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develop new gear.

An underutilized marine species, as classified by the
Department of Wildlife and Fisheries of Louisiana, is "any
species that does not have fishing restrictions" (4). It
is estimated that in the coastal and inland waters of the
United States there are 2,268 species of finfish. only
about 500 species are currently being harvested and out of
those only 12 to 25 species are generally accepted by the
American consumer as food (7). Currently, several
varieties of fish classified as underutilized are gaining
interest as targeted fisheries. A targeted fishery is one
that has not been previously utilized, but with changing
economic climates may have potential value.

Some common underutilized species of the Gulf of
Mexico include croaker, mullet, sea catfish, shark and
squid. These species have in common the designation as
'*trash fish' due to the fact that they are by-catch. The
Louisiana landing figures for the species mentioned above
are given in Fig.l for the years 1975-84.

Development of a mullet fishery seems to offer the
most promising future. The National Marine Fisheries
Service indicates that the landing of mullet could increase
by 30 million pounds annually and the total economic impact
of harvesting mullet for commercial marketing could result
intotal sales of up to 45 million dollars with a projected

net income of 17.8 million dollars(4). These figures
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Figure 1 . Lousiana landings of underutilized marine
species ( 1975-1984 period ). (Ref. 4 ).



indicate a significant market potential. The markets for
processed mullet are predominantly in the Southeast (65%),
especially Florida. Another species which has been landed
is black drum. Unlike Mullet, significant catches have
been made with both purse seines and monofilament webbing.
Relatively minor catches have been reported for white

trout, croaker and mackerel.

2.2. Lipid Composition of Marine Species

The total 1lipid content (in weight percent) varies
widely among species, from as low as 0.7% for pike,

northern (Exox lucicus) to 21.5% for eel (53,217). A

difference in lipid content has also been observed between
spring and fall fish, with the 1latter generally having
higher fat content (54). Most of this variation in lipid
content is reflected in the differences in triglyceride
content, as phospholipid show much less variation. The
range of phospholipid concentrations reported in the
literature, expressed as a percentage of muscle tissue,
runs from 0.19% in rock bass to 0.87% in rainbow trout
(21). Red muscle contains a higher concentration of total
lipids and phospholipids than white muscle (138). The
additional phospholipids in red muscle 1is presumably
present as a membrane component of the additional

mitochondria.




The lipids in marine fish contain fatty acids usually
ranging in chain length from 14 to 22 carbon atoms (216).
A high percentage (60-75%) of these fatty acids are
unsaturated, having up to six double bonds. The degree of
saturation of fatty acid is highly variable between species
and depends on environmental factors (192). The limited
data available on fish muscle phospholipid shows that
phosphotidylcholine (PC) and phosphotidylethanolamine (PE)
are the prominent classes of phospholipids present. A
small portion of the 1lipid fraction consists of
unsaponifiable matter which is predominantly sterols with
lesser amounts of hydrocarbons, fat soluble vitamins,
carotenoid pigments and wax ester (221). Also, lipids are
not distributed uniformly throughout the body of the fish
(195) . Generally, the anterior sections of fillets are
much richer in 1lipids than sections obtained from the
posterior tail region and the ventral portion, especially
in the belly flap area, which is much richer in lipids than

the dorsal region.

2.3. Lipid oxidation

Oxygen, which is ubiquitous in food systems during
fresh-state storage, cooking, processing, and post-
processing storage, may lead to deterioration in the

quality of food (62). The appearance, texture, flavor, and




odor may be altered to a lesser degree. Some changes, such
as rancidity of fats, are quite unpleasant and
unacceptable. Many of these changes in foods result from
autoxidation process (34,91). Oxygen mediated oxidation in
many synthetic and natural systems, including foods, is
commonly referred to as autoxidation. Autoxidation usually
proceeds through free radical reactions, comprising
initiation, chain propagation, and termination steps
(72,168) . Understanding the free radical process in
autoxidation is, therefore, critical for avoiding or
minimizing the deleterious effects of autoxidation.

Compared to sugars and proteins, 1lipids are extremely
sensitive to autoxidation. This undesirable property of
lipids is a consequence of the much lower bond energy of
allylic C-H bonds in unsaturated fatty acids, and double-
allylic C-H bonds in polyunsaturated fatty acids (PUFA).
The decrease in bond energies leads to facile initiation of
PUFA radicals and chain peroxidation (deoxygenation)
reactions. Fatty tissues 1in meats have different
proportions of polyunsaturated and saturated fatty acids.
The membranes in meats have different compositions. They
incorporate phospholipids, sphingolipids, and glycolipids,
which contain large proportions of PUFA. Mechanistic
studies of autoxidation of these unsaturated fatty acids
and of decomposition of resulting oxygenated products are

basic to an understanding of quality and flavor changes in
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meat and fish.

2.3.1. Mechanism of Lipid Oxidation

The classical mechanism of lipid oxidation is via free
radical attack and the most important substrate for
oxidation is unsaturated 1lipids. The free radical chain
mechanism has been generally accepted as the only process
involved in autoxidation. The following simplified scheme

shows the various steps in autoxidation:

Initiation RH R + H-

RH + 0, ROO* + H-*
Propagation R* + 0y ROO

ROO* + RH ROOH + R-*
Termination ROO + R- ROOR

R* + R* R-R

ROO* + RQO-° ROOR + 0,

ROO* (or R°*) + AH ROOR (RH) +A.

Free radicals in biological systems can be formed through
abstraction of a hydrogen atom from an unsaturated fatty
acid (RH) by a free radical initiator to form a free

radical (R*). This is followed by the rearrangement of the
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double bond and acceptance of oxygen by the free radical to
produce a fatty acid peroxyl radical (R0OO°). The peroxyl
radical then reacts with another molecule of unsaturated
fatty acid to form a semi-stable unsaturated hydroxide
(ROOH) , which also regenerates a molecule of free radical
(R*). These reactions may propagate unless all of the free
radical 1is scavenged by an antioxidant (AH) or by self
quenching. Upon homolytic fission of the hydroperoxide, a
free radical chain reaction may again be initiated. The
origin of the initial free radical or hydroperoxide to
initiate +the peroxidation reaction under cellular
conditions is not entirely clear. Hydroperoxide formation
as a result of the reaction of oxygen with lipids requires
a change in the total electron spin, since the
hydroperoxide and lipids are in the single state, while
oxygen is in the triplet ground state.

Conversion of triplet oxygen to singlet oxygen is
normally achieved by sensitizers that are present in plant
and animal tissue; these are photosensitive compounds such
as chlorophyll, pheophytin and myoglobin. Hydroperoxides
have been isolated from photosensitized oxidation in
unsaturated fatty acid esters (215). Dihydroperoxide
groups of all isomers were attached to the carbon atoms
that originally existed at both sides of a double bond and
the double bond shifted to the adjacent position.

Photosensitized oxidation was not inhibited by

12



butylhydroxytoluene (BHT), a free radical stopper, but was
inhibited by )B -carotenoid, a singlet oxygen quencher.
These results indicate that singlet oxygen oxidation

differed from oxidation in air (215).

2.3.1.1. Formation of Malonaldehyde

Malonaldehyde is a three carbon dialdehyde that is
produced during autoxidation of polyunsaturated fatty acids
containing three or more double bonds (115,156,161).
Different mechanisms for the formatioh of malonaldehyde
have been proposed. Polyunsaturated fatty acid containing
trienoic systems may undergo autoxidation forming a
peroxide radical with unsaturation s ¥ to the carbon
bearing the peroxide group (Fig. 2) (43). This radical
(compound 1) can cyclize to form a five membered cyclic
peroxide radical (compound 2), which can abstract a
hydrogen from the alkyl group to form compound 3, or
undergo peroxidation and abstraction of hydrogen to form
compound 4. Compounds 3 and 4, when exposed to heat or
acid, form malonaldehyde.

Fatty acids containing less than three double bonds
can also produce malonaldehyde. The proposed mechanism

stated above, was criticized on the basis that it did not
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Figure 2. Formation of malonaldehyde from a
triene system ( Ref. 43).




adequately explain why dienes produce very Jlittle
malonaldehyde compared to trienes. Another dgroup of
workers proposed (168) a modified mechanism to more
adequately explain the formation of malonaldehyde from
polyunsaturated fatty acids (Fig. 3). Compound 2, whose
formation is shown in Figure 2, undergoes ring closure to
produce the cyclic endoperoxide radical (compound 10),
which subsequently undergoes peroxidation and abstraction
of an alkyl hydrogen to produce compounds 11 and 12. When
either of these compounds is subject to heat or acid,
malonaldehyde is formed. In a diene system, compound 6
would produce endoperoxide radical 9 (Fig. 4). This radical
is about 10 Kcal less stable than the allylic radical 10
(Fig. 3). Thus it is expected that less endoperoxide would
be formed from radical 9 than from radical 10, and
consequently less malonaldehyde would be formed from the
diene system. This latter mechanism seems to more
adequately explain the reason PUFAS produce more
malonaldehyde +than fatty acids with one or two double
bonds. This mechanism is similar to the one proposed for
the synthesis of prostaglandins in which malonaldehyde is a

side product.

2.3.2 Lipid Oxidation Catalysts

Catalysts of 1lipid oxidation are well known. Because
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for the formation of malonaldehyde in a

triene system. ( Ref. 168 ).
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lipid oxidation is a major problem in muscle foods, much
effort has been devoted to identifying the catalysts of
lipid oxidation in meat. It has been generally accepted
that iron in some form promotes the oxidation of lipids in
muscle foods. Muscle tissue contains a considerable amount
of iron bound to proteins. Myoglobin is the major oxygen-
storage protein in muscle cells and resembles hemoglobin.
Muscle tissue also may contain hemoglobin residues from
residual blood. Hemoglobin and myoglobin contain the
prosthetic group heme, which has an iron atom at its
center. The heme dgroup promotes autoxidation of fats
(131,228); others have suggested that iron derived from the
heme molecule may be responsible for the oxidation reaction
(92). Myoglobin and hemoglobin are thus the primary
catalysts of lipid oxidation in meat (32,92,182,210,239).
Lipid oxidation in meat has been considered to be
nonenzymatic; however, recent evidence indicates that
muscle microsomes contain enzymatic lipid-oxidizing systems
(127,165,175). Enzymatic as well as nonenzymatic
mechanisms may be involved in promoting lipid oxidation in
meat. Further insight into these mechanisms would
facilitate the development of effective means of
controlling lipid oxidation in meat and fish.

Metals can promote 1lipid oxidation by facilitating
initiation or promoting hydroperoxide decomposition.

Although the effects of metals in promoting lipid oxidation

i8



are often ascribed to initiation, decomposition of pre-
formed lipid hydroperoxides may actually be occurring since
the commercially available polyunsaturated fatty acids used
in model system studies contain hydroperoxides (72). In
most in vitro studies of lipid oxidation, transition metal
salts 6r chelates, usually iron chelate, are added to the
lipid, which may be in whole cells or tissue homogenates.
Possible mechanisms for iron-promoted hydfoperoxide

decomposition reactions follow:
(1) Fe2+ + LOOH Fe3+ + 10°* + OH-
(2) Fe3+ + LOOH Fe2+ + LOO* + H+

Reaction two involving Fe3+, is relatively slow, and the
rate of this reaction can be greatly affected by chelation
(11). Chelation can enhance, suppress or not affect the
rate of this reaction, depending on the nature of the
metal, chelator and complex that is formed. In general,
reaction one is much more rapid than reaction two (11,233).

Many metal complexes, including simple complexes of
iron with phosphate ion or phosphate ester, which might
decompose lipid hydroperoxides, are present in vivo (5,72).
Muscles contain other iron containing compounds such as
peroxides, cytocrome p-450, other cytochromes and nonheme

iron proteins that also may be effective catalysts
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(101,155). The ability of transferrin and ferritin to
stimulate hydroperoxide decomposition appears to depend on
their degree of iron-loading (11).

Reports on the decomposition of 1lipid hydroperoxides
induced by metal ions and hemes indicate that hematin and
heme proteins were more effective than Fe2+, Fe3+, or Cu2+
(131). Hydroperoxide decomposition was ten times faster
with Fe2+ than with Fe3+. With Fe3+, cysteine and ascorbic
acid stimulated the reaction, presumably by keeping iron in
the ferrous state, thus favoring radical formation. EDTA
and ADP ferric chelates showed very 1little catalytic
activity in 1lipid hydroperoxide-dependent lipid oxidation,
while EDTA-Fe2+ significantly enhanced lipid oxidation. It
is possible that copper, as well as iron, might play a role
in lipid oxidation of fish (109). Copper catalysis of fish
lipid oxidation has been reported in lipids prepared from
mackerel skin and frozen fish muscle (137).

Attempts to assess the relative importance of heme and
nonheme iron as catalysts of lipid oxidation in homogenates
of a variety of tissues incubated in air demonstrated that
both heme énd nonheme iron were capable of promoting lipid
oxidation, with nonheme iron catalysis being more important
at acid pH values, whereas pH had less effect on catalysis
due to heme iron (233). A comparative study of the effect
of an iron:EDTA complex and purified myoglobin showed that

ferrous iron was more active at the lower end of the pH
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range investigated, and metmyoglobin accelerated oxygen
uptake in the lipid emulsions over the pH range 5.6 to 7.8,
with catalysis tending to, increase with increasing pH
(129,130). Chelating agents inhibited catalysis by the
nonheme iron complex, but did not affect myoglobin
catalysis. Evidence has been presented favoring nonheme
iron rather than myoglobin as being responsible for the
rapid lipid oxidation noted in cooked meat (132,182). When
FeCl2 or FeCl3 was added to meat, which had been extracted
with water to remove all but traces of myoglobin, 1lipid
oxidation was enhanced. Added myoglobin did not affect the
development of off-flavors or TBA-reactive material in the
extracted meat. Subsequent work also indicated that
nonheme iron plays a role in the lipid oxidation in muscle
foods (91,137). These researchers found that treating a
pigment extract from beef with EDTA decreased the
prooxidant activity of the extract. Adding the filtrate
from a heated meat extract to the cooked beef residue
caused TBA values in the residue to increase; the effect of
the filtréte was nearly as great as that of the unfiltered
extract. When the filtrate was treated with EDTA, the
prooxidant effect was decreased.

The significance of enzymatic lipid oxidizing systems
recently shown to exist in muscle microsomes is not clear
(127,173,176). It has been reported that a muscle

microsomal fraction with 1lipid oxidizing activity could
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cause lipid oxidation in an emulsion prepared using lipids
extracted from herring muscle. Recent reports of
lipoxygenase activity in the skin tissue of fresh water
trout have suggested that this in fact may be a significant
source of initiating radicals leading to oxidation in
muscle tissue of fish (68). The formation of carbonyls and
alcohols in volatile aroma compounds of fresh fish have
been reported to be inhibited by inhibitors of fatty acid
cycloxygenase and lipoxygenase enzymes (97). It has been
concluded that these compounds were formed from the
unsaturated fatty acids through a hydroperoxide forming
mechanism. These hydroperoxides could accelerate the rate
of oxidized flavor formation during frozen storage. The
oxidized flavors in frozen white fish was suppressed by
vacuum~packaging (96). Studies indicate that in flounder
muscle microsomes treated with phospholipase A, production
of malonaldehyde was drastically reduced (91). When the
free fatty acids produced by the phospholipase treatment
were removed from the membrane, about 60% of the original
peroxidative activity was restored. The relevance of these
findings to meat is not clear but there is considerable
evidence that lipase activity affects 1lipid oxidation in
meat and fish. Lipase treatment was shown to increase the
rate of 1lipid and pigment oxidation in ground beef, but
that phospholipase A reduced lipid and pigment oxidation

(72). A protective effect of free fatty acids against
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lipid oxidation has been observed in fish muscle and fish
muscle homogenates (46,140), and in flounder muscle
microsomes (193). The mechanisms for these protective

effects have not yet been conclusively demonstrated.

2.3.2.1. Promotion of singlet oxygen by heme pigments

Calysis of 1lipid oxidation by heme pigments was an
accepted mechanism until the report that demonstrated no
evidence of lipid oxidation when myoglobin and hemoglobin
were added back to a muscle tissue from which heme pigments
were removed by dialysis (181). Other reports confirmed
this finding (92,132). The oxidative reactions that the
native heme pigments, hemoglobin and myoglobin, accelerate
are those that produce activated oxygen forms, superoxide
anion and singlet oxygen. Hemoglobin catalyzes the
oxidation of ascorbate, in which activity is postulated to
be due to an electron transfer from the heme iron, forming
an activated oxygen, superoxyferriheme (125). While oxygen
activation may play a role in the initial production of
lipid peroxides, such activation by native protein heme
pigment does not appear‘to be part of the heme catalysis
process (132). Another reason to believe that native
pigments are not involved is that the heme is sterically
hindered. Heme or hemin is the most reactive catalyst, has
the lowest lipid to heme ratio for maximal activity of all

the heme compounds studied, and has never shown a lag
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period in any of the systems in which it has been studied.
This observation further strengthen the conclusion that
heme pigments are not catalysts of 1lipid oxidation but
rather promoters of singlet oxygen formation.

Iron is necessary for the activity of heme, since
protoporphyrin was found to be completely inactive while
hematin showed an extremely high activity (101). Smaller
heme compounds exhibited higher activity possibly due to
greater diffusional mobility of these catalysts and/or
better accessibility of the active site.

In almost all systems in which the pigments have
been studied, hematin has been found to be the most active
catalytic form of heme iron. Attempts to elucidate the
roles of heme and free iron using model systems established
the dependence of free iron and heme catalysis on various
factors such as chelating agents, reductants and pH
(130,131)., For example, ascorbate did not affect the heme
catalysis at pH 5.6, but inhibited at pH 7.8; in contrast,
ascorbate accelerated the iron catalyzed reaction at all pH
values. The qualitative and quantitative aspects of the
effect of these conditions or additives were then compared
with their effect on lipid oxidation in meats. The results
indicated catalysis by both iron and heme. In conclusion,
lipid oxidation in muscle foods is probably catalyzed by
both heme and free iron, and possibly by other compounds

not yet identified.
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2.3.3. Cellular Antioxidation Defense System

In view of the potential damagé that may be caused by
free radicals and hydroperoxides and the possible direct
effect of various oxidants on cellular components, it is
important that cells contain an antioxidant defense system.
The major antioxidation defense system appears to include
several factors. Scavenging of free radicals and singlet
oxygen in conjunction with vitamih E and superoxide
dismutase, reduction of hydroperoxides by the activities of
catalase and glutathione (GSH) peroxidase as well as
dietary protein, 1lipids, carbohydrate, minerals and
vitamins, all are involved in the overall cellular
antioxidant defense. Thus the key cellular antioxidant
defense mechanism appears to act through scavenging of free
radicals and reduction or detoxification of hydroperoxides
(Fig.5) .

The enzyme superoxide dismutase is widely distributed
in cells with high oxidative metabolism and has been
proposed to protect such cells against deleterious effects
of superoxide anion formed from gaseous oxidants as well as
lipid hydroperoxides. The hydrogen peroxide that is formed

can be reduced in the cells by the activity of catalase or
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Figure 5. Cellular antioxidant defense systems. RH, polyunsaturated fatty acids;
ROOH, fatty acid hydroxy fatty acid; GSH, reduced glutathione; Se,
selenium; G-6-P, glucose-6-phosphate and 6-PG, 6-phosphogluconate.



glutathione (GSH) peroxidase as follows:

202 + 2H+ H202 +02

The activities of GSH peroxidase, GSH reductase and G-6-p
dehydrogenase have been shown to increase in certain tissue
after animals were fed lipid hydroperoxides for prolonged
periods (171) or made vitamin E deficient (39). Dietary
selenium is an integral part of GSH peroxidase enzymes and
is necessary for their activity.

Vitamin E, as an integral part of the membrane, is
visualized as a biological antioxidant, which by
sequestering free radical functions to terminate the
propagation of an autoxidation process involving lipid
peroxidation. Vitamin E was recognized in 1922 by Evans
and Bishop as a dietary factor from plants that was
essential for normal reproduction in rats. It was not
until 1933 that it was identified as a group of substances
known as tocopherols. Of the four different tocopherols
that have been identified: Alpha (), beta (B).
gamma (y ) and delta (§ ), the d-alpha tocopherol is most
biologically active.

The quenching of a free radical by Vitamin E results
in the formation of a tocopherol semiquinone radical that
rapidly degrades to other prodicts. Tocopherol acts as a

free radical scavenger by donating a phenolic hydrogen atom
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to a free radical, thereby resolving the unpaired electron
of the radical and oxidizing the tocopherol to its quinone
form (Fig.6). o« ~tocopherol has the added advantage of
being nontoxic at required levels.

The fundamental biological role of vitamin E has been
discussed recently and it seems to depend on its reactivity
towards peroxy radicals. Microsomal vitamin E
concentrgtion has been shown to have an important bearing
on the resistance of microsomes to lipid peroxidation (27).
The efficiency of exogenous vitamin E has been found to be
50 fold lower than that exerted by the naturally occurring
vitamin E in microsomal membranes. The lower efficiency of
exogenous vitamin E might imply that the added vitamin
could not be properly incorporated into specific sites
where it could develop its activity. Another research
publication provided evidence of the dependence of the lag
phase of 1lipid peroxidation on vitamin E content of
microsomes (85). The micronutrient selenium was studied
also, because it has antioxidant effects in wvivo. This
study suggested the existence and importance of two
defenses against microsomal 1lipid peroxidation: the GSH
dependent protein, which is responsible for the existence
of the lag, and £ -tocopherol, which affects the length of

lag. They suggested that these defenses function separately
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Figure 6 Oxidation of « -tocopherol to its quinone form in the

process of quenching of a free radical.
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to prevent peroxidation of membrane polyunsaturated fatty
acids. It appears that they protect one another. It is
conceivable that GSH dependent protein protrudes from the
membrane and scavenges radicals at some distance from the
lipid water interphase. This would make them
complementary. The possibility that the GSH dependent
microsomal protein is linked to s¢c-tocophercl function is an
attractive one because vitamin E is the only vitamin for
which no enzymatic role is known. The regeneration of d-
«~tocopherol by an enzyme using the reducing equivalents of
GSH would go a long way towards explaining the in vivo
antioxidant effect of this form of vitamin E. Selenium
appears to affect microsomal «- tocopherol content but has
no effect on the microsomal lipid peroxidation systemn.

As vitamin E is considered nature's best lipid-soluble
antioxidant, it is also known to have an effect in
stabilizing Vitamin A (14). The nutritional influence of
vitamin A on cellular redox status have been known for
years. While high levels of Vitamin A has been shown to
decrease the vitamin E concentration of plasma and tissues
of several species (40), plasma selenium level as measured
by GSH peroxide activity was increased. It has been
suggested that a high 1level of dietary wvitamin A may
promote the enteric absorption of selenium, but interfere
with the absorption of vitamin E (14). Vitamin A may also

enhance the oxidation of vitamin E in the gut (73) or
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