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The aim of the present study was to analyse the effects of partial or total replacement of fish meal (FM) and fish oil (FO) by a mixture of plant

protein (PP) and a mixture of vegetable oils (VO) on the hepatic insulin–nutrient-signalling pathway and intermediary metabolism-related gene

expression in rainbow trout (Oncorhynchus mykiss). Triplicate groups of fish were fed four practical diets containing graded levels of replacement

of FM and FO by PP and VO for 12 weeks: diet 0/0 (100 % FM, 100 % FO); diet 50/50 (50 % FM and 50 % PP, 50 % FO and 50 % VO); diet

50/100 (50 % FM and 50 % PP, 100 % VO); diet 100/100 (100 % PP, 100 % VO). Samplings were performed on trout starved for 5 d then refed with

their allocated diet. In contrast to partial substitution (diet 50/50), total substitution of FM and FO (diet 100/100) led to significantly lower growth

compared with diet 0/0. The insulin–nutrient-signalling pathway (protein kinase B (Akt), target of rapamycin (TOR), S6 protein kinase 1 (S6K1)

and S6) was characterised in trout liver and found to be activated by refeeding. However, changes in diet compositions did not differentially

affect the Akt–TOR-signalling pathway. Moreover, expression of genes encoding fructose-1,6-biphosphatase, mitochondrial phosphoenolpyruvate

carboxykinase, glucokinase, pyruvate kinase and carnitine palmitoyl transferase 1 were not affected by refeeding or by dietary changes. Refeeding

down- and up-regulated the expression of gluconeogenic glucose-6-phosphatase isoform 1 and lipogenic fatty acid synthase genes, respectively.

Expression of both genes was also increased with partial replacement of FM and total replacement of FO (diet 50/100). These findings indicate that

plant-based diets barely affect glucose and lipid metabolism in trout.

Insulin-signalling pathway: Plant-based diets: Hepatic gene expression: Rainbow trout

Teleosts in general are known to have high dietary protein and
specific essential fatty acid requirements(1). In intensively
farmed fish, the indispensable amino acids and essential
fatty acids are generally supplied by fish meal (FM) and fish
oil (FO) derived from marine fishery resources(2). Such a prac-
tice is considered controversial(3,4) because fishery resources
cannot meet the increasing demands for such feedstuffs, and
reliance on wild fisheries thus needs to be reduced in order
to ensure sustainable development of aquaculture. This has
increased the interest in research into alternatives to FM
and FO such as plant feedstuffs, i.e. plant proteins (PP) and
vegetable oils (VO)(5). Compared with FM, most PP sources
are characterised by relatively low protein content, amino

acid imbalance, low palatability, presence of endogenous
anti-nutritional factors and large amounts of carbohydrates(5,6),
and the fatty acid profiles of VO do not fulfil the essential fatty
acid needs of fish(7 – 9). Despite these disadvantages, much pro-
gress has been made in the use of plant products in aquafeeds
to replace either FM by PP or FO by VO(7,10 – 17). However,
recent studies have revealed changes in patterns of expression
of several genes involved in N and fat metabolism and their
corresponding protein profiles in the livers of salmonids fed
feeds with low levels of FO or FM(18 – 21). These findings
strongly suggest changes in intermediary metabolism as a
consequence of high levels of plant feedstuffs in the diets of
teleosts(22). The aim of the present study was therefore to
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analyse the effects of partial or total combined replacement of
FM and FO by a blend of plant ingredients on intermediary
metabolism, which has yet to be fully explored in fish, even in
salmonids. The present study was focused on the liver since
it is the centre of intermediary metabolism and lipogenesis.

The liver intermediary metabolism in mammals is mainly
regulated by insulin and nutrients. Insulin acts through a
tyrosine kinase membrane receptor. When activated by
insulin binding, tyrosine kinase recruits and phosphorylates
intracellular substrates known as IRS (insulin receptor
substrates). Phosphorylated IRS are used as docking sites for
proteins which then transmit the insulin signal through several
molecules, including successively the phosphatidylinositol-3-
kinase and protein kinase B (Akt)(23). Through this pathway
insulin regulates hepatic gene expression, especially that of
intermediary metabolism. Gluconeogenic genes are mainly
under insulin control(24). Indeed, in mammals, insulin
inhibits expression of glucose-6-phosphatase (G6Pase), and
phosphoenolpyruvate carboxykinase (PEPCK) enzymes at
the transcriptional level(24,25) through the activation of the
protein Akt(26,27), a critical node in the insulin-signalling
pathway(23). In the same way, insulin regulation of fatty
acid synthase (FAS) transcription in mammals is mediated
by the phosphatidylinositol-3-kinase–Akt-signalling path-
way(25). However, increasing evidence has emerged in recent
years to show that nutrients are able to regulate hepatic gene
expression in a transcriptional manner. Indeed, glycolytic
and lipogenic genes are reciprocally regulated by glucose
and fatty acids in the liver(28). Nutrients may also interact
with insulin function. For example, excessive levels of
amino acids have detrimental effects on glucose homeostasis
by promoting insulin resistance and increasing gluconeogen-
esis(29), which could be due to the activation of complex 1
of the mammalian target of rapamycin (mTORC1).
mTORC1 is regulated by both nutrients (i.e. amino acids)
and growth factors (i.e. insulin) and plays a key role in the
control of cell growth and protein translation through the
subsequent activation of p70 ribosomal S6 protein kinase 1
and ribosomal protein S6(30). Moreover, recent findings have
indicated that activation of mTORC1 also contributes to the
regulation of insulin target gene expression(31). No findings
have been published to date concerning the nutritional
regulation of Akt–TOR pathways in the livers of teleosts,
normally requiring high dietary levels of amino acid.

The aim of the present study was therefore to address
whether diet substitution could affect the nutrient and
insulin-signalling pathways and metabolism-related gene
expression, on which very little information is available
for any teleost. Several key enzymes of glucose and
lipid metabolism known to be under insulin control in
mammals and in fish were analysed(32). Gluconeogenesis
was investigated by studying the gene expression of G6Pase,
fructose-1,6-biphosphatase (FBPase) and PEPCK. We also
analysed mRNA levels of glucokinase (GK) and pyruvate
kinase (PK) which catalyse the phosphorylation of glucose
and the conversion of phosphoenolpyruvate to pyruvate, the
first and the final steps in glycolysis, respectively(33). We
also investigated the gene expression levels of two enzymes
involved in fatty acid metabolism: (i) FAS, which is a key
enzyme in fatty acid synthesis and promotes the synthesis of
palmitate, through the condensation of malonyl-CoA and

acetyl-CoA(34); (ii) carnitine palmitoyl transferase 1 (CPT1),
which is responsible for the entry of long-chain fatty acids
into the mitochondria and is considered to be a rate-limiting
enzyme of fatty acid b-oxidation.

Experimental methods

Studies with animals were carried out in accordance with
legislation governing the ethical treatment of animals, and
investigators were certified by the French Government to
carry out animal experiments (authority: Prefecture of
Pyrénées Atlantiques, 64000 Pau, for INRA St Pée-sur-
Nivelle). Animal experiments were in accordance with national
law Decret no. 2001-464 of 29 May 2001, as applicable in
INRA according to INRA no. 2002-36, of 4 April 2002.

Feeding trial

In order to investigate the effects of partial or total replace-
ment of FM and FO by a mixture of PP and VO, we used

Table 1. Composition of the four diets with the proportions of plant
protein (PP) and the proportions of vegetable oil (VO) indicated for
each diet

Diet (PP/VO). . . 0/0 50/50 50/100 100/100

Ingredients (%)
Fish meal LT (CP 70 %)* 59 29 29 –
Maize gluten meal (CP 57 %)† – 20 20 20
Soyabean meal (CP 46 %)† – 8 8 15·4
Wheat gluten (CP 78 %)‡ – 7·8 7·8 26
Maize§ 7 7 7 7
Extruded whole wheat† 12 3·2 3·2 0·1
Fish oil* 19 11 – –
Rapeseed oilk – 5·5 11 11·6
Linseed oilk – 2·2 4·4 4·6
Palm oilk – 3·3 6·6 7
Soyabean lecithin{ – – – 1
L-Lysine** – – – 1·2
L-Arginine** – – – 0·1
CaHPO4·2H2O (18 % P) – – – 3
Astaxanthin†† 0·03 0·04 0·05 0·03
Mineral premix‡‡ 1 1 1 1
Vitamin premix§§ 1 1 1 1

Analytical composition
DM (%) 94·1 94·3 93·9 90·9
CP (% DM) 45·9 46·7 45·9 44·4
Crude fat (% DM) 26·6 27·4 27·6 27·8
Crude starch (% DM) 12·1 10·4 11·2 11·3
Gross energy (kJ/g DM) 24·1 25·4 25·5 25·7

CP, crude protein.
* Sopropêche (Lorient, France).
† Inzo (Argentan, France).
‡ Roquette (Lestrem, France).
§ Lacadee Agro Industrie (Mont, France).
kDaudruy (Dunkerque, France).
{Louis François (Saint Maur, France).
** Eurolysine (Paris, France).
†† Carophyll pink (DSM, Courbevoie, France).
‡‡ Supplied the following (per kg diet): calcium carbonate (40 % Ca), 2·15 g;

magnesium hydroxide (60 % Mg), 1·24 g; potassium chloride, 0·9 g; ferric
citrate, 0·2 g; potassium iodide, 4 mg; sodium chloride, 0·4 g; calcium hydrogen
phosphate, 50 g; copper sulfate, 0·3 mg; zinc sulfate, 40 mg; cobalt sulfate, 2 mg;
manganese sulfate, 30 mg; sodium selenite, 0·3 mg.

§§ Supplied the following (mg/kg diet): retinyl acetate, 2·58; DL-cholecalciferol,
0·037; DL-a-tocopheryl acetate, 30; menadione sodium bisulfite, 2·5; thiamin,
7·5; riboflavin, 15; pyridoxine, 7·5; nicotinic acid, 87·5; folic acid, 2·5; calcium
pantothenate, 2·5; vitamin B12, 0·025; ascorbic acid, 250; inositol, 500; biotin,
1·25; choline chloride, 500.
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juvenile rainbow trout (Oncorhynchus mykiss), having a mean
initial body weight of 121 (SD 2) g, reared in our experimental
fish farm facilities (INRA, Donzacq, France) at 188C under
natural photoperiod conditions. Trout were distributed into
twelve circular tanks (500 litres; three tanks per diet) in
groups of 100 fish each. Triplicate groups of fish were ran-
domly allocated to one of the four isonitrogenous, isolipidic
and isoenergetic diets, formulated and manufactured in our
experimental facilities of Donzacq, France (Table 1) and fed
for 12 weeks. Diets were constituted as follows and named
by the percentage of plant feedstuff (PP/VO) incorporated:
diet 0/0, in which FM and FO were the main protein and fat
sources; diet 50/50, corresponding to 50 % supply of proteins
by a mixture of PP sources and 50 % of FO substituted by a
mixture of VO; diet 50/100, comparable with diet 50/50,
except that FO was totally replaced by VO; diet 100/100, cor-
responding to total replacement of both FM and FO by PP and
VO. Each diet was distributed by hand to visual satiation for 6
or 7 d and feed consumption was recorded every week. To
follow growth and feed utilisation, fish were counted and
group weighed every 3 weeks, and on the last day of the
experiment the final body weight was measured. According
to their size (^450 g), fish were left unfed for 5 d in order
to obtain basal levels of plasma metabolites, reached later in
fish than in mammals due to their slower transit and longer
gastric emptying time at low temperature compared with
endothermic animals. This fasting period also contributed to
homogeneity of the metabolic response of all the fish within
the same group. Fish were refed a single meal to visual satia-
tion of their allocated diet and sampled (n 6) 2 h after the meal
for the signalling analysis (short-term regulation) and 8 h after
the meal for molecular studies (long-term regulation). Six fish
from each dietary group were sampled before refeeding and
served as controls. Blood was collected from the caudal vein
using a syringe pre-treated with a solution containing 4 %
NaF and 4 % potassium oxalate, then centrifuged, and

plasma was kept frozen at 2208C until further analysis.
Liver samples were collected, snap-frozen in liquid N2 and
then stored at 2808C before further mRNA and protein
analyses.

Plasma metabolite levels

Plasma glucose, TAG and NEFA levels were measured with
Glucose RTU (BioMérieux, Marcy l’Etoile, France), PAP
150 (BioMérieux) and NEFA C (Wako Chemicals GmbH,
Neuss, Germany) kits, respectively, according to the rec-
ommendations of each manufacturer.

Gene expression analysis

Total RNA samples were extracted from livers of 8 h refed
trout, using Trizol reagent (Invitrogen, Carlsbad, CA, USA)
according to the manufacturer’s recommendations. A quantity
of 1mg of the resulting total RNA was reverse transcribed
into cDNA using the SuperScripte III RNaseH- RT kit
(Invitrogen) and oligo dT primers (Promega, Charbonnières,
France) according to the manufacturers’ instructions. Target
gene expression levels were determined by quantitative RT-
PCR using specific real-time PCR primers (Table 2). To
avoid amplification of genomic DNA, when possible, primer
pairs included one intron-spanning oligonucleotide. Quantitat-
ive RT-PCR was carried out on an iCycler iQe real-time PCR
detection system (Bio-Rad, Hercules, CA, USA) using iQe

SYBRw Green Supermix. mRNA levels of G6Pase isoforms
1 and 2, FBPase, mitochondrial PEPCK, GK, PK, FAS and
CPT1 isoforms A and B were evaluated. Elongation factor
1a (EF1a) was employed as a non-regulated reference gene,
as previously used in rainbow trout. No changes in EF1a
gene expression were observed in our studies (data not
shown). PCR was performed using 10ml of the diluted
cDNA mixed with 5 pmol of each primer in a final volume

Table 2. Primers used to amplify rainbow trout (Oncorhynchus mykiss) target genes by real-time RT-PCR

Gene Primer sequences
Hybridisation
temperature (8C)

Amplicon size
(bp)

GenBank or Sigenae
accession no.

EF1a F: 50-TCCTCTTGGTCGTTTCGCTG-30

598C 159 AF498320R: 50-ACCCGAGGGACATCCTGTG-30

GK F: 50-TGAAGGATCAGAGGTGGGTGATT-30

598C 253 AF135403R: 50-GAAGGTGAAACCCAGAGGAAGC-30

PK F: 50-CCATCGTCGCGGTAACAAGA-30

598C 158 AF246146R: 50-ACATAGGAAAGGCCAGGGGC-30

mPEPCK F: 50-GTTGGTGCTAAAGGGCACAC-30

598C 149 AF246149R: 50-CCCGTCTTCTGATAAGTCCAA-30

G6Pase-1 F: 50-CTCAGTGGCGACAGAAAGG-30

558C 77 tcay0019b.d.18_3.1.s.om.8.1-1693R: 50-TACACAGCAGCATCCAGAGC-30

G6Pase-2 F: 50-TAGCCATCATGCTGACCAAG-30

558C 82 AF120150R: 50-CAGAAGAACGCCCACAGAGT-30

FBPase F: 50-GCTGGACCCTTCCATCGG-30

598C 182 AF333188R: 50-CGACATAACGCCCACCATAGG-30

FAS F: 50-TGATCTGAAGGCCCGTGTCA-30

608C 161 tcab0001c.e.06_5.1.s.om.8R: 50-GGGTGACGTTGCCGTGGTAT-30

CPT1A F: 50-TCGATTTTCAAGGGTCTTCG-30

558C 166 AF327058R: 50-CACAACGATCAGCAAACTGG-30

CPT1B F: 50-CCCTAAGCAAAAAGGGTCTTCA-30

558C 149 AF606076R: 50-CATGATGTCACTCCCGACAG-30

F, forward primer; R, reverse primer. EF1a, elongation factor 1a; GK, glucokinase; PK, pyruvate kinase; mPEPCK, phosphoenolpyruvate carboxykinase, mitochondrial
isoform; G6Pase-1, glucose 6-phosphatase 1; G6Pase-2, glucose 6-phosphatase 2; FBPase, fructose 1,6-bisphosphatase; FAS, fatty acid synthase; CPT1A, carnitine
palmitoyltransferase 1A; CPT1B, carnitine palmitoyltransferase 1B.
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of 25ml. The PCR protocol was initiated at 958C for 3 min for
initial denaturation of the cDNA and hot-start iTaqe DNA
polymerase activation and continued with a two-step amplifi-
cation programme (20 s at 958C followed by 30 s at specific
primer hybridisation temperature) repeated forty times.
Melting curves were systematically monitored (temperature
gradient at 0·58C per 10 s from 55 to 948C) at the end of the
last amplification cycle to confirm the specificity of the ampli-
fication reaction. The different PCR products were initially
checked by sequencing to confirm the nature of the amplicon.
Each PCR run included replicate samples (duplicate of reverse
transcription and PCR amplification, respectively) and nega-
tive controls (RT- and RNA-free samples, respectively).

Relative quantification of target gene expression was per-
formed using the mathematical model described by Pfaffl(35).
The relative expression ratio (R) of a target gene was calculated
based on real-time PCR efficiency (E) and the cycle threshold
deviation (DCT) of the unknown sample v. a control sample
and expressed in comparison with the EF1a reference gene:

R ¼
ððEtarget geneÞDCTtarget gene ðcontrol 2 sampleÞÞ

ððEEF1aÞDCTEF1a ðcontrol 2 sampleÞÞ
:

PCR efficiency (E) was measured by the slope of a standard
curve using serial dilutions of cDNA. PCR efficiency values
ranged between 1·90 and 2.

Protein extraction and Western blotting

Frozen livers (300 mg) from 2 h refed trout were homogenised
on ice with an Ultraturrax homogeniser in a buffer containing
150 mM-NaCl, 10 mM-2-amino-2-hydroxymethyl-propane-1,
3-diol, 1 mM-ethylene-glycol-bis(a-aminoethyl)-N,N,N0,N0-tetra-
acetic acid, 1 mM-EDTA (pH 7·4), 100 mM-sodium fluoride,
4 mM-sodium pyrophosphate, 2 mM-sodium orthovanadate,
1 % Triton X-100, 0·5 % NP-40-Igepal and a protease inhibitor
cocktail (Roche, Basel, Switzerland). Homogenates were cen-
trifuged at 1000 g for 30 min at 48C and supernatant fractions
were then centrifuged for 45 min at 150 000 g. The resulting
supernatant fractions were sampled and stored at 2808C. Pro-
tein concentrations were determined using the Bio-Rad protein
assay kit (Bio-Rad, Hercules, CA, USA). Lysates (20mg
protein) were subjected to SDS-PAGE and Western blotting
using the appropriate antibody. All antibodies used were
obtained from Cell Signaling Technologies (Ozyme, Saint
Quentin Yvelines, France). Rabbit anti-phospho-Akt (Ser473)
and Akt antibodies were directed against synthetic peptides
corresponding to residues surrounding phosphorylated Ser473

of mouse Akt and the carboxyterminal sequence of mouse
Akt, respectively. Rabbit anti-phospho-mTOR (Ser2448), anti-
mTOR, antiphospho-S6 protein kinase 1 (Thr389), anti-S6
protein kinase 1, anti-phospho-S6 (Ser235/236) and anti-S6 were
directed against synthetic human peptides. These antibodies
have been shown to successfully cross-react with rainbow
trout proteins of interest(36). After washing, membranes
were incubated with an IRDye Infrared secondary antibody
(LI-COR Inc. Biotechnology, Lincoln, NE, USA). Bands
were visualised by Infrared Fluorescence using the Odys-
seyw Imaging System (LI-COR Inc. Biotechnology) and quan-
tified by Odysseyw Infrared imaging system software (version
1.2; LI-COR Inc. Biotechnology).

Statistical analysis

Results of growth performance were expressed as mean
values and standard deviations (three tanks) and analysed by

Fig. 1. Phosphorylation of protein kinase B (Akt) at Ser473 (A), target of rapa-

mycin (TOR) at Ser2448 (B) and S6 at Ser235/236 (C) in the livers of rainbow

trout (Oncorhynchus mykiss) deprived of food for 5 d, refed ad libitum and

sampled 2 h after administration of the 100 % fish meal–100 % fish oil diet

(diet 0/0). The gel was loaded with 40mg of total protein per lane. Phos-

phorylation levels of Akt at Ser473, Akt, TOR at Ser2448, TOR, S6 at

Ser235/236 and S6 were quantified and data were normalised to total amounts

of Akt, TOR and S6, respectively. Western blots were performed on six indi-

vidual samples and similar results were obtained; representative blots are

shown. Results are means (n 6), with standard errors represented by vertical

bars. * Mean value was significantly different from that of the fasted group

(P,0·05; Mann–Whitney test).
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one-way ANOVA. Means were compared by the Student–
Newman–Keuls comparison test. Results of plasma metab-
olite levels, protein phosphorylation and gene expression
analysis were expressed as mean values with their
standard errors (n 6) and analysed by the Mann–Whitney
and Kruskall–Wallis non-parametric tests. For all statistical
analyses, the level of significance was set at P,0·05.

Results

Characterisation and regulation of the protein kinase
B–target of rapamycin-signalling pathway

As illustrated in Fig. 1, proteins of the insulin-signalling path-
way including Akt, TOR, and the ribosomal protein S6 were

identified in rainbow trout liver. Phosphorylation of Akt
(Ser473), TOR (Ser2448) and S6 (Ser235/236) was significantly
increased (P,0·005) in the livers of refed fish compared
with 5 d fasted fish. Levels of total Akt, TOR and S6 were
not significantly modified by refeeding.

Postprandial regulation of metabolism-related hepatic gene
expression

The effects of refeeding with the standard diet (diet 0/0) on
G6Pase isoforms 1 and 2, FBPase, mitochondrial PEPCK,
GK, PK, FAS, CPT1A and CPT1B gene expression in the
liver are presented in Fig. 2. In 8 h refed fish, G6Pase-1
gene expression was 3-fold decreased (P,0·05) and FAS
gene expression was 4-fold increased (P¼0·002) compared

Fig. 2. Levels of expression of mRNA encoding hepatic genes in the livers of rainbow trout (Oncorhynchus mykiss) deprived of food for 5 d (B), refed ad libitum

and sampled 8 h after administration of the 100 % fish meal–100 % fish oil diet (diet 0/0) (p). Glucose 6-phosphatase isoform 1 (G6Pase-1) (A), glucose

6-phosphatase isoform 2 (G6Pase-2) (B), fructose 1,6-bisphosphatase (FBPase) (C), mitochondrial phosphoenolpyruvate carboxykinase (mPEPCK) (D), pyruvate

kinase (PK) (E), fatty acid synthase (FAS) (F), carnitine palmitoyltransferase 1 isoform A (CPT1A) (G) and carnitine palmitoyltransferase 1 isoform B (CPT1B) (H)

mRNA levels were estimated using real-time RT-PCR. Expression values were normalised with elongation factor 1a (EF1a)-expressed transcripts. Results are

means (n 6), with standard errors represented by vertical bars. * Mean value was significantly different from that of the fasted group (P,0·05; Mann–Whitney

test). † Mean value was marginally different from that of the fasted group (P¼0·06; Mann–Whitney test).
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with fasted fish. No significant changes were noted for the
other genes. GK mRNA levels are not reported in Fig. 2,
since expression of GK was close to the limit of real-time
PCR detection in all fish of the group.

Effects on rainbow trout of partial or total replacement of fish
meal and fish oil by plant ingredients in the diet

After the 12-week growth trial, fish fed with diet 100/100
exhibited the lowest final body weight (Table 3). Fish fed
with diet 50/100 displayed significantly lower final body
weight in comparison with fish fed diet 0/0 whereas fish fed
with diet 50/50 showed no significant difference from those
fed with diet 0/0. Feed efficiency in trout fed with diet
100/100 was significantly lower than in the other three
groups and feed intake significantly decreased with graded
increases in the inclusion of PP and VO in diets.

Findings on postprandial plasma glucose, NEFA and TAG
levels are presented in Table 3. Plasma glucose levels
increased slightly between 2 and 8 h after a meal in each diet-
ary group, and no difference in plasma glucose levels was
observed between the four groups 2 or 8 h after feeding.
Plasma NEFA levels showed a significant increase between
2 and 8 h only in fish fed with diet 0/0. On the other hand,
there was no difference between the effects of diets 2 h after
a meal, whereas 8 h after refeeding, trout fed with diet 0/0 dis-
played significantly higher plasma NEFA levels than those fed
with diet 50/50. Moreover, there was no difference in plasma
TAG levels at either sampling time between the four groups.
There was only a significant increase in plasma TAG levels
between 2 and 8 h in fish fed diet 50/50.

Phosphorylated forms of Akt, TOR and S6 were detected in
the livers of rainbow trout refed with each of the four diets
(Fig. 3). At 2 h after refeeding, phosphorylation levels of
Akt (Ser473), TOR (Ser2448) and S6 (Ser235/236) displayed no
significant differences between the four dietary groups (Fig. 3).

Hepatic mRNA levels of G6Pase-1 and G6Pase-2, FBPase,
mitochondrial PEPCK, GK, PK, CPT1A and CPT1B and FAS
were estimated in each group 8 h after refeeding (Fig. 4). Fish
fed with diet 50/100 displayed significant up-regulation of
G6Pase-2 only compared with fish fed diet 50/50, and up-
regulation of G6Pase-1 and FAS gene expression compared
with fish fed the other three experimental diets. No significant
difference between dietary groups was found for the other
genes analysed.

Discussion

In the context of sustainable aquaculture, partial or total repla-
cement of FM and FO by plant products has been the subject
of several studies in many fish species(22). Nevertheless, no
study has to date investigated the effects of total substitution
of FM and FO by PP and VO in fish diets. The aim of the pre-
sent study was thus to analyse the possible physiological and
hepatic metabolic consequences of such dietary substitutions
in rainbow trout.

In the present study in rainbow trout we found that up to
50 % replacement of dietary FM and FO by plant ingredients
had no significant consequences on final body weight. On the
other hand, total substitution of fish products by plant products
led to reduced growth and feed utilisation. These results are in
line with some recent studies on Atlantic salmon(37) where fish

Table 3. Growth performance and plasma parameters measured over the 12-week feeding trial

(Mean values and standard deviations)

Diet. . . 0/0 50/50 50/100 100/100

Mean SD Mean SD Mean SD Mean SD

Zootechnical parameters (three tanks with 100 fish per tank per group)
IBW (g) 121·7 1·5 121·5 1·4 121 3·6 121·7 3·8
FBW (g) 509·10a 7·10 489·20a,b 4·40 466b 25·70 427·2c 2·80
SGR† 1·93a 0·03 1·88b 0·01 1·82c 0·03 1·70d 0·03
Feed efficiency‡ 1·17a 0·04 1·14a 0·02 1·14a 0·01 1·03b 0·01
Feed intake§ 5·45a 0·13 4·50b 0·02 4·48b 0·02 4·94b 0·04

Plasma parameters (six fish per group)k
Glucose (g/l)

2 h 0·79 0·18 0·82 0·12 0·71 0·06 0·89 0·11
8 h 1·09* 0·27 1·09* 0·16 0·95* 0·22 1·39* 0·40

NEFA (g/l)
2 h 0·18 0·06 0·15 0·03 0·19 0·07 0·22 0·07
8 h 0·27a* 0·07 0·16b 0·04 0·22a,b 0·10 0·24a,b 0·02

TAG (g/l)
2 h 1·68 0·51 1·86 1·05 1·55 0·55 1·32 0·39
8 h 2·27 1·34 3·71* 1·53 2·37 1·12 2·03 0·87

Diet 0/0, fish meal and fish oil as the main protein and fat sources; diet 50/50, 50 % supply of proteins by a mixture of plant protein sources
and 50 % of fish oil substituted by a mixture of vegetable oil; diet 50/100, 50 % supply of proteins by a mixture of plant protein sources and
all fish oil substituted by vegetable oil; diet 100/100, total replacement of both fish meal and fish oil by plant protein and vegetable oil;
IBW, initial body weight; FBW, final body weight; SGR, specific growth rate.

a,b,c,d Mean values within a row with unlike superscript letters were significantly different (P,0·05; ANOVA followed by Student–Newman–
Keuls mean comparison and Kruskal–Wallis non-parametric test for zootechnical parameters and plasma parameters, respectively).

* Significant difference in plasma parameters between 2 and 8 h after refeeding for each experimental diet (P,0·05; Mann–Whitney test).
† SGR ¼ 100 £ ((ln(FBW) 2 ln(IBW))/d).
‡ Feed efficiency ¼ weight gain (g)/dry feed intake (g).
§ Feed intake ¼ g feed intake/fish per d.
kPlasma parameters measured 2 and 8 h after refeeding.

Trout fed plant-based diets 1569

B
ri
ti
sh

Jo
u
rn
al

o
f
N
u
tr
it
io
n

https://doi.org/10.1017/S000711450999095X  Published online by Cam
bridge U

niversity Press

https://doi.org/10.1017/S000711450999095X


fed with 40 % PP and 70 % VO showed no statistically signifi-
cant differences in growth whereas those fed with 80 % PP and
70 % VO had significantly reduced growth and final body
weight. Lower growth performance seemed to be due to
both reduced feed intake and lower feed efficiency,
particularly with diets devoid of FM and FO. This has been
previously reported in another study with rainbow trout fed
a low-FM diet(19). Such reduced growth performance is

possibly more linked to PP than to VO since total substitution
of FO by VO does not have any adverse effects on growth in
salmonids(10,13,18,19,38). Given the low feed efficiency with PP,
our objective was to analyse the effects of such changes on
hepatic insulin–nutrient intracellular-signalling pathways as
well as on the expression of genes encoding key metabolic
enzymes.

We report in the present study for the first time the exist-
ence and the nutritional–hormonal regulation of the hepatic
Akt–TOR-signalling pathway in the liver of a teleost, as
already reported in mammals(23,30). The present study
showed that the Akt–TOR-signalling pathway was activated
in the livers of refed rainbow trout whereas it was not in
trout starved for 5 d, in agreement with the recent characteris-
ation of the TOR-signalling pathway in rainbow trout
muscle(36). The refeeding activation of this pathway was prob-
ably mainly related to the well-known insulin secretion and
postprandial aminoacidaemia peak that occurs in refed sea
bass as in refed trout(36,39).

Characterisation of the Akt–TOR-signalling pathway in the
livers of rainbow trout allowed us to investigate the effects of
dietary FM and FO substitution on the regulation of this trans-
duction pathway. Our findings suggest that replacement of FM
and FO in diets had no specific effect on the activation of
Akt–TOR-signalling pathways. This could be explained by
the fact that, although the four diets differed in terms of ingre-
dient sources, they were similar in terms of macronutrient
composition, i.e. they were isonitrogenous, isolipidic and iso-
energetic diets.

The expression of only a few genes was affected. Indeed,
except for the first isoform of G6Pase, the present study
confirms earlier findings showing the absence of significant
postprandial inhibition of gluconeogenic gene expression in
rainbow trout(40,41). In terms of the glycolytic pathway, GK
gene expression was close to the limit of detection and was
not stimulated by refeeding. As previously described(42), induc-
tion of the regulation of PK, the last enzyme of glycolysis(33),
was also absent in refed trout. These results may be due to the
low levels of carbohydrates (about 10 %) present in all four
diets, leading to only a small increase in postprandial glycaemia
(about 1 g per litre). Indeed, we have previously demonstrated
that glucose is essential in the control of GK and PK gene
expression in the rainbow trout liver(32). Lipogenesis and lipoly-
sis are known to be under insulin control in mammals, and prob-
ably also in fish, since in rainbow trout insulin enhances FAS
gene expression while it inhibits expression of CPT1, involved
in lipid synthesis and oxidation, respectively(32). The phospha-
tidylinositol-3-kinase–Akt-signalling pathway mediates insu-
lin regulation of FAS transcription in mammals(25). We
demonstrated in the present study that refeeding concomitantly
activated Akt and stimulated FAS gene expression, suggesting
that refeeding probably induced insulin secretion, and its sub-
sequent signalling pathway resulted in the up-regulation of
FAS gene expression. Although we found that the expression
of CPT1B mRNA tended to be down-regulated in the refed
state (P¼0·06), we cannot conclude that refeeding modified
CPT1 gene expression in our conditions.

As for refeeding, we found no effect of FM and FO substi-
tution on hepatic levels of mitochondrial PEPCK, FBPase, PK,
CPT1A and CPT1B mRNA. We demonstrated only that total
substitution of FO combined with half substitution of FM

Fig. 3. Effects of diet 0/0 (100 % fish meal (FM), 100 % fish oil (FO)), diet

50/50 (50 % FM and 50 % plant protein (PP), 50 % FO and 50 % vegetable

oil (VO)), diet 50/100 (50 % FM and 50 % PP, 100 % VO) and diet 100/100

(100 % PP, 100 % VO) on phosphorylation of protein kinase B (Akt) at Ser473

(A), target of rapamycin (TOR) at Ser2448 (B) and S6 at Ser235/236 (C) in rain-

bow trout (Oncorhynchus mykiss) livers, 2 h after refeeding. The gel was

loaded with 20mg of total protein per lane. Phosphorylation levels of Akt at

Ser473, Akt, TOR at Ser2448, TOR, S6 at Ser235/236 and S6 were quantified

and data were normalised to total amounts of Akt, TOR and S6, respectively.

Western blots were performed on six individual samples and similar results

were obtained; representative blots are shown. Results are means (n 6),

with standard errors represented by vertical bars. Results were analysed by

the Kruskall–Wallis test; there were no significant differences between the

groups.
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(diet 50/100) significantly increased FAS and G6Pase-1 gene
expression compared with the other three groups (and also
G6Pase-2 but only compared with diet 50/50). These results
were somewhat surprising since we found no effect of total
replacement of FM and FO (diet 100/100). It is interesting
to note that both genes (G6Pase and FAS) identified as regu-
lated by refeeding were the same as those regulated by diet
composition. Although no relationship was found between
higher levels of G6Pase-1 mRNA (and potentially increased
endogenous glucose production) and plasma glucose level,
increased FAS gene expression in fish fed with 100 % PP
and 50 % VO may have been related to the higher levels of
peri-visceral fat accumulation observed in fish fed with this
diet (data not shown). Finally, compared with previous studies
based on the partial replacement of FM or FO in the rainbow

trout diet, especially those analysing hepatic transcrip-
tomes(19), we confirmed that plant-based diets had no drastic
effects on glucose or lipid metabolism at a molecular level.

In conclusion, we showed that, despite a significant
decrease on growth performance of combined FM and FO
substitution by plant ingredients in rainbow trout diets, hepatic
metabolism-related gene expression was weakly affected.
These results are in accordance with a recent complementary
study showing that the same diet substitutions weakly modi-
fied hepatic transcriptomic profiles(43). Similarly, as indicated
by the analysis of the Akt–TOR-signalling pathway, insulin
and nutrient transduction signals were not affected by such
gross dietary changes, suggesting that modifications which
could explain lower growth performance in fish fed 100 %
plant products may occur in other metabolic processes.

Fig. 4. Effects of of diet 0/0 (100 % fish meal (FM), 100 % fish oil (FO)) (B), diet 50/50 (50 % FM and 50 % plant protein (PP), 50 % FO and 50 % vegetable oil

(VO)) ( ), diet 50/100 (50 % FM and 50 % PP, 100 % VO) ( ) and diet 100/100 (100 % PP, 100 % VO) ( ) on the levels of expression of mRNA encoding hepa-

tic metabolism-related genes. Glucose 6-phosphatase isoform 1 (G6Pase-1) (A), glucose 6-phosphatase isoform 2 (G6Pase-2) (B), fructose 1,6-bisphosphatase

(FBPase) (C), mitochondrial phosphoenolpyruvate carboxykinase (mPEPCK) (D), pyruvate kinase (PK) (E), fatty acid synthase (FAS) (F), carnitine palmitoyltrans-

ferase 1 isoform A (CPT1A) (G) and carnitine palmitoyltransferase 1 isoform B (CPT1B) (H) mRNA levels were estimated using real-time RT-PCR. Expression

values were normalised with elongation factor 1a (EF1a)-expressed transcripts. Results are means (n 6), with standard errors represented by vertical bars.
a,b Mean values with unlike letters were significantly different (P,0·05; Kruskall–Wallis test).
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