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Abstract 1 

The effects of a double replacement of fish oil and fish meal by dietary vegetable 2 

ingredients in juvenile Sparus aurata on some indices of lipid metabolism and 3 

plasma insulin levels were analyzed. Diets contained 75% plant protein (PP) and 33, 4 

66 and 100% of a vegetable oil mix (VO). Another diet containing 50% PP and 5 

100% VO was also tested. Daily growth coefficients were similar in fish fed 6 

different diets. Circulating insulin levels increased with food administration in all 7 

groups and no differences between diets administered were observed with the 8 

exception of the 75PP/100FO group, which presented higher plasma insulin values. 9 

In adipose tissue, glucose-6-phosphate dehydrogenase and malic enzyme activities 10 

decreased with the inclusion of vegetable oil, especially 5 h after feeding. In the 11 

liver, the activities of both lipogenic enzymes did not change significantly between 12 

groups. Lipoprotein lipase activity decreased in white muscle and adipose tissue 13 

with the replacement of fish oil in 75PP diets, 5 h after feeding. 14 

In conclusion, the use of a combined replacement of fish oil and fish meal by 15 

vegetable ingredients in gilthead sea bream permits optimal growth performance 16 

with moderate changes in tissue lipogenesis and lipid uptake. 17 
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Introduction 1 

Aquaculture now provides 43% of fish for human consumption (FAO, 2006).  In the 2 

last few years, the demand for fish meal and fish oil as the main raw materials for fish 3 

feeds has increased dramatically, making the sustainability of such a system using only 4 

marine ingredients problematic. More information on the physiological consequences of 5 

total or partial replacement of fish meal and oil by alternative sources is needed. Several 6 

studies have investigated the use of alternative oils or plant proteins in fish feeds. Partial 7 

or total replacement of dietary fish meal proteins by vegetable proteins has been 8 

successful in a number of teleost fish (Burel et al., 2000; Kaushik et al., 1995; Watanabe 9 

et al., 1998). Nevertheless, formulation of alternative protein sources must take into 10 

account amino acid imbalances and the presence of antinutritional factors (Francis et al., 11 

2001). Plant protein mixes can replace up to 75% of fish meal in gilthead sea bream 12 

without detrimental growth effects (Gómez-Requeni et al., 2004; De Francesco et al. 13 

2007). Likewise, vegetable oils are a good alternative to fish oils in freshwater and 14 

salmonid fish (Bell et al., 2003; Francis et al., 2006). However, marine fish have a 15 

limited capacity for the bioconversion of C18 vegetable oils into long-chain 16 

polyunsaturated fatty acids (LC-PUFA), eicosapentanoic acid (EPA, 20:5n-3) and 17 

docosahexaenoic acid (DHA, 22:6n-3), essential components of marine fish feeds 18 

(Sargent et al., 2002). Hence, the biological need for n-3 LC-PUFA is at least 1.6% of 19 

dry matter in marine fish larvae (Le Milinaire et al., 1983), decreasing to 0.8-0.6% in 20 

juveniles and adult fish (Leger et al., 1979; Kalogeropoulus et al., 1992; Lee et al., 21 

2003). 22 

  23 

 24 
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Muscle and adipose tissue are the main fat deposition organs in many fish species 1 

including gilthead sea bream, while the liver is the main site for lipogenesis, followed 2 

by adipose tissue (Segner and Bohm, 1994). The balance between tissue lipolysis and 3 

anabolic processes, such as de novo synthesis of fatty acids and esterification to form 4 

triglycerides, determines the final level of lipid accumulation. The interrelation of 5 

organs may help to explain the metabolic situation of the fish. The inclusion of plant 6 

protein affects lipid metabolism and could even compromise fish health, leading to 7 

increased fat deposits in the liver and unregulated lipolysis in adipose tissue (Albalat et 8 

al., 2005a; Saera-Vila et al., 2005). The replacement of dietary fish oil by vegetable oils 9 

can modify hepatic lipogenesis in gilthead sea bream (Menoyo et al., 2004), although 10 

turbot is unaffected (Regost et al., 2003). To our knowledge, the effect of dietary 11 

vegetable oil or protein on adipose tissue lipogenesis has not been tested. 12 

Lipoprotein lipase (LPL), which hydrolyzes triglycerides circulating in the form of 13 

lipoprotein particles, is the main mediator of tissue lipid uptake. Nutritional conditions 14 

regulate LPL activity and insulin is a positive modulator in the adipose tissue of 15 

gilthead sea bream (Albalat et al., 2007).  However, few studies have addressed the 16 

effect of diets with replacement fish ingredients on LPL activity or expression. In sea 17 

bream, the replacement of fish meal by plant protein has induced changes in enzyme 18 

expression that were tissue specific (Saera-Vila et al., 2005). While in trout, dietary fish 19 

oil did not seem to affect LPL activity in the adipose tissue, liver or muscle (Richard et 20 

al, 2006). 21 

Insulin is an anabolic hormone in fish, as in mammals, and circulating levels are 22 

good markers of nutritional conditions (reviewed by Navarro et al., 2002). Insulin 23 

modulates the rate of lipolysis in isolated fish adipocytes (Albalat et al, 2005a, 2005b) 24 
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and stimulates LPL activity in the adipose tissue of rainbow trout and sea bream 1 

(Albalat et al., 2006, 2007). Both the type and content of protein and carbohydrate in 2 

fish diets modulate insulin plasma levels (Capilla et al, 2003; Novoa et al., 2004). 3 

However, information on the relationship between fat content or lipid source and insulin 4 

plasma levels is scarce (Mommsen and Plisetskaya, 1991). 5 

Here we examine the effects of combined fish meal and oil replacement on 6 

circulating insulin levels and fat deposition in gilthead sea bream, a valuable fish in 7 

Mediterranean aquaculture. The study is part of a multidisciplinary approach in which 8 

the major effects of replacement on growth, muscle fatty acid profiles and the 9 

somatotropic axis have previously been reported (Benedito–Palos et al, 2007; 2008).  10 

 11 

2. Materials and methods 12 

2.1. Diets 13 

 All diets were isoenergetic (24 kj/g DM), isoproteic (48% DM) and isolipidic 14 

(22% DM) (Table 1). Four diets (PP75 diets) replaced 75% of fish meal with a plant 15 

protein (PP) mix containing corn gluten, soybean meal and extruded wheat. Added oil 16 

was either Scandinavian fish oil (75PP/FO diet) or a blend of vegetable oils (rapeseed 17 

oil: linseed oil: palm oil) replacing 33% (75PP/33VO diet), 66% (75PP/66VO diet) and 18 

100% fish oil (75PP/100VO). The fifth diet (50PP/100VO) replaced 100% of fish oil 19 

and 50% of fish meal with corn gluten and extruded wheat.  20 

 21 

2.2. Fish rearing and sampling 22 

Gilthead sea bream fingerlings from Ferme Marine de Douhet, Ile de l’Oléron, 23 

France, were acclimated to the experimental facilities of the Institute of Aquaculture 24 
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Torre de la Sal (Castellón, Spain) for 20 days before the start of the study. Fish of 16 g 1 

initial weight were randomly distributed in 500 l fiberglass tanks (60 fish/tank). Water 2 

(37.5 ‰ salinity) flow was 20 l/min, and oxygen content of outlet water remained 3 

higher than 85% saturation.  The growth study was for 11 weeks (May-August) under 4 

natural photoperiod conditions, increasing water temperature from 17 to 25º C.  5 

Experimental diets were distributed by hand to apparent visual satiation twice per 6 

day at 09:00 and 14:00 h. Each diet was assayed in triplicate and feed consumption was 7 

recorded daily. Sampling started by killing the animal by blow to the head 5 h after 8 

morning meal and 24 h after the second daily meal (12 animals/diet and 4 animals/tank). 9 

Adipose tissue, liver and skeletal muscle were stored at -80º C until analysis. Blood 10 

samples were taken from caudal vessels and plasma was drawn after centrifugation at 11 

3000 x g for 20 min at 4º C, and stored at -20º C until biochemical analysis.  12 

 13 

2.3. Proximate composition and fatty acid analyses  14 

The proximate composition of diets and fish samples was analysed by standard 15 

procedures (AOAC, 1990). Moisture content was determined by drying in an oven at 16 

105º C for 24 h. Crude protein content (N x 6.25) was determined using the automated 17 

Kjeldahl method (Kjeldahl Auto 4002430 Analyser, Selecta, Barcelona, Spain). Lipid 18 

content was determined by the Soxhlet method with 50 ml diethyl ether extraction at 19 

120 ºC (Soxhlet 4001046 Auto extraction apparatus; Selecta, Barcelona, Spain). Ash 20 

content was determined after heating to 600 ºC in a muffle furnace for 2 h.  21 

Total lipids for fatty acid analyses were extracted by the method of Folch et al. 22 

(1957). After acid-catalysed transmethylation, fatty acid methyl esters were analyzed 23 
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with a Fisons Instruments GC 8000 Series (Rodano, Italy) gas chromatograph as 1 

described elsewhere (Benedito-Palos et al., 2007). 2 

 3 

2.4. Enzyme assays 4 

2.4.1. G6PD and ME activities 5 

Activities of glucose-6-phosphate dehydrogenase (G6PD) (Dias et al. 1988) and 6 

malic enzyme (ME) (Ochoa, 1955) were studied in liver and adipose tissue. Briefly,  7 

liver and adipose tissue were homogenized in three volumes of ice-cold buffer (0.02 M 8 

Tris-HCL, 0.25 M sucrose, 2 mM EDTA, pH 7.4), and the homogenates centrifuged at 9 

20,000 rpm at 4º C for 40 min. Lipogenic enzyme activities of the supernatant were 10 

quantified by spectrophotometer. The soluble protein content of the homogenates was 11 

determined using the Bradford (1976) method. The enzymatic activity units (IU), 12 

defined as micromoles of substrate converted to product per minute at the assay 13 

temperature (26º C), were expressed per milligram of hepatic or adipose tissue soluble 14 

protein (specific activity) and per gram of tissue (wet weight). 15 

 16 

2.4.2. Lipoprotein lipase activity 17 

Studies of adipose tissue and white muscle LPL activities were performed as 18 

described in Albalat et al. (2006). Briefly, a portion of adipose tissue or white muscle 19 

was homogenized in 9 volumes of homogenization buffer (10 mM HEPES, 1 mM 20 

EDTA, 1 mM dithiothreitol pH 7.4) containing 5 U/ml heparin. Homogenates were 21 

centrifuged at 36,700 g at 4º C for 20 min. LPL was performed with 10% Intralipid 22 

(Fresenius, Kabi, Spain) labelled with tri[9,10-H3 ] oleoglycerol by sonication in ice. 23 

LPL activity was measured as previously described (Lindberg and Olivecrona, 1995). 24 



 8 

Activities were expressed as mIU/g of tissue, considering that 1 mIU is equivalent to 1 1 

nmol of fatty acid released per min. 2 

 3 

2.5. Biochemical analyses of plasmatic parameters 4 

Plasma free fatty acids were determined by commercial enzymatic methods (NEFA-5 

C, Wako Test). Plasma glucose concentration was analysed using the glucose oxidase 6 

colorimetric method (GLUCOFIX, Menarini Diagnostics, Firenze, Italy) (Huggett and 7 

Nixon, 1957; Sala-Rabanal et al., 2003). Plasma insulin levels were measured by 8 

radioimmunoassay (RIA) using bonito insulin as a standard and rabbit-bonito insulin as 9 

an antiserum (Gutiérrez et al., 1984).  10 

 11 

2.6. Statistical analysis 12 

Data were analyzed by SPSS 11, and reported as mean values ± standard error of 13 

mean (SEM). Differences between groups were analyzed by one-way analysis of 14 

variance (ANOVA), followed by Tukey’s test. P-value lower than 0.05 was considered 15 

statistically significant. 16 

 17 
 18 
 19 
 20 
 21 
 22 
 23 
 24 
 25 
 26 
 27 
 28 
 29 
 30 
 31 
 32 
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3. Results 1 

As shown in Figure 1, partial fish oil replacement with vegetable oils in 75PP diets 2 

(75PP/33VO, 75PP/66VO) induced a rapid growth from 16 to 91-92 g over the course 3 

of the growth study, under natural temperature conditions. Feed efficiency (wet weight 4 

gain / dry feed intake) (1.09-1.11) remained high in comparison to that (1.10) of fish fed 5 

the fish oil diet (75PP/FO). Total fish oil replacement in the 75PP/100VO group 6 

reduced in parallel growth and feed intake, whereas no significant effects in weight 7 

gain, feed intake and feed efficiency were found in fish fed the 50PP/100VO diet. 8 

Dietary treatment did not alter whole body composition in any experimental group, but 9 

lipid depots were apparently reallocated with fish oil replacement (Table 2). Thus, the 10 

trend for liver fat deposition (P<0.06) was to increase with total fish oil replacement in 11 

both the 75PP/100VO and 50PP/100VO groups. The mesenteric fat index did not 12 

change in fish fed 75PP diets, but significantly increased in fish fed the 50PP/100VO 13 

diet. 14 

Table 3 presents plasmatic levels of free fatty acids, glucose and insulin. Some 15 

differences in glucose levels were observed between groups but there was no clear 16 

relation to either the level of fish oil replacement or the time after feeding.  Free fatty 17 

acids levels were higher 5 h after feeding in all groups in comparison with respective 18 

values at 24 h. Fish fed 50PP/100VO presented higher plasma fatty acids than other 19 

groups especially at 5 h. Circulating insulin levels increased with administration of food 20 

(time 5 h) in relation to basal values (24 h) in all groups. No differences between diets 21 

administered were detected with the exception of the 75PP/FO group which presented 22 

higher plasma insulin levels. 23 
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Figure 2 shows the activity of lipogenic enzymes in adipose tissue expressed in 1 

UI/mg protein. In general, the activity values were similar at 5 and 24 h except for the 2 

50PP/100VO group in which levels of both enzymes were higher at 5 h than at 24 h. 3 

Significant differences between groups were observed in the enzymatic activity of 4 

G6PD 5 h and 24 h after feeding: in the groups fed PP75 diets, the G6PD activity of 5 

adipose tissue decreased with the inclusion of vegetable oil (Figure 2). Malic enzyme 6 

activity in adipose tissue showed a similar pattern 5 h after feeding, while no significant 7 

differences among groups were found at 24 h. The effect of plant protein content in the 8 

50PP/100VO group was to increase activities of both enzymes, especially at 5 h post-9 

feeding, and in most cases this was a significant increase in relation to the 75PP/100VO 10 

group. 11 

In the liver, G6PD activity decreased slightly with the fish oil replacement of 12 

vegetable oil at 5 h (75PP diets, Figure 3). Nevertheless, G6PD or malic enzyme 13 

activities in the liver did not show significant differences with dietary treatment. In 14 

Table 4, the activities of both enzymes in the liver and adipose tissue are expressed as 15 

UI/g tissue. In all cases, the activity of lipogenic enzymes expressed as UI/g tissue was 16 

higher in the liver than in the adipose tissue. 17 

Figure 4 shows LPL activity in adipose tissue and white muscle. The activity of this 18 

enzyme decreased with the replacement of fish oil in 75PP diets, especially at 5 h after 19 

feeding and significantly in the case of white muscle. 20 

21 
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4. Discussion 1 

The double replacement of fish oil and fish meal lead to optimal growth and 2 

moderate effects on lipid metabolism in gilthead sea bream in the conditions analyzed. 3 

As previously reported (Benedito-Palos et al., 2007; 2008), the growth indices obtained 4 

when feeding juvenile gilthead sea bream with these double replacement diets were 5 

higher than those reported for other fish of the same age under similar environmental 6 

conditions (Gómez-Requeni et al., 2003, 2004) or in other studies in juveniles of the 7 

same species (Menoyo et al, 2004). This notable growth performance in all 8 

experimental groups could be attributed to improved diet formulation, with 9 

simultaneous replacement of fish meal and fish oil, and improved fish management and 10 

culture conditions. Indeed, only fish fed the 75PP/100VO diet showed a small reduction 11 

in feed intake and growth rates. This suggests that fish oil replacement with alternative 12 

vegetable oils is feasible at a high level when the theoretical requirements of n-3 LC-13 

PUFA (0.7-0.9% DM) are met by the diet in the form of added fish oil or fish oil 14 

combined with fish meal. 15 

In gilthead sea bream and most salmonids, the major fat depot organs are muscle 16 

and adipose tissue, while the liver also contributes, to a lesser degree, to fat 17 

accumulation (Takama et al., 1994; Jobling et al., 1998). Nevertheless, the inter-organ 18 

lipid pathways are not well known. In juvenile gilthead sea bream fed plant protein diets 19 

with amino acid imbalances, an increase in visceral adipose tissue lipolysis occurred 20 

(Albalat et al., 2005). This alteration in lipid metabolism was accompanied by an 21 

increase in hepatic LPL expression whereas a down-regulation was found in adipose 22 

tissue (Saera-Vila et al., 2005). Dietary imbalances may, therefore, drive dietary fatty 23 

acids towards liver fat storage. In the present study, dietary treatments did not 24 
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significantly affect mesenteric fat and liver depots, although there was a trend for liver 1 

fat to increase with fish oil replacement. Caballero et al., (2004), found that a diet with 2 

60% soybean oil as replacement induced fat liver accumulation and steatosis in sea 3 

bream. The authors concluded that the reduction of dietary essential fatty acids due to 4 

the inclusion of vegetable oil, and the type of non-essential fatty acid included in the 5 

diet, affects hepatic morphology and lipid content. This emphasizes the idea that 6 

optimal formulation and the quality of the diet is essential to give adequate results in 7 

growth and lipid metabolic balance. 8 

With respect to the capacity of lipogenic activity, the liver contributes more than the 9 

adipose tissue to de novo synthesis of fatty acids in the fish species analyzed. 10 

Nevertheless, few studies have focused on the lipogenic activity of mesenteric fat in fish 11 

(Segner and Bohm, 1994). 12 

G6PD and ME are two key enzymes in lipogenesis involved in the generation of 13 

reductor equivalents (NADPH). The range of hepatic G6PD and ME activities obtained 14 

in the current study is similar to that reported previously in this species and in sea bass 15 

(Gómez-Requeni et al., 2003; Menoyo et al., 2003; Dias et al., 1998). G6PD activity 16 

was higher than ME activity as described in other species (sea bass, rainbow trout and 17 

coho salmon) (Dias et al., 1998; Richard et al., 2006; Lin et al., 1977), which confirms 18 

that reductor equivalents (NADPH) are provided mainly by the pentose phosphate 19 

pathway. This is not true for all fish species, however, and in Atlantic salmon G6PD 20 

activity is lower than that of ME (Menoyo et al., 2003; Torstensen et al., 2004).  21 

In our study, the lipogenic activity of G6PD and ME in fish fed with the lower 22 

vegetable protein content (50PP/VO) was in general higher in comparison to fish fed the 23 

higher plant protein substitution (75PP/VO), and more evident in adipose tissue. The 24 
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level, quality and type of protein affect lipogenesis in mammals; for example, rats fed 1 

with soybean or alforfon protein show lower activity in G6PD, ME, and FAS, than 2 

animals fed with fish meal (Kayashita et al., 1996). Dias et al. (2005) found that the 3 

replacement of fish meal by a concentrate of soybean and wheat gluten meal decreases 4 

the activity of lipogenic enzymes in the liver of sea bass. In the present study, 5 

replacement by high levels of wheat gluten and soybean meal in the 75PP diets 6 

decreases the lipogenic activity, especially in the adipose tissue. We cannot determine 7 

whether this is a direct effect of the protein or, alternatively, due to nonprotein 8 

compounds from the soja such as isoflavones (Balmir et al., 1996). The observed 9 

decrease in adipose tissue lipogenic activity is in agreement with previous observations 10 

of sea bream fed diets with high plant protein content: a decrease in lipid deposition and 11 

uptake and an increase in adipocyte lipolysis (Gómez-Requeni et al., 2004; Albalat et 12 

al., 2005). 13 

The effects of fish oil replacement diets described in the bibliography are variable. 14 

An inhibitory effect on hepatic lipogenic activity has been reported in several fish 15 

species (Menoyo et al., 2004; Dias et al., 2005) including sea bream, in which hepatic 16 

G6PD inhibition occurred with the inclusion of vegetable oil (linseed oil). Regost et al. 17 

(2003) did not find any significant difference in hepatic lipogenesis after fish oil 18 

replacement by soybean or linseed oil in turbot, but the authors did not analyze adipose 19 

tissue lipogenic activity. Besides the possible interspecies differences, the specific 20 

composition of fatty acids (i.e. linoleic acid content) could determine the modulation of 21 

enzyme activities (Richard et al., 2006). In our study, the replacement of fish oil by 22 

rapeseed, linseed, and palm oil did not significantly affect lipogenic activity in the liver, 23 

in agreement with other studies (Regost et al., 2003), and in adipose tissue only a 24 
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decrease in G6PD and malic enzyme was observed. Independent of the diet composition 1 

effect, increases in the level of hepatic lipogenesis do not explain the lipid hepatic 2 

accumulation, although low and not significant in the VO group. The percentage of liver 3 

lipid increase is low in the present study, but a fatty liver can develop in depressed 4 

metabolic conditions. These observations are in agreement with other studies in which 5 

extrahepatic lipid redirection to the liver in catabolic situations explains fat 6 

accumulation (Albalat et al., 2005; Saera-Vila et al., 2005). We have found that the LPL 7 

activity of muscle and adipose tissue tended to decrease with vegetable oil inclusion, 8 

suggesting that a proportion of lipoproteins not degraded by muscle or adipose tissue 9 

may reach the liver and fatty acids could be taken up by this tissue. In concordance with 10 

these results, a low LPL expression was detected in the adipose tissue of trout fed 100% 11 

vegetable oil (Richard et al., 2006) and red sea bream fed diets with high oleic levels 12 

(Liang et al, 2002). In gilthead sea bream, both LPL expression and activity are 13 

stimulated by insulin (Albalat et al., 2007), which suggests that diet-induced changes in 14 

activity and expression could be correlated. 15 

Dietary protein content and amino acid composition modify post-feeding insulin 16 

levels in fish (see Navarro et al., 2002). Dietary carbohydrate can affect the postprandial 17 

insulin increase but, contrary to mammals, it is not as crucial as protein content. 18 

However, there have been few studies on the effect of dietary lipids on insulin 19 

circulating levels (Mommsen and Pliseskaya, 1991). In the present study, the level of 20 

plant protein replacement did not affect the plasma insulin levels, in agreement with 21 

previous studies in gilthead sea bream showing no changes in plasma insulin even with 22 

100% replacement of fish meal by plant proteins (Rojas et al. 2008). The fact that the 23 

fish oil group presented higher levels of insulin suggests that fish oil could be a better 24 



 15 

insulin secretagogue than vegetable oils. However, the observed changes were not 1 

particularly pronounced. The absence of data on the effect of dietary lipid on plasma 2 

insulin in fish makes comparisons difficult; furthermore, the effect of fish and vegetable 3 

oil in plasma insulin and insulin sensitivity in mammals is controversial (Zampelas et 4 

al., 1995; Finnegan et al., 2003). Independent of the dietary effect, the observed 5 

circulating insulin levels reflect a positive anabolic nutritional situation in all groups, 6 

since the absolute plasma levels are high, and the relative postprandial increases 7 

indicate a similar response to ingesta of the different diets.  8 

In conclusion, the combined replacement of fish oil and fish meal by vegetable 9 

ingredients in gilthead sea bream in the conditions studied permits optimal growth 10 

performance and nutrient utilization with moderate changes in lipid metabolism. The 11 

modulation of tissue lipogenesis and peripheral lipid uptake by the diet does not 12 

compromise the physiological state of the fish. The present results encourage the 13 

substitution of marine dietary components by plant-derived materials to continue. 14 

Although the mechanism that regulates lipid energy disposal between the different 15 

tissues needs further investigation as it may help to understand and improve utilization 16 

of dietary vegetable oils in sea bream. 17 
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Figure legends 1 

 2 

Table 1. Ingredients and chemical composition of experimental diets. For details see 3 

Benedito-Palos et al.(2007). 4 

 5 

Figure 1. Data on temperature (A), growth (B) and body fat depots of gilthead sea 6 

bream fed the experimental diets for 11 weeks. Each value is the mean ± S.E.M of data 7 

from triplicate groups. *, denotes significant differences (P<0.05) in body weight 8 

between 75PP/FO and 75PP/100VO groups.  9 

 10 

Table 2. Body parameters. Data on the liver and mesenteric index were calculated from 11 

16 fish. 2Mesenteric fat index = (100 × mesenteric fat wt) / fish wt. Values are the mean 12 

± SEM. Different superscript letters in each row indicate significant differences among 13 

dietary treatments (P<0.05).  14 

 15 

Table 3. Plasmatic parameters of sea bream at 5 and 24 h post-feeding by five 16 

experimental diets. Values are the mean ± SEM. Values not sharing a common letter 17 

are significantly different (P<0.05) among dietary treatments for each sample time 18 

point (5-24 h). *, denotes significant differences between 5 and 24 h for each dietary. 19 

 20 

Figure 2. Enzyme activities of glucose-6-phosphate dehydrogenase (G6PD), and malic 21 

enzyme (ME) in adipose tissue of sea bream fed the five experimental diets at 5 and 24 22 

h post-feeding. Each value is the mean ± SEM of five animals. Specific activities were 23 
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expressed as (UI/mg protein) and (mUI/mg protein) for G6PD and ME respectively. 1 

Values with different letters are significantly different (P<0.05). 2 

 3 

Figure 3. Enzyme activities of glucose-6-phosphate dehydrogenase (G6PD), and malic 4 

enzyme (ME) in the liver of sea bream fed the five experimental diets at 5 and 24 h 5 

post-feeding. Each value is the mean ± SEM of five animals. Specific activities were 6 

expressed as (UI/mg protein) and (mUI/mg protein) for G6PD and ME respectively. 7 

Values with different letters are significantly different (P<0.05). 8 

 9 

Table 4. Glucose-6-phosphate dehydrogenase (G6PD) and malic enzyme (ME) 10 

activities in the liver and adipose tissue of sea bream fed the five different experimental 11 

diets at 5 and 24 hours after feeding. Values are the mean ± SEM. Activities were 12 

expressed as UI/g of tissue. Results of the different diets in both tissues were tested 13 

with ANOVA. Different letters indicate differences between diets in each tissue and 14 

sampling time.  15 

 16 

Figure 4. Lipoprotein lipase activities of adipose tissue (AT) (A) and white muscle 17 

(WM) (B) after 5 and 24 h post-feeding experiment from seabream. Values were the 18 

means±SEM from five animals. Values not sharing a common letter were significantly 19 

different (P < 0.05). 20 

 21 
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Table 1. Ingredients and chemical composition of experimental diets. For details see Benedito-Palos 1 

et al. (2007). 2 

 3 
1 % total fatty acids methyl esters. 4 
2Calculated excluding 18 C atoms of the n-6 series. 5 
3Calculated excluding 18 C atoms of the n-3 series. 6 

 7 

Ingredient (%)  50PP/100VO 75PP/FO 75PP/33VO 75PP/66VO 75PP/100VO 

Fish meal (CP 70%)  35 15 15 15 15 

CPSP 90  5 5 5 5 5 

Corn gluten meal 27.7 40 40 40 40 

Soybean meal 0 14.3 14.3 14.3 14.3 

Extruded wheat 14.7 4 4 4 4 

Fish oil  0 15.15 10.15 5.15 0 

Rapeseed oil 2.31 0 0.85 1.7 2.58 

Linseed oil 7.9 0 2.9 5.8 8.8 

Palm oil 3.4 0 1.25 2.5 3.8 

Soya lecithin 1 1 1 1 1 

Binder (sodium alginate) 1 1 1 1 1 

Mineral premix  1 1 1 1 1 

Vitamin premix  1 1 1 1 1 

CaHPO4.2H2O (18%P) 0 2 2 2 2 

L-Lys 0 0.55 0.55 0.55 0.55 
      
Proximate composition      

Dry matter (DM, %) 95.5 93.4 94.2 94.8 95.4 

Protein (% DM) 49.6 48.9 48.7 49.0 48.6 

Fat (% DM) 22.0 22.2 22.3 22.1 22.3 

Ash (% DM) 6.9 6.5 6.6 6.6 6.4 

Gross energy (kJ/g DM) 24.4 24.7 24.7 24.6 24.5 

      
Fatty acid composition

1 
     

Saturates 21.4 25.3 24.5 22.9 21.7 

Monoenes 31.7 37.6 34.8 32.4 29.8 

n-6 LC-PUFA2 0.16 0.72 0.51 0.23 0.70 

n-3 LC-PUFA3 4.46 16.3 11.1 6.5 2 

EPA + DHA (% DM) 0.7 2.3 1.6 0.9 0.3 
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Table 2. Body parameters. Data on the liver and mesenteric index were calculated from 1 

16 fish. 2Mesenteric fat index = (100 × mesenteric fat wt) / fish wt. Values are the mean 2 

± SEM. Different superscript letters in each row indicate significant differences among 3 

dietary treatments (P<0.05).  4 

 5 
 6 

 7 
 8 
 9 
 10 
 11 
 12 
 13 
 14 
 15 
 16 
 17 
 18 
 19 
 20 
 21 
 22 
 23 
 24 
 25 
 26 
 27 
 28 
 29 
 30 
 31 
 32 
 33 
 34 

 50PP/100VO 75PP/FO 75PP/33VO 75PP/66VO 75PP/100VO 

Mesenteric fat (g)  2.31 ± 0.19b 1.72 ± 0.24a  1.66 ± 0.11a  1.79 ± 0.15a 1.52 ± 0.14a 

Liver (g) 1.69 ± 0.16 1.78 ± 0.12 1.82 ± 0.09 1.92 ± 0.08 1.72 ± 0.13 

MFI (%) 2  2.45 ± 0.19b 1.78 ± 0.23a  1.73 ± 0.39a   1.95 ±  0.17a  1.78 ± 0.15a 

Liver fat (%) 19.7 ± 1.45 15.9 ± 0.83 17.7 ± 0.94 18.7 ± 1.05 19.3 ± 0.51 

Whole body protein (%)     15.9 ± 0.14    15.9 ± 0.46     16.0 ± 0.52    16.7 ± 0.43    16.9 ± 0.12 

Whole body fat (%)    14.5 ± 0.40    14.1 ± 0.67     14.3 ± 0.34    14.4 ± 0.42    14.4 ± 0.10 
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Table 3. Plasmatic parameters of sea bream at 5 and 24 h post-feeding by five 1 

experimental diets. Values are the mean ± SEM. Values not sharing a common letter 2 

are significantly different (P<0.05) among dietary treatments for each sample time 3 

point (5-24h). *, denotes significant differences between 5 and 24 h for each dietary. 4 

 5 
 6 
 7 
 8 
 9 

 10 
 11 

 12 

 13 
 14 
 15 
 16 
 17 
 18 
 19 
 20 

 50PP/100VO 75PP/FO 75PP/33VO 75PP/66VO 75PP/100VO 

Glucose 

(mg/100ml)     

               5h 
84,47±4,6a 66,47±6,2b 75,79±3,5ab 82,38±4,1a 64,02±1,9b 

24h 101,12±5,0a 60,20±5,9b 67,51±3,4b 82,71±4,0ab 94,48±4,0a* 

NEFA’s  

(mEq/l)          
               5h 

0,383±0,02a* 0,218±0,01b* 0,201±0,01b* 0,221±0,01b* 0,240±0,01b* 

24h 0,189±0,0a 0,146±0,01ab 0,127±0,0b 0,162±0,0ab 0,177±0,0ab 

Insulin  

(ng/ml)             

               5h 
21.51±0.40* 23.00±0,57* 22.19±0,19* 22.57±0,47* 22.61±0,29* 

24h 17.65±0.39b 20.55±0,22a 17.80±0.30b 17.88±0,33b 17.48±0.47b 
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Table 4. Glucose-6-phosphate dehydrogenase (G6PD) and malic enzyme (ME) 1 

activities in the liver and adipose tissue of sea bream fed the five different experimental 2 

diets at 5 and 24 hours after feeding. Values are the mean ± SEM. Activities were 3 

expressed as UI/g of tissue. Results of the different diets in both tissues were tested 4 

with ANOVA. Different letters indicate differences between diets in each tissue and 5 

sampling time.  6 

 7 
 8 
 9 
  G6PD  ME  

Diets   5h 24h 5h  24h 

50PP/100VO           

   Liver 10,72 ± 1,84a 12,82 ± 0,88 0,97 ± 0,29 0,81± 0,29 

  
Adipose 

tissue 
1,50 ± 0,18 a 1,02 ± 0,14ab 0,20 ± 0,04a 0,17 ± 0,00a 

75pp/FO           

  Liver 8,43 ± 1,15ab 12,66 ± 2,34 0,57± 0,05 1,39 ± 0,29 

  
Adipose 

tissue 
1,48 ± 0,19a 0,78 ± 0,13a 0,11± 0,04ab 0,06 ± 0,00b 

75PP/33VO           

  Liver 8,11 ± 0,55 ab 12,40± 1,89 0,83 ± 0,24 1,55± 0,19 

  
Adipose 

tissue 
0,61 ± 0,10b 1,49b ± 0,10 0,08 ± 0,02 b 0,11± 0,03b 

75PP/66VO           

  Liver 7,48 ± 1,29ab 16,48 ± 1,56 0,56 ± 0,04 1,01 ± 0,31 

  
Adipose 

tissue 
0,60 ± 0,15 b 0,88 ± 0,23a 0,08 ± 0,03 b 0,07 ± 0,03 b 

75PP/100VO           

  Liver 4,47± 0,55b 15,82± 1,63 0,65 ± 0,01 0,82 ± 0,28 

  
Adipose 

tissue 
0,73 ± 0,14 b 0,66 ± 0,05a 0,04± 0,01b 0,12 ± 0,01ab 

 10 
 11 
 12 


