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Abstract

Zebrafish (Danio rerio) have been proposed as a possible model organism for nutritional physiology. However,
this potential has not yet been realized and studies on the field remain scarce. In this work, we investigated in
this species the effect of a single meal as well as that of an increase in the ratio of dietary carbohydrates/proteins
on the postprandial expression of several hepatic and muscle metabolism-related genes and proteins. Fish were
fed once either a commercial diet (experiment 1) or one of two experimental diets (experiment 2) containing
different protein and carbohydrate levels after 72 h of starvation. Refeeding induced the postprandial expression
of genes of glycolysis (GK, HK1) and lipogenesis (FAS, G6PDH, ACCa) and inhibited those of gluconeogenesis
(cPEPCK) and beta-oxidation (CPT1b) in the viscera. In the muscle, refeeding increased transcript levels of
myogenesis (Myf5, Myogenin), inhibited those of Ub-proteasomal proteolytic system (Atrogin1, Murf1a, Murf1b),
and induced the activation of key signaling factors of protein synthesis (Akt, 4EBP1, S6K1, S6). However, diet
composition had a low impact on the studied factors. Together, these results highlight some specificity of the
zebrafish metabolism and demonstrate the interest and the limits of this species as a model organism for
nutritional physiology studies.

Introduction

The zebrafish (Danio rerio) is one of the most widely used
animal models for developmental research, and it is now

becoming an attractive model for drug discovery and toxi-
cological screening.1 The completion of sequencing the zebra-
fish genome and the availability of full-length cDNAs and
DNA microarrays for expression analysis, in addition to
techniques for generating transgenic lines and targeted mu-
tations, have made the zebrafish model even more attractive
to researchers. Obviously, it has been found that zebrafish
might be an interesting model organism in nutrition research.2

However, this potential has not yet been realized, and to our
knowledge, studies on the field remain scarce and concern
mainly the effect of long-term food deprivation and/or re-
feeding on hepatic, brain, and skeletal muscle tran-
scriptomes.3,4 Recently, Robison et al. examined for the first
time the effect of manipulating dietary macronutrient com-
position on hepatic gene expression in zebrafish.5 They
demonstrated that long-term (12 weeks) manipulation of di-
etary carbohydrate levels had a significant effect on the pat-
tern of expression of several hepatic genes during the
postabsorptive period (24 h after the last meal). As such, no
data is yet available for this species on the effect of macro-

nutrient composition of the diet on the regulation of
metabolism-related factors (genes and/or signaling path-
ways) during the postprandial period.

The regulation of intermediary metabolism often depends
on the crosstalk between nutritional and hormonal signals. A
well-known crosstalk is that committed by insulin and dietary
amino acids. Amino acids are not only considered as precur-
sors for the synthesis of proteins and other N-containing
compounds. They are involved in the regulation of major
metabolic pathways6 and are thus considered as signaling
molecules. Amino acids regulate protein synthesis by activat-
ing the mammalian target of rapamycin/p70 S6 kinase trans-
duction pathway, together with insulin.7,8 Recent studies
indicate that amino acids play also an important role in con-
trolling gene expression.9 In this regard, increasing evidence
has emerged in recent years to show that amino acid avail-
ability affects the expression of genes involved in many cell
functions, including lipid and glucose metabolisms,10–12 au-
tophagy,13 myogenesis,14,15 and stress response.16–18 However,
excessive levels of amino acids have also been observed to
promote insulin resistance with underlying negative effects at
the metabolic level.19

Dietary carbohydrates have also been observed to regulate
the expression of several genes involved in both intermediary
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metabolism and growth-related factors.20 In this regard, glu-
cose should not be uniquely considered as an energy fuel but
also as a signaling molecule acting in synergy with hormones.
Elevated glucose concentrations have thus been associated
with an increase of the expression of several genes coding for
enzymes needed for de novo lipogenesis such as acetyl CoA
carboxylase (ACC), fatty acid synthase (FAS), and liver py-
ruvate kinase (L-PK),21–24 but also that of several myogenic
regulatory factors coding genes.25 In recent years, great
progress has been achieved in understanding the molecular
mechanisms that couple glucose availability to gene tran-
scription.20 However, these mechanisms have not been fully
characterized to date and remain an important field of re-
search for study of the regulation of physiological functions of
individuals and/or animals living under conditions of re-
stricted, imbalanced, or excessive food intake.

The goal of the study presented here was to make inroads
in the understanding of the effect of manipulating dietary
macronutrient composition on the postprandial expression of
several key genes and proteins related to hepatic and muscle
metabolism in zebrafish. With this goal, two experiments
were carried out. In the former, we characterized the short-
term postprandial response of metabolism-related genes and
proteins to a single meal. Taking advantage of results ob-
tained in the first experiment, we then monitored the effects of
an increase in the ratio of dietary carbohydrates/proteins on
the postprandial expression of the metabolism-related factors.

Materials and Methods

The experiments were carried out in accordance with
French legislation governing the ethical treatment of animals,
and the investigators were certified by the French government
to carry out animal experiments.

Animals and experimental procedures

Two-month-old mixed-sex zebrafish (weights ranging
from 200 to 250 mg) were used in this study. During the ac-
climation period, fish were maintained in three 20 L tanks (100
fish/tank) at 28�C in a 10 h:14 h light:dark photoperiod and
fed ad libitum twice daily with a commercial diet (Gemma 300;
crude protein, 61.41% dry matter; crude fat, 17.11% dry
matter; gross energy, 20.98 kJ/g dry matter). In the single-
meal experiment (experiment 1), fish were food deprived for
72 h, refed ad libitum, and sampled at 0.5, 2, 6, and 24 h after
food administration. To limit handling stress in our successive
samplings, the required number of fish (n = 6, each sample
corresponding to three fish) was withdrawn from one of the
three tanks at each sampling time. As control, a group of fish
(n = 6, each sample corresponding to three fish) were sampled
before refeeding. In the second experiment, fish were left
unfed for 72 h and refed ad libitum with one of the two semi-
purified diets of high (H) or low (L) levels of protein (P) or
carbohydrates (C) (high protein–low carbohydrates [HPLC]
and low protein–high carbohydrates [LPHC], respectively)
(Table 1). The amount of feed distributed per tank was mea-
sured to ensure that feed intake was similar between diets
(around 3% of their body weight). The required number of
fish (n = 3 samples of three fish each) was sampled from each
tank before feeding as well as 30 min, 2 h, 6 h, and 24 h after
the meal. Fish were sacrificed by an overdose of isoeugénol
(PHYTOSUNaroms; Omega Pharma). The viscera (liver,

gastrointestinal tract, and diffuse pancreatic cells) and the
muscle (posterior trunk without head) from each fish were
dissected and immediately frozen in liquid nitrogen and kept
at - 80�C.

Chemical composition of the diets

The chemical composition of the diets was analyzed using
the following procedures: dry matter was determined after
drying at 105�C for 24 h, protein content (N · 6.25) was de-
termined by the Kjeldahl method after acid digestion,4 fat by
petroleum ether extraction (Soxtherm), and gross energy in an
adiabatic bomb calorimeter (IKA).

mRNA level analysis by real-time quantitative reverse
transcriptase–polymerase chain reaction

mRNA level analysis was performed in fasted, 6- and 24-h
refed fish, based on previous data identifying this time
points as relevant for examining the postprandial response
of genes to meal feeding in zebrafish.3 Total RNA was ex-
tracted from zebrafish viscera and muscle using TRIzol re-
agent (Invitrogen). Total RNA (1 lg) was reverse transcribed
into cDNA with the Superscript III RNAse H Reverse

Table 1. Composition of the Diets

HPLC diet LPHC diet

Ingredients (g.kg- 1)
Fish meala 670 280
Wheatb 80 420
Gelatinized starchc 150 150
Sunflower oild 30 50
Fish oile 0 30
Mineral premixf 30 30
Vitamin premixg 30 30
Binderh 10 10

Analytical composition
Dry matter (%) 93.09 93.60
Crude protein (% DM) 52.88 27.81
Crude fat (% DM) 10.17 11.92
NFEi 29.95 53.27
Gross energy (kJ/g DM) 20.87 20.34

aSopropêche.
bSudouest aliment.
cRoquette frères.
dLesieur.
eFeedoil (North Sea Fish Oil, Sopropèche).
fMineral mixture (g or mg/kg diet): calcium carbonate (40% Ca),

2.15g; magnesium oxide (60% mg), 1.24 g; ferric citrate, 0.2 g;
potassium iodide (75% I), 0.4 mg; zinc sulfate (36% Zn), 0.4 g; copper
sulfate (25% Cu), 0.3 g; manganese sulfate (33% Mib), 0.3 g; dibasic
calcium phosphate (20% Ca, 18%P), 5 g; cobalt sulfate, 2 mg; sodium
selenite (30% Se), 3 mg; KCl, 0.9 g; NaCl, 0.4 g (Unité de Préparation
des Aliments Expérimentaux).

gVitamin mixture (IU or mg/kg diet): DL-a tocopherol acetate, 60
IU; sodium menadione bi sulfate, 5 mg; retinyl acetate, 15,000 IU;
DL-cholecalciferol, 3000 IU; thiamin, 15 mg; riboflavin, 30 mg;
pyridoxine, 15 mg; B12, 0.05 mg; nicotinic acid, 175 mg; folic acid,
500 mg; inositol, 1000 mg; biotin, 2.5 mg; calcium panthotenate,
50 mg; choline chloride, 2000 mg (Unité de Préparation des Aliments
Expérimentaux).

hSodium alginate GF 150 (Louis Francxois Exploitation)
iNitrogen-free extract (carbohydrate): 100 (crude protein + crude

fat + ash).
DM, dry matter; HPLC, high protein–low carbohydrate; LPHC,

low protein–high carbohydrate.
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Transcriptase kit (Invitrogen) using oligo(dT) primers.
mRNA levels were determined by real-time quantitative
reverse transcriptase–polymerase chain reaction (q-PCR)
using the iCycler iQ (Bio-Rad). Analyses were performed on
10 lL of the diluted cDNA using the iQ SYBR Green Super-
mix (Bio-Rad), in a total PCR reaction volume of 25 lL,
containing 200 nM of each primer. Primers were designed to
overlap an intron if possible (Primer3 software) using se-
quences from the NCBI or Ensembl databases (Table 2).
Relative quantification of the target gene transcript was done
using 18S ribosomal RNA level, which was stably expressed
in this experiment. Thermal cycling was initiated with in-
cubation at 95�C for 90 s using hot-start iTaq DNA poly-
merase activation; 35 steps of PCR were performed, each one
consisting of heating at 95�C for 20 s for denaturing, at 55�C
for 10 s for primers annealing, and at 72�C for 10 s for the
extension step. After the final PCR cycle, melting curves
were systematically monitored (55�C temperature gradient
at 0.5�C/s from 55 to 94�C) to ensure that only one fragment
was amplified. Samples without RT and samples without
RNA were run for each reaction as negative controls. For
each sample, two RTs were performed, and for each RT two
PCRs were done.

Protein extraction and western blotting

Samples of frozen viscera and muscle (300 mg) were ho-
mogenized on ice with an Ultraturrax homogenizer in a
buffer containing 150 mM NaCl, 10 mM 2-amino-2-hydroxy-
methyl-propane-1,3-diol, 1 mM ethylene-glycol-bis(a-amino-
ethyl)-N,N,N¢,N¢-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). Homo-
genates were centrifuged at 1000 g for 15 min at 4�C, and
supernatant fractions were then centrifuged for 30 min at
20,000 g at 4�C. The resulting supernatant fractions were
sampled and stored at - 80�C. Protein concentrations were
determined using the Bio-Rad protein assay kit (Bio-Rad).
Lysates (40 lg protein) were subjected to sodium dodecyl
sulfate–polyacrylamide gel electrophoresis (SDS-PAGE)
and western blotting using the appropriate antibody: anti-
phospho Akt (Ser473) (Cell Signaling Technologies, 9271),
anti-carboxyl terminal Akt (Cell Signaling Technologies,
9272), anti-phospho S6K1 (Thr389) (Cell Signaling Technol-
ogies, 9205), anti-carboxyl terminal S6K1 (Cell Signaling
Technologies, 9202), anti-phosho S6 (Ser235/Ser236) (Cell
Signaling Technologies, 4856), anti-carboxyl terminal S6 (Cell
Signaling Technologies, 2217), anti-phospho 4E-BP1 (Thr37/
Thr46) (Cell Signaling Technologies, 9459), and anti-carboxyl
terminal 4E-BP1 (Cell Signaling Technologies, 9452). After
washing, membranes were incubated with an IRDye Infrared
secondary antibody (LI-COR Inc. Biotechnology). Bands
were visualized by Infrared Fluorescence using the Odyssey
Imaging System (LI-COR Inc. Biotechnology) and quantified
by Odyssey Infrared imaging system software (version 1.2;
LI-COR Inc. Biotechnology).

Statistical analysis

Results are expressed as means – SEM and analyzed by
one-way ANOVA followed by Tukey multiple-range test or
Student’s t-test as specified in figure legends. For all statistical
analyses, the level of significance was set at p < 0.05.

Table 2. Primers for Real-Time Polymerase Chain Reaction

Gene Forward primer (5¢–3¢) Reverse primer (5¢–3¢) Accession no.a

GKb GCTGTGAAGTCGGCATGATA CTTCAACCAGCTCCACCTTAC BC122359.1
HK1 ACTTTGGGTGCAATCCTGAC AGACGACGCACTGTTTTGTG BC067330.1
HK2b CAACAACGCCACCGTCAAAATG GCCCAGATCCAATGCCAAGAAA NM_213066.1
L-PK TCCTGGAGCATCTGTGTCTG GTCTGGCGATGTTCATTCCT BC152219.1
M-PK TGGGCTTATTAAGGGCAGTG TGCACCACCTTTGTGATGTT BC165710.1
cPEPCK ATCACGCATCGCTAAAGAGG CCGCTGCGAAATACTTCTTC NM_214751.1
mPEPCK TGCCTGGATGAAATTTGACA GGCATGAGGGTTGGTTTTTA NM_213192.1
G6Pase TCACAGCGTTGCTTTCAATC AACCCAGAAACATCCACAGC BC164161.1
FAS GAGGGAAATCCGACAGTTGA GACTCCAACAGAGCCTGAGC XM_001923608.3
G6PDH CGTCTTTTGTGGCAGTCAGA TGATGGGTGGTGTTTTCTCA XM_694076.5
SREBP1 GAGCCACGACACAATCCTTC CTGCAGCCAATTAATGACCA NM_001105129.1
ACCa CACGATGCTCAGTTGTGTCC CCATGACAGTGGACTTGACG XM_001919780.3
ACCb CTTCAAAGGAAAGCAGACCG TATGAGGGCAAATGAGAGGC XM_678989.5
CPT1ab GCATTGATCGGCATCTCTTT CAGTCTCCAAGGCTCTGACA NM_001044854.1
CPT1b TCCATCTGGGATACACAGCA CGATTCCCTTTGCAATCCTA ENSDART00000083421
MyoD GGAGCGAATTTCCACAGAGACT GTGCCCCTCCGGTACTGA AF318503.2
Myf5 CCTCCCCAAGGTAGAGATCC GTTCTCCACCTGTTCCCTGA BC165074.1
PCNA GCCTTGGCACTGGTCTTTG TGCCAAGCTGCTCCACATC BC064299.1
Myogenin GGCCGCTACCTTGAGAGAGA GAGCCTCAAAGGCCTCGTT BC078421.1
Atrogin1 GACTTCTGCAGTGCCATCAA GCCACTCCACTCAGAGAAGG NM_200917.1
Murf1a TGTGAGACCCAAATGTTTGAA TCCACTGAATTATCCAATGAAAA NM_001002133.1
Murf1b CACCAACATGGACATTCAGC TAGCACATCCTCGACACAGG NM_201095.1
LC3B GTGGAGGATGTACGGCTGAT GCAGTTGCTTCTCTCCCTTG BC155206.1
atg4b GTCTGGATTTTGGGAAAGCA CACCAATTGGCTGGAAGTTT BC076463.1
18Sb GAACGCCACTTGTCCCTCTA GTTGGTGGAGCGATTTGTCT FJ915075.1

aAccession numbers are from www.ncbi.nlm.nih.gov/ or www.ensembl.org/
bFrom Robison et al.5
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Results

Effect of a single meal on the expression of hepatic
metabolism-related genes

The effects of refeeding on the expression of hepatic
metabolism-related genes were analyzed by comparing fasted
and 6- and 24-h refed fish (Fig. 1). Refeeding led to an increase
in the expression of glucokinase (GK) and HK1 mRNAs 6 h
after the meal (Fig. 1A). Expression of HK2 and L-PK mRNAs
remained unchanged between fasted and refed fish irrespec-
tive of the sampling time, but was significantly affected be-
tween 6- and 24-h refed fish. Similar observations were made
for the gluconeogenic mRNAs cPEPCK and mPEPCK (Fig.
1B). In contrast, no effect of refeeding was monitored for
G6Pase. Regarding lipid metabolism (Fig. 1C), expression of
the lipogenic FAS, G6PDH, and ACCa (but not ACCb) genes

significantly increased 6 h after refeeding and then declined to
reach values found in fasted fish. The level of SREBP1 mRNA
remained unchanged after refeeding whatever the sampling
time considered, but was significantly affected between 6- and
24-h refed fish. Finally, we also investigated the expression of
CPT1a and CPT1b (Fig. 1D) and recorded a significant de-
crease of the level of mRNA of the last isoform 6 h after re-
feeding.

Effect of a single meal on the expression of muscle
metabolism- and growth-related factors

The effects of refeeding on the expression of several muscle
metabolism- and growth-related genes were analyzed by
comparing fasted and 6- and 24-h refed fish (Fig. 2). Refeeding
led to an increase in the expression of HK1 mRNA 6 h after the

FIG. 1. Postprandial regulation of gene expression of hepatic enzymes involved in (A) glycolysis, (B) gluconeogenesis, (C)
lipogenesis, and (D) lipolysis. Expression values are normalized with 18S-expressed transcripts. The mean and standard error
(SE) of n = 6 samples per group are shown. Data were analyzed using one-way analysis of variance (ANOVA), followed by
the Tukey post hoc test. Different letters indicate a significant difference at p < 0.05.
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meal (Fig. 2A). In contrast, expression of HK2 and M-PK
mRNA remained unchanged between fasted and refed fish.
Similarly, no effect of refeeding was observed for any of the
monitored genes involved in energy metabolism (Fig. 2B). By
investigating the regulation of expression of myogenic genes
(Fig. 2C), we found that mRNA levels of the genes encoding
Myf5 and Myogenin were upregulated 6 h after refeeding,
whereas those of MyoD and PCNA remained unchanged. We
also focused our attention on the mRNA levels of genes in-
volved in the two main muscle proteolytic systems, namely,
ub-proteasomal and autophagy-lysosomal systems (Fig. 2D).
Transcript levels of genes involved in the former proteolytic
system (atrogin1, murf1a, murf1b) were subjected to significant
reduction by refeeding. In contrast, the autophagy-related
genes (LC3B and atg4b) remained unaffected. Finally, we in-

vestigated the effect of refeeding on the phosphorylation of
the main proteins (Akt, 4EBP1, S6K1, S6) of the muscle growth
promoting Akt/TOR signaling pathways by comparing fas-
ted and 0.5- and 2-h refed fish. As shown in Figure 3, we
recorded an induction of the phosphorylation of all monitored
proteins by refeeding.

Effect of dietary carbohydrate to protein ratio
on the expression of hepatic and muscle
metabolism- and growth-related factors

We investigated the effects of feeding the two experimental
diets (HPLC and LPHC) on the expression of hepatic and
muscle metabolism- and growth-related factors in fish
sampled 2 h (for Akt/TOR signaling) and 6 h (for gene

FIG. 2. Postprandial regulation of gene expression of muscle proteins involved in (A) glycolysis, (B) energy metabolism, (C)
myogenesis, and (D) proteolysis. Expression values are normalized with 18S-expressed transcripts. The mean and SE of n = 6
samples per group are shown. Data were analyzed using one-way ANOVA, followed by the Tukey post hoc test. Different
letters indicate a significant difference at p < 0.05.
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expression) after the meal. Of the 14 genes explored in vis-
cera, GK and L-PK were the only genes affected by the car-
bohydrate to protein ratio in the diet, both of them
displaying higher mRNA levels in fish refed the LPHC diet
compared to the one refed the HPLC diet (Fig. 4). Similarly,
in the muscle, except ACCa, whose expression decreased in
LPHC-diet refed fish compared with their HPLC counter-
parts, the mRNA levels of all other genes analyzed in this
study remained the same between the two groups of fish
(Fig. 5). Likewise, no effect of carbohydrate-to-protein ratio
in the diet was observed in the activation of the Akt/TOR
signaling pathway (Fig. 6).

Discussion

The goals of our study were (a) to characterize the effect of a
single meal on the postprandial expression of several he-
patic and muscle metabolism-related genes and proteins
and (b) to analyze the effects of an increase in the ratio of
dietary carbohydrates/proteins on the expression of these
metabolism-related factors in zebrafish.

Glucose metabolism

Glycolysis represents the only metabolic pathway leading
to glucose catabolism in all organisms, including fish.26 All
enzymes involved in the glycolysis have been reported in
fish.27 Hexokinases catalyze the first reaction of glycolysis by
phosphorylating glucose into glucose-6-phosphate. Four clo-
sely related hexokinases (HK I–IV) have been described in
mammals.28,29 In the present study, we confirm that HK-I,
HK-II, and HK-IV, known as GK, are also expressed in zeb-
rafish. Refeeding increased expression of visceral GK and HK1
but has few effects on HK2 gene expression. When the pro-
portion of carbohydrates is increased at the expense of pro-
teins, the level of GK mRNA significantly increased. Unlike
mammals in which insulin is a major regulator of GK gene

FIG. 3. Postprandial profile of components of the Akt/TOR
signaling pathway in muscle of trout as determined by
western blot densitometry. Twenty micrograms of total
protein per lane was loaded on the gel. A representative blot
is shown. Graphs represent the ratio between the phos-
phorylated protein and the total amount of the targeted
protein. Results are mean – SE (n = 6) and were analyzed
using one-way ANOVA followed by the Tukey test for
multiple comparisons. Mean values differ for a selected
group not sharing a common letter ( p < 0.05).

FIG. 4. Gene expression of hepatic en-
zymes involved in (A) glycolysis, (B) gluco-
neogenesis, (C) lipolysis, and (D) lipogenesis
in high protein–low carbohydrate- (HPLC)
and low protein–high carbohydrate (LPHC)-
diet 6-h refed rainbow trout. Expression
values were normalized with 18S-expressed
transcripts. Results are expressed as fold of
the HPLC group and presented as means –
SE (n = 6). *Significant difference from HPLC
group ( p < 0.05, Student’s t-test).

242 SEILIEZ ET AL.



expression,30 zebrafish GK gene expression is probably
mainly controlled by carbohydrates, as suggested by Robi-
son et al.5 and confirmed by González-Alvarez et al. after
intraperitoneal administration of glucose to zebrafish.31

Several data obtained in other fish species tend toward the

same conclusion that carbohydrates are the main regulator
of GK gene expression in fish.32 In this regard, in vivo studies
showed that GK mRNA expression increases in rainbow
trout and gilthead sea bream according to the proportion of
dietary carbohydrate content,32–36 and in vitro experiments
demonstrated that glucose enhances accumulation of GK
mRNA in rainbow trout hepatocytes.37 Zebrafish GK gene
expression was also proposed to be subjected to a sexually
dimorphic regulation in the postprandial state.5 Since fish of
the present study were sexually immature, the influence of
sex difference on transcriptional response was probably
weak.

Despite a strong induction of GK gene expression, that of
the downstream PK was poorly regulated by refeeding in
zebrafish as previously observed in rainbow trout.38,39 In
mammals, PK is submitted to dietary and hormonal regula-
tions mainly committed by carbohydrates, insulin, and glu-
cagon. Such regulations occur at the transcriptional level40

and also through post-transcriptional modifications of the
protein, including phosphorylation and dephosphorylation
process.41 It is therefore possible that zebrafish PK is mainly
controlled by refeeding at the level of its activity through post-
translational mechanisms as it has been previously proposed
in rainbow trout.42 On the other hand, the positive effect of
high carbohydrate diet on zebrafish L-PK gene expression is in
agreement with what is observed in mammals.40

When looking at genes related to gluconeogenesis in vis-
cera, we found that cytosolic and mitochondrial PEPCK
mRNA levels were inhibited during refeeding. The activity of
PEPCK is only controlled at the level of transcription as there
are no known allosteric modifiers.43 In mammals, the gene
encoding the cytosolic isoform is under nutritional and hor-
monal control, which is not the case of the mitochondrial
isoform, known to be constitutively expressed. This feature
may probably be extended to zebrafish inasmuch as cytosolic
PEPCK gene expression exhibited to a 30-fold decrease be-
tween 6 and 24 h after the meal, whereas mPEPCK is poorly
downregulated during the same period (1.2-fold increase).
The increase of dietary carbohydrate does not affect the level
of expression of the cytosolic PEPCK gene as previously ob-
served in common carp, another Cyprinidae fish species.44

FIG. 5. Gene expression of muscle proteins
involved in (A) glycolysis, (B) energy me-
tabolism, (C) myogenesis, and (D) prote-
olysis in HPLC- and LPHC-diet 6-h refed
rainbow trout. Expression values were nor-
malized with 18S-expressed transcripts. Re-
sults are expressed as fold of the HPLC
group and presented as means – SE (n = 6).
*Significant difference from HPLC group
( p < 0.05, Student’s t-test).

FIG. 6. Western blot analysis of Akt, S6K1, S6, and 4E-BP1
protein phosphorylation in muscle of fasted (T0) and HPLC-
and LPHC-diet 2-h-refed rainbow trout. Twenty micrograms
of total protein per lane was loaded on the gel. A represen-
tative blot is shown. Graphs represent the ratio between the
phosphorylated protein and the total amount of the targeted
protein. Results are means – SE (n = 6) and were analyzed
using one-way ANOVA followed by the Tukey test for
multiple comparisons. Mean values for a selected group not
sharing a common letter differ ( p < 0.05).
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G6Pase was the second gluconeogenic enzyme investi-
gated in the current study. We observed in zebrafish that
G6Pase gene expression was affected by neither refeeding nor
dietary carbohydrate proportion, whereas in mammals,
G6Pase gene expression is downregulated by carbohydrate
intake through transcriptional mechanisms.45 The absence of
postprandial inhibition of G6Pase gene expression is also
observed in rainbow trout.36,46 The authors suggest that this
absence of inhibition might, at least partly, explain the pro-
longed postprandial hyperglycemic phenotype of carnivo-
rous fish fed a high-carbohydrate diet.36,46 Our results are not
in accordance with previous studies indicating that zebrafish,
like other omnivores, metabolize glucose faster than carniv-
orous teleosts.47,48

Lipogenesis

In mammals, the two key enzymes required to divert gly-
colytic carbon flux into lipid biosynthesis are ACLY and FAS.
ACLY converts cytosolic citrate into acetyl-CoA and oxalo-
acetate, thereby supplying the essential metabolite for lipid
biosynthesis. FAS catalyzes all of the reaction steps involved
in the conversion of acetyl-CoA and malonyl-CoA, supplied
by ACCa, the hepatic isoform of ACC, to palmitate. For these
reactions, FAS uses NADPH, generated by enzymes of the
pentose phosphate shunt such as G6PDH. All these enzymes
are also expressed in zebrafish and are positively regulated by
the nutritional status as previously observed in mammals,
where, for example, the rate of FAS gene expression is in-
duced by re-feeding in rats.49

SREBP1 is essential for the transcriptional control of genes
encoding enzymes of lipid biosynthesis such as FAS and
ACLY. Except a decrease between 6 and 24 h after refeeding,
SREBP1 mRNA expression was poorly regulated in zebrafish
by the meal. Previous results obtained by Craig and Moon
also demonstrated that 2 weeks of fasting is needed to sig-
nificantly decrease SREBP1 gene expression in zebrafish.50

The expression of SREBP1 in zebrafish is potentially less
sensitive to nutritional control than mammalian and avian
species and even trout, where SREBP1 gene expression is re-
pressed by short-term fasting.36,51–53

The data of the present work show that 50% reduction of
dietary protein content in favor to carbohydrates does not
change the postprandial level of expression of all investigated
lipogenic genes. This absence of adaptation of the lipogenic
pathway to dietary protein-to-carbohydrate ratio is surpris-
ing since modifications have been previously observed in
both mammals and fish. In rats, high-protein diet lead to a
reduction in the expression of lipogenic enzymes,54–56

whereas opposite effects were observed in rainbow trout.36

Further analysis of lipogenic enzyme activities would be of
interest to investigate if regulations occur at this level. Whe-
ther a longer feeding trial than that presented here could af-
fect the mRNA levels of lipogenic genes is also worth
investigating.

Fatty acid b-oxidation

The b-oxidation of long-chain fatty acids plays a central role
in the production of energy in situations of food deprivation
or exercise where glucose is limited or need to be spared.
CPT1 is responsible for the entry of long chain fatty acids into
the mitochondria. It is considered as a limiting enzyme of b-

oxidation.57,58 This enzyme is inhibited by malonyl-CoA,
mainly produced by the reaction of ACCa and ACCb57 in the
liver and the muscle, respectively. We observed in zebrafish
that the gene encoding the b isoform of CPT1 is down-
regulated in visceral tissues 6 h after refeeding, in agreement
with the increased expression of ACCa. On the contrary,
muscle expressions of isoforms a and b of both CPT1 and ACC
remain stable, suggesting that muscle b-oxidation is poorly
controlled by fasting and refeeding compared with hepatic b-
oxidation. This hypothesis needs to be carefully confirmed by
a more precise time-course postprandial analysis of CPT1 and
ACC muscle gene expression. We found that modification of
the dietary protein to carbohydrate ratio has little effect on
CPT1 and ACC gene expression in zebrafish, whereas inhi-
bition of CPT1 gene expression is preferentially observed after
a HPLC meal in rainbow trout.36,59 These results suggest a
different control mechanism of energy metabolism between
these two fish species.

Myogenesis

Myogenesis is regulated by a family of transcription factors
called myogenic regulatory factors that are expressed in a
temporally distinct pattern during determination, activation,
and proliferation of muscle precursor cells (Myf5 and Myod)
and in cells entering the terminal differentiation program
(myogenin).60 Proliferative muscle precursor cells express
also PCNA, which is a protein functioning as a cofactor of
DNA polymerase-d and is necessary for cell cycle progression
and cell proliferation.61 We reported here that the expression
of Myf5 and myogenin (but not that of MyoD and PCNA) is
upregulated in zebrafish of 200–250 mg body weight (20–
25 mm long) 6 h after a single commercial meal after a short
starvation period (72 h). These results contradict previously
published data in zebrafish of 460–530 mg body weight (30–
33 mm long) showing no change in expression of these genes 3
and 6 h after a 3 h bloodworms feeding period after a star-
vation period of 7 days.3 This discrepancy between results
may be caused by a different muscle growth mechanism of the
zebrafish used in the two studies, that is, only by hypertrophy
(increase in muscle fiber size) in 30-mm-long fish and by hy-
pertrophy and hyperplasia (increase in the number of muscle
fibers) in 20-mm-long ones.62 However, the differences of the
experimental procedures between both studies (mainly the
starvation and feeding times and the given diets) likely ac-
count for much of the observed differences. In this regard,
changes in food availability are known to affect the expression
of myogenin in the zebrafish63 as in rainbow trout,64,65 and
Atlantic salmon,66 and that of Myf5 in rainbow trout65 and
Atlantic salmon.67

The lack of effect of dietary carbohydrate-to-protein ratio in
the expression of myogenic regulatory factors coding genes
contradicts also with a recent study in rainbow trout, showing
that carbohydrate levels in the diet affect the expression of
Myf5 and myogenin.25 However, these results were obtained
after 12 weeks of feeding, possibly reflecting that the effect of
manipulating dietary macronutrient composition on the ex-
pression of these genes appears at long-term but not during
the postprandial period. Furthermore, in contrast to zebrafish,
rainbow trout displays an indeterminate muscle growth pat-
tern allowed by a continuous production of muscle fibers (hy-
perplasia) in addition to an increase of fiber size (hypertrophy).
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This difference between these two piscine species could also
explain the observed differences in gene expression.

Overall, these findings highlight the magnitude of the
mechanisms involved in muscle growth in different fish spe-
cies (indeterminate vs. determinate growth, long-term vs.
short-term nutritional effects). These findings also demon-
strate the importance of these species in comparative physi-
ology and help gain better understanding of mechanisms
involved in muscle growth.

Protein turnover

Protein accretion also reflects dynamic changes between
synthesis and degradation. The former depends on the ac-
tivity of the above-mentioned Akt/TOR signaling pathway.68

We, and others, reported previously in mammals and piscine
species that the macronutrient composition of the diets affects
the Akt/TOR signaling axis after a single meal, or, more
precisely, reduction of the dietary protein content in favor of
carbohydrates impairs the activation of the Akt/TOR sig-
naling pathway.36,69 In the present study, several main pro-
teins of this signaling route (Akt, 4EBP1, S6K1, S6) were
activated by refeeding, but were not affected by macronutri-
ent composition of the diet. A possible explanation for these
results is that the protein levels of the LPHC diet, although
marginal compared with the levels estimated for optimal
growth,2 are sufficient to activate the Akt/TOR signaling
pathway. However, the exact nutritional requirements are
unknown for this species, and the only available data are
approximations drawn from studies of cyprinid species such
as the common carp (Cyprinus carpio) and goldfish (Carasius
auratus).2 Further studies are warranted to precisely deter-
mine the nutritional requirements of zebrafish.

The degradation of proteins depends on the activity of the
main proteolytic routes that are the ubiquitin-proteasomal
and the autophagy-Lysosomal pathways. As already ob-
served in zebrafish3 and other fish species,36,67,70–72 genes
encoding E3-ubiquitin ligase, atrogin1/MAFbx and MuRF1,
were inhibited by feeding. However, dietary carbohydrate-to-
protein ratio had no impact on the expression of these genes.
In mammals, the regulation of atrogin1/MAFbx and MuRF1
has been shown to be associated to the activity of the FoxO1/3
transcription factors, the downstream targets of the PI3K/Akt
signaling pathway.73–75 In this regard, the correlation be-
tween the phosphorylation of Akt and the pattern of expres-
sion of the two E3-ubiquitine ligase coding genes in our study
suggests a strong conservation of the mechanisms involved in
the regulation of the Ub-proteasome-dependent proteolytic
pathway between higher and lower vertebrates and confirms
the previous observation in rainbow trout.71,76,77

In contrast, no relationship was observed between the ac-
tivation of Akt and the expression of autophagy-related
genes. In mammals, the expression of these genes is recog-
nized to be also dependent on the PI3K/Akt signaling path-
way via the activation of the transcription factor FoxO.78,79

However, recent in vitro and in vivo studies in rainbow trout
indicate that IGF1 and insulin induce activation of Akt and
FoxO but have low or no effect on autophagy-related tran-
scripts levels, suggesting a minor role for this signaling axis on
the autophagic/lysosomal pathway in this species.76,77 Whe-
ther the observed lack of feeding effect on the expression of
autophagy-related genes is specific to the studied piscine

species so far or due to the experimental conditions is worth
investigating.

Conclusions and significance

The understanding of the role of nutrients as signaling
molecules remains relatively limited, although significant
progress has been achieved during the past few years, in
particular with regard to amino acid control of physiological
functions. Zebrafish has been proposed as a possible model
organism to make inroads in nutritional physiology.2 How-
ever, to our knowledge, studies on the field remain scarce and
deal mainly with the effect of fasting and/or refeeding.3,4

Here, we investigated in this species not only the effect of a
single meal on the postprandial expression of several hepatic
and muscle metabolism-related genes and proteins but also
that of manipulating proteins and carbohydrates content of
the diet. Our data show that following the genes or functions
considered, the responses obtained with this species are
similar to those observed in carnivorous species such as
rainbow trout (e.g., lack of refeeding effect on the expression
of PK), similar to those usually attributed to rodent species
(e.g., effect of refeeding on cPEPCK gene expression) or spe-
cific to this model (e.g., no significant modification of SREBP1
mRNA expression between fasted and refed fish). Together,
these specific features of its metabolism, along with its nu-
merous well-recognized advantages (short generation time
interval, capacity to produce numerous offspring, wide va-
riety of molecular tools and information available for geno-
mic analysis, a sequenced genome), make this species
particularly relevant in comparative physiology. However,
several gaps remain in the precise knowledge of the nutri-
tional physiology of this species (e.g., nutritional require-
ment, regulation of feed intake, optimum feeding levels,
maximum growth rate), limiting its use as a model organism
in the field. In the future, one of the major challenges will be
to fill these gaps.
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