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Abstract

The overall aim is the characterization of the antioxidant systems in marine fish during early
development in order to enhance growth and quality of early life stages by avoiding oxidation
problems that may cause pathologies and disease. The present study determined the activities of
the antioxidant system enzymes and levels of vitamin E, lipid peroxidation products and fatty
acids during early development without exogenous feeding in the marine fish, Dentex dentex.
Samples of fertilized eggs just prior to hatch, newly hatched larvae and unfed larvae up to day 9
after hatch were analysed on a daily basis. The larvae did not grow during the experiment and by
day 9 the surviving larvae weighed only a third of the newly hatched larvae. Lipid was a major
energy source during this period of starvation as evidenced by greatly decreased amounts of total
lipid due to a preferentia utilisation of neutral lipids. All groups of fatty acids (saturated,
monounsaturated and polyunsaturated) were consumed throughout the starvation period. Vitamin
E levels were relatively constant until significantly declining by days 8 and 9. Similarly, levels of
lipid-soluble fluorescent products (LSFP) were relatively constant until day 6 and then signifi-
cantly decreased from days 7 to 9. In contrast, the level of malondialdehyde (MDA) was very high
in eggs but was 3-fold lower in newly hatched larvae and then decreased over the whole
time-course and was also significantly lower on days 8 and 9. The activities of enzymes of the
antioxidation system were expressed in both eggs and early larvae and varied during the
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developmental period with levels of catalase and glutathione peroxidase (GPX) being initially low
in eggs whereas glutathione-Stransferase (GST) and superoxide dismutase (SOD) were higher in
egos than in larvae. Overall, the activities of catalase and GPX increased, whereas GST and total
SOD activities decreased, during the early stages of development during a period where there was
no exogenous dietary input into the larvae. Glutathione reductase activity was very low and
showed an increasing trend initially until days 2—-3 before declining and varying over the
remaining period. In conclusion, we determined the prooxidant (polyunsaturated fatty acid) status,
antioxidant status (vitamin E), peroxidation status (MDA and LSFP) and the activities of the
antioxidant enzyme systems in a single integrated study in unfed marine fish larvae during early
development. © 1999 Elsevier Science B.V. All rights reserved.

Keywords: Dentex dentex; Larvae; Antioxidant enzymes; Assays, Vitamin E; Malondiadehyde (MDA);
Lipid-soluble fluorescent products (L SFP)

1. Introduction

Tissue lipid polyunsaturated fatty acid (PUFA) content and composition are critical
factors in lipid peroxidation, and as fish tissues contain large quantities of highly
unsaturated n — 3 series fatty acids they may be more at risk from peroxidative attack
than are mammals (Bell and Cowey, 1985). Therefore, although PUFA are essential for
optimal growth and development of marine fish, they also impose a peroxidation burden
on the fish. In normal physiological conditions there is continuous production of reactive
oxygen species (ROS) which induce oxidative stress and can result in damage to cell
membranes, inactivation of enzymes and damage to genetic material and other vital cell
components. Lipid peroxidation, specifically PUFA oxidation induced by ROS and free
radicals, is acknowledged as being highly deleterious, resulting in damage to cellular
biomembranes, particularly those of subcellular organelles, which contain relatively
large amounts of PUFA (Tappel, 1975) and is the most extensively studied component
of oxidative damage to biological systems. The double bonds in PUFA contain hydro-
gens with bond energies that, in the presence of reactive oxygen species or other free
radicals, make them highly susceptible to hydrogen abstraction reactions that initiate and
propagate a chain reaction known generally as autoxidation (Gardner, 1989; Porter et al.,
1995). Autoxidation of PUFA produces compounds such as fatty acid hydroxyperoxides,
fatty acid hydroxides, aldehydes such as malondialdehyde (MDA) and hydrocarbons.
These reactions also produce lipid peroxide related fluorophores, such as lipofuscin,
which are collectively termed lipid-soluble fluorescent products (LSFP), formed by
aldehyde-protein crosslinking of carbonyl and amino groups, which are common in
biology and as they have also been related to the aging process are sometimes termed
fluorescent age pigments (FAP) (Sohal and Wolfe, 1986; Sohal and Brunk, 1990; Yin,
1995).

To maintain health and prevent oxidation-induced lesions and mortalities, there must
be effective antioxidation systems operating in fish. The components of these systems
involve antioxidant compounds such as NADH /NADPH, glutathione (GSH), protein
sulphydryl (=SH) groups and uric acid and dietary micronutrients such as vitamins E
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and C or carotenoids. Other components are the antioxidant enzymes including free
radical scavenging enzymes such as catalase, superoxide dismutase (SOD) and glu-
tathione peroxidase (GPX) and associated enzymes such as glutathione-Stransferase
(GST) and glutathione reductase (GR). However, information in relation to in vivo lipid
peroxidation and antioxidant defences either in wild or cultured fish species is quite
limited (Murata and Y amauchi, 1989; Sekiya et al., 1991; Sakai et a., 1992; Murata et
al., 1996). In addition, most of the studies have been done in salmonids and freshwater
fish (Bell et al., 1984, 1985, 1987; Cowey et a., 1985; Radi et al., 1987; Roy et al.,
1995) with few studies in marine fish (Stéphan et al., 1995; Murata et a., 1996). In fish,
in vivo lipid peroxidation caused by oxygen radicals is a principal cause of severa
diseases such as jaundice (Sakai et al., 1989), nutritional muscular dystrophy (Watanabe
et al., 1970; Murai and Andrews, 1974) and hemolysis (Kawatsu, 1969). In addition, it is
well known and generally acknowledged that many biological and physiological systems
are poorly developed in larval marine fish, therefore, it is possible that newly-hatched
and early larva marine fish may not have sufficiently well-developed antioxidant
capabhility both in terms of metabolic systems and /or antioxidant nutrient status.

The overal objective of our project was the characterization of the antioxidant system
in marine fish during early development in order to understand how to avoid oxidation
problems that may cause pathologies and disease and to enhance growth and quality of
early life stages. The specific aim of the present study was to determine the pattern of
expression of the antioxidant enzymes and their relationships with each other, other
components of the antioxidant system such as vitamin E and lipid peroxidation products
in the early stages of development of the marine fish, the common dentex. The fish were
not offered food during the experiment to avoid the effects of input of exogenous
components, particularly prooxidant PUFA and antioxidant vitamins.

2. Materials and methods
2.1. Materials

High-performance thin-layer chromatography (HPTLC) plates (10 X 10 X 0.15 mm),
pre-coated with silica gel 60 were obtained from Merck (Darmstadt, Germany). All
solvents were of HPLC grade and were obtained from Rathburn Chemicals (Walkerburn,
UK). KH,PO,, K,HPO,, EDTA, adrenaline, xanthine, potassium cyanide, reduced and
oxidised glutathione, NADPH, hydrogen peroxide, cumene hydroperoxide, 1-chloro-
2,4-dinitrobenzene, oxidised glutathione, sodium azide, glutathione reductase, xanthine
oxidase and butylated hydroxytoluene (BHT) were purchased from Sigma, Poole,
Dorset.

2.2. Broodstock management, egg and larval production

Broodstock maintenance and reproduction as well as egg and larval production were
performed according to the methodology developed for Dentex dentex by Pastor et al.
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(1995) at the Estacion de Acuicultura, Port d Andraxt, Palma de Mallorca, Spain. Eggs
were hatched in 400 | cylindro-conical tanks in an open circulation system (1/3 water
exchange/day) at a density of 100 eggs/l, hatching occurring about 30 h after
spawning. Newly-hatched larvae developed at the expense of yolk-sac and oil drop
reserves and subsequent starvation until day 9 after hatch. Full details of energy
utilization and bioenergetics in dentex larvae during lecitotrophia and starvation are
published elsewhere (Mourente et al., 1999).

2.3. Sample collection and dry weight determination

Eggs from the same batch, approximately 10-12 h after spawning were collected
with an adequate size mesh screen, rinsed in distilled water and blotted on filter paper
before being frozen in liquid nitrogen and stored in a freezer at —80°C until analysis.
The same treatment was used for larvae from 1 to 9 days after hatching. Y olk sac and oil
drop absorption had primarily occurred in larvae sampled by day 5 and by day 6 after
hatching, respectively.

Replicates of preweighed samples (approximately 500 mg wet weight of eggs and 1
to 9 days post-hatch unfed larvae) were maintained at 110°C for 24 h. The dry weights
were determined after cooling in vacuo for at least 1 h.

2.4. Lipid content, lipid class and fatty acid analyses

Total lipid contents of the eggs and larvae were determined gravimetrically after
extraction with chloroform/methanol (2:1, v/v) essentialy by the method of Folch et
al. (1957). All solvents contained 0.01% BHT as antioxidant.

Lipid classes were separated by one-dimensional, double-development HPTLC using
methyl acetate /propan-2-ol /chloroform /methanol /0.25% aqueous K Cl (25:25:25:10:9,
by vol.) and hexane/diethyl ether/acetic acid (85:15:1.5, by vol.) as developing
solvents as described previously (Tocher and Harvie, 1988). Lipid classes were quanti-
fied by charring followed by calibrated scanning densitometry using a Shimadzu
CS-9001PC dual wavelength flying spot scanner (Olsen and Henderson, 1989).

Fatty acid methyl esters were prepared from total lipid by acid-catalyzed transmeth-
ylation at 50°C for 16 h using tricosanoic acid (23:0) as internal standard (Christie,
1982) and were extracted and purified as described previously (Tocher and Harvie,
1988). Methyl esters were analyzed in a Hewlett-Packard 5890A gas chromatograph
equipped with a chemicaly bonded (PEG) Omegawax-320 fused silica wall-coated
capillary column (30 m x 0.32 mm i.d., Supelco, Bellefonte, USA) and using on-column
injection. Hydrogen was used as carrier gas with an oven thermal gradient from an
initial 50°C to 180°C at 25°C/min and then to a final temperature of 235°C at 3°C/min.
The final temperature was maintained for 10 min. Individual fatty acid methyl esters
were identified by comparison with known standards and a well-characterized fish oil
and by reference to published data as described previousdy (Tocher and Harvie, 1988)
and were quantified by means of a PC linked to the gas chromatograph and utilising
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Hewlett-Packard 3365 ChemStation software. All solvents contained 0.01% BHT as an
antioxidant.

2.5. Determination of catalase, superoxide dismutase, glutathione peroxidase, glu-
tathione Stransferase and glutathione reductase activities in egg and larval ho-
mogenates

Samples of eggs and larvae were homogenised in 9 volumes of 20 mM phosphate
buffer pH 7.4, 1 mM EDTA and 0.1% Triton X-100 and the homogenates centrifuged at
600 X g, to remove debris, and the resultant supernatants used directly for enzyme
assays.

Catalase (EC 1.11.1.6) activity was measured by following the reduction of hydrogen
peroxide at 240 nm using the extinction coefficient 0.04 mM ~* cm™! (Beers and Sizer,
1952). Immediately before assay, 50 ml of 67 mM potassium phosphate buffer pH 7.0
was mixed with 80 wl of 30% (v/v) hydrogen peroxide. The quartz assay cuvette
contained 3.0 ml of the above buffered hydrogen peroxide solution plus 25 .| of sample.

Total SOD (EC 1.15.1.1) activity was assayed by measuring the inhibition of the
oxygen-dependent oxidation of adrenalin (epinephrine) to adenochrome by xanthine
oxidase plus xanthine (Panchenko et a., 1975). Plastic mini-cuvettes containing 0.5 ml
of 100 mM potassium phosphate buffer pH 7.8/0.1 mM EDTA, 200 .| adrenaline, 200
pl xanthine and 50 ! distilled water (uninhibited control) or 50 wl sample were
prepared and the reaction initiated by the addition of 10 wl xanthine oxidase. The
reaction was followed at 480 nm and 1 unit of SOD activity is described as the amount
of the enzyme which inhibits the rate of adenochrome production by 50%.

GPX (EC 1.11.1.9) was assayed by following the rate of NADPH oxidation at 340
nm by the coupled reaction with glutathione reductase (Bell et a., 1985). Plastic
mini-cuvettes containing 0.75 ml of 60 mM potassium phosphate buffer pH 7.4/1 mM
EDTA /2 mM sodium azide, 50 wl reduced glutathione, 100 wl NADPH and 5 pl
glutathione reductase were prepared. The basal reaction was initiated by the addition of
either 50 pl H,0, solution or 50 | cumene hydroperoxide (as substrates for selenium-
dependent and total GPX activities). The non-enzymic rate without sample added was
measured for later subtraction. Sample (50 wl) was added and the assay continued by
measuring absorbance at 340 nm with specific activities determined using the extinction
coefficient of 6.22 mM ! cm™2.

GST activity was determined by following the formation of glutathione-CDNB
adduct at 340 nm. Standard plastic cuvettes containing 2.5 ml of 120 mM potassium
phosphate buffer pH 6.5, 100 wl GSH and 100 .l CDNB were prepared and the
reaction initiated by the addition of 50 w| sample. Specific activities were determined
using an extinction coefficient of 9.6 mM ! cm™1.

GR (EC 1.6.4.2) activity was determined by the oxidation of NADPH at 340 nm
using the extinction coefficient 6.22 mM~* cm™!. Plastic mini-cuvettes containing 0.6
ml of 0.2 M potassium phosphate buffer pH 7.0/2 mM EDTA, 200 wl oxidised
glutathione and 100 I NADPH were prepared and the reaction initiated by the addition
of 100 .l of sample.
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Protein content in the egg and larval homogenates was determined by the Folin-phe-
nol reagent method, according to Lowry et al. (1951) following digestion in NaOH /SDS.

2.6. Determination of vitamin E (a-tocopherol)

a-Tocopherol in fish tissues was determined, after saponification and extraction,
largely as described by Cowey et al. (1981) using the HPLC method of Hung et al.
(1980). Briefly, weighed samples were homogenised in 5 ml of 2% (w/v) ethanolic
pyrogallol and the homogenate incubated for 5 min at 70°C. One ml 60% KOH (w /v)
was added, the tubes flushed with nitrogen, stoppered, and incubation at 70°C continued
for a further 20 min. After cooling, 4 ml of water and 4 ml of hexane/BHT were added
and the tubes mixed vigorously. Three ml of the hexane layer was removed, evaporated
under a stream of nitrogen and redissolved in 1 ml methanol. Reverse-phase HPLC
separation was carried out using a Spherisorb ODS2 column (4.6 X 250 mm), eluted
with 98% methanol at a flow rate of 1.5-2.0 ml /min with UV detection at 293 nm.

2.7. Determination of malondialdehyde and lipid-soluble fluorescent products

Weighed samples were homogenised in 9 ml of 50 mM potassium phosphate buffer,
pH 7.4. One ml of homogenate was added to a mixture of 2 ml 10% (w/v)
trichloroacetic acid, 2 ml 1% (w/v) thiobarbituric acid and 0.05 ml 0.2% (w/v) BHT
(in ethanol). The tube contents were mixed and heated at 100°C for 20 min, centrifuged,
the supernatants transferred to plastic cuvettes and the absorbance recorded against a
reagent blank at 532 nm. The concentration of MDA was obtained using the extinction
coefficient 1.56 X 10° M~ cm™ ! (Rossell, 1989).

LSFP such as lipofuscin, were quantified spectrofluorometrically, after removal of
interfering fluorescent compounds (primarily retinol and flavins) and linearity determi-
nation, in total lipid chloroform/methanol extracts by a modification of Fletcher et a.
(1973). Quinine sulphate at a concentration of 1 png/ml in 0.1 M sulphuric acid was
used as a standard for fluorescence intensity and wavelength calibration (Hammer and
Braum, 1988). The production of LSFP were measured using excitation/emission
wavelengths of 350/445 nm and 400/455 nm which are characteristic of lipid
complexes formed by the cross linking of the aldehyde groups of MDA with amino
groups of phosphatidylserine and phosphatidylethanolamine, respectively (Jain, 1988).

2.8. Satistical analysis

Results are presented as means+ SD (n=3 or 4). The data were checked for
homogeneity of the variances by the Bartlett test and, where necessary, the data were
arc-sin transformed before further statistical analysis. Differences between mean values
were analyzed by one-way analysis of variance (ANOVA), followed when pertinent by a
multiple comparison test (Tukey). Differences were reported as statistically significant
when P < 0.05 (Zar, 1984).
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Fig. 1. Dry weight (top panel), lipid composition (middle panel) and fatty acid composition (bottom panel) of
Dentex dentex eggs and unfed larvae from hatch (LO) to day 9 after hatch (L9). Results are all presented in
absolute terms of g per individual larvae and are means+ SD (n= 3). TL, total lipid; PL, total polar lipid:
NL, total neutra lipid; SFA, total saturated fatty acid; MUFA, total monounsaturated fatty acids; PUFA, total
polyunsaturated fatty acids. Due to the large variation in individual dry weights the data were not statistically
significant. The absolute data for lipid and fatty acid contents were calculated from percentage data and as
such show obvious highly significant differences although levels of significance were omitted from the figures
for clarity.
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Fig. 2. Contents of vitamin E (top panel), MDA (middle panel) and LSFP (bottom panel) of Dentex dentex
eggs and unfed larvae from hatch (LO) to day 9 after hatch (L9). Results are all presented in terms of per
individual larvae and are means+ SD (n= 3). 350—445 nm, characteristic of lipid complexes formed by the
cross linking of the aldehyde groups of MDA with amino groups of phosphatidylserine; 400-455 nm,
characteristic of lipid complexes formed by the cross linking of the aldehyde groups of MDA with amino
groups of phosphatidylethanolamine. Individual data points for a given parameter with different superscript
letters are significantly different (P < 0.05).
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3. Results

The data for dry weight, lipids, vitamin E and lipid peroxidation products are all
presented on an absolute content per individua larva basis to enable direct comparison
of the respective levels. The average dry weight of newly-hatched larvae (LO) was
approximately 86% of the egg dry weight (Fig. 1). The individual dry weight of the
larvae decreased during the period of starvation with the average weight of larvae on
day 9 (L9), the last day on which a sample could be taken due to mortalities, being less
than one third of the newly-hatched larvae. The total lipid content of the larvae
decreased continuously during the experimental period with only 15% of the total lipid
present in newly-hatched larvae remaining in the larvae just prior to death by starvation
(Fig. 1). Lipid was preferentially utilised in the larvae as the lipid remaining in
9-day-old larvae accounted for only 14.4% of the tota dry weight of the larvae
compared with 32% of the total dry weight in newly-hatched larvae. Yolk sac and oil
drop resorption had primarily occurred in larvae sampled by day 5 and by day 6 after
hatching, respectively (Mourente et al., 1999). Both neutral and polar lipids were
depleted during the experimental period athough neutra lipids were preferentially
utilised with only 8% of the total neutral lipid reserves, compared with 28% of the total
polar lipids present in newly-hatched larvae remaining in day 9 larvae (Fig. 1). The
larval content of all the fatty acid groups, saturated (SFA), monounsaturated (MUFA)
and polyunsaturated (PUFA), decreased over the period of the experiment. MUFA were
slightly preferred for utilisation as only 6% of reserves existing in newly-hatched larvae
remained in day 9 larvae, compared with 11% PUFA and 14% SFA (Fig. 1). It was
noteworthy, however, that the relative proportion of PUFA remained almost constant
only increasing from 50.2% in newly-hatched larvae to 52.9% in day 9 larvae. Further
details of the bioenergetics in dentex larvae during lecitotrophia and starvation are
published elsewhere (Mourente et al., 1999).

—&— Vit E/PUFA
—L{+— MDA/PUFA

4 - —&— LSFP/PUFA

Ratio
w

oL oo
Egg LO L1 L2 L3 L4 L5 L6 L7 L8 L9

Stage/Time after hatch

Fig. 3. Contents of antioxidant (vitamin E) and peroxidation products (MDA and LSFP) relative to the PUFA
content of Dentex dentex eggs and unfed larvae from hatch (LO) to day 9 after hatch (L9).
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Fig. 4. Activities of enzymes of the antioxidant systems in Dentex dentex eggs and unfed larvae from hatch
(LO) to day 9 after hatch (L9). Catalase (top panel), Glutathione peroxidase (GPX) with hydrogen peroxide
(HP) or cumene hydroperoxide (CH) as substrates and glutathione-S-transferase (middle panel) and total
superoxide dismutase (SOD) and glutathione reductase (GR) (bottom panel). Results are al presented in
nmol /min/mg protein other than SOD which is presented as units/min/mg protein and are means+ SD
(n=23). Individual data points for a given activity with different superscript letters are significantly different
(P < 0.05). For clarity in the middle panel, significance of differences are shown for only the data for total
GPX [GPX(CH)] and not GPX(HP).
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The vitamin E content remained relatively constant over most of the experimental
period before declining sharply in the last two days (Fig. 2). The level was significantly
reduced in day 9 larvae, and was less than half that present in eggs or newly-hatched
larvae. However, the amount of vitamin E relative to the amount of PUFA in the larvae
increased during the duration of the experiment (Fig. 3).

The level of lipid peroxides, as indicated by assayable MDA, was very high in
fertilised eggs prior to hatching and was significantly higher than in larvae (Fig. 2). The
larval content of MDA decreased significantly during the period of the experiment (Fig.
2). The ratio of MDA to PUFA in the eggs was greater than 5 whereas the ratio in larvae
was much lower and generally increased during the experimental period rising from
approximately 1.6 in newly-hatched larvae to 2.4 in day 9 larvee (Fig. 3). LSFP,
characteristic of peroxidised phosphatidylethanolamine (400—455 nm) was relatively
constant before decreasing significantly on days 7-9 (Fig. 2). LSFP characteristic of
peroxidised phosphatidylserine (350—445 nm), showed a similar pattern but at a much
lower level consistent with the much lower level of tissue phosphatidylserine (Fig. 2).
The ratio of total LSFP to PUFA increased 3-fold from the egg to days 5/6 post-hatch
before declining (Fig. 3).

The activities of various enzymes of the antioxidation system in eggs and unfed
larvae of D. dentex larvae over 9 days are shown in Fig. 4. All enzyme activities are
expressed relative to protein content. Although the protein content of larvae was lower
than in eggs, as expected due to the loss of the chorion and perivitelline fluids, the
proportion of protein was relatively constant during the larval stages (Mourente et al.,
1999). Catalase activity did not alter upon hatching and was constant for the first 2 days
after hatching but increased over 3-fold from then to day 9 larvae with large increases
just prior to yolk sac resorption (L3) and between days 7 and 8 (Fig. 4). Similarly, GPX
activities to both hydrogen peroxide and cumene hydroperoxide substrates were low in
both eggs and newly-hatched larvae and remained relatively constant until day 4 when
both activities markedly increased by approximately 10-fold and then remained at this
higher level until day 9 (Fig. 4). In contrast, the activity of GST decreased by about 50%
over the period of the experiment with the largest decrease occurring over days 3-5
(Fig. 4). Similarly, total SOD activity decreased during the course of the experiment
athough in this case the greatest reduction in activity was between the egg and
newly-hatched larvae (Fig. 4). GR activity was considerably lower than the other
enzyme activities measured as nmol /min/mg protein and after an initia increase up to
approximately yolk sac absorption it decreased to a level on day 9 similar to the level in
eggs (Fig. 4).

4, Discussion

There have been many studies on the endogenous antioxidant enzyme systems in fish
(Roche and Boge, 1993; Murata et al., 1996) particularly in relation to specific oxidative
stresses (Pedrajas et al., 1995; Rana and Singh, 1996) but also including studies in
relation to age and development (Otto and Moon, 1996). However, there have been few
studies specifically investigating the activity of the enzyme systems in larval stages
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(Aceto et a., 1994; Peters et al., 1994, Peters and Livingstone, 1996). The present study
has shown that readily measurable amounts of all the antioxidant system enzymes were
present in D. dentex eggs prior to hatching. In particular, the eggs contained substantial
catalase, SOD and GST activities. Along with almost 6 ng vitamin E per egg, this
suggests that the eggs were well protected against peroxidation despite the very high
level of PUFA that they contained. In particular, in catalase and SOD, the eggs had the
primary enzyme activities responsible for the breakdown and inactivation of the main
metabolically-produced endogenous radicals, hydrogen peroxide and superoxide. How-
ever, the eggs also contained a relatively high level of MDA but upon hatching the
larval level of MDA was only about one third of that present in the unhatched egg.
Therefore, it appeared that two thirds of the MDA was not associated with the
developing larval body but rather may have been associated with the chorion and/or
perivitelline fluid. This situation may reflect accumulation of MDA during embryonic
development with excretion from the developing embryo into the perivitelline fluid
which was lost upon hatching. Subsequently, MDA levels decreased over the whole
time-course of larval development perhaps reflecting decreased accumulation through
enhanced antioxidant systems and /or increased excretion rate.

After hatching, the activities of catalase and SOD varied differentially with catalase
generally increasing and SOD generally decreasing during early larval development in
the common dentex. The reason for the activity of SOD and catalase varying inversely
in relation to each other is perhaps not immediately apparent as SOD, by converting
superoxide to hydrogen peroxide, directly provides substrate for catalase (Miller et al.,
1993). Previoudly, it had been shown that catalase activity increased after hatching in
rainbow trout fry (Aceto et al., 1994) and from embryos to 11 days post-hatch larvae in
turbot (Peters and Livingstone, 1996). Similarly, the activity of SOD also decreased
from embryos to 11 days post-hatch larvae in turbot (Peters and Livingstone, 1996)
whereas, in contrast, the opposite was observed in rainbow trout where SOD activity
was lower in the eggs prior to hatching (Aceto et al., 1994).

The activity of GPX, whether measured against hydrogen peroxide or cumene
hydroperoxide, was initially low in unhatched eggs but, like catalase, it increased during
larval development. Interestingly, the largest increase in the activity of GPX occurred
between days 3 and 4 post-hatch, just after the activity of catalase also showed its largest
increase between days 2 and 3 post-hatch. Therefore, these increases occurred before
yolk sac absorption (day 5 post-hatch) and disappearance of the oil globule (day 6) and,
in addition, there was no correlation between these increases in enzyme activities and
fatty acid composition, which declined steadily, or vitamin E, which was relatively
constant during this period. Therefore, the increased levels of catalase and GPX may be
in response to other metabolic changes occurring at this time possibly leading to
changed sources of oxidative stress. In this respect perhaps, it was noteworthy that the
activity of selenium-dependent GPX (hydrogen peroxide substrate) and total GPX
activity (cumene hydroperoxide substrate) almost exactly parallel each other indicating
that there was very little evidence for a selenium-independent GPX activity. Despite the
increasing activity of GPX, which would result in increased production of oxidised
glutathione (GSSG), the activity of GR, which had the lowest activity of all the enzymes
assayed but is nonetheless essential for the regeneration of reduced GSH (Miller et 4.,
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1993), was not well correlated with the activity of GPX in dentex larvae. Thisimbalance
in GPX and GR activities could potentialy lead to GSSG accumulation and a lower
GSH /GSSG ratio. GSSG is known to be an inhibitor of protein synthesis and other
enzyme activities and cells normally maintain a high GSH /GSSG ratio (Halliwell and
Guitteridge, 1989). However, as we did not assay glutathione or y-glutamyltransferase,
which degrades GSH, affects on the GSH /GSSG ratio are speculative.

The activity of GST showed a marked decline throughout the development of dentex
larvae. GST operates as an enzyme of the antioxidant system by conjugating peroxy
radicals with glutathione athough it is thought that this pathway may only be signifi-
cantly important in conditions of selenium or vitamin E deficiency (Miller et al., 1993).
However, in the present study the larvae were starving and so although they were
potentially selenium deficient, at least in the latter stages, and the data clearly showed
that the larval vitamin E level decreased greatly in the latter stages, the activity of GST
did not increase.

The collapse in vitamin E level in the developing larvae between days 7 and 9
post-hatch indicated that vitamin E was being consumed rapidly at this stage in the
process of quenching free radicals and chain-breaking. It was particularly interesting that
the collapse in vitamin E levels only occurred after yolk-sac resorption and disappear-
ance of the oil globule. These processes may be related as there may be transient
increase in PUFA into the metabolically active pool at this time due to resorption of
yolk PUFA and that cannot be incorporated into membranes in starving animals and
therefore must be oxidised. Catalase activity also increased greatly at this time and there
may also be a dlight increase in SOD activity.

Despite the complex variations in antioxidant enzyme activities, it was noteworthy
that the levels of peroxidation products whether measured as MDA or as LSFP actually
decreased during the overall development of starving dentex larvae. LSFP levels were
particularly interesting as they tended to parallel vitamin E levels in that they were
relatively constant until after yolk sac resorption and disappearance of the oil globule
after which point they declined rapidly and significantly. This has been observed
previously in pike larvae in which LSFP (termed fluorescent age pigments, FAP, in that
study) concentrations reached a maximum at yolk sac resorption and declined thereafter
(Hammer, 1988). Hammer (1993) related the decrease in FAP to a state of nutritional
deprivation in the pike larvae after yolk sac resorption. Along with data relating FAP
accumulation to incubation temperature, these data gave rise to the hypothesis that FAP
concentrations reflected larval metabolic activity (Hammer, 1993). As with pike larvae,
the present study suggested that L SFP can be metabolized and removed during a state of
nutritional deprivation in common dentex larvae. However, it cannot be excluded that
the LSFP levels measured may also be influenced by mortalities of larvae with very high
LSFP levels and preferential survival of larvae with lower LSFP levels.

MDA levelsin vivo are probably maintained very low due to the action of aldehyde
dehydrogenases or oxidases and the MDA level measured by the assay is actually due to
MDA formed by the breakdown of lipid peroxides in the sample (Halliwell and
Gutteridge, 1989; Miller et al., 1993). Overall though, the results of the present study
show that lipid peroxidation products were not accumulating in the developing larvae.
Whether or not this was due to the balanced activities of the antioxidant enzymes and
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antioxidants such as vitamin E in a closed system, as the starving larvae essentially
were, is debatable. Total PUFA levels also declined consistently throughout the period
from hatch to day 9 post-hatch and so a major substrate for peroxidative attack was also
decreasing. Hence, the vitamin E /PUFA ratio increased during the experimental period
and did not decrease greatly even when the vitamin E level collapsed over days 7-9
post-hatch. Therefore, the evidence suggests that in larvae, under conditions with no
exogenous dietary input, peroxidation may not be a significant additional stress.

In conclusion, we determined the effect of early development without exogenous
feeding on the prooxidant (PUFA) status, antioxidant status (vitamin E), peroxidation
status (MDA and LSFP) and the activities of the antioxidant enzyme systemsin a single
integrated study in larvae of a marine fish, the common dentex. The activities of the
antioxidant enzymes were expressed in both eggs and early larvae and varied during the
developmental period with the levels of catalase and GPX being initialy low in eggs
whereas GST and SOD were higher in eggs than in larvae. Overall, the activities of
catalase and GPX increased, whereas GST and total SOD activities decreased, during
the early stages of development. These data suggested that SOD was perhaps relatively
more important in eggs than in larvae, catalase activity, which is very high in
comparison to the other activities, is important at all stages; and that a putative role for
GST in lipid hydroperoxide metabolism in eggs is replaced by GPX in larvae. The
enzyme activities appeared not to be directly related to the prooxidant load or the levels
of lipid peroxidation products as measured by MDA and LSFP levels athough increas-
ing larval catalase and GPX activities may be related to the declining levels of lipid
oxidation products in the larvae. Similarly, there was no direct relationship between
antioxidant (vitamin E) levels and peroxidation products in the present study. The
evidence suggested that lipid peroxidation may not be a significant additional stress in
marine fish larvae under conditions with no exogenous dietary input.
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