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A B S T R A C T

Ghrelin and nesfatin-1 are two peptidyl hormones primarily involved in food intake regulation. We previously reported
that the amount of dietary carbohydrates, protein and lipids modulates the expression of these peptides in goldfish in vivo.
In the present work, we aimed to characterize the effects of single nutrients on ghrelin and nesfatin-1 in the intestine and
hepatopancreas. First, immunolocalization of ghrelin and NUCB2/nesfatin-1 in goldfish hepatopancreas cells was studied
by immunohistochemistry. Second, the effects of 2 and 4 hour-long exposures of cultured intestine and hepatopancreas
sections to glucose, L-tryptophan, oleic acid, linolenic acid (LNA), eicosapentaenoic acid (EPA) and docosahexaenoic
acid (DHA) on ghrelin and nesfatin-1 gene and protein expression were studied. Co-localization of ghrelin and NUCB2/
nesfatin-1 in the cytoplasm of goldfish hepatocytes was found. Exposure to glucose led to an upregulation of preproghre-
lin and a downregulation of nucb2/nesfatin-1 in the intestine. L-Tryptophan mainly decreased the expression of both pep-
tides in intestine and hepatopancreas. All fatty acids in general downregulated NUCB2/nesfatin-1 in the intestine, but
only the longer and highly unsaturated fatty acids inhibit preproghrelin. EPA exposure led to a decrease in preproghrelin,
and an increase in nucb2/nesfatin-1 expression in hepatopancreas after 2 h. These results show that macronutrients exert
a dose- and time-dependent regulation of ghrelin and nesfatin-1 in intestine and hepatopancreas. This study indicates that
macronutrients modulate ghrelin and NUCB2/nesfatin-1, and suggests a role for these hormones in the digestive process
and nutrient metabolism.

© 2016 Published by Elsevier Ltd.

1. Introduction

Ghrelin is a 28-amino-acid peptide mainly synthesized by the gut
(Sánchez-Bretaño et al., 2015b). It is a potent orexigenic peptide, as
demonstrated in several fishes (Kang et al., 2011; Matsuda et al.,
2006; Unniappan et al., 2004) and mammals (Asakawa et al., 2001;
Sugino et al., 2004; Tschöp et al., 2000; Wren et al., 2000). Plasma
ghrelin in fish, as well as its gene expression were previously mea-
sured in response to fasting, feeding and food composition (Blanco et
al., 2016a; Jönsson et al., 2007; Riley et al., 2009). From these stud-
ies, it seems that ghrelin, while regulating food intake, is in turn mod-
ulated by dietary frequency and macronutrients (Horvath et al., 2001;
Riley et al., 2009a, b; Velasco et al., 2016). Nesfatin-1 is a peptidyl
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hormone produced by the N-terminal cleavage of its precursor nucle-
obindin-2 (NUCB2), encoded by nucb2 gene (Oh-I et al., 2006). In
fish, nucb2/nesfatin-1 is abundant in many tissues including the brain,
pituitary, hepatopancreas, gonads and gastrointestinal tract (Gonzalez
et al., 2010; Lin et al., 2014). This peptide reduces food intake af-
ter central or peripheral administration in mammals (García-Galiano
et al., 2010b; Goebel et al., 2011; Gonzalez et al., 2012; Mortazavi et
al., 2015; Oh-I et al., 2006; Shimizu et al., 2009; Sugino et al., 2004;
Tang-Christensen et al., 2004) and fish (Gonzalez et al., 2010; Kerbel
and Unniappan, 2012), which supports an anorexigenic role for this
hormone. It was suggested that both peptides have opposing effects on
the regulation of energy balance in fish (Kerbel and Unniappan, 2012).

In mammals, diet composition regulate ghrelin (Beck et al., 2002;
Beck and Richy, 2008; Gomez et al., 2012; Handjieva-Darlenska and
Boyadjieva, 2009; Kinzig et al., 2007; Wang et al., 2012) and nes-
fatin-1 (Mohan et al., 2014). We reported that the amount of carbohy-
drates, protein and lipids present in the diet modulates the expression
of preproghrelin and nucb2-nesfatin-1 in vivo (Blanco et al., 2016b).
However, whether components of macronutrients act directly on gut
and hepatopancreas to modulate appetite regulatory peptides remain
poorly understood. In teleosts, data suggest that endogenous glucose
instead of dietary glucose is used as the principal source of energy
(Moon, 2001). Moreover, the regulation of ghrelin by glucose found

http://dx.doi.org/10.1016/j.cbpa.2017.01.006
1095-6433/© 2016 Published by Elsevier Ltd.
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in tilapia indicates that dietary glucose may be acting as a signal of
metabolic status in fish rather than an energy source (Riley et al.,
2009a, b). To date, no data is available on the effects of glucose
on NUCB2/nesfatin-1. The protein composition of diet is fundamen-
tal to the growth and development of both fish and mammals. Argi-
nine, histidine, isoleucine, leucine, lysine, methionine, phenylalanine,
threonine, tryptophan and valine are essential for fish (Akiyama et
al., 1997; Tibaldi and Kaushik, 2005). Although several reports have
demonstrated the relationship between dietary protein level and food
intake in fish (Borlongan and Coloso, 1993; Cowey, 1992; Green and
Hardy, 2002; Nunes et al., 2014), the regulation of gastric peptides
by amino acid composition of food remains unclear. The role of di-
etary fatty acids and their saturation levels on ghrelin and NUCB2/
nesfatin-1 expression are poorly understood in both fish and mam-
mals. Velasco et al. (2016) found evidence of a possible role of ghrelin
on the modulatory effect that fatty acids exert on food intake in rain-
bow trout. In the case of nesfatin-1, recent data from our group sug-
gest that an increase in the proportion of dietary unsaturated fatty acids
leads to a decrease in NUCB2/nesfatin-1 gene expression in pejerrey
larvae (unpublished observations). Also, the presence of both peptides
in the hepatopancreas (Jönsson, 2013; Kang et al., 2011) suggest func-
tions for these peptides in this organ.

This research aimed to answer two important questions. Do nu-
trient components directly modulate the gene and protein expression
of ghrelin and NUCB2/nesfatin-1 in the gastrointestinal tract and he-
patopancreas of fish? Do the levels of fatty acid saturation affect the
expression of this two appetite regulatory peptides? As a first ap-
proach to answer these questions, the presence and cellular local-
ization of ghrelin and NUCB2/nesfatin-1 in goldfish hepatopancreas
were characterized by immunohistochemistry. Second, an organ cul-
ture experiment using goldfish intestine and hepatopancreas treated
with different concentrations of glucose, the essential amino acid
L-tryptophan or different fatty acids varying in length and unsaturation
level was performed.

2. Material and methods

2.1. Fish

Goldfish (Carassius auratus; comet variety), with a body weight
of 5 ± 1 g (for immunohistochemistry) or 32 ± 8 g (for organ culture),
were acquired from a commercial supplier (Aquatic Imports, Calgary,
AB, Canada) and maintained at 20 ± 2 °C and a 12 h:12 h dark-light
cycle photoperiod in 300 L tanks. Fish were fed ad libitum once
daily (10:00 am) on a commercial diet for goldfish (Goldfish granules,
Aqueon, Franklin, WI, USA). All studies using fish strictly followed
the Canadian Council of Animal Care guidelines, and protocols were
approved by the Animal Research Ethics Board of the University of
Saskatchewan (Protocol Number 2012-0082).

2.2. Immunohistochemistry (IHC)

Goldfish (n = 3), which were fasted for 24 h, were sacrificed by
spinal dissection and then immersed in 4% paraformaldehyde (PFA)
diluted in 0.1 M phosphate-buffered saline (PBS, pH 7.4) overnight.
The following day, the hepatopancreas was removed and post-fixed
for 3 h in a fresh 4% PFA solution. Tissue was processed (dehydrated
and embedded in paraffin) at the Prairie Diagnostic Services, Univer-
sity of Saskatchewan. Paraffin blocks were then sectioned at 7 μm
thickness using a rotary microtome, and transversal sections were
mounted onto superfrost slides. The protocol for IHC was performed
as previously described (Diotel et al., 2011) with slight modifications.
Sections were deparaffinized with xylene (twice, for 5 min each) and

rehydrated through a series of graded ethanol (100% ethanol for 2 min
twice, 95% ethanol, 85% ethanol, 70% ethanol, 50% ethanol and
30% ethanol for 30 s once each). Sections were then washed with
0.85% NaCl (twice for 10 min) and 0.1 M PBS (once for 5 min),
and blocked in 0.1 M PBS containing 0.5% of bovine serum albu-
min for 45 min before being incubated overnight with a mixture of
primary antibody against ghrelin and primary antibody against nes-
fatin-1 (rabbit anti-ghrelin, Catalog # H-031-31, Phoenix Pharma-
ceuticals, Burlingame, CA, USA; mouse anti-nesfatin-1, Catalog #
ALX-804-854-C100, Enzo Life Sciences, Brockville, ON, Canada)
both diluted 1:200, at room temperature. Ghrelin and nesfatin-1 anti-
bodies detect both precursor (preproghrelin or NUCB2, respectively)
and processed ghrelin or nesfatin-1. Preproghrelin and NUCB2 anti-
bodies were developed in rabbit and mouse, respectively, using the
corresponding rat peptidic sequences (ghrelin: GSSFLSPE-
HQKAQQRKESKKPPAKLQPR; nesfatin-1: PIDVDKTKVHN-
VEPV ESARIEPPDTGLYYDEYLKQVIEVLETDPHFREK-
LQKADIEEIRSGRLSQELDLVSHKVRTRLDEL) as immunogen.
Preabsorption controls using goldfish synthetic ghrelin and nesfatin-1
were performed to control for the binding of these heterologous an-
tibodies to the endogenous peptides. Despite this, a small degree of
non-specificity could be ruled out, so the positive immunoreactivity
signal is mentioned here as ghrelin-like and NUCB2/nesfatin-1-like,
instead of ghrelin and NUCB2/nesfatin-1. The following day, sec-
tions were washed twice in PBS and once in 0.2% Triton PBS for
10 min each and subsequently incubated with a mixture of Texas
Red anti-rabbit IgG (Vector Laboratories, Burlington, ON, Canada)
and FITC anti-mouse IgG (Abcam, Toronto, ON, Canada), both di-
luted 1:2000, for 1 h at room temperature. Separate sets of slides were
treated only with the secondary antibodies (negative controls). Pre-
absorption controls were carried out by an overnight incubation of
the slides with mixtures of goldfish ghrelin or nesfatin-1, at a ratio
1:10 (antibody:peptide). All primary and secondary antibodies were
diluted in antibody diluent reagent (Dako, Mississauga, ON, Canada).
After incubation with secondary antibodies, slides were washed twice
in PBS and once in 0.2% Triton PBS for 5 min. Finally, sections
were mounted using VECTASHIELD Mounting Medium containing
4′,6-diamidino-2-phenylindole (DAPI; Vector Laboratories, Burling-
ton, ON, Canada). Slides were assessed using a Nikon Eclipse Ti-In-
verted fluorescence microscope (Nikon Instruments, Melville, NY,
USA), and images were captured using a Nikon DS-Qi1 MC camera.
Images were analyzed using the NiS Elements Basic Research Imag-
ing Software and adjusted linearly for light and contrast before being
assembled on plates using Photoshop CS6 (Adobe Systems Inc., San
Jose, CA, USA).

2.3. Organ culture experiment

2.3.1. Reagents
All macronutrient component concentrations were chosen based on

the doses used in vitro in mouse cells by Mohan et al., 2014, and in
vivo in goldfish by Blanco et al., 2016a. We tested glucose to represent
the effect of carbohydrates on fish metabolism, and L-tryptophan to
represent the effect of the essential amino acids. Additionally, to know
whether the fatty acids influence ghrelin and NUCB2/nesfatin-1 and
if their unsaturation level plays a role in such modulation, we tested
oleic acid, linolenic acid (LNA), eicosapentaenoic acid (EPA) and do-
cosahexaenoic acid (DHA). Glucose (Fisher Scientific, Ottawa, ON,
Canada) and L-tryptophan (Sigma-Aldrich, Oakville, ON, Canada)
were reconstituted in low-glucose (5.6 mM) Dulbecco's Modified Ea-
gle Medium (DMEM) supplemented with 44 mM sodium bicarbon-
ate, 1% penicillin-streptomycin and 0.05% gentamicin (DMEM +)
at a stock concentration of 100 mM. Oleic acid,
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LNA, EPA and DHA (Sigma-Aldrich) were reconstituted at a stock
concentration of 10 mM. All stock solutions were diluted in DMEM +
to reach the required experimental concentrations just before use. Low
glucose-DMEM medium was used in all cultures in order to avoid po-
tential masking effects of high glucose levels on the macronutrients
effect on ghrelin and NUCB2/nesfatin-1gene expression.

2.3.2. Culture conditions and experimental assays
Organ culture was performed as previously described for gold-

fish (Sánchez-Bretaño et al., 2016) with slight modifications. Gold-
fish (n = 6) fasted for 24 h were sacrificed by spinal dissection, and
the anterior intestine (from the end of the intestinal bulb to the J-loop)
and hepatopancreas were quickly removed under sterile conditions.
Intestines were cut into fragments of approximately 1–2 mm width
and immersed in DMEM supplemented 10% penicillin-streptomycin
and 0.5% gentamicin for 1 min, before being distributed in differ-
ent wells of sterile uncoated culture 24-well multidish plates (Corn-
ing®, Tewksbury, MA, USA) (20 mg tissue/well) containing 1 mL of
DMEM +. Hepatopancreas were disrupted with a sterile scalpel and
portions of tissue (20 mg tissue/well) were placed directly in the cul-
ture plates, also in wells containing 1 mL of DMEM +. Plates were
preincubated for 2 h at 23 °C under an atmosphere of 5% CO2 and
95% O2 for stabilization. Then, medium was replaced by 1 mL of
fresh DMEM + alone (control) or containing either glucose (25, 50
or 100 mM), L-tryptophan (1, 10 or 50 mM), oleic acid (1, 10 or
100 μM), LNA (1, 10 or 100 μM), EPA (1, 10 or 100 μM) or DHA
(1, 10 or 100 μM). Plates were designed so that each of it contains 6
control wells and 18 wells treated with a single drug (6 wells per con-
centration). In each plate, the 6 replicates per experimental group con-
tain tissue from a different fish. Besides, each plate was generated in
duplicate, one of which was incubated for 2 and the other for 4 h. At
the end of each incubation time, intestine and hepatopancreas samples
were collected, quickly frozen in liquid nitrogen and stored at − 80 °C
until total RNA or protein was extracted.

2.4. Real-time quantitative PCR (RT-qPCR)

Total RNA was isolated using Ribozol RNA Extraction Reagent
(aMReSCO, Toronto, ON, Canada) following the protocol provided
by the manufacturer. RNA purity was validated by optical density
(OD) absorption ratio (OD 260 nm/280 nm) using a NanoDrop 2000c
(Thermo, Vantaa, Finland). An aliquot of 1 μg of total RNA was re-
verse transcribed into cDNA in a 20 μL reaction volume using iS-
cript Reverse Transcription Supermix for RT-qPCR (Bio-Rad, Mis-
sissauga, ON, Canada) according to the manufacturer's instructions.
RT-qPCRs were performed using iQ SYBR Green Supermix
(Bio-Rad, Mississauga, ON, Canada). The specific primer sequences
used for target genes preproghrelin and nucb2/nesfatin-1, and refer-
ence gene β-actin are shown in Table 1. Primers were purchased from
IDT (Toronto, ON, Canada). Each sample was run in duplicate using
a 96-well plate (Axygen, Union City, CA, USA) loaded with 1 μL of
cDNA and 500 nM of each forward and reverse primer in a final vol-
ume of 10 μL. Each PCR run included a standard curve for the gene
tested made of four points of a serial dilution (1:1; 1.3; 1:9 and 1:27).
Negative control was carried out by adding water instead of cDNA.
RT-qPCR cycling conditions consisted of an initial step of 95 °C for
3 min, and 35 cycles of 95 °C for 10 s and 56.6 °C (preproghrelin) or
60 °C (nucb2/nesfatin-1 and β-actin) for 30 s. A melting curve was
systematically monitored (temperature gradient at 0.5 °C/5 s from 65
to 95 °C) at the end of each run to confirm specificity of the amplifi-
cation reaction. The efficiency of the amplification for all genes stud

Table 1
Primers used for quantifying gene expression by RT-qPCR.

Gene

GenBank
accession
number Primer sequence (5′ to 3′)

Product
size (bp)

Preproghrelin AF454389.1 F: ATTCAGAGTGTTGTCGTA
R:
AGGAAAGAGCACATAAGA

103

Nucb2/nesfatin-1 HM065567.1 F:
AGTCTCCCCAGAATGTGGAC
R:
CATCCAGCTTGGTTCTCACA

186

β-Actin AB039726.2 F: CAGGGAGTGATGGTTGGCA
R:
AACACGCAGCTCGTTGTAGA

168

F, Forward primer; R, Reverse primer.

ied was 95–100%. All runs were performed using a CFX Connect
Real-Time System (Bio-Rad, Mississauga, ON, Canada). The
2 − ΔΔCt method (Livak and Schmittgen, 2001) was used to deter-
mine the relative mRNA expression.

2.5. Western blot analysis

Ghrelin and NUCB2/nesfatin-1 protein levels in cultured intestine
and hepatopancreas were quantified by Western blot. Only selected
samples that were found to have notable effects on mRNA expres-
sion after glucose, tryptophan and fatty acids administration were used
for protein quantification. Tissues (n = 4 fish) were homogenized in
T-PER tissue protein extraction reagent (Thermo Fisher Scientific,
Waltham, MA, USA), and proteins were extracted according to the
manufacturer's instructions and quantified by Bradford assay. Western
blot protocol was performed as previously described (Ramesh et al.,
2015). The samples (containing 30 μg protein) were prepared in 1 ×
Laemmli buffer containing 0.2% 2-mercaptoethanol (Bio-Rad) and
subsequently were boiled at 95 °C for 10 min. Then, the whole sample
volume was loaded and electrophoresed in 8–16% Mini-PROTEAN®
TGX™ precast protein gels (Bio-Rad). Precision plus protein™ Dual
Xtra standards (Bio-Rad) was used as molecular weight marker. Fol-
lowing electrophoresis, proteins were transferred to a 0.2 μm pore-size
nitrocellulose membrane (Bio-Rad) using the Trans-Blot® Turbo™
transfer system (Bio-Rad), and membrane was blocked in 1 × Rapid-
Block™ solution (aMReSCO). Detection of target proteins was per-
formed by overnight incubation of membrane in 1 × RapidBlock™
solution containing specific primary antibody (1:500 dilution; mouse
anti-ghrelin, Catalog # ab57222, Abcam; mouse anti-nesfatin-1, Cata-
log # ALX-804-854-C100, Enzo Life Sciences). Vinculin protein was
used for normalization and was detected using rabbit antiserum di-
rected against mouse vinculin (1:2000 dilution; Catalog # ab129002,
Abcam). As secondary antibody, goat anti-mouse or anti-rabbit IgG
(H + L) HRP conjugate (Bio-Rad) diluted 1:2000 were used. For pro-
tein visualization the membrane was incubated for 5 min in Clarity™
Western ECL substrate (Bio-Rad) and imaged using ChemiDoc™ MP
imaging system (Bio-Rad) with chemiluminescence detection. Blot
images were plotted using ImageJ software and band density of vin-
culin was used to normalize protein density.

2.6. Statistical analysis

Data were analyzed by one-way ANOVA, followed by post hoc
Student-Newman-Keuls test at a significance level of p < 0.05. Data
that failed to pass homogeneity tests were log-transformed and
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re-tested. All tests were performed using Infostat Version 2008 (JA di
Rienzo et al., 2013) software.

3. Results

3.1. Co-localization of ghrelin and NUCB2/nesfatin-1 in goldfish
hepatopancreas

Ghrelin and NUCB2/nesfatin-1 were detected in the cytoplasm of
cells in the goldfish hepatopancreas (Fig. 1 A, B). Immunoreactivity
of each peptide is distributed through the liver and may include pan-
creatic cells. As seen in Fig. 1 A and B, most of the NUCB2/nesfatin-1
signal appears in cells that are surrounding a centrilobular vein, in a
structure that seems to be a hepatic lobe. In this area, ghrelin signal
is stronger than the one for NUCB2/nesfatin-1. Moreover, ghrelin im-
munoreactivity is widely distributed around the hepatopancreas com-
pared with NUCB2/nesfatin-1. Also, we found that some of the cells
co-localize both peptides (Fig. 1 C). No staining was detected in both
negative and preabsorption controls (Fig. 1 D, E, F).

3.2. Glucose modulates preproghrelin and nucb2/nesfatin-1 mRNA
expression in a concentration- and time-dependent manner

In the intestine, the highest glucose concentration led to a statis-
tically significant decrease in preproghrelin expression after 2 h of
treatment, whereas at 4 h, 50 mM and 100 mM significantly increased
its expression (Fig. 2 A). On the other hand, the expression of nucb2/
nesfatin-1 significantly decreased compared to control in all glucose
treatments after 2 and 4 h (Fig. 2 B). In the hepatopancreas, 100 mM
of glucose led to a significant decrease in preproghrelin expression
compared to the control group (Fig. 2 C), while no changes were ob-
served in nucb2/nesfatin-1 mRNA expression regardless of the dose
and treatment duration (Fig. 2 D).

3.3. L-Tryptophan downregulates preproghrelin mRNA expression
and time-dependently modulates nucb2/nesfatin-1 mRNA expression.

In the intestine, preproghrelin expression significantly decreased
compared to control after 2 h of treatment with all concentrations of
L-tryptophan, while no changes were observed after 4 h (Fig. 3 A).
Nucb2/nesfatin-1 expression showed a statistical decrease after 2 h of
exposure to 10 mM and 50 mM of L-tryptophan, but was significantly
upregulated after 4 h in the group treated with 50 mM (Fig. 3 B). In
the hepatopancreas, L-tryptophan led to a significant decrease in pre-
proghrelin expression at 4 h, while no differences were observed be-
tween control and treated groups at 2 h (Fig. 3 C). In the case of nucb2/
nesfatin-1, its mRNA expression significantly decreased in groups
treated with 10 mM and 50 mM L-tryptophan for 2 h, but significantly
increased after 4 h of treatment with 50 mM L-tryptophan (Fig. 3 D).

3.4. Fatty acids predominantly downregulate the intestinal
preproghrelin and nucb2/nesfatin-1 mRNA expression

As shown in Fig. 4 A and B, 10 μM oleic acid treatment led to
a significant increase in both preproghrelin and NUCB2/nesfatin-1
mRNA expression at 2 h. After 4 h of treatment, 1 μM oleic acid
significantly increased the expression of preproghrelin (Fig. 4 A).
Nucb2/nesfatin-1 mRNA levels were significantly decreased after 2 h
of treatment with 1 μM and 100 μM of oleic acid, and after 4 h of
exposure to all concentrations tested (Fig. 4 B). No changes in pre-
proghrelin expression were observed after 2 and 4 h of exposure to
LNA, except in the group treated with 10 μM LNA during 4 h in
which a significant decrease in mRNA levels was observed (Fig. 4
C). On the other hand, all doses of LNA significantly decreased the
NUCB2/nesfatin-1 mRNA expression compared to control group after
2 and 4 h of treatment (Fig. 4 D). All doses of EPA led to a signif

Fig. 1. Co-localization of ghrelin and NUCB2/nesfatin-1 in goldfish hepatopancreas. Immunoreactivity to ghrelin (red, panel A) and NUCB2/nesfatin-1 (green panel B) is localized
in the cytoplasm of hepatopancreas cells. Several cells co express both ghrelin and NUCB2 (C). Either preabsorption with corresponding synthetic peptide or absence of correspond-
ing primary antibody yield non immunoreactivity signal (D, E, F). All images are merged with DAPI showing nuclei in blue. Arrowheads indicate cells stained for either ghrelin or
NUCB2 and solid arrows show cells that show co-localization of both ghrelin and NUCB2/nesfatin-1. In panels (B), (C) and (E) NUCB2 labels refer to both NUCB2 and nesfatin-1
proteins. Dash line encloses the hepatic lobe area (Hl). Vc indicates the centrilobular vein. (For interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)
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Fig. 2. Preproghrelin and nucb2/nesfatin-1 mRNA expression in intestine (A, B) and hepatopancreas (C, D) of goldfish after 2 h and 4 h of 25 mM, 50 mM and 100 mM glucose
treatments. Data obtained by RT-qPCR are shown as mean + SEM (n = 6 fish). Asterisks denote statistical differences between control and treated groups assessed by one way
ANOVA follow by Student-Newman-Keuls post-hoc test (*p < 0.05, **p < 0.01, ***p < 0.001).

Fig. 3. Preproghrelin and nucb2/nesfatin-1 mRNA expression in intestine (A, B) and hepatopancreas (C, D) of goldfish after 2 h and 4 h of 1 mM, 10 mM and 50 mM L-tryptophan
treatment. Data obtained by RT-qPCR are shown as mean + SEM (n = 6 fish). Asterisks denote statistical differences between control and treated groups assessed by ANOVA and
Student-Newman-Keuls post-hoc test (*p < 0.05, ***p < 0.001).
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Fig. 4. Preproghrelin and nucb2/nesfatin-1 mRNA expression in intestine after 2 h and 4 h of treatment with 1 mM, 10 mM and 100 mM oleic acid (A, B), linolenic acid (LNA; C,
D), eicosapentanodioic acid (EPA; E, F) and docosahexanodioic acid (DHA; G, H). Data obtained by RT-qPCR are shown as mean + SEM (n = 6 fish). Asterisks denote statistical
differences between control and treated groups assessed by ANOVA and Student-Newman-Keuls post-hoc test (*p < 0.05, **p < 0.01, ***p < 0.001).

icant decrease in both preproghrelin and nucb2/nesfatin-1 mRNA ex-
pression after 2 h of treatment (Fig. 4 E, F). The 100 μM concentra-
tion of LNA significantly increased the expression of preproghrelin,
whereas the 1 μM concentration significantly decreased the NUCB2/
nesfatin-1 expression at 4 h (Fig. 4 E, F). Exposure to all doses of
DHA resulted in a significant decrease in both preproghrelin and
nucb2/nesfatin-1 mRNA expressions after 2 h, while no significant
changes were observed after 4 h (Fig. 4 G, H).

3.5. Fatty acids modulate preproghrelin and nucb2/nesfatin-1 mRNA
expression in cultured hepatopancreas in a time- and
concentration-dependent manner

Oleic acid (10 μM) significantly increased the preproghrelin and
nucb2/nesfatin-1 mRNA expression after 2 h of treatment. All the
other concentrations of oleic acid tested led to a significant decrease
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in the preproghrelin mRNA expression, and did not alter the expres-
sion of NUCB2/nesfatin-1 after either 2 or 4 h of treatment (Fig. 5 A,
B). As shown in Fig. 5 C and D, LNA significantly decreased pre-
proghrelin expression after 2 and 4 h of treatment. Nucb2/nesfatin-1
mRNA expression remained unaltered after 2 h of exposure to all

LNA concentrations tested, while after 4 h the 100 μM LNA dose sig-
nificantly increased the Nucb2/nesfatin-1 mRNA expression.

Treatments with 10 μM and 100 μM EPA led to a significant de-
crease in preproghrelin expression and a significant increase in nucb2/
nesfatin-1 expression at 2 h (Fig. 5 E, F). However, all concentra-
tions of EPA significantly increased the expression of preproghre

Fig. 5. Preproghrelin and nucb2/nesfatin-1 mRNA expression in hepatopancreas after 2 h and 4 h of treatment with 1 mM, 10 mM and 100 mM oleic acid (A, B), linolenic acid
(LNA; C, D), eicosapentanodioic acid (EPA; E, F) and docosahexanodioic acid (DHA; G, H). Data obtained by RT-qPCR are shown as mean + SEM (n = 6 fish). Asterisks denote
statistical differences between control and treated groups assessed by ANOVA and Student-Newman-Keuls post-hoc test (*p < 0.05, **p < 0.01, ***p < 0.001).
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lin at 4 h (Fig. 5 E), while the 10 μM concentration significantly de-
creased the nucb2/nesfatin-1 mRNAs levels after 4 h of treatment
(Fig. F). As can be seen in Fig. 5 G, all DHA concentrations led to
a significant decrease in the preproghrelin mRNA expression after 2
and 4 h of treatment. Nucb2/nesfatin-1 mRNA expression was signifi-
cantly decreased after 2 h of treatment with 1 μM and 10 μM of DHA,
and was significantly increased with all doses of DHA after 4 h of
treatment (Fig. 5 H).

3.6. Macronutrients alter ghrelin and nesfatin-1 protein expression

In the intestine, the expression of preproghrelin significantly de-
creased after 2 h of treatment with 100 μM DHA. No changes were
observed with 50 mM tryptophan and 100 μM EPA treatments (Fig.
6A). After 4 h of treatment, preproghrelin levels were significantly
higher than control in the group treated with 100 mM glucose (Fig.
6B). As is shown in Fig. 6 C, no changes were detected in NUCB2

Fig. 6. Ghrelin (A, B) and NUCB2/nesfatin-1 (C, D) protein expression in intestine after 2 h and 4 h of treatment with different macronutrients. Data obtained by band densitometry
are shown as mean + SEM (n = 4 fish). Asterisks denote statistical differences between control and treated groups assessed by ANOVA and Student-Newman-Keuls post-hoc test
(*p < 0.05).
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levels after 2 h of treatment with the different macronutrients in in-
testine. On the other hand, the protein expression of nesfatin-1 sig-
nificantly decreased compared to control in those groups treated with
50 mM L-tryptophan and 100 μM EPA during 2 h. After 4 h of treat-
ment, a statistically significant high expression of NUCB2 was ob-
served after exposure to 50 mM L-tryptophan and 100 μM EPA (Fig.
6 D). A significant increase in nesfatin-1 levels was detected in those

groups treated with 100 mM glucose and 1 μM oleic acid, while a de-
crease was observed after treatment with 10 μM LNA (Fig. 6 D).

In the hepatopancreas, preproghrelin protein expression was sig-
nificantly higher compared to control in the group treated with 10 μM
oleic acid during 2 h (Fig. 7 A). After 4 h, the group treated with
100 μM DHA showed a significant decrease in preproghrelin levels
(Fig. 7 B). The expression of NUCB2, but not nesfatin-1, signifi

Fig. 7. Ghrelin (A, B) and NUCB2/nesfatin-1 (C, D) protein expression in hepatopancreas after 2 h and 4 h of treatment with different macronutrients. Data obtained by band densit-
ometry are shown as mean + SEM (n = 4 fish). Asterisks denote statistical differences between control and treated groups assessed by ANOVA and Student-Newman-Keuls post-hoc
test (*p < 0.05).
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cantly decreased after 2 h of treatment with 100 μM oleic acid (Fig.
7 C). A significant decrease in NUCB2 levels was observed in those
groups treated with 10 μM EPA and 100 μM DHA after 4 h (Fig. 7 D).
Treatments with 50 mM L-tryptophan and 100 μM LNA led to a sig-
nificant increase in nesfatin-1 expression after 4 h (Fig. 7 D).

4. Discussion

Previously, we found that diets containing varying amounts of
macronutrients modulate preproghrelin and nucb2/nesfatin-1 mRNA
expression in vivo in central and peripheral tissues of goldfish (Blanco
et al., 2016a). Here, we investigated if macronutrients directly regu-
late the mRNA and protein expression of preproghrelin and NUCB2/
nesfatin-1 in peripheral tissues. To achieve this, goldfish intestine and
hepatopancreas were cultured and treated with glucose, L-tryptophan
and different fatty acids. We chose intestine and hepatopancreas, be-
cause these two tissues are heavily involved in the regulation of feed-
ing and metabolism, and both ghrelin and nesfatin-1 (Asakawa et al.,
2005; Stengel et al., 2010., Gonzalez et al., 2012, Gonzalez et al.,
2010; Kaiya et al., 2008) are expressed in these tissues, at least at gene
level. This is the first report in which direct effects of macronutrients
on feeding regulatory peptides are reported in vitro in non-mammalian
tissues.

Our first aim was to demonstrate the presence of ghrelin and nes-
fatin-1 in goldfish hepatopancreas by IHC. The presence of ghrelin has
been demonstrated by both PCR and IHC techniques in the intestine
of fish (Riley et al., 2009a, b; Sánchez-Bretaño et al., 2015a, b). How-
ever, the presence of both peptides in hepatopancreas has only been
studied using RT-qPCR (Blanco et al., 2016a; Lin et al., 2014; Mohan
and Unniappan, 2013). We provide evidence for the cellular distribu-
tion of ghrelin and NUCB2/nesfatin-1 in goldfish liver, showing that
both peptides are present in the cytoplasm of hepatopancreatic cells,
and that some of these cells co-localize both ghrelin and nesfatin-1.
The presence of ghrelin and nesfatin-1 in hepatopancreas, a tissue with
a major role in metabolism, supports an involvement of both hormones
not only in food intake regulation, but also in metabolism and energy
homeostasis (Al Massadi et al., 2014; García-Galiano et al., 2010a;
Jönsson, 2013).

We found that macronutrients exert a modulatory effect on pre-
proghrelin and nucb2/nesfatin-1 mRNA and protein expression in
both tissues studied, which is time- and concentration-dependent. In
some cases, the effects on mRNA and protein expression were op-
posite. This could be due to the distinct effects of micronutrients on
transcription, translation and post-translational processing. In the case
of glucose, we observed that, in the intestine, it mainly increased the
mRNA and protein expression of preproghrelin and led to a decrease
in nucb2/nesfatin-1 mRNA expression. While no changes in NUCB2
protein expression was observed in intestine treated with glucose, an
increase in nesfatin-1 was detected. These results indicate that glu-
cose induces changes not only at the mRNA expression level, but also
in the process that regulate the cleavage of nesfatin-1 from its pre-
cursor. Taking together, the effects observed suggest a global orexi-
genic effect exerted by glucose in the intestine, which is the princi-
pal tissue responsible for ghrelin production (Kojima et al., 1999) and
also show a small synthesis of NUCB2/nesfatin-1 (Lin et al., 2014).
An increase in preproghrelin mRNA expression, as well as plasma
ghrelin levels, in response to glucose was previously reported in the
intestine of tilapia (Riley et al., 2009a, b), supporting an orexigenic
action of glucose in fish. Additionally, the higher expression of pre-
proghrelin found in vitro here, and in vivo by other authors could
support a role of this peptide in the control of glucose metabolism
(Dezaki, 2013). In the hepatopancreas, glucose had no effects on pre-
proghrelin and NUCB2/nesfatin-1 mRNA expression. In this tissue,

glucose decreases preproghrelin mRNA expression just with the high-
est dose. This might be explained by the fact that, at least in some
fish including carp and goldfish, the adipose tissue instead of the liver
seems to play a major role in glucose metabolism (Roy et al., 2003).
In mammals, a decrease in plasma ghrelin after intravenous and oral
administration of glucose was found (Nakagawa et al., 2002; Shiiya
et al., 2002). These results suggest an interaction between ghrelin and
insulin in mammals (Blom et al., 2005). A direct relationship be-
tween nesfatin-1 and insulin effects on glucose was found in mammals
(Gonzalez et al., 2011; Li et al., 2013; Mohan and Unniappan, 2012).
Also, an increase of NUCB2/nesfatin-1 mRNA expression in response
to glucose was found in vitro in ghrelinoma cells from mouse (Mohan
et al., 2014). These results, which contradicts the present work, high-
light the major differences regarding glucose metabolism between fish
and mammals (Hemre et al., 2002).

The role of dietary proteins in somatic growth of both fish and
mammals has been extensively studied and they seem to be the most
important factor limiting it (Abi-Ayad and Kestemont, 1994;
Lochmann and Phillips, 1994; Perez-Sanchez et al., 1995). Despite
that, only limited research has been carried out on the importance of
dietary protein levels on food intake (Wang et al., 2012). We aimed to
elucidate the role of proteins in the regulation of ghrelin and NUCB2/
nesfatin-1, and tested different doses of L-tryptophan, an essential
amino acid for fish. In the intestine, we found that L-tryptophan down-
regulates the expression of preproghrelin at 2 h, and that it exerts a
different effect on the expression of NUCB2/nesfatin-1 depending on
the duration of the treatment. Thus, 2 h of exposure to this nutrient
resulted in a decrease in NUCB2/nesfatin-1 mRNA and protein lev-
els, but an increase was observed after 4 h. This is in accordance with
previous reports in mammals (Lejeune et al., 2006; Nieuwenhuizen et
al., 2009; Veldhorst et al., 2008). In the hepatopancreas, the highest
dose of L-tryptophan exerted opposite effects at 4 h, where it down-
regulated preproghrelin mRNA expression and upregulated NUCB2/
nesfatin-1 mRNA and protein levels. Unpublished observations from
our group demonstrate that ghrelin co-localizes hepatopancreatic en-
zymes, including trypsin that is involved in protein metabolism (Lauff
and Hofer, 1984). Both ghrelin and nesfatin-1 also modulate digestive
enzymes (Blanco et al., 2017 ). Dietary amino acids, such as trypto-
phan, could regulate the actions of these enzymes through ghrelin and
nesfatin-1.

We then determined how the length and saturation level of fatty
acids could affect the expression of ghrelin and nesfatin-1. For this,
we tested four different fatty acids: oleic acid (18:1n − 9), which con-
tains 18 carbon atoms and 1 double bond; LNA (18:3n − 3), which
has 18 carbon atoms and 3 double bonds; EPA (20:5n − 3), which
contains 20 carbon atoms and 5 double bonds; and DHA (22:6n − 3),
which contains 22 carbon atoms and 6 double bonds. It is known
that herbivorous and omnivorous fish that are in the bottom of the
food chain has the capability to add unsaturated and elongated fatty
acids in order to obtain polyunsaturated fatty acids (PUFAs; such as
EPA and DHA) from their precursors including LNA (Castro et al.,
2012; Vagner and Santigosa, 2011; Zheng et al., 2004; Zheng et al.,
2009). Other vertebrates, including mammals, do not have the capa-
bility to synthesize PUFAs and highly unsaturated fatty acids (HU-
FAs), so they need to absorb them from diet (Castro et al., 2012).
Since fish are the major source of PUFAs and HUFAs for humans
(González-Rovira et al., 2009), it is important to know how these fatty
acids could affect peptides involved in food intake and metabolism
regulation, to use all these information to improve aquaculture yield.
In mammals, oleic acid inhibits the NUCB2/nesfatin-1 mRNA expres-
sion whereas increases the ghrelin mRNA expression in vitro (Mohan
et al., 2014). Also, the long-chain fatty acid sensing receptor GPR120
co-localizes with ghrelin containing cells in the mice duodenum and
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has been shown to play a role in the lipid-sensing cascade of these
cells. Free fatty acid receptor 1 (FFAR1), involved in sensing of long/
medium chain fatty acids, is expressed only in cells containing the
des-acyl (therefore, non-active) ghrelin in the stomach of mice, and its
function is unclear (Janssen et al., 2012). We found that preproghrelin
mRNA expression in the intestine is mainly upregulated by oleic acid,
but an increase in the chain length and saturation level of fatty acids
led to a decrease in its expression, especially after 2 h of treatment.
The role of all fatty acids on NUCB2/nesfatin-1, regardless of their
chain length and unsaturation level, is primarily inhibitory, except for
oleic acid. Overall, results from this study indicate that in goldfish in-
testine, fatty acids are important regulators of appetite regulatory pep-
tides.

In the hepatopancreas, we observed a clear indication of a concen-
tration- and time-dependent control of ghrelin and NUCB2/nesfatin-1
by fatty acids. For instance, 2 h of treatment with 10 μM oleic acid
upregulated preproghrelin mRNA and protein expression, but 1 μM
and 100 μM oleic acid caused the opposite effect. EPA downregulated
preproghrelin expression at 2 h, but led to an upregulation at 4 h. This
type of interaction indicates that both peptides could be acting together
in the regulation of some metabolic processes that depend on the time
of exposure to fatty acids. Although more experiments are needed in
order to determine the role of ghrelin and nesfatin-1 in hepatopan-
creas, present results indicate that fatty acids clearly modulate their
mRNA and protein expression in a concentration- and time-dependent
manner. Moreover, the mRNA expression assay indicates a global de-
crease in the expression of preproghrelin and an increase in the ex-
pression of NUCB2/nesfatin-1 in response to fatty acids. Data from
our group showed that ghrelin co-localizes with lipoprotein lipase,
essential for degrading dietary lipids, and modifies its mRNA and
protein expression in goldfish hepatopancreas (Blanco et al., 2017).
Taken this into consideration, it is likely that ghrelin and nesfatin-1
play a role in lipid metabolism.

Our results in general show a decrease in intestinal ghrelin mRNA
expression after 2 h of treatment with different macronutrient compo-
nents. This result is in agreement with the decrease in plasma ghre-
lin observed after meals (Bodosi et al., 2004; Cummings et al., 2001;
LeSauter et al., 2009). Since nesfatin-1 is an anorexigenic peptide, an
increase after treatment with macronutrients was anticipated. The de-
crease in NUCB2/nesfatin-1 mRNA and protein expression observed
after 2 h in the intestine could indicate another function of this pep-
tide not related to food intake control. In vivo and in vitro studies
demonstrated that macronutrients regulate genes involved in growth
and metabolism, particularly in the hepatopancreas (Alvarez et al.,
2000; Douros et al., 2016; Reinecke, 2010; Riley et al., 2009a, b).
In this tissue, the ghrelin and NUCB2/nesfatin-1 expression seems to
be coordinated, showing a decrease in ghrelin mRNA expression and
an increase in NUCB2/nesfatin-1 mRNA and protein expression af-
ter 2 and 4 h of treatment with different macronutrients. More studies
are required to elucidate the mechanisms of macronutrient regulation
of ghrelin and nesfatin-1, but it could be hypothesized that macronu-
trients in general exerts an anorexigenic effect in the intestine which
is the main producer of peripheral ghrelin, while the coordinated ex-
pression of both peptides found in the hepatopancreas suggest an in-
volvement in other process such as metabolism regulation. Overall,
the knowledge created here will help develop endocrine-based consid-
erations, especially in terms of designing fish diets aiming to improve
fish growth.
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