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Effects of short-term starvation on ghrelin, GH-IGF system,
and IGF-binding proteins in Atlantic salmon
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Abstract The effects of short-time fasting on appe-
tite, growth, and nutrient were studied in Atlantic
salmon (Salmo salar) smolts. Feed deprivation did
change the energy metabolism with reduced plasma
protein and muscle indispensible amino acid levels.
Plasma levels of ghrelin were significantly higher in
starved salmon compared with fed fish after 2 days, but
no differences in circulating ghrelin were found between
treatments after 14 days. Two mRNA sequences for
ghrelin-1 and ghrelin-2, 430 and 533 bp long, respec-
tively, were detected. In addition, the growth hormone
secretagogues-receptor like receptor (GHSR-LR) la
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and 1b were identified. Ghrelin-1 but not ghrelin-2
mRNA levels were affected by starvation in the
stomach. Lower ghrelin-1 mRNA levels were detected
at day 2 in starved fish compared with fed fish. The
mRNA levels of GHSR-LR1a were not affected by
starvation. Fasting reduced the phenotypic growth and
the transcription of insulin-like growth factor (IGF)-II
together with IGF-IIR, but IGF-I mRNA were not
regulated in fasted salmon after 14 days. Three IGF-
binding proteins (IGFBP) at 23, 32, and 43 kDa were
found in salmon, and circulating 23 kDa was signifi-
cantly increased after 14 days of starvation compared
with fed fish, indicating increased catabolism. The
levels of IGFBP-1 mRNA were significantly higher in
fed and starved fish after 14 days compared to those at
the start of the experiment, but no significant difference
was observed between the treatments. In conclusion, we
have shown that circulating ghrelin and ghrelin-1
mRNA is related to changes in energy metabolism in
Atlantic salmon.

Keywords Atlantic salmon - Ghrelin - GH-IGF
system - IGF-binding proteins - Food deprivation

Introduction
For salmonids and many other species of fish, periods

of reduced food intake is a normal phase of their
lives. Endocrine regulation of food deprivation and

@ Springer



218

Fish Physiol Biochem (2011) 37:217-232

growth in fish is relative complex. Ghrelin is one of
the many neuropeptide hormones that have been
documented to be involved in appetite stimulatory
(orexigenic) responses in rodents (Kojima et al.
1999). Ghrelin is a growth hormone secretagogue
and functions primarily as a GH-releasing hormone
and as an orexigen, but has also been documented to
be involved in the immune system, stress, energy
metabolism, and growth in fish (Kaiya et al. 2008).
Ghrelin in fish is as in mammals predominantly
produced in endocrine cells of the stomach (Kaiya
et al. 2003; Sakata et al. 2004).

In fish, circulating ghrelin directly or indirectly acts
as an endocrine peptide to stimulate the release of
some hormones, but the regulative mechanism is not
yet clear (Kaiya et al. 2008). In shorter timescale,
Unniappan et al. (2004) have observed a postprandial
decrease in ghrelin mRNA expression in the hypo-
thalamus and gut, and a postprandial decrease in serum
ghrelin levels in goldfish. Pankhurst et al. (2008a, b)
showed elevated plasma ghrelin levels 24 h after the
last meal in rainbow trout. These results suggest that
ghrelin is a possible orexigen. In longer-term scale,
Jonsson et al. (2007) reported that plasma levels of
ghrelin decreased during fasting over a period of
1-3 weeks in a study with rainbow trout. On the other
hand, Murashita et al. (2009) reported increased
mRNA levels on ghrelin-1, but not ghrelin-2 in the
stomach of salmon (Salmo salar) starved for 6 days.

The ghrelin receptor sequences (growth hormone
secretagogues-receptor like receptor, GHSR-LR) are
recently published in rainbow trout (Kaiya et al.
2009a). Gene structure and characterization of the
protein sequence identified it to be closely similar to
GHS-R1a in pufferfish Arothron meleagis (Palyha
et al. 2000), black seabream Acanthopagrus schlegeli
(Chan and Cheng 2004), and tilapia (Kaiya et al.
2009b), although further study is required to confirm
receptor activations by ghrelin or GHS (Kaiya et al.
2009a). Exogenous (human) ghrelin intraperitoneally
(i.p.) and intracerebroventricularly administered stim-
ulates feeding in goldfish (Unniappan et al. 2004) and
reduces food intake in rainbow trout (Jonsson et al.
2010), but i.p. administered trout ghrelin did not affect
food intake during 12-h postinjection in rainbow trout
(Jonsson et al. 2007). Pre-smolts and smolts of Atlantic
salmon following stress showed elevated levels of
plasma levels of cortisol and glucose and a suppression
of plasma ghrelin levels (Pankhurst et al. 2008b).
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Insulin-like growth factor I (IGF-I) is the major
anabolic agent responsible for tissue growth (Duan
1998; Thissen et al. 1999), but there is clear evidence
that insulin-like growth factor II (IGF-II) is related to
local paracrine/autocrine regulation of muscle tissue
growth in teleost fishes (Vong et al. 2003; Hevrgy
et al. 2007). We have earlier examined the possible
nutritional regulation of the somatotropic system by
a single indispensable amino acids (IAA) lysine,
methionine, quality of dietary protein, and dietary
protein level in Atlantic salmon (Hevrgy et al. 2007,
Espe et al. 2008; Hevrgy et al. 2008; El-Mowafi et al.
2010). All these studies have shown prominent
responses on the GH-IGF system in Atlantic salmon
in relation to dietary protein deficiency resulting in
reduced feed intake and/or growth reductions.
The availability of IGF-I to bind to receptors is
regulated by a family of high-affinity IGF-binding
proteins (IGFBPs). Shimizu et al. (2005) sug-
gested that regulation of free IGF levels gives the
IGFBP-1 a crucial role in regulating the metabolic
action of IGF-I in chinook salmon (Oncorhynchus
tshawytscha).

During starvation periods, it is necessary to
allocate energy reserves away from growth and into
support of vital processes (Sumpter et al. 1991). Both
protein and fat were important sources of energy
during starvation of adult Atlantic salmon (Einen
et al. 1998). Changes in energy stores have not been
studied in detail regarding free IAAs in the muscle,
where limitation of specific amino acids is suggested
to limit protein synthesis and growth of salmon
(Carter et al. 2000). Smolts are probably vulnerable
to food deprivation during the early postsmolt phase,
and little is known about how this affects free amino
acids in the muscle growth phase. In this study, we
used newly adapted 1+ postsmolt for a short
experimental study to examine the relationship
between nutrients, IGFs, IGF-binding proteins, and
the responses of the hormone ghrelin during feed
deprivation.

Materials and methods

Fish and experimental condition

The starvation experiment was conducted at Nofima
Ingredients, Austevoll (60°05'N, 05°16'E), Norway.
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Salmon postsmolt (Salmo salar L., 1+) of the NLA
strain was used in the experiment. After an acclima-
tion period to seawater for 34 days in 2 x 2 0.8-m’
tanks, the fish with an average body weight of
128 £ 19 g (N = 280, n = 70) were randomly dis-
tributed into four similar tanks all with feed collectors
(Hglland Teknologi AS, Sandnes, Norway). Experi-
mental tanks were kept indoor under continuous light,
and all tanks were supplied with 75 1 min~" seawater
pumped from a depth of 50 m. The salmon in two
tanks were starved, while the fish in two other tanks
were fed a commercial diet (pellet size of
3.5-4.5 mm) consisting of mainly marine protein
and marine lipids (analysis dry matter 950 g kg™ ',
protein 426 g kg™', lipid 278 gkg™', and gross
energy 23.8 MJ kg™ '). During the experiment salin-
ity, ~31.5 gl_1 and temperature 10.1 + 0.1°C were
stable, and the levels of oxygen in the outlet water
were never lower than 7.0 mg 1! (saturation 80%).
The fish were fed by automatic feeders that were
adjusted every day to maintain 10% feed in excess.
Feeding was offered every day in two main periods
(5 a.m. to 8 a.m. and 2 p.m. to 3 a.m.). Bulk weight of
all fish was obtained at the start of the experiment
10th of June and at the end of experiment 24th of
June 2008. All samplings were performed 5 h after
the fed fish was fed to ab libitum in the morning
meal, and the starved fish was sampled at the same
time. This was executed to secure comparable
sampling regime of plasma nutrients and hormones.
The fish were sedated with 12 mg1~' AQUI-S in
tanks before netting to reduce stress (Olsvik et al.
2007). Individually sampled fish (n = 6 per tank)
were killed by a blow to the head, and weights and
fork lengths were measured to the nearest g and
nearest 0.5 cm at the start, after 2 days and after
14 days of the experiment. The bulk weights were
quantified for the remaining fish in each tank at the
start and the end of experiment. Samples of brain,
liver, stomach and white muscle from the medial part
of the fillet were collected and flash-frozen in liquid
nitrogen and stored at —80°C until analyzed. Blood
was withdrawn from the caudal veins using sterile
needles (Vacuette, Greiner bio-one) with vacutainer
and put on 10-ml EDTA —2Na tubes on ice before
centrifugation (1,250xg for 10 min). The study was
performed in accordance with the guidelines drawn
by the Norwegian State Commission for Laboratory
Animals.

Chemical analyses

Crude chemical analyses of the diets were conducted
as briefly described. Nitrogen was determined after
total combustion using a Nitrogen—Analyser. Dry
weight and ash content was determined gravimetri-
cally after freeze-drying the samples and dried to
final weight in an oven at 550°C. Amino acids in de-
proteinized muscle tissues and plasma were deter-
mined on a Biochrom 20 plus amino acid analyzer
(Amersham Pharmacia Biotech, Sweden) equipped
with a lithium column using postcolumn derivatiza-
tion with ninhydrin as described (Espe et al. 2000).
Plasma samples were analyzed for the enzymes
alanine aminotransferase (ALAT), aspartate amino-
transferase (ASAT) and for the nutrient glucose, total
protein, cholesterol and triacylglycerol (TAG) on a
Maxmat Biomedical Analyser (SM1167, Maxmat
S.A., France). For the analyses, Maxmat reagents and
the appropriated calibrators and controls for the
different methods were used.

RNA extraction

Total RNA was extracted using Trizol reagent
according to the manufacturer’s recommendation
(Invitrogen). In order to eliminate genomic DNA,
the total RNA samples were subjected to DNase
treatment (DNeasy, Ambion), using the manufac-
turer’s protocol. Quantity and quality of RNA were
assessed with the NanoDrop® ND-1000 UV-Vis
Spectrophotometer (NanoDrop Technologies, Wil-
mington, DE, USA) and the Agilent 2100 Bioanalyzer
(Agilent Technologies, Palo Alto, CA, USA), where a
260/280 nm absorbance ratio of 1.8-2.0 indicates a
pure RNA sample. To evaluate the RNA integrity, the
6000 Nano LabChip® kit (Agilent Technologies, Palo
Alto, CA, USA) was used, with average RNA
Integrity Numbers (RIN) of 9.7 (SD £ 0.6) in brain,
10 (SD % 0.0) in liver, 9.7 (SD = 0.2) in stomach,
and 10 (SD =+ 0.0) in white muscle tissue.

Cloning and bioinformatic analysis of ghrelin
mRNA

PCR primers for the cloning of the ghrelin transcripts
in Atlantic salmon were designed based on homolo-
gous ghrelin mRNA sequences in rainbow trout
(accession NM_001124588). These are listed in

@ Springer



220

Fish Physiol Biochem (2011) 37:217-232

Table 1 Primers for

fishing and prolonging by Target

Sequence of primers

use of RACE-PCR of the
gene sequences of Atlantic
salmon ghrelin-1 and
ghrelin-2

Ghr 1 and Ghr 2

RACE Ghr 1
RACE Ghr 2
Primer sequence for the GHSR-LRIa
PCR product of GHSR-
LR1a and GHSR-LR1b GHSR-LR1b

sequencing in Atlantic
salmon

For 5'- TGTGTACTCTGGCTCTGTGG

For 5'- AGCTTCCTCAGCCCCTCCCA

For 5'- CTCAGCCCCTCCCAGAAACC

Rev 5'- GATGCCCATCTCAAAAGGAG

Rev 5'- TCCTCCTCACTCATGGTGAT

Rev 5’- CTCCTGGAACTCCTCCTCAC

Rev 5'- GTCCTGCAGGATCTTCTGCA

Rev 5'- GTGTCTCCCAGGACGTCCTG

For 5'- CTCTGTGGGCCAAGTCAGTC

Rev 5'- CTGACTGAACCGGGTGTCTC

For 5'- AGAAACCACAGGTAAGACAGGGTAAAGGGA
Rev 5'- AGGGAAATGGGACAGAATGGACACCAAAGA
For 5'- CTTTTGAGATGGGCATCACC

Rev 5'- CCACTACGGGTAGAGTTTTC

For 5'- CTCTGTGGGCCAAGTCAGTC

Rev 5'- CTGACTGAACCGGGTGTCTC

For 5'- CTCCCAGAAACCACAGGGTAAAGGGAAGCC

Rev 5'- CCGAAGGGAAATGGGACACCAAAGACCCTC
For 5'- CTCCTTTTGAGATGGGCATC

Rev 5'- CTACGGGTAGAGTTTTCCTC

For 5'- GCGGTTGAGTCTGGGCTTCTA

Rev 5'- CAAAATGGCTACAGTCACAGG

For 5'- CCCCGTTCTAATGGGAATCA

Rev 5'- CTCCACGGACAGAGCGGTTA

Table 2. PCR was carried out using a mix of the
primers on an Atlantic salmon stomach cDNA sample
run for 45 cycles. The obtained products were run on a
2% agarose DNA gel, and individual products cut out
from the gel and sequenced. These sequences were
compared to known ghrelin sequences in GenBank
Protein, using BLASTX. Based on this comparison, it
was clear that pure products encoding ghrelin-1 (ghr1)
as well as ghrelin-2 (ghr2) mRNA had been obtained.
The sequences were assembled using the Phred/Phrap
package (Ewing and Green, 1998), and based on the
assembled sequences, RACE-PCR primers specific
for each transcript were designed (Table 1). The
5" and 3’ ends of the sequences were obtained by
rapid amplification of the cDNA ends (RACE)-PCR
(GeneRacer, Invitrogen) according to the manufac-
turer’s protocol, including the use of nested PCR. PCR
products were ligated into a pCR4-TOPO plasmid
vector and transferred to a chemically competent
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TOP10 Escherichia coli cells (TOPO TA cloning kit,
Invitrogen). After selection on agar, plasmids of
transformed cells were isolated (miniprep; Bio-Rad).
Sequencing was performed by the dideoxynucleotide
procedure using the ABI Prism BigDye Terminator
Cycle Sequencing Ready Reaction Kit (Applied
Biosystems) on the ABI Prism 310 automated
sequencer (Applied Biosystems).

Resulting sequence data from each gene was
combined with earlier sequences and re-assembled
using Phred/Phrap. Resulting contigs for each tran-
script were manually inspected and compared to
publicly available ghrelin sequences using BLASTN.
The preproghrelin-1 was aligned to available homol-
ogous sequences from a selection of fish species as
well as the sequence from chicken (Gallus gallus)
and mouse (Mus musculus), using PRANK default
parameters. The first 24 residues of the predicted
protein sequence in chum salmon Oncorhynchus keta



Fish Physiol Biochem (2011) 37:217-232

221

(A8R5NS) were not included in the alignment due to
probable incorrect annotation of the translation start
site in this protein, which does not start with a valid
start codon. Using PHYML, the resulting multiple
alignments was used to find a maximum likelihood
evolutionary tree based on this protein sequence.

Real-time RT-PCR

PCR primers for the targets genes IGF-I, IGF-II, GH-
R, IGF-R, and the reference gene acidic ribosomal
phosphoprotein (ARP) in S. salar were designed with
the Primer Express software and Biosoft software as
previously described (Hevrgy et al. 2007). PCR
primers for S. salar IGF-IIR have been described by
Bower et al. (2008). GHSR-LR1a and GHSR-LR1b
were designed with the Primer Express software based
on sequences of O. mykiss (Kaiya et al. 2009a)
(Table 1). Amplified PCR products of all GHSR-
LR1a and GHSR-LR1b cDNAs were sequenced to
ensure that the correct mRINA sequences were quan-
tified. The fragments were sequenced with BigDye
version 3.1 fluorescent chemistry (Applied Biosys-
tems) and run on an ABI PRISM® 377DNA apparatus
at the University of Bergen Sequencing Facility. The
identified gene of S. Salar GHSR-LR1a and GHSR-
LR1b were given the GenBank accession numbers
GQ373171 and GU181419, respectively. All the
designed primers were BLAST searched against any
salmon sequence in the NCBI database to verify
specificity. As reference genes, the ARP (Hevrgy et al.
2007), p-actin, and elongation factor loff (EF1-af)
(Olsvik et al. 2005) were used (Table 2). For verifi-
cation, PCR products were run on a 2% agarose DNA
gel with ethidium bromide staining and analyzed with
the Bio-Rad Gel Doc 2000.

Reverse transcription (RT) was performed using a
modified Multiscribe reverse transcription protocol
(GeneAmp PCR 9700, Applied Biosystems, AB) as
previously described (Hevrgy et al. 2006). Brain, liver,
stomach, and white muscle samples from each fish
were run in duplicate (250 ng, =5%) on 96-well plates
for the RT and real-time PCR. Real-time PCR ampli-
fication and analysis were performed on a LightCycler
480 Real-time PCR system (Roche Applied Science,
Basel, Switzerland). The real-time PCR SYBR Green
Master Mix (LightCycler 480 SYBR Green master mix
kit, Roche) contained FastStart DNA polymerase
and gene specific primers at final concentration of

500 nM. Two microliters of cDNA from each well was
transferred to anew plate, and 10 pl of real-time master
mix was added. The following real-time PCR protocol
was employed; (stage 1) heating to 50°C for 2 min,
(stage 2) heating to 95°C for 10 min, and (stage 3) 50
cycles of 95°C for 15 s and 60°C for 60 s. Efficiency
of real-time PCR was monitored using twofold
dilution curves of total RNA using 5 points (range
500-31.25 ng/ul).

Radioimmunoassay

Ghrelin levels in plasma were measured with a
heterologous assay using a '*’I-radioimmunoassay kit
for human ghrelin (Linco Research Inc, St Charles,
Missouri), which is specific for biologically active
(octanoylated) ghrelin. One milliliter of plasma was
immediately acidified (HCI to a final concentration of
0.1 M) for measurements of active ghrelin (Hosoda
et al. 2000). The assay has been validated in use for
Atlantic salmon by Pankhurst et al. (2008b).

Western ligand blotting using digoxigenin-labeled
IGF-I

Recombinant human IGF-I (hIGF-I; Novozymes
GroPep Ltd., Adelaide, SA, Australia) was labeled
with  digoxigenin-3-o-metylcarbonyl-e-aminocaproic
acid-N-hydroxysuccimimide ester (DIG; Roche,
Basel, Switzerland) according to the method of
Shimizu et al. (2000). DIG was stored at —20°C until
use. Western ligand blotting was carried out according
to the method of Hossenlopp et al. (1986) with
modifications. One microliter of normal human serum
(Sigma), and 2 pl of salmon plasma, was separated by
discontinuous 12.5% sodium dodecyl sulfate—
polyacrylamide gel electrophoresis (SDS-PAGE)
under nonreducing condition. Proteins were transferred
to a nitrocellulose membrane after SDS-PAGE. The
nitrocellulosemembrane was incubated with 60 ng/ml
of DIG-hIGF-I in Superblock (Pierce, Rockford, IL) at
4°C overnight. After washing, the membrane was
incubated with antibody against DIG (Roche) at a
dilution of 1:2500 for 2 h at room temperature.
IGFBP was visualized by the use of the enhanced
chemiluminescence (ECL) Western blotting reagents
(Amersham Life Science Inc., Arlington Heights, IL)
and the use of autoradiography film (Amersham Life
Science Inc.). Molecular masses of Atlantic salmon
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Table 2 Primer sequences of the control genes; acidic ribo-
somal phosphoprotein (ARP), elongation factor 1 alpha beta
(EFl-af8) and beta actin (f-actin) and the targets genes of
ghrelin-1 (Ghr 1), ghrelin-2 (Ghr 2), growth hormone secret-
agogues-receptor like receptor la (GHSR-LRla), growth
hormone receptor (GH-R), insulin-like growth factor I (IGF-

I), insulin-like growth factor II (IGF-II), insulin-like growth
factor I receptor (IGF-IR), insulin-like growth factor II receptor
(IGF-IIR), insulin-like binding protein 1 (IGFBP-1) used for
RT-PCR mRNA expression examination in brain, stomach,
liver, and white muscle of Atlantic salmon

b

Target Sequence of primers* Amplicon Accesion no.
size (bp)

ARP For 5'- GAAAATCATCCAATTGCTGGATG 106 AY255630
Rev 5- CTTCCCACGCAAGGACAGA

EFl-of8 For 5'- CCCCTCCAGGACGTTTACAAA 57 AF321836
Rev 5'- CACACGGCCCACAGGTACA

p-actin For 5'- CCAAAGCCAACAGGGAGAA 102 BG933897
Rev 5'- AGGGACAACACTGCCTGGAT

Ghr 1 For 5'- CCCTCCCAGAAACCACAGGTA 121 EU513378
Rev 5'- TATTGTGTTTGTCTTCCTGGTGAAG

Ghr 2 For 5'- TCCCAGAAACCACAGGGTAAA 121 EU513379
Rev 5'- GAGCCTTGATTGTATTGTGTTTGTCT

GHSR-LR1a For 5'- GCACACAGGGACAAGAGCAA 121 GQ373171
Rev 5'- CCTCGGAGGAATGGGACATA

GH-R For 5'- TGGACACCCAGTGCTTGATG 70 AF403539
Rev 5'- TCCCTGAAGCCAATGGTGAT

IGF-1 For 5'- TGACTTCGGCGGCAACA 119 M81904
Rev 5'- GCCATAGCCCGTTGGTTTACT

IGF-II For 5'- TGCCAAACCTGCCAAGTCA 66 AY049955
Rev 5'- GGCACCATGGGAATGATCTG

IGF-IR For 5'- AGTCTCAACCTCCCACCTCTG 97 AY049954
Rev5’- CTCTGTGGACAAACTTGTTA

IGF-IIR For 5'- CTTCATCCACGCTCAGCAG 168 CX325971
Rev 5'- ACCCTGGGCCGTGTCTAC

IGFBP-1 For 5'- GAGGACCAGGGACAAGAGAAAGT 101 AY662657

Rev 5'- GCACCCTCATTTTTGGTGTCA

* For, forward; Rev, reverse
° Assigned by NCBI

IGFBPs were estimated by the Precision Plus Protein
Standard KaleidoscopeTM (Biorad).

Calculation and statistical analysis

CT values were calculated using the E-Method from
Roche Applied Science. The E-Method analyzes the
amplification efficiency of target and reference genes
by using relative standards. The different reference
genes were evaluated by the geNorm VBA applet
for Microsoft Excel (Vandesompele et al. 2003)
where the rank of the best-fitted reference gene in
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brain tissue was as follows: f-actin (M-value
0.483) = EFl-aff (0.483), for liver tissue; EFl-aff
(0.378) < ARP (0.389) < f-actin (0.441), for stomach
tissue; EF1-of (0.247) = ARP (0.247) and for white
muscle; EF1-af (0.405) < ARP (0.418) < f-actin
(0.524). All of the reference genes were used for
normalization of the target genes as neither of
them were affected by treatment (evaluated by
geNorm and REST 2005). Data for other statistical
treatments were tested for normal distribution using
the Kolomogorov—Smirnov test (Zar, 1984). A one-
way ANOVA was conducted to test the effects of the
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treatments on individual length, weight, condition
factor, and effects of treatments in muscle and liver
gene expression. Two-way ANOVA was conducted
to test the effects of plasma nutrients, amino acids,
ghrelin concentrations, and on the treatments on gene
expression in brain and stomach tissue, excluding the
start levels from the statistical analysis. Levenes test
was used to test the homogeneity of the ANOVA
data. Significant differences between groups were
tested by Student-Newman—Keuls test. The level of
statistical significance was set at P < 0.05.

Results
Phenotypic responses and feed intake

Starved salmon had lower growth (TGC), weight
gain, and condition factor compared with fed salmon
after 14 days (Table 3). Compared to the start of the
experiment, individual lengths were significantly
increased in fed fish after 14 days (one-way ANOVA,
P =0.014, n = 12, Table 3). Starved fish had sig-
nificantly reduced condition factor after 14 days
(one-way ANOVA, P = 0.017, n = 12, Table 3).
No significant effects of individual body weight
(BW) were detected between the two treatments
(one-way ANOVA, P = 0.063, n = 12, data not
shown). Mean feed intake was 0.7% of BW during
the 14 days (Table 3).

Table 3 Mean feed intake (MFI, in % BW), mean individual
thermal growth coefficient (TGC, £SD, n = 2), mean weight
gain (g/fish, £SD, n = 2), mean individual length (cm, £SE,
n = 12), and mean individual condition factor (K =& SE,
n = 12) in Atlantic salmon fed vs. starved fish for 14 days

Fed Starved
MFI (%/BW) 0.7 -
TGC 1.01 —0.40
Weight gain (g/fish) 11 —4
Length (cm) 23.6 (0.3)* 23.3 (0.3)
K 1.06 (0.03) 0.99 (0.03)*

TGC = ((W20.333 — W10.333)/(X C°)) x 1,000, where W,
and W, are initial and final body mass in grams and X C° are
sum day-degree in the experiment

Weight gain = Individual final weight — individual initial
weight

* Significant differences compared to start levels using one-
way ANOVA, P < 0.05

Plasma ghrelin and IGF-binding proteins

Plasma concentrations of ghrelin were significantly
higher in starved salmon compared with fed salmon
(two-way ANOVA, P = 0.035, Fig. 1). There were
differences in plasma concentrations of ghrelin
between starved and fed salmon after 2 days, but no
differences after 14 days (Newman—Keuls, P > 0.05,
Fig. 1). Three IGFBPs at 23 kDa, 32 kDa, and
43 kDa were indentified in the plasma of Atlantic
salmon (Fig. 2a). There were significant effects of
treatment on 23 kDa after 14 days of starvation
compared with fed fish (two-way ANOVA,
P = 0.025, Fig. 2b), with higher plasma levels of
23 kDa in starved fish compared with fed fish
(Newman—Keuls, P < 0.05, Fig. 2b). The levels of
32 and 43 kDa were unaltered after 14 days of
treatment.

Cloning and analysis of ghrelin mRNA sequences

Quality clipped mRNA sequences for preproghrelin-1
and -2 are 430 bp and 533 bp long, respectively, and
these have been deposited in the GenBank with
accession numbers EU513378 and EU513379. Both
contain the full coding sequence for their respective
protein products. Of the 111 residues in the predicted
protein sequence of Atlantic salmon preproghrelin-1,
only two residues differ from the homologous protein
sequence in rainbow trout. Neither of these two sites
belongs to the three residues unique for preproghre-
lin-1, and the same difference is found between the

Ghrelin plasma

100 1 b
80 - a
4 a a
60
£
2 4w
20 4
0~ T T
NG NG
I & b s
b’b b’b N >
@ éz Q@b dzb
&® ®

Fig. 1 Average plasma ghrelin concentration + SE in fed
(filled) and starved (blank) groups of Atlantic salmon (n = 12,
N = 24) after 2 and 14 days. Superscript letters indicate
significant difference (Newman—Keuls test, P < 0.05)
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Fig. 2 a Western ligand blotting with digoxigenin-labeled
human IGF-I of plasma from Atlantic salmon (pooled samples
of six fish, n = 2). Fed or starved fish were sampled after
14 days. Normal human serum (NHS; 1 pl) was used as
internal standards. Arrows indicate migration position of newly
identified Atlantic salmon IGFBPs with molecular mass (kDa)
or nonspecific band (NS). b Relative intensity of 23, 32, and
43 kDa insulin-like binding protein in fed (filled) and starved
(blank) groups of Atlantic salmon after 14 days (pooled
samples of six fish, n = 2, SE). Western blots were quantified
by using Image-J, and values are expressed as relative intensity
according to normal human serum sample. Superscript letters
indicate significant difference (Newman—Keuls test, P < 0.05)

predicted protein sequence for S. salar preoproghre-
lin-2 and its O. mykiss homolog, supporting their
authenticity.

Phylogenetic analysis
The topology of the evolutionary tree agrees with the

taxonomic relationships of the included organisms
(Fig. 3).
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Gene expression

In brain, the mRNA levels of GHS-Rla were
significantly up-regulated in both starved and fed
fish compared to at 14 days of treatment (two-way
ANOVA, P < 0.001, Fig. 4), but no significant
differences were detected between starved and fed
fish. GHS-R1b was not expressed in the brain of
Atlantic salmon as detected by real-time RT-PCR. In
liver, the mRNA levels of IGFBP-1 were significantly
up-regulated by both treatments (one-way ANOVA,
P < 0.001, Fig. 5). The levels of IGFBP-1 mRNA
were significantly lower at the start of the experiment
compared to fed and starved fish after 14 days
(Newman—Keuls, P < 0.05), but no significant dif-
ference was observed between the treatments. The
mRNA levels of ghrelin-1 in the stomach were
significantly higher in fed compared with starved fish
(two-way ANOVA, 0.031, Fig. 6), and there was a
trend that mRNA levels of ghrelin-2 (two-way
ANOVA, P = 0.052) were higher in fed fish com-
pared with starved fish (Fig. 6). Levels of ghrelin-1
were significantly higher in fed fish compared with
starved fish at day 2, but not at day 14. Levels of IGF-
IT and IGF-IIR mRNA in white muscle were signif-
icantly down-regulated by treatment (one-way
ANOVA, P = 0.001 and P = 0.018, Fig. 7). Levels
of IGF-II and IGF-IIR mRNA were significantly
higher at the start of the experiment compared to fed
and starved fish after 14 days (Newman—Keuls,
P < 0.05, Fig. 7), but no significant difference was
detected between fed and starved fish after 14 days.

Plasma nutrient and clinical parameters

Plasma glucose concentrations were higher in starved
compared with fed salmon (two-way ANOVA,
P = 0.029, Table 4), but there were no significant
differences within treatments on day 2 or after 14 days
(Newman—Keuls, P > 0.05, Table 4). The plasma
protein concentrations were affected by treatment
(two-way ANOVA, P = 0.020, Table 4), and there
were lower protein levels in starved fish after 2 and
14 days compared with fed fish (Newman—Keuls,
P > 0.05, Table 4). Aspartate amino transferase
(ASAT) was significantly affected by time (two-way
ANOVA, P = 0.020, Table 4), but there were no
differences between starved and fed fish (Newman—
Keuls, P > 0.05). Plasma triacylglycerol, cholesterol,



Fish Physiol Biochem (2011) 37:217-232

225

Q8JFY4_Anguilla_japonica_/Japanese_eel/

Salmo_salar
|i Q76lQ4_Oncorhynchus_mykiss_/Rainbow_trout/
A8BR5N8_Oncorhynchus_keta_/Chum_salmon/

— Q32ZV42_Danio_rerio_/Zebrafish/

L A9CT50_Cyprinus_carpio_/Common_carp/

Q8AV73_Gallus_gallus_/Chicken/
A2RSS9_Mus_musculus_/Mouse/

0.3

Fig. 3 PHYML maximum likelihood evolutionary tree of
Atlantic salmon (Salmo salar, EU513378) Ghr 1 and ghrelin-1
in rainbow trout (Oncorhynchus mykiss, NM_001124588),
ghrelin-1 in chum salmon (Oncorhynchus keta, AB36005),
ghrelin in Japanese eel (Anguilla japonica, AB062427),
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Fig. 4 Mean normalized expression (MNE, mean £+ SE) of
growth hormone secretagogues-receptor like receptor (GHSR-
LR1a) in the brain of Atlantic salmon (n = 12) at the start of
the experiment and after fed and starved for 2 days and
14 days. The target genen GHS-Rla was normalized with
ARP, EF-1af, and f-actin using geNorm. Superscript letters
indicate significant difference (Newman—Keuls test, P < 0.05)

and alanine amino transferase (ALAT) concentrations
were equal in starved and fed fish.

Free amino acids

The plasma histidine concentration was significantly
reduced by time (two-way ANOVA, P = 0.001,
Table 5), and there was a significant interaction effect
between treatment and time (two-way ANOVA,
P = 0.001), with lower histidine concentration when
starved at 14 days compared with higher concentration
at starved fish compared to fed fish at 2 days (Newman—
Keuls, P < 0.05). There was a significant reduction in
lysine concentration by time (two-way ANOVA,

ghrelin-1 in zebrafish (Danio rerio, NM_001083872), ghrelin
in common carp (Cyprinius carpio, AB332394), chicken
(Gallus  gallus, Q8AV73), and ghrelin in mouse (Mus
musculus, A2RSS9)
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Fig. 5 Mean normalized expression (MNE, mean £+ SE) of
insulin-like growth factor I (IGF-I), insulin-like growth factor
II (IGF-II), and IGF-binding protein 1 in liver of Atlantic
salmon (n = 12) at the start of the experiment and fed and
starved for 2 days and 14 days. The target genes were
normalized with ARP, EF-laf, and f-actin using geNorm.
Superscript letters indicate significant difference (Newman—
Keuls test, P < 0.05)

P = 0.049), but no treatment-mediated effects were
observed (Newman-Keuls, P > 0.05, Table 5). No
major effects were observed on the concentrations of
other plasma-free amino acids after 2 days of starvation,
but lower concentration of the sum of the indispensable
amino acids (IAAs) and total free amino acids were
observed after 14 days of starvation (Table 5). Free
TAA concentrations in white muscle were significantly
affected by treatment (two-way ANOVA, P = 0.010,
Table 6), with reduced concentrations in starved fish
compared to fed salmon (Newman—Keuls, P < 0.05,
Table 6). Muscle lysine concentration was significantly
affected by treatment (two-way ANOVA, P = 0.009,

@ Springer



226

Fish Physiol Biochem (2011) 37:217-232

Stomach
0.8 1 a a Il Ghr1
T [ Ghr2
0.6 1
>
0.4
=
0.2
0.0 - LENENS B pam pa |

5 b’b* DI s
6'\' N4 b\ > 6’1« b"' b\"‘ b\“‘
(('3@(4 < éz q?' @ <« (4°
s & &°

Fig. 6 Mean normalized expression (MNE, mean £+ SE) of
ghrelin-1 (Ghrl) and ghrelin-2 (Ghr2) in stomach of Atlantic
salmon (n = 12) at the start of the experiment and fed and
starved for 2 and 14 days. The target genes were normalized
with ARP, EF-1af, and f-actin using geNorm. Superscript
letters indicate significant difference (Newman—Keuls test,
P < 0.05)
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Fig. 7 Mean normalized expression (NME, mean £+ SE) of
insulin-like growth factor I (IGF-I), insulin-like growth factor
IT (IGF-II), insulin-like growth factor I receptor (IGF-IR), and
IGF II receptor (IGF-IIR) in white muscle of Atlantic salmon
(n = 12) at the start of the experiment and fed and starved for
14 days. The target genes were normalized with ARP, EF-1af,
and f-actin using geNorm. Superscript letters indicate signif-
icant difference (Newman—Keuls test, P < 0.05)

Table 6), and significantly lower concentrations were
detected in starved fish compared with fed fish (New-
man—Keuls, P < 0.05). No difference was seen in the
sum of dispensable amino acids in fed or starved fish
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(data not shown), and in the total pool of muscle amino
acids between starved and fed fish (Tables 5 and 6).

Discussion

Short-time food deprivation reduced both body
weight and condition factor, in line with weight loss
data reported after 15 days of starvation in Atlantic
salmon and rainbow trout of similar size (Wilkinson
et al. 2006; Cleveland et al. 2009).

Starved salmon showed higher plasma concentra-
tions of ghrelin after 2 days, but no effects were seen
on ghrelin plasma level in starved vs. fed fish after
14 days of treatment, supporting the results of
Pankhurst et al. (2008a). In the current study, we
can see large alternation of the energy metabolism
with particular lower levels of circulating protein and
free muscle amino acids lysine in starved fish, but we
cannot exclude effects of possible changes in other
nutrients, such as triacylglycerol and cholesterol,
indicating changes in the energy metabolism. Plasma
amino acid concentrations were clearly reduced after
14 day of food deprivation, suggesting a need for
additional amino acids for energetic purposes. Plasma
glucose levels were unaltered during food deprivation
in our study, and similar effects have been shown in
rainbow trout after food deprivation for 9 days, and
in Atlantic salmon fed restricted satiation ration
(Sundby et al. 1991). Our results indicate that plasma
ghrelin is related to changes in energy metabolism in
Atlantic salmon, and after 14 days on starvation, the
salmon has slowed down the metabolism to reduce
energy spending, and therefore there is no response in
ghrelin circulation levels of starved fish. Fasting for
24 h also increased ghrelin plasma levels in Japanese
quail (Shousha et al. 2005), and all these observations
are indicating ghrelin to be an orexigen or a short-
time regulator of energy homeostasis as shown in
goldfish (Unniappan et al. 2004). This is the opposite
result compared with what was reported in starved
rainbow trout by Jonsson et al. (2007), which found
increased plasma level of ghrelin in fed fish com-
pared with starved fish after 7, 14, and 21 days.
Recent findings may suggest ghrelin to be a short-
time regulator of energy metabolism in salmonids
and that starvation for longer periods does not alter
the plasma ghrelin level as shown by Jonsson et al.
(2007). In a recent study by Fox et al. (2009), it was
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Table 4 Mean plasma concentrations of glucose (glu, n = 12,
N = 24), protein (prot), triacylglycerol (TAG), aspartate amino
transferase (ASAT), alanine amino transferase (ALAT), and

cholesterol (chol) in Atlantic salmon (n = 2, pooled samples of
6 fish, SE) fed and starved for 2 days and 14 days

Fed 2 days St. 2 days Fed 14 days St. 14 days SE (pooled)
Glu (mM)* 6.4° 7.1° 6.9° 7.6° 0.3
Prot (g 17")* 24.8° 9.3° 18.5 10.9° 3.6
TAG (mM) 22 2.0 2.0 1.7 0.1
Chol (mM) 7.0 5.1 6.8 52 0.5
ASAT (U 17 H= 501° 474* 295° 279° 58
ALAT (U 17} 41 42 50 33 4

* Significant differences by using two-way ANOVA, P < 0.05. Superscript letters indicate significant difference (Newman—Keuls

test, P < 0.05)

Table 5 Plasma-free amino acids, anserine and 1-methylhistidine (Lmol/100 ml) as occurring 5 h postprandial in Atlantic salmon
(n = 2, pooled samples of 12 fish, SE) fed or starved (St.) after 2 days and 14 days

AA Fed 2 days St. 2 days Fed 14 days St. 14 days SE (pooled)

IAA’s
Arg 11 12 13 8 1
His* 1% 2 12 b ga b 6> b 1
Ile 26 30 43 33 4
Leu 39 45 43 31 3
Lys* 41 45° 27° 17° 6
Met 9 9 15 10 1
Phe 12 14 15 11 1
Thr 26 26 26 22 1
Val 53 60 48 37 5
Ans 7 31 2 2 7
1-mhis 6 12 5 10 2
Sum JAA 227 253 238 175 17
TIAA/DAA 0.78 0.79 0.74 0.54 0.06
Total free AA 514 576 559 497 18

Trp was not measured. Ans is the dipeptide anserine, /-mhis is 1-methyl histidine

* Significant differences by using two-way ANOVA, P < 0.05. Superscript letters indicate significant difference (Newman—Keuls

test, P < 0.05)

shown that ghrelin is acting as a long-term indicator
of negative energy balance in tilapia Oreochromis
mossambicus, and not as a meal-initiated signal. They
detected significantly higher plasma ghrelin levels in
starved fish after 2 and 4 weeks of starvation that
correlated with reduced glucose level. Atlantic
salmon is a carnivore fish highly adapted for protein
and not so much carbohydrate metabolism as omniv-
orous species such as tilapia (Hemre et al. 2002), and
these differences in dietary requirements between

species possibly influence when changes in energy
metabolism occur during starvation and hence plasma
ghrelin levels.

Independent of this work, Murashita et al. (2009)
submitted full-length mRNA sequences for preprogh-
relin-1 and -2 in S. salar to the GenBank. These
sequences are almost identical to our sequences
(EUS513378 and EU613379), with the exception of a
single base difference in preprogrehlin-1 that would
cause a synonymous substitution. In the current study,
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Table 6 Total muscle-free amino acids and anserine (umol g~ 'wet wt) as occurring 5 h postprandial in Atlantic salmon (n = 2,

pooled samples of 6 fish, SE) fed or starved (St.) after 2 and 14 days

AA Start Fed 2 days St. 2 days Fed 14 days St. 14 days SE (pooled)

IAA’s
Arg 0.02 0.06 0.03 0.03 0.01 0.01
His 0.48 0.31 0.39 0.22 0.29 0.05
Tle 0.16 0.09 0.07 0.20 0.12 0.02
Leu 0.32 0.23 0.19 0.34 0.23 0.03
Lys* 0.12 0.13° 0.04° 0.13* 0.08° 0.02
Met 0.11 0.10 0.09 0.12 0.09 0.01
Phe 0.10 0.07 0.07 0.10 0.07 0.03
Thr 0.42 0.35 0.34 0.27 0.25 0.03
Val 0.33 0.18 0.15 0.35 0.26 0.04
Ans 17.56 13.28 13.29 14.06 14.03 0.80
Sum IAA* 2.07 1.51% 1.36° 1.74* 1.39° 0.13
IAA/DAA 0.15 0.16 0.14 0.26 0.20 0.02
Total free AA 15.77 10.76 10.95 8.45 8.51 133

Trp was not measured. Ans is the dipeptide anserine

* Significant differences by using two-way ANOVA, P < 0.05. Superscript letters indicate significant difference (Newman—Keuls

test, P < 0.05)

we observed significant lower levels of ghrelin-1
mRNA in starved fish compared with fed fish after
2 days, but no altered levels after 14 days of treatment.
Increased mRNA levels on ghrelin-1 but not ghrelin-2
in stomach of salmon starved for 6 days were observed
by Murashita et al. (2009). The results of Murashita
et al. (2009) regarding ghrelin mRNA regulation are
thus contradicting to our results, most likely due to the
timing of sampling. Ghrelin mRNA levels and circu-
lating plasma ghrelin have been shown to rise signif-
icantly prior to a meal and decrease following feeding
in mammals (Bagnasco et al. 2002), and similar
findings have been reported in the goldfish (Unniappan
et al. 2004). Recently, Peddu et al. (2009) documented
stomach ghrelin mRNA levels in tilapia to rise
preprandially and remain unchanged following a meal.
In fish from the same study that missed the scheduled
feeding, ghrelin mRNA levels in the stomach dropped
significantly 1 h after the meal. Therefore, orexigenic
signals are likely to be rapidly induced and relative
short lived. Our result showing down-regulation of
ghrelin mRNA in starved fish after 2 days may be due
to that starved fish missed the schedule feeding as
suggested by Peddu et al. (2009).

The significant up-regulation of GHSR-LRIla
mRNA levels in brain of starved and fed salmon after
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2 days may be linked to the sampling of whole brain,
where GHSR-LRI1a are differently expressed in
different areas (Kaiya et al. 2009a), but this needs
further investigations. Since we do not have different
expression of GHSR-LR1a between treatments, we
cannot relate our responses to changes in energy
homeostasis or orexigenic signal. For future studies of
ghrelin, plasma and tissue samples for gene expres-
sion should be sampled both before and after a meal
for detailed study of the rapid alternation of circulat-
ing plasma levels and mRNA transcription of ghrelin
and GHSR-LR (Pankhurst et al. 2008a; Peddu et al.
2009). We have developed a protocol where we
sample fish 5 h postprandial, in order to secure high
group homogeneity of plasma amino acids and
hormones (Espe et al. 1999; Hevrgy et al. 2007). In
the current examination, the mRNA levels of ghrelin
may have been higher prior to the anticipated meal,
but this needs to be addressed in future studies.
Jonsson et al. (2007) used a protocol where they did
not feed the fish the last 24 h before sampling, and this
may have affected the reported plasma ghrelin levels
of starved fish in their study. In future examinations,
standardized sampling regimes should be used in
order to fully understand regulation of circulating and
tissue mRNA levels of ghrelin.
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No observed significant regulation of IGF-I in
muscle and liver of starved or fed Atlantic salmon
indicates that IGF-I was not regulated at the tran-
scriptional level in the current study. Earlier studies
have shown up-regulation of muscle IGF-I in Atlantic
salmon experiencing a restricted feeding regime
(Bower et al. 2008). A similar result has been shown
in a study with rainbow trout where re-fed animals
showed up-regulation of muscle IGF-I and IGF-II
compared to starved fish, but IGF-I more prominent
(Chauvigné et al. 2003). A longer experimental
period in our study would probably have been better
for the assessment of the anabolic muscle endocrine
response. IGF-II in muscle tissue was significantly
down-regulated in starved salmon, which may be
caused by the lower level of free indispensable amino
acids in the muscle tissue. We have documented a
sevenfold up-regulation of IGF-II mRNA level in
white muscle of Atlantic salmon when fed a diet with
high level of dietary lysine compared with low lysine
(Hevrgy et al. 2007). The structural protein com-
pounds of the muscle are rich in the amino acid
lysine. In the current study, lower levels of free lysine
in muscle may be a cue for the autocrine or paracrine
down regulation of IGF-II in starved salmon. Amino
acids are potent regulators of hormone secretion from
endocrine cells (Newsholme et al. 2005). In mam-
mals, there is evidence that suggests that amino acids
(leucine, glycine, tyrosine, phenylalanine, proline,
methionine, tryptophan and histidine in liver tissue,
and leucine in the skeletal muscle) together with
insulin may regulate signaling directly and regulate
cell growth through protein kinase cascades, such as
mTor, Erk, elF2a. (Kadowaki and Kanazawa 2003).
Among amino acids, branched-chain amino acid
(BCAAs) and especially leucine seem to be major
regulating factors of muscle protein synthesis (Darde-
vet et al. 2000). In our study, all the indispensable
amino acids with the exception of histidine were
reduced in starved fish compared with fed fish after
14 days, and this reduction may have been the main
factors responsible for IGF-II down-regulation of the
paracrine or autocrine regulation of muscle growth.
Further study is needed to distinguish which of the
indispensible amino acids, or which amino acid
combination, that are responsible for reduced ana-
bolic signal, but we would like to speculate that
lysine may be involved. Feed restriction in Atlantic
salmon mediated significantly down-regulation of

IGF-IT mRNA muscle level in the early phase of re-
feeding before showing increasing levels after
30 days of appetite feeding (Bower et al. 2008).
The same response has been showed in muscle of
channel catfish (Ictalurus punctatus), with higher
IGF-II levels in fed animals compared with restricted
animals after 30 days of feeding (Peterson and
Waldbieser 2009). The IGF-IR isoform 1b in the
muscle of Atlantic salmon examined in the current
study was not affected by starvation as documented
earlier in salmon and trout in food restriction studies
(Chauvigné et al. 2003; Bower et al. 2008). Function
of IGF-IIR in fish is not yet clear, but this protein has
been reported to target ligands for the lysosomal
degradation pathway (Bower et al. 2008). The
significant down-regulation of IGF-IIR in muscle of
starved fish in the current study correlated well with a
significant IGF-II down-regulation, and the same
response was shown by Bower et al. (2008) when
salmon were in a catabolic or anabolic state.
Shimizu et al. (2006) showed that physiological
regulation of the chinook salmon (O. tshawytscha)
22-kDa IGFBP, which is an orthologue of mamma-
lian IGFBP-1, increased in catabolic states such as
fasting and stress. A six-week period of fasting
increased the circulated 22-kDa IGFBP level and
IGFBP-1 gene expression in liver of chinook salmon
(Shimizu et al. 2006). In the current study, we have
detected the circulating 23-, 32-, and 43-kDa IGFBPs
for the first time in Atlantic salmon. This is in good
agreement with the patterns observed in other fish
species, exhibiting three major IGFBP bands at
20-25, 29-32, and 40-50 kDa (Kelley et al. 2000).
In chinook salmon, 22-kDa IGFBP has been identi-
fied as an ortholog of mammalian IGFBP-1 (Shimizu
et al. 2005). The Atlantic salmon 23-kDa IGFBP
should correspond to chinook salmon IGFBP-1 based
on the almost identical size and physiological
response. Although the identities of two other salmon
IGFBPs are still under debate, we have recently
identified chinook salmon 41-kDa IGFBP as one of
two paralogs of IGFBP-2 (Shimizu et al., unpublished
data) and proposed chinook salmon 28-kDa IGFBP to
be either a paralog of salmon IGFBP-1 or IGFBP-4
(Shimizu et al. 2005), which may be applicable for
the classification of the two Atlantic salmon IGFBPs.
Our results showed higher levels of circulating 23-
kDa IGFBP and a significant higher level of IGFBP-1
mRNA after 14 days of starvation, suggesting higher
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catabolic activity in starved fish. However, we also
found high IGFBP-1 mRNA levels in fed fish
compared with the mRNA levels at the start of the
experiment, indicating a catabolic and not proper
anabolic phase in the fed salmon. Results from a
study with channel catfish (Peterson and Waldbieser
2009) showed a significant up-regulation of IGFBP-1
mRNA in liver of fish starved for 30 days compared
to fed fish, but interestingly 15 days of re-feeding did
not restore the concentration of IGFBP-1. In conclu-
sion, IGFBP-1 is a good molecular marker of
catabolism in feed restriction or starvation studies.
Reduced plasma protein concentrations were
detected after 2 days and 14 days of starvation,
probably related to a metabolism favoring protein
deposition in seawater-adapted fish compared with
lipid deposition in freshwater-adapted postsmolts as
suggested by Usher et al. (1991). Rapid protein
mobilization in Atlantic salmon during starvation has
been documented by others (Krogdahl and Bakke-
McKellep 2005), who reported a rapid reduction in
tissue mass and protein levels of gastrointestinal tissue
after only 2 days of starvation. The reduction of plasma
and muscle-free indispensable amino acids in salmon
starved for 14 days compared with fed fish does support
that salmon need protein and indispensable amino
acids to maintain high metabolism and to secure an
optimum protein growth. All the indispensable amino
acids were reduced after 2 and 14 days except histi-
dine, which was not altered during starvation. In
addition, the histidine-containing component anserine
(beta-alanyl-N-methylhistidine) was maintained at a
stable concentration. Stable concentration of free
imidazole compounds (histidine and anserine) in
muscle may support a priority for the salmon in
keeping a high buffer and stable cell osmotic status
(Breck, 2004). Anserine is likely to function as an
important cellular buffer and as an antioxidant (Kohen
etal. 1988), and the observed reduced plasma histidine
and increased concentration of anserine and 1-methyl-
L-histidine (1-mbhis) in starved salmon compared with
fed salmon support that histidine and anserine in
muscle of salmon may have antioxidant functions, as
suggested by Mommsen (2001). Major responses on
white muscle-free amino acids status related to nutri-
tional status have been documented during maturation
(Mommsen et al. 1980) and feed restrictions (Carter
and Houlihan, 2001). The current study supports that
food deprivation effects energy metabolism of starved
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fish because of the reduced plasma protein and muscle
indispensable amino acids concentrations and that
these large effects are related to the high amino acid
demand of the Atlantic salmon (EI-Mowafietal. 2010).
In conclusion, we have showed that circulating
ghrelin is related to changes in energy metabolism in
Atlantic salmon and that circulating ghrelin together
with ghrelin-1 transcription may be regulated relative
rapidly during starvation. The circulating indispens-
able amino acids concentrations and the pool of
indispensable amino acids in white muscle are reduced
with feed deprivation, and there may be a link to the
down-regulation of IGF-II mRNA levels in muscle of
fasted salmon after 14 days of starvation. The signif-
icantly increased IGFBP-1 mRNA levels in starved fish
seem to be the most prominent molecular marker of
catabolism in feed restriction or starvation studies.
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