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Abstract

Ghrelin is a multifunctional orexigenic hormone with a unique acyl modification enabled by ghrelin O-acyl
transferase (GOAT). Ghrelin is well-characterized in nonmammals, and GOAT sequences of several fishes are
available in the GenBank. However, endogenous GOAT in non-mammals remains poorly understood. In this
research, GOAT sequence comparison, tissue-specific GOAT expression, and its regulation by nutrient status and
exogenous ghrelin were studied. It was found that the bioactive core of zebrafish GOAT amino acid sequence share
high identity with that of mammals. GOAT mRNA was most abundant in the gut. GOAT-like immunoreactivity
(i.r.) was found colocalized with ghrelin in the gastric mucosa. Food deprivation increased, and feeding decreased
GOAT and preproghrelin mRNA expression in the brain and gut. GOAT and ghrelin peptides in the gut and brain
showed corresponding decrease in food-deprived state. Intraperitoneal injection of acylated fish ghrelin caused a
significant decrease in GOAT mRNA expression, suggesting a feedback mechanism regulating its abundance.
Together, these results provide the first in-depth characterization of GOAT in a non-mammal. Our results dem-
onstrate that endogenous GOAT expression is responsive to metabolic status and availability of acylated ghrelin,

providing further evidences for GOAT in the regulation of feeding in teleosts.

Introduction

T HE MAINTENANCE OF ENERGY homeostasis is critical for
the survival of organisms. Hormones play an integral
role in energy homeostasis, especially to cope with varying
availability of food and changing environmental condi-
tions."* Among hormone-producing tissues, brain (specifi-
cally the hypothalamus) plays a critical role to regulate
energy homeostasis by secreting appetite-stimulating (or-
exigenic) and appetite-inhibiting (anorexigenic) endocrine
signals.'** Peripheral organs, including the gastrointestinal
tract and adipose tissue also secrete hormones that regulate
energy balance. Several central and peripheral neuroendo-
crine tissues receive input on energy status, and respond to
regulate energy intake and expenditure.

Ghrelin is a 28 amino acid acylated peptide hormone’
predominantly produced from the gastric mucosa.® It is a
natural ligand of the growth hormone secretagogue receptor’
and is found in a wide range of cells and tissues, including the
brain and digestive tract.*'" The ghrelinergic system exerts
multifunctional regulatory effects in an endocrine, paracrine,

and autocrine manner to modulate food intake, energy ex-
penditure, hormone secretion, and reproduction.5 12714 g, far,
ghrelin has been identified in various fishes.””* As in
mammals,”> %7 ghrelin increases food intake and promotes
body weight gain in fishes.'®*?*? Similar to mammals,?*-**
it was demonstrated that endogenous ghrelin levels and
ghrelin-induced food intake depend on nutrient/feeding
status, 20:22.33-35

The unique posttranslational acylation of ghrelin in the
third serine is enabled by a membrane-bound O-acyl trans-
ferase 4 (MBOAT4), renamed as the ghrelin O-acyl trans-
ferase (GOAT).**® Octanoylation of ghrelin occurs before
proghrelin is transported to the Golgi, where it is cleaved by
protein convertase to form mature ghrelin. These findings
suggest that GOAT may be located in the membrane of the
endoplasmic reticulum compartment and may mediate the
translocation of the octanoyl-CoA from the cytosolic side to
the ER lumen.’” Studies using genetically modified mice
deficient of GOAT (GOAT ") showed that GOAT is the
only enzyme capable of acylation of ghrelin in vivo.*
GOAT-mediated acylation is critical for most biological
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activities of ghrelin, especially its orexigenic functions.*®*"

The sequence of GOAT is highly conserved across verte-
brates, including fish, 304041

Expression of GOAT in mammals is tissue specific, and
depends on a number of factors, including metabolic status,
and appears to vary among species.”*° In mammals, GOAT is
mainly expressed in the stomach, and is colocalized with
ghrelin in the gastric oxyntic mucosa.*®*"***? Sakata er al.**
observed that GOAT mRNA expression was highly correlated
with ghrelin distribution, while another study did not find such
a correlation.** Several studies in mammals also confirmed
that acylated ghrelin and/or GOAT mRNA increases following
fasting.14’40’4‘ In contrast, other studies either failed to detect
an increase in ghrelin or GOAT following fasting, or observed
a decrease.’**® These discrepancies among studies might be
related to the time of food withdrawal, strain of animal used,
time of sample collection, type of rodent chow provided, and/
or the method of euthanasia.*®

Zebrafish GOAT sequence information is available in the
GenBank, and was grovided in one of the articles reporting its
original discovery.”® Further, it was also identified that zeb-
rafish GOAT octanoylates human ghrelin.*® This aside, there
are no information on endogenous GOAT in non-mammals.
The tissue abundance of GOAT, its cellular localization in the
gut, and effects of calorie restriction and exogenous ghrelin
on gastric GOAT mRNA are currently unknown. The main
objective of this research was to obtain a deeper under-
standing beyond the sequence information on GOAT in fish.

We investigated the tissue distribution and abundance of
GOAT mRNA expression in zebrafish tissues. In addition, we
used fluorescence immunohistochemistry to localize GOAT
and ghrelin in zebrafish gut. We also examined the peri-
prandial expression of preproghrelin and GOAT mRNAs,
and the effects of chronic food deprivation on GOAT mRNA
in the brain and gut of zebrafish. Western blot analysis was
used to elucidate preproghrelin and GOAT protein abun-
dance in the gut after food deprivation. In addition, the effect
of intraperitoneally injected acylated ghrelin on pre-
proghrelin and GOAT mRNA expression in the gut was also
determined. The major novel findings of this research indi-
cate that GOAT expression in zebrafish corresponds to pre-
proghrelin profile in the gut, and that food deprivation
upregulates, while exogenous acylated ghrelin suppresses
both GOAT and preproghrelin.

Materials and Methods
Animals

All in vivo experimental protocols strictly adhered to the
national guidelines provided by the Canadian Council for
Animal Care, and were approved by the University of Sas-
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katchewan Animal Research Ethics Board. Adult male and
female zebrafish (Danio rerio; age: ~6 months; length: 2—
3cm; and body weight: 1-1.5g) were purchased from
Aquatic Imports (Calgary, Alberta, Canada) and kepton a 14-
h light—10-h dark cycle at 28°C. All fish were fed once a day
with a commercial flake diet (Nutrafin Max, Rolf C. Hagen,
Inc.) at 12:00 p.m.

Structural and phylogenetic analysis
of GOAT sequences

GOAT nucleotide and amino acid sequences of organ-
isms assessed in this study were obtained from the NCBI
GenBank (www.ncbi.nim.nih.gov). Multiple sequence align-
ments were conducted using Clustal Omega (www.ebi.ac.uk).
Phylogenetic tree based on amino acid sequences was con-
structed by the Montpellier Laboratory of Informatics, Ro-
botics, and Microelectronics (www.phylogeny.fr/version2_cgi/
simple _phylogeny.cgi).

Tissue distribution of GOAT mRNA

To investigate the tissue distribution of GOAT mRNA,
brain, gut (J-loop/anterior intestine), liver, heart, eye, mus-
cle, gill, ovary, testes, and skin were sampled from zebrafish.
Fish were anesthetized in 0.015% tricaine methanesulfonate
(Syndel Laboratories, Vancouver, British Columbia, Canada)
before dissection and sampling of tissues. Total RNA was
extracted from each tissue using TRIzol™ reagent (Invitro-
gen Canada, Inc., Toronto, Ontario, Canada) according to the
manufacturer’s instructions. The concentration of total RNA
was estimated from absorbance at 260 nm (A260 nm, Nano-
drop2000), and RNA quality was verified by A260nm/
A280 nm ratio (>1.8) and A230/A260 nm ratio (>2). Reverse
transcription (RT) was performed using an iScript cDNA
Synthesis Kit (Bio-Rad Laboratories, Mississauga, Ontario,
Canada) following the manufacturer’s instructions.

Real-time quantitative polymerase chain reaction (RT-
gPCR) of GOAT was performed on a CFX Connect (Bio-Rad)
using iQ SYBR Green Supermix (Bio-Rad). The thermal
profile for all reactions was 3 min at 95°C and then 40 cycles
of 10s at 95°C, followed by 30s at 53°C. The specificity of
the amplified product in the RT-qPCR assay was determined
by analyzing the melting curve to discriminate target am-
plicon from primer dimer and other nonspecific products. A
single melt curve was observed for each primer set in all RT-
qPCR. Each sample was run as duplicates, and the mean
threshold cycles (as determined by the linear portion of the
fluorescence absorbance curve) were used for the final cal-
culation. Beta (f§)-actin (tissue distribution) and eukaryotic
elongation factor 2 alpha 1 (eef2al, for all other mRNA
quantification studies) primers served as internal controls to

TABLE 1. SEQUENCES OF GOAT, EEF2A1, AND f-AcTIN PRIMERS USED FOR RT AND RT-QPCR

Amplicon Forward (5 —3') Reverse (5 —3') Annealing (°C) Reference
GOAT CACCCTCAGCTGTTTTACCA GAATCCTCCCATCGCCAAAT 53 NM_001122944.1
Ghrelin TCCTTGTGTCTCGAGTCTGTG TGGACAGTTCAAATGGAGCG 53 NM_001083872.1
eef2al CCTGCATTCCCCTCAAGAAA TGGCAAGGCACAATTGTTTG 58 NM_001045161.2
p-Actin TTCAAACGAACGACCAACCT TTCCGCATCCTGAGTCAATG 58 NM_131031.1

eef2al, eukaryotic elongation factor 2 alpha 1; GOAT, ghrelin O-acyl transferase; RT, reverse transcription; RT-qPCR, real time,

quantitative polymerase chain reaction.
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normalize cDNA quantity for each sample. The RT-qPCR
data were obtained as CT values, and analyzed using the
comparative Ct method (2724CY 47 Primers used in this study
are provided in Table 1.

Once the RT-qPCRs were completed, the resulting am-
plification products underwent electrophoresis on 2% gels
prepared using 100 mL TAE buffer, 2 g agarose, and 5 ul
ethidium bromide. Gel was run for 1 hat 120 V. A 1 kb ladder
(Invitrogen) was run adjacent to samples to determine the
size of the resulting band. The gel was then imaged using a
Gel Doc™ EZ imager (Bio-Rad).

GOAT and ghrelin-like immunoreactivity
in zebrafish J-loop

Zebrafish gut (J-loop) tissues were collected in 4% para-
formaldehyde (PFA) for 24 h at 4°C. PFA was replaced and
tissues washed thrice with 70% ethanol and tissues were
stored in at 4°C. Tissues were processed (dehydrated, em-
bedded in paraffin), at the Pathology Core Facility of the
Center for Modeling Human Disease, Toronto Center for
Phenogenomics. Paraffin sections of 5 um thickness were
prepared for immunostaining. These sections were depar-
affinized with xylene (incubated twice in 100% xylene; 5 min,
25°C) and rehydrated in a graded ethanol series (incubated
twice in 100% ethanol, and once each in 95% ethanol, 70%
ethanol, 50% ethanol for 2 min at room temperature). The
slides were rinsed in distilled water and washed in phosphate-
buffered saline (PBS) and Kodak Photo-Flo for 10 min fol-
lowed by an additional 10 min in PBS and Triton X-100. The
sections were then blocked with serum-free protein block
reagent (DAKO® Corporation) for 10 min before being in-
cubated overnight in a mixture of rabbit anti-GOAT (targeted
against human GOAT amino acids 356-375) (Catalog No. H-
032-12; Phoenix Pharmaceuticals) diluted 1:150 and mouse
monoclonal to ghrelin (immunogen is the full-length human
preproghrelin peptide of 1-118 amino acids, Catalog No.
ab57222; Abcam) diluted 1:200 at 4°C. Since heterologous
antibodies were used here, it is likely that a certain degree of
non-specificity exists in our findings. Therefore, GOAT-like
and ghrelin-like, instead of GOAT and ghrelin, were used to
refer to immunostaining obtained in this study.

The slides were then washed three times in PBS, and in-
cubated at 37°C for 1h with the following secondary anti-
bodies: goat pAb to Ms IgG (1:200 dilution, FITC; Vector
Laboratories) for the ghrelin primary antibody, and anti-
rabbit IgG made in goat (1:100 dilution; Texas Red; Vector
Laboratories) for the GOAT primary antibody. All primary
and secondary antibodies were diluted in antibody diluent
reagent (DakoCytomation®). Slides were rinsed in dis-
tilled water and washed in a solution of PBS and Kodak
Photo-Flo, Triton X-100 each for 10 min and finally three
times in distilled water. Slides were then mounted using
VECTASHIELD ® Mounting Medium containing the DAPI
nuclear fluorescent dye (Blue; Vector Laboratories). Slides
were then imaged using a Nikon Eclipse Ti-Inverted fluo-
rescent microscope (Nikon Canada) and images were cap-
tured using a Nikon DS-QI1MC cooled monochrome camera
connected to a Dell HP Workstation computer and NIS-
Elements Basic Research Imaging Software (Nikon Canada).
Fourteen slides (from four fish), each containing eight sec-
tions were stained using the above protocol and analyzed.
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Only representative images of gut staining for GOAT,
ghrelin, and colocalization of GOAT and ghrelin are shown.
For the quantification of immunopositive cells, first, the total
number of cells immunoreactive for GOAT alone (red),
ghrelin alone (green), or colocalizing both ghrelin and GOAT
(yellow) were counted in all sections assessed. To calculate
the percentage distribution, the number of cells under each
category (GOAT/ghrelin/GOAT + ghrelin positive) of stain-
ing was divided by the total number of immunoreactive cells
(GOAT/ghrelin). The result was multiplied by 100 to obtain
the percentage population of cells.

Periprandial changes in GOAT and preproghrelin
mRNAs in the brain and gut

To examine the pre- and postprandial changes of GOAT
and preproghrelin mRNAs in the gut and brain, zebrafish
were placed in seven aquaria (n = 6 adult zebrafish/tank). Fish
were acclimated to the aquaria conditions and scheduled
feeding time at 12 p.m. for 2 weeks before the experiments.
On the day of the study, gut and brain were collected at 3h
(—3h, 9 a.m., Aquarium No. 1) and at 1h (-1h, 11 a.m,,
Aquarium No. 2) before the regular feeding time. Zebrafish of
Aquarium No. 3 were sampled just after feeding (Oh, 12
p.m.). Zebrafish of Aquaria Nos. 4 and 5 were fed at the
regular feeding time, and sampled at 1 (fed +1 h, 1 p.m.) and
3h (fed +3 h, 3 p.m.) postfeeding schedule, respectively. Two
groups of zebrafish remained unfed at the regular feeding
time, served as the unfed control and were sampled at 1h
(unfed +1h, 1 p.m., Aquarium No. 6) and 3 h (unfed +3 h, 3
p-m., Aquarium No. 7). GOAT and preproghrelin mRNA
expression was shown as a percentage of expression at =3 h.
Total RNA extraction, cDNA synthesis, and RT-qPCRs for
GOAT and preproghrelin were conducted employing PCR
conditions described earlier in this article. Primers used for
preproghrelin mRNA quantification are listed in Table 1. We
normalized the data using both f-actin and eef2al mRNA
expression. Since eef2al provided more stable Ct values
compared to f-actin, GOAT and preproghrelin mRNA ex-
pression normalized to eef2al is provided.

Food deprivation and changes in GOAT mRNA
in the brain and gut

In this study, we examined the effects of calorie avail-
ability/unavailability on GOAT mRNA expression in the
brain and anterior intestine of zebrafish during food depri-
vation over a 7-day period. Adult zebrafish were acclimated
as outlined in the periprandial experiment. On the day the
study commenced, two groups of fish stopped receiving food
(food-deprived group), while two other groups (fed group)
continued to have access to food at the regular feeding time
(12 p.m.). On days 3 and 7 of the experiment, one fed group
(at 2 h postfeeding, 2 p.m.) and one food-deprived group were
euthanized. Extraction of total RNA, synthesis of cDNA and
RT-qPCR, and normalization of results using internal control
genes were performed as explained earlier.

Food deprivation and changes in GOAT
and preproghrelin peptides in the brain and gut

In a separate study, distinct from the one discussed above,
adult zebrafish were acclimated as outlined in the previous
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experiment. On the day of the experiment, one group of fish
stopped receiving food (food-deprived group), and the other
group (fed group) continued to have access to food at the
regular feeding time (12 p.m.). On day 3, 2h post-regular
feeding time (2 p.m.), fish were dissected and guts were
frozen in liquid nitrogen for western blot analysis. Gut tissues
were homogenized in T-PER® Tissue Protein Extraction
Reagent (#78510; Thermo Scientific, Mississauga, Ontario,
Canada) followed by measurement of protein concentration
by Bradford assay. Samples were prepared in 1 x Laemmli
buffer containing 5% 2-mercaptoethanol (#161-0737 and
161-0710; Bio-Rad), and subsequently boiled at 95°C for
5 min followed by vortexing. The whole sample (20 uL), each
containing 50 ug protein was loaded and run on a Mini-
PROTEAN® TGX™ 4%-16% gradient gel (#456-1096; Bio-
Rad) at 200 V for 30 min. After separation, the proteins were
transferred to a 0.2 um BioTrace™ nitrocellulose membrane
(#27377-000; PALL Life Sciences, Mississauga, Ontario,
Canada) by Trans-Blot® Turbo™ Transfer Starter System
(170-4155; Bio-Rad) with mix molecular weight program.
Membrane was blocked in 1XxRapidBlock™ solution
(#M325; aMReSCO). After blocking, the membranes were
incubated in the primary antibody solution: ghrelin antibody
diluted 1:1000, rabbit anti-GOAT diluted 1:500 (same anti-
bodies used for immunohistochemistry), and rabbit mono-
clonal to vinculin (Catalog No. ab129002; Abcam, Toronto,
Ontario, Canada) diluted 1:1000. All antibodies were diluted
in blocking buffer, and membranes were incubated overnight
at 4°C.

Membranes were then washed three times with TBS and
incubated with the secondary antibody solution: goat anti-
rabbit IgG (H+L) HRP conjugate (#170-6515; Bio-Rad)
diluted 1:3000 was used for GOAT and vinculin and goat
anti-mouse IgG (H+L) HRP conjugate (#171-1011; Bio-
Rad) diluted 1:3000 was used for ghrelin. After 1h, mem-
branes were washed three times before color development.
For protein visualization, the membrane was incubated for
S min in Clarity™ Western ECL substrate (#170-5061; Bio-
Rad) and imaged using ChemiDoc™ MP imaging system
(#170-8280; Bio-Rad) with chemiluminescence detection.
Membrane stripping in between protein detection was con-
ducted using Restore™ PLUS Western Blot Stripping Buffer
(#46430; Thermo Scientific). Precision Plus Protein™ Dual
Xtra standards (#161-0377; Bio-Rad) were used as molecular
weight markers. The expected size of zebrafish GOAT was
approximately 50kDa, meanwhile zebrafish preproghrelin
was expected at 16 kDa.

Effects of intraperitoneal injection of ghrelin
on GOAT and preproghrelin mRNA expression
in the brain and gut

In this study, we examined the effects of exogenous ghrelin
on the expression of GOAT and preproghrelin mRNAs in the
brain and anterior intestine of zebrafish 1 h before and after
regular feeding time (10 a.m.). Adult zebrafish were accli-
mated as outlined for the previous experiment. On the day the
study commenced, two groups of fish were anesthetized 1h
before regular feeding time (9 a.m.) as described previously
and 10 uL of physiological saline or 10 uL. of physiological
saline containing the 100 ng/g BW synthetic goldfish acyl-
ated ghrelin was injected into the peritoneal cavity using a
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microsyringe (Hamilton). Fish were then immediately placed
back into the aquarium and allowed to recover from anes-
thesia. Normally the fish recovered within 1 min. One hour
after injection, fish were euthanized and brain and gut were
collected. One hour after feeding at the regular feeding time
(11 a.m.), two other groups of fish were injected with saline or
ghrelin as described before. An hour post-injection, fish were
euthanized and brain and gut were collected. Extraction of
total RNA, synthesis of cDNA, and RT-qPCR were per-
formed as explained above.

Statistical analyses

Statistical significance was determined by #-test (when two
groups were compared) or ANOVA (when more than two
groups were compared) followed by Tukey’s test at p <0.05.
Homogeneity of variance and normal distribution of data were
examined using Levene’s test and Kolmogorov—Smirnov test,
respectively. Data were log transformed to meet assumptions
of normality and homoscedasticity when it was required. All
data are expressed as mean+SEM. All statistical analyses
were performed using the SPSS 19.0 software package.

Results

Compatrison of zebrafish GOAT amino acid sequence
to the other fishes and mammals

The objective of this analysis was to identify the sequence
similarity of GOAT in vertebrates, especially fish. Zebrafish
GOAT sequence exhibited identical amino acid composition to
that of other fish, including Mexican tetra (Astyanax mex-
icanus, Characidae, 54%), rainbow trout (Oncorhynchus my-
kiss, 47%), bicolor damselfish (Stegastes partitus, 44%), cichlid
(Pundamilia nyererei, Cichlidae, 43%), tilapia (Oreochromis
niloticus, Cichlidae, 43%), chimaera (Callorhinchus milii,
41%), spotted gar (Lepisosteus oculatus, Lepisosteidae, 47%),
and African coelacanth (Latimeria chalumnae, Latimeriidae,
39%) (Fig. 1). Zebrafish GOAT amino acid sequence was also
highly similar to that of alligator (Alligator sinensis, 40%),
mouse (Mus musculus, 39%), cow (Bos taurus, 39%), and
human (Homo sapiens, 38%) (Fig. 1). Compared to human
GOAT, the highest similarity was observed in African coela-
canth (49%), gar (46%), and zebrafish (38%). In contrast, we
found very high similarity between GOAT amino acid se-
quences across more evolved vertebrates. The cow (B. faurus),
mouse (M. musculus), wild pig (Sus scrofa) GOAT amino acid
sequences were 80%, 75%, and 75% identical to that of human
GOAT amino acid sequence, respectively.

Compared to the percentage identity of full-length GOAT
amino acid sequences, the bioactive core of GOAT amino
acid sequences between fish and mammals exhibited even
stronger conservation. The bioactive core of GOAT amino
acid sequences in Mexican tetra, spotted gar, rainbow trout,
bicolor damselfish, cichlid, and tilapia were 66%, 63%, 59%,
56%, 56%, and 54% identical to zebrafish. Mammalian
GOAT bioactive core has high similarity to that of zebrafish
(cat 56%, horse 59%, mouse 59%, human 59%). Phyloge-
netic analyses revealed that zebrafish GOAT was clustered
with Mexican tetra within a clade of a larger group containing
rainbow trout, bicolor damselfish, tilapia, and cichlid pro-
teins, while sequences from mammals were grouped together
as another subclade (Fig. 2). Together, these results indicate
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FIG. 1. Alignment of amino acid sequences in the highly
conserved catalytic regions of ghrelin O-acyl transferase
(GOAT). Multiple sequence alignments were conducted
using Clustal Omega (www.ebi.ac.uk). The proposed cata-
Iytic residues (asparagine and histidine) of GOAT are
marked by asterisks. Partial sequences of GOAT were ob-
tained from full-length amino acid sequences obtained from
the NCBI. The name of the species is given on the left side of
the alignment and the number of amino acids is provided
above the alignment. The colored amino acids show the con-
served regions between species. Species names and GenBank
(www.ncbi.nim.nih.gov) accession nos. used in the alignment
are as follows: Zebrafish (NP_001116416.1), Mexican tetra
(XP_007253942.1), Rainbow trout (CDQ71181.1), Bicolor
damselfish (XP_008292386.1), Cichlid (XP_005738327.1)
Tilapia (XP_003455315.1), Chimaera (XP_007890232.1),
Spotted gar (XP_006627115.1), African coelacanth
(XP_006013871.1), Chicken (NP_001186218.1), Alligator
(XP_006035341.1), Mouse (NP_001119786.1), Rat (NP_
001100787.2), Elephant (XP_003412603.1), Pig (NP_
001177352.1), Cow (NP_001179186.1), Sheep (AFV15801.1),
Gibbon (XP_003269582.1), Human (NP_001094386.1),
Chimpanzee (XP_519692.2), Dolphin (XP_004310679.1),
Killer whale (XP_004277196.1), Horse (XP_001494222.2),
Cat (XP_003984710.1), Dog (NP_001188260.1), Walrus
(XP_004408347.1), and Giant panda (XP_002920871.1).
Color images available online at www.liebertpub.com/zeb

that GOAT, especially its bioactive core, is very highly
conserved across species.

Tissue distribution of GOAT mRNA in zebrafish

While zebrafish GOAT sequence was previously reported,
its tissue abundance in vivo remained poorly understood.
Analysis of GOAT mRNA expression using RT-PCR showed
that it was expressed in the gut, ovary, brain, testis, liver, eye,
heart, gill, skin, and muscle (Fig. 3A). Beta-actin served as an
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FIG. 2. Phylogenetic analysis of GOAT amino acid se-
quences. A phylogenetic tree based on the amino acid se-
quences of GOAT was constructed by the Montpellier
Laboratory of Informatics, Robotics, and Microelectronics
(LIRMM) (www.phylogeny.fr/version2_cgi/simple_phylogeny
.cgi). The name of the species is given on the right side of
the alignment. The scale bar indicates the average number of
substitutions per position (a relative measure of evolutionary
distance).

internal control to verify the quality and amount of samples
(Fig. 3A). The highest expression of GOAT mRNA was
observed in the gut, ovary, brain, and testis (Fig. 3B), fol-
lowed by liver, eye, heart, gills, skin, and muscle with the
lowest level of expression observed in the muscle (p <0.05,
Fig. 3B). GOAT mRNA is ubiquitously expressed, and is
most abundant in zebrafish gut.

GOAT-like and ghrelin- like immunoreactivity
in the gut of zebrafish

Our findings indicate that gut is a major source of GOAT.
Are gut endocrine cell sources of GOAT? If so, are they
produced in gut ghrelin cells? Cross-sections of the zebrafish
gut were stained for ghrelin-like (Fig. 4A, B) and GOAT-like
(Fig. 4C, D) immunoreactivity (i.r.) within the cells of the
gastric mucosa. GOAT immunopositive cells were scattered
deep within the folds of the villi, and was found dispersed
along the apical regions of the villi. Ghrelin-like i.r. was also
localized on the brush border of the villi of zebrafish (Fig. 4A,
B). Colocalization of ghrelin (green) and GOAT (red) was
observed in some cells (Fig. 4E, F). No staining was found in
negative controls stained with secondary antibody alone (Fig.
4G, H). Quantification of immunoreactive cells demonstrated
that ghrelin-like i.r. cells (~60%) are more abundant than
GOAT i.r. cells (~40%) in zebrafish gut. Among these im-
munoreactive cells, ~20% colocalized both ghrelin and
GOAT (Fig. 4K). Overall, a small population of gut ghrelin
cells were found expressing GOAT in zebrafish.

Periprandial changes of GOAT and preproghrelin
mRNA in the gut and brain of zebrafish

Ghrelin is a meal regulator in fish. If so, is ghrelin and
GOAT expression regulated by meal time and feeding?
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FIG. 3. Tissue distribution of GOAT mRNA in zebrafish.
(A) Agarose gel showing RT-gPCR amplicons for GOAT
mRNA (expected amplicon size: 141 bp), ff-actin (expected
amplicon size: 93 bp), and eukaryotic elongation factor 2
alpha 1 (eef2al) (expected amplicon size: 173 bp). Water
in place of cDNA was run as a no-template negative con-
trol (NTC). Quantitative results for GOAT (B) mRNA
expression in various tissues of zebrafish obtained using
RT-qPCR. The results were normalized to f-actin, which
served as a control to verify the quality and amount of
samples. Results are expressed as relative expression levels
to the tissue with the highest expression of GOAT. Error
bars represent standard error of the mean. Asterisks (¥)
denote significant differences compared to gut (p<0.05,
n=0 zebrafish).

GOAT mRNA expression remained unchanged in the brain
(Fig. 5A) and gut (Fig. 5C) of zebrafish at 1-3 h before the
regular feeding time (—1 and —3 h) (p>0.05). It was signif-
icantly increased in the brain of unfed zebrafish at 3h (+3 h)
post-regular feeding time, compared to the group fed at the
regular feeding time (12 p.m., 0h) (p <0.05). There were no

>
FIG. 4. Ghrelin-like and GOAT-like immunoreactivity in
zebrafish J-loop. Representative sections showing immu-
nohistochemical staining for ghrelin (A, B, green), GOAT
(C, D, red), and merged images of GOAT and ghrelin (E, F,
yellow). Arrowheads in (A, D) show cells stained with either
GOAT or ghrelin, empty arrow in (C) shows a cell positive
for GOAT alone, and solid arrows in (E, F) show cells that
colocalize both GOAT and ghrelin. (G, H) A negative
control that lacks GOAT and ghrelin immunoreactivity,
where slides were labeled only with secondary antibodies.
All images are merged with DAPI showing nuclei in blue.
Representative images were taken from multiple sections of
zebrafish gut, as detailed in the Materials and Methods
section. (K) Relative abundance of ghrelin, GOAT, and
ghrelin + GOAT immunopositive cells in the gut of zebrafish.
For details on methods employed for percentage calculation,
please consult the Materials and Methods section. Color
images available online at www .liebertpub.com/zeb
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differences in the brain GOAT mRNA expression in zebra-
fish fed at the regular feeding time, and the unfed zebrafish at
I h postfeeding time. In the gut of fed zebrafish, GOAT
mRNA expression decreased at +1 and +3 h after the meal
(p<0.05; Fig. 5C). Meanwhile, GOAT mRNA expression in
the gut of unfed fish remained significantly higher at 1h
(+1h) and 3h (+3h) following the regular feeding time
(p<0.05). Preproghrelin mRNA expression remained un-
changed in the brain (Fig. 5B) and gut (Fig. 5D) of zebrafish
at 1-3h before the regular feeding time (—1 and —3h)
(p>0.05). It was significantly increased in the brain of unfed
zebrafish at 1 h (+1 h), and in the gut at 3 h (+3 h) post-regular
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FIG. 5. Feeding status affects the periprandial expression of GOAT and preproghrelin mRNAs in the brain and gut of
zebrafish. Pre- and postprandial expression of GOAT and preproghrelin mRNAs in the brain (A, B) and gut (C, D) of
zebrafish. The expression of GOAT and preproghrelin mRNA was normalized to eef2al, and represented relative to the
expression in the =3 h group. Asterisks represent significant differences between groups at the same time point (p <0.05,
n=06 zebrafish). Same letter (a) indicates no differences between time points tested, especially the preprandial sampling
points, while changes observed at various times are indicated by different letters (b, c).

feeding time compared to the group fed at the regular feeding
time (12 p.m., Oh) and fed for 1 and 3 h after regular feeding
time (+1 and +3h) (p<0.05). Both ghrelin and GOAT
mRNAs were decreased in fed fish, while remained elevated
in unfed fish, providing further support to its orexigenic
functions.

Food deprivation effects on GOAT mRNA expression
in the gut and brain

Ghrelin was found upregulated during chronic food dep-
rivation. We wanted to test whether GOAT that activates
ghrelin also follows the same expression pattern. At day 3
post food deprivation, GOAT mRNA expression was sig-
nificantly increased in the brain of unfed zebrafish compared
to those of fed zebrafish (p<0.05; Fig. 6A). However, the
brain GOAT mRNA expression was similar between fed and
unfed zebrafish at day 7 post food deprivation (p>0.05; Fig.
6A). In the gut, GOAT mRNA was increased in unfed zeb-
rafish compared to those of fed fish at 3 and 7 days post food
deprivation (p <0.05; Fig. 6B). Similar to éghrelin expression
changes found during food deprivation,””> GOAT mRNA
expression also increased significantly in a tissue-specific
manner.

Western blot analysis of ghrelin and GOAT
in the zebrafish gut

We found that ghrelin and GOAT mRNAs increased dur-
ing fasting. What happens to peptides encoded by these
mRNAs? Western blot analysis of zebrafish gut with mouse
anti-ghrelin antibody showed full-length preproghrelin pro-
tein (16 kDa) (Fig. 7A). Ghrelin protein was significantly
decreased in the gut of fed fish compared to unfed fish (Fig.
7A). A western blot using the rabbit anti-GOAT antibody
demonstrated 50kDa GOAT protein in zebrafish gut (Fig.
7B). GOAT was significantly downregulated in the gut of fed
fish compared to unfed fish (Fig. 7B). While interindividual
variations in band intensities were found, the normalized
results clearly indicate that precursors of ghrelin and GOAT
are also increased by food deprivation, supporting an orexi-
genic role for these peptides.

Effects of intraperitoneal injection of ghrelin
on GOAT and preproghrelin mRNA expression
in the brain and gut

To date, there are no reports on the effects of exogenous
acylated ghrelin on endogenous ghrelin and GOAT. In this
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FIG. 6. Food deprivation induced changes in GOAT
mRNA expression in zebrafish brain and gut at days 3 and 7
postdeprivation. Food deprivation increased the expression
of GOAT mRNA in zebrafish brain (A) and gut (B). The
GOAT mRNA expression was normalized to eef2al and
expressed relative to the fed group at each time point. As-
terisks represent significant differences between groups at
the same time point (p <0.05, n=6 zebrafish).

study, we tested the outcomes of increasing endogenous
ghrelin levels by acute administration. Intraperitoneal (IP)
injection of 100ng/g BW of acylated ghrelin before feeding
significantly decreased GOAT mRNA expression in the brain
(Fig. 8A) and gut (Fig. 8C) compared to the saline-treated
controls. Similar suppression of GOAT in the brain was also
found in the group of fed zebrafish injected with ghrelin
(Fig. 8A), while no such effects were found in the gut of the
same fish (Fig. 8C). One hour after regular feeding time, IP
administration of 100ng/g BW of ghrelin significantly de-
creased brain preproghrelin mRNA expression in ghrelin-
injected group compared to the saline-treated controls
(Fig. 8B). Gut preproghrelin mRNA expression did not show
any significant differences between saline- and ghrelin-
treated group (Fig. 8D). An increase in acylated ghrelin
causes a reduction in both ghrelin and GOAT, possibly due to
a feedback inhibition.

Discussion

Our results indicate that GOAT amino acid sequence, es-
pecially the bioactive core is highly conserved across verte-
brates. However, zebrafish GOAT amino acid sequence
showed higher identity with other fish GOAT sequences. We
observed the most abundant expression of GOAT mRNA in
the gut. Identity of GOAT amino acid sequence between
zebrafish and other fishes and mammals indicate highly
conserved regions in the bioactive core of GOAT, suggesting
similar biological functions in vertebrates. Ghrelin is a major
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FIG. 7. Ghrelin and GOAT precursor proteins are ex-
pressed in zebrafish gut and are affected by nutrient status.
Fifty micrograms of total protein/well was loaded from the
whole tissue lysates. Representative immunoblot shows
bands representing preproghrelin corresponding to 16kDa
(A), GOAT corresponding to 50kDa (B), and vinculin
corresponding to 125kDa. Average relative protein ex-
pression levelstSEM from four separate zebrafish gut per

treatment group. Asterisk (*) indicates significant difference
(p<0.05; n=4 zebrafish).

orexigenic factor in fish and is expressed in the gut and has
been shown to stimulate food intake. The colocalization of
GOAT and ghrelin in the gut confirm the potential functional
interactions between GOAT and ghrelin in regulating food
intake. It was determined that both asparagine in position 307
and histidine in position 338 of mouse GOAT are essential
for the catalytic activity of GOAT enzyme.?’” The proposed
catalytic residues (asparagine and histidine) of GOAT are found
conserved in zebrafish bioactive core. It has been shown that
zebrafish, rat, and mouse GOAT were able to acylate human
ghrelin.*® Zebrafish ghrelin amino acid sequences also exhibited
very high identity with other fish species and mammals.**

We observed the expression of GOAT mRNA in various
tissues, with the highest expression in the gut and lowest in
the muscle of zebrafish. Similarly, wide distribution of
GOAT mRNA has been reported in human and mice tissues,
where the highest expression was reported in the stomach
and intestine.%%33742 These suggest that the primary source
of GOAT might be gastrointestinal cells. Expression of
GOAT in the brain of mammals”***® and zebrafish suggest a
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potential facilitative role for GOAT in feeding regula-
tion.'>2%34% Our data are in general agreement with other
reports showing a similar pattern of GOAT mRNA expres-
sion in both rodent and human tissues.*®”** However, there
are some discrepancies in tissue distribution of GOAT in
mammals. GOAT mRNA was highest in the stomach and was
detectable in the small intestine, colon, and testis and was not
detectable in liver, brain, heart, kidney, lung, adipose tissue,
and skeletal muscle in mouse.”’ Study by Gonzalez e al.
(2008)*® did not detect GOAT mRNA expression in testis and
liver of rat. These exceptions might be related to species
differences or the circadian expression of GOAT.** GOAT
might contribute to the ghrelin-mediated regulation of energy
balance in fish and mammals.

In agreement with our PCR results, GOAT immuno-
positive cells were identified in the gut mucosa of zebrafish.
Some GOAT immunoreactive cells were also positive for
ghrelin. To the best of our knowledge, this is the first study
that shows localization of GOAT i.r. in fish, and its coloca-
lization with ghrelin in a non-mammal. Our result is consis-
tent with the findings in mammals where GOAT and ghrelin
are expressed in stomach ghrelin cells.”>® Ghrelin is mainly
produced in the X/A cells located in the gastric mucosa of
stomach® and other mucosal cells in the small intestine.”>"
Similarly, it has been demonstrated that GOAT enzyme

expression is high]y enriched within the gastric ghrelin-
producing cells.* The coexpression of GOAT in the gut
ghrelin cells suggests that acylation is possible within the
gastrointestinal tract.** We found only 20% of GOAT cells
immunopositive for ghrelin in zebrafish gut. There appears to
be species specificity in the percentage of gut cells expressing
both ghrelin and GOAT. For example, about 95% GOAT-
positive cells in mice stomach also express ghrelin, mean-
while, only around 56% of GOAT cells colocalize ghrelin in
rat stomach.”> While the reason for this species difference is
currently unknown, this suggest that GOAT likely has other
substrates in the gastrointestinal tract. Future studies em-
ploying double-labeled in sifu hybridizations and immuno-
histochemistry using antibodies specific for zebrafish GOAT
and ghrelin will help clarify this species difference.

It has been shown that the regulation of food intake by
acylated ghrelin is dependent on metabolic status.'* We ob-
served alterations in GOAT mRNA in the brain and the gut of
zebrafish under various feeding conditions. Our results in-
dicate that the expression of GOAT mRNA in both brain and
gut are influenced by daily feeding period and nutrient status.
Periprandial profile of GOAT mRNA expression did not
change during 20-24 h (=3 to —1 h) after regular feeding time.
In fish that were fed at the regular feeding time, preproghrelin
mRNA expression decreased or remained the same as in
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sampling points before the regular feeding time. However,
the most significant result is that in fish that were unfed at the
regular feeding time, both preproghrelin and GOAT mRNA
expression significantly increased. This increase was tissue
specific and time dependent. The circadian pattern of ghrelin
and/or GOAT is currently unknown. It is highly likely that
ghrelin and GOAT exhibits a circadian pattern in its tissue-
specific expression. The fact that there are considerable dif-
ferences (an increase due to food withholding, and a decrease
due to feeding) in the expression profile of GOAT and pre-
proghrelin in fed versus unfed fish suggests that the changes
found are likely elicited due to a meal or a lack of food. In
other words, diet availability modulates ghrelin and GOAT
expression in the gut and brain of zebrafish. Gut GOAT
mRNA was increased following fasting of zebrafish at days 3
and 7 in the present study. The brain GOAT mRNA showed
an increase following 3 days of fasting and remained un-
changed at 7 days fasting. Ghrelin mRNA increased in the
brain and gut of zebrafish fasted for 3, 5, and 7 days and
refeeding after a 7 day fast caused a significant decrease in
preproghrelin mRNA expression in the gut and brain of
zebrafish.?? In agreement with this, we found an increase in
both preproghrelin and GOAT peptides in the gut of food-
deprived fish. Our results are consistent with ghrelin ex-
pression level in the gut during short-time fasting (16 and
24 h fasting).**=> Overall, these meal-related corresponding
changes in GOAT and ghrelin in both brain and gut highlight
a role for the ghrelinergic system on food intake. It has been
shown that 24 h fasting increased stomach GOAT mRNA, but
not total ghrelin or stomach ghrelin expression in mice.**>?
Fasting increased stomach GOAT mRNA levels in rats sub-
jected to 21 days of caloric restriction.*® Also fasting (12 and
24h) increased circulating acglated ghrelin.>#®>*%> Mean-
while, Kirchner ez al. (2009)>” showed that fasting (12, 24,
and 36 h) suppressed stomach GOAT mRNA in male mice
and increased total ghrelin levels. While species differences
in GOAT mRNA expression exist, it is clear that feed
availability modulated endogenous GOAT and ghrelin.
Another novel finding of this study is that GOAT mRNA
expression in the gut and brain of unfed zebrafish was sup-
pressed after an injection of acylated ghrelin. This points to-
ward a possible feedback inhibition of GOAT, thereby
preventing more GOAT to acylated ghrelin, since excess of
acylated ghrelin is present in the system. While the same re-
sults were also found in the brain of fed fish, this inhibition was
not found in the gut of zebrafish. This is likely due to differ-
ences in the abundance of GOAT locally produced. Pre-
proghrelin mRNA expression in the brain of fed fish was also
attenuated by acyl ghrelin injection, but no such changes were
found in the gut of fed and unfed fish and the brain of unfed
fish. While the reasons for this tissue-specific expression of
ghrelin and GOAT require additional studies, it is clear that the
abundance of acylated ghrelin in the system induced by IP
injection, in general, has a suppressive effect on the ghreli-
nergic system in zebrafish. This study only considered mRNA
expression, not proteins, but the changes found are suggestive
of a negative feedback inhibition of GOAT by active ghrelin.
In conclusion, this study furthers our current understanding
of GOAT as a meal responsive orexigenic and metabolic
peptide with an evolutionarily conserved structure and
function. Presence of GOAT in tissues that are important in
regulating metabolism suggests a possible role for GOAT in
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regulating energy balance in zebrafish. A fasting-induced
increase in GOAT mRNA expression suggests a possible
orexigenic role for GOAT in zebrafish. Together with our
previous findings on zebrafish ghrelin,** these results indicate
that ghrelin/GOAT system are endogenous biologically ac-
tive peptides that regulate food intake in zebrafish.
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