antioxidant Donor antioxidant

The most common food antioxidants are hydrogen donors, but inhibition by electron
acceptors can become important in biological tissues since the oxygen pressure is
much lower in healthy tissues than in the atmosphere (Gordon 1990).

The key reactions of chain-breaking antioxidants can be listed as:

LOOs + AHe — LOOH + Ae-

LOs + AH <> LOH + Ae

Ae + LOOs — Non-radical products
Ae + Ae — Non-radical products



A molecule will be able to act as a primary antioxidant if it is able to donate a
hydrogen atom rapidly to alipid radical and if the radical derived from the antioxidant
is more stable than the lipid radical, or is converted to other stable products. The
antioxidant radical (Ae) formed from phenolic compounds is stabilised by
delocalization of the unpaired electron around its aromatic ring and further increased

by substituents at the ortho and para positions (Frankel 1998a).

Primary antioxidants can become less active at high concentration because of their
tendency to act as chain-carriers and become prooxidants (Gordon 1990):

AH + O, — Ae + HOO»
AH + LOOH — Ae + LOe + H,0O5

In multi-components systems, antioxidant compounds can reinforce each other by
cooperative effects known as synergism (Frankel 1998b). Significant synergism is
generally observed when chain-breaking antioxidants are used together with
preventive antioxidants or peroxide destroyers because they suppress both initiation

and propagation reactions of free radicals.

1.2 Fish assource of antioxidants

There are several natural compounds that participate in the antioxidative defense
mechanism of fish (Hultin 1992, 1994; Undeland 1997). These include enzymes
(catalase, peroxidase, glutathione and superoxide dismutase), carotenoids, peptides,
amino acids and phenolic compounds (tocopherols, ubiquinones). These compounds

are found in the cell plasma, mitochondria of cell membranes.

Table 1.1. Typesof lipid oxidation inhibitorsin fish.

Type of inhibitor Mode of action Chemical compound

Antioxidants Propagation inhibitors, react Tocopherols, ubiquinone,
with free radicals carotenoids, ascorbic acid

Synergists Reinforce activity of Tocopherol, amino acids,
antioxidants peptides, ascorbic acid,

phospholipids

Retarders Reduce hydroperoxides Catalase, peroxidases, amines

Metal scavengers Inhibit metals to catalyze Amino acids, peptides,
production of freeradicals phospholipids, ascorbic acid

Singlet oxygen quenchers Inactivates singlet oxygen Superoxide dismutase,

ascorbic acid, carotenoids




Types of lipid oxidation inhibitors found in fish is summarized in Table 1.1, including

their modes of activity and chemical nature.

2 ENZYMES

Living cells possess very active enzyme defense mechanisms against reactive oxygen
species, such as O, and H,0O,. This includes catalase, glutathione peroxidase and
superoxide dismutase. The level of enzyme activity varies with species and muscle
type (Decker and Xu 1998).

2.1 Catalase

Catalase, which is a metal-containing enzyme, is the most efficient enzyme that
promotes redox reaction:

2H,0, — 2H,0+ O,

Hydrogen peroxide itself is not particularly reactive with most biologically important
molecules, however, it may acts as a precursor for more reactive oxidants such as
*OH.

2.2 Superoxide Dismutase

Superoxide Dismutase (SOD) is a metalloenzyme acting as primary preventive
inhibitor by catalyzing the conversion of superoxide anion (O.*) to H,O, and O
(Symons and Gutteridge 1998). The content of antioxidant enzymes (superoxide
dismutase and catalase) in elasmobranchs (shark and ray) is lower than in teleosts and
seems to follow the overall metabolic oxygen consumption and oxidative activity of

each magjor fish taxonomic group (Haard 2000).

2.3 Glutathion peroxidase
Glutathion peroxidase (GSH-px) is another propagation inhibitor in the agueous phase
of fish muscle that is located in the mitochondria and cytosol of skeletal muscle cells.

GSH-px is a selenium-containing enzyme (Symons and Gutteridge 1998) that



catalyses the reduction of hydrogen of lipid peroxides (LOOH) with reduced
glutathione (GSH).

2GSH + H,0, — 2H20 + GSSG

GSSG is then reduced back to GSH by glutathione reductase at the expense of
NADPH.

GSSG + NADPH + H" — 2GSH + NADP*

Glutathione peroxidase differs form catalase in that it is capable of reacting with both
lipid and hydrogen peroxides (Halliwell and Gutterridge 1989). The specific activity
of GSH-px in fish ranges form 7.7 to 65 nmol/min/mg protein as reported by Nakano
and coworkers (1997). Selenium, which is required for glutathione peroxidase
activity, is obtained from the diet and glutathione peroxidase activity can be enhanced
in chicken muscle by increasing the level of selenium in the diet (DeVore et al. 1983).
Same authors found conversely relationship between glutathione peroxidase activity
and lipid oxidation in post mortem chicken muscle. GSH-px is the only antioxidant
enzyme in muscle foods, which has been reported to be influenced by animal diet
(Decker and Xu 1998). Antioxidative enzymes have little significance in food
application and they are currently not of commercial significance in the food industry
(Meyer and Isaksen 1995).

3 ASCORBICACID

3.1 Chemistry of ascorbic acid

Vitamin C or L-ascorbic acid is chemically simple, athough its ene-diol structure
provides it with a highly complex chemistry, which has been reviewed by Buettner
and Jurkiewicz (1996).

Figure 3.1. Structure and redox reactions of ascor bate.



Vitamin C is water-soluble and is present in its deprotonated state as ascorbate under
most physiologic conditions (Sies and Stahl 1995). It has a redox chemistry with
radical intermediates and it is modified by the acidic properties of the molecule. The
chemical structure of ascorbate is a-keto lactone with a five-membered ring (Figure
3.1). Ascorbate (1) is an excellent reducing agent. The loss of an electron by ascorbate
gives the stable semidehydroascorbate radical (I1) due to the delocalized unpaired
electron, which can be further oxidized to give dehydroascorbate (I11). Ascorbic acid
is adiacid. The dissociation constants are pK; = 4.17 (at the 3-OH) and pK;, = 11.57
(at the 2-OH).

3.2 Function of ascorbic acid

The history of vitamin C is associated with the prevention of scurvy and it was named
ascorbic acid due to its antiscorbutic properties. Scurvy is caused by deficiency of
ascorbate from the human diet. Ascorbic acid is required as a cofactor for proline
hydroxylase and lysine hydroxylase, involved in the biosynthesis of collagen.
Collagen synthesized in the absence of ascorbic acid is insufficiently hydroxylated
and does not form fibers properly, giving rise to the scurvy symptoms, which are poor
wound-healing and fragility of blood vessels (Halliwell and Gutterridge 1989). Nearly
all species of animals synthesize vitamin C and do not require it in their diets.
However, humans, other primates, some birds and fish such as Coho salmon, rainbow
trout, and carp cannot synthesize the vitamin because of the loss of aliver enzyme, L-
glucono-y-lactone oxidase, during the course of evolution (Deshpande et al. 1996).
Ascorbate is required as a cofactor for several enzymes and for the action of the
copper enzyme dopamine-B-hydroxylase which converts dopamine into noradrenalin
(Halliwell and Guitterridge 1989). Ascorbic acid is an essential factor in severa
hydroxylation reactions, primarily because of its ability to act as a redox couple, but
most physiological functions of ascorbic acid are related to its ability to act as an
electron donor (Deshpande et al. 1996).

3.3 Occurrence of ascorbic acid

Vitamin C is found through out the plant and animal kingdom and its occurrencein all

living tissues, both animal and vegetable gives an indication of its vital biological role



(Kl&ui and Pongracz 1981). Fish muscle is generaly low in Vitamin C content and the
levels may be considered as negligible (Nettleton and Exler 1992). Levels of ascorbic
acid in the edible portion of fish and fish products have been reported by Gordon and
Martin (1982). The ascorbic acid found in white fish muscle averaged 0.33 + 0.19
mg/100 g with dlightly more in oysters and 1.7 mg/100 g in salmon. Sidwell and
coworkers (1978) reported somewhat higher values; 7.1+ 1.9insamon, 1.1 £ 1.1in
trout, 2.6 £ 1.2 in tuna, 1.5 + 0.6 in shrimp and prawns, and 9.0 + 3.8 mg/100 g in
herring. Nettleton and Exler (1992) measured ascorbic acid in edible portion of wild
and cultivated channel catfish, coho salmon, rainbow trout, red swamp crayfish and
White River crayfish. The vitamin C content of these fish was generally below 1
mg/100 g, except for rainbow trout with 1.8 mg/100 g in wild and 2.9 mg/100 g in
cultivated fish, and eastern oysters with 3.1 in wild and 3.8 mg/100 g in cultivated

oysters. Cultivated fish did not in general contain higher amounts of vitamin C.

Nettleton and Exler (1992) did also determine the vitamin C content in the relevant
fish species after cooking. Vitamin C values for al cooked samples were greater than
those in raw samples. The authors proposed that these findings were due to moisture
loss during cooking and that vitamin C was well retained after cooking. Other
processing of fish like hot smoking have also been found to have little effect on
vitamin C in fish. Thus Bhuiyan and coworkers (1993) found 4.7 mg/100 g of
ascorbic acid in fresh and 4.5 mg/100 g in hot-smoked fillets of Atlantic fall mackerel.

Storage time will probably affect the content of vitamin C in fish. Brannan and
Erickson (1996) measured the effect of frozen storage on the stability of ascorbic acid
in fillets and mince of channel catfish (Ictalurus punctatus). The initial ascorbic acid
concentration in fillets and mince was around 1.47 mg/100 g and decreased by afirst
order regression equation for both fillets and mince during frozen storage at -6°C. The
loss of vitamin C occurred at a faster rate in the mince, especialy through the first
four months. The ascorbic acid values for the fillets and mince at the end of the
storage experiment (6 months) were 1.19 and 0.63 mg/100 g, respectively. Large
losses of ascorbic acid in the initial phases of accelerated frozen storage (temperature
fluctuations) have also been reported in minced muscle of cultivated channel catfish
(Ictalurus punctatus) (Erickson 1993a) and striped bass (Morone saxatilis) (Erickson
1993b).



3.4 Antioxidant activity ascorbic acid

Ascorbate is readily oxidized, but the rate is dependent upon pH and the presence of
catalytic metals. Ascorbic acid solutions are quite stable at low pH, but as the pH is
raised above pK;, AscH becomes dominant and the stability of the solution decreases,
usually as the result of the presence of catalytic transition metal ions (Buttner and
Jurkiewicz 1996). However, even in absence of metals, the rate of oxidation increases.

Conseguently ascorbate undergoes true autoxidation:
A + O; > AC” + Op°

Ascorbate functions as metal chelator and oxygen scavenger. Approximately 3.5 mg
of ascorbic acid will scavenge the oxygen contained in a 1 cm® headspace (Kitts
1997). Furthermore ascorbate is effective in trapping both singlet oxygen and
superoxide (Kitts 1997).

Unlike the oxidation-reduction reactions in which ascorbate donates two el ectrons, the
antioxidant reactions use its ability to donate a single electron to free-radical species
(Deshpande 1996). According to Buettner and Jurkiewicz (1996) the low reduction
potential of ascorbate (AscH") enables it to repair oxidizing free radicals with greater
reduction potential (Table 3.1), including *OH, ROe, ROOe, GSe, urate and
tocopheroxyl radical (TOe):

AscH™ + Xo— Asce + XH

Table 3.1. Standard reduction potentials for selected compounds.

Reaction E’ (V)
*OH+¢e +H"— H,0 2.31
RO + € + H" — ROH (aiphatic alkoxyl radical) 1.60
ROO- + € + H" — ROOH (alkyl peroxy! radical) 1.00
GS* + € — GS (glutathione) 0.92
0, € +2H" - H,0, 0.94
PUFAe« + € + H" — PUFA-H (bis-allylic-H) 0.60
HU" + € + H" — UH, (urate) 0.59
TOe + € + H" — TOH (tocopherol) 0.48
H,O,+ € + H" — H,0O + HO» 0.32
AsC” + € + H" — AsC (ascorbate) 0.28
Qe +e+H" - QH 0.24
O, +e -0, -0.33
0,+€ +H" — HOO- -0.46

Source: Adapted from Buettner (1993), Buettner and Jukiewicz (1996) and Kagan (1996).
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Where Xe is any of these oxidizing free radicals. Asce- does not react by an addition
reaction with Oy, but can be recycled by reduction back to ascorbate by enzyme

systems (Buettner and Jurkiewicz 1996).

3.5 Recycling of other antioxidants by ascor bic acid

According to Buettner and Jurkiewicz (1996) ascorbate is capable of repairing
tocopheroxyl radical due to the lower reduction potential of ascorbate. The fact that
ascorbate is water soluble, while tocopherol is lipid soluble would suggest that in a
biological system there would be little interaction between these species. It has,
however, been well established in liposomes and experimenta membrane
preparations that the antioxidant active phenol group of tocopherol appears to be
located at the water/membrane interface (Buettner and Jurkiewicz 1996). This
physical arrangement allows the reaction between the tocopheroxyl free radical, TOe
and AscH™:

AscH + TO» —» Asc” + TOH

Thus the reaction of TOe with ascorbate allows the export of oxidative free radicals
from the membrane in such way that TOH donates hydrogen to lipid peroxyl radicals,
while ascorbate recycles tocopherol.

3.6 Prooxidant activity of ascorbic acid

Although ascorbate is considered to be the terminal small-molecule antioxidant in
biological systems, it may act in a prooxidant manner due to its excellent reducing
ability (Buettner and Jurkiewicz 1996). Ascorbate is able to reduce catalytic metals
such as Fe** and Cu** to their more catalytically active valence state Fe** and Cu®. In
general low concentrations of ascorbate are required for prooxidant conditions, while
high concentration is needed for antioxidant conditions. In the presence of ascorbate,
catalytic metals will initiate radical chain oxidations, but when ascorbate
concentration is high these radical processes will be less significant (Buettner and
Jurkiewicz 1996).
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3.7 Lipid oxidation and ascor bic acid

Ascorbic acid is noted for its complex multi-functional effects. Depending on
condition ascorbic acid can act as an antioxidant, a pro-oxidant, a metal chelator, a

reducing agent or as an oxygen scavenger (Frankel 1996).

Studies on the stability of ascorbic acid in fish and fish products compared to
oxidative stability have been done. Erickson (1993a) studied ascorbic acid
degradation in two strains (AQUA and LSU) of minced frozen Channel catfish under
accelerated conditions (temperature fluctuations). Both strains contained similar
amounts of a-tocopherol, but the LSU strain contained nearly 1.4 times more ascorbic
acid than the AQUA strain. By nine months of storage, neither strain contained
detectable amounts of ascorbic acid. Lipid oxidation measured as TBA values
increased evenly until after 6 months storage, when a sharp rise was observed. Lipid
oxidation was more pronounced in the AQUA strain with the lower initial ascorbic

acid levdl.

Undeland (19984) studied the lipid oxidation in herring fillets by measuring peroxide
value and decline in ascorbate during 15 days storage in ice. The decrease in
ascorbate was most rapid during the first 9 days of storage, where 61% of the ascorbic
acid disappeared. At the end of storage a total decline of 75% was observed. High
correlation between peroxide value and ascorbic acid results (r* = 0.87) indicated that
ascorbic acid is a rather good indicator of lipid oxidation in herring fillets during ice
storage.

Petillo and coworkers (1998) measured the kinetics of antioxidant loss of mackerel
during 11 days storage in ice. The loss of ascorbate in light muscle was more rapid
than the losses of the lipid soluble antioxidants (a-tocopherol and ubiquinone-10), but
similar to glutathione loss. Ascorbate and glutathione gave the best correlation with
sensory scores for light mackerel muscle and also along with ubiquinol in dark

mackerel muscle.

Simulating effects of lipid oxidation by ascorbate in mackerel muscle have also been
reported (Decker and Hultin 1990). It was suggested that ascorbate is capable of

reducing ferric ions which resultsin a catalysis of lipid oxidation.

The influence of ascorbic acid addition was determined in a study with fish
oil/lecithin/water system (Han et al. 1997). The individual addition of ascorbic acid

12



(0.04%) and s-tocopherol (0.2%) increased the length of the induction period of fish
oil from 4.4 h to 11.3 and 8.5 hours, respectively. When these antioxidants were

combined they acted synergistically as the induction period increased to 40 h.

4 AMINES, AMINO ACIDSAND PEPTIDES

4.1 Chemistry of amino acids, amines and peptides

Nitrogenous constituents not classified as proteins comprise between 0.5 and 1% of
total weight of the fish muscle (Spinelli 1982). Over 95% of the non-protein muscle
constituents of fish and shellfish consist of amino acids, imidazole dipeptides,
guanidine compounds, trimethylamine oxide (TMAOQO), urea, betaines, nucleotides and
compounds related to nucleotides (Ikeda 1980).

R- C|Z - COO
H

Figure4.1. General structure of amino acids.

Amino acids contain basic amino groups, acidic carboxyl groups and a side chain (R)
(Figure 4.1). The side chains influence the chemical properties of amino acids and
proteins. The types of side chains may be classified into four groups; polar-uncharged
are generaly soluble in agueous solutions, nonpolar are less soluble in aqueous
solvents, positively charged and finally, negatively charged dicarboxylic amino acids
(Anglemier and Montgomery 1976). Glycine, serine, threonine, cysteine, cystine,
tyrosine, aspargine and glutamine are amino acids with polar-uncharged side chains.
Alanine, valine, leucine, isoleucine, phenylaanine, tryptophan and methionine have
nonpolar side chain. Aspartic acid and glutamic acid have negatively charged side
chains, whereas lysine, arginine and histidine have positively charged side chains
(Anglemier and Montgomery 1976).

Many of these compounds as well as their degradation products have been related to
the flavor of fish. TMAO (Figure 4.2) can be degraded to trimethylamine (TMA),
dimethylamine (DMA) and formaldehyde (FA) and the contents of these compounds
have been used as spoilage indicesin fish (Regenstein et al. 1982).

13
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Figure 4.2. Trimethylamine oxide.
In frozen fish where bacterial activity is reduced, DMA and FA are formed both
enzymatically and nonenzymatically by the breakdown of TMAO (Hultin 1992a).

Carnosine, anserine and ophidine are one of a limited number of peptides that have
been identified in the extracts of fish. They are histidine containing dipeptides of

similar structure (Figure 4.3).

NH —CO — CH,—CH,—NH,

I Carnosine
HE=C— CHp—CH — COOH
N NH
\N
N
H
NH = CO — CHa=CHo—NH,
HE==C —CH,—CH — COOH Anserine
N N—CH
N/ ®
c
H
NH—CO — CHp— CH,~NH,
HC==C — CHp—CH — COOH Ophidine
HC— N N
v

[
H

Figure 4.3. Carnosine (s-alanyl-L-histidine), anserine (S-alanyl-L-1-methylhistidine)
and ophidine (f-alanyl-L-3-methyl histidine).

Other amino compounds considered with antioxidative properties in fish are
glutathione, which is a tripeptide (y-Glu-Cys-Gly), the polyamines, putrescine,
spermidine and spermine (Figure 4.4) and uric acid (Figure 4.5) (Decker and Xu
1998).

+ +
NH;-CH,-CH,-CH,-CH,-NH3 Putrescine

+ + +
NHs-CH,-CH»-CH,-NH,-CH,-CH,-CH»-CH,-NH5 Spermidine

+ + + +
NH5-CH,-CH,-CH,-NH,-CH,-CH,-CH»-CH»-NH,-CH,-CH,-CH»-NH, Spermine

Figure 4.4. Polyamines.
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Figure4.5. Uric acid.

4.2 Function of amino acids, amines and peptides

Free amino acids in fish muscle have been suggested to function in the regulation of
osmotic pressure, as their concentrations were higher in marine species than in their
freshwater counterparts and highest in crustacean muscle (Spurvey et al. 1998). Some
amino acids, such as p-alanine are abundant in fishes living in waters of low

temperature (Konosu and Y amaguchi 1992).

Amines are formed during normal metabolic processes in al living organisms, and
certain amines fulfill a number of biological roles (Bardécz 1995). TMAO is aso
reported to be present in high levels in fish living in cold water (Shibamoto and
Horiuchi 1997). Apparently TMAO is a part of the body's normal buffer system and
also a part of the system used for osmoregul ation of marine fish (Regenstein 1982).

The role of carnosine and anserine is aso unceratain, but they have been suggested to
act as buffers. Because pK, of the imidazole ring of carnosine and anserine are 6.83
and 7.04, respectively, they exhibit excellent buffering capacity at physiological pH
values (Chan and Decker 1994).

Therole of polyaminesisin cellular metabolism and in the synthesis of protein, RNA
and DNA (Bardocz 1995). All organs of the body require polyamines for growth,
renewal and metabolism (Anon 1995).

Glutathione is a hydrogen donor for the enzyme glutathione peroxidase, which
catal yses the reduction of hydrogen peroxide and organic hydroperoxides. Glutathione
is aso a cofactor for several enzymes in widely different metabolic pathways
(Halliwell and Gutterridge 1989).

Uric acid is a by-product of purine metabolism and has usually been thought to be a
waste product with no biological function (Deshpande et al. 1996). More recently uric
acid has become increasingly recognized as an important biological antioxidant
(Halliwell 1996).
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4.3 Occurrence of amino acids, amines and peptides

Fish and shellfish are high in nitrogen compounds compared to other foods, ranging
from 10% to 40% (Venugopa and Shahidi 1996). The concentration and composition
of the non-protein nitrogen fraction are dependent on the species, season, spawning
migration, environmental conditions, diets, freshness, tissue parts etc. (Finne 1992).
Free amino acid content in muscle of some fish and seafood is listed in Table 4.1.
Free amino acids in relatively high amounts in fish are glycine, taurine, alanine and
lysine. Shellfish contain larger amounts of glutamic acid, glycine and aanine than
finfish. Migratory fishes such as mackerel and tuna contain high amounts of histamine
and white-fleshed fishes are high in taurine content (Konosu and Y amaguchi 1982).

The free amino acid content of fish is relatively low when compared to shellfish.

Carnosine, anserine and ophidine, also known as balerine are abundant peptides in
fish and shellfish. Dark-fleshed fish, including eel, tuna and skipjack, contain
considerable amounts of carnosine, while other species of fish may have very small
amounts (Ikeda 1980). Anserine is abundant in tuna, skipjack and some species of
shark (Konosu and Y amaguchi 1982) and dark-fleshed fish (Ikeda 1980). Carnosine
and anserine contents of some fishes are listed in Table 4.2.

Table 4.1. Content of free amino acids in muscle of some fish and seafoods
(mg/100 g)

Amino Founder Mackerd Yedlowfintuna Shark Abalone Crab Prawn Krill
acid

Asp - - 1 7 9 15 - 52
Thr 4 11 3 7 82 30 13 54
Ser 3 6 2 10 95 158 133 43
Glu 6 18 3 12 109 62 34 35
Pro 1 26 2 7 83 239 203 217
Gly 5 7 3 21 174 190 1222 116
Ala 13 26 7 19 98 173 43 106
va 1 16 7 7 37 20 17 63
Met 1 2 3 6 13 9 12 34
lle 1 7 3 5 18 17 9 48
Leu 1 14 7 8 24 33 13 86
Tyr 1 7 2 5 57 20 20 48
Phe 1 4 2 4 26 13 7 53
Try - - - - 20 - - -

Lys 17 93 35 3 76 18 52 145
His 1 676 1220 8 23 6 16 17
Arg 3 11 1 6 299 397 902 266
Tau 171 84 26 44 946 50 150 206

Adapted from Ikeda (1982).
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Table4.2. Carnosine and anserine content of some fish and seafood.

Fish Carnosine Anserine Reference
(mg/100 gtissue)  (mg/100 g tissue)

Yellow fin tuna 55 234 Ikeda 1980
Skipjack 252 559 -

Horse mackerel 0 2.6 -
Swordfish 130 370 -

Sea perch 0 - -

Flat fish 0 - -

Eel 542 - -

Chum salmon 4-8 - Sikorski et al. 1990

Balerine has been detected only in small quantities in a limited number of species of
tuna and sharks, but it makes up the major part of the extractive components of baleen

whales, amounting to more than 1500 mg (Konosu and Y amaguchi 1982).

Trimethylamine oxide (TMAO) exists in a large number of fish and shellfish, but is
negligible in freshwater fish (Hebard et al. 1982). The highest values were reported in
elasmobranch tissues (500-1500 mg/100 g), followed by squid and gadoid muscle
(Tkeda 1980). In freshly caught gadoids such as cod and haddock, TMAQO amount to
350 mg/100 g (Venugopa and Shahidi 1996). Some seaweeds have been reported to
contain high levels of TMAO and there is a possibility of direct incorporation of
TMAO by aquatic animals feeding on seaweed (Ikeda 1980). White fleshed fish
generally contain larger quantities of TMAO than dark-fleshed (pelagic) fish (Hebard
1982). TMAO level in fish varies with the season, size and age of fish, as

well as environmental conditions to which the animal is subjected (Hebard et al.
1982). In addition white-fleshed fishes have higher TMAOQO in ordinary muscle than in
the dark muscle, but the opposite is true for dark-fleshed fish such as sardine,

mackerel, tuna and skipjack (Tokunaga 1970).

Polyamines are commonly found in foods (Bardécz 1995) and spermine and
putrescine occur naturally in salmon spermary tissue (Sasaki et al. 1996). Fish has
more putrescine than either spermidine or spermine (Barddcz 1995). All types of food
contain putrescine and spermidine, which are the most common compounds, whereas
spermine, agmatine and cadaverine may also occur naturally, and are not necessarily
the result of bacterial contamination (Bardécz 1995). Dietary polyamines at levels
normally present in foods are non-toxic, while biogenic amines, particularly

histamine, are toxic at high intake levels (Bardocz 1995). Tuna and mackerel are
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known for their risk of histamine production during spoilage (Ritchie and Mackie
1980).

Reported contents of glutathione in fish are 4 mg in carp and 13-20 mg in salmon
(Konosu and Yamaguchi 1982). Petillo and coworkers (1998) found higher

glutathione content in light muscle of mackerel compared to dark muscle.

4.4 Antioxidant activity of amino acids, amines and peptides

Amines, peptides and amino acids are known to have significant antioxidant
properties. In general, they function as synergists or primary antioxidants. Amino
acids, peptides and nucleotides are believed to be important metal chelators present in
fish (Hultin 1992b).

Most of the amino acids have antioxidant properties depending on the pH of the
medium and their concentration. Marcuse (1962) found that most amino acids had a
significant antioxidative potential even in the absence of primary antioxidants in
linoleic acid model system. Amino acids are also known to exert synergistic effect
with antioxidants. Various amino acids have been shown to make covalent attachment
to Trolox-C, a synthetic derivative of a-tocopherol, to produce Troloxyl-amino acids
with higher antioxidant activities than Trolox-C alone (Taylor et al. 1981).

Amino acids are also suggested to have antioxidant properties as reaction products
with carbonyls from oxidizing lipids. Various studies have shown results that suggests
that reactions between oxidized lipids and amino acids produce many nonenzymic
browning reaction compounds, which exert antioxidative properties (Alaiz et al. 1995,
Alaiz et al. 1996, Ishtiaque et al. 1996). The reaction of sugars and carbonyl
compounds with amino acids or proteins are known as Maillard reaction or non-
enzymatic browning. Their antioxidant properties are attributed to the formation of
reductone (enaminone) structures that have both reducing and metal complexing
properties (Frankel 1998b). Furthermore the basic amino acids (histidine, lysine and
arginine) are known to produce the most effective antioxidant products with sugars
(Frankel 1998Db).

A range of protein hydrolyzates of fish have been found to exhibit antioxidant
activities. A polar fraction of krill extract, which was identified as a mixture of 13-20

free amino acids, was reported as having strong antioxidant activity (Seher and
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Loschner 1985). Capelin protein hydrolyzates exhibited a significant antioxidant
effect in B-carotene-linoleate emulsion, while seal protein hydrolyzate displayed a
significant prooxidative effect at high concentration and antioxidative effect at low
concentration (Shahidi and Amarowicz 1996).

Carnosine is capable of chelating copper but ineffective at inhibiting iron catalyzed
oxidation of ascorbate (Chan and Decker 1997). Both carnosine and anserine have
been found to scavenge hydroxyl radicals and quench singlet oxygen (Chan and
Decker 1997). Carnosine has also been shown to quench unsaturated adehydic
oxidation products and is therefore suggested to decrease the toxicity of lipid
oxidation products in muscle foods (Zhou and Decker 1999). The antioxidant activity
of carnosine and anserine is proposed to involve both the amino acid composition and
the peptide linkage between p-Ala and His, whereas neither imidazole group
methylation nor free carboxyl-group amidation seems to interfere greatly with the

antioxidant activity (Can and Decker 1997).

Trimethylamine oxide is best known for its synergistic effect with tocopherol in fats
and oils. Ishikawa and coworkers (1978) postulated a synergistic mechanism between
tocopherol dimer and TMAO. The reducing tocopherol dimer is regenerated by
TMAO-H, which is an active intermediate from the reaction of TMAQO with peroxide.
Yuki and coworkers (1973) found that antioxidative activity of natural tocopherols
and butylated hydroxyanisole was promoted remarkably by addition of TMAO, using
lard and methyl esters of linseed oil under various oxidative conditions. TMAQO aone
had no antioxidative activity. Little is known about the antioxidant role of TMAO fish
muscle. The formation of formaldehyde and DMA due to breakdown of TMAO is
believed to be one of the mechanisms operative in protein denaturation in frozen fish
tissue (Hultin 1992a). TMAO may be degraded by alternative unknown pathways, as
it has been shown to degrade faster than the production of DMA and/or TMA in
frozen gadoids at temperatures below -12°C (Sotelo et al. 1995) and in the presence
of oxidized lipids (Joly et al. 1997).

Glutathione (GSH) functions as an antioxidant in tissue by inactivating free radicals
and by providing a source of electrons which alows glutathione peroxidase to

enzymically decompose hydrogen and lipid peroxides (Decker and Xu 1998).

glutathione peroxidase

2H O + 2GSH — GSSG + HO
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Two molecules of GSH join together as the -SH groups of cysteine are oxidized to
form a disulfide bridge, -S-S-. Oxidized glutathione, GSSG is reduced back to GSH
by glutathione reductase to maintain a ratio of GSH/GSSG greater than 10 in normal
cells (1998a). In fish muscle glutathione seems to protect against quality loss in the
early stages of storage and it has been found to decrease faster during storage than
other endogenous antioxidants in fish (Brannan and Erickson 1996, Petillo et al.
1998).

The polyamines, putrescine, spermidine, and spermine inhibit lipid oxidation by free-
radical inactivation and inhibition of iron catalyzed reactions (Decker and Xu 1998).
Antioxidant activity of the polyamines increases with increasing number of amine

groups, spermine > spermidine > putrescine (Lovaas 1991).

Uric acid inhibits oxidative reaction by quenching and/or scavenging singlet oxygen,
iron chelation and free radical scavenging (Halliwell 1996). Little is known about the

antioxidant role of polyamines and uric acid in skeletal muscle (Decker and Xu 1998).

45 Prooxidant activity of amino acids, amines and peptides

Amino acids may serve both as catalysts and antioxidants, depending on their
concentration, surrounding pH and other factors. Marcuse (1962) found that most
amino acids had a significant antioxidative potential in linoleic acid and methyl esters
of linoleic acid. However, cysteine was a notable exception and was found to be
normally a prooxidant. Marcuse suggested that there might be a tendency towards a

prooxidative inversion with relatively high amino acid concentrations, or at low pH.

Uric acid and glutathione are not aways perfect antioxidants. Both uric acid and
glutathione may form radicals through reactions with *OH, which might cause some
biological problems. GSH reaction with superoxide radical can also lead to formation
of singlet oxygen (Halliwell and Gutterridge 1989).

5 TOCOPHEROLS

5.1 Chemistry of tocopherols

The chemistry of tocopherols and tocotrienols has been reviewed extensively (Schuler
1990, Madhavi et al. 1996, Niki 1996). The term vitamin E is used to describe all
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tocol and tocotrienol derivatives that exhibit the biological activity of a-tocopherol. a-
Tocopherol is one of the eight forms, or homologes of vitamin E. All of these have 6-
chromanol ring structure with different number of methyl groups and a phytol side
chain (Figure 5.1) (Madhavi et al. 1996). Based on the structure of the side chain,
these compounds can be further classified as tocopherols (or tocols) and tocotrienols,
containing an unsaturated side chain with double bonds at the 3-, 7°- and 11'-

positions.

5.2 Function of tocopherols

Vitamin E has long been known to be an essential nutritional factor for animals. A
lack of vitamin E causes wide variety of symptoms including sterility in animals
(Deshpande et al. 1996). In humans, vitamin E-deficient diets do not lead to a
characteristic disease or disorder, however, recent research suggests that vitamin E
deficiency is associated with an elevated risk of atherosclerosis and other
degenerative diseases (Bramley et al. 2000). Vitamin deficiency in fish have also been
reported (Watanabe 1982).

CH, CH, CH, o-tocopherol
B-tocopherol

5 CH, y-tocopherol
8-tocopherol

Figure 5.1. Tocopherals.

Low content of tissue tocopherol was found in carp with "Sekoke' disease,
histologically muscular dystrophy. This disease was induced when the carp was fed
diets containing oxidized lipids. This disease of carp was effectively prevented by the
addition of DL-a-tocopherol acetate (50 mg/100g diet) but not by antioxidants such as
BHA, ethyl gallate and ethoxyquin. The author concluded that it was most likely that
the oxidized lipids destroyed the a-tocopherol originally present. According to
Watanabe and Takeuchi (1989) the tocopherol requirement of rainbow trout, which is

21



markedly lower than that of carp is aso affected by dietary lipid content. Rainbow
trout fed tocopherol-deficient diet containing 15% methyl esters of pollock liver oil
(0.9 g in body weight) resulted in poor growth, low feed conversion, and a high
mortality along with convulsion. Addition of 5 mg of a-tocopherol to the diet

effectively prevented these symptoms.

Many early observations about the damaging effects of deficiency of vitamin E in
animal diets could be partially or completely improved by synthetic antioxidants led
to the conclusion that vitamin E functions in vivo as a protector against lipid
peroxidation (Deshpande et al. 1996). The major function of vitamin E is namely as
an antioxidant (Niki 1996) and it is the principal component of the secondary defense
mechanisms against free-radical mediated cellular injuries (Deshpande et al. 1996).
The phenolic hydroxyl group is critical for the antioxidant activity of vitamin E and
the presence of at |east one methyl group on the aromatic ring is also critical (Bramley
et al. 2000). Vitamin E is lipophilic and located in the lipophilic compartment of
membranes and lipoproteins, where it acts as an antioxidant primarily by scavenging
active freeradicals (Niki 1996).

Of dl of the isomers and analogs, RRR-a-tocopherol, formerly known as d-o-
tocopherol, has the highest biological activity (Niki 1996). The biopotencies of
tocopherols, defined as the absorption in the gut, is in the order a-tocopherol > -
tocopherol > y-tocopherol > 8-tocopherol, and a-tocotrienol, which has approximately
25% of the biopotency of a-tocopherol (Deshpande et al. 1996).

The stabilization of singlet oxygen may also be an important function of vitamin E
(Niki 1996). According to Halliwell and Gutterridge (1989 vitamin E influences the
metabolism of arachidonic acid in platelets and leukocytes and it affects the
metabolism of vitamin A. Vitamin E possesses numerous beneficia effects that may
arise from its function as a radica scavenging antioxidant but cannot be fully
explained by its antioxidant function aone, since, for example other antioxidants
having similar functions do not produce similar actions (Niki 1996).

5.3 Occurrence of tocopherols

In marine animals a-tocopherol has been found to be the principal tocopherol

(Syvéojaet al. 1985). The tocopherol content of foodsisinfluenced by alarge number
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of factors e.g. seasonal differences and significant losses may occur during processing
and storage of foods (Deshpande et al. 1996). Other factors may also be involved.

Each fish species has characteristic tocopherol levels in its tissue, which, since fish
are unable to synthesize the vitamin, are related to diet (Ackman and Cormier 1967).
The size or the age of the fish may also influence the tocopherol concentration. Thus,
Lopez and others (1995) found highest values for a-tocopherol in the youngest
rainbow trout, but no significant difference was found between sexes in adult samples.

Considerable differences in a-tocopherol concentration have been reported between
light and dark fish muscle. Ackman and Cormier (1967) found a-tocopherol values
for the light and dark cod muscle 0.24 and 1.16 mg/100 g, respectively, corresponding
to 0.30 and 0.63 mg a-tocopherol/g lipid. Petillo and others (1998) found 4.4 fold
difference between the light and dark muscle concentration of tocopherol in mackerel
muscle. When expressed per gram of lipid, there was a decrease in differences, where
the concentration of a-tocopherol in the light muscle was 0.20 mg/g lipid compared to

0.64 mg/g lipid in the dark muscle.

The effect of processing on tocopherol content in fish has been studied. Erickson
(1992) measured the effect of cooking on minced channel catfish. About 60% of the
a-tocopherol remained after 5 minutes of heating at 177°C, and over 80% of the vy-
tocopherol. Other cooking methods like frying in vegetable oil may even increase the
tocopherol concentration in fish. Storozhok (1985) determined the tocopherol content
of peled whitefish (Coregonus peled). The a-tocopherol content was 11 mg/100 g
tissue in freshly caught fish and 37.1 mg/100 g in whitefish fried in vegetable oil.
Same author reported that the a-tocopherol level was only 4.3 mg/100 g in dry cured
whitefish. Lighter processing like freezing also affects the tocopherol content of fish.
Syvaoja and Salminen (1985) measured a-tocopherol in blast-frozen herring fillets.
The tocopherol content fell from 420 mg/kg lipid to 270 mg/kg during six months
frozen storage, that is over 60% of the a-tocopherol remained. Still, processes like
hot-smoking of fall Atlantic mackerel (Scomber scombrus) left the vitamin E virtually
unchanged (Bhuiyan et al. 1993).

Seasonal variations in tocopherol content of fish species may be considerable.
Syvéoja and Salminen (1985) measured tocopherols and tocotrienols in Finnish fish
and fish products and found that fish caught in the spring, the spawning season of
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most species, had a higher tocopherol content and lower fat content, than those caught
in the autumn. Others have reported the same situation. Hardy and Mackie (1969)
found a decrease in fat content, followed by an increase in tocopherol content in the
period from October to March in sprats. Ackman (1974) found a corresponding
inverse relationship between tocopherol content and fat content in commercia sole
fillets. The tocopherol content was as high as 500-600 mg/kg lipid in the lean period
of the year, and as low as 100 to 200 mg/kg lipid when lipid was at its highest in
September and October. The results of Syvéaoja and Salminen (1985) showed that the
tocopherol content of for example Baltic herring was 360 mg/kg lipid in the spring,
but the values for the autumn herring was 200 mg/kg lipid, or about 55% that of the
spring herring. The reason for this seasonal variation in tocopherol content has been
suggested to be a consequence of the sexual maturation of the fish, reaching their
peak during the spawning season (Syvéaoja and Salminen 1985; Hardy and Mackie
1969).

Table 5.1. a-Tocopherol content of some fish and fish products.

Fish® a-Tocopherol  a-Tocopheral/lipid Reference
(mg/100 g tissue) (mg/g lipid)

Cod liver ail 0.26-0.32 O Keefe & Ackman 1986

Mussel 0.5 Sidwell et al. 1978

Halibut 0.9 Schuler 1990

Shrimp 0.9 -

Cod 0.2 -

Flounder 0.36 0.25 Ackman & Cormier 1967

Sablefish 0.44 0.27 -

Lobster 15 151 -

Mackerel (autumn) 13 0.06 Bhuiyan et al. 1993

Baltic herring (spring) 2.45 0.36 Syvéojaet al. 1985

Baltic herring (autumn) 1.48 0.20 -

Cod (spring) 1.05 124 -

Cod (autumn) 0.95 0.62 -

Rainbow trout®™spring 1.89 0.19 -

Rainbow trout®autumn 1.43 0.09 -

Salmon-spring 2.02 0.16 -

Salmon-autumn 243 0.19 -

Salmon® 358 Refsgaard et al. 1998

Salmon (smoked) 0.38 Weber et al. 1997

Rainbow trout (steamed) 1.30 -

Herring (marinated) 0.43 -

& Cod (Gadus morhua spp.), mussel (Mytilidae spp.), halibut (Hippoglossus hippoglossus), shrimp
(Pandalus spp.), flounder (Pseudopleuronectes americanus), sablefish (Anoplopoma fimbria), |obster
(Homarus americanus), mackerel (Scomber scombrus), Baltic herring (Clupea harengus membras),
salmon (Salmo salar), rainbow trout (Salmo gairdneri).

® Cultivated.
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Syvéaoja and Salminen (1985) did observe that in high-fat fish the tocopherol:fat ratio
was lower than in low-fat fish. a-Tocopherol content of low-fat fish was on the
average 1100 mg/kg fat, with 300 mg/kg in the medium-fat and 160 mg/kg in the
high-fat species.

In the research of Syvéoja and Salminen (1985), a-tocopherol was found to be the
principal tocopherol in both marine and lake fish, although the a-tocopherol content
of marine fish was higher than that of freshwater fish. Ackman and Cormier (1967)
examined a-tocopherol content in five species of fish (cod, dogfish, mackerel,
flounder and sablefish). The values in both lean and fat major muscle tissues fell in
the range of 210-330 mg/kg lipid (Table5.1).

5.4 Antioxidant activity of tocopherols

Vitamin E is stable to heat and alkali in the absence of oxygen and is unaffected by
acids at temperatures up to 100°C. It is, however, slowly oxidized by oxygen to
tocopheroxide, tocopherylquinone, and tocopheryl hydroquinone as well as to dimers
an trimers (Deshpande et al. 1996). The oxidation rate is greatly enhanced by iron and
copper. The esters of vitamin E, e.g. tocopheryl acetate, are stable to oxidation and
cannot function as antioxidants. The active hydroxyl group is protected. However,
under certain conditions, e.g. acidic agueous systems (as in the stomach), a slow
hydrolysis of the tocopheryl acetate can be observed. The released tocopherol then

acts as an antioxidant (Schuler 1990).

The dynamics and mechanism of inhibition of oxidation by a-tocopherol have been
studied extensively and are now fairly well understood (Halliwell and Gutterridge
1995, Niki 1996). a-Tocopherol (TOH) acts as an antioxidant by scavenging lipid
peroxyl oxygen radical (LOQe):

LOOs + TOH — LOOH + TOe

According to Niki (1996) a-tocopherol scavenges the peroxyl radical about 10 times
faster than the lipid reacts with the radical. However, it is unlikely that vitamin E
scavenges hydroxyl and akoxyl radica efficiently in vivo (Niki 1996). The total
antioxidant potency is however not only determined by rate of the reaction but also by
the fate of the radical derived.
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TO-TO (dimer) @

TO- A TOH + Asce (regeneration) (b)
LOO»  LOOH
TOH A TO- LOO: , TO-LOO (adduct) (©
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TOH +Ls —> oxidation (d)

LOOH
TOH + LOOs —> oxidation ()

Figure 5.2. Proposed reaction pathways for tocopherol.

The tocopheroxyl radical (TOe) is relatively stable because the unpaired electron of
the oxygen atom can be delocalized into the aromatic ring structure of the molecule.
The resulting o-tocopheroxyl radical may react further in a proxidative or
antioxidative nature, depending on concentration and mobility of the antioxidant, the
site of formation and activity of attacking radical, and the interaction with other
antioxidants (Figure 5.2) (Niki 1996). The a-tocopheroxyl radical may react with
another vitamin E radical to give a dimer (reaction a). It may be converted back to
tocopherol by ascorbate (Asc), ubiquinone, or enzymes (reaction b). It may scavenge
another peroxyl radical to give an adduct (reaction c). Finally the vitamin E radical
may act as a prooxidant by abstracting hydrogen atom from lipids (LH) or
hydroperoxides (LOOH) to give lipid radical or peroxyl radical, respectively
(reactionsd and e).

The pro-oxidant action of o-tocopherol is mainly observed in foods at high
concentrations of the antioxidant and according to Schuler (1990) this has to be
considered mainly with a- and B-tocopherol, whereas y- and 3-tocopherol have less
prooxidant effect.

The relative antioxidant activity of different tocopherol homologs has been studied
with much attention. According to Frankel (1996) there are inconsistencies in these
results, which can be attributed to the wide differences in substrates tested, the level
of oxidation used in the tests and the method used to analyze oxidation. On basis of
oxidation of methyl linoleate, lard, cottonseed, and linseed esters, y- and o-
tocopherols have been reported to be relatively more effective than B- and o-
tocopherols (Lea 1960, Lea and Ward 1959). However, Burton and Ingold (1981)
found that the antioxidative effectiveness of tocopherol isomers during initiated
oxidation of styrene in chlorobenzene solution increased in the same order as their

vitamin E activities, o> >y > 9.
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According to Niki (1996) ascorbic acid acts as a potent antioxidant when a-tocopherol
is present in the membrane and spares a-tocopherol by reduction of the tocopheroxyl
radical. Apparently the two vitamins interact at the surface of the membrane. Whether
this means that ascorbic acid acts as a synergist with a-tocopherol in vivo is not
evident. To be synergistic, the antioxidant effect of the combination must be more

extensive than the sum of the effects caused by either vitamin alone.

5.5 Tocopherol and lipid oxidation in fish

A number of studies on the stability of tocopherol in fish and fish products compared
to their oxidative stability have appeared. Petillo and co-workers (1998) measured the
a-tocopherol loss of both light and dark muscle of mackerel during 11 days storage in
ice. At the completion of storage, the a-tocopherol content of light muscle had
dropped to 40% of the initial level and about three-quarters of the a-tocopherol was
lost from the dark muscle. Rates of sensory quality loss and increase in TBA valuesin
the light and dark muscles were similar except that initial loss of quality in the dark

muscle was greater than that in the light muscle.

Bandarra and others (1997) measured the a-tocopherol loss of sardine (10% fat)
during 6 days ice storage. Fast reduction of the level of a-tocopherol was registered,
and not being detected at the 4th day. High correlations were obtained for a-

tocopherol, peroxide value and conjugated trienes.

Other research have shown remarkably good stability of tocopherolsin fish. Erickson
(1992) found no decrease in either a- or y-tocopherols (0.2 mg/100 g tissue each) in
minced channel catfish during seven days of refrigerated storage. No significant

increase was observed in the oxidative response of the same samples.

In a study with commercial sole fillets, the natural content of tocopherol showed an
inverse relationship to lipid content (Ackman 1974). Rancidity during frozen storage
was reported to develop more rapidly in fish caught in the summer months, during the

post-spawning feeding period with high lipid accumulation.

Notevarp and Chahine (1972) determined the tocopherol content of crude capelin
(Mallotus villosus) oils from five different processing plants. The mean tocopherol
content for the four oils possessing the best oxidative stability (24 days) was 0.33
mg/g, compared to 0.10 mg/g for the two with the lowest oxidative stability (11 days).
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According to Parazo (1998) cultured Atlantic salmon are usually supplemented with
tocopherol, solely in the a-tocopherol form. a-Tocopherol is expected to function as
antioxidant in vivo, but membrane bound a-tocopherol aso reduces postmortem lipid
oxidation in fish products (O'Keefe and Noble 1978, Sigurgisladottir et al. 1994,
Waagbo et al. 1993). Moreover, Parazo and others (1998) found that both a-
tocopherol and y-tocopherol were effective stabilizers of salmon muscle lipids during

frozen storage.

In an experiment by Frigg and others (1990) rainbow trout (150 g) was fed 0, 50, 100
and 200 1U of vitamin E/kg feed for 85 days. At the end of the feeding period, the
oxidative stability of the trout fillets was measured as TBA values under forced
oxidative conditions. The oxidative stability was relative to the amount of vitamin E
supplementation and the relationship of TBA values to the levels of a-tocopherol in
fillets tended to be hyperboalic.

Jensen and others (1998) measured lipid oxidation in rainbow trout fed different
levels of astaxanthin and o-tocopheryl acetate. Frozen storage (-28°C) of whole,
gutted fish for 18 months significantly reduced astaxanthin and a-tocopherol levels,
while lipid oxidation measured as TBA was limited. Lipid oxidation was however,
pronounced in smoked trout, but a high level of a-tocopherol in the fillet significantly
reduced lipid oxidation during chill storage of the smoked product. The authors
concluded that a-tocopherol seems to be more important as an antioxidant at more

advanced stages of lipid oxidation.

Erickson (1993a) studied tocopherol degradation in minced frozen Channel catfish
under accelerated conditions (temperature fluctuations). The tocopherol was lost
slowly during the first 6 months of storage, whereas after 9 months, less than 10% of
the initial tocopherol was detected. The author suggested that a critical nonprotecting
concentration of tocopherol had been reached after 6 months. Very good correlation
was obtained between tocopherol levels and oxidative response. According to
Erickson (1993b), monitoring the degradation of tocopherol is a sensitive indicator of

oxidative stability at early stages prior to formation of oxidation products.

According to Chan and Decker (1994), the most efficient method for using o-
tocopherol as an antioxidant is the incorporation of a-tocopherol into skeletal muscle
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by dietary means. In that way the a-tocopherol is incorporated into membrane lipids

whereinitial oxidation of skeletal muscle takes place.

6 CAROTENOIDS

6.1 Chemistry of carotenoids

Carotenoids are isoprenoid polyenes of eight Cs -isoprene units. There are two main
classes of carotenoids. The carotenes which are highly unsaturated hydrocarbons
corresponding to the empirical formula CyHss and the xanthophylls that are
oxygenated carotenes. Carotenoids are either dissolved in fats or combined with
proteins in the aqueous phase, and they occur in free form as well as in the forms of
esters, glycosides, sulfates and caroteoproteins (Matsuno and Hirao 1989).
Carotenoids contribute to the yellow, orange and red colors found in the skin, shell or
exoskeleton of several important fish and shellfish. A series of conjugated double
bonds constitutes a chromatophore of variable length, resulting in the characteristic
yellow to red colors (Britton 1985). Some important carotenoids are shown in Figure
6.1.

6.2 Occurrenceof carotenoids

Carotenoids are the most widespread pigments found in nature, as they occur in
bacteria, yeast, mold and green plants, and many animals. About 180 carotenoids have
so far been reported from marine life (Matsuno and Hirao 1989). Carotenoids in fish
are found in the skin, flesh, eggs, gonads, milt, liver and eyes. Most of the skin and
muscle pigments of fish and shellfish are xanthophylls (Haard 1992). In the skin the
xanthophylls occur in esterified forms, while in other organs they are in free forms
(Matsuno and Hirao 1989).

Crustaceans like lobster, crab and shrimp owe their diverse shades of red, brown,
blue, green to astaxanthin and other carotenoids which are conjugated with protein to
form carotenoprotein (Shahidi et al. 1998).

Astaxanthin is probably the most important marine pigment and is found in a very

diverse group of sea animals, such as lobster, crab, shrimp, salmon and others.
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Figure 6.1. Some important carotenoids: (1) lycopene, (2) S-carotene, (3) lutein, (4)
zeaxanthin, (5) tunaxanthin, (6) astaxanthin and (7) canthaxanthin (Matsuno and
Hirao 1989).

Tunaxanthin has been shown to be widely distributed in various marine species,
whereas lutein is a dominant pigment in freshwater fish and is generally of minor
significance in marine fish (Simpson 1982). Carotenoids are less widely distributed in
muscle than in integument (Haard 1992). Economically important fish species that
typically exhibit flesh pigmentation include salmon and trout. The color of flesh is
normally due to astaxanthin although the more stable canthaxanthin is used as feed
additive in aquaculture (Mortensen and Skibsted 2000). Canthaxanthin colors both
salmon skin and flesh but seems to be deposited rather than converted to astaxanthin
(Simpson et al. 1981).

According to Shahidi and others (1998), 88% of the carotenoids in the flesh of chum
salmon, 99.8% in sockeye salmon, 95.7% in soho salmon, 82.1% in pink salmon and
79.2% in masu salmon were composed of astaxanthin. In gonads of salmonids
astaxanthin was the main carotenoid present, whereas in the skin salmoxanthin and

zeaxanthin were mainly present (Matsuno and Hirao 1989).
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The amount of carotenoids deposited in the flesh is very variable and related to
various factors, including the content of carotenoids in the diet and the size and sex of
the fish (Hatlen et al. 1995). Sexual maturation may also influence the carotenoid
concentration in the flesh, because salmonids undergoing sexual maturation mobilize
carotenoids from the flesh and selectively transfer them to the skin and gonads
(Crozier 1970). Both astaxanthin and canthaxanthin have been found to increase with
increasing dietary lipid levels, thus resulting in higher content of carotenoids in the
flesh (Jensen et al. 1998, Storebakken and No 1992). Carotenoid concentration in
rainbow trout weighing between 100 and 500 g may reach 6 to 7 mg/kg in the flesh,
whereas larger trouts may contain as much as 25 mg/kg (Storebakken and No 1992).
The astaxanthin concentration of wild salmon (Salmo salar) was reported by Schiedt
and others (1981) to lie between 3.1 and 8.1 mg/kg. The astaxanthin concentration of
farmed salmon (S. salar) was determined in six different fillet sections of 145 Atlantic
salmon weighing from 4 to 4.5 kg, given feed containing 90 mg/kg astaxanthin
(Refsgaard et al. 1998). The average astaxanthin concentration was 5.5 mg/kg muscle
with abiological standard deviation of 1.1 mg/kg. They found significant variations of
the astaxanthin content through out the salmon, with high levels in the tail and dorsal
regions and a low level near the head. Matsuno and Hirao (1989) reported values for
total carotenoids in salmon and trout as high as 7.5 mg/kg flesh of salmon (Salmo
salar), 3.9 for chum samon (Oncorhynchus keta), 37.5 for sockeye salmon
(Oncorhynchus nerka) and 23.4 for coho salmon (Oncorhynchus kisutch).

6.3 Function of carotenoids

One of the most important physiological functions of carotenoids is due to their action
as vitamin A precursors in animals. Although close to 600 carotenoids have been
investigated and characterized in nature, only about 50 possess the biological activity
of vitamin A (Olson and Krinsky 1995). In order to be a vitamin A precursor, a
carotenoid must contain at least one termina B-ione ring (Figure 6.2) (Shahidi et al.
1998). Vitamin A, as such, is not available from plants. Xanthophylls that are not
vitamin A precursors in mammals were found to be active in lower animals because
these animals are able to metabolize xanthophylls to B-carotene, which is finaly
converted to vitamin A (Shahidi et al. 1998).
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Figure 6.2. Sructure of vitamin A.

The biological role of carotenoids in animals is not quite clear, except for the role of
carotenes as vitamin A precursors (Tacon. 1981). So far as is known, only green
plants, fungi and bacteria can perform a de novo synthesis of the carotenoids. Animals
obtain carotenoids from their diet, phytoplankton being the primary source in the
oceanic food chain. According to Haard (1992) the fate of dietary carotenoids varies

with the types of carotenoid and the animal.

Carotenoids ingested by an anima may be: (1) passed form the animal via feces in
chemically unchanged condition, (2) assimilated and stored in an unmodified form,
(3), assimilated and converted to another storage form, and (4) assimilated and
completely catabolized.

Simpson (1982) describes the division of fish into three subgroups according to their
biosynthetic capabilities: (1) "Red carp type" can convert lutein, zeaxanthin, or
intermediates to astaxanthin, but p-carotene is not an efficient precursor of
astaxanthin. Astaxanthin can be stored directly, (2) "Prawn type" can convert f3-
carotene or intermediates to astaxanthin and (3) "Sea bream type" which can not
convert B-carotene, lutein or zeaxanthin to astaxanthin. Can transfer pigments form
the diet to tissue pigments as free or esterified form. Trout and salmon would best be

listed under the "sea bream type".

One of the main roles of carotenoids in living tissues seems to relate to the light
absorption functions. In plants carotenoids function as light harvesting or accessory
antennal pigments, light or energy conductors and finally as singlet oxygen and triplet
molecule quenchers, or as protector of photooxidation (Shahidi et al. 1998).
Carotenoid concentrations are occasionally high in the reproductive tissues of fungi,
algae, and animals, which may suggest they participate in the reproduction (Matsuno
and Hirao 1989, Shahidi et al. 1998). In terms of free-radical pathology, the most
important biological functions of carotenoids appear to be their antioxidant nature,
their ability to quench singlet oxygen, and possible roles in enhancing the immune
responses and the inhibition of mutagenisis (Deshpande et al. 1996, Shahidi et al.
1998).
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In muscle food carotenoids may play two roles closely related to the consumers
acceptance of the food: Providing color to the food as in the flesh of salmon and trout

and as an antioxidant to prevent lipid oxidation (M ortensen and Skibsted 2000).

6.4 Antioxidant activity of carotenoids

Carotenoids are known to scavenge and deactivate free radicals both in vitro and in
vivo (Deshpande et al. 1996). The antioxidative behavior of carotenes is closely
related to their own oxidation. The polyene chain of the molecule is highly reactive,
electron-rich system that is susceptible to attack by peroxyl radicals and other
electrophilic reagents. It is responsible for the instability of carotenoids toward
oxidation and at the same time an important property of the molecule concerning free-
radical chemistry (Britton 1995). Carotenoids are therefore sensitive to oxygen, light,
heat, acid and alkali, particularly combinations of these factors (Britton 1985).

Although magjority of the work on antioxidative activity of carotenoids has been done
on B-carotene (Yanishlieva et al. 1998), theoretically, all carotenoids with similar
conjugated double bond system should have antioxidant properties (Britton 1995,
Shahidi et al. 1998). Carotenoids are able to quench free radical species such as
singlet oxygen. In addition to quenching reactive species formed by photochemical
reaction, carotenoids may also act as chain-breaking antioxidants, although they do
not have the characteristic structural features associated with this class of antioxidants
(Deshpande et al. 1996). The antioxidant potency of carotenes depends on several
factors such as oxygen pressure, intrinsic chemical reactivity of the molecule toward
radicals, site of generation and reactivity of the radicals, concentration and mobility in
the microenvironment, stability and fate of carotene-derived radicals, and interaction
with other antioxidants (Palozza and Krinsky 1994, Y anishlieva et al. 1998).

In some food and model systems, carotenoids work as prooxidants under some
conditions and as antioxidants under other condition depending on their
concentration. The balance between prooxidant and antioxidant behavior is very
delicate, and the antioxidant behavior is most pronounced at low oxygen partia
pressure (Jargensen and Skibsted 1993).
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6.5 Carotenoidsasa freeradical scavenger

Carotenoids are suggested to react with peroxyl radicals to form a resonance-
stabilized radical (Burton and Ingold 1984) and perhaps by electron transfer to form
the alkyl peroxide anion and carotenoid radical cation (Britton 1995). Alkylperoxyl
radicals do not abstract hydrogen from carotenoids, so the antioxidant mechanism of
carotenoids is different from that of phenolic compounds. B-Carotene acts as an
antioxidant by a mechanism, in which the chain-propagating radical ROOe is trapped
by addition to the conjugated polyene system of -carotene (Figure 6.3).

ROQO- + B-carotene — ROO-B-carotenes

CHy
CHy CHjy CH,4 HaC
ROO® + S g S S X x
!
CH
3 CHy CHy CHy

Figure 6.3. A proposed interaction between f-carotene and a peroxyl radical (ROO)
to produce a resonance-stabilized carbon centered radical (Yanishlieva et al. 1998).

The carbon-centered radical is resonance-stabilized because of the delocalization of
the unpaired electron in the conjugated polyene system, leading to chain termination.
The resulting p-carotene radical (LOO-BCare) may react further in a proxidative or
antioxidative nature, depending on the oxygen pressure, interactions with other
antioxidants and properties of the prooxidant agent (Figure 6.4). It may react with
another radical (Xe) to give a stable product (reaction @). It may react with oxygen to
yield a B-carotene peroxyl radical (LOO-BCarOQe), which may react with another
radical to give a stable product (reaction b), attack another -carotene molecule to
induce the autoxidation of -carotene (BC) (reaction c), or attack lipid substrate (LH)
to generate a lipid radical (L¢) and induce chain oxidation (reaction d). a-Tocopherol
(0-Toc) may possibly scavenge the B-carotene peroxyl radical (reaction €). Finaly the
B-carotene radical may undergo B-scission to give an epoxide and alkoxyl radical,
which may continue oxidation (reaction f). Reactions a, b and e lead to antioxidation,
whereas reactions d and f do not (Yanishlievaet al. 1998).
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LOO-BCarOOH + L — oxidation  (d)
oToc
\ LOO-BCarO0OH + Toce (e
epoxide (BCarO) + LO» —— oxidation )

Figure 6.4. Proposed reaction pathways for p-carotene during lipid autoxidation
(adapted from Yanishlieva et al. 1998).

Thus under conditions of low oxygen pressure the concentration of the reactive B-
carotene peroxyl radical (LOO-B-caroteneOQe) is greatly reduced and leads to
antioxidation. However, B-carotene does not behave as an antioxidant at normal
oxygen concentration (Britton 1995). The antioxidant function of -carotene therefore
complements the action of other antioxidant molecules such as catalase, peroxidase,
vitamin C and vitamin E, which are very effective at normal oxygen concentrations
(Deshpande et al. 1996).

6.6 Carotenoidsin photosensitized oxidation

Photosensitized oxidation in foods has been thoroughly reviewed by Bradley and Min
(1992). The effect of light on the flavor stability of food can be explained by both
photolytic autoxidation and photosensitized oxidation. Photolytic autoxidation is the
production of free radicals primarily form lipids during exposure to light. Direct
interaction of UV light and the lipid portion of food products is minimal, and is thus
not a primary concern. Photosensitized oxidation, however, occurs in the presence of
sensitizer (Sen) and visible light (hv). Natural pigments present in food, such as
chlorophyll, hematoporphyrins, and riboflavin, are known to be efficient
photosensitizers due to their conjugated double-bond system that easily absorbs
visible light energy. When the sensitizer absorbs light energy, it is boosted to a higher
energy level to a singlet-excited state (*Sen*). The light energy may then be removed
by inter-system crossing (ISC) to a triplet-excited state (*Sen*). Finaly the triplet-
excited sensitizer transfers energy to atmospheric triplet oxygen (°0) to produce the
reactive singlet state oxygen (‘O,).
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hv ISC %0,
Sen —> ISent — > 3Sen* —> 10, + Sen

Plants containing chlorophyll are well protected by carotenoids against atmospheric
damage of photosensitized oxidation (Olson and Krinsky 1995). Carotenoids protect
unsaturated lipids against photosensitized oxidation by interfering with the activation
of triplet oxygen into singlet oxygen. Carotenoids like B-carotene have sufficiently
low singlet energy state to accept energy from singlet oxygen and effectively quench
0, (Bradley and Min 1992).

ICarotene + 0, — > S3Carotene + 30, — > !Carotene

Carotenoids with nine or more conjugated double bonds can absorb the energy from
the singlet oxygen, which is then distributed over al the single and double bonds in
the molecule (Bradley and Min 1992). The triplet state carotene releases the energy in
the form of heat, so that a regenerating reaction is not required (Yanishlieva et al.
1998). Carotenoids are therefor not destroyed during the process and one molecule of
[-carotene is estimated to be able to quench up to 1000 molecules of singlet oxygen
(Bradley and Min 1992).

6.7 Comparison of antioxidant activity of carotenoids

Several studies have been done to compare the relative antioxidant activity of
carotenoids. Astaxanthin is perhaps the most important marine pigment and is
expected to function in an antioxidative manner similar to that of most carotenoids
(Britton 1995, Shahidi et al. 1998). On the other hand, severa investigators have
demonstrated that carbonyl carotenoids such as canthaxanthin (4,4 -diketo-p-
carotene) and astaxanthin (3,3"-dihydroxy-4,4" diketo-p-carotne) are better free-radical
trapping compounds than B-carotene (Miki 1991, Palozza and Krinsky 1994).

Terao (1989) observed that astaxanthin and canthaxanthin retard hydroperoxide
formation in solution and that their effects are more pronounced than those of -
carotene and zeaxanthin.

Miki (1991) found approximately 10 times stronger scavenger activities of oxygen
species by astaxanthin than by zeaxanthin, lutein, tunaxanthin, canthaxanthin and -

carotene and 100 times greater than those of a-tocopherol.
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Jorgensen and Skibsted (1993) found that the antioxidative effectiveness of
carotenoids during initiated oxidation of methyl linoleate in chloroform decreased in
the following order; astaxanthin > canthaxanthin > p-carotene. However, during
initiated oxidation of a heterogeneous lipid/water system, no differences in the
antioxidative behavior of the carotenoids were observed (Jergensen and Skibsted
1993).

Naguib (2000) determined the antioxidant activities of astaxanthin, lutein, lycopene
and o- and B-carotenes, and a-tocopherol by employing novel fluorometric assays
based on BODIOQY class of dyes as indicators, a lipophilic peroxyl radical generator
AMVN, and lipophilic media. Astaxanthin was found to exhibit the highest
antioxidant activity of the selected carotenoids.

It is generally accepted that alkylperoxyl radicals do not abstract hydrogen from
carotenoids, so the antioxidant mechanism of carotenoids is different from that of
phenolic compounds. Carotenoids are suggested to react with peroxyl radicals to form
a resonance-stabilized radical and perhaps by electron transfer to form the akyl
peroxide anion and carotenoid radical cation (Britton 1995, Palozza and Krinsky
1994, Yanishlieva et al. 1998). Naguib (2000), however proposes to explain the high
antioxidant activity of the a-hydroketocarotenoid astaxanthin as compared to other
carotenoids, that in solution astaxanthin exists in an equilibrium with the enol form of
the ketone, thus the resulting ortho-dihydroxyl-conjugated polyene system possess a
hydrogen atom capable of acting as an chain breaking antioxidant in free radical

reaction in away similar to the hydroxyl group of a-tocopherol.

Astaxanthin has two hydroxy groups in the 3 and 3"position, which makes it more
hydrophilic than p-carotene (Y anishlieva et al. 1998). In a complex system like flesh,
it was postulated that higher hydrophilicity of astaxanthin provides a better contact to
hydroperoxides and thus a more effective protection against lipid oxidation (Andersen
et al. 1990).

6.8 Cooperative action of carotenoids with other antioxidants

Carotenoids are, like other antioxidants, degraded by radicals when functioning as
antioxidants and the presence of other antioxidants is thus important for the

preservation of color. Carotenoids may be protected by other antioxidants in two
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ways. (1) the other antioxidant scavenges the radicals before they react with the
carotenoids or (2) the oxidized carotenoid is recycled by another antioxidant
(Mortensen and Skipstedt 2000).

Synergistic interaction between carotenoids and tocopherols in preventing oxidation
in foods has been reviewed by Mortensen and Skibsted (2000) and Y anishlieva and
others (1998). Whether carotenoids are recycled by tocopherols or the reverse reaction
was dominant may not be evident, but tocopherols and carotenes in combination are
found to provide a higher antioxidative capacity than tocopherols or carotenes alone
(Palozzaand Krinsky 1992).

6.9 Lipid oxidation and carotenoids

The degradation of carotenoids is of extreme importance to seafood. In the case of
aquaculturally raised fish, the quantity and quality of the carotenoids in the diet are of
importance, as is the maintenance of color in the product. The changes that can occur
in carotenoids can range from dlight shifts in color, in the case of cigtrans
isomerization, to loss of color in the presence of strong light, lipoxygenase, or drying
conditions (Simpson 1982).

Jensen and others (1998) investigated the effect of feeding astaxanthin on lipid
oxidation during frozen storage of rainbow trout. Lipid oxidation as measured by
TBARS was less significant after 21 months frozen storage for rainbow trouts that
had been fed 100 ppm astaxanthin compared to 40 ppm. The level of a-tocopherol in
the feed (100 or 600 ppm), was however, not important. It was concluded that
astaxanthin and a-tocopherol operated via different mechanisms and at different

stages of the oxidative deterioration of lipids in salmonid products.

The carotenoids have long been known to be a substrate for lipoxygenase type
enzymes. Tsukunda and Amano (1968) observed that discoloration of red fish
occurred at refrigeration temperatures in the dark, and that homogenates from the skin
muscle and liver were able to degrade astaxanthin, tunaxanthin, and B-carotene to
colorless compounds. These authors isolated and partially purified a heat labile
lipoxygenase-like enzyme from the skin of red fish, Sebastes thompsoni and
Chelidonichthys kumu. The enzyme discolored tunaxanthin in the presence of linoleic

and linolenic acids.
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7 UBIQUINONE

7.1 Chemistry of ubiquinone

Coenzyme Qqo is a group of homologous quinones (Figure 7.1). Coenzyme Qi
(CoQqp) or ubiquinone is a benzoquine with an isoprenoid side chain (Kagan et al.
1996). The isoprenoid tail is found in various lengths, from 6-10 isoprenoid units in
plants and microorganism, whereas rodents have CoQg and man CoQo as the
dominating form (Weber et al. 1997). CoQ isfound it two redox forms and the redox
cycle involves areversible reduction to the respective ubiquinols (Lang et al. 1986).

7.2 Function of ubiquinone

Ubiquinone has various bioactivities concerning energy metabolism, immunological
competence and antioxidation. Ubiquinone is an electron carrier of the electron
transport chain of the inner membrane of the mitochondria, which are known as the
energy factories, where it aids in generating ATP (Kagan et al. 1996). Initsrole as an
electron transport agent this compound undergoes continuos addition and loss of an
electron (Martino et al. 1995).
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Figure 7.1. Structure of ubiquinone and related compounds.
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In addition to its multiple roles in energy metabolism, coenzyme Q as well as its
reduced and isomerized forms, ubiquinol and ubichromenols (Figure 7.1) may play an
important role in controlling lipid oxidation (Lambelet et al. 1992, Kagan et al. 1996).
This may be of particular importance in fish dark muscle where mitochondria can
make up to 45% of the total volume of the cell (Petillo et al. 1998). Other functions of
coenzyme Qo may be related to growth control, calcium transport and secretion-
related membrane flow (Kagan et al. 1996).

Ubiquinol is the only known lipid-soluble antioxidant that can be synthesized "de
novo" in animal cells and for which there exists an enzymic mechanism-
mitochondrial and microsomal electron-transport systems- that can regenerate the
antioxidant from its oxidized form resulting from its inhibitory effect on lipid
peroxidation (Kagan et al. 1996).

7.3 Occurrence of ubiquinone

Ubiquinone is widely distributed in animals, plants and microorganisms, and almost
every cell of aliving organism contains CoQ (Lambelet et al. 1992). The CoQ content
varies in different organs, being highest in those that produce large amounts of energy

as in dark muscle of fish.

Weber and coworkers (1997) determined the coenzyme Qo content in selected food
items. The richest sources of CoQqo ranged from 0.8-20.3 mg/100 g in meat and
poultry as well as 4-27 mg/100 g in fish, which isin accordance with the presence of a
high content of mitochondria in muscle tissue. Kamei and coworkers (1986)
determined the content of ubiquinone in fish and shellfish as well as other foods. Al
seafoods examined were found to contain Qio mainly. The ubiquinone content of
some fish and shellfishislisted in Table 7.1.

Martino and coworkers (1995) determined the coenzyme Qo content of meat, fish,
eggs, milk and cheese. They found positive correlation between CoQo contents and
cholesterol, protein and ash contents, but no significant correlations with lipid, fatty
acid and minera levels.

Petillo and coworkers (1998) found considerable differences in both forms of
coenzyme Q (ubiquinone and ubiquinol) concentration between light and dark muscle

of mackerel (Scomber scombrus).
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Table 7.1. Ubiquinone content of some fish and fish products.

Fish? Ubiquinone 19 Reference
(mg/100 g tissue)

Mackerel 4.33 Kamei et al. 1986
Sardine 6.43 -

Horse mackerel 2.07 -

Y ellow tail 2.07 -
Cattlefish 2.38 -

Flat fish 0.55 -

Eel® 1.11 -

Trout 1.28 Martino et al. 1995
Herring (marinated) 0.27 Weber et al. 1997
Rainbow trout (steamed) 0.11 -

Salmon (smoked) 0.43 -

& Mackerel (Scomber scombrus), sardine (Sardina pilchardus), horse mackerel (Trachurus trachurus),
eel (Anguilla anguilla), herring (Clupea harengus), salmon (Salmo salar), rainbow trout (Salmo
gairdneri).

® Cultivated.

The dark muscle concentrations on a wet weight basis were more than an order of
magnitude higher than they were in the light muscle. Weber and coworkers (1997)
evaluated the effect of cooking on coenzyme Qo in selected foods. In the case of
frying of meat, the loss of CoQ1o was in the range of 14-32%, but in the case of

boiling of vegetables and eggs, the values tended to be higher for the cooked samples.

7.4 Antioxidant activity of ubiquinone

The mechanisms proposed for antioxidant activity of ubiquinones are still conjectural
(Kagan et al. 1996). Ubiquinol (QH) may act as a chain -breaking antioxidant by
hydrogen donation to reduce peroxyl radicals (ROOs):

QH + ROO- — Q- + ROOH

7.5 Recycling of other antioxidants by ubiquinone

Another mechanism proposed for antioxidant activity of ubiquinones is the recycling
of the phenoxyl radical (TOe) of vitamin E (Kagan et al. 1996):

QH + TO» — Q- + TOH.
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7.6 Prooxidant activity of ubiquinone

Like many antioxidants, ubiquinone may also function as a prooxidant.
Ubisemiquinone (SO'*), an intermediate of ubiquinone redox cycling by electron

transport, can undergo autoxidation (Kagan et al. 1996):
SQe + O; + H" &> Q + HOO»

This reaction requires protons and since protons have no access to intact phospholipid
membranes where naturally occurring ubiquinones are located, autoxidation is
therefore not to be expected (Kagan et al. 1996).

7.7 Lipid oxidation and ubiquinone

Very little is known about the antioxidant role of ubiquinones in skeletal muscle but
their presence in mitochondria suggests that they could be important in the oxidative
stability of red muscle (Decker and Xu 1998).

Petillo and coworkers (1998) evaluated the loss of antioxidants in mackerel during 11
days storage in ice. Ubiquinone-10 was the most stable antioxidant in light muscle
and amost three-quarters was still present at the completion of storage. Ubiquinol
gave the best correlation with sensory scores for dark mackerel muscle along with
ascorbate and glutathione, which showed the best relationship with sensory scores for
light mackerel muscle. Although the great majority of the coenzyme Q in mackerel
muscle was in the oxidized form, the authors found it unlikely to function directly as
an antioxidant. The authors proposed antioxidant participation where ubiquinone
would be reduced to semi-ubiquinone by ascorbate radical, while being oxidized to
dehydroascorbate. The semiubiquinone radical could then either reduce a
tocopheroxyl radical for regenerating tocopherol or dismutate to one oxidized and one
reduced molecule of the coenzyme (2QHe — Q + QH,).

Lambelet and coworkers (1992) measured the antioxidant properties of coenzyme Qqo
and its reduced form, ubiquinol 10 (CoQioH2) in fish oil by means of ethane
formation and oxygen consumption in headspace. CoQio only enhanced the stability
marginaly but CoQoH, protected the oil slightly better. Investigation of the radical
reactions of these compounds in autoxidizing chicken fat revealed that CoQ did not
react with the peroxidizing lipid, but CoQ1oH> formed the corresponding semiquinone
radical that was rapidly transformed into the corresponding inactive quinone in air.
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The authors concluded that CoQy is not a food antioxidant but in conjunction with a

reducing agent such as vitamin C it will be active as afood antioxidant.

8 PHOSPHOLIPIDS

8.1 Chemistry of phospholipids

Phospholipids (PL), also known as phosphatides are phosphorus-containing lipids.
Those based on glycerol are phosphoglycerides, whereas sphingolipids are based on
sphingosine. Phosphoglycerides are based on phosphatitic acids which are 1,2-diacyl
esters of 3- glycerol phosphoric acid, linked to organic bases or other moieties. The
individual components of fish phospholipids consist principally of phosphatidyl
choline (PC or lecitin), phosphatidyl ethanolamine (PE or cephalin), phosphatidyl
serine (PS), and phosphatidyl inositol (Pl) (Figure 8.1), with minor contents of
sphingomyelin, lysophosphatidylcholine, and cardiolipin (diphosphatidyl glycerol)
(Morrisand Culkin 1989).

Phospholipids are more polar than the other lipid classes. The fatty acids occupying
the sn-1 and sn-2 positions vary in chain length and in unsaturation. The sn-1 position
in PC of animal origin is largely esterified by saturated fatty acids while the sn-2
position contains polyunsaturated fatty acids (Dugan 1976). Marine phospholipids are
usually richer in the polyunsaturated fatty acids than are the neutral lipids (Vaskovsky
1989). PE is usually the most unsaturated phospholipid, but more than 40 different
fatty acids may be identified in PL of marine animals. The essential fatty acidsin PL
of the mgjority of marine animals are 16:0, 16:1, 18:0, 18:1, 20:4®6, 20:503, and
22:6mw3 (Vaskovsky 1989). Enzymatic hydrolysis of phospholipids occurs selectively
at different ester sites by several phospholipases (Frankel 1998c).

8.2 Occurrenceof phospholipids

Phospholipids are important for function and structure of biomembranes. They are the
major structura lipids in fish tissues, and they also occur in high concentration in the
brain tissues (Morris and Culkin 1989). According to Ackman (1980), |ean white fish
muscle contains a minimum of about 0.7% of basic cellular lipid, of which 85-95% is

polar lipids, mostly PE and PC.
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Figure 8.1. General formula of phosphoglycerides.

R; and R, are alkyl portions of fatty acids and X can be:

X = H: Phosphatidic acid (PA)

X = CH,CH,N"Me; or choline: Phosphatidyl choline (PC)

X = CH,CH,N"H; or ethanolamine: Phosphatidyl ethanolamine (PE)

X = CH,CH(NH;)"COO or serine: Phosphatidyl serine (PS)

X = CeH1105 or inositol: Phosphatidyl inositol (PI)

Posphatidyl choline is the main phospholipid in the majority of marine invertebrates
and vertebrates (Vaskovsky 1989). PE is the second essential PL of marine organisms
and usually it amounts to 20-25% of the total PL in marine animals. PC is usually
twice the PE (Ackman 1980). PS is a common component of marine animals. Pl is an
acidic phospholipid as is PS. Pl is less abundant than PS in marine animals. Average
concentration of Pl are 2-5% of the total PL. Phosphatidylglycerol is a minor PL in
marine animals but has been detected in several marine animals such as krill and

scallop (Varcovsky 1989).

The content and composition of phospholipids as well as the fatty acid composition
undergo seasona variations, which are influenced by temperature, nutrition and
reproduction (Vaskovsky 1989). Starvation decreases the level of neutral lipids more
than phospholipids and therefore the relative concentration of phospholipids

increases.

8.3 Antioxidant activity of phospholipids

The reported antioxidant effect of various phospholipids is contradictory. Physical
and structural differences among and within each PL class may in part contribute to
the differences observed in their antioxidant properties (Nwosu et al. 1997). They are
believed to function as synergists and metal chelators and may also bring about
decomposition of hydroperoxides (Pokorny 1987). Lee and coworkers (1984) found
methyl linoleate hydroperoxides-decomposing activity in all krill phospholipids,
composed of PC, PE and lysoPC. Hydrogenation of PC inhibited its browning as well



as the peroxide composing activity, suggesting that oxidative degradation is necessary
for phospholipids to show peroxide-decomposing activity. This was in agreement
with the results of Ohshima and coworkers (1993) who found less oxygen uptake in
the neutral lipid fraction of sardine with added 10% sardine PE compared to 10%
hydrogenated sardine PE. According to Pokorny (1987), phospholipids catalyze the
destruction of hydroperoxides probably by forming labile complexes with dimeric

hydroperoxides, which are decomposed without formation of free radicals.

Phospholipases are responsible for phospholipid hydrolysis in biological systems like
fish muscle. While triglyceride hydrolysis leads to increased oxidation, phospholipid
hydrolysis produces the opposite effect (Shwefelt 1981). Addition of phospholipase A
has been shown to decrease both enzymic and nonenzymic lipid oxidation in flounder
muscle microsomes, while phospholipase C lowered enzymic oxidation but did not
affect non-enzymic oxidation (Shewfelt et al. 1981). Phospholipase A has aso been
shown to inhibit myoglobin oxidation in ground beef (Govindargan et al. 1977).
Phospholipase A has been classified as a secondary preventive inhibitor of lipid
oxidation (Hultin 1994, Undeland 1998b). The specific cause of this effect is not
clear, but hydrolysis of phospholipids may cause membrane rearrangements,

formation or activation of antioxidants and inhibition of electron transfer enzymes.

8.4 Synergism of phospholipids

Secondary antioxidant effects of phospholipids arise from the synergistic activity in
mixtures with natural tocopherols and synthetic antioxidants. PC and PE have
received the most attention for this purpose (Kikugawa et al. 1990). Dipa mitoyl
phosphatidyl ethanolamine acted as a potent synergist for a wide range of antioxidants
such as probyl gallate, a-tocopherol, BHA, BHT and TBHQ at elevated temperatures
(above 80°C). At 120°C the synergistic effects increases progressively as the
concentration of synergist increases from 0.025% to 0.25% (Dziedzic and Hudson
1984).

The mechanism responsible for the observed synergy of tocopherols and
phospholipids against oxidation is not very well understood, but seemsto be related to
the involvement of the amino group of phospholipids in the regeneration of

tocopherol, by hydrogen transfer or electron donation (Hildebrand et al. 1984).

45



Ohshima and coworkers (1993) studied the effect of phosphoryl bases in the presence
of a-tocopherol (30 ug/g lipid) on the oxidation rate of nonpolar lipids of sardine and
trilinolein. The synergistic ability of O-posphoethanolamine, the base moiety of PE,
was higher than that of O-phosphoserine. O-Phosphocholine was only slightly

effective.

Segawa and coworkers (1994) studied the synergistic effect of phospholipids and
tocopherols on the oxidation of fish oil at 30°C. Tocopherols were consumed in the
order a-, y-, o-isomers, with or without phospholipid. During oxidation, tocopherols

remained 1.5 and 3 times longer in PC- and PE-containing oils, respectively.

8.5 Antioxidant effect of browning reaction products from phospholipids
Phospholipids with free amino groups participate in aldehyde-amine reactions typical
of nonenzymic browning (Dugan 1976). Several studies have shown most antioxidant
activity of phospholipids at elevated temperatures or where browning of
phospholipids was considerable (Dziedzic and Hudson 1984, Husain et al. 1986, Lee
et al. 1984, Ohshima et al. 1993). It was postulated by Bandarra and coworkers
(1999), that the high synergy between PE and tocopherol is due to the occurrence of a
simultaneous antioxidant mechanism involving Maillard compounds. King and
coworkers (1992) observed an inverse relationship between oxidation index
(C22:6/C16:0) and color intensity for phospholipids in a refined salmon oil model
system following 2 hours of heating at 180°C. The authors suggested that Maillard-
type reaction products may have contributed to the oxidative stability of PL-
supplemented fish ails.

8.6 Prooxidant activity of phospholipids

Unsaturated fatty acids in phospholipids are susceptible to lipid oxidation and the
phosphoglycerides in fish oxidize prior to substantial oxidation of the triglycerides
(Dugan 1976). Few examples of prooxidant activity of phospholipids are, however,
found in the literature. Phospholipids are believed to facilitate lipid hydroperoxide
formation in buttermilk by binding metal ions to a metal-phospholipid complex at the
oil-water interface (Allen 1983). Prooxidant effect of PG was also observed by
Segawa and coworkers (1994) in fish ail.
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8.7 Lipid oxidation and phospholipids

Nwosu and coworkers (1997) compared the antioxidant properties of sphingomyelin,
PC, and PE from salmon and menhaden by Rancimat induction time at 100°C. The
induction time was influenced by the headgroup and fatty acid composition of the
phospholipid in the salmon oil but not in the menhaden oil. Phospholipids that
contained a choline headgroup possessed improved antioxidant activity compared to
ethanolamine and phosphatide-containing phospholipids. Phospholipids containing
more saturated fatty acids and phospholipids with longer fatty acid chains (C18 and
above) had longer oxidation induction times. The authors suggested that fatty acid
profiles of individua oils may influence the antioxidant properties of each
phospholipid and the degree of saturation is a critical factor in the antioxidant activity
of phospholipids. Differences in chainlength of the phospholipid fatty acids may also

be a contributing factor to the variations detected in their antioxidant properties.

Bandarra and coworkers (1999) investigated the antioxidant activity of a-tocopherol
at 0.04% and severa phospholipids at 0.5% in refined sardine oil. Lipid oxidation was
monitored by measuring peroxide value at elevated temperature (40°C). The most
effective individual antioxidant was PC, followed by cardiolipin, and PE was the |east
effective phospholipid. The highest synergistic effect was obtained with a mixture of
a-tocopherol and PE, and the second and third best by mixtures made with PC and
cardiolipin CL, respectively.

Segawa and coworkers (1994) studied the antioxidative effects of phospholipids in
fish oils kept at 30°C in the dark. PC was found to have a strong antioxidative effect,
PE a strong synergistic effect, PG a prooxidative effect and Pl had no effect on

autoxidation of fish ail.

King and coworkers (1992) established the antioxidant effectiveness of individual
phospholipids in saimon oil (heated for 3 hours at 180°C) in the order of
sphingomyelin = LPC = PC = PE> PS> Pl > PG.
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9 OTHER ANTIOXIDATIVE COMPOUNDSIN FISH

Fish and seafoods may contain severa other antioxidative compounds than hitherto
mentioned. Seaweeds are known to contain antioxidative compounds (Ramarathnam
et al. 1995) and some of the active compounds have been identified as compounds
related to chlorophyll a and bromophenols (Sakata et al. 1994). Fish and marine
animals feeding directly or indirectly on algae may aso contain these antioxidants.
The edible part of short necked clam was thus found to contain several antioxidative
compounds related to chlorophyll a, pyropheophorbide a, and purpurin (Sakata et al.
1994). Scallop, oyster and abalone have also been shown to contain compounds
related to chlorophyll a (Sakata et al. 1994). Antioxidative compounds have also been
found in shrimp. Pasquel and Babitt (1991) isolated and characterized an antioxidative
compound in shrimp and suggested that it was a polyhydroxylated derivative of an
aromatic amino acid. Seymour and coworkers (1996) isolated and characterized a
natural antioxidant from shrimp shell waste, which results indicated a phenolic
compound with a primary amino group. The antioxidant was proposed to be 1,2-

diamino-1-(o-hydroxyphenyl)propene.

10 CONCLUSIONS

Fish contains various antioxidants for protection of their unsaturated lipids and other
nutrients from reactive oxygen species. Oxidative protection of fish includes enzymic,
various water-soluble and lipid soluble antioxidant systems. The function of these
antioxidants is to control prooxidants, scavenge free radicals and inactivate reactive
oxygen species. The chemistry and function of well established food antioxidants
such as ascorbic acid and tocopherol that also occur naturaly is fairly well
understood. The antioxidative mechanism and of other more recently discovered
antioxidants such as Q1o is much less identified. Recently research on antioxidants has
gained much interest due to increased evidence of the importance of antioxidants in
human health. This interest has brought about considerable research on defining and
finding components with antioxidative activity in humans and in biological systems.
Relatively few studies on the various antioxidants in fish are currently available.
Studies on the interaction between the various endogenous antioxidants in fish are

also very few and may be difficult to rationalize because of the multiplicity of the
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antioxidant system in fish. However, the occurrence of the most abundant endogenous
antioxidants found in fish such as tocopherols and carotenoids is fairly well
established. The relative concentration of antioxidants varies with the fish species as
well as the type of fish muscle tissue. The quantity of these antioxidants may also
fluctuate with storage time and handling post mortem. Control of lipid oxidation in
fish involves utilizing processing and storage techniques that do not greatly decrease

the activity of endogenous antioxidants.
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