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The effects of dietary fish oil and digestible protein (DP) levels on muscle fatty acid composition
and susceptibility to lipid peroxidation were studied in two representative fish species for human
nutrition, from fresh and seawater, rainbow trout (Oncorhynchus mykiss) and European sea bass
(Dicentrarchus labrax). In rainbow trout, higher concentrations of dietary fat and DP led to
higher weight gain (g/d) (P= 0.001 andP= 0.043 respectively). Additionally, an interaction
effect was observed in this species, since the effect of DP was only evident when the dietary fat
concentration was low (P= 0.043). A similar tendency was also observed in European sea bass,
although with less marked differences among nutritional treatments. Trout fed on diets with a
higher concentration of dietary fat had higher concentrations of intramuscular total and neutral
lipids in the dorsal muscle (P= 0.005). Increased levels of dietary DP led to significantly lower
concentrations of polar lipids in the dorsal muscle of both rainbow trout (P= 0.005) and European
sea bass (P= 0.006). In the neutral fraction of intramuscular lipids of dorsal muscle the
concentration ofn-3 fatty acids was positively affected by the dietary fat concentration in both
rainbow trout (P= 0.04) and sea bass (P= 0.001). Muscle homogenates from trout and sea bass
fed on diets rich in fish oil showed a significantly higher susceptibility to oxidation than muscle
homogenates from fish fed on low-fat diets (P= 0.001). The higher DP concentration also
increased susceptibility to oxidation. Moreover, in rainbow trout an interaction effect was
observed where the pro-oxidant effect was of higher magnitude when the dietary concentration of
both nutrients, fat and protein, was high (P= 0.004).

Muscle: Lipid peroxidation: Fish nutrition

Recommended digestible energy (DE) and digestible pro-
tein (DP) contents and DP:DE ratios in diets for teleosts are
very variable depending on the species. A common recom-
mendation for DE in rainbow trout diets is in the range 15–
17 MJ/kg (National Research Council, 1993). For European
sea bass, although no defined recommendation has been
provided, recalculation of data from the literature suggests
that a similar range would be applicable (National Research
Council, 1993). The current recommendations for the dietary
concentration of DP are 330–420 g/kg and above 450 g/kg for
rainbow trout and European sea bass respectively (National
Research Council, 1993). The higher recommended DP level

in teleosts than in terrestrial species is partly due to their
different metabolic abilities to use proteins for energetic
purposes (Smithet al.1978; Cho & Kaushik, 1990). However,
numerous studies have shown that an increase in DE may
allow protein sparing (Kellem & Sinnhuber, 1982; Cho &
Kaushik, 1990) and that the optimal DP:DE ratio for rainbow
trout may be lowered from 22–25 to 17–19 g DP/MJ DE
(Kaushik & Médale, 1994).

There is increased interest in nutrient-dense diets for fish
feeding in order to decrease metabolic losses and nitrogen-
ous loading into the environment (Robertet al. 1993).
Increased DE levels are achieved mostly by the inclusion
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of a high concentration of dietary oils, even up to 300 g/kg
(Hillestad & Johnsen, 1994). Fish oil is a commonly used fat
source in fish diets due to its high proportion ofn-3 fatty
acids, which are nutritionally essential to teleosts (Leeet al.
1967; Yu & Sinnhuber, 1979; National Research Council,
1993). Nevertheless, the inclusion of fat in fish diets must
take into account its additional effect on carcass and flesh
quality. Previous studies have shown that high-fat diets in fish
lead to an increase in fat deposition and that there is a close
correlation between dietary and muscle fatty acid composi-
tions (Sargentet al.1989). Some reports have indicated that
n-3 fatty acids are particularly susceptible to lipid peroxida-
tion (Huet al.1989). Lipid oxidation is of critical importance
in fish quality because of the relatively short shelf-life of fish.
Any modification in the feeding system should be evaluated in
terms of fatty acid composition and susceptibility to oxidation.
On the other hand, the source of dietary energy other than fat
has been suggested to be of importance in the development of
lipid oxidation (Lopez-Boteet al. 1997).

Whilst it is generally recognized that the fatty acid
composition of fish muscle is closely related to the dietary
fatty acid composition (Sargentet al. 1989), there is, to our
knowledge, scant information on the post-harvest quality in
terms of fish flesh lipid oxidation as affected by DE, and
particularly DP, in farmed fish, except for studies with
channel catfish (Ictalurus punctatus) grown under pond
conditions (Huanget al. 1991, 1992).

The objectives of the present research were: (1) to
evaluate the influence of dietary protein and fat levels on
fatty acid composition of fish muscle; (2) to relate these
findings to susceptibility of flesh to lipid peroxidation; and
(3) to verify whether intermediary metabolism activity

related to lipogenesis and deposition of fat could account
for the differential susceptibility to flesh peroxidation.

Materials and methods

Diets, growth trials and digestibility

Rainbow trout (Oncorhynchus mykiss) and European sea
bass (Dicentrarchus labrax) were fed on dry pelleted diets
formulated with practical ingredients to contain high (HP)
or low (LP) levels of crude protein and high (HF) and low
(LF) levels of dietary fat (Tables 1 and 2). The experimental
diets used for sea bass were formulated to contain slightly
higher protein levels than those for trout, according to the
National Research Council (1993) recommendations for
these species. Concentrations of essential fatty acids in
diets employed for both species were also above the
National Research Council (1993) recommendations.

Growth trials with rainbow trout for a period of 12 weeks
were conducted at the Institut National de la Recherche
Agronomique (INRA) experimental fish farm in Donzacq
(Landes, France) at a constant water temperature of 176 18.
Growth trials with sea bass were undertaken in the seawater
(salinity: 35 g/l) facilities of IFREMER, at Centre de Brest
(Plouzane´, France), where the water temperature was con-
stantly maintained at 208. Juvenile rainbow trout (mean
body weight 73 g; aged up to 1 year) were distributed into
groups of 100 fish each in plastic tanks (volume 4 m3).
Triplicate groups were fed by hand twice daily to satiety.
European sea bass (mean body weight 130 g; aged >1 year)
were distributed into groups of forty-five fish in plastic tanks
(1.5×1.5×1 m) for a period of 12 weeks. Duplicate groups
were fed by hand twice daily near to satiation. In both trials,

282 M. J. Alvarezet al.

Table 1. Main ingredients, chemical composition, gross energy, digestible energy and digestible
protein contents of diets for rainbow trout containing high (H) or low (L) levels of protein (P) and

fat (F)

LP HP

LF HF LF HF

Ingredients (g/kg)
Fish meal (herring, crude protein >700 g/kg) 400 400 500 500
Fish protein soluble concentrate 50 50 50 50
Fish oil 30 120 20 110
Gelatinized maize starch 370 280 280 190
Maize gluten 100 100 100 100
Vitamin premix* 20 20 20 20
Mineral premix† 10 10 10 10
Binder (sodium alginate) 20 20 20 20

Chemical composition (g/kg DM)
Dry matter (g/kg) 862 883 861 872
Protein 388 379 460 449
Crude fat 82 185 89 186
Ash 90 88 104 104
Gross energy (kJ/g DM) 20.3 22.4 20.6 22.5
Digestible energy (kJ/g DM) 16.4 19.8 17.6 20.2
Digestible protein 335 339 409 406

* Provided (mg/kg diet): DL-a-tocopheryl acetate 60, sodium menadione bisulfate 5, retinyl acetate 4.5, DL-
cholecalciferol 0.075, thiamin 15, riboflavin 30, pyridoxine 15, cyanocobalamin 0.05, nicotinic acid 175,
pteroylmonoglutamic acid 5, ascorbic acid 500, inositol 1000, biotin 2.5, calcium pantothenate 50, choline
2000.

† Provided (g/kg diet): CaCO3 (40% Ca) 2.15, MgO (60% Mg) 1.24, ferric citrate 0.2, KI (75% I) 0.4 mg, ZnSO 4
(36% Zn) 0.4, CuSO4 (25% Cu) 0.3, MnSO4 (33% Mn) 0.3, Ca3 (PO4)2 (20% Ca, 18% P) 5, CoSO4 0.002,
sodium selenite (30% Se) 0.003, KCl 0.9, NaCl 0.4.
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fish were group-weighed and counted every 3 weeks to
follow growth and feed intake. To calculate DE and DP of
feeds, the apparent digestibility was measured by means of
an inner tracer (10 g Cr2O3/kg) as previously described
(Gomeset al. 1993). Triplicate groups of ten fish were
adapted over more than a fortnight to the diets. Faeces were
collected daily for 6 d, frozen and freeze-dried before
analyses.

Sample collection

At the end of the trial, after final weighings, ten fish
from each group were stunned and withdrawn to remove
the dorsal muscle, which was vacuum packed, frozen in
liquid N2 and subsequently stored at¹708. Liver
samples from six additional fish from each group
were withdrawn, brought to the laboratory, treated
immediately and analysed for enzyme activities within
36 h. Proximate composition analyses of the dietary ingre-
dients, diets and faeces were carried out following the usual
laboratory procedures as previously described (Gomeset al.
1993).

Lipid analyses

Lipid oxidation studies were carried out within 1 week
of slaughter, and fatty acid composition analyses
within 1 month of slaughter. Polar lipids from muscle
and liver samples were obtained according to the method
developed by Marmer & Maxwell (1981) and methylated
by 2 M-alcoholic methanol–KOH in a 0.7M-HCl–methanol
solution as previously described (Lopez-Boteet al. 1997).
GC identification of fatty acids was done on a 5890

Hewlett Packard gas chromatograph equipped with a split
injector and flame ionization detector. A split ratio of
50:1 was used. A 30 m×0.32 mm×0.25 mm cross-linked
polyethylene glycol capillary column was used (Hewlett
Packard, Avondale, PA, USA). Analysis was performed
with a temperature gradient from 170 to 2458. Injector
and detector temperatures were maintained at 2508.
The carrier gas was He at a flow rate of 3 ml/min.
Identification of individual fatty acids was made by
comparison with known standard mixtures. Tricosanoic
acid (Sigma, St Louis, MO, USA) was used as internal
standard.

Susceptibility of muscle homogenates to Fe-induced lipid
oxidation was determined by a modification of the method
of Kornbrust & Mavis (1980). Briefly, dorsal muscle homo-
genates (approximately 1 mg/ml buffer) were incubated at
378 in 80 mM-Tris-maleate buffer (pH 7.4) in the presence of
0.2M-ascorbic acid in a total volume of 10 ml. Portions were
withdrawn, at fixed intervals, for determination of thiobar-
bituric acid-reactive substances (TBARS), which were
expressed as nmol malonaldehyde/mg protein. Protein con-
centration of muscle homogenates was measured by the
procedure of Bradford (1976).

Enzymic analyses

For enzyme activity determinations, liver samples were
homogenized in three volumes of ice-cold buffer (0.02M-
Tris-HCl, 0.25M-sucrose, 2 mM-EDTA, 0.1M-NaF, 0.5 mM-
phenyl methyl sulfonyl fluoride, 0.01M-b-mercaptoethanol,
pH 7.4). Homogenates were centrifuged at 20 000 rev./min
at 48 for 40 min. The soluble protein content of liver
homogenates was determined by the method of Bradford
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Table 2. Main ingredients, chemical composition, gross energy, digestible energy and digestible
protein contents of diets for European sea bass containing high (H) or low (L) levels of protein (P)

and fat (F)

LP HP

LF HF LF HF

Ingredients (g/kg)
Fish meal (herring, crude protein >700 g/kg) 360 360 460 460
Fish protein soluble concentrate 100 100 100 100
Fish oil 30 120 30 120
Gelatinized maize starch 320 230 200 110
Maize gluten 90 90 90 90
Vitamin premix* 20 20 20 20
Mineral premix† 10 10 10 10
Binder (guaranate) 20 20 20 20

Chemical composition (g/kg DM)
Dry matter (g/kg) 923 941 931 949
Protein 427 428 520 521
Crude fat 90 182 93 184
Ash 65 63 81 79
Gross energy (kJ/g DM) 21.1 23.2 21.4 23.3
Digestible energy (kJ/g DM) 15.0 19.5 16.7 17.5
Digestible protein 277 342 412 378

* Provided (mg/kg diet): DL-a-tocopheryl acetate 60, sodium menadione bisulfate 5, retinyl acetate 4.5, DL-
cholecalciferol 0.075, thiamin 15, riboflavin 30, pyridioxone 15, cyanocobalamin 0.05, nicotinic acid 175,
pteroylmonoglutamic acid 5, ascorbic acid 500, inositol 1000, biotin 2.5, calcium pantothenate 50, choline
2000.

†Provided (g/kg diet): CaCO3 (40% Ca) 2.15, MgO (60% Mg) 1.24, ferric citrate 0.2, KI (75% I) 0.4 mg, ZnSO4
(36% Zn) 0.4, CuSO4 (25% Cu) 0.3, MnSO4 (33% Mn) 0.3, Ca3 (PO4)2 (20% Ca, 18% P), CoSO4 0.002,
sodium selenite (30% Se) 0.003, KCl 0.9, NaCl 0.4.
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(1976), using bovine serum albumin as the standard.
Selected lipogenic enzyme activities were assayed on
supernatant fractions using spectrophotometric procedures:
glucose-6-phosphate dehydrogenase (EC 1.1.1.49, G6PD)
according to the method of Bautistaet al. (1988) and malic
enzyme (EC 1.1.1.40) according to the method of Ochoa
(1955). Enzymic activity units (IU), defined asmmol sub-
strate converted to product per min at assay temperature,
were expressed either per mg hepatic soluble protein
(specific activity) or per g liver tissue (wet weight).

Statistical analysis

ANOVA was used to compare differences between treat-
ments. In addition, a repeated measurement test was used to
compare differences in oxidation rate between groups
during incubation. An individual fish was the experimental
unit for analysis of data. In all cases statistical analyses were
accomplished using software procedures contained in

Statistical Analysis Systems (1988). Data are presented as
the means of each group and pooled standard deviation
together with the significance levels of the main effects and
interactions.

Results and discussion

Data on growth performance and dorsal muscle composition
in rainbow trout and European sea bass fed on the experi-
mental diets are presented in Tables 3 and 4 respectively. In
rainbow trout, increased dietary DE level, irrespective of the
DP level, led to higher weight gain (g/d) (P= 0.001) and
consequently to a greater final body weight (P= 0.001).
Growth performance showed a dietary protein effect
(P= 0.043) in which a higher concentration of DP led to
higher average daily gain. An interaction effect was
detected (P= 0.003) in which effectiveness of higher DP
level was only observed when the concentration of dietary
fat was low. At high DE level, no effect of DP was found. In
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Table 3. Average daily intake and gain, final weight, protein retention and intramuscular lipid content of rainbow trout fed on diets containing high
(H) or low (L) levels of digestible protein (P) and fat (F)*

(Mean values and pooled standard deviations for 100 fish (growth studies) or ten fish (dorsal muscle))

LP HP Probability of contrasts†

LF HF LF HF Pooled SD Protein Fat Interaction

Intake
Digestible protein (g/kg ABW per d) 6.0 5.4 7.0 6.5 0.13 0.001 0.001 NS
Digestible fat (g/kg ABW per d) 1.3 2.8 1.3 2.8 0.07 NS 0.001 NS
Digestible carbohydrate (g/kg ABW per d) 5.9 4.0 4.3 2.7 0.12 0.001 0.001 0.058
Digestible energy (kJ/kg ABW per d) 290.4 315.8 302.4 318.9 6.10 0.066 0.003 NS

Specific growth rate (g/d) 1.6 1.8 1.7 1.8 0.02 0.043 0.001 0.003

Final body weight (g) 256.4 306.4 276.3 302.2 24.12 0.051 0.001 0.009

Dorsal muscle composition (g/kg)
Neutral lipids 43.0 49.6 36.6 69.1 13.8 NS 0.003 0.038
Polar lipids 12.4 13.5 9.3 8.4 3.0 0.005 NS NS
Total intramuscular fat 55.0 63.1 45.9 77.5 13.4 NS 0.002 0.047

ABW, average body weight.
* For details of diets and procedures, see Table 1 and pp. 282–284.
† NS, P > 0.2.

Table 4. Average daily intake and gain, final weight, protein retention and intramuscular lipid content of European sea bass fed on diets containing
high (H) or low (L) levels of digestible protein (P) and fat (F)*

(Mean values and pooled standard deviations for forty-five fish (growth studies) or ten fish (dorsal muscle))

LP HP Probability of contrasts†

LF HF LF HF Pooled SD Protein Fat Interaction

Intake
Digestible protein (g/kg ABW per d) 3.43 3.08 4.40 3.93 0.157 0.001 0.022 NS
Digestible fat (g/kg ABW per d) 0.16 0.15 0.17 0.16 0.007 NS NS NS
Digestible carbohydrate (g/kg ABW per d) 0.73 1.22 0.68 1.31 0.049 NS 0.001 NS
Digestible energy (kJ/kg ABW per d) 2.95 2.01 2.17 1.30 0.110 0.001 0.001 NS

Average daily gain (g/d) 0.56 0.60 0.59 0.65 0.039 NS NS NS

Final body weight (g) 210 218 217 229 8.172 NS NS NS

Dorsal muscle composition (g/kg)
Neutral lipids 39.3 47.4 29.0 32.5 13.82 NS NS NS
Polar lipids 22.1 19.0 13.2 12.9 5.26 0.006 NS NS
Total intramuscular fat 61.4 66.4 42.2 45.4 15.35 0.010 NS NS

ABW, average body weight.
* For details of diets and procedures, see Table 2 and pp. 282–284.
† NS, P > 0.2.
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view of these results it is apparent that protein economy can
be efficiently achieved by decreasing DP levels when high
levels of dietary fat are included. The protein-sparing effect
of fat observed with 378.8 as compared with 449.4 g crude
protein/kg feed is substantiated in other reports (Kellem &
Sinnhuber, 1982; Legrow & Beamish, 1986). Recently it has
been reported that the growth of Atlantic salmon (Salmo
salar) can be optimal under practical conditions with only
390 g protein/kg diet corresponding to 17.6 g crude protein/
MJ gross energy (Hillestad & Johnsen, 1994). Rainbow
trout fed on the LP-HF diet had a DP:DE ratio of 17 g/MJ,
which is lower than those usually recommended (National
Research Council, 1993). Moreover, results from growth
studies pointed out that rainbow trout fed on diets with the
higher concentrations of DP and DE received a daily income
of protein above the requirements for optimal growth and
feed utilization. On the other hand, daily gain was positively
affected by a higher level of protein when the dietary DE
concentration was low (group LP-LFv. HP-LF). In this
case, a DP:DE ratio of 23 g/MJ would appear to be more
favourable than 20.

Equivalent dietary treatments in European sea bass had
similar effects, although with less marked differences
among groups (Table 4). No significant effect was observed
on average daily gain and final body weight. A reduction in
the amount of dietary protein did not negatively affect
growth rate and muscle composition, thus, it may be of
practical interest for both economical and environmental
considerations.

Dorsal muscle from trout fed on diets with a high
concentration of dietary fat had increased concentrations
of intramuscular total lipids (P= 0.002) and neutral lipids
(P= 0.003) (Table 3). Moreover, an interaction effect was
detected in which the effect of dietary fat on increased
muscle neutral lipid content was of higher magnitude when
the diet had a high concentration of DP (P= 0.038;
Table 3). This fact suggests that an excess of dietary
energy was available in the groups fed on high levels of
both DP and DE, which consequently led to a higher lipid
accumulation in the dorsal muscle (group HP-HF). In

European sea bass no significant effect of dietary fat or
interaction with respect to the total and neutral intramus-
cular fat content in the dorsal muscle was detected, although
a similar trend and tendency to that observed in rainbow
trout was observed (see Table 4).

We found a significantly lower concentration of polar
lipids in the dorsal muscle of both rainbow trout (P= 0.005;
Table 3) and European sea bass (P= 0.006; Table 4). The
phospholipid fraction has been considered to be a rather
stable lipid fraction, as it supports the membrane structures
of the cells (Farkas & Csengeri, 1976). However, several
reports have demonstrated that fish are able to utilize a
proportion of the phospholipid fraction under some specific
physiological conditions, such as starvation or gonad devel-
opment (Shewfelt, 1981; Andoet al. 1985). It has been
discussed whether this mobilization is done selectively by
specific fatty acids or not, and its possible metabolic and
flesh quality consequences have been considered (Andoet
al. 1985; Takamaet al. 1985; Ingemanssonet al. 1995).
Phospholipid hydrolysis in fish tissues is considered to be a
critical aspect in relation to quality deterioration during
storage (Bosund & Ganrot, 1969; Ingemanssonet al. 1995).
The effect of dietary protein on the concentration of muscle
phospholipid has not previously been reported and requires
further research.

The fatty acid classes of neutral and polar lipids from the
dorsal muscle of rainbow trout and European sea bass are
shown in Tables 5 and 6 respectively. In the neutral fraction
of intramuscular lipids the concentration ofn-3 fatty acids
was positively affected by the dietary fat content both in
trout (P= 0.04) and in sea bass (P= 0.001). Additionally, an
effect of dietary fat was observed on the unsaturation index
(average number of double bonds per fatty acid residue) of
neutral lipids in which higher dietary fat led to higher
unsaturation index in trout (P= 0.065) and sea bass
(P= 0.002) (Tables 5 and 6). In trout, in the neutral lipid
fraction it was observed that a high concentration of
DP significantly reduced the unsaturation index, and levels
of n-3 and n-6 polyunsaturated fatty acids (P= 0.037,
P= 0.079 and P= 0.007 respectively), and increased the
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Table 5. Fatty acid classes composition (g/100 g total fatty acids) of the neutral and polar fractions of intramuscular lipids of rainbow trout fed on
diets containing high (H) or low (L) levels of digestible protein (P) and fat (F)*

(Mean values and pooled standard deviation for ten fish)

LP HP Probability of contrasts†

LF HF LF HF Pooled SD Protein Fat Interaction

Neutral lipids
Sum of n-3 fatty acids 21.5 25.0 17.6 22.1 3.80 0.079 0.040 NS
Sum of n-6 fatty acids 5.2 4.5 4.3 4.3 0.37 0.007 0.048 NS
Sum of saturated fatty acids 32.9 35.0 35.8 35.5 1.36 0.018 NS NS
Sum of monounsaturated fatty acids 40.5 35.5 42.3 38.2 3.52 NS 0.015 NS
UI 1.7 1.8 1.5 1.7 0.16 0.037 0.065 NS

Polar lipids
Sum of n-3 fatty acids 42.7 47.4 42.7 45.9 3.32 NS 0.016 NS
Sum of n-6 fatty acids 4.9 4.0 4.5 3.8 0.39 NS 0.001 NS
Sum of saturated fatty acids 24.1 25.6 26.1 26.2 1.61 NS NS NS
Sum of monounsaturated fatty acids 18.6 13.7 17.8 15.1 2.98 NS 0.011 NS
UI 2.7 2.9 2.7 2.8 0.18 NS 0.036 NS

UI, unsaturation index (average number of double bonds per fatty acid residue).
* For details of diets and procedures, see Table 1 and pp. 282–284.
† NS, P > 0.2.
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level of saturated fatty acids (P= 0.018) (Table 5). Addition-
ally, a higher concentration of monounsaturated fatty acids
was observed, although this tendency was not statistically
sustained (Table 5). A similar trend was also observed in the
fatty acid classes of the neutral lipids from European sea bass
(Table 6), but the only significant effect of dietary protein
was the production of a higher proportion of saturated fatty
acids in the neutral lipids (P= 0.018). The final end-products
of lipid synthesis in animals are saturated fatty acids (Enser,
1984). Also in this case, our results indicate that rainbow trout
and European sea bass fed on diets with high DP and DE
levels received a daily income of protein above the physiolo-
gical needs and consequently a part of it was used for energy
purposes, thus producing higher synthesis (and accumulation)
of non-essential fatty acids. These results are in agreement
with the observation, in trout, that high levels of dietary
protein decrease the concentration ofn-3 fatty acids in neutral
lipids and increase the concentrations of monounsaturated and
saturated fatty acids (Kimet al. 1989).

On the other hand, the increase in dietary fat in the form
of fish oil produced a higher concentration ofn-3 fatty acids
(P= 0.16) and higher unsaturation index (P= 0.036) in the
polar lipids of rainbow trout. The same pattern was also
observed in polar lipids of sea bass (Table 6). Although this
trend was also similar to that observed in the neutral lipids,
we did not detect any effect of DP on the fatty acid

composition of polar lipids (except for the concentration
of saturated fatty acids in sea bass). Interaction between
dietary fat and DP effects on fatty acid composition in
neutral and polar lipids was not observed in any case.

In order to investigate changes in the metabolic pathway
leading to fatty acid biosynthesis, the activity of G6PD was
assessed. G6PD is a regulatory and branching enzyme
producing reducing equivalents for fatty acid biosynthesis
and recycling of pentoses for energy metabolism (Bautista
& Luzzatto, 1997). As seen in Table 7, G6PD activity
decreased by about 50 % in both rainbow trout and sea
bass when the dietary fat content increased from 80 to 180 g/
kg at any DP level (P= 0.01). This fact indicates that low
dietary fat stimulates NADPH consumption thereby gener-
ating NADP and activating the pentose phosphate pathway.
Several studies have shown an effect of the level of dietary
lipids on G6PD activity but, invariably, this has been in cases
where the level of dietary carbohydrate is low. On the other
hand, an indirect effect of carbohydrates on G6PD activity
has been shown in several fish species (Hilton & Atkinson,
1982). Increased amounts of dietary fat directly inhibit fatty
acid synthesis as indicated by the parallel fall in the activity
of fatty acid synthase (results not shown) and in the con-
sumption of NADPH. Thus, the fat content of the diet has a
high capacity to regulate the generation of reducing equiva-
lents through G6PD. Regarding the effect of protein in the
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Table 6. Fatty acid classes composition (g/100 g total fatty acids) of the neutral and polar fractions of intramuscular lipids of European sea bass fed
on diets containing high (H) or low (L) levels of digestible protein (P) and fat (F)*

(Mean values and pooled standard deviation for ten fish)

LP HP Probability of contrasts†

LF HF LF HF Pooled SD Protein Fat Interaction

Neutral lipids
Sum of n-3 fatty acids 17.3 22.7 16.5 21.5 2.29 NS 0.001 NS
Sum of n-6 fatty acids 8.8 7.7 8.0 7.5 1.90 NS NS NS
Sum of saturated fatty acids 31.6 31.6 33.4 33.3 1.46 0.018 NS NS
Sum of monounsaturated fatty acids 41.8 37.4 41.6 37.2 1.58 NS 0.001 NS
UI 1.5 1.8 1.5 1.7 0.11 NS 0.002 NS

Polar lipids
Sum of n-3 fatty acids 43.6 44.5 42.2 42.7 2.07 NS NS NS
Sum of n-6 fatty acids 5.3 4.9 5.1 5.1 0.30 NS NS NS
Sum of saturated fatty acids 27.4 27.0 28.1 29.7 1.23 0.014 NS NS
Sum of monounsaturated fatty acids 22.3 22.2 23.4 21.2 1.97 NS NS NS
UI 2.8 2.8 2.7 2.7 0.11 0.131 NS NS

UI, unsaturation index (average number of double bonds per fatty acid residue).
* For details of diets and procedures, see Table 2 and pp. 282–284.
† NS, P > 0.2.

Table 7. Glucose-6-phosphate dehydrogenase (G6PD) and malic enzyme (ME) activities (IU/g liver) in the liver of rainbow trout and European sea
bass fed on diets containing high (H) or low (L) levels of digestible protein (P) and fat (F)*

(Mean values and pooled standard deviation for six fish)

LP HP Probability of contrasts†

LF HF LF HF Pooled SD Protein Fat Interaction

Rainbow trout
G6PD 57.33 20.79 46.18 17.56 10.911 0.046 0.001 NS
ME 0.17 0.18 0.26 0.15 0.058 NS 0.022 0.016

European sea bass
G6PD 20.57 14.54 22.47 10.56 2.753 0.087 0.001 0.005
ME 3.06 2.16 0.74 1.01 0.449 0.001 0.118 0.006

* For details of diets and procedures, see Tables 1 and 2 and pp. 282–284.
† NS, P > 0.2.
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diet, in trout we observed a net decrease in the production of
NADPH at high protein concentrations at any amount of
dietary fat (P= 0.046). In sea bass this effect was only
observed at a high content of protein when it was accom-
panied by a high dietary fat content. Nevertheless, the
higher activity of malic enzyme in sea bass than in trout
(Table 7) and, therefore, the higher cytoplasmic NADPH
production through this enzyme compensated for the dif-
ference in G6PD activity and, consequently, the net produc-
tion of NADPH in sea bass was always higher at lower
dietary protein at any fat concentration, equivalent to the
situation observed in trout. These results indicate that part of
the dietary protein supply is used for lipogenesis. Hence,
increased amounts of protein favour a higher lipogenesis
rate and, therefore, an increased proportion of saturated fat
compared with the higher deposition of polyunsaturated
fatty acids from fat in the diets with a lower protein content.

Differences in fatty acid composition among experimen-
tal groups were small in all cases when compared with
reports in which the effect of dietary fat on fatty acid
composition was studied (Casteldine & Buckley, 1980).
This may be due to the relatively high proportion of dietary
ingredients (other than fish oil) derived from fish, which
provide a fat source of similar composition to that of fish oil.

The effect of experimental diets on the susceptibility of
rainbow trout and European sea bass dorsal muscle to
oxidation, as assessed by induced peroxidation, was subse-
quently investigated (Tables 8 and 9 respectively for each
species). A significant effect due to fat inclusion in the diet
was seen in both species. Muscle homogenates from fish fed

on HF diets showed significantly higher TBARS, after 240
min incubation, than muscle homogenates from fish fed on
diets with a low fat content (P= 0.001) (see Tables 8 and 9).

As expected, the higher susceptibility to oxidation
occurred in muscle of fish fed on diets containing higher
concentrations of fat, since the dietary fat source was fish
oil, which has a high concentration of highly unsaturated
fatty acids (particularlyn-3 fatty acids) (Austreng & Krog-
dahl, 1987). Moreover, a direct relationship has been
observed between long-chainn-3 fatty acid concentration
and lipid oxidation of muscle homogenates (Lopez-Bote
et al. 1997). Huet al. (1989) compared the susceptibility of
tissue from rats fed on diets high inn-3 orn-6 polyunsaturated
fatty acids toin vitro lipid peroxidation and observed a higher
level of TBARS in tissues from those animals receiving higher
levels ofn-3 fatty acids. This is consistent with other reports
suggesting an enhanced susceptibility to lipid peroxidation of
n-3 fatty acids, either as pure lipid or in tissues of rats fed on
fish oil instead of maize oil (Hammer & Wills, 1978).
Susceptibility of n-3 fatty acids to oxidation seems to be
particularly localized in highly unsaturated fatty acid residues.
Eichenbergeret al. (1982) reported that lipid peroxidation in
isolated membranes, as measured by TBARS, occurred mainly
in n-3 fatty acids containing five or six double bonds.In vivo
experiments showed that urinary TBARS started to increase as
soon as long-chainn-3 fatty acids were substantially incorpo-
rated into body lipid at the expense ofn-6 fatty acids (De
Schrijveret al. 1992). This result fits with the correlation found
between tissue incorporation of long-chainn-3 fatty acids and
urinary TBARS (L’Abbéet al. 1991).
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Table 8. Iron-induced lipid peroxidation (nmol malonaldehyde/mg protein) in dorsal muscle homogenates incubated at 37 8 for up to 240 min from
rainbow trout fed on diets containing high (H) or low (L) levels of digestible protein (P) and fat (F)*

(Mean values and pooled standard deviation for ten fish)

LP HP Probability of contrasts†

LF HF LF HF Pooled SD Protein Fat Interaction

Incubation time (min)
0 2.22 1.72 2.11 2.30 0.527 NS NS NS

30 2.70 2.02 2.20 3.36 0.953 NS NS 0.048
60 3.04 2.59 2.56 4.59 1.175 NS NS 0.033
90 3.30 3.07 2.87 6.35 1.318 0.029 0.015 0.007

120 3.62 4.60 3.36 8.36 1.772 0.044 0.002 0.023
240 4.60 6.99 4.45 16.51 3.154 0.005 0.001 0.004

* For details of diets and procedures, see Table 1 and pp. 282–284.
† NS, P > 0.2.

Table 9. Iron-induced lipid peroxidation (nmol malonaldehyde/mg protein) in dorsal muscle homogenates incubated at 37 8 for up to 240 min from
European sea bass fed on diets containing high (H) or low (L) levels of digestible protein (P) and fat (F)*

(Mean values and pooled standard deviation for ten fish)

LP HP Probability of contrasts†

LF HF LF HF Pooled SD Protein Fat Interaction

Incubation time (min)
0 0.13 0.16 0.15 0.12 0.040 NS NS NS

30 0.19 0.29 0.21 0.49 0.127 0.068 0.004 NS
60 0.27 0.52 0.30 0.76 0.133 0.039 0.001 NS

120 0.37 0.78 0.44 1.01 0.179 0.078 0.001 NS
240 0.51 1.03 0.66 1.24 0.239 0.114 0.001 NS

* For details of diets and procedures, see Table 2 and pp. 282–284.
† NS, P > 0.2.
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We observed a significantly higher TBARS concentration
in muscle homogenates from rainbow trout fed on diets
containing a higher concentration of DP (P=0.05; Table 8).
A similar effect was also observed in European sea bass
homogenates, but the pro-oxidant effect of higher levels of
dietary protein was only evident between 30 and 60 min of
incubation (Table 9). The pro-oxidant effect of a high
concentration of dietary protein was unexpected and needs
further investigation. According to fatty acid composition
and overall unsaturation (Tables 5 and 6), a high concentra-
tion of DP should be expected to affect lipid oxidation
negatively. Several factors may be involved in this unex-
pected higher susceptibility to oxidation. The rate of lipid
oxidation in muscle systems, other than overall unsaturation
of fatty acids, depends on a number of factors including the
presence of free fatty acids, concentration of pro-oxidants (Fe
and other pro-oxidants, enzyme mediators, etc.) (Tichivan-
gana & Morrissey, 1985) and the presence of antioxidants
(Frigg et al. 1990). As described earlier, we found significant
effects of dietary treatments on the concentration of muscle
phospholipids (Tables 3 and 4), liver enzyme activities
(Table 7) and intramuscular total lipid concentration
(Tables 3 and 4), which partially explain the differences in
the susceptibility to oxidation among experimental groups.
The lower concentration of phospholipids in muscles from
fish fed on higher levels of protein suggest higher lipid
hydrolysis. The possible action of phospholipase hydrolysis
pre- and post-mortem may produce a net decrease in the
concentration of membrane phospholipids and a concomitant
rise in the content of highly unsaturated free fatty acids which
have been shown to produce a negative effect on lipid stability
(Labuza, 1971; Shewfelt, 1981). The effect of dietary protein
on the susceptibility to lipid oxidation has not been previously
reported either in rainbow trout or in European sea bass, and
understanding its principles will require further research.

Additionally, G6PD is the main cytoplasmic enzyme
generating reducing power in the form of NADPH, which
is, in turn, linked to intracellular antioxidant capacity
through a cascade of other enzyme activities (Barrosoet al.
1994; Bautista & Luzzatto, 1997). Data on G6PD activity,
i.e. production of reducing equivalents, correlate with the
susceptibility to peroxidation: lower G6PD activity is pre-
sent in those animals with higher susceptibility to oxidation.
Since no correlation was found in total fatty acids and
membrane lipids which could account for the higher sus-
ceptibility to oxidation in animals fed on diets enriched in
protein, the data on G6PD activity could indicate the
involvement of pro-antioxidant environments linked to
enzyme activities and the availability of metabolic NADPH.

Moreover, an interaction effect of the dietary levels of
protein and fat was observed in trout, in which the pro-oxidant
effect was of higher magnitude when the dietary concentration
of both nutrients was high (P= 0.04; Table 8). A possible
explanation might be the differences in the total amount of
intramuscular fat between the treatments (Table 3) and/or
different concentrations of other compositional factors, such
as Fe, which might have had different concentrations in the
diet due to the inclusion of two levels of fish meal (Tables 1
and 2) and, therefore have acted as pro-oxidants during
storage of fish flesh (Han & Liston, 1988).

Inclusion of fish oils and high levels of protein in rainbow

trout and sea bass diets increases the susceptibility of fish flesh
to oxidative deterioration. This may be explained in part by
differences in intramuscular fat content, fatty acid com-
position and the activities of some enzymes of intermediary
metabolism. In nutrient-dense diets for rainbow trout and
European sea bass, DP concentration can be reduced with a
concomitant beneficial effect on flesh lipid oxidation and
environmental nitrogenous loading and without negative
effects on growth rate and muscle composition.
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