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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$paams (

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 114 12 in the diet with low PUFA supplemented with vitamin E to 7438 in the diet with high

PUFA with no additional vitamin E. None of the diets had serious deleterious 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.B+ 0.4 in fish fed the diet with low PUFA supplemented with vitamin E tol9#

132 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 levelgofivo 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.

AbbreviationsAA — all-cis-5,8,11,14-eicosatetraenoic acid (arachidonic acid, 20:4n-6); CAT — catalase; CDNB —
chlorodinitrobenzene; DHA — altis-4,7,10, 13,16,19-docosahexaenoic acid (22:6n-3); EPAci«®8,8,11,14,17-
eicosapentaenoic acid (20:5n-3); GPX — glutathione peroxidase Se dependent; GR — glutathione reductase; GSH
—reduced glutathione; GSSH — oxidized glutathione; GST — glutatione-S-transferase; HUFA — highly unsaturated
fatty acids & Coo and with> 3 double bonds); 8-isoprostane -is®-prostaglandin g, ; MDA — malondialdehyde;

PUFA — polyunsaturated fatty acid; SOD — superoxide dismutase; TAG — triacylglycerol; TBARS — thiobarbituric
acid reactive substances.
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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 or-
ganelles, which contain relatively large amounts of
PUFA (Halliwell and Gutteridge 1996). Tissue lipid

PUFA content and unsaturation index are critical fac-
tors 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

metabolize lipid hydroperoxides although this activity
has not been confirmed in fish (Halliwell and Gut-
teridge 1996). Research into oxidative stress and an-
tioxidant 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 activi-
ties 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 vita-
min E, vitamin C and selenium are poorly studied in
marine fish (De Silva and Anderson 1995).

attack than are mammals. However, marine fish are  The primary objective of the present study was
unable to synthesise HUFA due to a relative deficiency the characterization of antioxidant systems in a cul-
in the A5 fatty acyl desaturase and/or thesCyp elon- tured juvenile marine fish, gilthead sea bre&@pd4rus
gase enzyme activities necessary for the desaturationaurata), of commercial importance in Europe. The
and elongation of dietary PUFA and so marine fish underlying aim is to understand how to avoid oxida-
must obtain preformed HUFA in their diet (Sargent tion problems that may cause pathologies and disease
et al. 1999). Therefore, although HUFA are essential and so to enhance growth and quality of life during
for optimal growth and development of marine fish, early ongrowing stages in marine fish. In consequence,
they also impose a significant peroxidation burden. an experiment was designed to test the capacity of
In fish, in vivo lipid peroxidation caused by oxygen preventing oxidative stress in this species. Juvenile
radicals is a principal cause of several diseases suchsea bream were fed diets having a high unsaturation
as jaundice (Sakai et al. 1989), nutritional muscular index due to n-3HUFA combined with the presence
dystrophy (Watanabe et al. 1970; Murai and Andrews and absence of the principle lipid-soluble antioxidant
1974) and haemolysis (Kawatsu 1969). in vivo, vitamin E, in comparison with diets having
To maintain health and prevent oxidation-induced a low unsaturation index achieved by substituting n-
lesions and mortalities, there must be effective an- 3HUFA with oleic acid, 18:1n-9, and supplemented
tioxidant systems operating in fish. The compo- or unsupplemented with vitamin E. This design re-
nents of these systems involve antioxidant compoundssulted in four diets displaying graded PUFA/vitamin
such as NADH/NADPH, glutathione (GSH), pro- E ratios ranging from 11% 12 in the diet with low
tein sulphydryl (-SH) groups and uric acid, and di- PUFA supplemented with vitamin E to 74548 in
etary micronutrients such as vitamins E and C, and the diet with high PUFA with no additional vitamin
carotenoids. Other components of the antioxidant E. The pattern of activities for the antioxidant de-
defence system include enzymes such as catalasdence enzymes under these experimental conditions
(CAT), superoxide dismutase (SOD) and glutathione could be postulated. Thus, the activities of SOD, CAT
peroxidase (GPX) and associated enzymes such asand GPX could be expected to increase with inreas-
glutathione-S-transferase (GST) and glutathione re- ing PUFA/vitamin E ratio in the liver as a result of
ductase (GR) (Winston and Di Giulio 1991; Halliwell increased fatty acid peroxidation and increased pro-
and Gutteridge 1996). The basic biochemistry of these duction of radicals. Similarly, GR activity may be
enzyme systems is well documented. CAT and SOD expected to increase with increasing PUFA/vitamin E
are scavengers of active oxygen species, acting onratio as a result of increased production of GSSG from
hydrogen peroxide (kD7) and superoxide (D), re- the increased activity of GPX. GST may also be in-
spectively (Miller et al. 1993). GPX also scavanges creased, especially in diets with low vitamin E, as it is
H20, as well as lipid hydroperoxides, which leads to thought to form GSH conjugates with peroxy radicals
the production of oxidised glutathione (GSSG). GR (Miller et al. 1993).
acts to maintain levels of reduced glutathione (GSH) This study also presented a novel approach in the
via the reduction of GSSG at the expense of NADH study of lipid peroxidation products in marine fish.
(Winston and Di Giulio 1991; Halliwell and Gut- In addition to the measurement of liver thiobarbituric
teridge 1996). Some isoenzymes of GST can also 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 |
each provided with central drainage, in an open system
continuously supplied with running borehole water of
39 ppt salinity at a temperature of 49+ 0.2 °C. The
water had been previously treated with biological fil-
ters to eliminate ammonia, by nitrification processes,
to sea water quality criteria (1g/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 | mint). Light was natural pho-
toperiod conditions. Water quality (N#NH;, NO,
NO3) variables in the rearing tanks were determined
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Table 1. Formulation of experimental diets showing com-
position of the base pellet and oil coatings

Component LO L200 HO H200
Pellet

Fishmeat 720 720 720 720
Starci? 100 10.0 10.0 10.0
Finnstim/Betafin 0.5 0.5 0.5 0.5
Mineral premix M2 2.4 24 24 24
Low Vit E premix® 05 05 05 05
Vit E-free Fish oiP 20 20 20 20
Coating

Vit E-free Fish oiP 126 - - -
Vit E-free oleic aci§ - 12.6 - -
Fish oil + Vit E7 - - 126 -
Oleic acid+ Vit E7 - - - 12.6

1794, Low temperature fish meal (Ewos Ltd., Bathgate,
U.K.).

2 paselli WA4;

3 Supplied (per kg diet): KpPOy, 22g; FeSQ.7H,0,
1.0g; ZnSQ.7H,0, 0.13g; MnSQ.4H,O, 52.8 mg;
CuS(;.5H,0, 12 mg; CoSQ.7H20, 2 mg; and Kl, 2 mg.

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

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

6 Sigma Chemical Co. Ltd.

7 Added to oils at 2000 ppm.

with a Technicon Traacs 800 Autoanalyser. Water
samples were filtered through a 0.451 membrane
prior to analysis and these variables were measuredLipid Nutrition Group, Institute of Aquaculture, Uni-
weekly. versity of Stirling and the diets were manufactured by
After acclimatization of fish to the experimen- & commercial feed producer (Ewos Ltd., Livingston,
tal diet and conditions for two weeks, the fish were Scotland) (Table 1). Four diets of two pellet sizes (500
stocked at an initial density of 5 fish/l. This repre- and150Qum, respectively) were produced with either
sented an initial stocking density of 2.5 kg with high fish oil or low fish oil (oil level maintained with
the final stocking densities varying between 7.8 and oleic acid, Fisher Scientific, Loughborough, England)
9.6 kg nm? depending on the survival of the experi- €ach containing either no added vitamin E or vitamin
mental treatment. The ration varied from 4% to 3% E added to 200 mg kg. A further diet, a commercially-
of the biomass/day between the beginning and end of Produced starter for marine fish used previously with
the experiment and was offered to fish 6 times during dilthead sea bream, was also included as a control
the light hours by hand. The length of the experi- (Trouw Aquaculture, Spain).
ments was established at 550 degree.days or around 30
days for gilthead sea bream at a rearing temperature ofSample collection and biometric determinations
approximately 19C. _ _ .
The experimental diets were based on a modified | "€ré Were two sampling points, at the beginning
commercial extruded formulation utilizing fishmeal as (d2y 0) and at the end of the experiment (day 30).

protein source (Table 1) and having a proximate com- The fish were sampled after 24 h starvation to avoid
position as shown in Table 2. Mineral and vitamin interference of gut contents in the analysis. All mea-

premixes, vitamin E-stripped oils and vitamin E (to- ﬁurements arr:d determinations wer(i performed in trip-
copheryl acetate) were prepared and supplied by the icate. Length was measured, and live mass/dry mass
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Table 2. Gross composition (% dry mass), tocopherol content (ng sy mass), TBARS contentunol MDA mg~1 dry mass) and molar
ratio vitamin E/PUFA in control and experimental diets fed to gilthead sea brSparys aurath

Control diet Experimental diet
HO Lo H200 L200

Protein (% dry mass) 49+ 152 4394 0.4P 4194150 4224020 4464060
Carbohydrates (% dry mass) 17092 108+ 0.4P 10.4 4 0.4b¢ 9.240.1°¢ 9.94 1.0°¢
Ash (% dry mass) 17+12 119405 112402 124407 128+ 11
Total lipid (% dry mass) 234 0.22 243+£02° 241406 240+0.8° 238070
MDA(zmol mg-1 dry mass) 29+022 23+00% 254+0.32 494020 224012
ng vitamin E mql dry mass
s-Tocopherol L+04° 1.1+012 1.2+012 20+03b 1.2+032
y-Tocopherol B+0.5° 1.0+0.12 1.2+0.12 2.34+02° 1.4+0.02
a-Tocopherol 162 + 8.3 56.3+ 2.02 1021 +33P 3144 + 13.0° 29324 3.7°
a-Tocopherol acetate 158+ 7.1P 1864212 281+4.72 216+ 3.02 2214042
Total 3233+ 6.3° 770+ 4.12 1326+ 8.1P 3403 + 15.9° 3180+ 3.7°

Molar ratio vitamin E/PUFA  1/(18B + 7.020  1/(7449+£480)° 1/(2399+ 1982 1/(1601+158)° 1/(1174 + 116)

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); MDA, malondialdehyde. PUFA, polyunsaturated fatty acid.

ratios determined for both whole fish and liver. Live Ash contents were measured gravimetrically after total
masses were determined by blotting fish and liver on combustion in a furnace at 55C.
filter paper before weighing, and dry mass was de- Total lipid was extracted after homogenization
termined after heating in an oven at 6G for 24 h in chloroform/methanol (2:1, v/v) containing 0.01%
and cooling in vacuo before weighing. Hepatosomatic butylated hydroxytoluene (BHT) as antioxidant, basi-
index (HSI) was calculated and growth assessed by cally according to Folch et al. (1957). Lipid classes
measuring the specific growth rate (SGR) as % weight were separated by high-performance thin-layer chro-
gain day ! (Wootten 1990). Mortality was mea- matography (HPTLC) on silica gel 60 plates, using
sured at the end of the experiment and expressed aghe single-dimension double-development method de-
% values. scribed previously (Tocher and Harvie 1988; Olsen
Three samples of liver per treatment were collected and Henderson 1989). The classes were quantified by
for lipid and fatty acid analysis, vitamin E content, charring (Fewster et al. 1969) followed by calibrated
peroxidation (lipid oxidation products, TBARS and densitometry using a Shimadzu CS-9001PC dual-
isoprostane) status and antioxidant enzyme activities. wavelength flying spot scanner (Olsen and Henderson
Each sample consisted of the pooled livers from ten 1989).
fish to provide enough material for all the required
analyses. The diets and dissected livers were imme-Total lipid fatty acid analyses
diately frozen in liquid nitrogen and stored-a?0°C

before analysis. Fatty acid methyl esters (FAME) from total lipids were

prepared by acid-catalyzed transmethylation for 16 h
Gross composition, total lipid extraction, lipid class &t 50 °C, using tricosanoic acid (23:0) as internal
separation and quantification standard (Christie 1989). FAME were extracted and

purified as described previously (Tocher and Harvie
Protein content was determined by the Folin-phenol 1988) and were separated in a Hewlett-Packard 5890A
reagent method, according to Lowry et al. (1951). Series Il gas chromatograph equipped with a chemi-
Total lipid contents were determined gravimetrically cally bonded (PEG) Supelcowax-10 fused silica wall
after extraction as described below. Carbohydrate con- coated capillary column (30 nx 0.32 mm i.d., Su-
tents were determined by a colorimetric method using pelco Inc., Bellefonte, USA), ‘on column’ injection
the phenol-sulphuric acid reagent (Dubois et al. 1956). system and flame ionization detection. Hydrogen was
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used as the carrier gas with an oven thermal gradientrinsing with 5 ml methanol followed by 5 ml ultra-
from an initial 50°C to 180°C at 25°C/min and pure water and 5 ml HPLC grade hexane. Isoprostanes
then to a final temperature of 238 at 3°C/min with were eluted with 5 ml ethyl acetate containing 1%
the final temperature maintained for 10 min. Individ- methanol, solvent evaporated under a stream of ni-
ual FAME were identified by comparison with known trogen and 1 ml EIA kit buffer added. Recovery of
standards and quantified by means of a direct-linked prostaglandins and prostaglandin-like compounds af-

PC and Hewlett-Packard ChemStation software. ter extraction by this method was reported as being

95-100% (Powell 1982). Total isoprostane is quan-
Measurements of thiobarbituric acid reactive tified using an EIA kit and 8-isoprostane standard
substances (TBARS) as per manufacturers instructions (Cayman Chemical

. . Co., Ann Arbor, USA).
The measurement of TBARS was carried out using a )

method adapted from that used by Burk et al. (1980). petermination of vitamin E content

Up to 20-30 mg of tissue per sample was homog-

enized in 1.5 ml of 20% trichloroacetic acid (w/v) Vitamin E concentrations (as tocopherol plus
containing 0.05 ml of 1% BHT in methanol. To this tocopheryl esters) were measured in tissue samples us-
was added 2.95 ml of freshly prepared 50 mM thio- ing high-performance liquid chromatography (HPLC).
barbituric acid solution. The reagents were mixed in a Samples were weighed, homogenized and saponified
stoppered test tube and heated at 1G0for 10 min. as described by Bieri (1969), but using a single-
After cooling the tubes and removing protein precip- step hexane extraction (Bell et al. 1987). Recovery
itates by centrifugation at 200Q¢, the supernatant  of a-tocopherol using this method was reported as
was read in an spectrophotometer at 532 nm. The ab-100.5%+ 1.3. (Huo et al. 1996). HPLC analysis
sorbance was recorded against a blank at the samewas performed using a 258 2 mm reverse phase
wavelength. The concentration of TBARS expressed Spherisorb ODS2 column (Sigma Chemical Co, St.
as nmol TBARS/g of tissue, was calculated using the Louis MO, USA) essentially as described by Car-

extinction coefficient 0.15aM~1 cm1. penter (1979). The isocratic mobile phase was 98%
methanol pumped at 0.2 ml/min, the effluent from the
Determination of 8-isoprostane levels 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 (L@/ml).

The levels of 8-isoprostane, a novel lipid peroxida-
tion product formed non-enzymatically, and thus a
potentially good indicator of lipid peroxidation in tis-
sue, were determined by enzyme immunoassay (EIA). petermination of enzyme activities in liver
Isoprostanes are de_termmed in the same homer”ateﬁomogenates

of liver and whole fish that are prepared for TBARS

analyses. Samples should be assayed immediately af-Samples of liver were homogenized in 9 volumes of
ter collection or, as in this case, stored-&0 °C, as 20 mM phosphate buffer pH 7.4, 1 mM EDTA and
they can also appear in samples as an artifact of pro-0.1% Triton X-100, the homogenates were centrifuged
longed storage at temperatures abexg0 °C. Most at 600 xg, to remove debris, and the resultant su-
of the 8-isoprostane will be esterified in lipids, so an pernatants used directly for enzyme assays. Catalase
extraction and hydrolysis must be performed in order (CAT) activity was measured by following the reduc-
to determine total amounts of 8-isoprostane. Briefly, tion of hydrogen peroxide at 240 nm using the extinc-
2 ml ethanol was added to 1.5 ml of sample, mixed, tion coefficient 0.04 mM* cm—1 (Beers and Sizer
and allowed to stand for 5 min at 4C before pre- 1952). Immediately before assay, 50 ml of 67 mM
cipitated protein was removed by centrifugation. The potassium phosphate buffer pH 7.0 was mixed with
supernatant was decanted into a clean test tube and30 ul of 30% (v/v) hydrogen peroxide. The assay
3.5 ml 15% KOH added and incubated for 60 min at cuvette (quartz) contained 3.0 ml of above buffered
40 °C. The solution was diluted to 10 ml with ultra- hydrogen peroxide solution plus 258 of sample.

pure water and the pH lowered to below 4.0 with 2 ml Total superoxide dismutase (SOD) activity was
concentrated formic acid. Isoprostanes were purified assayed by measuring the inhibition of the oxygen-
by applying the solution to a {g reverse-phase mini- dependent oxidation of adrenalin (epinephrine) to
column (‘Sep-Pak’, Millipore UK, Watford, UK) after = adenochrome by xanthine oxidase plus xanthine
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(Panchenko et al. 1975). Plastic mini-cuvettes con- ing high HUFA +/— vitamin E and low HUFA+/—
taining 0.5 ml of 100 mM potassium phosphate buffer vitamin E. Results are presented as mear8D (n=
pH 7.8 / 0.1 mM EDTA, 200ul adrenaline, 20Qul 3 or 4). The data were checked for homogeneity of the
xanthine and 5Qul distilled water (uninhibited con-  variances by the Bartlett test and, where necessary, the
trol) or 50 ul sample were prepared and the reaction data were arc-sin transformed before further statistical
initiated by the addition of 1Qul xanthine oxidase. analysis. Differences between mean values were ana-
The reaction was followed at 480 nm and 1 unit of su- lyzed by two-way analysis of variance (ANOVA). In
peroxide dismutase activity is described as the amountaddition, differences between mean values, including
of the enzyme which inhibits the rate of adenochrome the control diet, were analyzed by one-way analysis
production by 50%. of variance (ANOVA), followed, when pertinent, by
Glutathione peroxidase (GPX) was assayed by fol- a multiple comparison test (Tukey). Differences were
lowing the rate of NADPH oxidation at 340 nm by reported as statistically significant wher®.05 (Zar
the coupled reaction with glutathione reductase (Bell 1984).
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, 5@ reduced glutathione,  Results
100 ul NADPH and 5ul glutathione reductase were
prepared. The basal reaction was initiated by the ad- Vitamin E levels were 2—3 times higher in the diets
dition of 50 ul hydrogen peroxide solution and the supplemented with vitamin E, and the control diet,
non-enzymic rate without sample added was measuredcompared to the unsupplemented diets (Table 2). Most
for later subtraction. Sample (50) was then added importantly, the molar ratio of PUFA/vitamin E was
and the assay continued by measuring absorbance asignificantly different between the four experimental
340 nm with specific activity determined using the diets, as planned, with the rank order being HO
extinction coefficient of 6.22 mmt cm1. LO >H200> L200 (Table 2). The high fish oil diets
Glutathione-S transferase (GST) activity was de- (HO and H200) contained about 3.2% n-3HUFA per
termined by following the formation of glutathione- dry mass unit, whereas the low fish oil diets (LO and
chlorodinitrobenzene (CDNB) adduct at 340 nm. L200) contained about half this level, between 1.4%
Standard plastic cuvettes containing 2.5 ml of 120 mM to 1.7% n-3HUFA per dry mass unit (Table 3). The
potassium phosphate buffer pH 6.5, 100GSH and high fish oil diets also contained more saturated fatty
100! CDNB were prepared and the reaction initiated acids, specifically 16:0. The higher n-3HUFA and 16:0
by the addition of 50ul sample. Specific activities was compensated in the low fish oil diets by between
were determined using an extinction coefficient of 3 and 4 times more 18:1n-9 and total monousaturated
9.6 mM~1 cm™1 (Habig et al. 1974). fatty acids than the high fish oil diets. The control diet
Glutathione reductase (GR) activity was assayed had an intermediate level of n-3HUFA (2.4% per dry
as described by Racker (1955) by measuring the ox- mass unit) and much higher 18:2n-6 and total lower
idation of NADPH at 340 nm using the extinction monousaturated fatty acids compared to the experi-
coefficient 6.22 mM?® cm~1. Plastic mini-cuvettes  mental diets (Table 3). The unsaturation index was
containing 0.6 ml of 0.2 M potassium phosphate buffer significantly higher in the high fish oil diets (187.6 and
pH 7.0/2 mM EDTA, 200ul oxidised glutathione  184.6) than in the low fish oil diets (140.9 and 143.5)
and 100! NADPH were prepared and the reaction (Table 3).
initiated by the addition of 10@| of sample. The dietary treatments had relatively few effects
Protein content in the homogenate supernatantson the growth and survival of the fish although fish
was determined by the Folin-phenol reagent method, fed diet LO were significantly smaller and had smaller
according to Lowry et al. (1951) following digestion livers than fish from the other treatments but mortality

in NaOH/SDS. rates and SGR were not significantly different (Ta-
ble 4). The proportions of total lipid and polar lipid
Experimental design and statistical analysis in the livers of the fish were significantly lower in fish

at the end of the dietary trial compared to initial fish
The experiment was performed to a simple two facto- \hereas the proportions of triacylglycerol (TAG) and
rial design with the factors being dietary HUFA and  total neutral lipids were higher, especially in the exper-
vitamin E resulting in four experimental diets contain- jmental diets (Table 5). The ratio of TAG to cholesterol



Table 3. Total lipid fatty acid content(g fatty acid mg dry mass) in control and experimental diets fed to
gilthead sea breansparus auratp

Control diet Experimental diet
Fatty acid HO Lo H200 L200
14:0 594 0.2 7.7+£03  414+01P 804122 5.0+ 0.20¢
15:0 494 0.8? 42+06% 504042 554112 46+132
16:0 200 + 0.92P 226+£052 1254+03° 2234302 151418
17:0 08+ 0.0 09+022 1040128 094022 1.3+05?%
18:0 47+0.22 41+012 25+01° 41+052 3.0+£04°
20:0 04+ 0.0 04+00% 02+00® 064022 0.2+012
22:0 03+0.0 01+01 nd 03402 nd
24:0 01401 nd nd nd nd
Total saturated 31+ 102 402+17% 253+03° 416+50° 293+15°
16:1(n-9) 01+01 nd nd 01+0.1 nd
16:1(n-7) 59+ 0.3° 82+0228 76402 791118  90+o08
18:1(n-9) 189 +0.82 202+042 670+21° 198+242  781+84°
18:1(n-7) 31+012 41+00% 77+02° 414052 9.1+1.0°
20:1(n-9) 394 0.2¢ 125+022 53401 1244172 6.4 4 0.6°
20:1(n-7) 03+ 0.0° 05+00% nd 06+0.12 0.1+0.12b
22:1(n-11) 57+0.3P 1934032 64+02° 199+262 7.9+0.9°
22:1(n-9) nd 2+01 nd nd nd
24:1(n-9) 09+0.1¢ 15+00% 06+00° 15+022 0.8+ 0.1P¢
Total monoenes 38+1.7° 675+1.3% 947+25" 6624842 1113+118P
16:2(n-6) 13+0.3 13+00 16400 10+0.2 16+0.1
16:3(n-3) 10 + 0.1abc 05+0128 17408 06+013" 22402
16:4(n-3) 07 +0.0 09+01 09+03 0.9+0.0 09+0.3
18:2(n-6) 181 4+ 0.8° 30+£012 58+02° 29+032 6.2+ 0.4°
18:3(n-3) 38+0.2¢ 15+00%° 114000 154+02%  11+01P
18:4(n-3) 22+0.0P 3440128 18+01°  33+042 22+02P
20:2(n-6) 03+ 0.0 05+00 03+00 0.4+ 0.0 06+0.5
20:4(n-6) 104+ 0.02 1.0+£00% 044000 094012 05+0.1°
20:3(n-3) nd ®+00 nd 02401 nd
20:4(n-3) 06 + 0.0° 11+002 04+00° 114012 0.5+ 0.0b¢
20:5(n-3) 92 4+ 0.42 108+022 46+01° 1074152 58+0.70
22:5(n-6) 04 + 0.02P 05+00% nd 05+0.12 01+0.1°
22:5(n-3) 15+ 0.12 18+008 05+00° 17403 0.7+0.1°
22:6(n-3) 130+ 0.5° 186+042 81+02° 183+25  10141.2°€
Total polyenes 53 +212 450+08% 27.2+12° 441+58 326+ 3.1P
Total (n-9) 238+ 1.0° 3544082 729422 3384420 8524091
Total (n-7) 93 + 0.4° 1284032 153+02% 12541728 182+ 17°
Total (n-6) 2104 0.8° 6.1+022 804020 584072 9.1+0.8°
Total (n-3) 319+ 1.32 389+06% 1914+09° 38345128 235+ 24°
HUFA(n-6) 134012 144002 04+00° 14+022 0.6+ 0.0°
HUFA(n-3) 243+1.1P 325+06% 136+04° 320+45% 17.0+20°

Data are mead:- SD (n= 3). SD= 0.0 implies SD< 0.05. Values within the same row bearing different
superscript letter are significantly differeni & 0.05). tr, trace< 0.05; nd, not detected; HUFA, highly
unsaturated fatty acids.
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was highest in fish from treatment H200 (high fish oil
and high vitamin E) indicating the greatest accumula-
tion of TAG in liver from fish fed this diet. The total
lipid of the fish livers reflected the fatty acid com-
position 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 sup-
plemented 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 unsup-
plemented 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 dif-
ferent (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 (Ta-
ble 7). The TBARS contentmol 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).

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 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 di-
etary HUFA levels. However, the lipid peroxidation
products in liver were influenced differently by the di-
ets. TBARS levels were only affected by the level of
dietary HUFA and not dietary vitamin E, whereas iso-
prostane 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$cophthalmus max-
imug 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 sig-
nificantly higher in fish fed the high fish oil diets.
However, the livers from fish fed all the experimen-
tal 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 com-
positions 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 lev-
els of PUFA and HUFA, and high levels of 18:1n-9
in the liver. Therefore, the potential for lipid perox-
idation was theoretically higher in the fish fed the
HO and H200 diets. Similarly, the dietary vitamin

(Table 7). The activities of GPX and GST were not E levels were, at least partly, reflected in the liver
different between any of the treatments whereas GR vitamin E levels despite the level of vitamin E in liv-

activity was highly variable between tratments and ers from fish fed diet LO being higher than expected.
tended to be higher in fish fed the low fish oil diets However, the diets were formulated to significantly
(Table 7). vary the molar ratio of PUFA/vitamin E and this was
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Table 4. Growth-related performance and survival rates of gilthead sea bi®panys auratafed control and experimental diets

t=0days t= 30 days

Initial Control HO LO H200 L200
Fish length (mm) 35+ 35° 525+ 512 515+ 162 490+ 0.7° 515+ 06* 523+ 0.72P
Fish live mass (g) G+ 0.2 20+ 062 194 022 16+ 01° 20+ 0128 19+ 012
Fish dry mass (mg) 133+ 227° 4341+466 32364586 30024863 39954247 36244240
Fish dry mass % 25+ 0.42P 254+ 03 2504 05%P 243+ 1.3 265+ 0.7° 252+ 05°%P
Liver live mass (mg) T+ 34° 5404+2028 675+ 358 559+ 420 677+ 602 605+ 1.3°
Liver dry mass (mg) D+ 04° 197+ 44 2564+ 202 213+ 16° 256+ 212 231+ 00P
Liver dry mass % 3m+ 08P 365+ 082 378+ 122 379+ 1.0*° 378+ 022 382+ 0.9°
HSI 19+ 0.3 26+ 022 31+ 01 31+ 02P 32+ 00P 28+ 012
Mortality (n° of fish) 195+ 7.5 153+ 7.7 133+ 49 120+ 45 197+ 97
Mortality (%) 39+ 15 31+ 15 27+ 10 24+ 09 394+ 1.9
SGR (%dayl) 45 44+ 03 38+ 0.2 45+ 0.2 444+ 02

Data are mear: SD (n= 30 for initial point and control diet; B= 90 for experimental diets). Values within the same row bearing different

superscript letter are significantly different £0.05). HSI, Hepato-somatic Index; SGR, Specific Growth Rate

Table 5. Gross composition (% dry mass) and lipid class composition (% total lipid) of livers from gilthead sea I$pams aurata

fed control and experimental diets

t=0days t= 30 days
Sample Initial Control HO LO H200 L200
Protein 409 + 0.5%d 453+062 422+07°¢ 413+03°9 396+181 44540420
Lipid 487+ 1.92 324483 34141850 378+47° 355+21P 337423
Carbohydrate e+02d 180+08° 196+00% 180+06° 2044062 184405
Ash 42+11 43404 41402 29403 45+ 1.0 34406
Sphingomyelin B+0.1 01+0.1 02+0.0 tr nd 01+0.1
Phosphatidylcholine 18+ 0.62 99+19% 891048 091+06% 80+£06° 98+£17
Phosphatidylserine 1401 16+0.3 11404 08404 10+0.2 11+0.2
Phosphatidylinositol 3+062 25+05% 20+02° 15+03° 16+01° 19+02P
Phosphatidic acid/cardiolipin 24052 164043 11403 14+02° 12+02° 11+04b
Phosphatidylethanolamine A7+ 052 53+09%° 46+04° 44+03® 40+03" 524+13%
Lyso-phosphatidylcholine 3+032 15+04% 16+0138° 13+02° 11+02° 14+03%®
Lyso-phosphatidylethanolamine .0t 04 07+02 06+0.1 05+01 03+01 04+01
Sulphatides F+012 07+£0228  03+£00° 04+028° 03+£00° 06+£013
Cerebrosides nd D+01 03+01 03+01 nd nd
Pigments 7+032 10+03P 124042 08+01° 07+01° o05+02P
Unknown 07+ 0320 06+022% nd 02+02%2 02+03% 14+03°
Cholesterol 5 +0.32 54+09 41+03% 444042 36+07° 5041120
Free fatty acids ®+0.120 03+01" 09+03* 05+01° 05+02% 05+01P
Triacylglycerol 568 = 2.6° 67.3+£578 709+£18 714+£13% 7524202 67.9+56%
Steryl esters B+07 24405 24407 31405 25403 32406
Total polar lipid 338+ 1.97 2504430 216+12° 204+19° 180+15° 221+36°
Total neutral lipid 662+ 1.9° 750+55% 7844122 796+19% 820+15% 7794362
Triacylglycerol/Cholesterol 16+ 0.92 129+£2220 173+142° 163+142° 218+47° 145+39%

Results are means SD of triplicate samples (& 3) of pooled livers. SB= 0.0 implies SD< 0.05. Values within the same row bearing
different superscript letters are significantly differept< 0.05). tr, trace< 0.05; nd, not detected.



346

Table 6. Total lipid fatty acid composition (mass %) of liver from gilthead sea bre&pafus auratpafed control and
experimental diets

t=0days t= 30 days
Fatty acid " Initial  Control EH-0 EL-0 EH-200 EL-200
14:0 214 0.1bc 2.3+0.180¢ 31+022  18+01° 29405 19+01°
15:0 554+ 1.32 1.3+06° 14+03°  12+02° 14404 11+o04b
16:0 107 + 0.4° 127 +0.42 1324052 85+01° 1304022  86+02°
17:0 Q5+ 0.02 0.3+00P 03+00P 02+00° 02+00° 02+00°
18:0 43+0.1° 5.4+0.12 38+£02¢ 264020 38+01° 244019
20:0 03+0.12 0.2 4£0.020 01+£00% 02+018 01+00° 02+013
22:0 03+0.3 01+0.0 nd tr tr nd
24:0 Q1+0.1 01+00 nd nd nd nd
Total saturated 204092 22541180 220+£042° 1464+02°¢ 2154+04P 144403°
16:1(n-9) nd nd a+0.0 tr 02+00 tr
16:1(n-7) 33+0.6° 5.1+0.3%0 63+022  49+10% 64+022  44+08%P
18:1(n-9) 124 4+ 0.5° 206+ 1.20 192+08° 428403 194+08° 421+09°
18:1(n-7) 264 0.2° 38+£020 40+£00° 50£022 40+00° 494002
20:1(n-9) 10+0.19 1.8+0.3° 53+03% 23+01° 55+012 25+01P
20:1(n-7) nd @ +0.13P 03+£00% 014£00° 034£00% 02400
22:1(n-11) 044 0.6° 1.2+ 0.1P¢ 52+0228  14401° 53+00% 17+01P
22:1(n-9) nd o +0.0P 114012  05+00° 114018  05+00b
24:1(n-9) 0240.3° 0.7+0.02 124012 074002 114018  0.6+00?
Total monoenes 19+ 2.4 337421° 4274+08° 5784042 432411007 5694042
16:2(n-6) 184+ 0.22 0.1+0.04 03+£00° 05+00° 03+00°¢ 04400
16:3(n-3) 18+0.32 0.7+0.1° 06+00° 13+01% 06+00° 13+01P
16:4(n-3) nd @+ 0.0° 03+£00% 01£00° 03+£00% 02£00°
18:2(n-6) 97 + 0.5° 114+0.42 21+03¢  39+01¢ 19+019 41+o00°
18:3(n-6) 26+0.3 nd nd nd nd nd
18:3(n-3) 15+0.1° 1.84+0.0? 07+01° 06+00° 07+01° 08+00°
18:4(n-3) 12+012 144022 154012 08+00° 16+012 08400
20:2(n-6) 02+ 0.0 04402 02+0.0 10+0.8 0240.0 0240.0
20:3(n-6) 04+0.12 0.6+0.12 02+00° 01+00° 02+00° 01+00°
20:4(n-6) 124012 1.0+ 0.18P 08+01° 04400° 08401 05400°
20:3(n-3) nd 0L+ 0.0 01+0.0 tr 01+0.0 01+0.0
20:4(n-3) 05+ 0.0° 0.7+01b 104002 044+01° 10+012  04400°
20:5(n-3) 454022 45+032 52+03% 24+00° 53+03% 28+01b
22:5(n-6) 04+ 0.12 0.2+0.0° 03+00% 01£00° 03+£00% 01+00°
22:4(n-3) nd nd nd nd Q+0.0 nd
22:5(n-3) 10+ 0.1P 16+0.22 17+0128  07+01° 18+022 08+o01P
22:6(n-3) 116 + 0.52P 9.7+10b 1314052 61402 1314+1.0% 75+04°
Total polyenes 38+0.9° 345+ 1.4P 281+06° 186+020 284+20° 2014069
Unknown 91+13 93+0.8 72406 91404 70408 87+04
Total (n-9) 135+ 0.9 235+ 14° 269+£09° 4632042 272408 4581092
Total (n-7) 60+ 0.6P 9.0+ 052 106+022 1014082 1064037  9.4408?
Total (n-6) 163+ 0.92 138+ 0.1P 39+02¢  60+07° 38+02¢ 54+00°
Total (n-3) 221+ 0.423b 207+ 1.4b 242+£07% 1264+05° 246+18% 1464 06°
HUFA(n-6) 204012 1.8+022 13+01P 06+£00° 13+01° 07+00°
HUFA(n-3) 176 4 0.5° 167+ 1.3 2114062  97+04° 213+16% 116+06°

Results are means SD of triplicate samples (& 3) of pooled livers. SB= 0.0 implies SD< 0.05. Values within the same
row bearing different superscript letter are significantly differgnt(0.05). tr, trace< 0.05; nd, not detected; HUFA, highly
unsaturated fatty acids.
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t=0days t= 30 days

Initial Control HO LO H200 L200
Vitamin E (alpha-tocopherol)
ng mg! live mass 222+101° 2371+ 81P 526+ 59° 18534 94P 1931430007 55472412
ng mg~L dry mass 718 4+£325°  6498+£221PC 13944+ 155° 489142499 51094 793%¢ 14521 4+ 6302
ug liver—1 120+ 05° 128+ 0.4P 36+ 04° 104+ 05° 131+ 20° 336+ 152
Molar ratio PUFA/vitamin E 20+ 29°° 309+ 12° 91141328 175+ 12¢ 251+ 6.3% 57+ 049
TBARS
wmol mg~? live mass B+ 022 24+ 0220 274+ 012 164+ 01° 22+ o058b 17+ 020
wmol mg~1 dry mass B+ 062 6.6+ 078 7.1+ 0.2 424+ 04b 594 129 45+ 058P
wmol liver—1 226+ 192 1292+131°¢d 1820+ 397 898+ 809 1510+309°¢ 1050+ 11.6°
Isoprostane (pg mg proteit) 183+ 0.0° 161+ 54  649+173% 319+ 420 197+ 22P 369+ 36P
Antioxidant enzyme activities
car! 386+ 6.6° 8L1+ 59 668+ 92° 658+ 7.1° 672+ 57 61.6+ 4.0P
SOD? 28+ 0.0P 37+ 042 30+ 013 32+ 03 30+ 033 33+ 023
GPX3 58+ 0.0 31+ 1.2 50+ 1.2 524+ 0.9 44+ 21 52+ 0.6
GST 3636+ 438 3239+875  3296+320 2931+476 3204+ 386 37114387
GR3 1.9+ 0.2bC 03+ 00° 38+ 1.3%C 60+ 1.02 37+ 1.43PC 42+ 1470

Results are means SD of triplicate samples (& 3) of pooled livers. Values bearing different superscript letter are significantly different (p

0.05). SD= 0.0 implies SB<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 subgtaraasin—1 mg
protein1). 2(SOD units min! mg proteirr 1) 3(nmol min~1 mg proteir1).

achieved with the rank order of the ratio in the diets
(HO > LO > H200 > L200) being highly significant.
This was largely reflected in the PUFA/vitamin E ra-
tios in the fish livers at the end of the trial where
the rank order for the ratio was H8 LO = H200
> L200. Therefore, the data show that the dietary
trial was largely successful in altering the prooxi-
dant/antioxidant (PUFA/vitamin E o&-tocopherol)
ratio, and hence the potential susceptibility of the
tissue to lipid peroxidation, in a graded manner as
planned. The importance of thetocopherol/PUFA
ratio in determining tissue susceptibility to fatty acid

activities of the liver antioxidant enzyme systems. The
pattern of activities for the enzymes under the ex-
perimental 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 denteBentex den-
teX) larvae (Mourente et al. 1999a). Conversely, the
activities of CAT and, to a lesser degree, GPX actu-
ally increased with decreasing PUFA/vitamin E ratio

peroxidation had been stressed in an earlier study inin that study. In a subsequent study on larval dentex,

which increased dietary fish oil increased the suscepti-

bilty of turbot tissues to peroxidation, with supplemen-
tation of vitamin E limiting that effect (Stephan et al.

1995). A recent study has also shown that muscle ho-

mogenates from sea bad3i¢entrarchus labraxand
rainbow trout Oncorhynchus mykiy$ed 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 log-
ical pattern discernable in the data obtained for the

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 sardirtgafdina
pilchardug (Peters et al. 1994) and turbot larvae (Pe-
ters et al.1996) and freshwater fish such as rainbow
trout and black bullheadAMmeiurus melgs (Aceto
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Table 8. Results (F-values) of two-ways analysis of variance for the data from the four
experimental diets (HO, LO, H200, L200)

F-values
A) Vitamin E B) HUFA Interaction Ax B

MDA

umol/mg live mass ns 13.74 ns
umol/mg dry mass ns 15.85 ns
umol/Liver ns 26.79* ns
Isoprostane (pg mg proteirt) 15.5¢ ns 22.6*
Vitamin E (alpha-tocopherol)

ng /mg live mass 324.47* 304.84** 65.40**
ng /mg dry mass 320.05¢ 299.51** 62.88**
ug /Liver 320.86™* 223.33** 56.14**
Liver molar ratio Vitamin E/PUFA 55.78%** 79.49%*F 27.13**
Antioxidant enzyme activity

Catalase ns ns ns
Superoxide dismutase ns ns ns
Glutathione peroxidase ns ns ns
Glutathione S-transferase ns ns 5.37
Glutathione 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

Significance levels ar&* p < 0.001,** p < 0.01,* p < 0.05, nsp > 0.05.

etal. 1994; Otto and Moon 1996). However these stud- EPA, to Swiss 3T3 cells resulted in increased levels
ies focussed on the role of the enzymes in pollutant of PUFA in phospholipids and the activities of SOD,
detoxification (Peters et al. 1994) or developmental GPX and GST increased with degree of unsaturation
aspects (Aceto et al. 1994; Otto and Moon 1996; Pe- of the phospholipids (Benito et al. 1997).

ters and Livingstone 1996) rather than the effects of = There are perhaps two main reasons for lack of
dietary nutrients. In mammals, the effects of dietary significant effects on the liver antioxidant enzymes in
PUFA, including fish oil, on the activity of the an- the present study. Firstly, the level of HUFA fed in
tioxidant enzymes in liver are contradictory, but in the high fish oil diets may not be sufficiently high and
a recent study, supplementation of PUFA, including the resultant peroxidative load not sufficiently differ-
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ent to that in the low fish oil diets or, alternatively, the dition, vitamin C (ascorbate) functions to regenerate
difference in HUFA levels between the diets used in vitamin E from the tocopherylradical and so, as above
the present study could also be described as reducedhere are other factors that could affect the results and
HUFA versus normal HUFA. However, one of the complicate the interpretation of the data.

main differences between the fatty acid compositions In apparent contrast to TBARS levels, two-way
of the diets was the DHA content and there are data to ANOVA indicated that concentrations of liver iso-
suggest that DHA does not exert as high a peroxidative prostanes were significantly affected by the level of
burden as expected based on peroxidizability index dietary vitamin E but not HUFA. However, in this
(Kubo et al. 1997, 1998). Secondly, and alternatively, case interaction between the two parameters was indi-
the levels of dietary vitamin E were not low enoughto cated by ANOVA and it was clear that supplementary
deplete tissue vitamin E to a sufficiently low level to vitamin E significantly lowered the concentration of
significantly increase peroxidative stress. However, as isoprostanes measured in fish fed the high fish oil di-
described above, the dietary treatments significantly ets, but not in fish fed the low fish oil diets. This
altered the PUFA/vitamin E ratios in livers and there was similar to the non-significant trend observed with
were significant differences between the diets in the TBARS levels. In addition, both TBARS and iso-
levels of in vivo peroxidation peroducts. Both TBARS prostane levels were significantly highest in livers of
and isoprostane levels were highest in fish fed the HO fish fed the HO diet (high HUFA and low vitamin E) as
diet which had the highest PUFA/vitamin E ratio in the would be expected. Therefore, in vivo production of
liver. These data support the conclusion that, despite isoprostanes and TBARS followed a broadly similar
the lack of effect on antioxidant enzyme activities, pattern in the present study.

the different dietary treatments did have effects onthe = The data in the present study support the poten-
peroxidation status in the liver which resulted in differ- tial of isoprostane measurements as indicators of in
ential production of lipid peroxidation products. It is vivo lipid peroxidation in fish. This is an impor-
possible that the antioxidant enzyme systems only get tant finding as the use of isoprostane as measures
switched on in more severe conditions of peroxidative of in vivo oxidative stress has only been reported
stress such as occurs when oxidized oils are fed butfor mammalian species rich in arachidonic acid (AA,
this is not known. As the antioxidant enzyme systems 20:4n-6) (Roberts and Morrow 1997). Therefore,
are also involved in detoxification of xenobiotics, and studies to date have concentrated on the production
are often used to assess environmental contaminationof isoprostanes from AA, the major products being
by certain organic pollutants, these alternative func- F,-isoprostanes (i.e., containing the F-type prostane
tions may additionally complicate the interpretation of ring) with the most important regioisomer being 8-

the data.

isoprostane (&o-prostaglandin ). However, other

As described above, the dietary treatments resulted HUFA will also be peroxidized by non-enzymatic

in significant differences in the levels of vivo per-
oxidation products measured in the liver. Two-way
ANOVA showed that the levels of the lipid peroxida-
tion products, TBARS, were significantly influenced
by dietary HUFA levels, being significantly increased
in fish fed the high fish oil diets with vitamin E hav-
ing no significant effect. It was clear that there was
no effect of vitamin E in fish fed the low fish oil di-

free radical mechanisms to produce isoprostanes, and
F3- and R-isoprostanes from EPA and DHA, re-
spectively, have been identified, characterized and
reported to correlate with other markers of lipid per-
oxidation (Nourooz-Zadeh et al. 1997, 1998). The
EIA kit used in the present study uses antibodies
directed specifically against i8e-prostaglandin g,

but 84so-prostaglandin ;, the equivalentisoprostane

ets but the data suggested that TBARS were reducedfrom EPA, has 21% reactivity with this antibody
by vitamin E in fish fed the high fish oil diets, but whereas all enzymatically produced prostaglandins
the high standard deviation for the data for H200 diet have a reactivity of at least 20-fold lower or, for most
made this non-significant. The TBARS assay mea- prostaglandins, considerably less. Enzymatically pro-
sures aldehydes that are secondary (and end-) productsluced prostaglandins are dominated by those derived
of the lipid peroxidation chain reactions and so could from AA, even in fish tissues where EPA is normally
be expected to be influenced by the major chain- presentin far greater amounts than AA (Tocher 1995).
breaking antioxidant, vitamin E, although there are However, there is no reason to believe this would
several other antioxidants that act similarly including also be the case for non-enzymatically produced iso-
ubiquinone, carotenoids, urate and glutathione. In ad- prostanes. Indeed, it is more likely that isoprostanes
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are produced in quantities reflecting the concentra- Beers, R.F. and Sizer, I.W. 1952. Spectrophotometric method for
tions of their HUFA precursors. Irrespective of what measuring the breakdown of hydrogen peroxide by catalase. J.

i . ) . Biol. Chem. 195: 133-140.
the isoprostane profile was in sea bream liver, the Bell, J.G., Cowey, C.B., Adron, J.W. and Shanks, A.M. 1985. Some

present study has shown that isoprostane analyses will  effects of vitamin E and selenium deprivation on tissue enzyme
be useful in assessing oxidative stress in fish. levels and indices of tissue peroxidation in rainbow tr@&glMmo
The present study investigated the antioxidant sys- _ gairdner). Br. J. Nutr. 53: 149-157.

. . . . . . Bell, J.G., Cowey, C.B., Adron, J.W. and Pirie, B.J.S. 1987. Some
tems in a cultured juvenile marine fish, gilthead sea effects of selenium deficiency on enzyme activities and indices

bream §. auratg by feeding diets varying greatly in of tissue peroxidation in Atlantic salmon pargdlmo salay.
vitamin E/PUFA ratio through having either high or Aquaculture 65: 43-54.
low levels of fish oil (n-BHUFA) combined with the Benito, S., Fernandez, Y., Mitjavila, S., Moussa, M., Anglade,

b f vitamin E. N f the diet F. and Periquet, A. 1997. Phospholipid fatty acid composition
presence or absence of vitamin . None o € dIelS  aftects enzymatic antioxidant defenses in cultured Swiss 3T3

had serious deliterious effects on growth orsurvival of  fibroblasts. Redox Rep. 3: 281-286.
the fish, but the different dietary regimes were success- Bieri, J.G. 1969. Chromatography of tocopherdts. Lipid Chro-
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