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Abstract

Gut health is essential for optimal growth, immune function, and robustness in aquaculture.
This study evaluated the potential of dietary supplementation with micro- and macroalgae
to promote intestinal recovery following an insult. Four experimental diets were formulated
for gilthead seabream (Sparus aurata) juveniles (176 £ 0.32 g): a control commercial-like
diet (CTRL), and the same diet supplemented with either microalgae (Phaeodactylum tricor-
nutum; PHA) or macroalgae (Gracilaria gracilis; GRA) at 2.5%, or a 5% blend of both (50:50;
BLEND). To induce an intestinal insult, fish from each dietary group were assisted-fed
with gelatine capsules containing soy saponins (CTRL + S, PHA, GRA, BLEND), while
control fish received empty capsules (CTRL). After 72 h, CTRL and CTRL + S groups
were fed the control diet, while PHA, GRA, and BLEND received their respective algae-
supplemented diets. After 20 days, CTRL + S fish had significantly increased mucus cell
numbers and submucosal cellular infiltration compared to CTRL fish, indicating intestinal
disruption. PHA diet significantly upregulated igm, il10, and gpx. Fish fed GRA displayed
a significant increase in mucosal vacuolation. BLEND diet showed synergistic effects,
significantly upregulating i/1b and pcna and reducing ALP activity. These results highlight
the potential of combining micro- and macroalgae compounds to enhance gut recovery and
immune activation.

Keywords: antioxidant response; gilthead seabream; gut health; immune response;
Sparus aurata

Key Contribution: Dietary micro- and macroalgae supplementation can promote intestinal
recovery in gilthead seabream juveniles following a saponin-induced insult. The algal blend
provided the most comprehensive benefits, suggesting synergistic effects that enhanced
immune and antioxidant responses, thereby strengthening gut resilience.

1. Introduction

Gut health has a major role in the sustainability and profitability of aquaculture, as
it is well-established that fish intestinal homeostasis and permeability have implications
for efficient nutrient digestion and absorption [1-3]. Some of the more direct implications
encompass fish growth performance, feed conversion and health. Aquaculture represents
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the food industry’s fastest-growing sector [4]. However, as a result of intensive production
techniques, the sector is currently facing some challenges to attain higher productivity
while accommodating more sustainable concepts [5,6].

Common practices in industrial aquaculture (e.g., transportation, handling, over-
crowding) along with environmental stressors, such as abrupt temperature changes, poor
water quality, or anti-nutritional factors in feeds, can negatively affect fish health and
performance. These conditions impair growth and induce oxidative stress, characterised
by excessive production of reactive oxygen species (ROS) [7]. In response, fish activate
antioxidant defences, including the upregulation of genes encoding enzymes such as
superoxide dismutase and catalase. Prolonged exposure to such stressors can disrupt
intestinal homeostasis, compromising epithelial integrity and barrier function, which is
often reflected by increased mucus secretion, permeability, and histological alterations [8].
Moreover, stress-induced immune dysregulation may weaken defence capacity or trigger
inappropriate inflammatory responses, typically involving altered expression of cytokines
such as tumour necrosis factor-alpha (tnfa) and interleukin-1 beta (i/1b) [1,3,7,8].

In recent decades, aquaculture feed innovation has focused on functional feeds. Formu-
lations containing specific additives that enhance animal performance and health beyond
basic nutritional needs. These feeds are typically administered for short, predetermined
periods as prophylactic treatments [9,10]. Increasing attention has been given to the bio-
therapeutic potential of micro- and macroalgae, whose rich bioactive profiles can modulate
gut health, immune function, antioxidant capacity, intestinal morphology, and microbiota
composition in fish. However, such effects are influenced by the algal species, dietary
inclusion level, and feeding duration [11-13].

Among microalgae, Phaeodactylum tricornutum stands out as a valuable functional
additive due to its low silica content, organic cell wall, and richness in bioactive compounds
such as long-chain polyunsaturated fatty acids (LC-PUFA), fucoxanthin, and glucomannan
1-3, all known to support intestinal and overall fish health [14-16]. Dietary inclusion of
this diatom at 5% for four weeks in gilthead seabream (Sparus aurata) juveniles enhanced
immune-related molecular responses and preserved intestinal architecture [14,15], while
lower inclusion levels (1%) also improved immune gene expression after 12 weeks of
feeding [16].

Macroalgae from the genus Gracilaria, especially Gracilaria gracilis, have gained atten-
tion due to a potential role as a health promoter. In fact, compounds like R-phycoerythrin,
arachidonic acid, and polyphenols are found in G. gracilis [17,18]. For instance, oxidative
and immune response biomarkers were enhanced and intestine morphology was main-
tained when European seabass (Dicentrarchus labrax) juveniles were fed a diet containing
G. gracilis at 2.5% for 47 days [19]. Gut morphology, growth and bacterial resistance were
improved in gilthead seabream juveniles fed a 5% G. gracilis-enriched diet for 52 days [20].
In addition, a 47-day feeding trial with a diet containing G. gracilis at 5% promoted a
beneficial shift in gut microbiota composition, suggesting improved microbial balance and
intestinal health in European seabass juveniles [17].

Combining micro- and macroalgae has recently gained attention as a promising
functional feed strategy. In fact, micro- and macroalgae blends may mitigate the detri-
mental effects that single algae inclusion has on the fish, such as poor digestibility, re-
duced intestinal absorption, and gut dysbiosis [21,22]. Feeding juvenile European seabass
with a diet containing a blend of 4% of Nannochloropsis oceanica and 4% of G. gracilis for
106 days increased the number of intestinal mucosa cells and enhanced antioxidant capacity
in contrast to fish fed a 5% G. gracilis-supplemented diet [21,23]. This same dietary blend
also influenced the gut microbiota composition, promoting higher microbial diversity
in contrast to diets containing 8% of either G. gracilis or N. oceanica individually, which
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resulted in lower microbial diversity [22]. Therefore, the incorporation of both macro- and
microalgae into the feed resulted in improved fish performance and health, with observed
potential synergistic effects.

Currently, one of the aims of fish nutritionists is to explore innovative ingredients
that may promote intestinal health and fish robustness [24-26]. Gilthead seabream stands
as the most cultured fish species in southern Europe. Its production has seen a notable
rise in the last few decades due to rising market demand and value. Consequently, this
surge has led to the adoption of intensive production methods characterised by high
stocking densities, prolonged transportation procedures, and increased handling and
grading, thereby fostering stressful rearing conditions in this species. These scenarios
contribute to depression of the fish immune system, which can result in poor health status
and growth performance, increased disease susceptibility, higher mortalities, and con-
siderable economic losses [1-6,25,27]. Considering the importance of intestinal health
for fish robustness and aquaculture sustainability, it is essential to explore nutritional
strategies that enhance intestinal recovery and resilience. Dietary supplementation with
micro- and macroalgae, individually or in combination, could enhance intestinal recovery
in gilthead seabream following an induced insult by strengthening the immune system,
antioxidant capacity, and intestinal integrity. Therefore, the present study aimed to assess
whether a nutritional intervention (diet including one or both micro- and macroalgae,
P. tricornutum and G. gracilis, respectively) could help intestinal recovery in gilthead
seabream after an insult. Following a 20-day nutritional trial, histological integrity and
physiological and gene expression responses were assessed to evaluate the effectiveness of
this dietary approach in promoting intestinal recovery.

2. Materials and Methods
2.1. Experimental Diets

Four experimental diets were formulated using practical ingredients (Table 1). A
control diet (CTRL) was formulated to be a commercial-like feed for gilthead seabream
juveniles. The experimental diets were formulated by supplementing the CTRL diet with
microalgae (Phaeodactylum tricornutum; PHA) or macroalgae (Gracilaria gracilis; GRA) at
2.5%, or a blend of micro- and macroalgae at 5% (50:50; BLEND). P. tricornutum was obtained
from Allmicroalgae (Pataias, Portugal) and G. gracilis from Alga+ (Ilhavo, Portugal).

Table 1. Formulation and proximate composition of the experimental diets.

Diets

Ingredients (%) CTRL PHA GRA BLEND
Fishmeal Super Prime ? 8.00 8.00 8.00 8.00
Poultry meal P 7.50 7.50 7.50 7.50
Poultry blood meal © 4.70 4.70 4.70 4.70
Feather meal hydrolysate 4 7.50 7.50 7.50 7.50
Phaeodactylum tricornutum © 0.00 2.50 0.00 2.50
Gracilaria gracilis t 0.00 0.00 2.50 2.50
Corn gluten meal & 10.00 10.00 10.00 10.00
Soybean meal 44 I 15.00 15.00 15.00 15.00
Sunflower meal ! 15.00 15.00 15.00 15.00
Wheat meal } 13.00 10.50 10.50 8.00
Vitamin and mineral premix ¥ 1.00 1.00 1.00 1.00

Antioxidant ! 0.20 0.20 0.20 0.20
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Table 1. Cont.
Diets
Ingredients (%) CTRL PHA GRA BLEND
Monocalcium phosphate ™ 1.50 1.50 1.50 1.50
L-Lysine ™ 0.30 0.30 0.30 0.30
Fish oil © 7.00 7.00 7.00 7.00
Rapeseed oil P 9.30 9.30 9.30 9.30
Proximate composition (% as fed)
Dry matter 93.17 95.49 95.49 94.88
Ash 6.52 6.91 7.10 7.50
Crude protein 41.64 45.87 44.69 45.65
Crude lipid 18.69 18.89 19.29 19.43
Gross energy (M] kg™1) 21.31 21.62 21.71 21.55

2 Diamante, 66.3% crude protein (CP), 11.5% crude fat (CF), Pesquera Diamante, Peru. b 62 4% CP, 12.5% CF,
SAVINOR UTS, Portugal. € 90% CP, 1% CF, ECB COMPANY SRL A S.U, Italy. d 88.8% CP, 1.6% CF, Empro
Europe NV, the Netherlands. ¢ Allmicroalgae—Natural Products, S.A, Portugal. f ALGAplus—Produgio e
Comercializagao de Algas e seus Derivados, Portugal. & 61.2% CP, 5.2% CEF, COPAM, Portugal. h 43.8% CP,
3.5% CF, Ribeiro & Sousa Lda., Portugal. i gplvent extracted, 29.1% CP, 1.8% CF, Ribeiro & Sousa Lda., Portugal.
J 11.7% CP, 1.6% CF, Molisur, Spain. ¥ Vitamins (IU or mg kg~! diet): DL-alpha-tocopherol acetate, 100 mg;
sodium menadione bisulphate, 25 mg; retinyl acetate, 20,000 IU; DL-cholecalciferol, 2000 IU; thiamine, 30 mg;
riboflavin, 30 mg; pyridoxine, 20 mg; cyanocobalamin, 0.1 mg; nicotinic acid, 200 mg; folic acid, 15 mg; ascorbic
acid, 1000 mg; inositol, 500 mg; biotin, 3 mg; calcium pantothenate, 100 mg; choline chloride, 1000 mg, betaine,
500 mg. Minerals (g or mg kg ™! diet): cobalt carbonate, 0.65 mg; copper sulphate, 9 mg; ferric sulphate, 6 mg;
potassium iodide, 0.5 mg; manganese oxide, 9.6 mg; sodium selenite, 0.01 mg; zinc sulphate, 7.5 mg; sodium
chloride, 400 mg; calcium carbonate, 1.86 g; excipient wheat middling’s., Premix Lda., Portugal. I VERDILOX,
Kemin Europe NV, Belgium. ™ ALIPHOS MONOCAL, 22.7% P, 17.5% Ca, ALIPHOS, Belgium. " L-Lysine 99%,
Ajinomoto EUROLYSINE S.A.S., France. © 98.1% CF, Sopropéche, France. P 98.2% CF, JC Coimbra, Portugal.

Experimental diets were manufactured at SPAROS Lda. (Olhao, Portugal). Diets
(pellet size 3.0 mm) were produced by extrusion using a pilot-scale twin-screw extruder
(CLEXTRAL BC45; Clextral, Firminy, France) with a screw diameter of 55.5 mm and
temperature ranging from 105 to 110 °C. Upon extrusion, all batches of extruded feeds
were dried in a vibrating fluid bed dryer (model DR100; TGC Extrusion, Roullet-Saint-
Estephe, France). Following drying, pellets were allowed to cool at room temperature and
subsequently, the oil fraction was added under vacuum coating in a Pegasus vacuum mixer
(PG-10VCLAB; DINNISEN, Sevenum, The Netherlands). Throughout the experiment,
experimental feeds were stored at room temperature in a cool and aerated storage room.
Proximate composition of the diets is shown in Table 1.

2.2. Fish Rearing

Experiments were carried out in compliance with the Guidelines of the European
Union Council (Directive 2010/63/EU) and Portuguese (Decreto-Lei n° 113/2013 de 7
de agosto) legislation for the use of laboratory animals. Animal protocols were directed
by trained scientists under Group-C licenses from the Direcao Geral de Alimentagao e
Veterinaria, Ministério da Agricultura, Florestas e Desenvolvimento Rural, Portugal.

The experiment was conducted at the Ramalhete Station of the Centre of Marine
Sciences of Algarve (CCMAR, Faro, Portugal). Fish were adapted to the new conditions
in a flow-through system and fed a commercial diet. Gilthead seabream juveniles with a
mean body weight of 176 + 0.32 g were distributed into 15-cylinder 500 L tanks at an initial
density of 9.8 kg m~3 (420 fish, 28 fish/tank) under natural photoperiod conditions (end of
February to mid-March; 37°0'22.496", 7°58'2.809").

2.2.1. Assisted-Feeding to Provoke an Insult

Gut disruption was induced through an assisted-feeding procedure using soy saponins,
a glycosylated compound known to impair intestinal integrity in fish and used as a model
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to mimic the effects of aquaculture-related stressors [2,3]. To study the intestinal recovery,
gilthead seabream juveniles were subjected to an assisted-feeding procedure using gelatine
capsules containing saponins. Each fish received two gelatine capsules (n = 2; total of
850 mg saponins) filled with soy saponins at 98% purity. Assisted feeding was performed
after 24 h of fasting. Fish were anesthetised (300 ppm 2-phenoxyethanol; Sigma-Aldrich,
Madrid, Spain) and placed on a dry plastic tray using a fish net. The capsules were carefully
inserted through the oesophagus into the stomach using a technique previously tested
to avoid injury, with the entire procedure lasting approximately 10 s. Following admin-
istration, fish were placed in a 20 L bucket with clean, aerated seawater and monitored
for 10 min to detect any capsule regurgitation. Once recovered, fish were returned to their
respective tanks. After the procedure, fish were assigned to one of four dietary treatments
(CTRL + S, PHA, GRA, or BLEND). To control for potential effects of the assisted feeding
technique itself, an internal control group (CTRL) was included, in which fish received
two empty gelatine capsules.

2.2.2. Nutritional Trial

After the insult, fish underwent a 72 h fasting period before the start of the feeding trial.
This duration was based on preliminary data indicating that 72 h post-oral administration
of soy saponins is required to effectively induce disruption of intestinal homeostasis in
gilthead seabream, in contrast to shorter periods of 24 or 48 h [28]. Fish from the CTRL
and CTRL + S groups were fed the CTRL diet (no algae supplementation), whereas fish in
the PHA, GRA, and BLEND groups were fed diets supplemented with microalgae (PHA),
macroalgae (GRA), or a combination of both (BLEND), respectively. The experimental diets
were randomly assigned to triplicate tanks per treatment. Feeding was carried out by hand
to apparent satiation twice daily (10 h 00 and 16 h 00) from Monday to Friday and once
daily on Saturdays (10 h 00). Feed distribution and apparent feed intake were recorded
daily. Mortality and water quality parameters, including temperature, dissolved oxygen,
and salinity, were monitored daily. Throughout the trial, water temperature averaged
15.2 £ 0.9 °C, salinity was 35.8 £ 0.8 %o, and dissolved oxygen remained at 94.6 £+ 1.8%
of saturation.

2.3. Sampling and Analytical Procedures

At the end of the trial, fish were fasted for 24 h and euthanised with a lethal dose of
anaesthetic (1500 ppm 2-phenoxyethanol; Sigma-Aldrich). Blood was withdrawn individu-
ally from the caudal vein of five fish from each replicate tank (n = 15 per treatment) using
heparinised syringes. Blood was centrifuged at 1500 x g for 2 min, the collected plasma was
frozen in liquid nitrogen and stored at —80 °C for metabolic enzymes analysis. The anterior
intestine of three fish per tank (n = 9 per treatment) was carefully dissected. Approximately
1 cm of the anterior intestine of each fish was collected for the analysis of gene expression.
Samples were preserved in RNAlater and stored at —80 °C until further analysis. For
histology analysis, another 1 cm sample of the anterior intestine was collected (n = 3 per
tank, n = 9 per treatment) and fixed in 10% neutral buffered formalin until analysis. The
remaining fish from each replicate tank (n = 28) were bulk-weighed and counted after
individual sampling for molecular and histological analyses.

2.3.1. Metabolic Enzyme Analysis

The activities of the metabolic enzymes alanine aminotransferase (ALT), aspartate
aminotransferase (AST), and alkaline phosphatase (ALP) and the ratio ALT:AST were
determined in plasma. Enzyme activities were assayed at 30 °C using spectrophotometric
procedures in a multimode microplate reader (BioTek Synergy Neo2, BioTek Instruments,
Inv., Winooski, Vermont, USA). Samples from three fish per replicate tank (n =9 per treat-
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ment) were run in duplicates using commercial kits (SPINREACT, S.A., Barcelona, Spain):
ALT (Ref: 1001170), AST (Ref: 1001160), ALP (Ref: 1001130), following the manufacturer’s
protocols. Enzyme activity units (IU), defined as micromoles of substrate converted to
product per min in standard conditions, were expressed in units per litre of sample (U L~1).

2.3.2. Histology Analysis

Anterior intestine samples fixed in 10% neutral buffered formalin were processed
according to standard histological procedures for paraffin embedding of tissues involving
a sequence of dehydration of tissues in ethanol, consecutive xylene baths and inclusion
in paraffin wax. Tissues were placed in histology blocks, and 4 um-thick sections were
mounted on glass slides and stained using Haematoxylin and Eosin (H&E) for semi-
quantitative histological analysis using a light microscope (Nikon Eclipse E200, Nikon
Instruments Europe B.V., Amstelveen, The Netherlands). Histological alterations were
assessed using a semi-quantitative scoring system designed to ensure reproducibility and
consistency across samples. Each parameter was individually evaluated according to its
incidence and severity, using a score from 0 to 3 (0: no incidence; 1: mild; 2: moderate;
3: marked). The assessed criteria included cellular infiltration in the mucosa and submucosa,
increased mucus cell abundance, apoptotic forms, and mucosal vacuolation. In addition,
the presence (scored as 1) or absence (scored as 0) of marked vascular congestion in
the submucosa was recorded. The detailed scoring approach allowed for standardized
comparison among treatments and enhanced reproducibility of the histological assessment.

2.3.3. Gene Expression Analysis
RNA Extraction and cDNA Synthesis

Total RNA from the anterior intestine was extracted using Tri reagent (Sigma, Madrid,
Spain) according to the manufacturer’s instructions. A NanoDrop 1000 Spectrophotometer
(Thermo Fisher Scientific, Waltham, MA, USA) was used to measure the concentration of
total RNA based on absorbance at 260 nm. RNA integrity was determined using agarose
gel electrophoresis. cDNA was synthesised from 500 ng of purified RNA using the M-MLV
Reverse Transcriptase Kit (Invitrogen, Thermo Fisher Scientific, Porto Salvo, Portugal)
following the manufacturer’s instructions. Negative control reactions were carried out in
the absence of the enzyme.

Real-Time PCR (RT-PCR)

For their roles in immunological, antioxidant defence, and epithelial permeability and
protection, a panel of 10 genes were selected for analysis (Table 2). The selected genes
represent key functional categories of intestinal health. Immune response: il1b, tnfa, il10,
and igm; antioxidant defence: cat, and gpx; cell proliferation: pcna; barrier integrity: tjp,
ocl and muc13. This approach allowed for an integrative evaluation of immune, oxidative,
and structural recovery processes. Geneious Prime software (version 2023.1) was used to
design the primers. Information on specific primers (GenBank accession numbers, forward
and reverse primer sequences, annealing temperatures, and primer efficiency) is listed in
Table 2. Real-time quantitative PCR was carried out on a CFX96 Touch Real-Time PCR
system (Bio-Rad Laboratories, Hercules, CA, USA) with SsoFast EvaGreen chemistry (Bio-
Rad, Hercules, CA, USA). For hot-start polymerase activation, thermal cycling started at
95 °C for 30 s. A total of forty-five PCR cycles were carried out, each consisting of heating at
95 °C for 5 s for denaturing, and for 10 s for annealing and extension at a temperature that
varied depending on the primer pair utilised (Table 2). To assess reaction specificity, melting
curve analysis was performed with ramping rates of 0.5 °C per 10 s through a temperature
range of 55 to 95 °C. All reactions were run in duplicate, with a negative control included in
each run. Ct values were determined using CFX MaestroTM Software (Bio-Rad, Hercules,



Fishes 2025, 10, 588

7 of 17

USA). Relative gene expression was determined using the Pfaffl method [29]. The stability
of the reference gene elongation factor 1-alpha (efla) was validated with RefFinder [30]
and utilised for normalisation. Expression levels of target genes were compared across
dietary treatments relative to the expression level of efla in fish from the CTRL + S treat-
ment, which was arbitrarily assigned a value of 1. Data presented is shown as relative
mRNA expression.

Table 2. Primer sequences and amplification parameters used for real-time PCR analysis.

Accession Annealing Primer

Gene Forward Sequence (5'-3') Reverse Sequence (5'-3') Number Temperature  Efficiency
(GenBank) (@] (%)
efla GGAGATGCACCACGAGTCTC GCGTTGAAGTTGTCAGCTCC AF184170 59 103
cat CGACATGGTGTGGGACTTCT CGCTCACCATTGGCATTGAC JQ308823 57 93
gpx TTTACGCCCTGACAGCCAAT AGTAACGACTGTGGAGCTCG KC201352 59 95
igm GACAACCTCAGCGTCCTTCA CTTTTGAGTCTGCAGCGTCG JQO811851 55 115
il1b TCCAAGCTTGCATCTGGAGG GCTGAAGGGAACAGACACGA AJ277166 55 106
il10 TCTTTCAAAACAGCGTTCGCC TGGACTGCATGTGAGGCTIT JX976621 57 83
tnfa CAGGATCTCGCGCTACTCAG GCCCAGGTAGATGGTGTTGT AJ413189 55 94
pcna TCATGATCTCCTGCGCCAAG CAAAGATCAGCTGGACGGGT KF857335 57 73
tip CTGCTGGATGTGACACCCAA GGCGATCCTCTGTCTCAAGG XM_030417304.1 59 84
ocl TACGGTGGAATCGGAGGGAA CTGGTGAGACACGACGATGA JQ692876 55 89
mucl3  CTGTCTACTGAACGGGGCAA ATTCTGTCACTGAACGCCGT JQ277713 57 79

Efla: elongation factor 1-alpha; cat: catalase; gpx: glutathione peroxidase; igm: immunoglobulin M; il1b: interleukin-
1 beta; il10: interleukin-10; tnfa: tumor necrosis factor-alpha; pcna: proliferating cell nuclear antigen; tjp: tight
junction protein; ocl: occludin; mucl13: mucin 13.

2.4. Disruption Assessment

A comprehensive histological analysis was performed to assess the intestinal disrup-
tion resulting from the soy saponin insult. This evaluation aimed to compare the CTRL
group (administration of empty gelatine capsules) with the CTRL + S group (administration
of soy saponin-filled gelatine capsules). Histological assessment was carried out using
predefined criteria and a standardised scoring system, as detailed in Section 2.3.2, focusing
on parameters indicative of intestinal health and tissue disruption. A score of 0 for any
given parameter indicated the absence of disruption, whereas scores from 1 to 3 denoted
varying degrees of disruption (1: mild; 2: moderate; 3: marked).

2.5. Dietary Recovery Assessment

To investigate the potential for intestinal recovery following the insult, dietary supple-
mentation with micro- and macroalgae was evaluated using the PHA, GRA, and BLEND
diets. The assessment included analysis of metabolic enzymes (Section 2.3.1), histological
parameters (Section 2.3.2), and gene expression (Section 2.3.3). Results from the algae-
supplemented treatments (PHA: microalgae; GRA: macroalgae; BLEND: combination of
both) were compared to the CTRL + S group, which received no algae supplementation.

2.6. Statistical and Data Analysis

All data were expressed as mean =+ standard deviation (SD). All data were subjected
to normality (Shapiro-Wilk test) and homogeneity of variance (Levene’s test) tests. For
the Disruption Assessment, the treatments CTRL and CTRL + S were subjected to a ¢-test
analysis to identify whether there were any significant differences between the treatments
tested. For the Dietary Recovery Assessment, if the assumptions for analysis were met,
a one-way Analysis of Variance (ANOVA) was performed on means to determine if any
significant differences occurred between the treatments evaluated (CTRL + S, PHA, GRA,
and BLEND), followed by Tukey’s HSD post hoc test when significant effects were found
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(p < 0.05). When the assumptions for ANOVA failed, a non-parametric Kruskal-Walli’s test
was applied, followed by Dunn’s test with Bonferroni correction for pairwise comparisons.
All statistical analyses were performed in RStudio (Version: 2023.03.0 + 386).

3. Results

Feeding gilthead seabream juveniles with the experimental diets for 20 days did not
significantly affect (p > 0.05) fish weight and weight gain. Fish presented a final weight
of 189.51 £ 4.62 g and the weight gain during that period was 7.89 £ 2.73% of initial
body weight.

3.1. Disruption Assessment

To validate the efficacy of the induced insult and establish a disrupted baseline for
subsequent recovery assessment, histological comparisons were performed between fish
that received empty gelatine capsules (CTRL group) and those that received soy saponin-
filled capsules (CTRL + S group). Fish in the CTRL + S group exhibited a significant increase
(p < 0.05) in the number of mucus cells in the intestinal mucosa, with mild to moderate
incidence (Figure 1b), in contrast to the CTRL group, which showed no such alterations
(Figure 1a). Additionally, cellular infiltration in the submucosa was significantly elevated
(p <0.05) in the CTRL + S group with mild incidence (Figure 1d), whereas no infiltration was
observed in the CTRL group (Figure 1c). No statistically significant differences (p > 0.05)
were observed between the two groups for the remaining histological parameters evaluated.
These results confirm that the administration of soy saponins effectively triggered mild
but measurable intestinal disruption, thereby validating the model for subsequent dietary

recovery trials.

Figure 1. Histological features of the anterior intestine from gilthead seabream. Mucosa sections
showing mucus cells in fish from the CTRL treatment (a) and the CTRL + S (b). Red circles indicate
an increased number of mucus cells in the epithelium of fish from the CTRL + S group, whereas no
such increase was observed in the CTRL group. Submucosal sections showing cellular infiltrates in
fish from the CTRL +S treatment (d) indicated by black arrows, compared to the absence of cellular
infiltration in the CTRL group (c).

3.2. Dietary Recovery Assessment
3.2.1. Metabolic Enzymes Analysis

Analysis of metabolic enzyme activities revealed that fish fed the BLEND diet (contain-
ing both micro- and macroalgae) exhibited significantly lower (p < 0.05) levels of alkaline
phosphatase (ALP) compared to fish from the CTRL + S group (no algae supplementation)
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and those fed either the PHA or GRA diets (Table 3). In contrast, the activities of alanine
aminotransferase (ALT) and aspartate aminotransferase (AST) did not differ significantly
(p > 0.05) among any of the algae-supplemented groups (PHA, GRA, and BLEND) com-
pared to the CTRL + S group. Similarly, the ALT:AST ratio remained unchanged (p > 0.05)
across all dietary treatments, suggesting that these markers of hepatic function or damage
were not influenced by algae supplementation under the present conditions.

Table 3. Activities of alkaline phosphate (ALP), alanine aminotransferase (ALT) and aspartate
aminotransferase (AST) in the plasma of gilthead seabream juveniles fed the experimental diets for
20 days.

Enzyme Treatments
Activity CTRL + S PHA GRA BLEND
(UL
ALP 0740 + 14.77° 9553+ 15502 9673 +2145° 65.71 + 24.99 P
ALT 1.92 + 0.90 2,07 + 1.03 1.99 + 1.23 230 + 1.15
AST 1537 £10.08 1544797  13.15+£937 1339 +5.96
ALT:AST 0.16 £ 0.10 0.14 £ 0.09 0.16 £ 0.10 0.19 £ 0.11

Values are presented as means =+ standard deviation (n = 9). Different superscripts within the same row indicate
significant differences (p < 0.05) among treatments.

3.2.2. Histological Analysis

Regarding intestinal histology, fish fed the GRA diet (macroalgae supplementation)
showed a significant increase (p < 0.05) in mucosal vacuolation (Figure 2a) compared
to fish from the CTRL + S group (Figure 2d). Fish in the PHA group (microalgae diet)
presented intermediate levels of vacuolation (Figure 2b), although differences were not
statistically significant relative to the CTRL + S group. No significant differences (p > 0.05)
in mucosal vacuolation were observed between the BLEND (Figure 2c) and CTRL + S
groups. Moreover, no significant changes (p > 0.05) were found in any of the remaining
histological parameters among the algae-supplemented groups (PHA, GRA, and BLEND)
when compared with the CTRL + S group.

Figure 2. Representative mucosal sections from the histological assessment of the anterior intestine
in gilthead seabream juveniles. (a) Fish fed the diet supplemented with the macroalgae (GRA)
showed a significant increase in mucosa vacuolation (red arrows). (b) Microalgae supplementation
(PHA) showed intermediate levels of vacuolation (red arrow). (¢,d) No presence of vacuoles in the
BLEND (c) and the CTRL + S (d) treatments.
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3.2.3. Gene Expression Analysis

Concerning the genes related to the immune response, fish fed the PHA diet displayed
a significant upregulation of igm and il10 compared with fish from the CTRL + S treatment
(p <0.05). The expression levels of il1b and pcna were significantly upregulated in fish fed the
BLEND diet in comparison with fish from the CTRL + S treatment (p < 0.05). Tnfa expression
was not significantly different between fish fed micro- and/or macroalgae when compared
to CTRL + S fish (p > 0.05) (Figure 3a). Intestinal epithelium permeability and protection
assessment, through the expression of tjp, ocl, and muc13, showed no significant dietary
effect (p > 0.05) (Figure 3b). Regarding the genes involved in the antioxidant response, a
significant upregulation of gpx expression was observed in fish fed the diet supplemented
with P. tricornutum (PHA) in comparison with fish from the CTRL + S treatment (p < 0.05)
(Figure 3c). The expression levels of cat were not significantly influenced by the treatments
(p > 0.05) (Figure 3c).

CTRL+S mPHA ®mGRA mBLEND

12.0

10.0

8.0

6.0

4.0

O
Relative mRNA expression

2.0

0.0

igm il1b il10 tnfa pcna

CTRL+S mPHA ®GRA ®EBLEND

4.0 1
3.0 1
2.0 4 [

0.0 -

(b)

Relative mRNA expression

tjp ocl mucl3
CTRL+S mPHA ®mGRA ®mBLEND
7.0 q

6.0 4

4.0 1 a
3.0 1

20 b

e
Relative mRNA expression

0.0 4
cat gpx

Figure 3. Relative mRNA expression of genes involved in immunological defense (a): igm: im-
munoglobulin M, #l1b: interleukin-1 beta, il10: interleukin-10, tnfa: tumor necrosis factor-alpha, and
pena: proliferating cell nuclear antigen; epithelial permeability and protection (b): ¢jp: tight junction
protein, ocl: occludin, and muc13: mucin 13; antioxidant defense (c): cat: catalase and gpx: glutathione
peroxidase. Values are presented as means =+ standard deviation (n = 7-9). Different letters indicate
significant differences among treatments (p < 0.05).
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4. Discussion

This study aimed to evaluate the effects of three functional diets, based on marine-
derived ingredients, specifically a microalga (PHA), a macroalga (GRA), and their combina-
tion (BLEND), on the intestinal recovery of gilthead seabream juveniles following an oral
insult with soy saponins. Recovery was assessed through histological, physiological and
molecular parameters.

4.1. Disruption Assessment

The administration of soy saponins (CTRL + S) led to noticeable changes in the fish
intestinal structure. Histological analysis showed an increase in mucus cells in the intestinal
mucosa and moderate submucosal inflammatory infiltrates, both indicative of irritation
and a compensatory mucosal response. The intestinal mucosal barrier is essential nutrient
absorption and defence, and its disruption can compromise gut homeostasis. Soy saponins
exacerbate this situation since they disrupt cell membranes due to their amphipathic nature
increasing membrane permeability and triggering inflammatory responses [1,3]. This
can compromise cellular homeostasis and can stimulate the proliferation of goblet cells,
responsible for mucus secretion [31-34]. The elevated number of mucus cells observed in
the CTRL + S fish likely represents a compensatory mechanism of the intestine in response
to the irritation caused by the insult. Likewise, the infiltration of immune cells into the
submucosa suggests activation of local defence mechanisms to restore homeostasis. No
significant alterations were observed in other histological criteria, indicating that the insult
induced a targeted, moderate reaction rather than extensive tissue damage.

4.2. Recovery Assessment

The evaluation of biochemical markers indicated that alkaline phosphatase (ALP)
activity decreased its levels in fish fed the BLEND diet compared to the CTRL + S. Biochem-
ical analyses, like measuring plasma levels of nonspecific serum enzymes, including ALP,
serve as a useful health assessment marker in fish. ALP plays a role in maintaining gut
barrier function and intestinal homeostasis. While high levels of serum ALP are associated
with bone anomalies, liver dysfunction and inflammation, low levels are correlated with
beneficial effects on hepatic and gut function [35-37]. Similarly, ALP levels decreased in
Nile tilapia (Oreochromis niloticus) fed Schizochytrium sp. at 10% for eight weeks [38] and in
Nile tilapia fed supplemented diets with Spirulina platensis and Chlorella vulgaris blends [39].
Likewise, dietary supplementation with the macroalga Sargassum kjellmanianum at 5%
reduced ALP levels in yellow catfish (Pelteobagrus fulvidraco) [40] after 28 days. These
effects have been attributed to the bioactive compounds present in micro- and macroalgae,
including polysaccharides, antioxidants, and polyunsaturated fatty acids, which exhibit
anti-inflammatory and hepatoprotective effects [41-43]. However, no significant changes
in ALP levels were observed in fish fed the PHA or GRA diets alone. These results may be
attributed to the relatively short feeding period (20 days) and the inclusion level (2.5%).
Therefore, the reduction in ALP levels in fish fed the BLEND diet suggests that this diet
displayed beneficial synergetic effects. The combination of both algae may have enhanced
the bioavailability and functionality of their bioactive compounds, potentiating a more
rapid or pronounced physiological response. The large variability observed in ALP activity
may reflect individual differences in metabolic or physiological recovery capacity following
the insult.

Regarding the histological analysis, fish fed the GRA diet displayed increased mucosal
vacuolation. Vacuoles play a role in maintaining intracellular homeostasis and isolating
potentially harmful metabolites. However, excessive or diffuse vacuolation can indicate
persistent stress [44—46]. The absence of significant vacuolation in fish fed the BLEND
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diet could indicate a more advanced stage of recovery, whereas GRA fish could still be
undergoing adaptive responses. Since vacuolation is a dynamic and potentially transient
process, future studies with multiple time points would help clarify the temporal dynamics
of vacuolation and better elucidate how these functional feeds support recovery processes
in the gut.

Dietary supplementation also modulated immune- and stress-related genes, reflecting
different recovery mechanisms. Fish fed the PHA diet exhibited a significant upregulation
of igm and il10 compared to CTRL + S group. These results agree with studies reporting igm
upregulation in gilthead seabream juveniles fed P. tricornutum at 10% for four weeks and
il10 upregulation in fish fed a diet supplemented with P. tricornutum-derived (3-glucans at 21
and 37% for eight weeks [14-16]. Immunoglobulin M (IgM) is the primary immunoglobulin
in fish, involved in systemic immunity, whereas interleukin-10 plays a key role in regulating
inflammatory responses [47-49]. Despite the shorter feeding duration in the current study;,
there was still a significant upregulation of igrm and i[10, suggesting a prompt activation
of both immune and anti-inflammatory pathways in the PHA diet. The lack of significant
modulation of these markers in the GRA and BLEND groups may indicate that longer
dietary exposure is required to exert comparable effects on the adaptive immune response
or that it has occurred earlier in the recovery period, thus the molecular machinery has
since downregulated transcriptional activity to conserve energy.

The BLEND diet significantly upregulated the expression of i/1b, a pro-inflammatory
cytokine that triggers leukocyte recruitment and tissue repair [50]. Similar responses
were reported in European seabass juveniles fed a diet supplemented with a blend of two
microalgae at 2% (Nannochloropsis oceanica and Chlorella vulgaris) and two macroalgae at
2% (G. gracilis and Ulva rigida) for 12 weeks [51]. The observed il1b upregulation suggests
that the BLEND diet may have elicited a rapid immune response even within a limited
timeframe. This highlights the potential of the algae-based diets to quickly stimulate
pro-inflammatory responses, possibly due to their rich content of immunostimulatory
compounds. Therefore, the significant upregulation of i[1b may indicate a swift and
effective immune activation, showing that a short-term supplementation with algae blend
can influence intestinal immune responses.

The significant upregulation of pcna expression in fish fed the BLEND diet indicated a
diet-induced stimulation of cellular proliferation in the intestinal epithelium. Previous stud-
ies reported pcna expression in European seabass juveniles, fed a diet supplemented with
4% of microalgae (Nannochloropsis oceanica, Chlorella vulgaris) and macroalgae (Gracilaria
gracilis, Ulva rigida) for 12 weeks [51]. A similar effect was observed after eight weeks
with a 2% blend of Nannochloropsis sp., Aurantiochytrium sp., and Gracilaria sp. [22]. More-
over, Reis and co-authors [30] observed a dose-dependent effect of P. tricornutum-derived
-glucans after two weeks of feeding, where an inclusion of 21% upregulated pcna, while
a higher level (37%) downregulated it. In the present study, fish fed the PHA diet, which
included a lower dose (2.5%) of whole P. tricornutum cells, exhibited intermediate pcna
levels. This suggests that the biological response is influenced not only by dosage, but also
by the form of administration (whole cell and extract) and the feeding duration. Pcna is
involved in DNA replication and repair, supporting cell cycle progression in the intestinal
epithelium and reflecting epithelial cell turnover, which is essential for maintaining gut
integrity and function [52,53]. The significant upregulation of pcna expression in BLEND
fed-fish suggests that the inclusion of micro- and macroalgae may have acted synergistically
to stimulate tissue repair mechanisms, supporting intestinal recovery processes. These
findings underscore the potential of tailored algal blends to modulate intestinal health
through stimulation of epithelial sound cell turnover. The synergistic effects observed in
the BLEND group may arise from complementary bioactive interactions among micro- and
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macroalgal compounds such as polysaccharides, polyphenols, carotenoids, and LC-PUFAs,
that jointly enhance antioxidant defences and immune modulation [11-18]. These findings
highlight the complexity of dietary interactions and support the combined use of micro-
and macroalgae as a multifactorial approach to gut health recovery.

In terms of antioxidant defence, fish fed the PHA diet showed a significant upregula-
tion of gpx expression. Microalgae-derived antioxidants, such as polyphenols, pigments,
vitamins, and minerals, can mitigate oxidative stress by activating enzymatic pathways,
including GPx [54-56]. Similar gpx activation was observed in zebrafish fed P. tricornutum
(5%) for 30 days [33]. The observed upregulation of gpx in PHA-fed fish suggests that
microalgae may rapidly stimulate antioxidant defense mechanisms, potentially providing
early protection against insult-induced oxidative stress. Interestingly, despite the well-
documented antioxidant properties of G. gracilis, no significant differences in gpx expression
were observed in fish fed the GRA diet. This lack of response may be attributed to the lower
bioavailability of antioxidant compounds from macroalgae compared to microalgae, or to
the relatively short feeding duration, which might have been insufficient to elicit detectable
transcriptional changes.

The expression of tjp, ocl, and mucl3 remained unaffected, indicating that dietary
effects more focused on immune and antioxidant pathways, rather than in epithelial perme-
ability and protection. The absence of significant changes in tjp, ocl, and muc13 expression
suggests that intestinal barrier modulation requires either longer feeding duration or higher
inclusion levels. This aligns with studies showing that tight-junction gene responses are
species-, dose-, and time-dependent [57,58].

5. Conclusions

This study assessed the efficacy of dietary supplementation with marine-derived
micro- and macroalgae in supporting intestinal recovery and homeostasis in gilthead
seabream juveniles following an induced intestinal insult. Among the experimental diets,
the BLEND diet offered the most comprehensive support for intestinal recovery, suggesting
potential synergistic effects between micro- and macroalgal bioactive compounds. This
diet was associated with reduced serum ALP activity, indicative of improved gut barrier
integrity and liver function. Furthermore, the BLEND diet significantly upregulated il1b
and pcna expression, reflecting enhanced immune activation, epithelial cell proliferation
and tissue repair. The PHA diet significantly increased the expression of igm, il10, and gpx,
highlighting its role in boosting immune function and antioxidant defence mechanisms.
In contrast, the GRA diet appeared less effective in promoting intestinal recovery over
the short feeding duration assessed in this study. Overall, each algal treatment presented
distinct advantages: PHA primarily enhanced antioxidant and immune responses, GRA
promoted cellular protection, and the BLEND diet combined these benefits, achieving a
more balanced recovery profile. However, the short experimental period (20 days) limited
the observation of potential long-term or cumulative effects.

Future research should evaluate longer term experiments to confirm the persistence of
the beneficial effects and to explore other inclusion levels on health status, stress resilience,
and gut microbiota composition. Additionally, elucidating the mechanisms of action of
key bioactive compounds will be essential to fully understand their roles in modulating
intestinal recovery, immune competence, and antioxidative status. Collectively, these
findings contribute valuable knowledge towards the development of functional feeds
aimed at improving fish health and productivity in aquaculture.
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