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Abstract



Lipid peroxidation, specifically polyunsaturated fatty acid (PUFA) oxidation is highly
deleterious, resulting in damage to cellular biomembranes, and may be a principal cause of several
diseases in fish including jaundice and nutritional muscular dystrophy. Tissue lipid PUFA content
and composition are critical factors in lipid peroxidation, as is the level of endogenous antioxidant
molecules such as vitamin E. The primary objective of the present study was the characterization of
antioxidant systems in a cultured juvenile marine fish, gilthead sea bream (Sparus aurata) with the
underlying aim to understand how to avoid oxidation problems that may cause pathologies and
disease and so to enhance growth and quality of early ongrowing stages. Juvenile sea bream were
fed diets having either high or low levels of fish oil and supplemented or basal levels of vitamin E
with PUFA/vitamin E ratios ranging from 117 4+ 12 in the diet with low PUFA supplemented with
vitamin E to 745 + 48 in the diet with high PUFA with no additional vitamin E. None of the diets
had serious deliterious effects on growth or survival of the fish, but the different dietary regimes
were effective in significantly altering the PUFA/vitamin E ratios in the fish livers with values
ranging from 5.7 + 0.4 in fish fed the diet with low PUFA supplemented with vitamin E to 91.1 +
13.2 in fish fed the diet with high PUFA with no additional vitamin E. This had effects on the
peroxidation status of the fish as indicated by the significantly altered levels of in vivo lipid
peroxidation products measured in liver, with fish fed the diet rich in PUFA and low in vitamin E
showing significantly higher values of thiobarbituric acid reactive substances (TBARS) and
isoprostanes. The isoprostane levels generally followed the same pattern as the TBARS levels
supporting its value as an indicator of in vivo oxidative stress in fish, as it is in mammals.
However, few significant effects on antioxidant enzyme activities were observed suggesting that
more severe conditions may be required to affect these activities such as increasing the

PUFA/vitamin E ratio or by increasing peroxidative stress through the feeding of oxidized oils.
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Introduction

Lipid peroxidation, specifically polyunsaturated fatty acid (PUFA) oxidation is
acknowledged as being highly deleterious, resulting in damage to cellular biomembranes,
particularly to those of subcellular organelles, which contain relatively large amounts of PUFA
(Halliwell and Gutteridge, 1996). Tissue lipid PUFA content and unsaturation index are critical
factors in lipid peroxidation, and as fish, particularly marine fish, tissues contain large quantities of
n-3 highly unsaturated fatty acids (HUFA) (Sargent et al. 1999), they may be more at risk from
peroxidative attack than are mammals. However, marine fish are unable to synthesise HUFA due to
a relative deficiency in the A5 fatty acyl desaturase and/or the Cig9 elongase enzyme activities
necessary for the desaturation and elongation of dietary PUFA and so marine fish must obtain
preformed HUFA in their diet (Sargent et al. 1999). Therefore, although HUFA are essential for
optimal growth and development of marine fish, they also impose a significant peroxidation burden.
In fish, in vivo lipid peroxidation caused by oxygen radicals is a principal cause of several diseases
such as jaundice (Sakai et al. 1989), nutritional muscular dystrophy (Watanabe et al. 1970; Murai
and Andrews, 1974) and haemolysis (Kawatsu 1969).

To maintain health and prevent oxidation-induced lesions and mortalities, there must be
effective antioxidant 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 and C, and carotenoids. Other
components of the antioxidant defence system include enzymes such as catalase (CAT), superoxide
dismutase (SOD) and glutathione peroxidase (GPX) and associated enzymes such as glutathione-S-
transferase (GST) and glutathione reductase (GR) (Winston and Di Giulio 1991; Halliwell and
Gutteridge 1996). The basic biochemistry of these enzyme systems is well documented. CAT and
SOD are scavengers of active oxygen species, acting on hydrogen peroxide (H,0,) and superoxide
(O27), respectively (Miller et al. 1993). GPX also scavanges H,O, as well as lipid hydroperoxides,
which leads to the production of oxidised glutathione (GSSG). GR acts to maintain levels of
reduced glutathione (GSH) via the reduction of GSSG at the expense of NADH (Winston and Di
Giulio 1991; Halliwell and Gutteridge 1996). Some isoenzymes of GST can also metabolize lipid
hydroperoxides although this activity has not been confirmed in fish (Halliwell and Gutteridge
1996). Research into oxidative stress and antioxidant systems in marine fish is increasing (Stéphan
et al. 1995; Merchie et al. 1996; Nunes et al. 1996; Bai and Lee 1998; Henrique et al. 1998).
However, despite its obvious importance, characterization of the activities of the antioxidant
defence enzymes are only rarely included in these studies (Murata et al. 1996; Peters and

Livingstone 1996; Mourente et al. 1999a,b). Even the requirements for dietary antioxidants such as
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vitamin E, vitamin C and selenium are poorly studied in marine fish (De Silva and Anderson 1995).

The primary objective of the present study was the characterization of antioxidant
systems in a cultured juvenile marine fish, gilthead sea bream (Sparus aurata), of commercial
importance in Europe. The underlying aim is to understand how to avoid oxidation problems that
may cause pathologies and disease and so to enhance growth and quality of life during early
ongrowing stages in marine fish. In consequence, an experiment was designed to test the capacity
of preventing oxidative stress in this species. Juvenile sea bream were fed diets having a high
unsaturation index due to n-3HUFA combined with the presence and absence of the principle lipid-
soluble antioxidant in vivo, vitamin E, in comparison with diets having a low unsaturation index
achieved by substituting n-3HUFA with oleic acid, 18:1n-9, and supplemented or unsupplemented
with vitamin E.  This design resulted in four diets displaying graded PUFA/vitamin E ratios
ranging from 117 + 12 in the diet with low PUFA supplemented with vitamin E to 745 + 48 in the
diet with high PUFA with no additional vitamin E. The pattern of activities for the antioxidant
defence enzymes under these experimental conditions could be postulated. Thus, the activities of
SOD, CAT and GPX could be expected to increase with inreasing PUFA/vitamin E ratio in the liver
as a result of increased fatty acid peroxidation and increased production of radicals. Similarly, GR
activity may be expected to increase with increasing PUFA/vitamin E ratio as a result of increased
production of GSSG from the increased activity of GPX. GST may also be increased, especially in
diets with low vitamin E, as it is thought to form GSH conjugates with peroxy radicals (Miller et al.
1993).

This study also presented a novel approach in the study of lipid peroxidation products in marine
fish. In addition to the measurement of liver thiobarbituric acid reactive substances (TBARS), we
determined the levels of isoprostanes, prostaglandin-like compounds that are produced non-
enzymatically by free radical catalyzed peroxidation of PUFA (Roberts and Morrow 1997; Morrow
and Roberts 1997).

Materials and methods

Experimental design: fish and diets

The experiment was performed during early spring 1999. Fish from the same batch, 70 days post-
hatch, completely weaned, with a functional swimbladder, and a live mass of 300-500 mg/fish were
purchased from CUPIMAR S. A. (Cadiz, Andalucia, Spain). Fish were allocated randomly in
rectangular tanks of 100 1 each provided with central drainage, in an open system continuously

supplied with running borehole water of 39 ppt salinity at a temperature of 19.4 + 0.2°C. The water
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had been previously treated with biological filters to eliminate ammonia, by nitrification processes,
to sea water quality criteria (1 ug/l NH3-N maximum). Oxygen was supplied by aeration with the
minimum level observed during trials being 5.6 mg/l or 77.8% saturation. Water renewal was set at
10 times total volume per day (0.7 L.min™"). Light was natural photoperiod conditions. Water quality
(NH3/NH4+, NOy’, NOy’) variables in the rearing tanks were determined with a Technicon Traacs
800 Autoanalyser. Water samples were filtered through a 0.45 um membrane prior to analysis and
these variables were measured weekly.

After acclimatization of fish to the experimental diet and conditions for two weeks, the fish
were stocked at an initial density of 5 fish/l. This represented an initial stocking density of 2.5 kg -
m’ with the final stocking densities varying between 7.8 and 9.6 kg - m’ depending on the survival
of the experimental treatment. The ration varied from 4% to 3% of the biomass/day between the
beginning and end of the experiment and was offered to fish 6 times during the light hours by hand.
The length of the experiments was established at 550 degree.days or around 30 days for gilthead sea
bream at a rearing temperature of approximately 19°C.

The experimental diets were based on a modified commercial extruded formulation utilizing
fishmeal as protein source (Table 1) and having a proximate composition as shown in Table 2.
Mineral and vitamin premixes, vitamin E-stripped oils and vitamin E (tocopheryl acetate) were
prepared and supplied by the Lipid Nutrition Group, Institute of Aquaculture, University of Stirling
and the diets were manufactured by a commercial feed producer (Ewos Ltd., Livingston, Scotland)
(Table 1). Four diets of two pellet sizes (500 and 1500 um, respectively) were produced with either
high fish oil or low fish oil (oil level maintained with oleic acid, Fisher Scientific, Loughborough,
England) each containing either no added vitamin E or vitamin E added to 200 mg/Kg. A further
diet, a commercially-produced starter for marine fish used previously with gilthead sea bream, was

also included as a control (Trouw Aquaculture, Spain).

Sample collection and biometric determinations

There were two sampling points, at the beginning (day 0) and at the end of the experiment
(day 30). The fish were sampled after 24 h starvation to avoid interference of gut contents in the
analysis. All measurements and determinations were performed in triplicate. Length was measured,
and live mass/dry mass ratios determined for both whole fish and liver. Live masses were
determined by blotting fish and liver on filter paper before weighing, and dry mass was determined
after heating in an oven at 60°C for 24 h and cooling in vacuo before weighing. Hepatosomatic
index (HSI) was calculated and growth assessed by measuring the specific growth rate (SGR) as

%weight gain-day’ (Wootten, 1990). Mortality was measured at the end of the experiment and
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expressed as % values.

Three samples of liver per treatment were collected for lipid and fatty acid analysis, vitamin
E content, peroxidation (lipid oxidation products, TBARS and isoprostane) status and antioxidant
enzyme activities. Each sample consisted of the pooled livers from ten fish to provide enough
material for all the required analyses. The diets and dissected livers were immediately frozen in

liquid nitrogen and stored at —70°C before analysis.

Gross composition, total lipid extraction, lipid class separation and quantification

Protein content was determined by the Folin-phenol reagent method, according to Lowry et
al. (1951). Total lipid contents were determined gravimetrically after extraction as described below.
Carbohydrate contents were determined by a colorimetric method using the phenol-sulphuric acid
reagent (Dubois et al., 1956). Ash contents were measured gravimetrically after total combustion in
a furnace at 550°C.

Total lipid was extracted after homogenization in chloroform/methanol (2:1, v/v) containing
0.01% butylated hydroxytoluene (BHT) as antioxidant, basically according to Folch et al. (1957).
Lipid classes were separated by high-performance thin-layer chromatography (HPTLC) on silica
gel 60 plates, using the single-dimension double-development method described previously (Tocher
and Harvie, 1988; Olsen and Henderson, 1989). The classes were quantified by charring (Fewster
et al., 1969) followed by calibrated densitometry using a Shimadzu CS-9001PC dual-wavelength
flying spot scanner (Olsen and Henderson, 1989).

Total lipid fatty acid analyses

Fatty acid methyl esters (FAME) from total lipids were prepared by acid-catalyzed
transmethylation for 16 h at 50°C, using tricosanoic acid (23:0) as internal standard (Christie, 1989).
FAME were extracted and purified as described previously (Tocher and Harvie, 1988) and were
separated in a Hewlett-Packard 5890A Series II gas chromatograph equipped with a chemically
bonded (PEG) Supelcowax-10 fused silica wall coated capillary column (30 m x 0.32 mm 1i. d.,
Supelco Inc., Bellefonte, USA), "on column" injection system and flame ionization detection.
Hydrogen was used as the 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 with the final temperature maintained
for 10 min. Individual FAME were identified by comparison with known standards and quantified

by means of a direct-linked PC and Hewlett-Packard ChemStation software.
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Measurements of thiobarbituric acid reactive substances (TBARS)

The measurement of TBARS was carried out using a method adapted from that used by
Burk et al. (1980). Up to 20-30 mg of tissue per sample was homogenized in 1.5 ml of 20%
trichloroacetic acid (w/v) containing 0.05 ml of 1% BHT in methanol. To this was added 2.95 ml of
freshly prepared 50 mM thiobarbituric acid solution. The reagents were mixed in a stoppered test
tube and heated at 100° C for 10 min. After cooling the tubes and removing protein precipitates by
centrifugation at 2000 x g, the supernatant was read in an spectrophotometer at 532 nm. The
absorbance was recorded against a blank at the same wavelength. The concentration of TBARS
expressed as nmol TBARS/g of tissue, was calculated using the extinction coefficient 0.156 pM"

1 -1
cm .

Determination of 8-isoprostane levels

The levels of 8-isoprostane, a novel lipid peroxidation product formed non-enzymatically, and thus
a potentially good indicator of lipid peroxidation in tissue, were determined by enzyme
immunoassay (EIA). Isoprostanes are determined in the same homogenates of liver and whole fish
that are prepared for TBARS analyses. Samples should be assayed immediately after collection or,
as in this case, stored at —80°C, as they can also appear in samples as an artifact of prolonged
storage at temperatures above —80°C. Most of the 8-isoprostane will be esterified in lipids, so an
extraction and hydrolysis must be performed in order to determine total amounts of 8-isoprostane.
Briefly, 2ml ethanol was added to 1.5 ml of sample, mixed, and allowed to stand for 5 minutes at
4°C before precipitated protein was removed by centrifugation. The supernatant was decanted into a
clean test tube and 3.5ml 15% KOH added and incubated for 60 minutes at 40°C. The solution was
diluted to 10ml with ultrapure water and the pH lowered to below 4.0 with 2 ml concentrated
formic acid. Isoprostanes were purified by applying the solution to a C;g reverse-phase mini-column
(“Sep-Pak”, Millipore UK, Watford, UK) after rinsing with Sml methanol followed by 5ml
ultrapure water and 5 ml HPLC grade hexane. Isoprostanes were eluted with Sml ethyl acetate
containing 1% methanol, solvent evaporated under a stream of nitrogen and 1ml EIA kit buffer
added. Recovery of prostaglandins and prostaglandin-like compounds after extraction by this
method was reported as being 95-100% (Powell, 1982). Total isoprostane is quantified using an
EIA kit and 8-isoprostane standard as per manufacturers instructions (Cayman Chemical Co., Ann

Arbor, USA).

Determination of vitamin E content



Vitamin E concentrations (as tocopherol plus a-tocopheryl esters) were measured in tissue samples
using high-performance liquid chromatography (HPLC). Samples were weighed, homogenized and
saponified as described by Bieri (1969), but using a single-step hexane extraction (Bell et al., 1987).
Recovery of a-tocopherol using this method was reported as 100.5% + 1.3. (Huo et al., 1996).
HPLC analysis was performed using a 250 x 2 mm reverse phase Spherisorb ODS2 column (Sigma
Chemical Co, St. Louis MO, USA) essentially as described by Carpenter (1979). The isocratic
mobile phase was 98% methanol pumped at 0.2 ml/min, the effluent from the column was
monitored at a wavelength of 293 nm and quantification achieved by comparison with (£)-a-

tocopherol (Sigma Chemical CO, St. Louis, MO, USA) as external standard (10 pg/ml).
Determination of enzyme activities in liver homogenates.

Samples of liver were homogenized in 9 volumes of 20 mM phosphate buffer pH 7.4, 1 mM
EDTA and 0.1% Triton X-100, the homogenates were centrifuged at 600 x g, to remove debris, and
the resultant supernatants used directly for enzyme assays. Catalase (CAT) 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 ul of 30% (v/v) hydrogen peroxide. The assay cuvette
(quartz) contained 3.0 ml of above buffered hydrogen peroxide solution plus 25 ul of sample.

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

Glutathione peroxidase (GPX) was assayed by following the rate of NADPH oxidation at 340
nm by the coupled reaction with glutathione reductase (Bell et al., 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 ul reduced glutathione, 100 ul NADPH and 5 pl glutathione reductase were prepared. The
basal reaction was initiated by the addition of 50 pl hydrogen peroxide solution and the non-
enzymic rate without sample added was measured for later subtraction. Sample (50 pl) was then

added and the assay continued by measuring absorbance at 340 nm with specific activity
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determined using the extinction coefficient of 6.22 mM ™' cm™.

Glutathione-S transferase (GST) activity was determined by following the formation of
glutathione-chlorodinitrobenzene (CDNB) adduct at 340 nm. Standard plastic cuvettes containing
2.5 ml of 120 mM potassium phosphate buffer pH 6.5, 100 pl GSH and 100 ul CDNB were
prepared and the reaction initiated by the addition of 50 ul sample. Specific activities were
determined using an extinction coefficient of 9.6 mM.cm™ (Habig et al., 1974).

Glutathione reductase (GR) activity was assayed as described by Racker (1955) by measuring
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 pl
oxidised glutathione and 100 ul NADPH were prepared and the reaction initiated by the addition of
100 ul of sample.

Protein content in the homogenate supernatants was determined by the Folin-phenol reagent

method, according to Lowry et al. (1951) following digestion in NaOH/SDS.

Experimental design and statistical analysis

The experiment was performed to a simple two factorial design with the factors being dietary
HUFA and vitamin E resulting in four experimental diets containing high HUFA +/- vitamin E and
low HUFA +/- vitamin E. 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
two-way analysis of variance (ANOVA). In addition, differences between mean values, including
the control diet, 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).

Results

Vitamin E levels were 2-3 times higher in the diets supplemented with vitamin E, and the control
diet, compared to the unsupplemented diets (Table 2). Most importantly, the molar ratio of
PUFA/vitamin E was significantly different between the four experimental diets, as planned, with
the rank order being HO > L0 >H200 > L200 (Table 2). The high fish oil diets (HO and H200)
contained about 3.2 % n-3HUFA per dry mass unit, whereas the low fish oil diets (LO and L200)
contained about half this level, between 1.4% to 1.7% n-3HUFA per dry mass unit (Table 3). The
high fish oil diets also contained more saturated fatty acids, specifically 16:0. The higher n-3HUFA
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and 16:0 was compensated in the low fish oil diets by between 3 and 4 times more 18:1n-9 and
total monousaturated fatty acids than the high fish oil diets. The control diet had an intermediate
level of n-3HUFA (2.4% per dry mass unit) and much higher 18:2n-6 and total lower
monousaturated fatty acids compared to the experimental diets (Table 3). The unsaturation index
was significantly higher in the high fish oil diets (187.6 and 184.6) than in the low fish oil diets
(140.9 and 143.5) (Table 3).

The dietary treatments had relatively few effects on the growth and survival of the fish although
fish fed diet LO were significantly smaller and had smaller livers than fish from the other treatments
but mortality rates and SGR were not significantly different (Table 4). The proportions of total
lipid and polar lipid in the livers of the fish were significantly lower in fish at the end of the dietary
trial compared to initial fish whereas the proportions of triacylglycerol (TAG) and total neutral
lipids were higher, especially in the experimental diets (Table 5). The ratio of TAG to cholesterol
was highest in fish from treatment H200 (high fish oil and high vitamin E) indicating the greatest
accumulation of TAG in liver from fish fed this diet. The total lipid of the fish livers reflected the
fatty acid composition of the diets. Thus, total lipid of livers from fish fed the high fish oil diets
(HO and H200) showed two-fold more n-3HUFA than livers from fish fed the low fish oil diets and
1.3-fold more n-3HUFA more than livers from fish fed the control diet (Table 6). In contrast, liver
from fish fed low fish oil diets (LO and L200) had higher levels of 18:1(n-9) than liver from fish fed
high fish oil (HO and H200) diets and control diet. Livers from fish fed the control diet showed
high levels of 18:2n-6 and lower levels of monounsaturated fatty acids than any of the experimental
diets (Table 6).

The livers from the fish at the beginning of the trial showed quite high levels of vitamin E and
this level was significantly reduced in fish fed diets that were not supplemented with vitamin E and
the diet supplemented with vitamin E but containing high HUFA (Table 7). Livers from fish fed
the diets supplemented with vitamin E diet showed higher contents of vitamin E compared to fish
fed the experimental diets unsupplemented with vitamin E, significantly so with the HO diet
although the level of vitamin E in the livers of fish fed the LO and H200 diets were not significantly
different (Table 7). However, liver from fish fed low fish oil with added vitamin E (L200) showed
the highest vitamin E content. The molar ratio of PUFA/vitamin E in liver was significantly highest
in fish fed diet HO and significantly the lowest in fish fed diet L200 (Table 7). The TBARS content
(umol - mg" liver mass) was higher in liver from fish fed high fish oil diets and control diet
compared to fish fed the low fish oil diets (Table 7). The highest value for liver TBARS being
found in fish fed the HO diet and lowest in fish fed the LO and L200 diets, with fish fed the H200
and control diets giving intermediate values. The level of 8-isoprostane was also significantly

higher in liver from fish fed the HO diet compared to all the other diets (Table 7).
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The activities of CAT and SOD in liver were higher in fish at the end of the dietary trial in
comparison with the initial fish but there were no significant differences between the experimental
diets although the activities were generally lower than in fish fed the control diet (Table 7). The
activities of GPX and GST were not different between any of the treatments whereas GR activity
was highly variable between tratments and tended to be higher in fish fed the low fish oil diets
(Table 7).

Table 8 shows the results of two-way ANOVA of the data for diets HO, LO, H200 and L200.
These data clearly show that liver vitamin E levels were highly dependent upon both dietary
vitamin E levels and dietary HUFA levels. However, the lipid peroxidation products in liver were
influenced differently by the diets. TBARS levels were only affected by the level of dietary HUFA
and not dietary vitamin E, whereas isoprostane levels were significantly affected by dietary vitamin
E and not by dietary HUFA levels (Table 8). Two-way ANOVA did not discern any effect of diet
on the activities of the enzymes other than GR being significantly affected by dietary HUFA level.

Discussion

In a similar dietary trial in turbot (Scophthalmus maximus) varying dietary PUFA and vitamin E
levels, there were no significant effects of either variable on growth (Stephan et al. 1995). In the
present trial there were also few significant effects of the diets on growth parameters other than an
effect of both fish oil and vitamin E on the dry mass of the fish with the fish fed the high fish oil
having higher dry masses, especially in combination with vitamin E. The liver wet and dry masses
in absolute terms were also significantly higher in fish fed the high fish oil diets. However, the
livers from fish fed all the experimental diets showed increased proportions of TAG and increased
TAG/cholesterol ratios with no significant differences between the diets. Therefore, none of the
experimental diets used in the present study had any gross deliterious effect on the fish in terms of
growth performance and survival.

As expected, the different dietary fatty acid compositions were reflected in the fatty acid
compositions of the livers from the fish. Thus, the high fish oil diets resulted in increased levels of
total PUFA and n-3HUFA, particularly eicosapentaenoic acid (EPA; 20:5n-3) and docosahexaenoic
acid (DHA; 22:6n-3) whereas the low fish oil diets resulted in lower levels of PUFA and HUFA,
and high levels of 18:1n-9 in the liver.  Therefore, the potential for lipid peroxidation was
theoretically higher in the fish fed the HO and H200 diets. Similarly, the dietary vitamin E levels
were, at least partly, reflected in the liver vitamin E levels despite the level of vitamin E in livers
from fish fed diet LO being higher than expected. @~ However, the diets were formulated to

significantly vary the molar ratio of PUFA/vitamin E and this was achieved with the rank order of
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the ratio in the diets (HO > L0 > H200 > L200) being highly significant. This was largely reflected
in the PUFA/vitamin E ratios in the fish livers at the end of the trial where the rank order for the
ratio was HO > LO = H200 > L200. Therefore, the data show that the dietary trial was largely
successful in altering the prooxidant/antioxidant (PUFA/vitamin E or a-tocopherol) ratio, and hence
the potential susceptibility of the tissue to lipid peroxidation, in a graded manner as planned. The
importance of the a-tocopherol/PUFA ratio in determining tissue susceptibility to fatty acid
peroxidation had been stressed in an earlier study in which increased dietary fish oil increased the
susceptibilty of turbot tissues to peroxidation, with supplementation of vitamin E limiting that effect
(Stephan et al. 1995). A recent study has also shown that muscle homogenates from sea bass
(Dicentrarchus labrax) and rainbow trout (Oncorhynchus mykiss) fed high fish oil diets were
significantly more susceptible to oxidation in vitro than homogenates from fish fed low oil diets
(Alvarez et al. 1998).

Despite the above, there was no obvious or logical pattern discernable in the data obtained for
the activities of the liver antioxidant enzyme systems. The pattern of activities for the enzymes
under the experimental conditions in the present study was not as predicted and a clear relationship
between liver PUFA/vitamin E ratio and the activities of the liver antioxidant enzymes was not
observed. Previously, we had shown that SOD and GST activities decreased as the PUFA/vitamin
E ratio decreased during early development in unfed common dentex (Dentex dentex) larvae
(Mourente et al. 1999a). Conversely, the activities of CAT and, to a lesser degree, GPX actually
increased with decreasing PUFA/vitamin E ratio in that study. In a subsequent study on larval
dentex, there were no significant effects on the antioxidant enzyme activities of increasing dietary
HUFA, but in this study the level of dietary vitamin E increased in parallel with dietary HUFA
(Mourente et al. 1999b).

There are few data in the literature on fish with which to compare the results of the present
study. The activities of the antioxidant enzymes have been measured in marine fish including
sardine (Sardina pilchardus) (Peters et al. 1994) and turbot larvae (Peters et al. 1996) and
freshwater fish such as rainbow trout and black bullhead (Ameiurus melas) (Aceto et al. 1994; Otto
and Moon 1996). However these studies focussed on the role of the enzymes in pollutant
detoxification (Peters et al. 1994) or developmental aspects (Aceto et al. 1994; Otto and Moon
1996; Peters and Livingstone 1996) rather than the effects of dietary nutrients. In mammals, the
effects of dietary PUFA, including fish oil, on the activity of the antioxidant enzymes in liver are
contradictory, but in a recent study, supplementation of PUFA, including EPA, to Swiss 3T3 cells
resulted in increased levels of PUFA in phospholipids and the activities of SOD, GPX and GST
increased with degree of unsaturation of the phospholipids (Benito et al. 1997).

There are perhaps two main reasons for lack of significant effects on the liver antioxidant
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enzymes in the present study. Firstly, the level of HUFA fed in the high fish oil diets may not be
sufficiently high and the resultant peroxidative load not sufficiently different to that in the low fish
oil diets or, alternatively, the difference in HUFA levels between the diets used in the present study
could also be described as reduced HUFA versus normal HUFA. However, one of the main
differences between the fatty acid compositions of the diets was the DHA content and there are data
to suggest that DHA does not exert as high a peroxidative burden as expected based on
peroxidizability index (Kubo et al. 1997, 1998). Secondly, and alternatively, the levels of dietary
vitamin E were not low enough to deplete tissue vitamin E to a sufficiently low level to
significantly increase peroxidative stress. However, as described above, the dietary treatments
significantly altered the PUFA/vitamin E ratios in livers and there were significant differences
between the diets in the levels of in vivo peroxidation peroducts. Both TBARS and isoprostane
levels were highest in fish fed the HO diet which had the highest PUFA/vitamin E ratio in the liver.
These data support the conclusion that, despite the lack of effect on antioxidant enzyme activities,
the different dietary treatments did have effects on the peroxidation status in the liver which
resulted in differential production of lipid peroxidation products. It is possible that the antioxidant
enzyme systems only get switched on in more severe conditions of peroxidative stress such as
occurs when oxidized oils are fed but this is not known. As the antioxidant enzyme systems are
also involved in detoxification of xenobiotics, and are often used to assess environmental
contamination by certain organic pollutants, these alternative functions may additionally complicate
the interpretation of the data.

As described above, the dietary treatments resulted in significant differences in the levels
of in vivo peroxidation products measured in the liver. Two-way ANOVA showed that the levels
of the lipid peroxidation products, TBARS, were significantly influenced by dietary HUFA levels,
being significantly increased in fish fed the high fish oil diets with vitamin E having no significant
effect. It was clear that there was no effect of vitamin E in fish fed the low fish oil diets but the data
suggested that TBARS were reduced by vitamin E in fish fed the high fish oil diets, but the high
standard deviation for the data for H200 diet made this non-significant. =~ The TBARS assay
measures aldehydes that are secondary (and end-) products of the lipid peroxidation chain reactions
and so could be expected to be influenced by the major chain-breaking antioxidant, vitamin E,
although there are several other antioxidants that act similarly including ubiquinone, carotenoids,
urate and glutathione. In addition, vitamin C (ascorbate) functions to regenerate vitamin E from the
tocopheryl radical and so , as above there are other factors that could affect the results and
complicate the interpretation of the data.

In apparent contrast to TBARS levels, two-way ANOVA indicated that concentrations of liver

isoprostanes were significantly affected by the level of dietary vitamin E but not HUFA. However,
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in this case interaction between the two parameters was indicated by ANOVA and it was clear that
supplementary vitamin E significantly lowered the concentration of isoprostanes measured in fish
fed the high fish oil diets, but not in fish fed the low fish oil diets. This was similar to the non-
significant trend observed with TBARS levels. In addition, both TBARS and isoprostane levels
were significantly highest in livers of fish fed the HO diet (high HUFA and low vitamin E) as would
be expected. Therefore, in vivo production of isoprostanes and TBARS followed a broadly similar
pattern in the present study.

The data in the present study support the potential of isoprostane measurements as indicators of
in vivo lipid peroxidation in fish. This is an important finding as the use of isoprostane as measures
of in vivo oxidative stress has only been reported for mammalian species rich in arachidonic acid
(AA; 20:4n-6) (Roberts and Morrow 1997). Therefore, studies to date have concentrated on the
production of isoprostanes from AA, the major products being F,-isoprostanes (i.e. containing the
F-type prostane ring) with the most important regioisomer being 8-isoprostane (8-iso-prostaglandin
F,.). However, other HUFA will also be peroxidized by non-enzymatic free radical mechanisms to
produce isoprostanes, and Fs- and F4-isoprostanes from EPA and DHA, respectively, have been
identified, characterized and reported to correlate with other markers of lipid peroxidation
(Nourooz-Zadeh et al. 1997, 1998). The EIA kit used in the present study uses antibodies directed
specifically against 8-iso-prostaglandin F,. but 8-iso-prostaglandin F;,, the equivalent isoprostane
from EPA, has 21% reactivity with this antibody whereas all enzymatically produced
prostaglandins have a reactivity of at least 20-fold lower or, for most prostaglandins, considerably
less. Enzymatically produced prostaglandins are dominated by those derived from AA, even in
fish tissues where EPA is normally present in far greater amounts than AA (Tocher 1995).
However, there is no reason to believe this would also be the case for non-enzymatically produced
isoprostanes. Indeed, it is more likely that isoprostanes are produced in quantities reflecting the
concentrations of their HUFA precursors. Irrespective of what the isoprostane profile was in sea
bream liver, the present study has shown that isoprostane analyses will be useful in assessing
oxidative stress in fish.

The present study investigated the antioxidant systems in a cultured juvenile marine fish,
gilthead sea bream (S. aurata) by feeding diets varying greatly in vitamin E/PUFA ratio through
having either high or low levels of fish oil (n-3HUFA) combined with the presence or absence of
vitamin E. None of the diets had serious deliterious effects on growth or survival of the fish, but the
different dietary regimes were successful in significantly altering the PUFA/vitamin E ratios in the
fish livers. This had effects on the peroxidation status of the fish as evidenced by the significantly
altered levels of in vivo lipid peroxidation products measured in liver, with fish fed the diet rich in

HUFA and low in vitamin E showing significantly higher values of TBARS and isoprostane. The
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isoprostane levels generally followed the same pattern as TBARS levels supporting its value as an
indicator of in vivo oxidative stress in fish as well as mammals. However, no significant effects on
antioxidant enzyme activities were observed suggesting that more severe conditions may be
required to affect these activities such as further lowering the PUFA/vitamin E ratio or by

increasing peroxidative stress through the feeding of oxidized oils.
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Table 1. Formulation of experimental diets showing composition of the base pellet and oil coatings.

Component LO L200 HO H200
Pellet

Fishmeal' 72.0 72.0 72.0 72.0
Starch? 10.0 10.0 10.0 10.0
Finnstim/Betafin 0.5 0.5 0.5 0.5
Mineral premix M2’ 2.4 2.4 2.4 2.4
Vitamin E-free premix* 0.5 0.5 0.5 0.5
Vitamin E-stripped fish oil’ 2.0 2.0 2.0 2.0
Coating

Vitamin E-stripped fish oil’ - - 12.6 -
Oleic acid® 12.6 - - -
Fish oil + Vitamin E’ - - - 12.6
Oleic acid + Vitamin E’ - 12.6 - -

"LT94, Low temperature fish meal (Ewos Ltd., Livingston, U.K.).

? Paselli WA4 (Avebe Ltd., Ulceby, U.K).

3 Supplied (per kg diet): KH,PO4, 22g; FeSO4.7H20, 1.0g; ZnS04.7H,0, 0.13g; MnS04.4H,0,
52.8 mg; CuS04.5H,0, 12 mg; CoSO4.7H20, 2 mg; and KI, 2 mg.

* Supplied (mg/kg diet): ascorbic acid, 1000; myo-inositol, 400; nicotinic acid, 150; calcium
pantothenate, 44; riboflavin, 20; pyridoxine hydrochloride, 12; menadione, 10; thiamine
hydrochloride, 10; retinyl acetate, 7.3; folic acid, 5; biotin, 1; cholecalciferol, 0.06;
cyanocobalamin, 0.02.

> Stripped by activated charcoal (Sigma Chemical Co. Ltd.) adsorption in hexane.

% Fisher Scientific, Loughborough, England.

7 Tocopherol acetate added to oils at 2000 mg/Kg.
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Table 2. Gross composition (% dry mass), tocopherol content (ng - mg" dry mass), TBARS content (umol - mg" dry
mass) and molar ratio PUFA/vitamin E in control and experimental diets fed to gilthead sea bream (Sparus aurata).

Control diet FYpPrimanl diet
HO L0 H200 L.200

Protein (% dry mass) 49.1£15° 43.9+04° 41.9+15° 422+02° 44.6+0.6"°
Carbohydrates (% dry mass) 7.1£09°¢ 10.8+0.4* 10.4 +0.4 " 92+0.1° 99+1.0%
Ash (% dry mass) 12712 11.9+0.5 11.2 £0.2 12.4+0.7 12.8+1.1
Total lipid (% dry mass) 223+02° 243+02° 24.1+£0.6° 240+08° 23.84+0.7°
TBARS(umol-mg”" dry mass) 2.9402° 23+0.0° 25+03° 49+02° 22+401°
ng vitamin E mg'1 dry mass

Total tocopherol 323.3+6.3"° 77.0£4.1° 132.6 +8.1° 3403+159"  318.0+3.7°
Molar ratio PUFA /vitamin E 183+£7.0°  744.9+48.0°  239.9+198°  160.1+158°  117.4+11.6°

Data are means = SD (n=3). SD=0 implies SD<005. Values within the same row bearing different superscript letter are
significantly different (p<0.05); PUFA, polyunsaturated fatty acid; TBARS, thiobarbituric acid reactive substances.
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Table 3. Total lipid fatty acid content (ug fatty acid - mg dry mass) in control and experimental diets fed to gilthead
sea bream (Sparus aurata).

Control diet Experimental diet
Fatty acid HO ) H200 L200
14:0 5.9+02° 7.7+03° 4.1£0.1° 8.0+12° 5.0+02%
15:0 4.9+0.8 42406 5.0+0.4 55+1.1 4.6£13
16:0 20.0+0.9% 22.6+0.5° 12.5+03° 22.3+3.0° 15.1+1.8"
17:0 0.8+0.0 0.9+0.2 1.0+0.1 0.9+0.2 13£0.5
18:0 47+02° 4.1+0.1° 2.540.1° 41£0.5° 3.0+04°
20:0 0.4+0.0 0.4+0.0 0.2+0.0 0.6+0.2 0.2+0.1
22:0 0.3+0.0 0.1+0.1 nd 0.3+0.2 nd
24:0 0.1+0.1 nd nd nd nd
Total saturated 37.1+1.0° 402+1.7° 253+0.3° 41.6+5.0° 203+1.5°
16:1(n-9) 0.1+0.1 nd nd 0.1+0.1 nd
16:1(n-7) 5.9+03° 82+0.2° 7602 79+1.1% 9.0+0.8°
18:1(n-9) 18.9+0.8° 20.2+0.4° 67.0+2.1° 19.8+2.4° 78.1+8.4"
18:1(n-7) 31+0.1° 4.1+0.0" 7.7+02° 41+05° 9.1+1.0°
20:1(n-9) 3.9+0.2°¢ 12.5£0.2° 53+0.1% 124+1.7° 6.4+0.6"
20:1(n-7) 03+0.0% 0.5+0.0° nd 0.6+0.1° 0.1+0.1°
22:1(n-11) 57+03"° 193+0.3° 6.4+02" 19.9+2.6° 7.940.9"
22:1(n-9) nd 1.2+0.1 nd nd nd
24:1(n-9) 0.9+0.1° 1.5+0.0° 0.6+£0.0° 1.5+02° 0.8+0.1%
Total monoenes 38.8+1.7° 67.5+1.3"° 94.7+2.5° 66.2+8.4" 111.3+11.8°
16:2(n-6) 1.3+0.3 1.3+0.0 1.6£0.0 1.0£0.2 1.6+0.1
16:3(n-3) 1.0+£0.1°° 0.5+0.1° 1.7+£0.8% 0.6+0.1" 22+02°
16:4(n-3) 0.7+0.0 0.9+0.1 0.9+0.3 0.9+0.0 0.9+0.3
18:2(n-6) 18.1+0.8° 3.0+0.1° 5.8+0.2° 29+03° 6.2+0.4"
18:3(n-3) 3.840.2° 1.5+0.0" 1.1£0.0° 15402 1.1+0.1°
18:4(n-3) 2240.0° 3.4+0.1° 1.8+0.1° 3.3+04° 22+02°
20:2(n-6) 0.3+0.0 0.5+0.0 0.3+0.0 0.4+0.0 0.6+0.5
20:4(n-6) 1.0£0.0° 1.0+£0.0° 0.4+0.0° 0.9+0.1° 0.5+0.1"
20:3(n-3) nd 0.2+0.0 nd 0.2+0.1 nd
20:4(n-3) 0.6+0.0" 1.1+£0.0° 0.4+0.0° 1.1+0.1° 0.5+0.0™
20:5(n-3) 9.2+0.4"° 10.8+0.2° 4.6+0.1° 10.7+1.5° 5.8+0.7°
22:5(n-6) 0.4+0.0" 0.5+0.0" nd 0.5+0.1° 0.1+0.1°
22:5(n-3) 1.5+0.1° 1.8+0.0° 0.5+0.0° 1.7+£03° 0.7+0.1"
22:6(n-3) 13.0£0.5° 18.6+0.4" 8.1+£0.2° 18.3+2.5° 10.1+1.2"%
Total polyenes 529+2.1° 45.0+0.8° 272+1.2° 44.1+5.8" 32.6+3.1°
Total (n-9) 23.8+1.0° 35.4+0.8" 72.9+22° 33.8+4.2"% 85.2+9.1°
Total (n-7) 93+04° 12.8+0.3" 153+£02% 12.5+1.7° 182+1.7°
Total (n-6) 21.0+£0.8" 6.1+0.2° 8.0+02° 58+0.7° 9.1+0.8°
Total (n-3) 31.9+1.3° 38.9+0.6" 19.1£0.9" 38.3+5.1° 23.5£2.4°
HUFA(n-6) 13+£0.1° 1.4+0.0° 0.4+0.0° 1.4+02° 0.6+0.0°
HUFA(n-3) 243+1.1° 32.5+0.6" 13.6+0.4° 32.0+4.5% 17.0£2.0°
Unsaturation index ~ 188.4+1.4° 187.6+0.8" 140.9+£0.9°" 184.6+1.9° 143.5+1.8°

Data are mean + SD (n=3). SD = 0.0 implies SD < 0.05. Values within the same row bearing different superscript
letter are significantly different (p<0.05). tr, trace < 0.05; nd, not detected; HUFA, highly unsaturated fatty acids.



22

Table 4. Growth-related performance and survival rates of gilthead sea bream (Sparus aurata) fed control and experimental diets.

t=0 days t=30 days
Initial Control HO LO H200 L200
Fish length (mm) 35.5+3.5°¢ 52.5+5.1° 515+1.6" 49.0+0.7° 51.5+06" 523+£07®
Fish live mass (g) 0.5+02°¢ 20+0.6" 1.9402° 1.6+0.1° 20+0.1° 1.9+£01"
Fish dry mass (mg) 133.1+22.7°  434.1+46.6 323.6+58.6 300.2+86.3 399.5+24.7 362.4+24.0
Fish dry mass % 251404 254403 250405 243+13"° 26.5+£0.7° 252+05%
Liver live mass (mg) 9.7+3.4°¢ 54.04202"  67.5+3.5° 55.9+42° 67.7£6.0" 60.5+1.3°
Liver dry mass (mg) 3.0+04° 19.7+4.4° 25.6+2.0" 213+1.6° 25.6+2.1° 23.1+0.0°
Liver dry mass % 30.9+0.8° 36.5+0.8° 37.8+1.2° 37.9+1.0° 37.8+£02° 382+£09°
HSI 1.9+£03° 2.6+0.2° 3.14+0.1° 3.1+£02° 3240.0° 28+0.1°
Mortality (n° of fish) 19.5+7.5 153+7.7 13.3+4.9 12.0+4.5 19.7+9.7
Mortality (%) 3.9+15 3.1+1.5 27+1.0 24409 39+1.9
SGR (Y%day™) 45 4.4+0.3 3.8+ 0.2 45+02 44402

Data are mean + SD (n =30 for initial point and control diet; n=90 for experimental diets). Values within the same row bearing
different superscript letter are significantly different (p<0.05). HSI, Hepato-somatic Index; SGR, Specific Growth Rate.
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Table 5. Gross composition (% dry mass) and lipid class composition (% total lipid) of livers from gilthead sea bream
(Sparus aurata) fed control and experimental diets.

t=0 days t=30 days
Sample Initial Control HO L0 H200 L.200
Protein 40.9+0.5° 453+0.6° 422407 413403 39.6+18° 445+04%
Lipid 487+1.9" 324+83° 341+15° 37.8+47° 355+21° 33.7+23°
Carbohydrate 62+02¢ 18.0+08° 19.6+00" 18.0+0.6° 204+06° 184+05"
Ash 42+1.1 43+0.4 41+02 2.9+0.3 45+1.0 3.4+0.6
Sphingomyelin 0.3+0.1 0.1+0.1 0.2+0.0 tr nd 0.1+0.1
Phosphatidylcholine 12806  99+19% 89+04% 9.1+06" 80+0.6° 98+17"
Phosphatidylserine 1.7+0.1 1.6+0.3 1.1+£04 0.8+04 1.0£0.2 1.1£0.2
Phosphatidylinositol 33+£0.6° 25+05%  20+£02°  1.5+03°  1.6+0.1° 19202°
Phosphatidic acid/cardiolipin 27+05° 1.6+04" 1.1+£03°  14+02°  12+£02° 1.1x04°
Phosphatidylethanolamine 74+£05°  53+09%  46+04°  44+03°  40£03° 52+13%
Lyso-phosphatidylcholine 23+03° 15+04%  1.6£0.1% 13+02°  1.1£02°  14£03%
Lyso-phosphatidylethanolamine 0.9+ 0.4 0.7+0.2 0.6+0.1 0.5+0.1 0.3£0.1 0.4+0.1
Sulphatides 07+0.1°  07+02°  03+£00° 04+02® 03£00° 06+01%
Cerebrosides nd 0.2+0.1 0.3+0.1 0.3+0.1 nd nd
Pigments 1.7£03%  1.0+03* 12+04" 08+0.1°"  07+£01° 05+02°
Unknown 0.7+03%  06+02" nd 02+02"  02+03° 14+03°
Cholesterol 54+03" 54+09°  41+£03" 44+04% 36+07° 50117
Free fatty acids 05+0.1%® 03£0.1°  09+03" 05+0.1°  05+02" 05+0.1°
Triacylglycerol 56.8+2.6° 673+57% 709+18° 714+13° 752£2.0° 679456
Steryl esters 2.8+0.7 2.4+0.5 2.4+0.7 3.1£0.5 2.5+£0.3 3.2+0.6
Total polar lipid 33.841.9°  25.0+43% 21.6£12° 204+1.9° 18.0+15° 22.1+3.6°
Total neutral lipid 662+19° 750+55% 784+12° 79.6+1.9° 82.0+15° 77.9+36°

Triacylglycerol/Cholesterol 10.5£0.9°  12.9+22% 173+14" 163+14% 21.8+47° 145439

Results are means + SD of triplicate samples (n = 3) of pooled livers. SD=0.0 implies SD<0.05. Values within the same
row bearing different superscript letters are significantly different (p<0.05). tr, trace<0.05; nd, not detected.
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Table 6. Total lipid fatty acid composition (mass %) of liver from gilthead sea bream (Sparus aurata) fed control
and experimental diets.

t=0 days t=30 days

Fatty acid Initial Control EH-0 EL-0 EH-200 EL-200
14:0 21+£0.1% 234+0.1" 3.1 +0.2° 1.8+0.1°¢ 29405 1.940.1°¢
15:0 55+13° 1.3+0.6° 1.4+03° 12+02° 1.4+04° 1.1+04°
16:0 10.7+£0.4° 12.7 £0.4° 132405 85+0.1° 13.0402° 8.6+02°¢
17:0 0.5+0.0° 0.3+0.0° 0.3+0.0° 02+0.0° 02+0.0° 0.2+0.0°
18:0 43+0.1° 54+0.1° 3.8+0.2"% 2.6+02° 3.8+0.1°¢ 24+0.1°¢
20:0 03+0.1° 02+0.0% 0.1 £0.0® 02+0.1% 0.1£0.0° 02+0.1%
22:0 0.3+0.3 0.1 +£0.0 nd tr tr nd

24:0 0.1+0.1 0.1 £0.0 nd nd nd nd

Total saturated ~ 24.0+0.9° 25£1.1" 22.0+£0.4% 14.6+0.2°¢ 21.5+£04"° 144+£03°

16:1(n-9) nd nd 0.1£0.0 tr 0.2£0.0 tr
16:1(n-7) 33£0.6° 5.1+03% 6.3 +0.2° 49+1.0% 6.4+02° 44+08%
18:1(n-9) 12.4+0.5°¢ 20.6£1.2° 19.2 £0.8° 42.8+0.3" 19.4+£0.8"° 42.1+£0.9"
18:1(n-7) 2.6+02° 3.8+02° 4.0+0.0° 5.0+0.2° 4.0+0.0"° 4.9+0.0"°
20:1(n-9) 1.0+0.1¢ 1.8+03° 53+03° 23+0.1° 5.5+0.1° 25+0.1°
20:1(n-7) nd 02+0.1" 0.3+0.0° 0.1+0.0° 0.3+0.0° 02+0.0"™
22:1(n-11) 0.4+0.6° 12+0.1% 52+02° 1.4+0.1° 53+0.0° 1.740.1°
22:1(n-9) nd 0.4+0.0° 1.1+0.1° 0.5+0.0° 1.1+0.1° 0.5+0.0°
24:1(n-9) 0.2+0.3" 0.7 +0.0" 1.2+0.1° 0.7+0.0" 1.1+0.1° 0.6+0.0"
Total monoenes ~ 19.9+2.1¢ 33.7+2.1° 42.7+0.8" 57.8+0.4" 432+1.0° 56.9+0.4 "
16:2(n-6) 1.840.2° 0.1+0.0° 0.3+0.0° 0.5+0.0° 0.3+0.0 ™ 0.4+0.0"
16:3(n-3) 1.840.3° 0.7+0.1° 0.6 +0.0° 1340.1% 0.6+0.0° 1340.1°
16:4(n-3) nd 0.2+0.0"° 0.3+0.0° 0.1+0.0° 0.3+0.0"° 02+0.0"°
18:2(n-6) 9.7+0.5" 11.4+04° 2.1+03¢ 3.9+0.1° 1.9+0.1 ¢ 4.1+0.0°
18:3(n-6) 2.6+0.3 nd nd nd nd nd
18:3(n-3) 15+0.1° 1.8+0.0° 0.7 +£0.1° 0.6+0.0° 0.7+0.1° 0.8+0.0°
18:4(n-3) 12+0.1° 1.4+02° 1.5+0.1° 0.8+0.0° 1.6+0.1° 0.8+0.0°
20:2(n-6) 0.2+0.0 0.4+0.2 0.2 £0.0 1.0+0.8 0.2+0.0 0.2+0.0
20:3(n-6) 0.4+0.1° 0.6 +0.1° 0.2+0.0" 0.1+0.0° 0.2+0.0" 0.1+0.0°
20:4(n-6) 1240.1° 1.0+0.1% 0.8+0.1° 0.4+0.0° 0.8+0.1° 0.5+0.0°
20:3(n-3) nd 0.1+0.0 0.1 +0.0 tr 0.1+0.0 0.1+0.0
20:4(n-3) 0.5+0.0° 0.7+0.1° 1.0 +0.0° 0.4+0.1° 1.0+0.1° 0.4+0.0°
20:5(n-3) 45+0.2° 45+03"° 52+03" 2.4+0.0° 53+03° 2.840.1°
22:5(n-6) 0.4+0.1° 0.2+0.0° 0.3+0.0° 0.1+0.0° 0.3+0.0° 0.1+0.0°
22:4(n-3) nd nd nd nd 0.1£0.0 nd
22:5(n-3) 1.0£0.1° 1.6+0.2° 1.7+0.1° 0.7+0.1° 1.840.2° 0.8+0.1°"
22:6(n-3) 11.6+0.5% 9.7 +1.0° 13.1+0.5° 6.1£02° 13.1+1.0° 75+04°
Total polyenes ~ 38.4£0.9° 34.5+1.4° 28.1£0.6¢ 18.6+0.2° 28.4+2.0° 20.1+0.6 ¢
Unknown 9.1+1.3 9.3 +0.8 72+0.6 9.1+0.4 7.0+0.8 8.7+0.4
Total (n-9) 13.540.9¢ 23.5+14° 26.9+0.9° 46.3+0.4" 27.2+0.8° 458+0.9"
Total (n-7) 6.0+0.6" 9.0 +0.5"° 10.6 +0.2° 10.1+0.8° 10.6+0.3° 94+08"°
Total (n-6) 163+0.9° 13.8+0.1° 3.9+02° 6.0+0.7°¢ 38402 54+0.0°
Total (n-3) 22.1+04%  20.7+1.4° 242 +0.7" 12.6+0.5° 24.6+1.8° 14.6+0.6 €
HUFA(n-6) 2.0+0.1° 1.8+02° 1.3+0.1° 0.6+0.0° 1.3+0.1° 0.7+0.0°
HUFA(n-3) 17.6+0.5" 16.7+1.3° 21.1+0.6° 9.7+0.4° 213+1.6° 11.6+0.6°¢

Results are means + SD of triplicate samples (n = 3) of pooled livers. SD = 0.0 implies SD < 0.05. Values within the
same row bearing different superscript letter are significantly different (p<0.05). tr, trace < 0.05; nd, not detected;
HUFA, highly unsaturated fatty acids.
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Table 7. Levels of lipid peroxidation products (TBARS and 8-Isoprostane), vitamin E content and activities of antioxidant
enzymes of liver from gilthead sea bream (Sparus aurata) fed control and experimental diets.

= t=30 days

Initial Control HO L0 H200 1200
Vitamin E (alpha-tocopherol)
ng - mg" live mass 2222+10.1° 237.1+81°  52.6+59° 1853+9.4° 193.1+30.0° 554.7+24.1°
ng - mg"' dry mass 7183+32.5" 649.8£22.1" 139.4+15.5° 489.1£24.9¢ 510.9+79.3° 1452.1+63.0°
ug - liver" 120+£05°  12.8+04° 3.6£04°  104+05°  13.1+2.0° 33.6+1.5°
Molar ratio PUFA/vitamin E 229+29"  309+12° 91.1+132°% 175+12° 251+63" 57404 ¢
TBARS
umol - mg™ live mass 23+02%  24+£02%®  27+01° 1.6+0.1° 22+05% 1.7+£02°
umol - mg™ dry mass 7.5+£0.6° 6.6+£0.7"  7.1+02" 42+04" 59+12% 45+0.5"
umol - liver 226+19° 1292+13.1"'182.0+39° 89.8+80% 151.0+30.9™ 105.0+11.6°
Isoprostane (pg - mg protein ')  18.3+0.0°  16.1+54°  64.9+17.3% 31.9+42° 197+22° 36.9+3.6"
Antioxidant enzyme activities
CAT' 38.6+6.6° 81.1+59°  66.8+492°  658+7.1° 67.2+57° 61.6+4.0"
SOD* 2.8+0.0" 3.7+£04° 3.0+£0.1%° 32+03®  3.0+03% 334027
GPX’ 5.840.0 3.1+12 50£1.2 52409 44+2.1 5.2+0.6
GST”® 363.6+43.8 323.9+87.5 329.6+32.0 293.1+47.6 320.4+38.6  371.1+38.7
GR’ 19402  03+00° 38+13™ 6.0+£10° 3.7+1.4% 42+14%

Results are means + SD of triplicate samples (n = 3) of pooled livers. Values bearing different superscript letter are
significantly different (p<<0.05). SD = 0.0 implies SD<0.05. nd, not detected; CAT, catalase; GPX, glutathione peroxidase;
GR, glutathione reductase; GST, glutathione transferase; PUFA polyunsaturated fatty acid; SOD, superoxide dismutase;
TBARS, thiobarbituric acid reactive substances. ' (umol - min" - mg protein™). > (SOD units - min" - mg protein™) *(nmol -

-1 .o -1
min - mg protein ).
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Table 8. Results (F-values) of two-ways analysis of variance for the data from the four experimental diets
(HO, L0, H200, 1L.200)

F-values

A) Vitamin E B) Fish oil Interaction AxB
TBARS
pumol/mg live mass ns 13.74%* ns
pumol/mg dry mass ns 15.85%* ns
umol/Liver ns 26.79** ns
Isoprostane (pg mg protein ) 15.5%%* ns 22.6%*
Vitamin E (alpha-tocopherol)
ng /mg live mass 324.47%%* 304.84%*x* 65.40%**
ng /mg dry mass 320.05%** 299.51*** 62.88%**
ug /Liver 320.86%** 223.33%** 56.14%**
Liver molar ratio PUFA/vitamin E 55.78*** 79.49%** 27.13%**
Antioxidant enzyme activity
Catalase ns ns ns
SOD ns ns ns
GPX-Se ns ns ns
GSH S-transferase ns ns 5.37*
GSSG reductase ns 4.79%* ns
Biometry
Fish length (mm) ns ns ns
Fish live mass (g) ns ns ns
Fish dry mass (mg) ns ns ns
Fish dry mass % 6.20% 8.04%* ns
Liver live mass (mg) ns 9.60* ns
Liver dry mass (mg) ns 9.82%* ns
Liver dry mass % ns ns ns
HSI ns ns ns
Mortality (n° of fish) ns ns ns
Mortality (%) ns ns ns
Liver gross composition (% dry mass)
Protein
Lipid ns ns ns
Carbohydrate
Ash

PUFA, polyunsaturated fatty acids; TBARS, thiobarbituric acid reactive substances. Significance levels are
*#%* p<0.001, ** p<0.01, * p<0.05, ns p>0.05.



