Fish Physiol Biochem (2021) 47:1541-1558
https://doi.org/10.1007/s10695-021-00994-x

q

Check for
updates

Dietary tryptophan supplementation does not affect
growth but increases brain serotonin level and modulates
the expression of some liver genes in zebrafish (Danio rerio)
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Abstract This study aimed at assessing the effects
of the dietary tryptophan (Trp) supplementation on
growth and feed utilization, brain serotonin content,
and expression of selected liver genes (involved in the
liver serotonin pathway, protein synthesis degrada-
tion, and antioxidant activity) in zebrafish. A growth
trial was conducted with zebrafish juveniles fed five
experimental isoproteic (40%DM) and isolipidic
(8%DM) fishmeal-based diets containing graded lev-
els of Trp: a Trp-non-supplemented diet (diet TrpO,
with 0.22% Trp) and four Trp-supplemented diets

Supplementary Information The online version
contains supplementary material available at https://doi.
org/10.1007/s10695-021-00994-x.

C. Teixeira (D<) - P. Rodrigues - L. O. Teles - H. Peres -
A. P. Carvalho

Department of Biology, Faculty of Sciences, University
of Porto, Rua do Campo Alegre, Edificio FC4,
4169-007 Porto, Portugal

e-mail: claudiateixeira.alex @ gmail.com

C. Teixeira - P. Rodrigues - L. Guimardes - L. O. Teles -
H. Peres - A. P. Carvalho

CIIMAR - Interdisciplinary Centre of Marine

and Environmental Research, University of Porto,
Terminal de Cruzeiros do Porto de Leixdes, Av. General
Norton de Matos, 4450-208 Matosinhos, Portugal

P. Serrdo - L. Figueira

Unit of Pharmacology and Therapeutics, Department

of Biomedicine, Faculty of Medicine, University of Porto,
Alameda Prof. Hernani Monteiro, 4200-319 Porto,
Portugal

containing 2—-16 times higher Trp content (diets Trp2,
Trp4, Trp8, and Trpl6 with 0.40, 0.91, 2.02, and
3.34% Trp, respectively). Diets were tested in quadru-
plicate, with fish being fed twice a day, 6 days a week
for 6 weeks to apparent visual satiation. At the end
of the trial, growth performance and feed utilization
were assessed, and fish from all experimental groups
were sampled for whole-body composition analysis.
In addition, fish fed low (Trp0), medium (Trp4), and
high (Trp16) Trp diets were also sampled for analysis
of brain serotonin content and liver gene expression.
Tested tryptophan levels did not influence growth per-
formance nor feed intake. However, values of energy
and nitrogen retention as well as body energy content
indicate a better feed utilization with diets contain-
ing around 0.9% and 2.0% DM Trp. Brain serotonin
content increased with increasing dietary tryptophan
levels. In addition, regarding liver genes, dietary
treatment had a modulatory effect on the expression
of Htrlaa and Htr2cll genes (encoding for serotonin
receptors), TPHla gene (encoding for tryptophan
hydroxylase, the rate-limiting enzyme in the synthesis
of serotonin from tryptophan), TOR gene (involved in
protein synthesis), and Keapl gene (involved in anti-
oxidant responses).
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Introduction

Tryptophan (Trp) is an essential amino acid (EAA),
which needs to be supplied through diet in appropri-
ate amounts (NRC, 2011). Trp is not only used for
protein accretion but is also involved in several physi-
ological and behavioral functions (revised by Hoseini
etal., 2019).

This amino acid is the only precursor for the syn-
thesis of the neurotransmitter serotonin (5-HT),
which occurs through hydroxylation of the indole ring
of Trp followed by decarboxylation (Katzung et al.,
2012), in the brain and peripheral organs (Hoglund
et al., 2019; Hoseini et al., 2019). In turn, serotonin
can be converted in the hormone melatonin, primar-
ily produced in the pineal gland. In certain brain
areas, this pathway follows a dose-response mecha-
nism dependent on the availability of the substrate,
and therefore dietary Trp can be a limiting factor
for the synthesis of brain serotonin and of melatonin
(Hoglund et al., 2019).

In fish, serotonin has been reported to be deeply
involved in stress reaction, social dominance,
sexual behavior, and reduction of aggressiveness
(Hoglund et al., 2005, 2017, 2019; Hoseini et al.,
2019; Lillesaar, 2011; Papoutsoglou et al., 2005a;
Tejpal et al., 2009; Winberg and Thornqvist, 2016),
while melatonin has been indicated as conditioning
growth, metabolism, and digestive capacity, as well
as enhancing humoral innate immunity and protection
against oxidative stress (Cuesta et al., 2008; Falcon
et al, 2010; Lepage et al., 2005; Lopez-Olmeda
et al.,, 2006). Thus, through its pivotal role in the
biosynthesis of these two compounds, Trp can act as a
modulator of important behavioral and physiological
responses with implications on growth, welfare, and
health status of farmed fish.

In fact, reports have shown that the availability
of dietary Trp has a modulatory effect on behavior,
neuroendocrine  stress  responses, and  other
physiological responses in teleosts. For example,
dietary Trp deficiency has been shown to lower 5-HT
levels leading to several behavioral disorders (Herrero
et al., 2007; Johnston et al., 1990; Le Floc’h et al.,
2011). On the other hand, supplementation of diets
with Trp, by increasing the serotonergic activity at the
hypothalamic-pituitary-interrenal axis level, can affect
neuroendocrine stress responses, suppressing the
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release of adrenocorticotropic hormone and cortisol
in stressed fish (Hoglund et al., 2005, 2017, 2019;
Hoseini et al., 2019; Tejpal et al., 2009; Winberg
et al.,, 2001; Wolkers et al., 2012); accordingly,
supplementing fish diets with Trp has been used as a
strategy to mitigate stress associated to aquaculture
practices, and Trp requirements may effectively
increase in stressful conditions (Costas et al., 2008;
Tejpal et al., 2009). Additional positive effects of
dietary Trp supplementation include promotion of
growth, immune response, antioxidant capacity, and
sexual maturation (Akiyama et al., 1996; Azeredo
et al., 2017; Hoseini et al., 2019), while dietary Trp
deficiency has been associated with growth retardation
and skeletal deformities (Hoseini et al., 2019).

Several inconsistencies have been found regard-
ing dietary Trp requirements in fish, which may be
related to its functions aside protein synthesis (Wu,
2009) as well as regarding the effects of dietary Trp
supplementation. This work aimed at a better under-
standing on this subject by assessing the effects of
a wide range of dietary Trp in zebrafish at different
levels: growth and feed utilization, brain serotonin
content, and expression of liver genes involved in the
liver serotonin pathway (to understand effects of Trp
supplementation on peripheral serotonin), protein
synthesis/degradation pathways, and modulation of
antioxidant activity.

Materials and methods
Fish

The growth trial was conducted using laboratory-
reared zebrafish (Danio rerio) juveniles, starting at
52 days post fertilization (dpf), with 65.9-mg average
body weight and 17.7-mm fork length. Up to 52 dpf,
during the larval and post larval period, these fish
were reared in a recirculating water system (Charlon
and Bergot, 1984) at 28+1 °C and 14-h light/10-
h darkness, fed a commercial microparticulate diet
(Gemma Micro 75, Skretting: 59% protein, 14%
lipids) supplemented weekly with Artemia nauplii
(INVE; 56% protein, 15% lipid). The experiment was
carried out in compliance with the European Union
directive 2010/63/EU on the protection of animals
used for scientific purposes.
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Experimental diets

Five experimental isoproteic (40%DM) and isolipidic
(8%DM) diets were formulated to contain graded
levels of Trp: a Trp-non-supplemented diet (diet
Trp0, with 0.19% Trp) and four Trp-supplemented
diets containing 2-16 times higher Trp content
(diets Trp2, Trp4, Trp8, and Trpl6 with 0.38, 0.76,
1.52, and 3.04% Trp, respectively). These Trp levels
were selected to get a broad enough range that could
include both deficient and excessive Trp levels regard-
ing Trp requirements (0.35%DM, Tang et al., 2013)
for another cyprinid, the common carp, as there are
no reference values for zebrafish. Trp was included
in the experimental diets at the expense of a mix-
ture of non-essential amino acids. In order to avoid
leaching and to delay absorption from the digestive
tract, crystalline amino acids were coated with agar
before mixing with other ingredients. For diet produc-
tion, grounded ingredients were mixed thoroughly,
and the cod liver oil and water were added to form
a moist blend. This blend was then pelletized using
a grinder and pellets were dried at 60 °C for 24 h.
Afterwards, pellets were crushed and sieved through
a battery of sieves to obtain particles of 400-600 and
600-1000 pm of diameter. Diet formulation and prox-
imate composition are presented in Table 1.

Growth trial

The growth trial was performed in a recirculating
water system containing twenty 10-L plastic tanks
(experimental units). Twenty homogenous groups of
twenty fish were randomly distributed into the experi-
mental units and each experimental diet was assigned
to quadruplicate groups.

Fish were fed by hand to apparent visual satiation,
twice a day, 6 days a week, during a 6-week period.
Utmost care was taken to assure that all feed supplied
was consumed. Each food container was numbered, to
avoid any bias during feeding. Food particle size was
adjusted to mouth opening as fish grew: 400-600 um
from 52 to 67 dpf and 600-1000 pm from 68 to 94
dpf.

At the beginning of the trial and every 2 weeks,
fish in each tank were bulk weighed following
1 day of feed deprivation; also, at the same peri-
ods, feed containers were weighed to calculate food

consumption. Fish weighing was taken with fish
placed inside a beaker with system water.

During the entire trial, the water temperature was
regulated at 28 +1 °C, and the photoperiod to 14-h
light/10-h darkness; nitrogenous compounds were
kept at residual levels.

Sampling

At the beginning of the trial, 100 fish from the initial
stock were euthanized with excess of phenoxyetha-
nol and frozen at— 20 °C until analysis of body com-
position was performed. Similarly, at the end of the
trial, 12 fish from each tank were euthanized using
the aforementioned method and kept at —20° C until
body composition analysis was performed.

Additionally, three fish from each replicate of diets
Trp0, Trp4, and Trpl6 (low, medium, and high Trp
diets) were euthanized by submersion in ice-cold
water; after the opercular movement ceased, the head
was removed to extract the brain. Brains were kept in
perchloric acid for 2 h at 4 °C and then frozen in the
perchloric acid at—80 °C until processing for deter-
mination of serotonin level. From these three fish, the
liver was also collected and kept in RNAlater for 24 h
at 4 °C and then stored at—80 °C until gene expres-
sion analysis.

Chemical analysis

Chemical composition of diets and whole fish were
analyzed using the standard methodology: dry mat-
ter by drying at 105 °C until constant weight; crude
protein by using the Kjeldahl method, following an
acidic digestion and distillation (Tecator System,
Hogamis, Sweden; extraction unit model 1015 and
1026, respectively); ash by incinerating samples for
16 h at 450 °C; gross energy through direct combus-
tion using an adiabatic bomb calorimeter. Diet lipid
content was determined in a SoxTec system (Velp
Scientifica SER 148/6 Solvent Extractor) using petro-
leum ether extraction.

Dietary amino acid content was analyzed in dupli-
cate using high-performance liquid chromatography
(HPLC), according to the Pico Tag method. Sam-
ples were hydrolyzed for 23 h with 6 N hydrochloric
acid at 110 °C under N, atmosphere and derivatized
with phenylisothiocyanate reagent (PITC, Waters
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Table 1 Composition and proximate analysis of the experimental diets

Trp0 Trp2 Trp4 Trp8 Trpl6
Ingredients (% DM)
Fishmeal' 16.00 16.00 16.00 16.00 16.00
Gelatin® 14.45 14.45 14.45 14.45 14.45
Corn gluten® 15.54 15.54 15.54 15.54 15.54
Cod liver oil* 6.06 6.06 6.06 6.06 6.06
Starch 38.75 38.76 38.79 38.85 38.96
Agar 1.00 1.00 1.00 1.00 1.00
Vitamin premix’ 1.00 1.00 1.00 1.00 1.00
Choline chloride (50%) 0.50 0.50 0.50 0.50 0.50
Mineral premix® 1.00 1.00 1.00 1.00 1.00
Binder’ 1.00 1.00 1.00 1.00 1.00
Lysine® 0.90 0.90 0.90 0.90 0.90
Methionine® 0.59 0.59 0.59 0.59 0.59
Tryptophan® S 0.20 0.60 1.40 3.00
NEAA’® 3.21 2.99 2.56 171 0.00
Proximate analysis (% DM)

Dry matter (%) 91.06 91.02 91.28 91.33 91.93
Crude protein 43.19 43.72 43.76 42.16 42.85
Crude lipid 7.64 8.37 8.67 9.62 8.16
Ash 5.34 5.86 5.07 5.25 5.15
Gross energy (kJ g™") 21.32 21.87 22.07 21.82 21.22

'Fishmeal, Pesquera Diamante, Steam Dried, LT, Chile (CP: 74.2%; CL 10.1%) 1 Sorgal, S.A. Ovar, Portugal
2Gelatin, Sigma Type A from Porcine Skin G-1644, St. Louis, MO, USA

3Cod liver oil Fagron Iberica, S.A.U, Barcelona, Spain

4Corn gluten (CP: 68.3%; CL: 2.9%) Sorgal, S.A. Ovar, Portugal

>Vitamins (mg kg‘l diet): retinol, 18,000 (IU kg_ldiet); calciferol, 2000 (IU kg‘]diet); alphatocopherol, 35; menadionsodium bis.,
10; thiamin, 15; riboflavin, 25; Ca pantothenate, 50; nicotinicacid, 200; pyridoxine, 5; folicacid, 10; cyanocobalamin, 0.02; biotin,

1.5; ascorbylmonophosphate, 50; inositol, 400

“Minerals (mg kg_l diet): cobalt sulfate, 1.91; copper sulfate, 19.6; iron sulfate, 200; sodium fluoride, 2.21; potassium iodide, 0.78;
magnesium oxide, 830; manganese oxide, 26; sodium selenite, 0.66; zinc oxide, 37.5; dicalcium phosphate, 8.02 (g kg™! diet); potas-

sium chloride, 1.15 (g kg™ diet); sodium chloride, 0.4 (g kg™' diet)

"Liptosa, Liptosa Toledo, Spain, S.A
8Feed-graded amino acids: Sorgal, S.A. Ovar, Portugal

9Non-essential amino acids mixture (% mixture): L-aspartic acid (19.47%), glutamic acid (29.71%), L-serine (10.66%), L-glycine
(15.98%), L-alanine (14.14%), L-proline (10.04%) Fagron, Barcelona, Spain

WATO088120) before separation by gradient exchange
chromatography at 46 °C (Waters auto sample model
717 plus, Waters binary pump model 1525, Waters
dual absorbance detector model 2487). For an inter-
nal standard, norleucine was used. Chromatographic
peaks obtained were identified, integrated, and quan-
tified by comparison to known amino acid stand-
ard, using Waters Breeze software package (Pierce
NC10180). Tryptophan content was measured using a
spectrophotometric method as described by DeVries
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et al., 1980. Dietary amino acid composition is shown
in Table 2.

Assessment of brain serotonin levels

Brain serotonin levels were determined by
high-performance liquid chromatography  with
electrochemical detection (HPLC-ECD) as described
by Soares-da-Silva et al. (1995). For this, samples
were kept in perchloric acid at 0.2 M for 2 h at 4 °C
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Table 2 Amino acid composition (%DM) of the experimental
diets

Trp0  Trp2 Trp4 Trp8 Trpl6

Arginine 247 2.49 2.49 2.26 241
Histidine 1.03 1.06 1.29 1.14 1.00
Isoleucine 1.39 1.37 1.57 1.24 1.29
Leucine 3.45 3.57 3.59 3.46 3.36
Lysine 2.87 2.84 2.95 2.74 2717
Threonine 1.26 1.29 1.33 1.26 1.19
Valine 1.45 1.46 1.56 1.46 1.42
Methionine 1.34 1.36 1.40 1.31 1.34
Phenylalanine 1.57 1.40 1.55 1.48 1.54
Tyrosine 0.98 1.00 0.95 0.94 0.95
Tryptophan 0.22 0.40 0.91 2.02 3.34

Aspartic acid 3.83 3.98 3.89 3.79 3.82
Glutamic acid ~ 6.22 6.35 6.28 6.10 6.28

Serine 2.28 2.30 1.83 1.75 1.53
Glycine 4.44 4.64 4.43 4.17 3.55
Alanine 3.93 391 3.87 3.68 3.64
Proline 4.48 4.32 3.89 3.59 3.37

and then frozen in the acid at— 80 °C until processing;
aliquots of the resulting solution were centrifuged
at 2700 rpm for 2 min at 4 °C using Costar Spin-X
microfilter tubes.

Fifty microliters of the eluate was directly injected
into the HPLC-ECD system. 3,4-Hydroxyben-
zylamine (DHBA) was used as an internal standard.
Lower limit for detection of 5-HT ranges from 350
to 1000 fmol. The system is composed of a pump
(Gilson model 302) connected to a Manometric mod-
ule (Gilson model 802C) and a stainless-steel 5-um
ODS column (Biophase Bioanalytical Systems) with
25-cm length; samples were injected by means of an
automatic sample injector (Gilson model 231) con-
nected to a Gilson dilutor (model 401). Electrochemi-
cal detection was performed with a glassy carbon
electrode, an Ag/AgCl reference electrode, and an
amperometric detector (Gilson model 141), operated
at 0.75 V. The procedure was monitored with Gilson
712 HPLC software.

Gene expression in liver
Three reference genes and twelve genes of inter-

est were assessed in zebrafish liver (Supplemen-
tary Table 1). The selected reference genes selected

were Elongation factor 1-alpha (Efl), Actin, beta
1 (Actbl), and Ribosomal protein L8 (Rpl8). The
selected genes of interest were (1) genes encoding
isoforms of tryptophan hydroxylase (TPH), the rate-
limiting enzyme in serotonin synthesis—TPHla,
TPH1b, TPH2 (variants TPH2a and TPH2b); (2)
serotonin receptor encoding genes—5-hydroxy-
tryptamine receptor 1A a (Htrlaa) and 5-hydroxy-
tryptamine receptor 2C, G-protein-coupled-like 1
(Htr2cll); (3) the serotonin transporter encoding
gene—Solute carrier family 6 member 4a (Slcbada);
(4) genes involved in protein synthesis/degradation
pathways—Insulin Growth—Like Factor 1 (IGF1),
Target of rapamycin (TOR), and Ubiquitin-conjugat-
ing Enzyme 2H (UBE2H); and (5) genes involved in
the modulation of antioxidant activity—Nuclear fac-
tor (erythroid-derived-2)-like-2 (Nrf2) and Kelch-like
ECH-associated protein 1 (Keapl).

Primers for UBE2H, TOR, Nrf2, Keapl, and refer-
ence genes were obtained from literature available for
zebrafish (Supplementary Table 1). For the remain-
ing genes of interest, the primers were designed using
gene sequences available in GenBank, using the Pick
Primers tool from the National Centre of Biotechnol-
ogy Information (NCBI).

RNA extraction and cDNA synthesis

RNA was extracted from pools of 3 livers using
the Illustra RNAspin Mini RNA Isolation Kit (GE
Healthcare). Six pools were evaluated for each diet
tested. A digestion of genomic DNA was subse-
quently carried out using deoxyribonuclease I Ampli-
fication Grade. Quantification of RNA was performed
with 2 pL of eluate using Take3 micro-volume plates
in a BioTek microplate spectrophotometer, accord-
ing to the micro-volume quantification method. Then,
1 pug of RNA was used to synthesize cDNA, with the
gScript cDNA Synthesis Kit (Quanta BioSciences,
Inc.).

Quantitative real-time polymerase chain reaction
(gPCR)

In order to evaluate gene expression, reverse tran-
scriptase quantitative real-time polymerase chain
reaction (qQPCR) was performed in an Eppendorf
Mastercycler realplex 4 (Eppendorf, Hamburg, Ger-
many). The qPCR assays were performed with a final

@ Springer



1546

Fish Physiol Biochem (2021) 47:1541-1558

volume of 20 uL, using 10 pL of Sybr® Green Super-
Mix (Quanta BioSciences, Inc.), 4 uL of water, 2 pL.
of F primer, 2 puL of R primer, and 2 pL. of cDNA.
Reactions were performed in duplicate as follows:
2 min of denaturation at 94 °C; 40 cycles of denatura-
tion for 30 s at 94 °C, 30 s at 54 °C for annealing (for
reference genes, TOR, UBE2H, Htrlaa and Htc2cll,
Slc6ada, Keapl, Nrf2, TPHla, TPHI1b), at 52 °C
(TPH2a, TPH2b), at 59 °C (IGF1), and 30 s at 72 °C
for elongation. A final elongation was also performed
for 10 min at 72 °C. A blank sample was done for
each gene to identify possible nonspecific products.

Standard linear curves were made for all primers,
to determine the efficiency of each primer; eight dilu-
tions were used from 0.5 to 50 ng/uL, from an initial
mixture of cDNA. Quantification of gene expression
was done with normalization by reference genes using
the NormFinder algorithm (Urbatzka et al., 2013).
Relative expression was calculated using the overall
mean of all samples as a calibrator and accounting for
efficiency, using the mathematical template of Plaffl
(Plaffl, 2001).

Statistical analysis

Data collected during the experimental trial (ini-
tial and final fish weight, feed consumption, chemi-
cal composition of diets, and initial and final fish
body chemical composition) were used to determine
growth performance and feed utilization indices,
including weight gain (WG), feed efficiency (FE),
protein efficiency ratio (PER), daily growth index
(DGI), nitrogen intake (NI), nitrogen retention (NR),
energy intake (EI), and energy retention (ER). Data
are presented as means and pooled standard error of
the mean (SEM). Polynomial orthogonal contrast
analysis was performed to determine whether the data
followed linear, quadratic, and/or cubic responses
to the dietary graded levels of Trp; significance was
accepted when p < 0.05. This statistical analysis was
performed using IBM SPSS Statistics 25.0 software
package for Windows.

Gene expression analysis was performed by means
of one-way analysis of variance (ANOVA); signifi-
cance was accepted when p < 0.05. Linear contrasts
were also performed to ANOVA when applicable.
Data were transformed when needed to meet ANOVA
requirements. When ANOVA requirements could
not be met, a non-parametric test (Kruskal-Wallis)
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was performed to investigate possible differences
between dietary treatments. Differences between the
expression levels of genes within diets were sought
using the t-test for paired samples or the non-para-
metric Wilcoxon test for paired samples. Correlations
between gene expressions were calculated using the
Pearson’s correlation coefficient.

Discriminant analysis was used to integrate all
gene expression data. The dependent variable (cat-
egorical variable) entered in the model described the
three tested diets: non-supplemented, moderately sup-
plemented, and highly supplemented diets for Trp0,
Trp4, and Trpl6, respectively. Predictors entered in
the model were the twelve assessed genes and two-
by-two combinations, to investigate possible interac-
tive responses elicited by the dietary Trp levels. One-
way ANOVA followed by Tukey HSD test was used
to investigate homogenous groups and describe the
contribution of each significant predictor retained in
the final model to group discrimination.

Results
Growth performance

Diets were well accepted by fish and mortality was
less than 5%, similar in all experimental groups.
Growth performance, feed intake, feed efficiency, and
protein efficiency ratio were not statistically different
among experimental diets (Table 3). Nevertheless,
daily nitrogen retention showed a quadratic tendency
with a maximum for the diet Trp4. Similarly, nitrogen
retention expressed in percentage of nitrogen intake
showed a quadratic response, attaining a peak with
diet Trp8. Energy retention expressed as percentage
of energy intake also showed a quadratic response
to dietary treatment, with a peak for the diet Trp8.
Regarding whole-body composition, dietary treat-
ment only affected gross energy, for which a quad-
ratic response was found, with a peak for the diet
Trp8 (Table 4).

Brain serotonin levels

No significant differences were observed in brain
serotonin levels between treatments. However, con-
trasts indicate a linear tendency, as brain 5-HT levels
increase with increasing dietary Trp levels (Fig. 1).
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Table 3 Growth performance and feed utilization of zebrafish fed the experimental diets

p-value

Diet Trp0 Trp2 Trp4 Trp8 Trpl6 SEM  Linear Quadratic Cubic
Initial body weight (mg) 65.40 65.50 66.88 65.63 66.13  0.00 0469 0.593 0.965
Final body weight (mg) 25125 252,16 24534 24050 248.70 0.00 0.754  0.299 0.834
Weight gain (g/kg ABW/d)! 27.61 27.57 28.47 26.88 27.03 031 0.676 0.390 1.000
Daily growth index? 0.54 0.54 0.52 0.52 053 0.00 0.603 0.369 0.832
Feed intake (g kg ABW™! day™!)? 51.00 47.31 49.91 46.03 4726 075 0.143  0.228 0.837
Feed efficiency* 0.55 0.59 0.54 0.60 058 0.01 0.303 0.529 0.707
Protein efficiency ratio’ 1.27 1.35 1.23 1.37 1.35 0.03 0366 0.473 0.588
N intake (g kg ABW™! day™!) 2 3.57 3.56 3.66 3.15 340 0.07 0359 0.384 0.273
N retention (g kg ABW™! day~!)® 0.71 0.74 0.82 0.75 076  0.01 0.004 0.012 0.196
N retention (% NI)° 19.89 22.17 22.36 24.21 22.21 053 0.019 0.025 0.101
E intake (kJ kg ABW™! day™!) ¢ 1102.93 1052.15 1138.64 101584 1057.54 18.69 0.332  0.250 0.297
E retention (k] kg ABW~!day~')¢  240.08 25533 26522 291.88 28835 738 0.652 0.155 0.155
E retention (%EI)’ 21.82 24.27 23.25 29.34 27.30 1.07 0.237  0.037 0.946
Values are presented as means and pooled standard error of the mean (SEM)
Values in bold denote significant linear or quadratic responses (p < 0.05)
ABW: average body weight= (initial body weight IBW + final body weight FBW)/2
'"WG = [(FBW —IBW)*1000) / IBW + FBW)/2)] x (days™!)
2DGI=100x [((final Weight)”3 — (initial weight)m) X days_]]
SFI= [(ingested food*1000) / (average body weight/1000)] x (days’l)
“FE = weight gain (g) / dry feed intake (g)
SPER: wet weight gain (g) / dry crude protein intake (g)
NI = [protein intake (g)/6.25%1000)] / (ABW*days)
®NR =[((FBW*Final body protein (%)) — IBW*initial body protein (%))/6.25%1000]/ABW *days
°NR (%NI) = (NR/NI)*100
9EI = (energy ingested*1000) / (ABW*days)
°ER =[(FBW*final energy FM) — (IBW*initial energy FM)*1000]/ABW*days)
ER (%EI) = (ER/EI)*100
Gene expression 0.017). However, the combination between Actbl

and Rpl8 (stability value: 0.013) was the most sta-
According to NormFinder results, the most sta- ble for multiple reference genes. Therefore, the
ble gene for single use was Actbl (stability value:
Table 4 Body composition of fish fed the experimental diets (wet weight basis)

p-value
Diet Initial body Trp0 Trp2 Trp4 Trp8 Trpl6 SEM  Linear  Quadratic ~ Cubic
composition

Dry matter (%) 18.74 26.68 2872 2841 2673  27.77 0.44 0.922 0.264 0.153
Protein 12.27 1457 1502 1652 1530 1534 0.27 0.542 0.124 0.103
Gross energy (kJ g71) 4.89 7.46 7.80 8.19 8.27 7.54 0.13 0.959 0.005 0.704
Ash 9.50 6.18 4.43 4.36 3.56 421 0.62 0.349 0.499 0.961

Values are presented as means and pooled standard error of the mean (SEM)

Values in bold denote significant linear or quadratic responses (p < 0.05)
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Fig. 1 Whole-brain
500 -+

levels of serotonin (5-HT
expressed in pg/mg pro- 450 -
tein). Graphic presented
400 -+
as means + standard error -
of the mean (SEM). Blue = 350
arrow indicates linear ten- ‘é’ 300 A
dency (p<0.05) o
oo
£ 250 -
S~
& 200 -
=
T 150 ~
wn
100 +
50 A
0

Trp0

normalization factor of Actbl + Rpl8 was employed
to normalize the expression of all genes.

Figure 2 illustrates the expression levels obtained
for serotonin receptor genes Htr2cll and Htrlaa,
and for the serotonin transporter Slc6ada. Regard-
ing serotonin receptor genes, Htr2cll showed lower
expression in fish fed diet Trp4, while Htrlaa showed
lower expression in fish fed the diet TrpO than the fish
fed the other two diets. No difference was detected
in the expression of the serotonin transporter gene
(Slc6ada).

Figure 3 presents the levels of gene expression
for Nrf2 and its repressor Keapl. A significant linear
tendency of increase in expression with the increase
of dietary Trp was encountered for Keapl. No sig-
nificant differences among diets were found for Nrf2
expression levels. Because Keapl-Nrf2 inhibitory
complex is recognized as the major regulator of cel-
lular protective responses against electrophilic stress
and oxidative stress caused by reactive oxygen spe-
cies (ROS), possible differences in the expression lev-
els of these two genes within diet were also sought.
The statistical analysis showed the levels of Nrf2
were similar to those of Keapl in fish fed diets for
TrpO and Trp4; however, the level of Nrf2 was 29%
lower than Keapl in fish fed the diet Trp16, suggest-
ing a repressive effect of Keapl over Nrf2.

IGF1, TOR, and UBE2H expression levels are pre-
sented in Fig. 4. No significant differences were found
for the expression levels of UBE2H and IGF1 genes
among dietary treatments. However, a significant
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linear tendency was encountered for TOR gene, with
its expression levels increasing with the increase of
dietary Trp.

Figure 5 shows the expression levels for two iso-
forms of tryptophan hydroxylase 1 (TPHla and
TPHI1b) as well as the two variants of tryptophan
hydroxylase 2 (TPH2a and TPH2b). No significant
differences among diets were observed for the Trp-
degrading enzymes TPH1b, TPH2a, and TPH2b. A
significant negative linear tendency was encountered
for TPH1a, showing that increasing levels of Trp
decreased its expression in the liver.

The integrated analysis of genes and their two-by-
two interaction was done with discriminant analysis.
Wilk’s lambda value was used as the criterion for
choosing the best subset of predictors. The best result-
ing subset, consisting of two interaction predictors
Keapl.UBE2H and Htr2cll.Slc6a4a, was able to dis-
criminate all tested diets, showing 100% of discrimi-
nation capacity. The two corresponding discriminant
functions are statistically significant, with chi-square
p-value less than 0.01 (degrees of freedom equal to 4
and 1, respectively), explaining 100% of the between-
group variability (85.5% and 14.5%, respectively).

Analysis of homogenous subsets produced by the
Tukey HSD test showed how each predictor discrimi-
nated dietary treatments (Table 5). The graphic rep-
resentation of the two selected interaction predictors
(Keapl.UBE2H and Htr2cll.Slc6a4a) is presented
in Fig. 6. As evidenced, fish fed Trp0 and Trp4 diets,
but mainly Trp0O, showed lower expression of Keapl



Fish Physiol Biochem (2021) 47:1541-1558 1549
Fig. 2 Relative expres- Htr2ci1 Htr1aa
sion of serotonin recep-
tors Htr2011. and Htrlaa o~ o~
and serotonin transporter = ==
S}c6a4a genes for each o | o |
dietary treatment c - =
0 9
2 & d
@ © a 9 QO
& & b
Lg © I LGL)I il
> ! =
5 a | 5 °
¥ T b ¢ T b
o |
o - ~ - I —
L —— wm— T
o o
T T T T T T
Trp0 Trp4 Trip16 Trp0 Trp4 Trp16
Dietary treatment Dietary treatment
Sic6ada
o~
o _]
c -
S
w
3 ©
s
>
3 .-
=
©
[ < -
id
U e NI
o —
T T T
Trp0 Trp4 Trp16

and UBE2H genes than fish fed diet Trp16 (Fig. 6a).
Moreover, fish fed Trpl6 and Trp0O diets exhibited,
respectively, high and moderate levels of Htr2cll and
Slc6ada gene expression; comparatively, fish fed Trp4
exhibited low level of Htr2cll gene expression and

low to moderate levels of Slc6ada gene expression
(Fig. 6b).

Discussion

Amino acids are needed to promote optimum fish
growth, as growth is dependent on protein synthe-
sis and deposition. Trp is an essential amino acid,
and therefore it must be supplied through diet in

Dietary treatment

appropriate amounts. Hoseini et al. (2019) reviewed
Trp deficiency signs in teleosts and reported impair-
ment of growth performance and skeletal deformi-
ties. On the other hand, dietary Trp levels above an
optimum may depress fish growth performance as
well (Ahmed and Khan, 2005; Ahmed, 2012; Mur-
thy and Varghese, 1997; Papoutsoglou et al., 2005b;
Pianesso et al., 2015; Zaminhan et al., 2018), proba-
bly due to disproportional absorption related to amino
acid imbalance. In the present study, no changes were
observed neither on growth performance nor on skel-
etal deformities in response to dietary Trp levels,
which indicates that all tested levels would be above
deficiency threshold for zebrafish. However, the
quadratic response found for body energy content,
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Fig. 3 Relative expres-
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as well as for energy and nitrogen retention in rela-
tion to dietary Trp levels, suggests a better feed uti-
lization with diets containing Trp levels around 0.9%
(diet Trp4) and 2% (diet Trp8) of DM. Considering
that peripheral serotonin seems to play an important
role in improving nutrient absorption and assimilation
as well as the storage of body energy, as indicated by
studies in mammals (Yabut et al., 2019), these results
are worthy of further investigation.

Amino acid supplementation can influence expres-
sion of genes related to protein turnover and growth
regulation (Rolland et al., 2015). Studies have
reported a correlation between growth hormone/insu-
lin growth-like factor hormone system (GH/IGF) and
growth, especially between IGF1 and growth (Beck-
man, 2011; Rolland et al., 2015). Metabolic active
tissues, such as the liver, have higher protein synthe-
sis, mostly because the liver plays an important role
in amino acid metabolism as well as synthesis and
exportation of proteins (Fraser and Rogers, 2007).
Indeed, the liver is the main site of expression of IGF1
(Rolland et al., 2015). Gaylord et al. (2005) studied
Trp requirements for hybrid striped bass juveniles and
reported that deficiency in Trp leads to a reduction
in plasma IGF1 levels and growth, while Trp supple-
mentation can increase IGF1 levels and growth. Zhao
et al. (2019) also showed that supplementation of Trp
up to 4.2 g Trp kg~! diet increased liver expression
of IGFI and IGF2 in hybrid catfish. Contrarily, our
results showed no effects of Trp supplementation
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neither on growth nor on liver expression of IGF1,
reinforcing the suggestion that even the level of Trp
in the control diet would be above the deficiency
threshold for this species.

The GH/IGF system has been reported as a regu-
lator of protein synthesis through the TOR pathway.
TOR plays an important role in protein synthesis, as it
is activated by an amino acid pool (Tang et al., 2013).
A downregulation of TOR expression related to
increasing dietary Trp was reported in the hepatopan-
creas, intestine, and muscle of Jian carp (Tang et al.,
2013), and in the intestine of grass carp (Wen et al.,
2014). However, differently, an upregulation of TOR
expression related to increasing Trp was found in the
liver of hybrid catfish (Zhao et al., 2019) and in gills
of grass carp (Jiang et al., 2015). Our findings are in
line with these latter results, as we got a positive lin-
ear relationship between dietary Trp levels and TOR
expression levels in the liver. This could be attributed
to the important role in protein synthesis played by
the liver, as previously mentioned.

Protein degradation is important in the assess-
ment of protein turnover. Degradation of proteins is
achieved through different pathways controlled by
IGFs. The ubiquitin proteosomase pathway (UPP) is
one of these degradation pathways, degrading intra-
cellular short-lived or abnormal proteins. Protein
degradation is important for several reasons, firstly as
a way to control protein turnover and eliminate non-
functional or denatured proteins (Fraser and Rogers,
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Fig. 4 Relative expression
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2007; Rolland et al., 2015). The UPP involves the use
of specific enzymes, including the ubiquitin conjugat-
ing enzyme-E2 H encoded by the UBE2H gene. In
this study, Trp supplementation did not affect expres-
sion levels of UBE2H. Moreover, there was a similar
expression of UBE2H and TOR genes in each dietary
treatment, probably meaning a balance between pro-
tein synthesis and degradation (i.e., protein turnover),
which agrees with the lack of differences in growth.
Tryptophan hydroxylase (TPH), the rate-limiting
enzyme in serotonin synthesis, occurs under several
isoforms encoded by paralogous genes. Four isoforms
have been identified in the zebrafish brain, expressed
in different brain areas: TPH1a, TPH1b, TPH2, and
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TPH3 (Hoglund et al., 2019; Horzmann and Freeman,
2016; Lillesaar, 2011). In particular, the expression
of TPH2 has been detected in brain neurons and is a
marker of CNS serotonergic activity. This TPH2 is
not saturated by brain Trp levels, and therefore vari-
ations in Trp availability affect directly brain sero-
tonin production (Fernstrom, 2016; Hoglund et al.,
2007, 2019). Thus, increased Trp intake, leading to
increased Trp plasma concentration and Trp uptake
to the brain, will increase brain serotonin level, as
observed in the present study with zebrafish and pre-
vious studies with other fish species (Basic et al.,
2013; Herrero et al., 2007; Hoglund et al., 2007,
2019; Hseu et al., 2003; Lepage et al., 2002, 2003).
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There is a general recognition of the inhibi-
tory effect of increased serotonergic activity on
feed intake in fish (De Pedro et al., 1998; @verli
et al. 1998; Ortega et al., 2005; Rubio et al., 2006;
Ruibal et al., 2002), as in other vertebrates, which
contributes to the so-called stress-induced anorexia

Table 5 Homogenous subsets obtained for each predictor
retained in the final discriminant model, through the Tukey
HSD test

Predictor Diet

Trp0 Trp4 Trpl6
Keapl.UBE2H 147 2.96° 14.60
Htr2cll.Slc6ada 3.22° 0.68" 6.05¢

Values in the same row with different superscript letters are
significantly different (p < 0.05)

@ Springer

(Hoglund et al., 2007). Contradictory results have
however been observed regarding the effect of Trp
dietary supplementation on feed intake (Hoglund
et al., 2007). In fact, contradictions may be only
apparent as this effect seems to be context-depend-
ent (Hoglund et al., 2007; Martins et al., 2013), for
instance, stimulating feed intake in stressed fish
(thus mitigating stress-induced anorexia) but not in
unstressed fish. In our study, despite the up tol6-
fold increase in Trp content between diets and the
increase this caused in brain serotonin level, there
was no change in feed intake between fish fed dif-
ferent Trp levels. Considering that crowding, a
major stress source in cultured fish, was prevented
by keeping fish density below the maximum rec-
ommended for the species (Alestrdom et al., 2020)
and no other stressor was present, our results on
feed intake are in line with those observed in other
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species in non-stressful conditions (Hoglund et al.,
2007).

Outside the brain, TPH1 is primarily expressed
in non-neuronal cells of peripheral organs that are
able to synthesize serotonin, such as the gut, kid-
ney, and liver (Chen et al., 2017; Yabut et al., 2019;
Yang et al., 2017), among others. In addition, THP2
is also expressed peripherally, especially in neu-
rons of the enteric nervous system (Matthes and
Bader, 2018; Yabut et al., 2019); moreover, in rats
and humans, its expression was detected in several
other organs as well, including the liver, simultane-
ously with the expression of TPH1 (Chen et al., 2017;
Park et al., 2021). In line with this, we detected the
isoforms TPH1a, TPH1b, and TPH2 (including vari-
ants TPH2a and TPH2b) expressed in zebrafish liver.
Serotonergic nerve fibers from the autonomic nerv-
ous system have been identified in the human liver
(Ruddell et al., 2008); assuming that serotonergic
innervation also exists in zebrafish liver, it is likely
that TPH2 would be synthesized in these nerve fib-
ers, similarly to what happens in fibers of the enteric
nervous system, while TPH1 would be produced in
hepatic cells. In general, following intestinal uptake,
Trp is used for protein synthesis and serotonin/mela-
tonin synthesis, and the excess is catabolized. The
liver is a major site of Trp catabolism via the kynure-
nine pathway (Chen et al., 2017; Hoseini et al., 2019;
Palego et al., 2016), though some Trp is converted to
serotonin in this organ through the action of TPHI.
To our knowledge, there is no information about the
effect of dietary supplementation with tryptophan on
the serotonin pathway in the liver. Our results, show-
ing an inverse correlation between TPH1a expression
and dietary level of Trp, suggest a downregulation of
TPH1a expression in response to increasing Trp con-
centration, probably as a mean of controlling seroto-
nin production by the liver.

Serotonin coming from peripheral organs will
be freely soluble in the circulating plasma (Hoseini
et al., 2019) and can exert regulatory effects in many
of these organs in mammals (Yabut et al., 2019) and
fish (Caamaio-Tubio et al., 2007) through binding to
target receptors. This is the case of the liver, where
different serotonin receptors have been identified in
several hepatic tissue cells, and in which serotonin
regulates blood flow, innervation, regeneration ability,
or lipogenesis in humans (Ruddell et al., 2008; Yabut
et al., 2019). On the other hand, circulating serotonin
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is also internalized in cells of some organs through
a specific membrane transporter and catabolized to
5-hydroxyindoleacetic acid (5-HIAA), which is elimi-
nated by the kidney. In fish, the liver and gills seem to
be the major sites of circulating serotonin breakdown,
making an important contribution to control periph-
eral circulating levels of this compound and thus
preventing harmful levels that can affect the normal
functions of peripheral organs (Caamafo-Tubio et al.,
2007). Our study sought to understand how different
dietary levels of tryptophan can affect the expression
of genes involved in the synthesis of some serotonin
receptors and the serotonin transporter in the liver.
Our results show a modulatory effect of the Trp die-
tary level on the expression of both serotonin receptor
genes examined, but no effect on the serotonin trans-
porter gene. The implications these effects may have
are not possible to predict, since studies in mammals
report that the liver has several other serotonin recep-
tors and that all these receptors may be located in dif-
ferent liver cells (Ruddell et al., 2008; Yabut et al.,
2019), and also because there are no studies on fish
on this subject. In fact, most studies on the effects of
serotonin in fish concern brain serotonin and very lit-
tle importance has been given to potential effects of
peripheral serotonin on the physiology of peripheral
organs and how these effects can be modulated.
Serotonin and melatonin play an important role
in antioxidant responses. Moreover, it was suggested
that tryptophan itself can have antioxidant action, as
it modulates antioxidant enzyme activity. Some stud-
ies reported that metabolites from Trp degradation
can act as ROS scavengers and modulate antioxi-
dant enzymes (Hoseini et al., 2019). The Nrf2 gene
regulates cellular antioxidant response. At a resting
state, Nrf2 and Keapl combine in the cytoplasm and
Keapl promotes proteosomal degradation of Nrf2;
after stimuli, Keapl and Nrf2 uncouple, and Nrf2
can be transferred to the nucleus. Trp can activate
the expression of antioxidant enzymes, through the
inhibition of Nrf2 degradation, allowing Nrf2 trans-
location into the nucleus. Keap1 acts as a repressor of
Nrf2 (Zheng et al., 2016). Wen et al. (2014) showed
that Trp supplementation increased Nrf2 gene expres-
sion as it decreased Keapl gene expression, and thus
Nrf2 gene expression was negatively correlated to
Keapl expression in the intestine. The same study
reported that antioxidant enzyme mRNA expres-
sion levels increased with Trp supplementation. The
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majority of Trp is degraded through the kynurenine
pathway and this pathway produces a metabolite
(3-hydroxyanthranilic acid) by TDO and kynure-
nase action. This metabolite can induce dissociation
between Keapl and Nrf2, promoting the translocation
of Nrf2 to the nucleus and consequent expression (Xu
et al., 2018). In rat liver, melatonin upregulated Nrf2
expression (Jung et al., 2010), a similar effect to that
observed in hybrid catfish intestine due to Trp dietary
supplementation (Zhao et al., 2019). In hybrid catfish
intestine, Nrf2 was upregulated with the maximum
of expression at 4.2 g Trp kg™! of diet, while Keapl
expression hit the lowest value for that same dietary
treatment, highlighting the negative correlation in
the expression of these two genes. Contrarily, our
results show that supplementation of Trp induced the
expression of Keapl, increasing it linearly, and low-
ered Nrf2 expression for the highest supplemented
diet (Trp16), which sustains the negative correlation
of these genes. A possible explanation is that tested
Trp levels were not enough to suppress Keapl, com-
promising the expression of Nrf2, or that no stimuli
occurred that needed antioxidant responses.
Multivariate analysis fully discriminated tested
diets based on the expression levels of four of the
twelve measured genes. These genes belong to the
signaling pathway of serotonergic transmission
(serotonin receptor, Htr2cll and serotonin trans-
porter, Slc6ada), protein degradation from the UPP
(UBE2H), and antioxidant mechanisms (Keapl). A
high discrimination was achieved as a result from
potential interactions or concomitant responses. The
two-by-two interaction predictors provided further
mechanistic knowledge on liver effects of Trp sup-
plementation. On the one hand, these results sustain
the relationship between serotonin receptor and trans-
porter. On the other hand, present results highlight a
crosstalk between the UBE2H and Keapl pathways.
Indeed, according to literature, Keapl targets Nrf2
for ubiquination and subsequent degradation by the
proteosome; however, this occurs associated with an
ubiquitin ligase E3 complex, with at least a conjugat-
ing enzyme (Zhang and Hannick, 2003; Plafker et al.,
2010). Keapl is an adaptor for an ubiquitin ligase
(Fuse and Kobayashi, 2017). Zebrafish has a similar
Keapl-Nrf2 system to mammals, with this system
being highly conserved (Fuse and Kobayashi, 2017).
Present results show that Keapl and ubiquitin con-
jugating enzyme E2 (UBE2H) are highly correlated.

Moreover, expression levels of Keapl increased with
increasing expression of UBE2H, showing a higher
expression of these genes with Trp supplementation.
However, further investigation should be conducted
to fully understand the regulation of the Keapl-Nrf2
system. Anyway, according to our results, the expres-
sion levels of Keapl, UBE2H, Htr2cll, and Slc6ada
appear to be a useful tool to assess dietary Trp
supplementation.

Conclusion

The results of this study indicate that under normal,
non-stressful husbandry conditions, supplementation
of the diet with tryptophan has no effect on growth
and feed intake in zebrafish, although intermediate
levels of supplementation appear to promote bet-
ter feed utilization. As previously observed in other
species, there was a linear increase in brain serotonin
level with increasing levels of dietary tryptophan.
In addition, the level of tryptophan in the diet had
a modulatory effect on the expression of some liver
genes, with relevance for serotonin receptor encoding
genes and the tryptophan hydroxylase (the rate-limit-
ing enzyme in serotonin synthesis from tryptophan)
encoding gene.
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