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Simple Summary: Vegetable oil inclusion in fish diets is a common practice, but their effects in
the oxidative status at intestinal level, which would affect animal health and welfare, are poorly
understood. In the present study, we compared the effects of different dietary treatments containing
soybean oil alone or in combination with other vegetable oils in sea bream. Overall, the results
revealed that the blend of soybean and linseed oils negatively affects intestinal integrity as it triggered
high oxidative stress that could not be counteracted by the high levels of antioxidant enzymes.
However, the addition of palm oil to the previous mixture of vegetable oils makes it possible to
maintain low oxidative stress, preserving the intestinal health of the animal. In conclusion, this study
demonstrates the importance that the mixture of vegetable oils in a diet can have on the intestinal
health of sea bream.

Abstract: Fish oil is commonly replaced by vegetable oils in sea bream diets, but little is known about
their effects on intestinal health regarding oxidative stress biomarkers. The negative effects of lipid
peroxidation on digestive mucosa could have consequences in animal nutrition and welfare. In this
study, five isonitrogenous (46%) and isolipidic (22%) diets with 75% of vegetable oils inclusion were
evaluated: soybean oil (S) alone or different mixtures containing soybean oil with linseed (SL), linseed
and rapeseed (SLR), linseed and palm (SLP), and linseed, rapeseed, and palm (SLRP). Gilthead sea
bream juveniles were fed twice a day for 18 weeks. Pyloric caeca and proximal intestine samples were
collected 24 h post feeding for lipid peroxidation (LPO), antioxidant enzyme activities (SOD, CAT,
GPx, GST, and GR) and gene expression analyses. Pyloric caeca presented larger unhealthy changes
in oxidative status than proximal intestine. Although SL-fed fish showed the highest antioxidant
activities, they were unable to cope with LPO that in pyloric caeca was 31.4 times higher than in the
other groups. Instead, SLP fish presented the best oxidative status, with low LPO levels, antioxidant
enzyme activities, and gene expression. In summary, between the vegetable oils dietary mixtures
tested, SPL would maintain better intestinal health.

Keywords: lipid peroxidation; superoxide dismutase; catalase; glutathione peroxidase; intestine;
soybean oil; fish diet

1. Introduction

For the sustainability of aquaculture, it is necessary to replace fish oil (FO) with
alternative ingredients that maintain the quality, health, and welfare of the fish, while
allowing to reduce production costs [1]. This need arises from the high prices of FO due
to its use in nutraceutical and agricultural industries because of its health properties [1].
Vegetable oils (VO) are primarily used to replace FO in feed formulation and among the
most used vegetable oils, we can find soybean oil, which has 64% of polyunsaturated fatty
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acids (PUFAs), mainly linoleic acid (C18:3n-6) (57% of the total fatty acids) and rapeseed
oil, rich in monounsaturated fatty acids (MUFAs) (57%), mainly oleic acid (C18:1n-9) [2].
Among the VO, there is also linseed oil, very rich in n-3 fatty acids with 75% of PUFA,
mainly α-linoleic acid (18:3n-3), moderate content of MUFA (16%) and low in saturated
fatty acids (SFA, 9%), but with a high market price, which limits its use in fish feeds [2].
Moreover, we can also find palm oil, rich in SFA and MUFA (50 and 40% of total fatty acids,
respectively), its use being limited indeed by its amount of SFA [2]. Therefore, although
FO replacement is an unavoidable necessity, an imbalance in the dietary fatty acid profile
could negatively affect fish health and welfare, especially in marine species such as gilthead
sea bream. In this species, eicosapentaenoic (EPA, 20:5n-3) and docosahexaenoic (DHA,
22:6n-3) acids among others, are essential fatty acids required for proper development and
growth [2–5], and thus, a minimum amount of FO would be necessary in those diets to
meet the fish requirements concerning these fatty acids.

It is well known that FO replacement by VO affects directly the gastrointestinal tract
by changing the membrane fatty acid composition due to the fast turnover of enterocytes,
endangering their primary functions: digestion and absorption [6,7]. The effect of VO
is very dependent on dietary factors such as the type of both FO and VO incorporated,
the level of FO substitution, the presence and availability of other nutrients (particularly
antioxidants) [8] and the duration of feeding. Moreover, it is also influenced by other
non-dietary factors such as the fish species, fish size, and life cycle stage, as well as
environmental conditions, mainly temperature [9]. However, the use of blends of different
VO can reduce or avoid the deleterious effects on growth performance in fish fed diets with
less than 7% of fish meal and FO sources [10–12].

When delving into the effects at the intestinal level, dietary changes could also provoke
morphological alterations that impair intestinal functionality, including paracellular perme-
ability, and epithelial transport functions, specifically, membrane digestive enzymes, amino
acids and glucose transporters activities and diffusion rates, thus affecting nutrient utiliza-
tion [9,13]. In this sense, VO inclusion led to a supranuclear lipid droplet accumulation in
Artic charr (Salvelinus alpinus) fed a diet that included linseed oil [14] and in rainbow trout
(Oncorhynchus mykiss) fed a diet including soybean oil [15,16], probably due to a reduction
in lipoprotein synthesis as it was described in gilthead sea bream [6,17]. Nevertheless, the
total replacement of FO by soybean oil in a diet for Atlantic salmon (Salmo salar) did not
affect enterocyte lipid accumulation [18]. Moreover, dilated intercellular spaces were found
in the intestine of sea bream fed 60 and 80% of soybean oil inclusion reflecting an impaired
transit capacity through the lamina propria [17]. Thus, VO inclusion can directly affect the
gastrointestinal tract at different levels: membrane composition, structure, integrity, and
function. Furthermore, the oxidative status of this organ could also be affected. The forma-
tion of reactive oxygen species (ROS) is a natural process caused by cellular metabolism
itself and its interaction with the environment. Dietary changes of both lipid content as
fatty acid degree of unsaturation and length [19] could modify ROS formation due to an
imbalance between production and removal. It is known that an increase in ROS triggers
DNA damage, enzyme inactivation, protein oxidation, and lipid peroxidation (LPO) [20].
This could compromise the physical barrier function at intestinal level by causing negative
effects on membrane structure, fluidity and permeability [21] and thus, negatively affect
fish welfare [22–24].

Antioxidants are the main cellular mechanisms to fight ROS and maintain physiologi-
cal status [20]. Cells have developed enzymatic antioxidant mechanisms against oxidative
stress [25], which include superoxide dismutase (SOD), catalase (CAT), glutathione per-
oxidase (GPx), glutathione S transferase (GST), and glutathione reductase (GR), which
is coupled with GPx and GST and recycles oxidised glutathione (GSSH) [20]. Moreover,
organisms also have non-enzymatic antioxidants with low molecular weight that directly
quench ROS, such as vitamins, carotenes, and glutathione (GSH) among others [20,26].

Specific studies on oxidative status in pyloric caeca and proximal intestine are scarce
despite that are multiple external and internal triggers inducting oxidative stress at intesti-
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nal level [21,22,27–32]. To our knowledge, two studies in this area have been conducted in
gilthead sea bream, an important species for Mediterranean aquaculture [22,30]. Castro
et al. [22] tested the effect of total replacement of FO by a blend of palm, linseed, and
rapeseed oils (30:50:20) in fish fed high-protein diets (50–66% from fishmeal) in whole
intestine and they found a protective role of VO against LPO in fish fed diets containing
VO versus fish fed a FO diet. Moreover, that study revealed that LPO and antioxidant
status were tissue specific, since liver and intestine LPO levels and antioxidant activities
showed different profiles. Magalhaes et al. [30] tested diets with the same blend of VO
but supplemented with arachidonic acid (ARA, 20:4n-6), EPA and DHA and their results
revealed the importance of the ratio n-6/n-3 long-chain (LC)-PUFA content in the proximal
intestine oxidative status. In this sense, some other studies have demonstrated that appro-
priate levels of n-3 LC-PUFA could improve antioxidant capacities against oxidative stress
in salmonids [23,33,34].

The present study seeks to investigate if the dietary inclusion of different VO including
soybean oil alone or combined and resulting in different n-6/n-3 ratios, could improve
the antioxidant status and LPO, both in the pyloric caeca and in the proximal intestine of
gilthead sea bream, looking for a healthy impact on fish of the FO substitution by VO while
improving the sustainability of the aquaculture sector.

2. Materials and Methods
2.1. Experimental Diets

Skretting ARC (Norway) formulated and produced five isonitrogenous (46%) and
isolipidic (22%) diets (Table 1) in which 25% of included oils was FO and 75% of VO. One
diet contained only soybean oil as VO (S diet), in the second diet, soybean and linseed oils
were blended (SL diet). In another two other diets, a combination of three VO was used,
where soybean and linseed oils were mixed with either rapeseed or palm oils (SLR and SLP
diets, respectively) with a similar amount of soybean oil in both of them. Finally, in the last
diet, a blend of all VO was included (SLRP diet).

Table 1. Oil composition and Vitamin/Mineral (Vit/Min) premix and proximate composition of the
experimental diets.

Diets

Ingredients (%) S SL SLR SLP SLRP

Fish oil 4.64 4.64 4.64 4.64 4.64
Palm oil - - - 4.81 2.43

Linseed oil - 2.82 2.42 3.37 2.7
Rapeseed oil - - 5.80 - 5.84
Soybean oil 13.63 10.81 5.39 5.54 2.65

Vit/Min premix 1.78 1.78 1.8 1.69 1.79

Proximate composition (%)

Dry matter 93.21 93.21 93.21 93.21 93.21
Crude protein 46.5 46.5 46.50 46.45 46.33

Crude fat 22.4 21.9 22.40 22.40 21.90
Ash 5.7 5.7 5.69 5.66 5.66

S: diet containing only soybean oil; SL: diet containing soybean and linseed oil; SLR: diet containing soybean,
linseed and rapeseed oil; SLP: diet containing soybean, linseed and palm oil; SLRP: diet containing soybean,
linseed, rapeseed and palm oils.

All diets, except diet S, presented high and similar levels of n-3, achieving the optimum
levels for this species. Moreover, as soybean oil diminished, the amount of n-6 fatty acids
also decreased, producing diets with different n-6/n-3 ratios; however, at the same time, the
amount of MUFAs increased due to the inclusion of other VO showing the diets’ different
fatty acids profiles (Table 2). All diets contained 88% of vegetable protein from soya
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concentrate (30%), corn gluten (15%), fava beans (6%), wheat gluten (3.8%), sunflower meal
(3%), as well as wheat (7%) and fishmeal (15%).

Table 2. Dietary fatty acid profile of the experimental diets.

Diets

Fatty Acid (%) S SL SLR SLP SLRP

C14:0 2.15 2.12 2.14 2.33 2.27
C16:0 13.27 12.55 10.95 18.98 14.17

C16:1n-7 2.34 2.31 2.37 2.36 2.40
C16:2n-6 0.29 0.28 0.30 0.28 0.29

C18:0 2.87 3.16 2.80 3.51 2.99
C18:1n-9 19.88 19.19 27.30 23.02 29.81
C18:1n-7 2.03 1.88 2.24 1.62 2.15
C18:2n-6 36.51 31.95 24.93 21.98 19.10
C18:3n-3 4.37 10.11 10.11 9.83 10.04
C18:4n-3 0.75 0.73 0.73 0.70 0.74

C20:1 sum. isomers 1.80 1.85 2.15 1.70 2.05
C20:4n-6 0.29 0.23 0.22 0.23 0.22
C20:4n-3 0.22 0.23 0.22 0.25 0.24

C20:5n-3 EPA 3.02 3.02 3.10 3.02 3.15
C22:1 sum. isomers 2.13 2.06 2.24 2.18 2.17

C22:5n-3 0.44 0.43 0.46 0.43 0.46
C22:6n-3 DHA 2.98 2.87 2.99 2.95 2.95

C24:1n-9 0.25 0.23 0.27 0.27 0.26
SFA not listed 1.06 0.97 1.01 0.87 0.96

Monoenes not listed 0.10 0.14 0.12 0.10 0.11
n-6 FA not listed 0.20 0.24 0.25 0.21 0.22
n-3 FA not listed 0.22 0.20 0.20 0.17 0.20

Others 0.36 0.36 0.32 0.32 0.36

Sum. SFA 19.35 18.80 16.90 25.69 20.39
Sum. MUFA 28.53 27.66 36.69 31.25 38.95
Sum. n-6 FA 37.29 32.70 25.70 22.70 19.83
Sum. n-3 FA 12.0 17.59 17.81 17.35 17.78

UFA/SFA 4.02 4.15 4.75 2.78 3.75
MUFA/PUFA 0.58 0.55 0.84 0.78 1.04

n-6/n-3 3.11 1.86 1.44 1.31 1.12
Unknown 2.50 2.90 2.60 2.70 2.70

EPA: Eicosapentaenoic acid; DHA: Docosahexaenoic acid; FA: Fatty acids; SFA: Saturated fatty acids; MUFA:
Monounsaturated fatty acids; MUFA/PUFA: Monounsaturated fatty acids/Polyunsaturated fatty acids; UFA/SFA:
Unsaturated fatty acids/Saturated fatty acids.

2.2. Fish and Feeding Trial

Three hundred and eight sea bream (81.73 ± 0.36 g) were randomly distributed in
a semi-recirculating saltwater system of 14 fiberglass tanks (500 L; 22 fish per tank) and
acclimatized for 11 days at the Institut de Recerca i Tecnologia Agroalimentàries (IRTA,
La Ràpita, Spain) facilities. The photoperiod followed natural changes (11:24 to 10:29 h
of daylight), according to the course of the trial (October-February), and temperature
was maintained at 21.9 ± 0.85 ◦C. During the 18-week trial, fish were fed ad libitum the
corresponding diet twice a day (at 8 a.m. and 14 p.m.). Triplicate tanks were used for all
experimental conditions, except for the S group where they were in duplicate. The present
experiment is part of a more complex study from which data on growth performance have
been already published [35].

2.3. Sampling Procedures and Samples Preparations

At the end of the growth trial, 3 fish per tank were anaesthetized (MS-222, Sigma,
Madrid, Spain), measured, weighed, and sacrificed by severing the spinal cord 24 h post
feeding (n = 9 from triplicate groups and n = 6 from duplicate one). The Ethics and Animal
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Care Committee of the University of Barcelona approved all procedures following the
European Union assigned principles and legislation (permit number DAAM 8982).

Samples of pyloric caeca and proximal intestine (PI) were collected, rapidly frozen in
liquid nitrogen and maintained at −80 ◦C. Pyloric caeca and proximal intestine samples
were homogenized in buffer solution (Tris-HCl, 50 mM, pH 7.5) using rapid vibration
(6500 rpm; 3 × 20 s with three breaks of 20 s; 4 ◦C) in a Precellys Evolution® Homogenizer
combined with Cryolys® as a cooling system (Bertin Technologies, Montigny-le-Bretonneux,
France). Next, homogenates were centrifuged for 15 min (2400 rpm; 4 ◦C; Eppendorf, 5418R)
and supernatants were stored at −80 ◦C until the analyses were performed.

2.4. Oxidative Stress Markers Analysis

LPO were determined according to Uchiyama and Mihara [36]. Briefly, homogenized
samples were thawed on ice and mixed with HCl 0.024 N and thiobarbituric acid 0.06 M
(TBA) solution at pH 7.0. The mixture was heated to 95 ◦C for 10 min and then kept in ice
and darkness for 5 min. Next, 300 µL of cold butanol were added and samples centrifuged
for 10 min at 2000 rpm and 4 ◦C (Eppendorf, 5418R). The concentration of malondialdehyde
(MDA) was recorded by fluorescence using a Tecan infinite 200 spectrofluorometer (Tecan
Trading AG, Männedorf, Switzerland) with a 515/548 nm (excitation/emission) filter. A
calibration curve with MDA in the range of 0–10 µM MDA was used to calculate the MDA
concentration and the results were expressed as nmol MDA per mg of protein.

The ferricytochrome C method was used to determine total SOD (EC 1.15.1.1) activity
according to Mccord and Fridovich [37], with some modifications, with xanthine/xanthine
oxidase as the source of superoxide radicals. Homogenized samples were thawed on ice
and then mixed with xanthine oxidase (0.5 IU·mL−1) and 200 µL of the reaction buffer
(50 mM potassium phosphate buffer at pH 7.8, 0.1 mM EDTA, 0.095 mM cytochrome C, and
0.015 mM xanthine). One unit of activity was defined as the amount of enzyme necessary
to produce 50% inhibition of ferricytochrome C reduction rate and normalized by mg of
protein. CAT (EC 1.11.1.6) activity was determined according to the method described by
Aebi [38], with some modifications. Homogenized samples were thawed on ice and mixed
with the reaction buffer containing: 50 mM potassium phosphate buffer at pH 7.0 and,
10 mM H2O2 freshly added and the disappearance of H2O2 was measured at 240 nm. For
GPx (EC 1.11.1.9) activity determination, samples were reacted with a 50 mM potassium
phosphate buffer (pH 7.2), 1.33 mM EDTA, 2.66 mM sodium azide, 40 mM GSH, 4 U·mL−1

GR, 2 mM NADPH, and 1 mM H2O2, and the rate of NADPH oxidation in the coupled
reaction with glutathione reductase was determined at 340 nm according to Bell et al. [39].
GST (EC 2.5.1.18) was evaluated as previously described by Habig et al. [40] with some
modifications. The assay determined the formation of an adduct between the oxidant agent
1-chloro-2,4-dinitrobenzene (CDNB) and GSH as an increase in DO at 340 nm. The reaction
buffer contains: 100 mM potassium phosphate buffer (pH 6.5), 0.1% Triton X-100, 50 mM
GSH and 40 mM CNDB. GR (EC 1.6.4.2) activity was determined according to Carlberg
and Mannervik [41] by measuring the NADPH consumption rate. Homogenized samples
were thawed on ice and reacted with a 0.1 mM potassium phosphate buffer (pH 7.5), EDTA
1 mM, NADPH 0.66 mM, and GSSG 3.25 mM and NADPH oxidation was measured at
340 nm. All substrates, reagents, coenzymes, and purified enzymes were from Sigma and
Bio-Rad Laboratories, Inc. All enzymatic analyses were performed at 25 ◦C ± 0.5 ◦C using
a Tecan M200 spectrophotometer (Tecan Trading AG, Männedorf, Switzerland). CAT, GPx,
GR, and GST enzymatic activities are shown as U per mg of protein, where one unit is
defined as the amount of enzyme required to transform 1 µmol of the substrate per minute,
under the assay conditions.

The protein concentration in homogenates was determined by the Bradford method [42]
using bovine serum albumin as a standard.
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2.5. RNA Extraction and cDNA Synthesis

Total RNA extraction was performed from 30 mg of pyloric caeca or proximal intestine
tissue samples in 1 mL TRIzol® reagent solution (Applied Biosystems, Madrid, Spain)
following the manufacturer’s instructions. RNA concentration and purity were deter-
mined with a Nanodrop 2000 (Thermo Scientific, Alcobendas, Spain). RNA integrity was
checked with a 1% agarose gel stained with SYBR-Safe DNA gel stain (Life Technologies,
Alcobendas, Spain). To eliminate all genomic DNA, 1 µg of total RNA were treated with
DNase I (Invitrogen, Alcobendas, Spain) following the manufacturer’s recommendations
before cDNA synthesis. Finally, reverse transcription was performed using the Transcrip-
tor First Strand cDNA synthesis kit (Roche, Sant Cugat del Vallès, Spain) following the
manufacturer’s instructions, using anchored-oligo(dT)15 and random hexamer primers.

2.6. Real-Time Quantitave-PCR (qPCR)

Gene expression (mRNA) analyses were performed by qPCR in a CFX384 real-time
system (Bio-Rad, El Prat de Llobregat, Spain), according to the requirements of the MIQE
guidelines [43]. The antioxidant genes examined in pyloric caeca and proximal intestine,
all previously validated for gilthead sea bream [44–46] were the following: superoxide
dismutase 1 and 2, sod1 and sod2, respectively; catalase, cat, GPx mitochondrial, gpx1, and
cytosolic, gpx4, gr and gst; and three reference genes (beta actin, β-actin, elongation factor
1 alpha, ef1α, and ribosomal protein S18, rps18).

The analyses were performed in triplicate using 2.5 µL of iTaq Universal SYBR Green
Supermix (Bio-Rad, El Prat de Llobregat, Spain), 250 nM of forward and reverse primers
(Table 3) and 1 µL of diluted cDNA for each sample in a final volume of 5 µL. The reactions
consisted of an initial denaturation step of 3 min at 95 ◦C, 40 cycles of 10 s at 95 ◦C, 30 s at
60 ◦C, followed by an amplicon dissociation analysis from 55 to 95 ◦C at 0.5 ◦C increase
each 30 s [35]. Prior to the analyses, a dilution curve with a pool of samples was run to
determine the appropriate cDNA dilution for each gene, as well as confirm the specificity
of the reaction, and the absence of primer-dimers. The expression levels of each gene were
calculated by the Pfaffl method [47], relative to the gene expression or geometric mean
expression of the most stable reference gens analysed depending on the tissue (ef1α for
pyloric caeca and ef1α and rps18 for proximal intestine), using the Bio-Rad CFX Manager
3.1 software.

2.7. Statistical Analyses

The tanks were used as biological replicates in the analysis of biometric parameters [35],
and the individual fish for the antioxidant enzyme activities and gene expression analyses.
Prior to individual fish analysis, tank effect was checked for each parameter, but significant
differences were not observed. All data were tested for normality by the Shapiro–Wilk test
and homogeneity of variances by Levene’s test. If normality was met experimental values
were compared using a one-way analysis of variance (ANOVA), and differences among
means were tested for significance using a post hoc Tukey’s multiple range test. When
the test for normality failed, the Kruskal–Wallis non-parametric test was used followed by
Mann–Whitney U test. The significance level was set at p < 0.05. The software used for
statistical analysis was SPSS (IBM-SPSS Statistics v.25.0, SPSS Inc., Chicago, IL, USA) and
the one used for graphic representation was GraphPad 7.00 (GraphPad Software Inc. San
Diego, CA, USA).
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Table 3. Primers used for real-time qPCR: gene name, sequence, annealing temperature (Ta) and
GenBank accession numbers.

Gene Sequence (5′-3′) Tm (◦C) Accession Number

β-actin F
R

TCCTGCGGAATCCATGAGA
GACGTCGCACTTCATGATGCT 60 X89920

ef1α
F
R

CTTCAACGCTCAGGTCATCAT
GCACAGCGAAACGACCAAGGGGA 60 AF184170

rps18 F
R

GGGTGTTGGCAGACGTTAC
CTTCTGCCTGTTGAGGAACCA 60 AM490061.1

cat F
R

TTCCCGTCCTTCCATTCACTC
CTCCAGAAGTCCCACACCAT 60 FG264808

gpx1 F
R

GAAGGTGGATGTGAATGGAAAAGATG
CTGACGGGACTCCAAATGATGG 60 DQ524992

gpx4 F
R

TGCGTCTGATAGGGTCCACTGTC
GTCTGCCAGTCCTCTGTCGG 60 AM977818

gr F
R

CAAAGCGCAGTGTGATTGTGG
CCACTCCGGAGTTTTGCATTTC 60 AJ937873

gst3 F
R

CCAGATGATCAGTACGTGAAGACCGTC
TGCTGATGTGAGGAATGTACCGTAAC 60 JQ308828

sod1 F
R

CCATGGTAAGAATCATGGCGG
CGTGGATCACCATGGTTCTG 60 AJ937872

sod2 F
R

CCTGACCTGACCTACGACTATGG
AGTGCCTCCTGATATTTCTCCTCTG 60 JQ308832

β-actin: beta actin; ef1α: elongation factor 1 alpha; rps18: ribosomal protein S18; cat: catalase, gpx1: mitochondrial
glutathione peroxidase 1; gpx4; cytosolic glutathione peroxidase, gr: glutathione reductase; gst: glutathione-S-
transferase; sod1: superoxide dismutase 1 and sod2: superoxide dismutase 2. F: forward, R: reverse.

3. Results
3.1. Lipid Peroxidation

After 18 weeks of growth, levels of LPO (Table 4) were measured 24 h post feeding in
pyloric caeca and proximal intestine of gilthead sea bream fed the experimental diets. In all
experimental groups, LPO was higher in proximal intestine that in pyloric caeca; showing
SLP group the LPO lowest levels in pyloric caeca and fish fed SLRP in proximal intestine.

Table 4. Lipid peroxidation levels (nMols MDA ×mg prot−1) in pyloric caeca and proximal intestine
24 h post feeding in sea bream fed the experimental diets.

Dietary Conditions Pyloric Caeca Proximal Intestine

S 0.057 ± 0.006 c 0.318 ± 0.039 mn*
SL 2.907 ± 1.109 1.097 ± 0.502

L-SL 0.107 ± 0.006 b 0.201 ± 0.015 n*

H-SL 9.440 ± 2.750 a* 2.889.2 ± 1.407 m

SLR 0.139 ± 0.017 b 0.643 ± 0.122 m*

SLP 0.038 ± 0.005 d 0.265 ± 0.019 no*

SLRP 0.136 ± 0.022 b 0.227 ± 0.011 o

Values are the mean ± SEM (n = 6 in S, n = 9 in SL, SLR, SLP and SLRP). SL group was subdivided into two
subgroups according to LPO amount, L-SL (n = 6) and H-SL (n = 3). Significant differences between dietary
conditions are shown by different letters, from a to d in pyloric caeca, and from m to o in proximal intestine
(p < 0.05). Differences between intestinal segments within the same condition are shown by an asterisk at the
highest value (p < 0.05). SL group (grey background) was excluded from the statistical analyses.

Sea bream fed SL diet showed the highest levels of LPO in both intestinal regions. In
this group, an increase in LPO by 98% in pyloric caeca and 71% in proximal intestine was
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found compared to fish fed S diet. However, the SL group presented a high individual
variability, as it can be inferred from the high standard error of the mean. Thus, analyzing
the results for this group more deeply, we found two very different subgroups of fish
(Table 4). The first one (n = 6), called L-SL, presented a similar LPO amount and profile
as the rest of the experimental treatments, with higher LPO levels in proximal intestine
versus pyloric caeca. However, the second subgroup (n = 3, one fish per tank), called H-SL,
showed towering levels of LPO in both intestinal regions compared to the rest of the groups.
Since these differences suggested an unequal dietary adaptation inside this group of fish,
the subgroups were considered from now on along the results section.

The addition of rapeseed or palm oils to the diets reduced LPO levels in both intestinal
regions in comparison to SL-fed fish, being more evident in pyloric caeca (more than 95%)
than in proximal intestine, where the reduction was associated mainly by the inclusion of
palm in the diet (more than 75%) (Table 4).

3.2. Antioxidant Enzyme Activity

Pyloric caeca and proximal intestine antioxidant enzyme activities are shown in
Table 5. Regarding SOD activity, no differences between intestinal segments were found,
except for SLRP-fed fish that showed higher activity in pyloric caeca versus proximal
intestine. Conversely, CAT, GST, and GR activities were higher in proximal intestine for
all experimental conditions, although these differences disappeared in H-SL fish group
where the enzyme activities showed a rise in pyloric caeca (Table 5). Finally, GPx activity
presented a different regionalization pattern depending on the dietary treatment, being
significantly higher in pyloric caeca from S and H-SL groups and in proximal intestine from
SLR, SLP and SLRP fish (Table 5). Furthermore, when comparing the different enzymatic
activities, we found that CAT activity was 102 higher than GST and 103 times higher than
GPx at both intestinal regions (Table 5). These data on antioxidant activities were scaled
and placed in a radial chart to better visualize the differences between dietary treatments
(Figure 1). In pyloric caeca (Figure 1A, Table 5), the highest antioxidant activities were
found in fish fed H-SL diet, followed by L-SL group, according to their unequal dietary
adaptation. Instead, when incorporating palm oil to the blend of soybean and linseed oils
(SLP group), the activity levels of SOD and CAT were significantly lower and different from
the other experimental conditions, except for the S group (Figure 1A, Table 5). Conversely,
the incorporation of rapeseed oil to the soybean and linseed oils blend induced CAT activity
and showed intermediate levels of activity for SOD in pyloric caeca, while SLRP-fed fish
presented the contrary, an increased SOD and intermediate CAT activities. Moreover, fish
fed diets containing more than 50% of soybean oil (S and SL groups) presented significantly
higher GPx activity than those fed with lower amounts of that oil (SLP, SLR, and SLRP),
suggesting that soybean oil could trigger GPx activity (Figure 1A, Table 5). All groups
showed similar GST activity (mean 1.35 ± 0.07 U ×mg prot−1), except for H-SL and L-SL
groups, that was higher. GR activity in pyloric caeca also presented the highest activity
levels in H-SL fish (Figure 1A, Table 5).
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Table 5. Antioxidant enzymes activities (U × mg prot−1) in pyloric caeca and proximal intestine 24 h
post-feeding in sea bream fed the experimental diets.

Pyloric Caeca
Dietary Conditions SOD CAT GPx GST GR

S 374.6 ± 35.0 c 163.0 ± 11.3 bc 0.380 ± 0.111 ab* 1.33 ± 0.11 b 1.22 ± 0.10 b

L-SL 611.6 ± 93.9 ab 191.9 ± 9.0 ab 0.355 ± 0.043 a 2.41 ± 0.22 a 1.57 ± 0.17 bc

H-SL 754.4 ± 173 a 365.8 ± 69.4 a 0.440 ± 0.060 a* 3.23 ± 0.57 a 3.08 ± 0.34 a

SLR 513.2 ± 41.8 b 220.3 ± 4.4 a 0.113 ± 0.009 c 1.36 ± 0.06 b 1.13 ± 0.09 b

SLP 345.8 ± 43.3 c 145.5 ± 6.2 c 0.161 ± 0.012 b 1.33 ± 0.06 b 0.80 ± 0.07 c

SLRP 650.5 ± 44.3 ab* 171.6 ± 9.1 b 0.121 ± 0.008 c 1.38 ± 0.06 b 1.19 ± 0.11 b

Proximal intestine

Dietary conditions SOD CAT GPx GST GR

S 381.9 ± 33.4 op 479.5 ± 16.3 m* 0.274 ± 0.030 3.23 ± 0.22 mn* 4.62 ± 0.45 m*

L-SL 620.7 ± 72.8 m 474.5 ± 42.5 m* 0.292 ± 0.035 2.97 ± 0.12 n 4.93 ± 0.46 m*

H-SL 760.5 ± 151.5 m 405.3 ± 18.9 m 0.216 ± 0.019 2.99 ± 0.17 mn 2.68 ± 0.26 n

SLR 483.7 ± 56.62 mn 483.5 ± 32.2 m* 0.310 ± 0.030 * 3.32 ± 0.19 mn* 5.28 ± 0.66 m*

SLP 394.4 ± 40.24 no 464.4 ± 27.3 m* 0.252 ± 0.018 * 3.30 ± 0.15 mn* 2.68 ± 0.12 n*

SLRP 292.0 ± 29.53 p 336.7 ± 10.5 n* 0.292 ± 0.024 * 3.55 ± 0.20 m* 4.16 ± 0.29 m*

Values are the mean± SEM (n = 3 in H-SL, n = 6 in S and L-SL, n = 9 in SLR, SLP and SLRP). Significant differences
between dietary conditions for pyloric caeca (grey background) or proximal intestine (white background) are
shown by different letters, from a to c in pyloric caeca and from m to o in proximal intestine (p < 0.05). Differences
between intestinal segments within the same condition are shown by an asterisk at the highest value (p < 0.05).
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In the proximal intestine, and similarly to what was found in the pyloric caeca, dietary
linseed oil inclusion increased SOD activity by 62.5% in L-SL and 99.1% in H-SL fish
versus fish fed S diet, whereas the inclusion of palm oil in the diet (SLP dietary group)
downregulated the activity up to levels similar to those found in the S group (Figure 1B,
Table 5). This significant downregulation of SOD activity was not seen in the SLR group.
CAT activity of proximal intestine was similar for all experimental groups except SLRP,
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which showed the lowest values for CAT as well as SOD activities, and the highest values
for GST. In this intestinal region, contrary to what happened in pyloric caeca, no changes
were found in GPx activity between dietary treatments. Interestingly, in proximal intestine,
a clear differential pattern in GR activity was detected when comparing L-SL and H-SL fish,
being in the latter significantly lower than in the former (Figure 1B, Table 5). H-SL animals
showed GR activities similar to those found in the SLP group, representing a decrease of
the activity with respect to the rest of experimental conditions (Table 5).

3.3. Gene Expression

Gene expression of antioxidant enzymes at intestinal level 24 h post feeding was
slightly modulated by the dietary treatments (Table 6). In this sense, in pyloric caeca, the
expression of sod2, gpx1, and gpx4 was upregulated in all dietary treatments compared to
SLP group that showed the lowest values. Moreover, in proximal intestine only gpx4 was
modified showing the S group the highest value and the L-SL and the SLRP the lowest
(Table 6).

Table 6. Relative gene expression of antioxidant enzymes in pyloric caeca and proximal intestine 24 h
post-feeding in sea bream fed the experimental diets.

Pyloric Caeca
Dietary

Conditions sod1 sod2 cat gpx1 gpx4 gst gr

S 2.15 ± 0.52 3.09 ± 1.00 a 2.42 ± 0.74 1.91 ± 0.38 a 3.32 ± 0.94 a 1.70 ± 0.47 1.35 ± 0.43
L-SL 1.60 ± 0.49 2.05 ± 0.53 a 1.47 ± 0.29 1.01 ± 0.22 b 3.24 ± 2.05 ab 0.89 ± 0.25 1.51 ± 0.74
H-SL 2.30 ± 1.08 3.60 ± 1.76 a 3.13 ± 1.79 2.19 ± 0.98 ab 4.05 ± 2.85 ab 1.88 ± 0.74 1.98 ± 1.05
SLR 1.63 ± 0.39 1.79 ± 0.53 ab 1.63 ± 0.27 1.43 ± 0.19 ab 1.26 ± 0.30 bc 1.51 ± 0.45 1.17 ± 0.25
SLP 0.57 ± 0.17 0.55 ± 0.17 b 0.67 ± 0.22 0.37 ± 0.11 c 0.45 ± 0.14 c 0.63 ± 0.22 0.51 ± 0.20

SLRP 1.65 ± 0.27 1.55 ± 0.21 a 1.26 ± 0.17 1.58 ± 0.32 ab 1.29 ± 0.20 ab 1.45 ± 0.28 1.36 ± 0.19
Proximal intestine

Dietary
conditions sod1 sod2 cat gpx1 gpx4 gst gr

S 0.87 ± 0.09 1.72 ± 0.19 0.87 ± 0.21 2.04 ± 0.20 0.92 ± 0.12 m 1.04 ± 0.08 1.73 ± 0.19

L-SL 0.87 ± 0.20 1.87 ± 0.37 0.86 ± 0.09 1.79 ± 0.14 0.55 ± 0.04 o 0.90 ± 0.30 1.95 ± 0.42

H-SL 0.69 ± 0.14 2.80 ± 1.21 1.01 ± 0.28 2.97 ± 1.81 0.65 ± 0.16 mno 0.91 ± 0.14 3.54 ± 1.83

SLR 0.85 ± 0.10 1.80 ± 0.22 1.20 ± 0.18 1.93 ± 0.09 0.87 ± 0.06 m 1.24 ± 0.25 2.17 ± 0.26

SLP 0.75 ± 0.21 1.60 ± 0.15 0.82 ± 0.15 1.69 ± 0.20 0.73 ± 0.06 mn 0.97 ± 0.10 1.80 ± 0.25

SLRP 0.75 ± 0.11 1.44 ± 0.20 0.72 ± 0.11 1.80 ± 0.21 0.55 ± 0.08 no 0.88 ± 0.16 1.79 ± 0.14

Values are the mean± SEM (n = 3 in H-SL, n = 6 in S and L-SL, n = 9 in SLR, SLP and SLRP). Significant differences
between dietary conditions for pyloric caeca (grey background) or proximal intestine (white background) are
shown by different letters, from a to c in pyloric caeca and from m to o in proximal intestine (p < 0.05).

3.4. Antioxidant Ratios

Since the activity of the antioxidant enzymes investigated can be affected by each
other, either because the products of the activity of one enzyme are the reagents of the
other or because they use the same substrate, the relationships between them were also
calculated (Table 7). For all experimental groups, the (CAT+GPx)/SOD ratio was higher in
the proximal intestine than in the pyloric caeca; in contrast, the ratio (GST+GPx/GR) was
higher in the pyloric caeca, except for the H-SL group that showed similar activity ratios in
both intestinal segments (Table 7). The dietary linseed oil inclusion caused a significant
decrease in the (CAT+GPx)/SOD ratio in both intestinal segments of L-SL group versus
diet S-fed fish; however, in H-SL animals, this decrease was only observed in proximal
intestine. Moreover, in this intestinal segment, SLR animals showed a lower ratio than S,
SLP and SLRP fish (Table 7). Regarding the CAT/GPx ratio, lower values were found in
pyloric caeca from S and SL groups. Dietary palm oil inclusion (SLP group) contributed to
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increase this activity by 61%, whereas the SLR blend triggered a 254% increase in this ration
in comparison to that observed in S, L-SL and H-SL fish. SLRP sea bream had intermediate
values for this enzymatic ratio, between those observed for SLR and SLP animals, probably
due to the lower palm oil content of this diet versus the SLP diet.

Table 7. Ratios of antioxidant enzymes activities (CAT+GPx)/SOD, CAT/GPx and (GST+GPx)/GR
ratios in pyloric caeca and proximal intestine 24 h post feeding in sea bream fed the experimental diets.

Pyloric Caeca
Dietary Conditions (CAT+GPx)/SOD CAT/GPx (GST+GPx)/GR

S 0.468 ± 0.036 a 569.8 ± 95.1 e 1.566 ± 0.126 ab*
L-SL 0.272 ± 0.017 b 598.0 ± 40.0 e 1.924 ± 0.21 a*
H-SL 0.497 ± 0.041 a 771.9 ± 47.5 d 1.082 ± 0.116 c

SLR 0.480 ± 0.047 a 2289.3 ± 215.8 a* 1.326 ± 0.101 bc*
SLP 0.580 ± 0.096 a 1043.5 ± 98.4 c 1.982 ± 0.142 a*

SLRP 0.311 ± 0.029 b 1488.8 ± 67.0 b 1.378 ± 0.166 abc

Proximal intestine

Dietary conditions (CAT+GPx)/SOD CAT/GPx (GST+GPx)/GR

S 1.388 ± 0.098 m* 1997.4 ± 218.1 mn* 0.693 ± 0.014 o

L-SL 0.645 ± 0.023 o* 1781.5 ± 303.5 mn* 0.576 ± 0.015 o

H-SL 0.730 ± 0.150 no 2008.2 ± 240.1 mn* 1.226 ± 0.053 m

SLR 0.916 ± 0.038 n* 1569.8 ± 148.7 n 0.914 ± 0.090 n

SLP 1.443 ± 0.121 m* 1956.1 ± 125.4 m* 1.399 ± 0.022 m

SLRP 1.351 ± 0.115 m* 1432.9 ± 101.3 n 1.095 ± 0.023 n

Values are the mean± SEM (n = 3 in H-SL, n = 6 in S and L-SL, n = 9 in SLR, SLP and SLRP). Significant differences
between dietary conditions for pyloric caeca (grey background) or proximal intestine (white background) are
shown by different letters, from a to e in pyloric caeca, and from m to o in proximal intestine (p < 0.05). Differences
between intestinal segments within the same condition are shown by an asterisk at the highest value (p < 0.05).

Instead, in proximal intestine, lower CAT/GPx ratios were found in sea bream fed diets
containing rapeseed oil (SLR and SLRP) (Table 7). The highest levels in the (GST+GPx)/GR
ratio for both intestinal segments were found in SLP-fed sea bream. In pyloric caeca, high
levels of this ration were also measured in L-SL and S groups, being significantly lower
for H-SL fish. In proximal intestine, the lowest values for the (GST+GPx)/GR ratio were
observed in S and L-SL groups.

4. Discussion

ROS are generated by aerobic cellular metabolism in small quantities and most of the
time, the intestine responds adequately against oxidative stress [48]. Nevertheless, external
factors such as nutrition stress by both high-fat or high-carbohydrate diets could exacerbate
the ROS production inducing tissue oxidative damage [20], negatively affecting intestinal
functionality and health [48]. LPO is the hallmark of oxidative stress, and at intestine level
is closely related with dietary lipid composition [49,50], since it depends on the amount
of lipid and its length and unsaturation degree [19]. Accordingly, the inclusion of VO in
fish feed formulation contributed to the reduction of intestinal LPO in comparison to sea
bream fed FO diets [22]; on the contrary, plant protein diets contributed in sea bass to its
increase in comparison with fish fed a fishmeal diet [51]. In the present study, LPO levels
in SL group versus fish fed S diet were exacerbated, in accordance with previous results
found by Magalhaes et al. [30] in sea bream fed diets supplemented with EPA and DHA,
pointing to an inversely relationship of LPO levels with n-6/n-3 ratio. Nevertheless, this
effect was not found in the rest of the groups fed diets including linseed oil, SLR, SLP and
SLRP, which contained similar n-3, but lower levels of n-6, suggesting an effect on LPO of
both the n-6/n-3 ratio and the n-6 content in the diet. In addition, the present results also
showed an effect of dietary UFA/PUFA ratio on LPO in fish fed diets containing similar
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amounts of n-3 fatty acids. In this sense, fish fed the SLR diet, with a similar UFA/SFA
ratio to that present in the SL-fed group, showed higher levels of LPO in pyloric caeca and
proximal intestine than those found in SLP-fed sea bream with the lower UFA/SFA ratio,
whereas fish fed SLRP diet showed globally intermediate LPO levels according to their
halfway ratio.

Furthermore, the SL group of fish presented the highest LPO levels in both intestinal
segments, but also showed high individual variability, since not all the fish fed this diet
had high LPO levels, especially in the pyloric caeca region. This led to consider dividing
this group into two subgroups with a different LPO profile and antioxidant activity in the
pyloric region, which suggested an unequal adaptation to the administered diet. On one
side, H-SL group presented exacerbated LPO levels and high antioxidant enzyme activities
and on the other side, L-SL group, showed low LPO and moderate levels of SOD, CAT,
and GR activities. Moreover, GST activity that is associated with a xenobiotic pathway was
only regulated in the SL subgroup that presented the highest LPO, pointing to a higher
reaction to toxics or allergens of the H-SL fish, mainly in pyloric caeca. In this regard,
several studies showed a higher susceptibility to peroxidation of intestine versus liver due
to its high turnover and dietary allergens or toxics exposure [52–54].

In addition, intestinal antioxidant enzyme activities also showed a modulation related
to dietary lipid composition in an attempt to cope with the LPO generated to maintain
a healthy oxidative status. In this sense, in the present study, an increase in SOD, CAT,
GPx, and GR activities was found in pyloric caeca in the H-SL fish when compared with
the other experimental groups and the L-SL fish. This suggests that this dietary VO blend
triggers superoxide anion production in response to the high LPO generated in the H-SL
group, stimulating SOD and in turn the enzymes involved in the second line of defence
(CAT and GPx) as well as GR. Accordingly, antioxidant enzymes’ gene expression was
generally highest in the H-SL group. On the other hand, pyloric caeca from SLP fish
showed the lowest peroxidation levels, in agreement with the low gene expression and
activity of antioxidant enzymes. The differences in the profile of antioxidants’ activities
found between intestinal segments in SLRP-fed sea bream versus the other experimental
groups could also be related to the different LPO levels found, which were higher in pyloric
caeca than in proximal intestine. In this sense, low SOD and CAT activities were detected
in proximal intestine from SLRP-fed sea bream, whereas their activities were high and
intermediate in pyloric caeca.

As previously mentioned, the mixture of soybean and linseed oils (SL diet) is not the
most appropriate for sea bream since LPO can be triggered, which did not occur when
palm and/or rapeseed oils were included in the mixture of VO. Additionally, the dietary
fatty acids profile affects, in addition to LPO levels, the activity of antioxidant enzymes.
Specifically, SOD activity, the first line of defence against oxidative stress, was highly
modulated by the dietary lipid profile, with the S, SL, SLP, and SLR groups showing a
similar change in pattern and magnitude of activity in both intestinal segments. In this
sense, dietary inclusion of rapeseed oil and/or especially palm oil seems to promote the
reduction of SOD activity whose increase could be related with the dietary addition of
linseed oil. CAT and GPx constitute the second line of defence, removing H2O2 produced
by SOD [20]. CAT acts in high oxidative stress conditions [20,55] and its activity was
low only in pyloric caeca of fish fed diets with palm oil inclusion (SLP and SLRP) and in
proximal intestine in SLRP-fed sea bream. Instead, GPx copes with oxidative stress in basal
conditions [20,55]. Regarding this antioxidant enzyme, low levels of activity were found
in pyloric caeca from sea bream fed with the SLP diet and especially in those fed with
SLR and SLRP diets, which were different from those found in S and SL sea bream. These
results pointed to a downregulation in GPx activity by the presence of rapeseed oil and an
upregulation by soybean oil levels above 50% in pyloric caeca, whereas no modulation was
found in proximal intestine.

Among the studies conducted at intestinal level on oxidative stress, this is the first,
to our knowledge, in which the pyloric caeca and proximal intestine are analysed at the
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same time. The present results showed that LPO was higher in proximal intestine than
in pyloric caeca, except in SL fish, and antioxidant activities levels were also different
between these intestinal regions. Thus, the anatomical location of pyloric caeca, anterior
to proximal intestine, and their specific functions could in part explain the differences
found. Pancreatic and bile juices are released in pyloric caeca and in then alkaline digestion
starts [56]. Moreover, this region is subjected to a higher enterocyte renewal rate than
proximal intestine [57] and presents a characteristic mixing and retrograde contractile activ-
ity [58]. These characteristics contribute to slowing down the intestinal transit favouring
the chyme to be retained in the pyloric caeca for a short time until it gradually passes
into the proximal intestine [59,60], where digestion will finish and nutrient absorption will
take place. An intestinal regionalization has been previously described in studies related
to digestive enzyme activities, diet, and temperature [61–67], showing how pyloric caeca
and proximal intestine functions were differently modulated. In the present study, a clear
dietary modulation of most of the antioxidant enzymes studied in pyloric caeca and only
SOD in proximal intestine was observed. This idea was also reinforced by the low gene
expression changes found. Moreover, in proximal intestine, the antioxidant capacity of
CAT, GPx, GST, and GSH recycling by GR were generally higher than in pyloric caeca, re-
gardless of the diet administered. Thus, data suggest the attempt to preserve the epithelium
of proximal intestine, which has a lower rate of cell renewal, mature enterocytes [57,68]
and has greater digestive and absorptive capacities than those found in the pyloric caeca
region [56]—even going so far as to affect the proper function of the region of the pyloric
caeca in the case of H-SL animals. Thus, this group reached very high levels of LPO
in pyloric caeca that would lead to a higher cellular renewal rate, which would prevent
proper cell maturation for the performance of digestive and absorptive functions, possibly
aiming to maintain as low as possible peroxidation levels in the proximal intestine. This
idea agrees with other studies where the effects of antinutritional factors and enteritis in
Atlantic salmon were analysed [69–71]. In fact, antioxidant ratios calculated in the present
study also support this possible regulation since the (CAT+GPx)/SOD ratio was higher in
proximal intestine; whereas, the (GST+GPx)/GR ratio, a pathway related with xenobiotics
and GSH reduction, was higher in PC, being both processes directed to maintaining the
functionality of proximal intestine.

GR is involved in GSSH recycling to GSH. The latter is a non-enzymatic antioxidant
that directly quenches ROS or indirectly acts as a substrate for both GPx and GST [20],
being a mechanism extensively used by the intestine due to their susceptibility to oxidation
and the turnover rate of enterocytes [53]. In this context, in H-SL fish, higher GR activity
was found in pyloric caeca than in proximal intestine according to the high LPO levels
that were accompanied by a higher activity of GPx and GST. In this group, the difference
in GR activity between both segments could be due to a different use of GSH to remove
ROS. Instead, the low GR activity found in fish fed the SLP diet may be due to the low LPO
levels found in both pyloric caeca and proximal intestine.

Considering the possible benefits and disadvantages of the diets, it is well known
that fish fed a diet containing only soybean oil present lipid accumulation in enterocytes
that could led to an impairment in the digestion process [6,15–17]. Our results showed
that the SL diet also had also negative effects in the gut since it induced, in some animals,
exacerbated levels of LPO in both intestinal regions; revealing their inability to adapt to the
diet. Moreover, fish fed with the SLR diet presented higher oxidative damage in proximal
intestine versus SLP and SLRP fed sea bream. Since the proximal intestine area is principally
involved in the processes of completion of digestion and nutrient absorption, the SLR diet
would not be the most recommended for this species. Regarding the last two groups,
SLP and SLRP, the main differences were that in the latter, the highest oxidative damage
was found in pyloric caeca, a region involved in lipid absorption [56], and presented an
increase mainly in SOD activity which would lead to a greater energy expenditure to cope
with oxidative stress. On the contrary, the SLP diet would be the optimal one considering
the intestinal redox status, since SLP-fed fish presented low and moderate activities in
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all the antioxidants enzymes studied, but that allowed them to also keep low LPO levels,
therefore suggesting a lower energy expenditure need to cope with dietary induced LPO at
intestinal level.

5. Conclusions

In summary, this study shows for the first time the interest of the pyloric caeca region
in coping with the oxidative stress generated by the inclusion of VO in fish diets. Moreover,
it also highlights the importance of the proportion of different VO in these mixtures, being
in this case the inclusion of linseed oil a factor to consider in dietary formulation since it can
negatively affect the oxidative status of the animal at intestinal level. To conclude, among
all the diets evaluated, the SLP diet induced in sea bream the best intestinal oxidative status,
with low LPO levels and antioxidant enzyme activities.

Author Contributions: Conceptualization, R.F., J.G., E.C., I.N. and Á.G.; methodology, all authors
carried out the sampling; I.G.-M. and Á.G. performed laboratory analyses and interpreted the data;
software, I.G.-M. and Á.G.; writing—original draft preparation, I.G.-M. and Á.G.; writing—review
and editing, I.G.-M., J.G, E.C., I.N. and Á.G. drafted and critically reviewed the manuscript; funding
acquisition, I.N. and E.C. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the “Ministerio de Ciencia e Innovación” MCIN/AEI/10.13039/
501100011033 and by “ERDF A way of making Europe” of the European Union) through the projects
AGL2014-57974-R, AGL2017-89436-R, and the “Generalitat de Catalunya” (2017SGR-1574). The
project leading to these results has received funding from “la Caixa” Foundation (ID 100010434),
under agreement (LCF/PR/PR06/51010001).

Institutional Review Board Statement: The animal study protocol was approved by the Ethics and
Animal Care Committee of the University of Barcelona following the European Union assigned
principles and legislation (permit number DAAM 8982).

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: The authors would like to thank the personnel from IRTA (Magda Monllaó and
Alicia Estévez) for the maintenance of the fish during the in vivo trial, and Irina Agredano, Natalia
García and Anna Montserrat for their help with oxidative stress analyses.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or
in the decision to publish the results.

References
1. FAO. The State of Food and Agriculture 2020; FAO: Rome, Italy, 2020.
2. Glencross, B.D. Exploring the nutritional demand for essential fatty acids by aquaculture species. Aquac. Res. 2009, 48, 71–124.

[CrossRef]
3. National Research Council. Nutrient Requirements of Fish and Shrimp; The Nacional Academies Press: Whasington, DC, USA, 2011.

[CrossRef]
4. Turchini, G.M.; Torstensen, B.E.; Ng, W.K. Fish oil replacement in finfish nutrition. Rev. Aquac. 2009, 1, 10–57. [CrossRef]
5. Tocher, D.R. Fatty acid requirements in ontogeny of marine and freshwater fish. Aquac. Res. 2010, 41, 717–732. [CrossRef]
6. Caballero, M.J.; Gallardo, G.; Robaina, L.; Montero, D.; Fernández, A.; Izquierdo, M. Vegetable lipid sources in vitro biosynthesis

of triacylglycerols and phospholipids in the intestine of sea bream (Sparus aurata). Br. J. Nutr. 2006, 95, 448–454. [CrossRef]
7. Torrecillas, S.; Mompel, D.; Caballero, M.J.; Montero, D.; Merrifield, D.; Rodiles, A.; Robaina, L.; Zamorano, M.J.; Karalazos, V.;

Kaushik, S.; et al. Effect of fishmeal and fish oil replacement by vegetable meals and oils on gut health of European sea bass
(Dicentrarchus labrax). Aquaculture 2017, 468, 386–398. [CrossRef]

8. Tarricone, S.; Iaffaldano, N.; Colonna, M.A.; Giannico, F.; Selvaggi, M.; Caputi Jambrenghi, A.; Cariglia, M.; Ragni, M. Effects
of dietary red grape extract n the quality traits in juvenile European sea bass (Dicentrarchus labrax L.). Animals 2023, 13, 254.
[CrossRef]

9. Montero, D.; Izquierdo, M. Welfare and health of fish fed vegetable oils as alternative lipid sources to fish oil. In Fish Oil
Replacement and Alternative Lipid Sources in Aquaculture Feeds; Turchini, G., Ng, W.-K., Tocher, D.R., Eds.; CRC Press: Boca Raton,
FL, USA, 2010; p. 522. ISBN 978-1-4398-0862-7.

http://doi.org/10.1111/j.1753-5131.2009.01006.x
http://doi.org/10.17226/13039
http://doi.org/10.1111/j.1753-5131.2008.01001.x
http://doi.org/10.1111/j.1365-2109.2008.02150.x
http://doi.org/10.1079/BJN20051529
http://doi.org/10.1016/j.aquaculture.2016.11.005
http://doi.org/10.3390/ani13020254


Animals 2023, 13, 1069 15 of 17

10. Benedito-Palos, L.; Ballester-Lozano, G.F.; Simó, P.; Karalazos, V.; Ortiz, Á.; Calduch-Giner, J.; Pérez-Sánchez, J. Lasting effects of
butyrate and low FM/FO diets on growth performance, blood haematology/biochemistry and molecular growth-related markers
in gilthead sea bream (Sparus aurata). Aquaculture 2016, 454, 8–18. [CrossRef]

11. Simó-Mirabet, P.; Felip, A.; Estensoro, I.; Martos-Sitcha, J.A.; de las Heras, V.; Calduch-Giner, J.; Puyalto, M.; Karalazos, V.;
Sitjà-Bobadilla, A.; Pérez-Sánchez, J. Impact of low fish meal and fish oil diets on the performance, sex steroid profile and
male-female sex reversal of gilthead sea bream (Sparus aurata) over a three-year production cycle. Aquaculture 2018, 490, 64–74.
[CrossRef]

12. Gil-Solsona, R.; Calduch-Giner, J.A.; Nácher-Mestre, J.; Lacalle-Bergeron, L.; Sancho, J.V.; Hernández, F.; Pérez-Sánchez, J.
Contributions of MS metabolomics to gilthead sea bream (Sparus aurata) nutrition. Serum fingerprinting of fish fed low fish meal
and fish oil diets. Aquaculture 2019, 498, 503–512. [CrossRef]

13. Morais, S.; Silva, T.; Cordeiro, O.; Rodrigues, P.; Guy, D.R.; Bron, J.E.; Taggart, J.B.; Bell, J.G.; Tocher, D.R. Effects of genotype and
dietary fish oil replacement with vegetable oil on the intestinal transcriptome and proteome of Atlantic salmon (Salmo salar).
BMC Genom. 2012, 13, 448. [CrossRef]

14. Olsen, R.E.; Myklebust, R.; Kaino, T.; Ringø, E. Lipid digestibility and ultrastructural changes in the enterocytes of Arctic char
(Salvelinus alpinus L.) fed linseed oil and soybean lecithin. Fish Physiol. Biochem. 1999, 21, 35–44. [CrossRef]

15. Caballero, M.J.; Obach, A.; Rosenlund, G.; Montero, D.; Gisvold, M.; Izquierdo, M.S. Impact of different dietary lipid sources on
growth, lipid digestibility, tissue fatty acid composition and histology of rainbow trout, Oncorhynchus mykiss. Aquaculture 2002,
214, 253–271. [CrossRef]

16. Olsen, R.E.; Dragnes, B.T.; Myklebust, R.; Ringø, E. Effect of soybean oil and soybean lecithin on intestinal lipid composition and
lipid droplet accumulation of rainbow trout, Oncorhynchus mykiss Walbaum. Fish Physiol. Biochem. 2003, 29, 181–192. [CrossRef]

17. Caballero, M.J.; Izquierdo, M.S.; Kjørsvik, E.; Montero, D.; Socorro, J.; Fernández, A.J.; Rosenlund, G. Morphological aspects of
intestinal cells from gilthead seabream (Sparus aurata) fed diets containing different lipid sources. Aquaculture 2003, 225, 325–340.
[CrossRef]

18. Ruyter, B.; Moya-Falcón, C.; Rosenlund, G.; Vegusdal, A. Fat content and morphology of liver and intestine of Atlantic salmon
(Salmo salar): Effects of temperature and dietary soybean oil. Aquaculture 2006, 252, 441–452. [CrossRef]

19. Bowyer, J.N.; Rout-Pitt, N.; Bain, P.A.; Stone, D.A.J.; Schuller, K.A. Dietary fish oil replacement with canola oil up-regulates
glutathione peroxidase 1 gene expression in Yellowtail kingfish (Seriola lalandi). Comp. Biochem. Physiol.-B Biochem. Mol. Biol.
2012, 162, 100–106. [CrossRef]

20. Halliwell, B.; Gutteridge, J.M.C. Free Radicals in Biology and Medicine; Oxford University Press: Oxford, UK, 2015.
21. Xiao, W.; Jiang, W.; Feng, L.; Liu, Y.; Wu, P.; Jiang, J.; Zhang, Y.; Zhou, X. Effect of dietary enzyme-treated soy protein on the

immunity and antioxidant status in the intestine of juvenile Jian carp (Cyprinus carpio Var. Jian). Aquac. Res. 2019, 50, 1411–1421.
[CrossRef]

22. Castro, C.; Diógenes, A.F.; Coutinho, F.; Panserat, S.; Corraze, G.; Pérez-Jiménez, A.; Peres, H.; Oliva-Teles, A. Liver and intestine
oxidative status of gilthead sea bream fed vegetable oil and carbohydrate rich diets. Aquaculture 2016, 464, 665–672. [CrossRef]

23. Kiron, V.; Thawonsuwan, J.; Panigrahi, A.; Scharsack, J.P.; Satoh, S. Antioxidant and immune defences of rainbow trout
(Oncorhynchus mykiss) offered plant oils differing in fatty acid profiles from early stages. Aquac. Nutr. 2011, 17, 130–140.
[CrossRef]

24. Kjær, M.A.; Aursnes, I.A.; Berge, G.M.; Sørensen, M.; Marchenko, Y.; Gjøen, T.; Ruyter, B. The influence of different dietary oil
qualities on growth rate, feed utilization and oxidative stress in Atlantic cod. Aquac. Nutr. 2014, 20, 192–204. [CrossRef]

25. Mourente, G.; Díaz-Salvago, E.; Bell, J.G.; Tocher, D.R. Increased activities of hepatic antioxidant defence enzymes in juvenile
gilthead sea bream (Sparus aurata L.) fed dietary oxidised oil: Attenuation by dietary vitamin E. Aquaculture 2002, 214, 343–361.
[CrossRef]

26. Bresciani, G.; da Cruz, I.B.M.; González-Gallego, J. Manganese superoxide dismutase and oxidative stress modulation. In
Advances in Clinical Chemistry; Makoski, G., Ed.; Academic Press: Cambridge, MA, USA, 2015; pp. 89–114.

27. Bacchetta, C.; Rossi, A.S.; Cian, R.E.; Drago, S.R.; Cazenave, J. Dietary β-carotene improves growth performance and antioxidant
status of juvenile Piaractus mesopotamicus. Aquac. Nutr. 2019, 25, 761–769. [CrossRef]

28. Jiang, J.; Wu, X.Y.; Zhou, X.Q.; Feng, L.; Liu, Y.; Jiang, W.D.; Wu, P.; Zhao, Y. Effects of dietary curcumin supplementation on
growth performance, intestinal digestive enzyme activities and antioxidant capacity of crucian carp Carassius auratus. Aquaculture
2016, 463, 174–180. [CrossRef]

29. Jiang, J.; Shi, D.; Zhou, X.Q.; Yin, L.; Feng, L.; Liu, Y.; Jiang, W.D.; Zhao, Y. Effects of glutamate on growth, antioxidant capacity,
and antioxidant-related signaling molecule expression in primary cultures of fish enterocytes. Fish Physiol. Biochem. 2015, 41,
1143–1153. [CrossRef]

30. Magalhães, R.; Guerreiro, I.; Santos, R.A.; Coutinho, F.; Couto, A.; Serra, C.R.; Olsen, R.E.; Peres, H.; Oliva-Teles, A. Oxidative
status and intestinal health of gilthead sea bream (Sparus aurata) juveniles fed diets with different ARA/EPA/DHA ratios. Sci.
Rep. 2020, 10, 13824. [CrossRef]

31. Yang, Q.; Liang, H.; Mokrani, A.; Ji, K.; Yu, H.; Ge, X.; Ren, M.; Xie, J.; Pan, L.; Sun, A. Dietary histidine affects intestinal
antioxidant enzyme activities, antioxidant gene expressions and inflammatory factors in juvenile Blunt snout bream (Megalobrama
amblycephala). Aquac. Nutr. 2019, 25, 249–259. [CrossRef]

http://doi.org/10.1016/j.aquaculture.2015.12.008
http://doi.org/10.1016/j.aquaculture.2018.02.025
http://doi.org/10.1016/j.aquaculture.2018.08.080
http://doi.org/10.1186/1471-2164-13-448
http://doi.org/10.1023/A:1007726615889
http://doi.org/10.1016/S0044-8486(01)00852-3
http://doi.org/10.1023/B:FISH.0000045708.67760.43
http://doi.org/10.1016/S0044-8486(03)00299-0
http://doi.org/10.1016/j.aquaculture.2005.07.014
http://doi.org/10.1016/j.cbpb.2012.04.002
http://doi.org/10.1111/are.14016
http://doi.org/10.1016/j.aquaculture.2016.08.005
http://doi.org/10.1111/j.1365-2095.2009.00715.x
http://doi.org/10.1111/anu.12065
http://doi.org/10.1016/S0044-8486(02)00064-9
http://doi.org/10.1111/anu.12893
http://doi.org/10.1016/j.aquaculture.2016.05.040
http://doi.org/10.1007/s10695-015-0076-3
http://doi.org/10.1038/s41598-020-70716-5
http://doi.org/10.1111/anu.12847


Animals 2023, 13, 1069 16 of 17

32. Zhang, Y.L.; Jiang, W.D.; Duan, X.D.; Feng, L.; Wu, P.; Liu, Y.; Jiang, J.; Kuang, S.Y.; Tang, L.; Zhou, X.Q. Soybean glycinin caused
NADPH-oxidase-regulated ROS overproduction and decreased ROS elimination capacity in the mid and distal intestine of
juvenile grass carp (Ctenopharyngodon idella). Aquaculture 2020, 516, 734651. [CrossRef]

33. Puangkaew, J.; Kiron, V.; Somamoto, T.; Okamoto, N.; Satoh, S.; Takeuchi, T.; Watanabe, T. Nonspecific immune response of
rainbow trout (Oncorhynchus mykiss Walbaum) in relation to different status of vitamin E and highly unsaturated fatty acids.
Fish Shellfish Immunol. 2004, 16, 25–39. [CrossRef]

34. Østbye, T.K.; Kjær, M.A.; Rørå, A.M.B.; Torstensen, B.; Ruyter, B. High n-3 HUFA levels in the diet of Atlantic salmon affect
muscle and mitochondrial membrane lipids and their susceptibility to oxidative stress. Aquac. Nutr. 2011, 17, 177–190. [CrossRef]

35. Sánchez-Moya, A.; García-Meilán, I.; Riera-Heredia, N.; Vélez, E.J.; Lutfi, E.; Fontanillas, R.; Gutiérrez, J.; Capilla, E.; Navarro, I.
Effects of different dietary vegetable oils on growth and intestinal performance, lipid metabolism and flesh quality in gilthead sea
bream. Aquaculture 2020, 519, 734881. [CrossRef]

36. Uchiyama, M.; Mihara, M. Determination of malonaldehyde precursor in tissues by thiobarbituric acid test. Anal. Biochem. 1978,
86, 271–278. [CrossRef] [PubMed]

37. Mccords, J.M.; Fridovich, I. Superoxide dismutase an enzymic function for erythrocuprein (hemocuprein). J. Biol. Chem. 1969, 244,
6049–6055.

38. Aebi, H. [13] Catalase in Vitro. Methods Enzymol. 1984, 105, 121–126. [CrossRef] [PubMed]
39. Bell, J.G.; Pirie, B.J.S.; Adron, J.W.; Cowey, C.B. Some effects of selenium deficiency on glutathione peroxidase (EC 1.11.1.9) activity

and tissue pathology in rainbow trout (Salmo gairdneri). Br. J. Nutr. 1986, 55, 305–311. [CrossRef]
40. Habig, W.-H.; Pabst, M.J.; Fleischnert, G.; Gatmaitant, Z.; Ariast, I.M.; Jakoby, W.B. The identity of glutathione S-transferase B

with ligandin, a major binding protein of liver (organic anion binding protein/Y protein). Proc. Nat. Acad. Sci. USA 1974, 71,
3879–3882. [CrossRef]

41. Carlberg, I.; Mannervik, B. Purification and characterization of the flavoenzyme glutathione reductase from rat liver. J. Biol. Chem.
1975, 260, 5475–5480. [CrossRef]

42. Bradford, M.M. A rapid and sensitive method for the quantitation of microgram quantities of protein utilizing the principle of
protein-dye binding. Anal. Biochem. 1976, 72, 248–254. [CrossRef]

43. Bustin, S.A.; Benes, V.; Garson, J.A.; Hellemans, J.; Huggett, J.; Kubista, M.; Mueller, R.; Nolan, T.; Pfaffl, M.W.; Shipley, G.L.; et al.
The MIQE Guidelines: Minimum information for publication of quantitative Real-Time PCR experiments. Clin. Chem. 2009, 55,
611–622. [CrossRef]

44. Guardiola, F.A.; Bahi, A.; Messina, C.M.; Mahdhi, A.; Santulli, A.; Arena, R.; Bakhrouf, A.; Esteban, M.A. Quality and antioxidant
response of gilthead seabream (Sparus aurata L.) to dietary supplements of fenugreek (Trigonella foenum graecum) alone or
combined with probiotic strains. Fish Shellfish Immunol. 2017, 63, 277–284. [CrossRef]

45. Mansour, A.T.; Espinosa, C.; García-Beltrán, J.M.; Miao, L.; Ceballos Francisco, D.C.; Alsaqufi, A.S.; Esteban, M.Á. Dietary
supplementation of Drumstick tree, Moringa oleifera, improves mucosal immune response in skin and gills of seabream, Sparus
aurata, and attenuates the effect of hydrogen peroxide exposure. Fish Physiol. Biochem. 2020, 46, 981–996. [CrossRef]

46. Pérez-Sánchez, J.; Borrel, M.; Bermejo-Nogales, A.; Benedito-Palos, L.; Saera-Vila, A.; Calduch-Giner, J.A.; Kaushik, S. Dietary oils
mediate cortisol kinetics and the hepatic mRNA expression profile of stress-responsive genes in gilthead sea bream (Sparus aurata)
exposed to crowding stress. Implications on energy homeostasis and stress susceptibility. Comp. Biochem. Physiol. Part D Genom.
Proteom. 2013, 8, 123–130. [CrossRef] [PubMed]

47. Pfaffl, M.W. A new mathematical model for relative quantification in real-time RT-PCR. Nucleic Acids Res. 2001, 29, e45. [CrossRef]
[PubMed]

48. de Barboza, G.D.; Guizzardi, S.; Moine, L.; Tolosa de Talamoni, N. Oxidative stress, antioxidants and intestinal calcium absorption.
World J. Gastroenterol. 2017, 23, 2841–2853. [CrossRef] [PubMed]

49. Benedito-Palos, L.; Navarro, J.C.; Sitjà-Bobadilla, A.; Gordon Bell, J.; Kaushik, S.; Pérez-Sánchez, J. High levels of vegetable
oils in plant protein-rich diets fed to gilthead sea bream (Sparus aurata L.): Growth performance, muscle fatty acid profiles and
histological alterations of target tissues. Br. J. Nutr. 2008, 100, 992–1003. [CrossRef]

50. Izquierdo, M.S.; Obach, A.; Arantzamendi, L.; Montero, D.; Robaina, L.; Rosenlund, G. Dietary lipid sources for seabream and
seabass: Growth performance, tissue composition and flesh quality. Aquac. Nutr. 2003, 9, 397–407. [CrossRef]

51. Guerreiro, I.; Couto, A.; Pérez-Jiménez, A.; Oliva-Teles, A.; Enes, P. Gut morphology and hepatic oxidative status of European
sea bass (Dicentrarchus labrax) juveniles fed plant feedstuffs or fishmeal-based diets supplemented with short-chain fructo-
oligosaccharides and xylo-oligosaccharides. Br. J. Nutr. 2015, 114, 1975–1984. [CrossRef]

52. Castro, C.; Coutinho, F.; Iglesias, P.; Oliva-Teles, A.; Couto, A. Chlorella sp. and Nannochloropsis sp. inclusion in plant-based
diets modulate the intestine and liver antioxidant mechanisms of European sea bass juveniles. Front. Vet. Sci. 2020, 7, 607575.
[CrossRef]

53. Coutinho, F.; Castro, C.; Rufino-Palomares, E.; Ordóñez-Grande, B.; Gallardo, M.A.; Oliva-Teles, A.; Peres, H. Dietary glutamine
supplementation effects on amino acid metabolism, intestinal nutrient absorption capacity and antioxidant response of gilthead
sea bream (Sparus aurata) juveniles. Comp. Biochem. Physiol. A Mol. Integr. Physiol. 2016, 191, 9–17. [CrossRef]

54. Halliwell, B.; Zhao, K.; Whiteman, M. The gastrointestinal tract: A major site of antioxidant action? Free Radic. Res. 2000, 33,
819–830. [CrossRef]

http://doi.org/10.1016/j.aquaculture.2019.734651
http://doi.org/10.1016/S1050-4648(03)00028-7
http://doi.org/10.1111/j.1365-2095.2009.00721.x
http://doi.org/10.1016/j.aquaculture.2019.734881
http://doi.org/10.1016/0003-2697(78)90342-1
http://www.ncbi.nlm.nih.gov/pubmed/655387
http://doi.org/10.1016/S0076-6879(84)05016-3
http://www.ncbi.nlm.nih.gov/pubmed/6727660
http://doi.org/10.1079/BJN19860038
http://doi.org/10.1073/pnas.71.10.3879
http://doi.org/10.1016/S0021-9258(19)41206-4
http://doi.org/10.1016/0003-2697(76)90527-3
http://doi.org/10.1373/clinchem.2008.112797
http://doi.org/10.1016/j.fsi.2017.02.029
http://doi.org/10.1007/s10695-020-00763-2
http://doi.org/10.1016/j.cbd.2013.02.001
http://www.ncbi.nlm.nih.gov/pubmed/23466468
http://doi.org/10.1093/nar/29.9.e45
http://www.ncbi.nlm.nih.gov/pubmed/11328886
http://doi.org/10.3748/wjg.v23.i16.2841
http://www.ncbi.nlm.nih.gov/pubmed/28522903
http://doi.org/10.1017/S0007114508966071
http://doi.org/10.1046/j.1365-2095.2003.00270.x
http://doi.org/10.1017/S0007114515003773
http://doi.org/10.3389/fvets.2020.607575
http://doi.org/10.1016/j.cbpa.2015.09.012
http://doi.org/10.1080/10715760000301341


Animals 2023, 13, 1069 17 of 17

55. Box, A.; Sureda, A.; Galgani, F.; Pons, A.; Deudero, S. Assessment of environmental pollution at Balearic islands applying
oxidative stress biomarkers in the mussel Mytilus galloprovincialis. Comp. Biochem. Physiol.-C Toxicol. Pharmacol. 2007, 146,
531–539. [CrossRef]

56. Bakke, A.M.; Glover, C.; Krogdahl, A. Feeding, digestion and absorption of nutrients. In Multifunctional Gut of Fish; Grosell, M.,
Farrell, A., Brauner, C., Eds.; Academic Press: Cambridge, MA, USA, 2011; pp. 57–75.

57. Verdile, N.; Pasquariello, R.; Scolari, M.; Scirè, G.; Brevini, T.A.L.; Gandolfi, F. A detailed study of rainbow trout (Onchorhynchus
mykiss) intestine revealed that digestive and absorptive functions are not linearly distributed along its length. Animals 2020,
10, 745. [CrossRef] [PubMed]

58. Rønnestad, I.; Rojas-Garcia, C.R.; Skadal, J. Retrograde peristalsis; a possible mechanism for filling the pyloric caeca? J. Fish Biol.
2000, 56, 216–218. [CrossRef]

59. Jones, B.S.; Keightley, L.J.; Harris, J.O.; Wiklendt, L.; Spencer, N.J.; Dinning, P.G. Identification of neurogenic intestinal motility
patterns in Silver perch (Bidyanus bidyanus) that persist over wide temperature ranges. Neurogastroenterol. Motil. 2021, 33, e14037.
[CrossRef] [PubMed]

60. Kikuchi, K.; Noh, H.; Numayama-Tsuruta, K.; Ishikawa, T. Mechanical roles of anterograde and retrograde intestinal peristalses
after feeding in a larval fish (Danio rerio). Am. J. Physiol. Gastrointest. Liver. Physiol. 2020, 318, G1013–G1021. [CrossRef]

61. García-Meilán, I.; Valentín, J.M.; Fontanillas, R.; Gallardo, M.A. Different protein to energy ratio diets for gilthead sea bream
(Sparus aurata): Effects on digestive and absorptive processes. Aquaculture 2013, 412–413, 1–7. [CrossRef]

62. García-Meilán, I.; Ordóñez-Grande, B.; Gallardo, M.A. Meal timing affects protein-sparing effect by carbohydrates in sea bream:
Effects on digestive and absorptive processes. Aquaculture 2014, 434, 121–128. [CrossRef]

63. García-Meilán, I.; Ordóñez-Grande, B.; Machahua, C.; Buenestado, S.; Fontanillas, R.; Gallardo, M.A. Effects of dietary protein-to-
lipid ratio on digestive and absorptive processes in sea bass fingerlings. Aquaculture 2016, 463, 163–173. [CrossRef]

64. García-Meilán, I.; Ordóñez-Grande, B.; Valentín, J.M.; Hernández, M.D.; García, B.; Fontanillas, R.; Gallardo, M.A. Modulation of
digestive and absorptive processes with age and/or after a dietary change in gilthead sea bream. Aquaculture 2016, 459, 54–64.
[CrossRef]

65. García-Meilán, I.; Ordóñez-Grande, B.; Valentín, J.M.; Fontanillas, R.; Gallardo, M.A. High dietary carbohydrate inclusión by
both protein and lipid replacement in gilthead sea bream. Changes in digestive and absorptive processes. Aquaculture 2020,
520, 734977. [CrossRef]

66. Miegel, R.P.; Pain, S.J.; van Wettere, W.H.E.J.; Howarth, G.S.; Stone, D.A.J. Effect of water temperature on gut transit time, digestive
enzyme activity and nutrient digestibility in Yellowtail kingfish (Seriola lalandi). Aquaculture 2010, 308, 145–151. [CrossRef]

67. Guillaume, J.; Choubert, G. Digestive physiology and nutrient digestibility in fishes. In Nutrition and Feeding of Fish and Crustaceans;
Guillaume, J., Ed.; Springer Praxis: Chichester, UK, 2001.

68. Bjørgen, H.; Koppang, E.O. Anatomy of teleost fish immune structures and organs. Immunogenetics 2021, 73, 53–63. [CrossRef]
[PubMed]

69. Chikwati, E.M.; Sahlmann, C.; Holm, H.; Penn, M.H.; Krogdahl, Å.; Bakke, A.M. Alterations in digestive enzyme activities during
the development of diet-induced enteritis in Atlantic salmon, Salmo salar L. Aquaculture 2013, 402–403, 28–37. [CrossRef]

70. Venold, F.F.; Penn, M.H.; Thorsen, J.; Gu, J.; Kortner, T.M.; Krogdahl, Å.; Bakke, A.M. Intestinal fatty acid binding protein (Fabp2)
in Atlantic salmon (Salmo salar): Localization and alteration of expression during development of diet induced enteritis. Comp.
Biochem. Physiol. A Mol. Integr. Physiol. 2013, 164, 229–240. [CrossRef]

71. Kortner, T.M.; Skugor, S.; Penn, M.H.; Mydland, L.T.; Djordjevic, B.; Hillestad, M.; Krasnov, A.; Krogdahl, Å. Dietary soyasaponin
supplementation to pea protein concentrate reveals nutrigenomic interactions underlying enteropathy in Atlantic salmon (Salmo
salar). BMC Vet. Res. 2012, 8, 101. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1016/j.cbpc.2007.06.006
http://doi.org/10.3390/ani10040745
http://www.ncbi.nlm.nih.gov/pubmed/32344584
http://doi.org/10.1006/jfbi.1999.1144
http://doi.org/10.1111/nmo.14037
http://www.ncbi.nlm.nih.gov/pubmed/33340207
http://doi.org/10.1152/ajpgi.00165.2019
http://doi.org/10.1016/j.aquaculture.2013.06.031
http://doi.org/10.1016/j.aquaculture.2014.08.005
http://doi.org/10.1016/j.aquaculture.2016.05.039
http://doi.org/10.1016/j.aquaculture.2016.03.021
http://doi.org/10.1016/j.aquaculture.2020.734977
http://doi.org/10.1016/j.aquaculture.2010.07.036
http://doi.org/10.1007/s00251-020-01196-0
http://www.ncbi.nlm.nih.gov/pubmed/33426583
http://doi.org/10.1016/j.aquaculture.2013.03.023
http://doi.org/10.1016/j.cbpa.2012.09.009
http://doi.org/10.1186/1746-6148-8-101
http://www.ncbi.nlm.nih.gov/pubmed/22748053

	Introduction 
	Materials and Methods 
	Experimental Diets 
	Fish and Feeding Trial 
	Sampling Procedures and Samples Preparations 
	Oxidative Stress Markers Analysis 
	RNA Extraction and cDNA Synthesis 
	Real-Time Quantitave-PCR (qPCR) 
	Statistical Analyses 

	Results 
	Lipid Peroxidation 
	Antioxidant Enzyme Activity 
	Gene Expression 
	Antioxidant Ratios 

	Discussion 
	Conclusions 
	References

