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Abstract

The replacement of fishmeal (FM) by insect meal (IM) in aquafeed formulation has been thoroughly studied lately, but little is known about their
impact on nutrient metabolism of fish. This study evaluated the impact not only of partial but also total FM replacement by IM on intermedi-
ary metabolism of European sea bass (Dicentrarchus labrax). A fishmeal-based diet was used as a control (CTRL) and two other diets were
formulated to include 20% and 40% of defatted Tenebrio molitor larvae meal (dTM), replacing 50% (TM50) and 100% (TM100) of fishmeal
(FM), respectively. After a 16-week feeding trial, a multidisciplinary approach including assessment of histological, biochemical, molecular, and
enzymatic parameters was adopted to investigate hepatic and plasmatic responses to the different dietary formulations. The results obtained
demonstrated that dTM can be successfully used to replace 50% of FM in diets for European sea bass, without adversely affecting liver health
or intermediary metabolism of nutrients. As for TM100, although no signs of steatosis were observed in the liver, the activity of glycolytic and
lipogenic genes and enzymes increased when compared to CTRL diet (P < 0.05), resulting in higher levels of plasmatic non-esterified fatty acids
and triacylglycerides (P < 0.05), which in the long-term may compromise fish health, thus precluding such a high degree of substitution for use
in practical diets for European sea bass.

Lay summary

Insect meal has been increasingly considered as novel protein source in diets for different animal models, including fish. European sea bass is
one of the most important fish species in Europe, particularly in the Mediterranean. Fishmeal is considered a premium protein source in diets
for aquaculture fish. Thus, this study evaluated the impact of partial and total fishmeal replacement by an insect meal (defatted Tenebrio molitor
larvae meal) on intermediary metabolism of European sea bass. After 16 weeks of feeding, the results obtained demonstrated that selected
insect meal can be successfully used to replace 50% of fish in diets for European sea bass, without adversely affecting liver health or inter
mediary metabolism of nutrients. On the other hand, total fishmeal replacement by insect meal may compromise fish health in the long-term.
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Introduction organ must be the main target when it is intended to deepen
knowledge about metabolic responses of fish to new dietary
ingredients (Randazzo et al., 2021). The evaluation of hepato-
somatic index (HSI) can give an indication of possible meta-
bolic disorders in fish, such as hepatic steatosis (i.e., increased
liver size due to lipids accumulation), which is the most com-
mon consequence of alterations in the metabolism of different
nutrients in fish and may result in growth and health impair-
ments of the animals (Asaoka et al., 2013; Jia et al., 2020).
However, such hypothesis must be validated through different
methodologies. Histological techniques are the most conven-
tional ones used to identify morphological modifications and
lipid deposition in liver, with Oil Red O being not only the
most intuitive, but also the most accurate staining for that
purpose (Levene et al., 2010; Riva et al., 2018). Additionally,

Over the last decades, the outstanding efforts made to find
alternative protein sources to replace fishmeal (FM) in aqua-
feeds have attracted particular interest in fish physiological
responses to the new dietary formulations (Aragio et al.,
2022). In this regard, the evaluation of the organs involved in
regulation of feed intake, digestion, absorption, and metabo-
lism is of paramount importance to understand the feasibil-
ity of using new protein sources in aquafeeds formulations.
Fish intestine plays a key role in the peripherical regulation of
feed intake, digestion and absorption of nutrients and immu-
nity response (Ray and Ringe, 2014; Blanco et al., 2021).
After nutrient absorption the liver plays a primary role in
the metabolism of dietary nutrients and its morphology and
composition is highly dependent on the diet. Therefore, this
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new dietary formulations can also trigger metabolic alter-
ations in the liver by the activation of a set of metabolic-re-
lated genes and enzymes with key roles in different pathways
(e.g., glycolysis, gluconeogenesis, lipogenesis, lipolysis, 3-oxi-
dation, and amino acid anabolism and catabolism), providing
information on metabolic responses of fish to new aquafeeds
formulations, even in the absence of clear histo-morphologi-
cal evidence (Viegas et al., 2014; Zhang et al., 2020).

Since the inclusion of insect meal (IM) from seven insect
species in aquafeeds was approved by the European Union
(EC Regulation No. 2017/893; European Commission,
2017), the interest in this protein source as alternative to
FM has emerged (Alfiko et al., 2022; Tran et al., 2022). Gen-
erally, insects have high protein content (up to 75%), with
a well-balanced essential amino acids profile; they are rich
in minerals (e.g., iron and zinc) and vitamins (e.g., vitamin
B,,) and have biologically active compounds, such as chitin,
antimicrobial peptides, and short-medium fatty acids (e.g.,
lauric acid) with beneficial effects on intestinal health of
different fish species (Randazzo et al., 2021; Weththasinghe
et al., 2021). On the other hand, and despite their high fat
content, insects have limited amounts or even absence of n-3
long-chain polyunsaturated fatty acids (LC-PUFA), such as
eicosapentaenoic and docosahexaenoic acids (EPA and DHA,
respectively) (Nogales-Mérida et al., 2018). Since these nutri-
ents are essential for carnivorous marine fish species (NRC,
2011), this may cause constraints when IM is used to replace
high levels of FM in diets for such species. Hermetia illucens
(HI) and Tenebrio molitor (TM) are the main insect species
produced in Europe and have been the most studied as FM
alternatives, in diets for both freshwater, and marine fish spe-
cies with great importance for Mediterranean aquaculture
like European sea bass (Dicentrarchus labrax) (Gasco et al.,
2016; Henry et al., 2018; Nogales-Mérida et al., 2018; Pip-
pinato et al., 2020). Previous results of the iz vivo nutrients’
digestibility of HI and TM, both full-fat and defatted (-d), in
European sea bass juveniles demonstrated that dTM is the
most promising alternative to FM in diets for this fish spe-
cies for having both the highest digestible protein (641 mg g!
DM) and digestible essential amino acids (296 mg g-' DM)
content (Basto et al., 2020). The inclusion of dTM did not
alter feed intake and its regulatory mechanisms in European
sea bass (Basto et al., 2021a,2022). However, when dTM was
included at high levels (as total FM replacement) in diets for
sea bass, induced alterations in hepatic and plasmatic metab-
olites, suggesting alterations in intermediary metabolism of
fish that may compromise growth performance and/or health
status of fish at long-term (Basto et al., 2021a, 2021b, 2022).

In this connection, the present study aimed to explore for
the first time the impact of partial and total substitution of
FM by dTM in a comprehensive approach, focusing on the
underlying mechanisms involved in nutrients’ metabolism of
European sea bass, through histological, biochemical, molec-
ular, and enzymatic techniques.

Materials and Methods

Ethics statement

Experimental trial and sampling procedures were directed by
accredited researchers (following FELASA category C recom-
mendations), conducted according to the guidelines on the
protection of animals used for scientific purposes (Directive
2010/63/EU from the European Union), and approved by
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the Ethical Committee of CIIMAR, overseen by the National
Competence Authority (Direcio Geral de Alimentagio e Vet-
erinaria - DGAV).

Experimental diets

According to the nutritional requirements of European sea
bass (NRC, 2011), three isoproteic, isolipidic and isoenergetic
diets (47% protein, 20% lipids and 24 k] g ! on a dry matter
basis, respectively) were formulated and extruded by SPAROS
Lda. (Portugal). A control diet (CTRL) was formulated with
40% FM and 14% FO and two other experimental diets were
formulated to replace 50% and 100% of FM by dTM, on
protein basis (TM50 and TM100, respectively). Experimental
diets with dTM inclusion (TMS50 and TM100) were supple-
mented with monocalcium phosphate. All experimental diets
were supplemented with DL-Methionine. L-Lysine, r-Thre-
onine and L-Tryptophan were also added to TM100 diet.
Feed ingredients and proximate composition of experimental
diets are presented in Table 1. Experimental diets are the same
in this and our previous study (Basto et al., 2022).

Experimental trial and fish sampling

The trial was conducted in fish holding facilities of CIIMAR
(Porto, Portugal). After a three-weeks quarantine period, all
fish were individually weighed and homogeneous groups of
15 fish (69 = 8 g; CV = 8%) were established and distributed
into 12 circular fiberglass tanks (160 L), in a seawater recir-
culation aquaculture system (RAS). The system was supplied
with continuous water flow (6 L min') and maintained at
22 + 1 °C, salinity of 35%o, oxygen level > 90% = 1 saturation,
and 12L:12D photoperiod. Levels of total ammonium, nitrite
and nitrate (NH,*, NO,~ and NO -, respectively) as well as
pH were daily supervised to guarantee levels within the rec-
ommended ranged for marine fish species (NH,* < 0.05 mg
L5 NO, < 0.5 mg L' NO,; < 50 mg L5 7.5 < pH < 8.5).
Experimental diets were tested in quadruplicate tanks and
fish were fed by automatic feeders three times a day, seven
days a week, as previously described by Basto et al. (2021b).
At the end of 16 weeks of feeding trial, and after a 48-h fast-
ing period, three fish/tank (i.e., 7 = 12 fish/treatment) were
anesthetized (2-phenoxyethanol, 300 pL L-') before being
individually weighed and measured. Blood was sampled from
the caudal vein using heparinized syringes, centrifuged (5,000
g for 5 min at 4 °C) and the resulting plasma supernatant was
stored at ~80 °C for further quantification of metabolite levels.
Then, fish were euthanized by spinal cord section, viscera and
liver were collected and weighed, and two portions of liver (=
150 mg each) were sampled and immediately frozen in dry ice
and stored at —80 °C until mRNA relative abundance, metab-
olite levels and enzymatic activity analysis. Another portion
of liver (= 1 cm?) was also collected and immediately frozen in
isopentane, cooled by dry ice, and stored at —-80 °C for further
histological evaluation.

mRNA relative abundance analysis by RT-qPCR

Total RNA was extracted from liver using TRIzol reagent (Life
Technologies, USA) and treated with RQ1DNAse (Promega,
USA) following the manufacturer’s instructions. RNA purity
(A260/A280 ratio) was evaluated by spectrophotometry,
using a NanoDrop 2000¢ (Thermo, Vantaa, Finland), and
only samples with A260/A280 ratio > 1.8 were used. Subse-
quently, superscript II reverse transcriptase and random hex-
amers (Promega, USA) were used to synthesize cDNA from 2
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Table 1. Ingredients, chemical composition, and fatty acid profile of dTM
and experimental diets.

dTM CTRL TM50 TM100
Ingredients (%)
Fishmeal ! 40.0 20.0 -
Defatted Tenebrio - 20.5 40.4
molitor larvae meal
Soy protein concen- 10.5 10.5 10.5
trate 2
Soybean meal * 13.0 13.0 13.0
Rapeseed meal * 5.0 5.0 5.0
Wheat meal ° 16.2 15.2 14.3
Fish oil ¢ 14.0 13.3 12.5
Vitamin and min- 1.0 1.0 1.0
eral premix 7
Vitamin C 0.1 0.1 0.1
Vitamin E 0.1 0.1 0.1
Monocalcium - 1.0 2.0
phosphate
L-Lysine - - 0.2
L-Threonine - - 0.2
L-Tryptophan - - 0.1
DL-Methionine 0.1 0.2 0.3
Chemical composi-
tion (% DM)
Dry matter 97.8 93.1 92.6 92.5
Protein 71.0 46.9 47.3 47.2
Lipids 12.1 19.7 19.8 19.0
Gross energy (k] g 24.3 23.2 23.5 24.0
DM)
Ash 4.8 10.2 8.1 6.3
Phosphorus 0.8 1.2 1.2 1.0

The abbreviations for the experimental diets stand for: CTRL—control
diet; TMS50 and TM100—diets with 50 and 100% fishmeal replacement
by insect meal; ! Peruvian fishmeal super prime: 71% crude protein (CP),
11% crude fat (CF), Exalmar, Peru; ? Soy protein concentrate: 65% CP,
0.7% CF, ADM Animal Nutrition, The Netherlands; * Soybean meal 48:
dehulled solvent extracted soybean meal: 48% CP, 2% CF, Cargill, Spain;
* Rapseed meal: 36% CP, 3% CF, PREMIX Lda., Portugal; ° Wheat meal:
10% CP, 1% CEF, Casa Lanchinha, Portugal; ¢ Sardine oil, Sopropéche,
France; 7 Vitamin and mineral premix: WISIUM, ADM Portugal S.A.,
Portugal.

ug of total RNA. The relative expression of genes was assessed
by real-time quantitative PCR (RT-qPCR), using the CFX96
Connect Real-Time PCR Detection System (Bio-Rad Labora-
tories Inc., USA). Reactions were carried out with 50-500 nM
of each primer (forward and reverse), MAXIMA SYBR Green
qPCR Master Mix (Life Technologies, USA) and 1 pL ¢cDNA,
in a total PCR reaction volume of 15 pL. Thermal cycling
conditions were 95 °C for 15 min, followed by 40 cycles at
95 °C for 15 s, 56-64 °C for 30 s (annealing temperatures ate
present in Table 2), and 72 °C for 30 s. At the end of each
run, a post-amplification dissociation curve (55 °C tempera-
ture gradient at 0.5 °C/s from 55 to 95 °C) was obtained to
ensure reaction specificity. Efficiency ranged between 90 and
105% (Table 2), and each unknown sample was run in dupli-
cate, as well as negative controls without reverse transcriptase
or without cDNA. Data were analyzed using the arithmetic
mean of B-actin (actb), elongation factor 1o 1 (eeflal), and

ribosomal 18s RNA (18s) as housekeeping genes, according
to Pfaffl (2001). The expression of housekeeping and target
genes was measured using previously described sequences of
primers for the same fish species (Viegas et al., 2013, 2014,
2015; Azeredo et al., 2015; Rimoldi et al., 2015; Cadiz et al.,
2018; Basto et al., 2021a; Betancor et al., 2021), which are
shown in Table 2. For acly, gotl, fbp1 and hk1 new prim-
ers were designed using Primer3 software (http://bioinfo.
ut.ee/primer3-0.4.0/) and sequenced as previously described
by Basto et al. (2022), to ensure that sequences satisfactorily
matched the reference GenBank sequences.

Assessment of metabolite levels

For metabolite levels assessment, liver samples were homog-
enized and deproteinized by ultrasonic disruption in 7.5 vols
of ice-cooled 0.6 M perchloric acid and neutralized with 1 M
potassium bicarbonate. The homogenate was centrifuged at
10,000 g for 4.5 min at 4 °C, and the supernatant was used to
assess tissue metabolite levels. Similarly, plasma samples were
also deproteinized (0.6 M perchloric acid), neutralized (1 M
potassium bicarbonate), and supernatant was collected after
being centrifuged at 13,500 g for 4.5 min at 4 °C. Glucose,
lactate, triglycerides (TAG), total cholesterol, and non-esteri-
fied fatty acids (NEFA) levels were determined enzymatically
using commercial kits (1001190, 1001330, 1001313 and
1001090, Spinreact, Spain, and 434-91795 NEFA-HR (2)
R1,and 436-91995 NEFA-HR (2) R2, Wako Chemicals, Ger-
many, respectively), adapting manufacturer’s instructions to
a microplate format. Total a-amino acid levels were assessed
through the colorimetric ninhydrin method (Moore, 1968),
with alanine as standard. Liver glycogen level was assessed
using the Keppler and Decker (1974) method.

Assessment of enzyme activities

For enzymatic activity assessment, liver samples (1:9 w/v)
were homogenized by ultrasonic disruption in ice-cooled
buffer containing 50 mM Tris (pH 7.6), 5 mM EDTA,
2 mM 1,4-dithiothreitol, and a protease inhibitor cocktail
(Merck KGaA, Germany). The homogenate was centri-
fuged at 9,000 g for 11 min at 4 °C, and the supernatant
was used for enzyme assays. Enzyme activities were run
in 96-well microplates and determined using a microplate
reader Infinite 200 Pro (Tecan, Minnedorf, Switzerland).
Reaction rates of enzymes were determined by the increase
or decrease in absorbance of NAD(P)H at 340 nm or, in
the case of carnitine palmitoyl transferase 1a (CptlL; EC
2.3.1.21) activity, of 5,5-dithiobis-(2-nitrobenzoic acid)-
CoA complex at 412 nm. To ensure that enzyme activities
were assessed at maximum rates, optimal substrate concen-
trations were determined through preliminary tests, adapt-
ing to European sea bass the previously developed methods
for rainbow trout (Oncorbynchus mykiss) (Polakof et al.,
2007a, 2007b, 2008a, 2008b, 2008c; Libran-Pérez et al.,
2012, 2013a, 2013b). The reactions were started by the
addition of supernatant (10-25 pL), omitting the substrate
in control wells (final volume 180-295 puL) and allowing
the reactions to proceed at 37 °C for preestablished time
periods (10-45 min). The results of enzymatic activity are
expressed per protein level, which was assayed in tripli-
cate in homogenates, according to the bicinchoninic acid
method (Smith et al., 1985), with bovine serum albumin as
standard (Merck KGaA, Germany). Hexokinase (Hk; EC
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Table 2. Nucleotide sequences of the PCR primers used to evaluate mRNA abundance by RT-PCR (qPCR).

Journal of Animal Science, 2023, Vol. 101

Gene Forward Reverse Annealing GeneBank
temperature (°C) acession number

acly AGAGACGGCAGTAGCCAAAA ATTGGCCACCAGTTCATCAT 56.0

actb TCCTGCGGAATCCACGAGA AACGTCGCACTTCATGATGCT 60.9 AY148350.1

cptla TGCCAAGAGGTCATCCAGAGTTCT AGTCCACATCATCCGCCAGAGA 64.2 KF857302

eeflal CGTTGGCTTCAACATCAAGA GAAGTTGTCTGCTCCCTTGG 55.5 AJ866727

fasn CGTCAAGCTCTCCATCCCTG GGTGGTGTCTAGGCAGTGTC 59.6 MF566098

fbp1 GCTTTGACCCACTGGATGGT GGCGGGATCAAGCATAAAGC 58.4 *

gépcl TGAGACCCGGTTTTATGGAG CATGCAGACCACCAGCTCTA 57.0 AM987970

g6pd GAGATGGTGCAGAACCTCATGG CCACAGAAGACATCCAGGATGAG 62.0 JX073705

gck ATCGTCAGGGAACTCACACC GAGTTCAGGCTTGCTTCACC 58.3 AM986860

glud1 CCATCAGCCAGGGAGGAATC TGCTCATGTAAGACGCCTCG 58.7 KF857576

gotl CTGGGTGGTACAGGTGCTTT AGCGTTGTGATTTTCCCAAG 55.8

gpt TGAAGGAGGGGGTCAAGAAA AGGGTAAGAACACAGAGCCA 57.4 JX073702

gys2 GACAAGGAGGCAGGTGAGAG GAAGACGTGAGCACAGTGGA 59.2

hadh CGGAAGTGGTCAGATGGGTG TCGTCGCTTGTATCCACCAG 59.0 KF857303

hk1 CACCAATGCGTGCTACATGG GTCGACGTCCCTGTCAAACT 58.1

pckl GCGCCATCAACACTAAAGGT TTGTGCACTCTGTCCTCCAG 57.2 DV217087

pklr CTGTTTCCTGTGGAGGCAGT CAGCACAGCATTTGAAGGAG 55.8 AM981422

pygl TTCCCAGACAAAGTCGCTGT GTCTTGTGAGGTCCCATGC 58.2 *

18s CCGCTTTGGTGACTCTAGATAACC CAGAAAGTACCATCGAAAGTTGATAGG 59.0 AY831388.1

acly, ATP citrate lyase; actcb, B-actin; cptla, carnitine palmitoyltransferase 1a; eeflal, elongation factor 1a; fasn, fatty acid synthase; fbp1, fructose-1,6-
biphosphatase; g6pcl, glucose-6-phosphatase; g6pd, glucose-6-phophate-dehydrogenase; gck, glucokinase; glud1, glutamate dehydrogenase; got1, aspartate
aminotransferase 1; gpt, alanine transaminase; gys2, glycogen synthase liver form; hadh, hydroxyacyl-Coenzyme A dehydrogenase; hk1, hexokinase; pck1,
phosphoenolpyruvate carboxylase cytosolic form; pklr, pyruvate kinase; pygl, glycogen phosphorylase liver form; 18s, ribosomal RNA 18s. The asterisk (*)

means that accession number is pending validation by the National Center for Biotechnology.

2.7.1.1) and glucokinase (Gck; EC 2.7.1.2) activities were
assessed in a Tris—=HCI buffer (80 mM, pH 7.0) containing
10.2 mM KCl, 37.5 mM MgCl,, 11.5 mM KH,PO,, 20 mM
NaHCO,, 4 mM EDTA, 2.6 mM DTT, 2 mM NADP",
7 mM ATP, 0.13 U mL-! glucose 6-phosphate dehydroge-
nase, 0.13 U mL-' 6-phosphogluconate dehydrogenase,
and 1.2 M (Hk) or 12 mM (Gck) p-glucose (omitted for
controls). Pyruvate kinase (Pk; EC 2.7.1.40) activity was
assessed in an imidazole buffer (50 mM, pH 7.4) contain-
ing 100 mM KCI, 10 mM MgCL, 0.5 mM ADP, 0.15 mM
NADH, 21 U mL-! lactate dehydrogenase, and 2 mM phos-
pho(enol)pyruvate (omitted for controls). Phosphoenolpy-
ruvate carboxykinase cytosolic form (Pepck1; EC 4.1.1.32)
activity was assessed in a Tris—=HCI buffer (50 mM, pH
7.5) containing 1 mM MnCl,, 20 mM NaHCO,, 1.5 mM
phospho(enol)pyruvate, 0.3 mM NADH, 1.7 U mL-!' malate
dehydrogenase, and 0.5 mM 2’-deoxyguanosine-5-diphos-
phate (omitted for controls). Fructose 1,6-bisphosphatase
(Fbpase; EC 3.1.3.11) activity was assessed in an imid-
azole buffer (85 mM, pH 7.7) containing 5 mM MgCIL,
0.5 mM NADP+, 2.5 U mL"' 6-phosphoglucose isomer-
ase, 0.8 U mL-! glucose 6-phosphate dehydrogenase, and
7 mM fructose 1,6-bisphosphate (omitted for controls).
Glucose 6-phosphatase (Gé6pase; EC 3.1.3.9) activity was
assessed in an imidazole buffer (100 mM, pH 6.5) contain-
ing 25 mM D-glucose 6-phosphate (omitted for controls).
Glycogen synthase liver form (Gsase; EC 2.4.1.11) activity
was assessed in an imidazole buffer (50 mM, pH 7.5) con-
taining 150 mM KCI, 15 mM MgCl,, 2 mg mL-" glycogen,
1.5 mM phospho(enol)pyruvate, 0.3 mM NADH, 4.6 mM
D-glucose 6-phosphate, 1.4 U mL-! lactate dehydrogenase,

1.4 U mL-! pyruvate kinase, and 100 mM uridine diphos-
phoglucose (omitted for controls). Glycogen phosphory-
lase liver form (Gpase; EC 2.4.1.1) activity was assessed
in a phosphate buffer (50 mM, pH 7.0) containing 27 mM
MgSO,, 24.2 mM EDTA, 2.5 mM AMP, 0.5 mM NADP~,
1.7 U mL-!' phosphoglucomutase, 6.8 U mL-! glucose
6-phosphate dehydrogenase, 10 uM a-D-glucose 1,6-bis-
phosphate, and 40 mg mL-! glycogen (omitted for controls).
Glucose-6-phosphate-dehydrogenase (G6pdh; EC 1.1.1.49)
activity was assessed in an imidazole buffer (78 mM, pH
7.7) containing 5 mM MgCl,, 0.5 mM NADP*, and 20 mM
D-glucose 6-phosphate (omitted for controls). ATP citrate
lyase (Acly; EC 4.1.3.8) activity was assessed in a Tris—HCI
buffer (50 mM, pH 7.8) containing 100 mM KCI, 10 mM
MgCl,, 20 mM sodium citrate, 10 mM f-mercaptoethanol,
5 mM ATP, 0.3 mM NADH, 7 U mL"' malate dehydroge-
nase, and 8 mM Coenzyme A (omitted for controls). Fatty
acid synthase (Fas; EC 2.3.1.85) activity was assessed in a
phosphate buffer (0.1 mM K,HPO, and 0.1 mM KH,PO,,
pH 6.5) containing 0.1 mM NADPH, 25 uM acetyl-CoA,
and 40 uM malonyl-CoA (omitted for controls). Carnitine
palmitoyl transferase 1 (CptlL; EC 2.3.1.21) activity was
assessed in a Tris—=HCI buffer (75 mM, pH 8.0) containing
1.5 mM EDTA, 0.25 mM DTNB, 35 pM palmitoyl-CoA,
and 5.5 mM vL-carnitine (omitted for controls). Aspartate
aminotransferase 1 (Astl; EC 2.6.1.1) activity was assessed
in an imidazole buffer (50 mM, pH 7.8) containing 10 mM
a-ketoglutarate, 0.05 mM pyridoxal 5’-phosphate, 0.3 mM
NADH and 1.5 mM vr-aspartate (omitted for controls).
Alanine transaminase (Aatl; EC 2.6.1.2) activity was
assessed in an imidazole buffer (50 mM, pH 7.8) containing
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10 mM a-ketoglutarate, 0.025 mM pyridoxal 5’-phos-
phate, 0.2 mM NADH, 21 U mL"' lactate dehydrogenase
and 14 mM vr-alanine (omitted for controls). Glutamate
dehydrogenase (Gdh; EC 1.4.1.2) activity was ssessed in
an imidazole buffer (50 mM, pH 7.8) containing 250 mM
ammonium acetate, 0.10 mM NADH, 1 mM ADP and
0.35 mM a-ketoglutarate (omitted for controls).

Histological analysis

Frozen sections of liver (12 um) were obtained with a cryo-
stat and stained with Oil Red O, using a commercial kit
(010303, DIAPATH S.p.A., Italy) according to manufactur-
er’s instructions. To evaluate the degree of accumulation of
lipid droplets each section was totally examined at a 200x
magnification under a light microscope (Olympus BX51, 194
GmbH, Germany) coupled with a camera (Olympus DP50,
GmbH, Germany), using an imaging software (Olympus cell-
Sens Dimension Desktop). A semi-quantitative approach was
used, according to the following five scores and criteria: Score
O0—absence of lipid droplets; Score 1 (low) — on average, <
1/3 of the hepatocyte cytoplasm shows lipid droplets; Score
2 (moderate) — on average, 1/3 < x < 2/3 of the hepatocyte
cytoplasm shows lipid droplets; Score 3 (high) — on average,
> 2/3 of the hepatocyte cytoplasm shows lipid droplets; Score
4 (extreme) — 3/3 of the hepatocyte cytoplasm shows lipid
droplets.

Statistical analysis

Statistical analyses were performed using IBM SPSS Statistics
26.0 (IBM corporation, USA). All variables were tested for
normality and homogeneity of variances using Kolmogor-
ov-Smirnov and Levene’s tests, respectively, followed by one-
way ANOVA. When one-way ANOVA showed significance (P
< 0.05), groups were compared using Tukey’s HSD multiple
comparison test.

Results
Growth performance, somatic indexes and
histological evaluation of liver

After 16 weeks of feeding trial, the dietary inclusion of
dTM did not affect fish growth nor HSI (Figure 1A-B). In

general, European sea bass hepatocytes showed moderate
accumulation of lipid droplets (Score 2), and no signifi-

cant differences were observed among dietary treatments
(Figure 2).

Liver and plasma metabolite levels

The hepatic levels of glycogen, glucose, lactate, total a-amino
acid, NEFA, triglyceride, and cholesterol did not change
with dietary inclusion of dTM (Table 3). Plasmatic levels
of NEFA and TAG significantly increased in fish fed TMS50
or TM100 diets when compared to those fed CTRL diet,
whereas plasmatic levels of glucose, lactate, total a-amino
acid, and cholesterol remained similar among dietary treat-
ments (Table 3).

Metabolic-related genes and enzymes in liver

Although the mRNA abundance of glycolysis-related genes
(gck, bk1 and pklr) did not significantly vary with dietary
inclusion of dTM (Figure 3A-C), the activity of Gck sig-
nificantly increased in fish fed TM100 when compared to
those fed CTRL and TMS50 (Figure 3A). Similarly to results
of mRNA abundance, the activity of Hk and Pk remained
similar between fish fed CTRL and dTM diets (Figure 3B-C).
Amongst the gluconeogenesis-related genes and their encoded
enzymes, only g6pcl/Gépase significantly decreased in fish
fed TM100 when compared to those fed CTRL diet (Figure
3D), whereas pck1/Pepckl and fbp1/Fbpase remained simi-
lar among all dietary treatments (Figure 3E-F). The mRNA
abundance of glycogenolysis-related gene pygl did not change
with dTM dietary inclusion, but the activity of Gpase was
significantly lower in fish fed TM100 than in fish fed CTRL
or TMS0 diets (Figure 3G). The glycogenesis-related gene
gys2 and its encoded enzyme Gsase remained similar among
dietary treatments (Figure 3H). The mRNA abundance of
pentose phosphate pathway-related gene g6pd also did not
change with dietary inclusion of dTM, but the activity of its
encoded enzyme Gé6pdh significantly increased in fish fed
TM100 when compared to those fed CTRL and TMS50 (Fig-
ure 31). Likewise, total FM replacement by dTM also resulted
in increased activity of the lipogenic enzyme Acly compared
with controls, whereas mRNA relative abundance of acly did
not vary among dietary treatments (Figure 3]). The mRNA
abundance of fasn and the activity of its encoded enzyme
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Figure 1. Weight gain (A) and hepatosomatic index (B) of European sea bass fed for 16 weeks with control diet containing 40% fishmeal (CRTL) or with
experimental diets formulated with 20% and 40% of dTM resulting in 50% (TM50) or 100% (TM100) fishmeal replacement. Bars represent means +
standard deviation of the mean (n = 4 for weight gain (mean of body weight of 15 fish per tank) and n = 24 fish per treatment for hepatosomatic index).
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Figure 2. Representative pictures of fat deposit stained with Oil Red in histological liver sections of European sea bass fed for 16 weeks with control
diet containing 40% fishmeal (CRTL, A) or with experimental diets formulated with 20% and 40% of dTM resulting in 50% (TM50, B) or 100% (TM100,

C) fishmeal replacement.

Fas significantly increased in fish fed and TM100 when com-
pared to those fed CTRL (Figure 3K). The p-oxidation-re-
lated gene cptla showed no significant differences whereas its
encoded enzyme Cpt1L displayed lower activities in fish fed
TMS50 or TM100 when compared with fish fed with CRTL
diet (Figure 3L). The mRNA abundance of hadh did not vary
significantly with dietary inclusion of dTM (Figure 2M). Con-
cerning amino acid metabolism-related genes and enzymes,
the mRNA abundance of got1 and its encoded enzyme Astl
remained similar among dietary treatments (Figure 3N). On
the other hand, both mRNA abundance of gpt and the activity
of its encoded enzyme Aatl significantly decreased in fish fed
TM100 diets when compared to those fed CTRL diet (Figure
30). Finally, the mRNA abundance of glud1 was not altered
by feeding experimental diets, but the activity of its encoded
enzyme Gdh was significantly lower in fish fed TM100 than
in those fed CTRL diet (Figure 3P).

Discussion

In previous studies, we demonstrated that partial (up to
80%) and total dietary FM replacement by dTM neither
affected homeostatic regulation of feed intake nor growth
performance of European sea bass, but hepatic and plasmatic
metabolites suggested alterations in intermediary metabolism
when FM was totally replaced by dTM (Basto et al., 2021a,
2021b, 2022). Therefore, we aimed to thoroughly character-
ize those metabolic changes. The present study showed that
a diet devoid of FM and with a high IM inclusion (TM100)
induced the glycolytic, glycogenolytic, pentose phosphate and
lipogenic pathways, whereas inhibited the gluconeogenesis
and FAs B-oxidation.

In the present study, partial (50%) and total FM replace-
ment by dTM also did not affect weight gain of European sea
bass after 16 weeks of feeding trial. However, fish fed TMS50
and TM100 diets displayed higher levels of NEFA and TAG
in plasma than those of fish fed the control diet. Since liver is
the main organ involved in intermediary metabolism in fish,
we assessed changes in the mRNA abundance and activities
of main enzymes involved in glucose, lipid, and amino acid
metabolism to ascertain the origin of the changes in plasma.

It is well known that plasmatic glucose levels are main-
tained in homeostasis with those present in liver due to the

Table 3. Liver and plasma metabolite levels of European sea bass fed

for 16 weeks with control diet containing 40% fishmeal (CRTL) or with
experimental diets formulated with 20% and 40% of dTM resulting in
50% (TM50) or 100% (TM100) fishmeal replacement.

CTRL TMS0 TM100 P-value
Liver (mmol g-1)
Glycogen 34.82.7 36.4+2.6 34.7 £3.7 0.126
Glucose 31.3+0.2 31.2+0.7 32.8 1.0 0.083
Lactate 1.3+0.2 1.4+0.2 1.2+02 0.690
Total a-amino 23.8+2.4 21.5+1.8 23.8+2.8 0.750
acids
NEFA 0.3 +0.04 0.3+0.1 0.3+0.1 0.972
TAG 3202 3.1+03 3.5+03 0.775
Cholesterol 0.3 +0.03 0.3+0.1 0.3+0.1 0.964
Plasma (mmol L-1)
Glucose 6.3=04 6.4+0.7 6.9x0.5 0.706
Lactate 9.3+0.8 7.9+0.8 8.8+1.1 0.592
Total a-amino 5.0=+0.3 5.1+0.3 6.1+0.6 0.203
acids
NEFA 0.1+0.01° 0.2 =0.02° 0.2=+0.02> 0.016
TAG 3.7+0.1° 5.6+06" 5.6+0.5" 0.019
Cholesterol 7.9 +0.4 8.5+0.8 8.6 0.7 0.749

The abbreviations stand for: NEFA, non-esterified fatty acids; TAG,
triglyceride. Values are presented as mean = standard deviation of the mean
(n = 12 fish per treatment). Significant differences (P < 0.05) among groups
are denoted with different letters.

existence of specific diffusion through glucose transporters
(Polakof et al., 2012). In the liver, excess of glucose may be
stored as glycogen through the action of Gsase enzyme (gly-
cogenesis), or catabolized through the glycolytic pathway, fol-
lowed by tricarboxylic acid (TCA) cycle and respiratory chain
for energy production, or through the pentose phosphate
pathway resulting in the production of NADPH and ribose
5-phosphate, needed for de novo lipid biosynthesis (lipogene-
sis) or nucleotide synthesis, respectively (Polakof et al., 2012).
On the other hand, under hypoglycaemic conditions, glucose
requirements can be satisfied by glycogen depletion to glucose
through the action of Gpase (glycogenolysis), or gluconeo-
genesis from non-carbohydrate sources through the action
of Pepck and Fbpase (Polakof et al., 2012). In the present
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Figure 3. MmRNA abundance and activity of key genes and enzymes of intermediary metabolism in liver of European sea bass for 16 weeks with control
diet containing 40% fishmeal (CRTL) or with experimental diets formulated with 20% and 40% of dTM resulting in 50% (TM50) or 100% (TM100)
fishmeal replacement. Bars represent means + standard deviation of the mean (n = 12 fish per treatment). Significant differences (P < 0.05) among
groups are denoted with different letters.



study, we observed that total FM replacement by dTM led
to an increase in the use of glucose in liver, as supported by
increased Gck activity. The lack of changes in Hk relates to
the more important role of Gek in liver of fish (Polakof et al.,
2012).

The increased availability of glucose 6-phosphate resulting
from the increased activity of Gck can be used through three
different pathways (Enes et al., 2009; Polakof et al., 2012).
First, this glucose is not apparently used through glycolysis
since no changes occurred in the mRNA abundance and activ-
ity of the glycolytic enzyme Pk. The lack of changes observed
in parameters indicative of glycolytic capacity occurred in
parallel with the lack of changes observed in parameters
related to gluconeogenesis, such as the mRNA abundance and
activity of the enzymes Fbpase and Pepck1. As a second possi-
bility, the increased availability of glucose 6-phosphate could
have been used to synthesize glycogen through glycogenesis.
However, no main changes occurred in glycogen levels as well
as in mRNA abundance and activity of the glycogenic enzyme
Gsase (though a decrease occurred in the activity of the gly-
cogenolytic enzyme Gpase). The third pathway through which
increased availability of glucose 6 phosphate could have been
used is glucose release to the plasma. This capacity is however
inhibited in liver, based on changes displayed by the respon-
sible enzyme Gé6pase in terms not only of changes in mRNA
abundance but also of enzyme activity. Finally, the increased
glucose 6-phosphate levels resulting from Gck activity could
have been used through pentose phosphate pathway involved
in the production of reducing power in the form of NADPH.
This pathway seems to be activated since increased activity
of the main regulatory enzyme of the pathway, i.e., G6pdh
increased in fish fed TM100. As a whole, changes occurring
in glucose metabolism in liver indicate that feeding TM 100
result in increased use of glucose, which is not being use to
provide energy to hepatic cells (no changes in glycolytic/glu-
coneogenic capacities), to store glycogen (no changes in gly-
cogen levels as well as in glycogenic/glycogenolytic capacities)
or to be released into plasma (no changes in levels of plasma
glucose and the activity of the liver enzyme Gé6pase). The
increased use of glucose is therefore apparently directed to the
pentose phosphate pathway thus providing NADPH, which is
usually associated with increased capacity for lipid synthesis.

The increased capacity of liver to synthesize lipid, based
on changes in glucose metabolism described above, must be
supported by changes in the mRNA abundance and/or activ-
ity of enzymes involved in lipid metabolism. Acly represents
the starting point of lipogenesis, which is initiated by con-
version of citrate into acetyl-CoA and oxaloacetate through
the action this enzyme. Afterwards, occurs the carboxylation
of acetyl-CoA to malonyl-CoA by acetyl-CoA carboxylase,
and the final step of lipogenesis is characterized by the action
of Fas under malonyl-CoA (Zhang et al., 2020). In its turn,
malonyl-CoA inhibits Cptl1L, the first rate-limiting enzyme
of B-oxidation. In these processes, significant amounts of
NADPH are required for reducing power, and it is supplied
by the action of dehydrogenases of the pentose phosphate
pathway, such as G6pdh (Weil et al., 2013), as commented
above. Accordingly, the mRNA abundance and the activ-
ity of the lipogenic enzyme Fas, as well as the activity of
the lipogenic enzyme Acly clearly increased in fish fed with
TM100 compared with controls. A rise in mRNA abundance
of lipogenic enzymes also occurred in liver of rice field eel
(Monopterus albus) in which FM was partially replaced by
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HI (Hu et al., 2020) whereas in gilthead sea bream (Sparus
auratus) a 30% replacement of FM by TM did not affect liver
lipogenic capacity (Mastoraki et al., 2022). This increased
lipogenic capacity matches clearly with the increased activity
of G6pdh mentioned above. Furthermore, we also assessed
in liver the activity and/or mRNA abundance of enzymes
involved in lipolysis in liver. While no changes occurred for
mRNA abundance of hadb (transcript of the Hadh lipolytic
enzyme), a clear decrease occurred in the activity of Cpt1, one
of the enzymes involved in fatty acid oxidation in liver. This
is indicating that not only lipogenic pathway is activated but
also that lipolytic pathway is inhibited. Guerreiro et al. (2020)
observed that 52% FM substitution by partially defatted HI
in meagre (Argyrosomus regius) decreased mRNA abundance
of hadh, which is involved in FAs B-oxidation. Considering
that no changes occurred in liver lipid levels, as demonstrated
by both biochemical and histological measurements, the pres-
ent results suggest that a fast mobilization of synthesized lip-
ids occur in liver, and these lipids are exported into plasma
to be used in other tissues. This would help to explain why
NEFA and TAG levels increase in plasma (but not in liver)
of fish fed TM100 diet. These results are in line with those
obtained in our previous studies in the same species and may
explain the increased whole-body fat content observed when
FM was totally replaced by dTM (Basto et al., 2021b, 2022).
In other studies, increased levels of lipid occurred in liver such
as in zebrafish (Danio rerio) fed with a diet in which FM was
replaced by HI (Zarantoniello et al., 2020) pointing to differ-
ences in the speed of FA mobilization between species and IM
used. Besides, when dTM was used as single protein source
in diets for European sea bass for 10 weeks, it was observed
a down-regulation trend of peroxisome proliferator-activated
receptor-a. (ppara) (Basto et al., 2021b), which is a nuclear
hormone receptor that regulates B-oxidation of fatty acids (Li
et al., 2020), highlighting that total FM replacement by dTM
inhibits B-oxidation pathway, in a way comparable to that
herein observed.

According to Engelking (2015), Astl, Aatl and Gdh are
considered the most relevant enzymes involved in amino
acid metabolism. Aat1 and Ast1 are responsible for transam-
ination of alanine and aspartate to pyruvate and glutamate,
respectively. Gdh is a mitochondrial enzyme that reversibly
converts glutamate to a-ketoglutarate and NH,*. Except for
Astl, changes observed in the other enzymes after feeding
diets are comparable, with decreased activity (also mRNA
abundance in the case of gpt) in fish fed TM100 diet com-
pared with controls. This reduced activity clearly indicates
a reduced capacity of the liver to oxidize amino acid both
for fuelling purposes and/or to synthesize glucose through
gluconeogenesis, which is one of the main pathways in
which amino acids are involved in the metabolism of teleost
liver (Polakof et al., 2012). Since amino acids are a primary
source of carbon for gluconeogenesis, such decline of Aatl
activity contributes to explain the reduction of gluconeo-
genesis in fish fed TM100, as previously observed through
the reduced activity of G6Pase. Comparable decreases in the
oxidative capacity of amino acids occurred in gilthead sea
bream (Sparus aurata) and tench (Tinca tinca) fed with a diet
with a partial replacement of FM by TM (Fabrikov et al.,
2020). However, in other studies no changes occurred in the
capacity for oxidizing amino acids. Thus, Mastoraki et al.
(2020) evaluated the effect of 30% FM replacement by dif-
ferent IM on amino acids metabolism of European sea bass
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and concluded that partially defatted HI and full-fat TM or
Musca domestica did not affect the activity of Astl, Aatl
and Gdh. In gilthead sea bream, 50% of FM replacement by
full-fat TM or HI also did not change the activity of Astl,
Aatl, and Gdh (Fabrikov et al., 2021), and a similar lack of
changes also occurred when 30% of FM was replaced by
TM (Mastoraki et al., 2022). In mammals, serum activities
of Ast1, Aat1 and their ratio are commonly evaluated as bio-
markers for liver health (Gwaltney-Brant, 2016). Thus, our
findings suggest that partial or complete replacement of FM
by dTM might have a protective effect in the liver of Euro-
pean sea bass. Similar results were obtained by Belghit et al.
(2019) when FM was totally replaced by partially defatted
HI in diets for sea-water phase of Atlantic salmon (Salmo
salar). Regarding Gdh, Skiba-Cassy et al. (2016) suggested
that dietary excess of methionine in diets for rainbow trout
triggered amino acid deamination and an increase in the
activity of this enzyme. In this regard, the observed decrease
of Gdh activity in the liver of fish fed TM100 may suggest
the deficit of some amino acid. Besides, since the activity
of Aatl decreased in fish fed TM100, lower concentrations of
glutamate were expected, and thus a decreased activity of
Gdh. However, further studies are needed to better under-
stand the impact of different dietary formulations on either
Ast1, Aatl or Gdh.

Conclusions

Despite no signs of steatosis were observed in the liver
of fish fed TM100, this dietary treatment induced a clear
increase in the liver capacity to use glucose and a decrease
in the capacity of using amino acids. These changes result
in redirecting liver metabolism to an enhanced lipogenic
capacity reflected in high levels of plasmatic NEFA and
TAG, which in the long-term may compromise fish health.
Thus, despite 100% replacement of FM by dTM render
comparable growth and weight gain, the important number
of metabolic changes described above preclude to consider
such a level of replacement for the practical formulation
of diets for European sea bass. Contrarily to the current
findings, Chemello et al. (2020) demonstrated that total FM
replacement by partially defatted TM did not alter activity
of Astl, Aatl, Gdh, G6pdh, and Fas in the liver of rainbow
trout. However, it is important to point out that in the study
conducted by Chemello et al. (2020) a total FM replace-
ment was achieved with the inclusion of 20% IM, whereas
in the present study to totally substitute FM it was neces-
sary to include 40% of dTM. Thus, the results obtained by
Chemello et al. (2020) are not completely comparable with
those herein obtained.

In contrast to fish fed with TM100, no significant changes
occurred in any of the parameters assessed in liver of fish fed
TMS0 compared with fish fed the control diet supporting
that glucose, lipid, and amino acid metabolism in liver are
not altered by 50% replacement of FM by dTM. In rainbow
trout, the activity of different enzymes involved in interme-
diary metabolism of nutrients were also not influenced up to
50% of FM replacement by full-fat TM or HI (Melenchén et
al., 2020, 2022). Therefore, dTM can be successfully used to
replace 50% of FM in aquafeeds for European sea bass with-
out negatively affecting fish hepatic health and intermediary
metabolism of nutrients. This is important for considering

such level of replacement in the formulation of practical diets
for European sea bass.
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