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This investigation aimed to assess the appetite response changes of olive flounder to
starving and re-feeding conditions. Three different feeding groups (2 weeks feeding,
fed; 2 weeks starving, starved; and 1 week starving and 1 week feeding, re-fed) were
established to examine the changes in appetite-related genes for each group. The weight
gain of the fish was highest for the fed group and lowest for the starving group. Based
on the daily feed intake (DFl) and cumulative feed intake (CFI), overall food intake was
found to increase in the re-fed group more than in the fed group from week 1 to week
2 of the experiment. Hypocretin neuropeptide precursor (HCRT) and galanin receptor 1
(GAL-R1) mRNA expression in the brain of olive flounder were decreased in the starved
group. Corticotropin-releasing hormone (CRH) was decreased in all experimental groups,
except for the fed group. However, overall leptin concentrations in the plasma did not
change across groups. Considering the differences between this study and previous
studies on starving and feeding, various factors (except the production and expression
mechanisms of appetite-related factors in response to starving) are likely acting on the
appetite responses of the fish. In this study, a 1-week re-feeding period induced substantial
effects on appetite response when compared to a 2-week feeding period. These findings
show that even if re-feeding is performed after starving, the unbalance caused by the
re-feeding can affect various physiological changes in fish by feed intake efficiency.

Keywords: Appetite, Corticotropin-releasing hormone, Hypocretin neuropeptide precursor,
Olive flounder, Re-feeding

Introduction

Fasting in fish is caused by various natural environmental factors,
such as seasonal changes and loss of food resources, as well as
by behavioral and state factors such as the spawning and rearing
of fish, habitat movement, and transport (Navarro and Gutierrez,
1995; McCue, 2010). The fasting of fish can be caused by natural
or artificial feeding restrictions, which can last from a few days to
several weeks. Fish can survive fasting due to metabolic controls
that activate when there is no food intake for a certain period of
time (Ali et al, 2003). Based on food intake, various physiological
reactions efficiently convert nutrients in the bodies of fish (Bar,
2014); simultaneously, genes related to food intake and appetite

are also altered (Choi et al, 2021). These physiological changes
can be induced by fish appetite-related factors and signals and
are known to be regulated by complex interactions in the central
nervous system and peripheral nervous system of fish (Volkoff et
al, 2005). Previous studies have shown that the hypothalamic
region is involved in regulating food intake (Williams et al, 2001).
In addition, appetite-regulating responses have been confirmed to
occur in response to changes in the expression of appetite-related
peptides in the central nervous system including the hypothal-
amus, as well as in peripheral organs such as the gastrointestinal
tract, pancreas, liver, and adipose tissue (Volkoff et al, 2009).
The appetite-related peptides of fish include HCRT (hypocretin;
orexin precursor), galanin (GAL), corticotropin-releasing hormone
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(CRH), leptin, ghrelin, neuropeptide Y, and melanin-concentrating
hormone (Volkoff et al., 2005). These factors are involved in
transmitting signals related to appetite control and satiety through
the central and peripheral nervous systems, depending on their
location of expression or action. HCRT and GAL are expressed in
the hypothalamus and act as regulators to promote appetite
(Volkoff et al, 2009; Butler et al,, 2020). HCRT increases food intake

and induces food-seeking behavior (Barson and Leibowitz, 2017).

The activation of GAL neurons in the paraventricular nucleus (PVN)
in the pituitary gland promotes food intake, increases body weight,
and simultaneously inhibits gastric emptying (Holzer-Petsche and
Moser, 1993). Intracerebroventricular (ICV) injection of HCRT and
GAL to goldfish, Carassius auratus, was shown to promote food
intake (Pedro et al., 1995; Volkoff et al., 1999). In zebrafish, Danio
rerio, fasting has been shown to increase the expression of GAL
receptor (GAL-R1a) mRNA in intestinal tissues, whereas its ex-
pression is decreased after re-feeding (Li et al, 2013). Moreover,
GAL-R1 is more abundant than GAL-R2 in the brains of rats
(O'Donnell et al, 1999) and is known to stimulate high-fat intake
(Erhuma et al, 2007; Zorrilla et al, 2007). However, CRH and leptin
act as appetite suppressant regulators, unlike HCRT and GAL-R1.
In fish, CRH is a potent appetite suppressant acting on the hypo-
thalamus (Bernier and Peter, 2001; Crespi et al.,, 2004). An increase
in CRH reduces appetite and food intake (Bernier, 2006), and
leptin also acts to reduce appetite by inhibiting the activity and
stimulation of anorectic neurons (Chu et al, 2010). Leptin is pro-
duced in adipose tissue and exists in a form that circulates through
the bloodstream and acts on the central nervous system (Ahima
et al, 2000). Leptin has been reported to reduce food intake in
fish (Stanley et al,, 2005; Wynne et al,, 2005). The olive flounder
Paralichthys olivaceus is a major fish species widely cultivated in
Asia and is commercially important in Korea. Studies on olive
flounder regarding its compensatory growth (Cho et al., 2006)
and stress induced by starvation (Choi et al., 2018) are ongoing,
and few studies have examined the effects of starving on fish
appetite and food intake-related regulators. Therefore, in this
study, we aimed to investigate the effects of starving on appetite
control factors at the molecular level by determining the ex-
pression of HCRT, GAL-R1, and CRH mRNA and the changes in
plasma leptin concentrations, which are known factors that control
appetite by acting on the central nervous system of fish, using 1
and 2 week starvation periods and a 1 week re-feeding process
in olive flounder.

Materials and Methods
1. Experimental fish

Juvenile olive flounders (total length, 10.5 + 0.4 cm; body weight,
9.2 £ 0.5 g) were purchased from a fish farm in Pohang, Korea,
and allowed to acclimate for 2 weeks in 24 circulation filter tanks
(49 x 49 x 49 cm, 118 2). The fish were maintained at 20 +
1.1°C, under 30 psu (practical salinity units), with a 12-h light:dark
photoperiod (light from 07:00~19:00), and dissolved oxygen
(10 ml/Q). Fish were fed twice daily at 09:00 and 17:00 with
floating commercial feed (KOFEC Feed, Jeonnam, South Korea;
52% crude protein, 10% crude lipid) for olive flounders.

2. Fasting and feeding experimental conditions

During the experiment, the olive flounders were divided into 3
different feeding groups designated as follows: fed, starved, and
re-fed. The fed experimental group (control) was fed continuously
for 2 weeks, and the starved group was maintained in a starving
state without feeding for 2 weeks as a negative control. Re-fed
groups were fasted for 1 week, and then re-fed with food for
1 week. All feeding treatment groups were irradiated under a
white fluorescent bulb (wavelength 350~650 nm, 0.96 W/m?
intensity; Philips, The Netherlands), and the light sources were
placed 40 cm above the surface of the water. Sampling was per-
formed at 15:00 every week for 2 weeks from the start of the
experiment for each group. Before sampling, the fish were weighed
to obtain initial and final weight values. To minimize the stress to
the olive flounder when performing sampling, the fish were anes-
thetized with 200 ug/2 of 2-phenoxyethanol (Sigma, USA) prior to
blood collection and brain tissue sampling. Plasma samples were
separated by centrifugation (4°C, 1,000 x g for 15 min) from the
collected blood and stored at -80°C until further analysis.

3. Survival rate and weight gain

The survival rate was determined by comparing the number
of animals at the start of the experiment with the number of
animals after 2 weeks. Weights were measured at 2 weeks and
calculated using the following formula: Weight gain (g/fish) =
body weight at final day - body weight at initial day.
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4. Food intake

Food intake was calculated using the following standard formula:
daily feed intake (DFI, %) = 100 x feed intake/average body
weight at initial and final days. The consumed amounts of feed
were recorded every week and the cumulative feed intake (CFI,
g) was calculated.

5. Total RNA extraction and cDNA synthesis

Total RNA was extracted from each sample using the TRI
Reagent® (Molecular Research Center, Inc, Cincinnati, OH, USA),
according to the manufacturer's instructions. The concentration
and purity of the RNA samples were then measured at 260 nm
and 280 nm using a spectrophotometer (BioDrop, Cambridge, UK).
Then, 2 pg of total RNA was reverse transcribed in a total reaction
volume of 20 pl, using an oligo-(dT);s anchor and M-MLV reverse
transcriptase (Promega, Madison, W, USA), according to the manu-
facturer's protocol. The synthesized cDNA was stored in a refrig-
erator at 4°C until used for real-time quantitative polymerase
chain reaction (QPCR) analysis.

6. Real-time quantitative polymerase chain reaction
(gPCR) analysis

The gPCR analysis was conducted to determine the relative
expression levels of HCRT, GAL-R1, and CRH using cDNA reverse
transcribed from total RNA extracted from the brain of juvenile
olive flounders. The sequences of the gPCR primers used in the
experiment are shown in Table 2. We conducted gqPCR amplifi-
cation using a Bio-Rad CFX96 real-time PCR detection system
(Bio-Rad, Hercules, CA, USA), and the iQ SYBR green Supermix
(Bio-Rad, USA), following the manufacturer's instructions. A 25-ul
reaction volume containing 0.5 pl of ¢cDNA, 0.26 pM of each
primer, 0.2 mM dNTP, SYBR Green, Taq polymerase, and buffer
(10 mM Tris-HCI [pH 9.0], 50 mM KCl, 14 mM MgCl,, and 20 nM
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fluorescein) was prepared. The gqPCR process was performed under
the following conditions: one cycle of initial denaturation at 95°C
for 5 min, 35 cycles of denaturation at 95°C for 20s and annealing
at 55°C for 20s, followed by 5 min at 72°C for the final extension.
Duplicates of each sample were analyzed in the same test. All data
are expressed as the difference from the corresponding calculated
B-actin threshold cycle (Ct) levels. Relative mRNA expression levels
were determined using the 222 method (Livak and Schmittgen,
2001).

7. Plasma parameter analysis

Plasma was centrifuged at 4°C and 1,000 x g for 15 minutes
to remove the supernatant, and the remaining pellet was used
for analysis. The concentration of the plasma leptin levels was
determined using a Leptin ELISA kit (MBS1601696, MyBioSource,
San Diego, CA, USA) according to the manufacturer's instructions.

8. Statistical analysis

All data were analyzed using the SPSS statistical package (version
25.0; SPSS, Inc., USA). For multiple comparison tests, significant
differences (p < 0.05) between the data were compared using
one-way ANOVA followed by Tukey's post-hoc test. Values are
expressed as the mean + standard error (SE).

Results
1. Weight gain and changes in feed intake

Weight gain was determined for each experimental group for
the 2 weeks the experiment was conducted (Table 1). Weight
gain was highest in the order of fed (6.6 + 3.1), re-fed (4.8 + 2.4),
and starved (0.2 + 0.1) (p < 0.05). The DFl and CFl for the starved
and re-fed groups were calculated for each experimental group
(Fig. 1). In all experimental groups except for the starved group,

Table 1. Changes in survival rate and weight gain of the olive flounder exposed to 3 different feeding conditions for 2 weeks

Treatments Survival rate (%) Initial weight (g/fish) Final weight (g/fish) Weight gain (g/fish)
Fed 984+ 15 114 +09 180 +3.0 6.6 +3.1
Re-fed 978+22 11610 164 £2.2 4824
Starving 964+ 25 114 +£1.1 11.6+£0.2 02 +0.1

The values are mean + SE (n = 4)

http://jmls.or.kr
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Table 2. Primers used for gPCR ampilification

gPCR product size

Genes (Accession no.) Primer DNA sequences (base pairs)
Forward 5'-GAT GAG CAT CGC TTG CAC AG-3'
HCRT (XM020094464) 122
Reverse 5'-CAG TCC ATG TAC AGC TCT GC-3'
Forward 5'-CGT ACA GCA ACT CAT CTG TC-3'
GAL-R1 (XM020091183) 128
Reverse 5'-CTC CTT AAT GTC GTT GAG CG-3'
Forward 5'-GGT ACC ACC GTG ATT CTG CT-3'
CRH (KX345138) 142
Reverse 5'-GGA TAC ATG GAC GAG GAT GG-3'
Forward 5'-ACC TTC TAC AAC GAG CTG AG-3'
-actin (HQ386788) 115
B 6788
Reverse 5'-AGG TCT CAA ACA TGA TCT GG-3'
o . ® .
-O=— Fed -O= Fed
—fr— Re-fed -t Re-fed
1 —@- Starved - Starved

Daily feed intake (%)

Time after experiment (weeks)

Cumulative feed intake (g)

Time after experiment (weeks)

Fig. 1. Changes in the average daily feed intake (A) and cumulative feed intake (B) of olive flounders exposed to different feeding con-
ditions [2 weeks fed (fed), 2 weeks starved (starved), 1 week starved & 1 week fed (re-fed)]. Lowercase letters indicate significant differ-
ences among the different exposure periods under the same starving and feeding regimes (p < 0.05). The values are mean + SE (n = 4).

DFI increased with time. In addition, when comparing the degree
of increase in feed intake from the 1st week to the 2nd week,
the degree of increase in the re-fed group was found to have
increased more quickly than in the fed group when re-feeding
began. The CFl also tended to increase in all experimental groups
except for the starved group over time.

2. Changes in HCRT expression

We analyzed the effect of fasting and re-feeding on the changes
in the HCRT mRNA expression levels in the brain of the olive

rot
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flounder (Fig. 2). No significant difference was observed in the
expression of the HCRT mRNA between the fed and re-fed groups,
whereas its expression was significantly decreased with time in the
starved group.

3. Changes in GAL-R1 expression

The effects of fasting and re-feeding on the expression changes
of GAL-RT mRNA in the brain of the olive flounder were assessed
(Fig. 3). There was no significant difference observed in the ex-
pression level of the GAL-RT mRNA between the fed group) and
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Fig. 2. Changes in the expression of HCRT mRNA in the brains
of olive flounder exposed to different starving and feeding con-
ditions [2 weeks fed (fed), 2 weeks starved (starved), 1 week
starved & 1 week fed (re-fed)]. Lowercase letters indicate signifi-
cant differences among the different exposure periods under the
same starving and feeding regimes (p < 0.05). Numbers indicate
significant differences among different starving and feeding re-
gimes with the same exposure periods (p < 0.05). The values are
mean * SE (n = 4).

OFed ®mStarved ORe-fed

cl at

al b1 at

GAL-R1 mRNA expression
(Relative to B-actin)

1
Time after experiment (weeks)

Fig. 3. Changes in the expression of GAL-RT mRNA in the brains
of olive flounder exposed to different starving and feeding con-
ditions [2 weeks fed (fed), 2 weeks starved (starved), 1 week
starved & 1 week fed (re-fed)]. Lowercase letters indicate signifi-
cant differences among the different exposure periods under the
same starving and feeding regimes (p < 0.05). Numbers indicate
significant differences among different starving and feeding re-
gimes with the same exposure periods (p < 0.05). The values are
mean * SE (n = 4).

the re-fed group. However, the starved group showed significantly
decreased expression of GAL-RT mRNA at 2 weeks (starved at
2 weeks; 1.24 + 0.90, p < 0.05).
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Fig. 4. Changes in the expression of CRH mRNA in the brains of
olive flounder exposed to different starving and feeding condi-
tions [2 weeks fed (fed), 2 weeks starved (starved), 1 week starved
& 1 week fed (re-fed)]. Lowercase letters indicate significant dif-
ferences among the different exposure periods under the same
starving and feeding regimes (o < 0.05). Numbers indicate signifi-
cant differences among different starving and feeding regimes
with the same exposure periods (p < 0.05). The values are mean
+SE (n=4).
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Fig. 5. Changes in the levels of plasma leptin in olive flounder
exposed to different starving and feeding conditions [2 weeks fed
(fed), 2 weeks starved (starved), 1 week starved & 1 week fed (re-
fed)]. Lowercase letters indicate significant differences among the
different exposure periods under the same starving and feeding
regimes (o < 0.05). Numbers indicate significant differences among
different starving and feeding regimes with the same exposure
periods (p < 0.05). The values are mean + SE (n = 4).

4. Changes in CRH expression

The effect of fasting and re-feeding on the changes in the CRH
mRNA expression in the brain of the olive flounder was examined

http://jmls.or.kr
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(Fig. 4). One week from the start of the experiment, the expression
level of the CRH mRNA decreased in the starved group compared
to the fed group. In the starved group, CHR mRNA expression
decreased dramatically compared to the re-fed group. In addition,
as the starving time increased, CRH expression decreased signifi-
cantly. However, CRH expression increased significantly with re-
feeding (starved at 2 weeks; 1.61 + 0.48, re-fed at 2 weeks; 3.55 +
1.07, p < 0.05).

5. Changes in the plasma leptin concentration

Analysis of the effects of starving and re-feeding on the changes
in plasma leptin concentrations in the olive flounder (Fig. 5)
showed no significant differences between the starving and re-
feeding groups throughout the experimental period (p > 0.05).

Discussion

In this study, we investigated the endocrinological changes
induced in the expression of appetite regulator-related peptides
by rearing olive flounder in three different feeding groups (fed,
starved, and re-fed) for 2 weeks. The fed group had the greatest
increases in weight overall. Moreover, when compared to the fed
group, the starved group showed smaller changes in weight gain
as they could not intake food. There was also a change in weight
gain in the re-fed group, but only a small change in weight gain
was observed compared to the fed group. Analysis of the changes
in the amount of feeding between the starved and re-fed treat-
ments revealed that the DFI at the 2nd week was higher in the re-
fed group compared to the fed group. Thus, food intake increased
as the body required more energy, as the olive flounder did not
eat during the starvation period. Similarly, according to a study
by Cho (2014), a compensatory growth effect was observed in
olive flounder when fed for 7 weeks after 1 week of fasting.
Additionally, Wu et al. (2002) reported that, in Chinese longsnout
catfish 7achysurus dumerilj food intake increased after 1 week
of fasting rather than with continuous feeding. This study also
showed a tendency towards increased food intake with fasting,
indicating that 1 week of fasting can promote the food intake
response in olive flounder.

HCRT and GAL-R1 act as appetite-stimulating regulators. We
found that HCRT mRNA expression decreased in the starved
group compared to the fed group. However, Novak et al. (2005)
reported that HCRT expression was increased during fasting in
adult zebrafish Danio rerio. In this study, the decreased HCRT ex-

pression with starvation seems to reflect the effect of starvation
on the development of the HCRT expression system components
during the juvenile period. Iwasa et al. (2015) reported that hypo-
thalamic OX2R (Orexin receptor 2) mRNA expression was de-
creased by starving in infant rats (10 days postpartum). This is an
interesting result considering that HCRT is a precursor of orexin.
Thus, starving likely acted as a factor in the decrease of HCRT
expression in relation to the developing HCRT expression pathway
in juvenile fish. Moreover, the physiological and behavioral changes
in the fish due to starvation may differ depending on the degree
of HCRT expression pathway development.

The expression GAL-R1, another appetite-stimulating regulator,
was also analyzed. We found that the expression level of GAL-
R1 mRNA tended to decrease in the starved group compared to
the fed group. This result showed a different pattern from the
previous study (Li et al, 2013), indicating that GAL was increased
to stimulate food intake and appetite in starving conditions.
Contrary to the results of previous studies, the result of the present
study may be related to the observation that GAL neurons are
located together with appetite suppressing factors like neuro-
tensin, cocaine-, and amphetamine-regulated transcript (CART)
neurons (Laque et al, 2013). This suggests that GAL expression
may be regulated by the starving environment as well as by
other factors. Additionally, Laque et al. (2013) mentioned that GAL
expression is associated with 'galanin-expressing LepRb neurons
(Gal-LepRb neurons)' found in the hypothalamus and its adjacent
regions. Although general neurons are only involved in the ex-
pression of one factor, Gal-LepRb neurons are also reported to
express GAL when leptin is expressed. Therefore, despite the
appetite-stimulating action of GAL, leptin, an appetite-suppressing
regulator, also seems to regulate GAL expression, possibly ex-
plaining the lack of increase in GAL expression despite continued
starvation, which is similar to the results of the present study. This
also suggests that GAL may be expressed for appetite promotion
and other physiological functions. Thus, additional studies are
required to clearly prove the causal relationship between neuronal
stimulation and the expression of corresponding factors.

Analysis of the expression changes in CRH, an appetite-
stimulating regulator in contrast to HCRT and GAL-R1, revealed
low expression levels with time in all experimental groups, except
for the fed group. In particular, the starved group showed signifi-
cantly lower CRH expression when compared to the re-fed group.
It is presumed that CRH expression, which was decreased due to
starvation, was partially restored due to re-feeding. Wang et al.
(2014) reported that CRH expression decreased after 7 days of
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starving, and its expression level increased through subsequent
re-feeding in Ya-fish Schizothorax prenanti Therefore, the high
expression of CRH in the re-fed group compared to that in the
starved group in the present study appears to result from in-
creased CRH expression by re-feeding.

The plasma concentration of leptin, an appetite suppressant
regulator like CRH, showed no changes with starving and re-
feeding. It is presumed that feeding and re-feeding olive floun-
der for 2 weeks does not directly cause a significant change in
leptin concentrations. Volkoff (2015) reported no difference in
leptin expression changes in the brains of Red-bellied piranha
Pygocentrus nattereri subjected to 7 days of starving. Similarly,
Tinoco et al. (2012) and Shpilman et al. (2014) also reported that
starving did not significantly affect the leptin expression levels in
fish. Such results are similar to those reported in the present study,
suggesting that leptin may not be involved in the appetite control
and feeding behavior induced by starving and re-feeding in fish.
They also propose that this result may be related to the period of
starving and re-feeding. In conclusion, a 1-week re-feeding period
induced effective changes in appetite response compared to a
2-week starving period. Even if the re-feeding is performed after
starving, the balance caused by re-feeding can affect various
physiological changes in fish by feed intake efficiency. In addition,
the results of this study differ from previous studies, such as
decreased expression of HCRT and GAL-R1T mRNA (known as
appetite-stimulating regulators) during starving, suggesting the
possibility of complex interactions between various neurons in
the central nervous system and peripheral nervous system, rather
than a single regulatory factor, 'food intake'. As we only inves-
tigated the effect of fasting and re-feeding on the changes in
appetite-related genes in olive flounder for a certain period, this
study provides basic research data related to the physiological
processes in fish under limited feeding conditions.
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