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Abstract

Melatonin is a neuroendocrine transducer of circadian/circannual rhythms able to synchronize organism'’s
physiological activity. On the basis of our recent findings on appetite regulation by melatonin in the zebrafish
brain, the aim of this study was to evaluate melatonin’s role in peripheral circuitries regulating food intake,
growth, and lipid metabolism. For this purpose, the effect of two melatonin doses (100nM and 1 uM) admin-
istered for 10 days, via water, to adult zebrafish was evaluated at both physiological and molecular levels. The
major signals controlling energy homeostasis were analyzed together. Additionally, the effect of melatonin doses
on muscle metabolic resources was evaluated. The results obtained indicate that melatonin reduces food intake
by stimulating molecules involved in appetite inhibition, such as leptin (LPT), in the liver and intestine and
MCH4R, a melanocortin system receptor, in the liver. Moreover, melatonin decreases hepatic insulin-like growth
factor-1 (IGF-I) gene expression, involved in growth process and other signals involved in lipid metabolism such
as proliferator-activated receptors (PPARw, f, and y) and sterol regulatory element-binding protein (SREBP).
These results were correlated with lower levels of lipids in the muscles as evidenced by the macromolecular
pools analyses. The findings obtained in this study could be of great interest for a better understanding of the
molecular mechanisms as the basis of food intake control and, in turn, can be a useful tool for medical and

aquaculture applications.

Introduction

IN ALL VERTEBRATES, appetite regulation is a complex phe-
nomenon involving interactions between brain and pe-
ripheral signals to modulate the physiological response to
nutrient ingestion. Peripheral control includes satiety and
adiposity signals, while the central regulation is exerted by
neuropeptides and neurotransmitters acting as orexigenic or
anorexigenic factors.! Altogether, these central and peripheral
signals allow maintenance of energy balance and body weight
stability by modulating energy expenditure and energy in-
take.? Depending on daily living habits, vertebrates have
adapted their behavior and their physiological functions, such
as feeding, growth, reproduction, and osmoregulation.**
Itis well known that appetite is under multifactorial control
and that among different environmental synchronizers, the
alternation of light and dark (circadian rhythm) is probably
the main factor controlling the feeding rhythm. In this regard,
considering that melatonin acts as a neuroendocrine trans-
ducer, able to synchronize the physiological functions,” an
increasing number of studies have focused on photoperiod

and melatonin influence on food intake regulation in both
mammals and fish.”® Melatonin is produced rhythmically
with high levels at night and low levels during the day in both
diurnal and nocturnal species,* and its effect on food intake is
often different (appetite stimulation, inhibition, or no effect)
depending on the habits of each species.'®™® In particular, our
recent study on the central regulation of appetite in zebrafish
demonstrated that melatonin is able to modulate not only
food intake but also the most central appetite signals.”

It has been demonstrated that melatonin, the hormonal
mediator of biological rhythms, also acts at the peripheral
level affecting adiposity, growth, and body weight, in both
mammals and fish, although such effects are highly vari-
able.”'* In fish, a contrasting action of melatonin on growth
has been observed: a significant weight increase was found in
Atlantic salmon implanted with melatonin,'” while in both
trout and goldfish, implants or injections reduced body
weight and growth rate.'®” On the other hand, it is well
known that a central component of growth processes is the
growth hormone (GH)-insulin-like growth factor-I (IGF-I)
axis. Many of the growth-promoting actions of GH in fish are

lDipartimento di Scienze della vita e dell’ambiente, Universita Politecnica delle Marche, Ancona, Italy.

?[stituto Nazionale Biostrutture e Biosistemi, Roma, Italy.

275



276

mediated by IGF-1,'®' and Falcon et al.?® demonstrated a
direct role of melatonin on GH secretion. In addition, recent
studies have shown that melatonin influences carbohydrates
and lipid metabolism in goldfish liver and muscle'”; incon-
sistent results, instead, were found in mammals.2'™23

In this regard, among signals that regulate feeding be-
havior and metabolism, leptin (LPT) plays a key role as a
satiety molecule controlling body weight maintenance. In
both mammals and fish, LPT is secreted by a variety of tis-
sues such as adipocytes, stomach, muscle, placenta, and
brain,***” and its anorexigenic action is exerted by stimu-
lating melanocyte-stimulating hormone and subsequently
MCA4R, the key receptor in appetite regulation of the mela-
nocortin system.”®**” While in mammals MC4R is exclusively
expressed in the central nervous system, in fish it is also pe-
ripherally expressed, indicating a role for pro-opiomelanocortin
(POMC) molecules on peripheral regulation of energy ho-
meostasis.’’ Moreover, in mammals it is now clear that LPT
and POMC pathways exert an integrated control of appetite
and fat metabolism>'; in fact, MC4R genetic disruption in
mice directly promoted lipid uptake and fat accumulation in
white adipose tissue.”> A similar relationship between the
two systems is easily conceivable also in fish consider-
ing that several studies clearly indicate an involvement of
melanocortin receptors in the regulation of fish energy
metabolism.*

Focusing on molecules involved in lipid metabolism,
proliferator-activated receptors (PPARs) and sterol regulatory
element-binding proteins (SREBPs) are the key signals of the
hepatic fat pathway. PPARs are members of the nuclear re-
ceptor family that regulates the expression of genes that
control fatty acid synthesis, storage, and catabolism. Three
subtypes of PPARs, termed o, ff (9), and y, have been identified
in mammals’ liver as well as in fish. The overall features in-
cluding the primary structure and tissue distribution are
similar to those of their mammalian Coun’cerparts,s“’35 result-
ing a good tool in fish metabolism studies. Concerning
SREBP, this sterol-sensitive transcription factor is synthesized
as a membrane-bound precursor protein that in the liver is
cleaved to its mature form when cellular sterols are depleted.
Knight et al>® elucidate a clear link between SREBP and
PPARu in the liver, where the latter controls SREBP expres-
sion and activity. These authors demonstrated that the hepatic
gene expression of both signals is more pronounced during
the light phase of the diurnal cycle, confirming the importance
of photoperiod in metabolism control.

Unlike mammals, in fish, only one study is available on
SREBP activity. Migliarini and Carnevali® analyzed SREBP
gene expression in zebrafish lipid metabolism in relation to
the endocannabinoid system, but a possible relationship be-
tween this lipid regulator and melatonin has not yet been
analyzed.

Considering the limited and contrasting data available on
the control of energy balance by melatonin and on the bases of
previous results obtained in our laboratory on the central
control of melatonin in zebrafish appetite,” in this study we
aimed to elucidate the melatonin effects on peripheral organs
involved in appetite, growth, and lipid metabolism in Danio
rerio. Major peripheral signals involved in energy homeostasis
control and growth such as LPT, MC4R, PPARs, SREBP, and
IGF-1 were analyzed with a concomitantly evaluation of
metabolic resources distribution.
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Materials and Methods
Animals and maintenance

The experiments were carried out in adult male zebrafish
aged 10 months (D. rerio, AB wild-type strain) obtained
from our facilities. Fish were spawned from the same
broodstock.

Fish were maintained in 100 L aquaria, with a constant flow
of filtered fresh water. Photoperiod was 14 light:10 dark
(lights on at 07:00; ZT 0, zeitgeber time) and water tempera-
ture was 27+ 1°C. Fish were fed daily with a 2% body weight
ration of floating pellets (Sera Vipagran). Animals were ac-
climated to these conditions for at least 15 days before the
assay, showing normal feeding and activity patterns during
this acclimation period. Care and the use of the animals were
in accordance with the Guidelines on the Handling and
Training of Laboratory Animals by the Universities Federa-
tion for Animal Welfare and with the Italian animal welfare
legislation (D.L. 116/92).

Experimental design

Melatonin treatment. Two groups of zebrafish (=10 fish
per group), in triplicate, maintained with the photoperiod
previously described, were exposed via water to two different
doses of melatonin (Sigma Aldrich), 100nM and 1 uM, fol-
lowing previous studies.”*® Briefly, for stock solution, mela-
tonin was directly dissolved to 100 uM concentration in water.
The actual levels of melatonin were confirmed by high-
performance liquid chromatography with fluorescence detec-
tion using serial dilutions, in three independent experiments.
The treatment or control solution (water) was administered
directly into the fish tank. The final concentration of melato-
nin in the tanks was 100nM and 1 uM, respectively.

Treatment was 10 days long, melatonin doses were
added daily at 11:00 a.m. (ZT 4), and the concentrations were
maintained constant throughout the experiment by renewing
water every 24 h in each tank. This avoided a melatonin ac-
cumulation into the water as previously described.’

A control group (n=10), in triplicate, was kept at the same
rearing conditions but without melatonin administration. For
the control group and for each group exposed to two mela-
tonin doses, the treatment was performed in three different
tanks (in triplicate).

Food intake analysis. During the experiment, the animals
received preweighed food in excess (5% body weight) every
day, 30 min after melatonin treatment. Specifically, food in-
take (FI) was measured at the end of the 10 days’ treatment. FI
was thus monitored for 5h after the last melatonin adminis-
tration. FI was calculated as follows: FI=W; — (W x F), where
Wi =initial dry food weight, W¢=remaining dry food weight,
and F=correction factor. F was previously calculated in the
absence of fish to determine the effect of water dissolution on
food pellets during the feeding time, and represents the re-
duction in food weight after food remains 5 h into the aquaria
(F=0.856+0.0054) following previous studies.”>’

At the end of the FI experiment (ZT 9), zebrafish were an-
esthetized (0.1 mg/L MS222; Sigma) and livers, muscles, and
intestines were dissected and stored at —80°C until analysis.
Considering RNA sensitivity, the sampling of liver, intestine,
and muscle from each fish was performed as fast as possible
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TaBrLE 1. List oF PrimERs UseDp IN THIS STUDY

Gene Forward primer Reverse primer

Leptin 5-AGCTCTCCGCTCAACCTGTA-3’ 5-CAGCGGGAATCTCTGGATAA-3’
MC4R 5-ATCTCCACGGAGGTCTTCCT-3 5-CGAAGCATTGGAGACACTCA-3
SREBP 5-GCTGTTACCCTCTGCTGAAG-3’ 5-TGAAACCGCTGCCTTGAC-3’
PPARu 5-TCCACATGAACAAAGCCAAA-3’ 5-AGCGTACTGGCAGAAAAGG-3
PPARp 5-TGGAGTACGAGCGATGTGAG-3 5-TAGTCCAGCCACCAGCTTCT-3'
PPARy 5-CTGCCGCATACACAAGAAGA-3’ 5-TCACGTCACTGGAGAACTCG-3’
p-actin 5-GGTACCCATCTCCTGCTCCAA-3’ 5-GAGCGTGGCTACTCCTTCACC-3

and in the presence of dry ice. The food was analyzed by
filtering the water in the tanks on a 30 um sieve, after manu-
ally removing feces with a Pasteur pipette; the remaining food
was then concentrated in a 5mL volume and dried at 60°C
over night.

RNA extraction and cDNA synthesis

Total RNA was extracted from liver and intestine samples
with RNeasy Mini Kit (Qiagen). Final RNA concentrations
were determined by optical density measurement at 260 nm,
and the RNA integrity was verified by ethidium bromide
staining of 285 and 18S ribosomal RNA bands on 1% agarose
gel. First-strand cDNA synthesis was performed as already
described by Carnevali and Maradonna.*’

Real-time polymerase chain reaction

A relative quantification of ¢cDNA was made using
B-ACT®*! and ARP** as normalizers in each sample in order
to standardize the results by eliminating variation in mRNA
and cDNA quantity and quality.*> Reference genes were
chosen because the mRNA levels were close to those of our
target genes and the levels did not vary between experimental
treatments. No amplification product was observed in nega-
tive control and no primer—dimer formation was observed in
the control templates. The data obtained were analyzed using
the iQ5 optical system software version 2.0 (Bio-Rad) in-
cluding Genex Macro iQ5 Conversion and genex Macro iQ5
files. Data were normalized using genex Macro iQ5 file. The
calculations in this spreadsheet are derived from the algo-
rithms outlined by Vandesompele et al.** and from the geN-
orm manual and associated calculations.

Primers were designed using polymerase chain reaction
(PCR) designer software PRIMER3, starting from zebrafish
sequences available in GenBank and used at a final concen-
tration of 10 pmol/ uL. Primers sequences are shown in Table 1.

PCRs were performed with the SYBR green method in an
iQ5 Multicolor Real-Time PCR Detection System (BioRad).
Triplicate PCRs were carried out for each sample analyzed. The
reactions were set on a 96-well plate by mixing, for each sam-
ple, 1 uL of diluted (1/10) cDNA, 5uL of 2x concentrated
SYBR Green PCR Master Mix (BioRad), containing SYBR Green
as fluorescent intercalating agent, 0.3 uM forward primer, and
0.3 uM of reverse primer. The thermal profile, for all reactions,
was 3min at 95°C and then 45 cycles of 10s at 95°C, 20s at
60°C, and 205 at 72°C. The fluorescence was monitored at the
end of each cycle. Additional dissociation curve analysis was
performed and showed in all cases one single peak. Data ob-
tained were treated by iQ5 optical system software version 2.0.

Fourier transform infrared spectroscopy

With the purpose to evaluate melatonin effects on macro-
molecular pools, distribution Fourier transform infrared (FT-
IR) spectroscopy was carried on zebrafish muscle tissue.

Sample preparation. Muscle tissues sampled from zebra-
fish exposed to melatonin 100nM and 1xM and from the
control group were sonicated in a milliQ water buffer, divided
in 50 uL rates, deposed on Si supports, dried at 60°C for 12h,
and spectroscopically analyzed using Spectrum GX1 Perkin
Elmer spectrometer.

Data processing for infrared spectroscopy. On samples’
spectra, interpolated in the range 1800-880cm ™' and two
points baseline linear fitted, three bands were selected at 1739,
1706 (vC=0 of triglycerides), and 1630 (amide I) cm™ !, on
which heights were calculated (Spectrum 5.3 Perkin Elmer
software package). For each specimen, 5 samples were ana-
lyzed, for a total of 15.

Statistical analysis

The data obtained were examined by one-way ANOVA
followed by the Tukey post-test, using a statistical software
package, Graph Pad Prism5 (Graph Pad Software Inc.), with
significance set at p <0.05.

Results
Food intake analysis

The two different doses (100 nM and 1 uM) of the hormone,
administered via water, significantly reduced food intake with
respect to the control group. The strongest decrease in food
intake was observed with the higher dose (about twofold) as
shown in Table 2.

TABLE 2. Foop INTAKE CONTROL BY MELATONIN
TREATMENT (100 NM AND 1 M) IN ZEBRAFISH ADULTS

Food intake (mg/g body weight)

Control 58.5+£3.2
100 nM 35.8+2.4*
1uM 26.6+2.8*

Data are expressed as mean food intake (mg) per body weight (g).
Results are expressed as mean+standard error of the mean.

*Significant differences evaluated by one-way analysis of variance
with the Tukey post-test (p<0.05).
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FIG. 1.

(A-G) The figure represents the expression of the different genes (LPT, MC4R, IGF-1, SREBP, and PPARs) analyzed

by real-time polymerase chain reaction in the zebrafish liver after exposure to melatonin (100nM and 1 uM). Results are
expressed as mean+standard error of the mean (SEM). Different letters indicate significant differences on the basis of the

Tukey post-test (p <0.05). CTRL, control.

Melatonin effects on hepatic signals involved
in appetite control and energy balance

Real-time PCR analysis clearly demonstrated a key role of
melatonin in regulating signals involved in food intake,
growth, and lipid metabolism in the liver (Fig. 1A-G). Figure
1A shows changes in LPT gene expression. Both melatonin
doses caused a great (200- and 400-fold) increase in mRNA
levels with respect to the control, with the strongest effect
being observed with the higher dose (1 uM).

LPT, as well as MC4R, the other anorexigenic signal tested,
was affected by melatonin treatment: a strong increase of MC4R
mRNA levels was observed for both doses tested with respect to
the control (Fig. 1B); the increase was not dose related.

Regarding growth, as shown in Figure 1C, melatonin in-
duced a significant decrease in IGF-1 mRNA levels, for both
doses tested, with a downward trend with respect to the
control.
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Moving to lipid metabolism, some hepatic key genes were
analyzed. First, SREBP gene expression was significantly re-
duced compared with the control by both melatonin doses; the
effect was not dose related (Fig. 1D). Second, a similar trend
was observed for PPARo, 5, and y mRNA levels (Fig. 1E-G).
Figure 1E shows the changes of PPARs’ gene expression by
melatonin in the liver. Only the higher dose (1 uM) induced a
significant decrease in PPARxz mRNA levels, whereas the lower
dose did not induce any change compared with the control.
PPARf and PPARy gene expression levels were significantly
decreased by both melatonin doses, and PPAR mRNA levels
showed a dose-related reduction (Fig. 1F, G).

Melatonin effect on intestine signals involved
in appetite control

As already described in the liver, in the intestine the two
melatonin doses (100 nM and 1 uM) showed a modulation of

CTRL

100nM

1uM
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FIG. 3. Representative spec-
tra of the macromolecular
pools of control, 100nM and
1M muscle tissue in the re-
gion 4000-880cm ™.
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LPT mRNA levels that was dose related; in fact, both doses
significantly increased LPT gene expression with the strongest
effect being observable with 1 uM melatonin (Fig. 2).

Melatonin effect on the macromolecular pools
in the muscle

To understand melatonin implication on metabolic re-
sources, distribution FT-IR analyses were conducted on
muscle tissue. In this regard, three bands were taken into
account at 1739, 1706 (vC =0 of ester functional groups), and
1630 (amide I) cm ~: the first and the second, highly sensitive
to hydration and hydrogen bonding, are attributable to ester
groups in triglycerides, while the latter is strongly correlated
with the protein pattern.*> The results showed a significant
decrease in the lipid component for both melatonin doses
compared with the control, while protein pools were not
significantly changed (Fig. 3 and Table 3).

Discussion

It is well known that a specific neurocircuitry, which is
mainly located in hypothalamic and brain stem areas, con-
tinuously monitors peripheral signals reflecting energy status
and initiates appropriate behavioral and metabolic responses
to fluctuations in nutrient availability.*® Since the finding of
melatonin production in the gastrointestinal tract of several
vertebrate species,”” including fish,*® a growing number of
studies have been involved in the relationship between this
hormone and food intake processes.” Melatonin contributes
to synchronizing behaviors and neuroendocrine regulations

TaBLE 3. RELATIVE HEIGHTS OF MEANINGFUL
INFRARED BANDS ABSORPTION

Infrared bands 1630 1706 1739  1630/(1706+1739)
Control 0.0939 0.0586 0.0364 0.99
100nM 0.0802 0.0217 0.0016 3.44
1M 0.1053 0.0213 0.0077 3.63

with the daily and annual variations of the photoperiod,
contributing to the maintenance of energy balance in verte-
brates.* Melatonin is also considered an anorexigenic factor in
diurnal and nocturnal fish species®!” though several authors
suggested that the effects could be attributed to a sedative
action of the molecule.*

Considering the increasing interest on melatonin influence
on food intake and metabolism, on the basis of our recent
results obtained in the zebrafish brain by melatonin, this
study highlights the possible relationship between this hor-
mone and peripheral circuitries controlling food intake,
growth, and lipid metabolism in D. rerio.

In the present study, melatonin administration induces a re-
duction of food intake and accordingly, in peripheral districts,
determines a stimulation of satiety and anorexigenic signals
such as LPT in the liver and intestine and MC4R in the liver.

Induction of LPT and MC4R mRNA levels by melatonin
may suggest that this hormone is able to modulate appetite by
inducing anorexigenic signal production in peripheral tissues.
The stimulation of MC4R gene expression by melatonin in the
liver concomitant with food intake reduction suggests that in
zebrafish, this receptor is associated with energy homeostasis
control in peripheral tissues as already observed in barfin
flounder.®® In addition, these results showed an increase in
MC4R and LPT expression levels in the liver as previously
observed in the brain,” supporting their involvement in food
intake regulation. As demonstrated by several studies, mela-
tonin involvement in appetite/ metabolism regulation may be
related not to an action per se but to the onset of different
mechanisms. In particular, the anorexigenic action of this
hormone could be mediated by a delay in the gastric empty-
ing rate as seen in rats and goldfish,”>" or by its stimulatory
action on fat mobilization.'”?? In addition, more recently,
Zhdanova™ focused on sleep regulation in zebrafish, high-
lighting that melatonin action on food intake reduction can be
due to an alteration of the circadian rhythm and to a sleep
promotion and not to a direct effect of the hormone. It is clear
that added studies are requested to discriminating among
these different factors.
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Regarding melatonin influence on metabolism, signals in-
volved in growth and lipid metabolism were considered to-
gether with metabolic resources distribution in the muscle.
The results showed an involvement of melatonin in all circuits
analyzed, suggesting a role for this hormone as a key player in
the system that regulates growth, metabolism, and thus en-
ergy balance.

Several studies conducted in mammals have shown that
increasing the photoperiod results in increased appetite,
growth, GH production, and IGF-1 levels.”® Similar changes
in GH-IGF-1 axis have been reported in many fish species,
such as salmon,’*°® medaka,’® and sea bream.” In particular,
Falcon and colleagues20 demonstrated, for the first time in
fish, that melatonin modulates GH secretion, acting directly
on trout pituitary cells. Nevertheless, Taylor et al.® analyzed
the effect of melatonin implants in rainbow trout, finding that
supraphysiological doses of melatonin inhibit the growth rate
apparently without a direct action on the IGF system. In
contrast, our results showed a reduction in the IGF-1 gene
expression level after melatonin treatment, but it is not clear
whether melatonin acts on IGF-1 directly or via activation of
anorexigenic pathways, suggesting that melatonin may be the
intermediary in the process that conveys photoperiodic in-
formation to the somatotropic axis.

In addition, this study highlights the role of melatonin on
lipid metabolism and metabolic resources distribution: all
signals investigated in the liver, such as SREBP and PPARs,
were negatively modulated by melatonin administration, and
in muscle a reduction of lipid macromolecular pool was evi-
dent. This decrease could be a consequence of food intake
reduction: during the fasting period, the lipid component is
commonly dismantled to recover energy for the whole body,
as seen in mammals.”

Moreover, the results recently obtained in mammals by
Knight et al.>® further highlighted the relationship between
PPARs and SREBP. Not only did these authors show that the
inclusion of a PPAR« activator in the diet of normal mice can
stimulate the hepatic expression of genes involved in fatty
acid oxidation and in de novo lipid synthesis (SREBP), but also
they demonstrated a circadian trend in the expression of
PPAR and SREBP. Thus, the findings obtained in the present
study support the hypothesis that melatonin could act as a
hormonal mediator controlling the circadian expression of
PPARs and SREBP also in fish. Anyway, additional studies
are needed to elucidate the entire pathway.

In conclusion, the present study indicates that melatonin is
involved in peripheral circuitries regulating appetite as well
as metabolism. Nevertheless, preliminary data in intestine
and liver do not show the presence of the six melatonin re-
ceptors so far identified in zebrafish, suggesting a brain-
mediated action of melatonin in the peripheral districts, as
also demonstrated by Conde-Sieira and collaborators® in
rainbow trout glucosensing mechanisms.

The findings obtained in the present study could be of great
interest for a better understanding of the molecular mecha-
nisms at the basis of food intake control and in turn can be a
useful tool for aquaculture applications.
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