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A B S T R A C T   

Atlantic salmon will experience periods of fasting during its lifecycle. In nature, prolonged fasting periods occur 
owing to seasonal fluctuations in available feeds, migration or in relation to reproduction. In a culture setting, 
salmon is fasted mainly as part of planned operational handling prior to vaccination, delousing, transfer etc., and 
where fasting may last up to nine days. The mechanisms regulating the appetite during long-term fasting may 
vary among fish species. Here, we studied the impact of long-term fasting on neuro-endocrine regulation of 
appetite through the stomach-hypothalamic axis in Atlantic salmon post smolts (1.2 kg, ~46 cm), reared in two 
experimental conditions (Fed and Fasted; triplicated tanks), and sampled after 4 weeks and 6 weeks of fasting. 
Fasted fish showed lower condition factor and hepatosomatic index at both sampling points compared to Fed 
group. In qPCR analysis, hypothalamic relative mRNA expression of agouti-related protein 1 (agrp1) was upre-
gulated in fasted group at both sampling points. Among neuropeptide Y (npy) paralogs, only npya1 at 4 weeks 
was upregulated by fasting. As for cocaine- and amphetamine-regulated transcripts (cart), cart2a was elevated at 
4 weeks, and cart2b at both 4 and 6 weeks in fasted group, while cart3a and cart4 showed no response to fasting. 
The pro-opiomelanocortin (pomc) a1, a2 and melanocortin-4 receptor (mc4r) a2 increased only after 6 weeks of 
fasting, while mc4rb1 did not respond to fasting. In stomach, 6 weeks of fasting resulted in a decrease of ghrelin1 
(ghrl1), while expression of mboat4 was unaffected. The elevated levels of hypothalamic agrp1 and npya1 in fasted 
group support orexigenic roles for these neuropeptides. In addition, upregulation of cart2a, cart2b, pomca1 and 
pomca2 indicate that these play vital roles in appetite regulation and that fasting may halt and/or counteract 
hunger signals (agrp1 and npya1) to save energy from foraging search activities during catabolic conditions. 
Another possibility is that these neuropeptides play a role in fasting-induced stress. Based on the drop in mRNA 
expression of ghrl under catabolic conditions, we hypothesize that Ghrl might return as hunger signal once feed 
becomes available. We also propose that agrp1 is a potential appetite biomarker gene under feed deprived 
conditions.   

1. Introduction 

In vertebrates, the central control of appetite is regulated by the 
central nervous system with hypothalamus as the main center. Partic-
ularly, two major regions in the hypothalamus named arcuate nucleus 
(ARC) and paraventricular nucleus (PVN), with distinct neuronal pop-
ulations and networks, are involved in appetite regulation (Hall, 2011; 
Timper and Brüning, 2017). Depending on the feeding and nutritional 
status of the animal, the neurons in the ARC receive peripheral signals 
and release neuropeptides which act on receptors of second order 

neurons in the PVN, to induce or inhibit feeding (Nuzzaci et al., 2015). 
In a fasting (hunger) state, ghrelin (GHRL) acts as a hunger signal pre-
dominantly from the stomach and activates neurons expressing the 
agouti-related protein (AGRP) and neuropeptide Y (NPY) peptides in the 
ARC of mammalian species. In turn, AGRP and NPY act on the 
melanocortin-4 receptor (MC4R) receptors of second order neuron in 
PVN to activate feeding (Rønnestad et al., 2017; Timper and Brüning, 
2017). On the other hand, the lipostatic hormone leptin acts as 
anorexigenic factor, stimulates the pro-opiomelanocortin (POMC)/ 
cocaine- and amphetamine-regulated transcripts (CART)-expressing 
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neurons and inhibits feed intake also through the MC4R receptors. The 
mechanisms involved in the control of appetite are generally well- 
conserved among vertebrates, including teleosts (Volkoff, 2016; 
Rønnestad et al., 2017; Soengas et al., 2018). The hypothalamic nucleus 
lateralis tuberis pars ventralis (NLTv) has been described as homologous 
to the mammalian ARC (Rønnestad et al., 2017; Soengas et al., 2018; 
Soengas, 2021) and pomc and agrp transcripts were found in the NLT and 
in rostral hypothalamus of goldfish (Carassius auratus) and rainbow 
trout (Oncorhynchus mykiss) (Cerdá-Reverter and Peter, 2003; Cerdá- 
Reverter et al., 2003b; Otero-Rodiño et al., 2019), and npy and cart 
transcripts were also described in the NLTv of juvenile Atlantic cod 
(Gadus morhua) (Le et al., 2016). In zebrafish (Danio rerio), however, the 
neuropeptide expression and function appear to be conserved between 
the PVN and the neurosecretory preoptic area (Herget et al., 2014). 
Further, mc4r paralogs were predominantly expressed in the telen-
cephalon and hypothalamus in Atlantic salmon (Salmo salar) (Kala-
nanthan et al., 2020a), and in the telencephalon, thalamus, preoptic 
area, and hypothalamus in goldfish (Cerdá-Reverter et al., 2003a) and 
spotted sea bass (Lateolabrax maculatus) (Zhang et al., 2019). However, 
probably due to the vast diversity in fish species depending on their 
ecological niches and aquatic habitats, as well as life history adapta-
tions, transitions between life stages, energy requirement, anatomy and 
physiology of gastrointestinal system and availability of feed, large 
variations in regulation of appetite and feeding behavior among species 
and within species have been reported (Volkoff, 2016; Rønnestad et al., 
2017). Thus, the response of these mechanisms to long-term feed 
deprivation may also vary between teleost species. 

Several studies in fish have explored the impact of long-term feed 
deprivation on the brain/hypothalamic appetite key regulators, ranging 
from one week of feed deprivation in Atlantic cod (Kehoe and Volkoff, 
2007) and in arctic charr (Salvanius alpinus) (Striberny and Jørgensen, 
2017), 17 days in medaka (Oryzias latipes) (Murashita and Kurokawa, 
2011), 3 weeks in cunner (Tautogolabrus adspersus) (Babichuk and 
Volkoff, 2013), 29 days in sea bass (Dicentrarchus labrax) (Agulleiro 
et al., 2014), one month in arctic charr (Striberny and Jørgensen, 2017) 
and in winter flounder (Pseudopleuronectes americanus) (MacDonald and 
Volkoff, 2009), 8 weeks in spotted sea bass (Zhang et al., 2019), to 4 
months feed deprivation in rainbow trout (Jørgensen et al., 2016). In 
these studies, the duration of feed deprivation was largely different, and 
the expression response of the appetite regulators differed among the 
species studied. However, in long-term feed deprivation studies, i.e., 
duration of more than one week, it is expected that liver gluconeogen-
esis will have been enhanced (Soengas et al., 1996). Further, Atlantic 
salmon liver increases its potential for glucose release, through glyco-
genolysis in a first stage and through gluconeogenesis in a second stage 
of long-term feed deprivation, and a decrease in the glycolytic capacity 
of liver due to food deprivation completely reverses by refeeding 
(Soengas et al., 1996). 

To date, studies have reported the effects of long-term feed depri-
vation on Atlantic salmon brain and liver metabolism (Soengas et al., 
1996), in the body composition and shape, filet yield (Lie and Huse, 
1992; Einen et al., 1998), growth and sexual maturation (Duston and 
Saunders, 1999), metabolic rate (Hvas et al., 2020), swimming perfor-
mance and stress recovery (Hvas et al., 2021) and welfare. Refeeding 
and compensatory growth (Hvas et al., 2022) have also been studied. 
Ghrl, produced mainly by the stomach, is the only known peripheral 
orexigenic hormone in mammals. Ghrelin’s response during food 
deprivation is of high interest to understand the metabolic response to 
hunger and motivation to feed during this state. Previous studies in 
Atlantic salmon, has this far explored the control mechanisms for 
appetite in the stomach ghrl during short-term (Murashita et al., 2009; 
Del Vecchio et al., 2021) and 2 weeks of feed deprivation (Hevrøy et al., 
2011). In rainbow trout (Salmo gairdneri), a clear inverse relationship 
between gastric filling and feed intake has been observed (Grove et al., 
1978). Indeed, in Atlantic salmon, a statistically significant correlation 
was found between stomach filling and agrp1 mRNA expression during 

short-term fasting (Kalananthan et al., 2020b). However, a link between 
stomach filling, ghrl and hypothalamic neuropeptides expression during 
long-term feed deprivation has not yet been investigated in Atlantic 
salmon. 

Atlantic salmon belongs to the salmonid family which went through 
four rounds of whole genome duplications (Lien et al., 2016). The 
additional rediploidization resulted in an increased gene copy numbers 
that enable multiple protein isoforms with potentially different physi-
ological functions. While the presence of multiple paralogs is likely 
linked to facilitate salmon’s anadromous life history (Warren et al., 
2014; Lien et al., 2016), it also increases the complexity in determining 
the functional role of the different paralogs. 

As a common farming procedure, Atlantic salmon is fasted mainly as 
part of planned operational procedures, such as, handling prior to 
vaccination, delousing, transfer etc., normally lasting up to nine days of 
food deprivation (Kristiansen and Samuelsen, 2006). In nature, long- 
term feed deprivation in the salmonids is a common phenomenon dur-
ing the migration back to fresh water for spawning and overwintering 
(Bower et al., 2009; Rønnestad et al., 2017), while in cultured Atlantic 
salmon deprivation of feed may occur due to suboptimal environmental 
conditions, such as seasonal thermal fluctuations and hypoxia (Wade 
et al., 2019), or due to infectious diseases (McVicar, 1987). 

In this study we investigated the effect of 4 and 6 weeks fasting on 
the mRNA expression of key melanocortin factors involved in the 
appetite control, such as npy (a1 and a2), agrp1, pomc (a1 and a2), cart 
(2a, 2b, 3a, 4), and mc4r (a2 and b1) in the hypothalamus. Feed depri-
vation for more than a week was considered as long-term fasting which 
is equivalent to starvation in the current study. This study contributes to 
increase our understanding on how Atlantic salmon adjust to cope with 
different periods of feed deprivation. We also analyzed the mRNA 
expression of ghrl (1 and 2) and membrane-bound O-acyltransferase 
domain-containing 4 (mboat4) in the stomach of Atlantic salmon post 
smolts under the same experimental conditions, as we examined a 
possible correlation between the gut hormone ghrl and the melanocortin 
neuropeptides expression. 

2. Materials and method 

2.1. Ethical treatment of animals 

The research and sampling were conducted in accordance with the 
Norwegian Animal Research Authority regulations and was approved by 
the Norwegian Food Safety Authority under the permit number 21448. 

2.2. Experimental setup and sampling 

Atlantic salmon post smolts from Aquagen were maintained in six 
large indoor open flow-through tanks (Ø = 3 m) at 12 ◦C and 25 ppt 
under a natural simulated photoperiod at the Institute of Marine 
Research, Matre Research Station, Norway (60.8754◦N). Each tank had 
constant water supply with a flow rate of 150 Lmin− 1. Water was 
aerated, filtered and UVC treated, and oxygen levels were kept >80% 
saturation. Each tank was allocated with 150 fish (body weight of 1179 
± 11 g and length 45.6 ± 0.1 cm) and fed with commercial pellets 
(Optiline 4.5, Skretting, Norway) in excess via automated feeders during 
two daily meals between 09 – 11 and 13–15. The post smolts were 
acclimatized to the experimental tanks for 6 weeks. Then, three of the 
tanks were randomly designated as control (Fed) and the other three as 
treatment (Fasted). Fasting treatment started on 28th January 2020. The 
last meal for the Fed group of each sampling was from 13:00–15:00 the 
previous day to sampling. On the 25th of February and 10th of March 
2020 (corresponding to 4 and 6 weeks of treatment) a total of 60 fish (5 
fish per tank) were sampled from both control and treatment groups. At 
both samplings, fish were killed with an overdose of MS-222 (1 gL− 1) 
before weight and length was recorded. Immediately after, the fish were 
opened, and gastrointestinal tract was removed (see Supplementary 
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Fig. 1A - D for dissection procedure). The whole brain of each fish was 
dissected out (see Supplementary Fig. 2A - C for dissection procedure) 
and transferred in RNAlater (Thermo Fisher Scientific, MA, USA), kept at 
4 ◦C overnight, and stored at − 80 ◦C until further analysis. The hypo-
thalamus (HYP) was separated prior to analysis. The whole liver was 
removed, and its weight measured during sampling. 

2.3. Biometry 

The fitness of the fish was determined at 4 and 6 weeks using the 
Fulton’s condition factor (K) equation (eq. 1) and hepatosomatic index 
(HSI) (eq. 2): 

K = 100
W
L3 (1)  

HSI = 100
Lw
W

(2)  

where, W is the fish weight (g), L is the length of the fish (cm), and Lw is 
the liver weight (g) (Froese, 2006; Higgs et al., 2009; Babaei et al., 
2016). 

2.4. Collection of gastrointestinal tract inner contents and stomach tissue 

Each fish was opened carefully, and the gastrointestinal (GI) tract 
was removed using surgical clamps at both ends. It was then divided into 
stomach (ST), midgut (MG), and hindgut (HG) as previously described 
by Kalananthan et al. (2020b), using surgical clamps to avoid loss or 
transfer of content between the compartments (Supplementary Fig. 1A 
- D). Each segment was emptied of inner content (feed and digesta) by 
gently stroking the content out into pre-weighed, labeled vials. There-
after, a distinct piece of stomach at the ‘U’ region from each individual 
fish was sampled (Supplementary Fig. 1D), rinsed in 1× PBS (phos-
phate buffered saline), flash frozen, and stored at − 80 ◦C until further 
analysis. The wet weight of the contents in each segment was measured 
and dry weight was obtained after incubating in an oven at 110 ◦C for at 
least 3 h until it was completely dried. 

2.5. Relative mRNA abundance analysis by RT-qPCR 

Total RNA was isolated from the hypothalamus (Supplementary 
Fig. 1C) and stomach using TRI reagent (Sigma-Aldrich, MO, United 
States) according to the manufacturer’s instructions. Samples were 
treated with TURBO DNA-free Kit (Thermo Fisher Scientific, MA, United 
States) to eliminate possible genomic DNA contamination. The quality 
of the DNase treated total RNA was assessed using an Agilent 2100 
Bioanalyzer (Agilent Technologies, CA, USA). All samples had RNA 
integrity number (RIN) higher than 7 (scale 1–10). The cDNA was syn-
thesized from 2.0 μg and 2.75 μg of DNase treated total RNA from hy-
pothalamus and stomach, respectively using oligo (dT) primer from 
SuperScript III First-Strand Synthesis system for RT-PCR kit (Thermo 
Fisher Scientific). 

For qPCR analysis two genes actin beta (actb) and ribosomal protein 
s20 (s20) were used as reference genes (Olsvik et al., 2005). For each 
primer pair, quantification cycle (Cq), primer efficiency and melting 
peaks were analyzed. All the primer pairs used, except for mboat4 
(GenBank Acc no. XM_045703012.1, Primers 5′-3′ F:GGGTTGGCAAA-
CATTCTGGC, R:ACACTGATAGGAGAAGCCTGG and the amplicon size 
is 89 bp), are established and validated in previous studies (Kalananthan 
et al., 2020a, 2021; Del Vecchio et al., 2021; Tolås et al., 2021). The 
efficiencies ranged between 86 and 109% and R2 ranged from 0.984 to 
0.999. 

All qPCR assays were performed using 10 μL of iTaq Universal SYBR 
Green supermix (Bio-Rad, CA, United States), 0.3 μM of each forward 
and reverse primers, and cDNA stock dilution template for target genes 
in hypothalamus 40 and in stomach 60 ng/reaction; for reference genes 

in hypothalamus 10 and in stomach 12 ng/reaction in 20 μL final re-
action volume made with ultra-pure water (Biochrom, Berlin, Ger-
many). All the reactions were performed in duplicate, and a non- 
template control, no-reverse transcriptase control and a positive be-
tween plate control were included in every plate. The qPCR was per-
formed using a CFX96 Real-Time System (Bio-Rad Laboratories, CA, 
United States) in connection to CFX Manager Software version 3.1 (Bio- 
Rad, Laboratories, CA, United States) with the following conditions: (1) 
95 ◦C for 30 s, (2) 95 ◦C for 5 s, (3) 60 ◦C for 25 s, (4) repeating steps 2–3 
for 39 more times. Melting curve analysis over the range of 65–95 ◦C 
(increment of 0.5 ◦C for 2 s) allowed for detection of possible non- 
specific products and/or primer dimers. 

Copy number = 10

(
Cq− intercept

slope

)

(3) 

The copy number was normalized using the total ng of RNA used in 
the reaction for each target and reference gene (eq. 3). The ratio of the 
target gene copy number to the geometric mean copy number of refer-
ence genes are used in the statistical analyses and graphs. 

2.6. Statistical analysis 

The data analysis was carried out using GraphPad version 8 
(GraphPad Software, San Diego, CA, USA). Normality of distribution and 
equal variances of gene expression data were assessed using Shapiro- 
Wilk normality test and F-test, respectively. The data was log trans-
formed to ensure normal distribution before statistical analysis. A two- 
way ANOVA followed by the Tukey multiple comparison test was used 
to reveal possible effects of time and treatment. When either the F-test or 
the normality test failed, the nonparametric Mann-Whitney test was 
performed. A p < 0.05 was considered significant. P-values <0.01, 0.001 
and 0.0001 are reported as p < 0.01, < 0.001 and < 0,0001 respectively 
in the text. All data are presented as mean ± SEM. 

3. Results 

3.1. Biometry 

The weight and length of fish of the Fed group was significantly 
higher (p < 0.001) than the Fasted group at 6 weeks (Fig. 1 & Sup-
plementary Table 1). While the Fed group (1.70 ± 0.082 kg) had an 
increase in weight of 44%, the Fasted group (1.12 ± 0.052 kg) decreased 
5% compared to the mean weight (1.179 ± 0.011 kg) of group at the 
start of experiment. The K factor of the Fasted group significantly (p <
0.001) decreased compared to Fed group at both sampling points (Fig. 1 
& Supplementary Table 1). After 4 weeks fasting K was 1.104 (±
0.017) for the Fasted group and 1.229 (± 0.015) for the Fed group, while 
at 6 weeks K was 1.089 (± 0.012) for the Fasted group and 1.238 (±
0.024) for the Fed. After 4 weeks fasting the HSI for Fed group was 1.017 
(± 0.165) and 0.814 (± 0.031) for the Fasted group, whereas at 6 weeks 
1.031 (± 0.13) for the Fed group and 0.852 (± 0.084) for the Fasted 
group respectively (Fig. 1 & Supplementary Table 1). The HSI was 
approx. 20 and 17% lower in Fasted than Fed fish at 4 weeks (p < 0.001) 
and 6 weeks (p < 0.001), respectively. 

3.2. Gastrointestinal tract compartments filling 

In the Fed fish sampled at 4 and 6 weeks, stomach filling varied 
between 0.147 (± 0.037) and 0.138 (± 0.034) % of BW (Fish wet body 
weight). As expected, all compartments of the GI tract were empty in the 
long-term Fasted fish (both 4 weeks and 6 weeks) (Supplementary 
Fig. 4 & Supplementary Table 1). A high correlation between wet and 
dry content was found in each of the GI tract compartments (n = 60): ST 
(R2 = 0.89, p < 0.0001), MG (R2 = 0.99, p < 0.0001), and HG (R2 = 0.97, 
p < 0.0001) (Supplementary Fig. 3 & Supplementary Table 2). 
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3.3. Relative mRNA abundance analysis by RT-qPCR 

No significant difference in the mRNA expression of the target genes 
was found between the Fed group at 4 weeks and 6 weeks (Supple-
mentary Table 3). However, the hypothalamic mRNA expression of 
agrp1 in the Fasted group was significantly upregulated compared to the 
Fed group at both 4 weeks (p < 0.01) and 6 weeks of fasting (p < 0.01) 
(Fig. 2A, Supplementary Table 3). Among the npy paralogs, npya2 was 
more abundant in hypothalamus, but its mRNA expression level was not 
affected by fasting treatment, both at 4 and 6 weeks. In contrast, npya1 
mRNA expression in Fasted fish was significantly higher compared to the 
Fed group (p < 0.01) at 4 weeks, but no significant difference was 
observed at 6 weeks. Among the cart genes, cart2b was the highest 
expressed in hypothalamus, and its expression was upregulated 
following both 4 and 6 weeks of fasting treatment (p < 0.05). cart2a was 
upregulated (p < 0.05) in fasted group at 4 weeks, while the other two 
cart paralogs, cart3a and cart4, did not show any significant responses to 
fasting. The hypothalamic pomca1 (p < 0.05), a2 (p < 0.01) and mc4ra2 
(p < 0.01) increased significantly following 6 weeks of fasting compared 
to the Fed group, while mc4rb1, the highest expressed mc4r paralog, did 
not respond to either 4 or 6 weeks of fasting. In the stomach (Fig. 2B, 
Supplementary Table 3), expression of ghrl1 (p < 0.05) was signifi-
cantly lower at 6 weeks of fasting, while the expression of ghrl2 and 
mboat4 had no differences between the groups at 4 or 6 weeks. 

To investigate a possible communication link between the stomach 
and the hypothalamus, we performed a correlation analysis between the 
relative mRNA expressions of the hypothalamic melanocortin neuro-
peptides and receptors with ghrl1mRNA expression (Fig. 3A & B and 
Supplementary Table 4). The pomca2, cart4 and mc4ra2 mRNA 
expression was negatively correlated to ghrl1 (p < 0.05) while the agrp1, 
cart2b, pomca1 and mc4rb1 showed negative correlation (not significant 
but negative coefficient). No other significant correlations were found. 

4. Discussion 

In the current study, we investigated effects of long-term fasting in 
Atlantic salmon on known-key players in the appetite control. One of the 
aims was to explore a putative signaling pathway between the stomach 
and the hypothalamus (feeding center), in which the neurons from the 
hypothalamic NLTv receive peripheral signals from the stomach 
(Rønnestad et al., 2017; Timper and Brüning, 2017) in response to the 
nutritional status of the animal. Thus, we have selected the melanocortin 
paralogs to be investigated here based on our previous studies on brain 
distribution of appetite regulators (Kalananthan et al., 2020a, 2021; 
Tolås et al., 2021). 

4.1. Fish performance under long-term fasting 

In the current study, 4 and 6 weeks of fasting under experimental 
conditions resulted in a reduction of biomass and a drop in the K factor 
(Fig. 1) from 1.2 (Fed) to 1.1 & 1.0 (Fasted fish groups at 4 and 6 weeks, 
respectively). This shows that feed deprivation led to changes in meta-
bolism that provided cellular energy through catabolic processes (Bower 
et al., 2009; Bar, 2014). The HSI decline at 4 weeks of fasting was greater 
than that at 6 weeks of fasting, which supports the theory of Bar (2014): 
mobilization of various tissues during prolonged fasting of fish tends to 
be sequential, with carbohydrates utilized first, followed by fat and 
lastly protein. Bar (2014) also stated that there are three phases of 
starvation: the first phase appears to be quite short with a relatively 
large decrease of body mass, the second phase is generally characterized 
by relatively long periods of a mild decrease of mass, and the last phase 
has generally higher rates of mass loss. In a parallel study conducted in 
the same experiment here presented, continued fasting period up to 8 
weeks resulted in a relative high rate of fish weight loss between 6 and 8 
weeks of feed deprivation (Hvas et al., 2022), similar to that found after 
86 days of feed deprivation (Einen et al., 1998). Einen et al. (1998) 

Fig. 1. The weight (kg), length (cm), Fulton’s condition factor (K) (4 weeks: Fed n = 15; Fasted n = 15; 6 weeks: Fed n = 15; Fasted n = 14) and Hepatosomatic Index 
(HSI) of fish sampled at 4 weeks (Fed n = 15; Fasted n = 15) and 6 weeks (Fed n = 14; Fasted n = 12) of experimental conditions. The data was analyzed using two- 
way ANOVA followed by Tukey multiple comparison test. Dark brown dots represent Fed group and light brown dots represent the Fasted group. All data are 
presented as mean ± SEM. Statistical significance is shown as ** when p < 0.01 and **** when p < 0.0001. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.) 
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further found that fillet fat content was only slightly lowered beyond 58 
days of starvation compared to fed fish with decline in fillet yield indi-
cating that fillet fat started to be used as fuel beyond 58 days of star-
vation following viscera and liver. A significant decline in HSI (related to 
glycogen reduction) with feed deprivation has been previously reported 
in Atlantic salmon (Soengas et al., 1996), and other fish species (Sher-
idan and Mommsen, 1991; Metón et al., 2003; Bayir et al., 2011; Pérez- 
Jiménez et al., 2012; Ashouri et al., 2013; Babaei et al., 2016). In our 
study, HSI data suggest that the liver as fuel storage of both glycogen and 
fat has possibly been utilized during 4 to 6 weeks fasting. Hvas et al. 
(2022) have refed the fish after the 8 weeks of fasting and the results 
showed a gradual increase in feed intake over the first month. After 
three months, the weight difference between the experimental groups 
(Fed vs. Fasting) was minor, while the K factor was highest in the Fas-
ted/refed fish. Full compensatory growth was found after 7 months of 
refeeding and no effect of fasting was found on welfare parameters 
(Hvas et al., 2022). This highlights the flexibility of growth trajectories 
and compensatory mechanisms in Atlantic salmon, similar to reported 
effects of photoperiod manipulation on seasonal growth rate and K 
factor (Stefansson et al., 1991; Oppedal et al., 1999). 

4.2. Stomach regulation of appetite 

In long-term fasted fish (4 and 6 weeks), each compartment of GI- 
tract was, as expected, almost empty (Supplementary Fig. 4) with a 
minor presence of bright yellow fluid (most likely bile) in the gut. The 
GI-tract likely had reduced functionality after the long-term fasting as 
previous studies in salmon showed that fasting led to decreased GI mass 
and enzyme capacities of the GI-tract by 20–50% within two days, and 
40–75% after 40 days (Krogdahl and Bakke-McKellep, 2005). 

In vertebrates, ghrelin from the GI-tract particularly from stomach is 
involved in regulating gut motility and stimulate growth hormone 
release, feed intake and energy homeostasis (Stengel and Taché, 2012; 
Tine et al., 2016). Ghrelin O-acyltransferase (GOAT), or MBOAT4, is a 
critical enzyme that modifies (acylates) ghrelin to enable the action on 
growth hormone secretagogue receptors (GHSR) in ARC (Kojima et al., 

1999; Yang et al., 2008; Shlimun and Unniappan, 2011). In Atlantic 
salmon, ghrl2 was the most abundant form in the stomach (Fig. 2B) (Del 
Vecchio et al., 2021) but was not affected by feed deprivation, while 
ghrl1 significantly declined after 6 weeks of fasting. This is in line with a 
study with 2 days of fasting in the same species (Hevrøy et al., 2011). In 
contrast, studies in seabass (Terova et al., 2008) and in arctic charr 
(Frøiland et al., 2010) showed that stomach ghrl mRNA level was up- 
regulated during starvation, and down-regulated during re-feeding. 
Additionally, in a previous study in Atlantic salmon, 6 days of starva-
tion led to an increase in stomach ghrl1 mRNA level (Murashita et al., 
2009). However, studies also report no effect of short-term (Del Vecchio 
et al., 2021), long-term feed deprivation in stomach ghrl mRNA level in 
Atlantic salmon (Hevrøy et al., 2011) and in Atlantic cod (Xu and 
Volkoff, 2009). The ghrl mRNA expression level in response to fasting 
varies among studies depending on the environmental conditions of the 
experiment (i.e., temperature, oxygen level, etc.), time of sampling in 
response to feeding time (Hevrøy et al., 2011), length of the fasting 
period, subdivision of stomach region (Del Vecchio et al., 2021) and 
differences in energy metabolism among species (Xu and Volkoff, 2009). 
The plasma Ghrl level elevated in 24 h post feeding in rainbow trout 
(Pankhurst et al., 2008), in feed deprivation of 2 days in Atlantic salmon 
(Hevrøy et al., 2011), 5 days in goldfish (Unniappan et al., 2004), 2 
weeks in tilapia (Oreochromis mossambicus) (Fox et al., 2009), and 21 
days in sea bream (Sparus aurata) (Perelló-Amorós et al., 2019) showing 
its orexigenic action. Whereas a decline in plasma Ghrl level after long- 
term feed deprivation in burbot (Lota lota) (Nieminen et al., 2003) and in 
rainbow trout showed Ghrl release was suppressed under catabolic 
conditions (Jönsson et al., 2007). In the current study, there is no data 
for plasma Ghrl level available to explore more on Atlantic salmon Ghrl 
in response to long-term fasting. Based on our results, as we hypothe-
sized previously, to save energy from foraging/feed search activity 
during catabolic conditions, the stomach ghrl mRNA level might possibly 
return as hunger signal only when there is feed available in the vicinity. 

The interlink between Ghrl and Mboat4 has been reported in few 
teleosts (Hatef et al., 2015; Blanco et al., 2016, 2017). Mboat4 has been 
reported as orexigenic peptide in appetite regulation in zebrafish (Hatef 

Fig. 2. Effect of 4 and 6 weeks of fasting on the mRNA expression of A. agrp1, npya1, npya2, cart2a, cart2b, cart3a, cart4, pomca1, pomca2, mc4ra2 and b1 in hy-
pothalamus and B. ghrl1, ghrl2 and mboat4 in stomach of Atlantic salmon. Dark and light blue dots represent Fed (n = 14 or 15) and Fasted (n = 13 to 15) groups, 
respectively. The graphs show the normalized mRNA copy number of each gene to the geometric mean copy number of actb and s20. A two-way ANOVA followed by 
the Tukey multiple comparison test was used to analyze effects of time and treatment. The error bars represent mean ± SEM and asterisks show the significant level 
(*p < 0.05, **p < 0.01). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 3. A. Relative mRNA expression of abundant hypothalamic melanocortin neuropeptides cart2b, npya2, pomca1 and pomca2 versus relative mRNA expression of 
ghrl1. B. The relative expression of less abundant hypothalamic melanocortin neuropeptides cart3a, cart4, agrp1, npya1 and cart2a mRNA expression versus the 
relative mRNA expression of ghrl1. 
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et al., 2015). In this agastric species, mboat mRNA increased in unfed 
compared to those of fed fish at 3 and 7 days of fasting. This is com-
parable to findings in mammals where 21 days of fasting led to an in-
crease in Mboat mRNA in rat stomach mucosa (González et al., 2008). 
However, in Atlantic salmon we observed low mRNA level of mboat4 in 
stomach and no significant effect on the level of expression (Fig. 2B) in 
response to long-term fasting. Given that Mboat4 is an essential enzyme 
for acylation of Ghrl, as we previously hypothesized for expression levels 
of ghrl, the mboat4 might also turn into a hunger signal when feed is 
available following a long fasting period in Atlantic salmon. 

4.3. Hypothalamic regulation of appetite 

The significant increase of hypothalamic agrp1 mRNA levels 
(Fig. 2A) to long-term fasting (at 4 and 6 weeks) in Atlantic salmon is in 
line with the mammalian model, supporting the hypothesis that this 
neuropeptide provides an important orexigenic drive to stimulate 
appetite. Our previous study on short-term fasting in the same species 
also supported the orexigenic role of hypothalamic agrp1 (Kalananthan 
et al., 2020b). These observations are also in line with agrp1 expression 
response in sea bass (Agulleiro et al., 2014) (8–29 days of fasting) and 
spotted sea bass (8 weeks of fasting) (Zhang et al., 2019). However, 
agrp1 expression was unaffected by starvation in rainbow trout (4 
months fasting) (Jørgensen et al., 2016) and in arctic charr (one month) 
(Striberny and Jørgensen, 2017). In mice, hypothalamic AgRP neuron 
activity is high during hunger and is rapidly reduced by the sight and 
smell of food (Su et al., 2017). In our study, the agrp1 was high during 
fasting, but due to Covid-19, it was not possible to explore further as no 
samples were collected after refeeding in the same experiment. 

The npya1 mRNA expression increased significantly following 4 
weeks of fasting (Fig. 2A), in line with its proposed role as an orexigenic 
factor as in winter flounder, where hypothalamic npy increased after one 
month fasting (MacDonald and Volkoff, 2009). However, our results are 
incongruous with several studies where no effects of fasting on hypo-
thalamic npy was observed following one week fasting in Atlantic cod 
(Kehoe and Volkoff, 2007), 4 weeks in arctic charr (Striberny and 
Jørgensen, 2017), 8 weeks in spotted sea bass (Zhang et al., 2019) and 4 
months in rainbow trout (Jørgensen et al., 2016). There are several 
possible explanations for the varied observations between these studies, 
importantly, species specificity (Sheridan and Mommsen, 1991), and 
experimental conditions such as, variation in duration of fasting since 
the last meal, and temperature (Kehoe and Volkoff, 2007). Indeed, a 
previous study in our group focusing on the effects of short-term fasting 
on npy in post smolt Atlantic salmon found no effect on hypothalamic 
npy mRNA expression (Tolås et al., 2021). Moreover, no difference in 
npya1 expression was found between the Fed and Fasted groups 
following 6 weeks of treatment in the current study. Together, this 
suggests that the role of npya in response to fasting is highly dependent 
on duration of fasting, and further studies into the timing of npya fluc-
tuation in response to feed deprivation will likely provide valuable 
insight (Tolås et al., 2021). 

The cart genes are described to serve an anorexigenic function ac-
cording to the mammalian model. In this study, among the cart paralogs 
analyzed, cart2a and 2b increased at 4 weeks of fasting while cart2b (the 
highest expressed in hypothalamus) continued to be higher than the Fed 
group also at 6 weeks of fasting (Fig. 2A). A similar increase in cart2b 
was also observed in short-term fasting studies in the post smolts of the 
same species (Kalananthan et al., 2021), and in Siberian sturgeon (Aci-
penser baerii) (Zhang et al., 2018) where cart mRNA in whole brain 
increased after 3–17 days of fasting. However, our finding is contrary to 
what has been observed in several other species. For example, one week 
of fasting decreased cart mRNA in silver dollar (Metynnis argenteus) (Butt 
et al., 2019), and in yellowtail (Seriola quinqueradiata) cart2a mRNA 
expression decreased in the telencephalon and hypothalamus following 
8 days of fasting (Fukada et al., 2021), and in medaka cart2b (previously 
named cart ch3) expression decreased with 17 days of fasting (Murashita 

and Kurokawa, 2011). Additionally, cart remained unchanged following 
3 weeks of fasting in cunner (Babichuk and Volkoff, 2013), one month in 
arctic charr (Striberny and Jørgensen, 2017), either 2 weeks or 4 weeks 
fasting in winter flounder (MacDonald and Volkoff, 2009) and 4 months 
in rainbow trout (Jørgensen et al., 2016). Though the hypothalamic 
cart3a was unaffected by long-term fasting, an upregulation was 
observed in short-term fasting in Atlantic salmon (Kalananthan et al., 
2021). The unaffected mRNA expression level of cart4 both in the short/ 
long-term fasting in Atlantic salmon suggests a potentially different 
functionality other than appetite regulation (Kalananthan et al., 2021). 
Our results further suggest the possibility that the various paralogs 
might exert their functions at different phases of starvation. 

According to the mammalian model, POMC is an anorexigenic/ 
satiety neuropeptide. In the current study in Atlantic salmon, both 
pomca1 & a2 (Fig. 2A) showed an upregulation at 6 weeks of fasting 
indicating an orexigenic role which is also in line with increasing 
pomca1 levels after 4 months of fasting in rainbow trout (Jørgensen 
et al., 2016). Contrary to these results, pomca1 was downregulated in 28 
days fasted rainbow trout, (Leder and Silverstein, 2006) while no effect 
was observed in arctic charr (Striberny and Jørgensen, 2017). Our pre-
vious 3 days of fasting study resulted in a declining trend in mRNA 
expression of hypothalamic pomca2 in Atlantic salmon (Kalananthan 
et al., 2020b) and 4 days of fasting treatment did not affect either 
pomca1 or a2 expression levels (Kalananthan et al., 2020a). As such, 
these results suggest that the roles of these paralogs in the hypothalamus 
differ with fed or fasted condition and the period of fasting (short or 
long-term) among or even within the species. As mentioned previously, 
the experimental fish in the fasted group was deprived of feed for >4 
weeks and we considered this as equivalent to starvation. Starvation is 
an ecologically relevant stressor, and it is likely that pomc expression 
was upregulated in the Fasted group in response to starvation induced 
stress. Pomc is a precursor peptide of other peptides like α-MSH, adre-
nocorticotropin hormone belonging to melanocortin system functioning 
in the Hypothalamus-Pituitary-Interrenal axis, and is involved in 
mobilizing energy during periods of stress (Bernier and Peter, 2001; Lu 
et al., 2003; Smart et al., 2007). 

As previously mentioned, MC4R serves as a receptor in the mela-
nocortin system. Of the mc4r paralogs included in our study, only the 
mc4ra2 mRNA level (Fig. 2A) significantly increased after 6 weeks in the 
Fasted group. The pomc and mc4r upregulation might have been related 
to a starvation induced stress response. This is supported by data that 
shows that POMC neurons acts on CRH neurons via MC4R in the hy-
pothalamus (Lu et al., 2003). However, the study of Lu et al. (2003) and 
several other studies (Wan et al., 2012; Kalananthan et al., 2020a; Zhou 
et al., 2022) have only investigated their response in short-term feed 
deprivation (4–7 days) experiments. Consequently, since it is quite 
probable that the metabolic changes observed in in short-term food 
deprivation differs from those under long-term food deprivation, as 
already demonstrated in the same species (Soengas et al., 1996), these 
studies cannot be directly comparable. However, our results are in line 
with another study in gibel carp (Carassius auratus gibelio) that fasting 
from 1 to 7 days upregulated the mc4r transcript level (Zhou et al., 
2022), while, the opposite action for mc4r was reported in common Carp 
(Cyprinus carpio) following 7 days of fasting and boosted with refeeding 
(Wan et al., 2012). Moreover, 4 days of fasting did not affect the paralogs 
of mc4r (a1, a2, b1 and b2) mRNA expression in Atlantic salmon 
(Kalananthan et al., 2020a), similar to no response observed in the hy-
pothalamus/brain mc4r expression following fasting in arctic charr 
(Striberny and Jørgensen, 2017) and in barfin flounder (Verasper moseri) 
(Kobayashi et al., 2008). However, Mc4r was activated and regulated by 
Agrp binding to the receptor rather than gene expression levels of pomc 
or mc4r in case of progressive fasting in sea bass (Sánchez et al., 2009). 
As such, considering mc4r expression levels upon feed deprivation may 
not be the golden standard for proving involvement in appetite regula-
tion. Our investigation demonstrates that both agrp1 and mc4ra2 
increased after prolonged fasting while mc4rb1 remained unchanged, 
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and it is thus uncertain which of the Mc4r paralogs, either a2 or b1, that 
involve in Agrp1 (as inverse agonist) binding in this context. However, 
studies in teleost fish report that mc4r is expressed in peripheral tissues 
like the gastrointestinal tract, eye and ovaries in zebrafish (Ringholm 
et al., 2002), in the eye, ovaries, testis and the liver in barfin flounder 
(Kobayashi et al., 2008), and in the retina, fat tissue, testis and white 
muscles in sea bass (Sánchez et al., 2009). This suggests that Mc4r is 
potentially involved in many physiological functions that are not fully 
explored. In mice, MC4R selectively in the PVN of hypothalamus 
(confined to central regions) contributes to glucose homeostasis by 
regulating glucose reabsorption via circulating adrenaline and renal 
GLUT2 (De Souza Cordeiro et al., 2021). Taken together, studying the 
tissue distribution analysis for paralogs of mc4r in peripheral tissues of 
Atlantic salmon could enable identifying the specific paralog that 
potentially involves in feed intake. 

Based on our data, we hypothesize that the upregulation of hypo-
thalamic cart2a, cart2b, pomca1, pomca2 during long-term fasting in 
Atlantic salmon indicate that these neuropeptides play a vital role in 
appetite regulation during fasting by shutting down and/or neutralizing 
hunger signals by agrp1 and npya1 to save energy from foraging/feed 
search activity during catabolic conditions when no feed is available, or 
to limit a fasting-induced stress effect. Furthermore, how the interaction 
between agrp1 and npya1, and between the paralogs of cart and pomc 
contributes to the net orexigenic action in long-term fasted Atlantic 
salmon postsmolts remain unresolved. 

4.4. Stomach-hypothalamus interaction in appetite regulation 

In the current study, we found a significant negative correlation 
between relative mRNA expression of ghrl1 and ghrl2 in the stomach to 
pomca2 and cart4 in the hypothalamus (Fig. 3A & B, Supplementary 
Table 4). During fasting ghrl1 and 2 expressions decreased while pomca2 
increased suggesting these have similar functional response to long-term 
fasting, by reducing hunger during periods when feed is not available. 
Though cart3a showed positive correlation to ghrl2, there were no sig-
nificant differences in the expression in response to long-term fasting. As 
we previously demonstrated in Kalananthan et al. (2021), the structural 
difference of salmon Cart4 from mammalian CART might indicate that it 
serve other roles than controlling feed intake. Previous studies in 
Atlantic salmon demonstrated that low levels of ghrl expressed in the 
adipose tissue (Murashita et al., 2009) might also suggest that salmon 
Ghrl is involved in other functions along with feed intake. This is still an 
area for future research. 

The discrepancies among the studies on appetite regulation in fish 
can possibly be explained due to existence of multiple copies for most 
appetite regulating genes in some species, differences in the method of 
analysis (in situ vs. qPCR) or varied methodological approaches (use of 
whole brain vs. specific brain regions), different developmental stages, 
the duration of fasting, and the temperature and thus the metabolic rate 
of the fish. However, it might well be that appetite regulators which 
respond to feeding are also species-specific according to their feeding 
strategy and behavior. The mRNA expression of the appetite regulators 
may not necessarily contribute to the same trend of protein expression of 
a specific gene and activity at its corresponding receptors (Haider and 
Pal, 2013). A combined study with mRNA and protein expression could 
provide a clear understanding of orexigenic and anorexigenic action of 
appetite regulators (specified paralogs) in response to prolonged feed 
deprivation. 

5. Conclusion 

Among the genes we analyzed, agrp1, npya1, cart2a & 2b, pomca1 & 
a2, mc4ra2 and ghrl1 responded to long-term fasting. Whereas the data 
supported an orexigenic role for agrp1 and npya1 at 4 weeks of fasting, 
after 6 weeks of fasting agrp1 alone continued to serve an apparent 
orexigenic role. The upregulation of cart2a, cart2b, pomca1 and pomca2 

could indicate that the neuropeptides play a vital role in appetite 
regulation by inducing shutting down hunger and/or neutralizing hun-
ger signals (agrp1 and npya1) to save energy from foraging search ac-
tivity during catabolic conditions. Alternatively, these neuropeptides 
could play a fasting-induced stress response to mobilize energy. We also 
postulate that the drop in ghrl mRNA expression under catabolic con-
ditions in Atlantic salmon might return as a hunger signal when feed is 
available in the vicinity. We also propose agrp1 as a potential appetite 
biomarker gene under feed deprived conditions in this species. However, 
the dynamic response related to the duration of feed deprivation needs 
further investigation. 
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Characterization, tissue distribution and regulation by fasting of the agouti family of 
peptides in the sea bass (Dicentrarchus labrax). Gen. Comp. Endocrinol. 205, 
251–259. https://doi.org/10.1016/j.ygcen.2014.02.009. 

Ashouri, G., Yavari, V., Bahmani, M., Yazdani, M.A., Kazemi, R., Morshedi, V., et al., 
2013. The effect of short-term starvation on some physiological and morphological 
parameters in juvenile Siberian sturgeon, Acipenser baerii (Actinopterygii: 
Acipenseriformes: Acipenseridae). Acta Ichthyol. Piscat. 43, 145–150. https://doi. 
org/10.3750/AIP2013.43.2.07. 

Babaei, S., Abedian Kenari, A., Hedayati, M., Yazdani Sadati, M.A., Metón, I., 2016. 
Effect of diet composition on growth performance, hepatic metabolism and 
antioxidant activities in Siberian sturgeon (Acipenser baerii, Brandt, 1869) submitted 
to starvation and refeeding. Fish Physiol. Biochem. 42, 1509–1520. https://doi.org/ 
10.1007/s10695-016-0236-0. 

Babichuk, N.A., Volkoff, H., 2013. Changes in expression of appetite-regulating 
hormones in the cunner (Tautogolabrus adspersus) during short-term fasting and 
winter torpor. Physiol. Behav. 120, 54–63. https://doi.org/10.1016/j. 
physbeh.2013.06.022. 

T. Kalananthan et al.                                                                                                                                                                                                                          

https://doi.org/10.1016/j.aquaculture.2022.738917
https://doi.org/10.1016/j.aquaculture.2022.738917
https://doi.org/10.1016/j.ygcen.2014.02.009
https://doi.org/10.3750/AIP2013.43.2.07
https://doi.org/10.3750/AIP2013.43.2.07
https://doi.org/10.1007/s10695-016-0236-0
https://doi.org/10.1007/s10695-016-0236-0
https://doi.org/10.1016/j.physbeh.2013.06.022
https://doi.org/10.1016/j.physbeh.2013.06.022


Aquaculture 563 (2023) 738917

9

Bar, N., 2014. Physiological and hormonal changes during prolonged starvation in fish. 
Can. J. Fish. Aquat. Sci. 71, 1447–1458. https://doi.org/10.1139/cjfas-2013-0175. 

Bayir, A., Sirkecioglu, A.N., Bayir, M., Haliloglu, H.I., Kocaman, E.M., Aras, N.M., 2011. 
Metabolic responses to prolonged starvation, food restriction, and refeeding in the 
brown trout, Salmo trutta: oxidative stress and antioxidant defenses. Comp. Biochem. 
Physiol. B Biochem. Mol. Biol. 159, 191–196. https://doi.org/10.1016/j. 
cbpb.2011.04.008. 

Bernier, N.J., Peter, R.E., 2001. The hypothalamic-pituitary-interrenal axis and the 
control of food intake in teleost fish. Comp. Biochem. Physiol. B Biochem. Mol. Biol. 
129, 639–644. https://doi.org/10.1016/S1096-4959(01)00360-8. 

Blanco, A.M., Sánchez-Bretaño, A., Delgado, M.J., Valenciano, A.I., 2016. Brain mapping 
of ghrelin O-acyltransferase in goldfish (Carassius Auratus): novel roles for the 
ghrelinergic system in fish? Anat. Rec. 299, 748–758. https://doi.org/10.1002/ 
ar.23346. 
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Cerdá-Reverter, J.M., Ringholm, A., Schiöth, H.B., Peter, R.E., 2003a. Molecular cloning, 
pharmacological characterization, and brain mapping of the melanocortin 4 receptor 
in the goldfish: involvement in the control of food intake. Endocrinology 144, 
2336–2349. https://doi.org/10.1210/en.2002-0213. 
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