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Abstract

Extreme weather events, particularly marine heatwaves (MHWs), increasingly threaten
aquaculture systems worldwide by impairing animal physiology and economical sustain-
ability. This showcases the need to develop nutritional approaches that enhance animal
performance under sub-optimal conditions. This study evaluated the effects of dietary sup-
plementation with the brown macroalga Laminaria digitata (whole dried powder or extract)
on the antioxidant status, digestive activity, and lipid metabolism of juvenile Sparus aurata
exposed to a simulated MHW. Fish were fed four diets (control, 0.3% extract, and 0.3%
or 1.5% powder) for 30 days before being exposed to a category III Mediterranean MHW.
Under optimal temperature, macroalgae supplementation reduced oxidative status (lower
catalase activity). The powder-feeds decreased lipid peroxidation, while the extract-feed
elicited the opposite. All supplemented diets reduced proteolytic activity, and the extract-
feed also decreased amylase activity. The MHW impaired gastrointestinal antioxidant
defenses and liver lipid metabolism, decreasing catalase and glutathione S-transferase ac-
tivities, as well as ΣPUFA n-6, 16:1 n-7, and 18:2 n-6 levels. The 0.3% powder-feed mitigated
MHW-induced reductions in antioxidant activity, while both 0.3%-diets prevented thermal
stress-related alterations on fatty acid profile. Overall, L. digitata powder at 0.3% was
most effective at enhancing thermal stress resilience, supporting its value as a functional
aquafeed ingredient.
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1. Introduction
Aquaculture production has been steadily increasing each year, and its contribution to

the global seafood supply already surpasses capture fisheries total production [1]. However,
this industry is being confronted with various environmental pressures that threaten the
sustainability and welfare of farmed seafood production, namely the need to cope with
climate change effects [2–4]. As a direct consequence of climate change, extreme weather
events have increased and are expected to continue intensifying in both severity and
duration [5,6]. Marine heatwaves (MHWs) are now three times more frequent than they
were just four decades ago, and their duration has significantly risen [7]. As outdoor
aquaculture systems are unable to control temperature fluctuations, they become especially
vulnerable to these events, thus challenging economic profits and the wellbeing of farmed
species [2]. Adverse rearing conditions, such as the abrupt exposure to intense thermal
stress that occurs during MHW events, can prompt drastic effects on farmed animals’
metabolism, appetite, nutrient conversion and digestive functionality, growth performance,
and, in extreme situations, survival [7–10]. In recent decades, the Mediterranean Sea has
emerged as a global hotspot for MHWs [11–13]. These thermal anomalies pose serious
threats to aquaculture operations across this region, as they often translate into substantial
economic losses and challenges, thus calling for an urgent implementation of adaptive
strategies, including the design of nutrition programs that enhance animal resilience to
thermal stress [13–15].

Over the last decades, aquaculture research has strongly invested in the development
of nutritional modulation strategies that not only promote animal growth and health,
but also allow a transition from typical feed formulations based on non-sustainable and
costly ingredients (e.g., fish oils and meals from wild species and cereals and vegetable
oils from intensive crop productions) to alternative ones that derive from sustainable
sources and/or a circular economy framework, and which can reduce carbon footprint
contributions [4,16,17]. However, the cost-effectiveness of new nutritional modulation
strategies is still mostly validated under optimal rearing conditions, i.e., typically stable
temperature, oxygen, and salinity levels. This experimental bias overlooks the reality that
farmed seafood species are increasingly exposed to climate-change-related stressors such
as MHWs. Therefore, there is an urgent need to integrate climate-relevant conditions into
research and to assure that dietary strategies remain effective, resilient, and sustainable
throughout time [1].

When it comes to the use of new feed ingredients/additives, plant-based natural prod-
ucts have been growing in interest in recent years, due to their eco-friendlier production
and recently reported ability to enhance animal health status and nutritional value [18,19].
In addition to their nutritional and functional attributes, another key advantage of these
ingredients is that their inclusion in feed formulations can improve the overall public
perception of the aquaculture industry by reducing the use of animal-derived ingredients
and, thus, contributing to fairer food production [19]. Among plant-based ingredients that
are suitable for aquatic animal nutrition, macroalgae constitute a thoroughly solid option,
as they provide a viable source of bioactive compounds (e.g., polysaccharides, polyphenols,
and carotenoids) with well-reported antioxidant, antibacterial, antiviral, antifungal, and
anti-inflammatory properties [20,21]. Brown macroalgae contain fucoidan and laminarin
that can improve feed utilization and growth [22,23]. These species are also rich in carotene,
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violaxanthin, and fucoxanthin, which play a paramount role as antioxidants [24]. Multiple
studies have shown that dietary macroalgae inclusion can lead to improved growth perfor-
mance [24], digestion efficiency [25], antioxidant responses [26,27], and tolerance to thermal
stress [15,25,27], along with better fillet quality and fatty acid composition [20]. Laminaria
digitata is a brown macroalga of particular interest, due to its richness in bioactive molecules
and wide cultivation [28]. Its dietary inclusion has been shown to boost immunological
defences and stress responses [15,26,27,29,30].

Within this context, the aims of this study were to investigate the effects of L. digitata
supplementation in different inclusion forms (dried macroalgae powder versus extract) and
levels (0.3% and 1.5%) on gilthead seabream (Sparus aurata) digestive activity, antioxidant
capacity, and fatty acids metabolism. This study also sought to validate the effectiveness of
this innovative nutritional modulation strategy in mitigating the impacts of MHWs in these
physiological traits. S. aurata was chosen as a model species based on two main facts: (i) it
is a carnivorous species, and, thus, the validation of plant-based nutritional modulation
strategies is more challenging; and (ii) it is one of the most widely produced fish species
in the Mediterranean region, being highly appreciated in Southern European countries,
which further reinforces the urgent need to safeguard the sustainable production of this
species under projected climate change scenarios.

2. Materials and Methods
2.1. Experimental Diets

Four diets were produced in collaboration with the feed producer company SPAROS
Lda. (Olhão, Portugal). All feeds were produced according to juvenile S. aurata nutritional
requirements. The commercial control diet (CTR) did not include any macroalgae supple-
mentation. Based on the control feed formulation, three experimental diets were prepared
with L. digitata, replacing wheat meal. Two diets included dried powdered L. digitata, at
two distinct inclusion percentages: 1.5% (P1.5%) and 0.3% (P0.3%). The third diet included
L. digitata extract, at the inclusion percentage of 0.3% (E0.3%). This extract was prepared by
subcritical water extraction (SWE). For further information regarding macroalgae collec-
tion and processing, extract preparation, and feed design, as well as the ingredients and
proximate chemical composition of all four aquafeeds, see [15,27].

2.2. Organisms and Experimental Design

Specimens S. aurata (n = 243) were grown until juvenile stage (29.7 ± 4.9 g total
weight, 12.2 ± 0.6 cm total length; mean ± standard deviation) at the Aquaculture Research
Station of the Portuguese Institute for Sea and Atmosphere (EPPO-IPMA, Olhão, Portugal)
and then transported to LABVIVOS—Live Marine Organisms Laboratory (IPMA, Algés,
Portugal). For the present study, only 108 animals were used, with the remainder being
allocated to parallel studies. Fish were maintained in quarantine for three weeks and
then randomly and equitably allocated into the experimental systems, which consisted of
27 rectangular glass tanks (200 L capacity) within independent recirculation aquaculture
systems (RAS). Fish were acclimated to the experimental tanks for one week. During
quarantine and acclimation, fish were hand-fed twice a day with a commercial feed (CTR)
following the nutritional requirements of juvenile S. aurata (2% average body weight, BW).
To maintain adequate seawater quality and abiotic parameters, all tanks were equipped
with aeration, both physical (filter bag, filter sponge, and glass wool) and biological filters
(Bio Balls 1.5” Aquarium Pond Filter, TMC Iberia, Loures, Portugal), UV sterilization
(ClearUVC-36, EHEIM, Deizisau, Germany), protein skimmers (Tornado 120, Mantis),
digital thermostats (300 W, V2Therm Digital Heaters, TMC Iberia, Loures, Portugal), and
temperature refrigeration systems (Foshan Weinuo Refrigeration Equipment Co., Ltd.,
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Foshan, China) integrated into a computerized control system (ProfiLux 3 Outdoor, GHL,
Kaiserslautern, Germany). Additionally, faeces were removed daily by siphoning and a
25% seawater renewal was performed. Ammonia, nitrite, and nitrate levels were quantified
weekly using colorimetric tests (TMC Iberia, Loures, Portugal); nitrates were kept below
50 mg L−1 and both ammonia and nitrite below detectable levels.

After the animals were acclimated to laboratory conditions, the feeding trial was initi-
ated. Fish from each treatment were fed (~2% BW/day) for 30 days with the corresponding
feed for a prophylactic supplementation period (see Section 2.1), while being kept at control
temperatures of 21.4 ◦C (reflecting the average sea surface water temperature in Mediter-
ranean coastal zones near the beginning of summer, i.e., 16 June). Following this period,
a category III MHW was simulated by gradually increasing seawater temperature from
the control temperature (approximately 0.5 ◦C/day) for 10 days, until it reached the peak
MHW temperature of 25.7 ◦C, which was maintained for a period of 7 days (except for CTR
treatment, which remained at 21.4 ◦C throughout the whole 47 days of trial). The selection
of temperature and MHW conditions simulated in this study was based on sea surface
temperature time series data spanning 30 years acquired from coastal Mediterranean zones,
specifically focusing on representative locations where S. aurata is farmed in Greece and
Turkey. An extensive description of the modulation of MHWs can be found in [15].

The experimental setup of the present work included 5 treatments, with triplicate
tanks assigned to these treatments (n = 9 per tank; Figure 1). The remaining tanks and
organisms were allocated for parallel studies, as previously mentioned. The treatments
were the following: (i) CTR, control treatment, fed the non-supplemented commercial
diet, while exposed to average temperature conditions, i.e., 21.4 ◦C; (ii) CTR–MHW, fed
the control diet and exposed to the MHW after the thirty days of prophylactic period;
(iii) E0.3%–MHW, fed the diet supplemented with 0.3% L. digitata extract and later exposed
to the MHW; (iv) P0.3%–MHW, fed the diet supplemented with 0.3% L. digitata powder
and later exposed to the MHW; and (v) P1.5%–MHW, fed the diet supplemented with
1.5% L. digitata powder and later exposed to the MHW. For clarity, from herein when
discussing results regarding the prophylactic supplementation period (pre-heatwave, T1),
the following terms will be used: E0.3%, P0.3%, and P1.5%.

Sampling took place after the prophylactic period (i.e., after 30 days of supplementa-
tion, T1) and at the end of the MHW simulation (i.e., after 7 days of continuous exposure to
the peak MHW temperature, T2) (Figure 1). Twelve fish were randomly selected from each
treatment (four per replicate tank) and euthanized by immersion in an overdose of tricaine
methanesulfonate (MS-222; 2 g L−1, Acros Organics, Geel, Belgium), buffered with sodium
bicarbonate (NaHCO3, Sigma-Aldrich, St. Louis, MO, USA) at a 1:2 MS-222:NaHCO3 ratio.
Afterwards, fish were sacrificed and dissected. The animals were fasted for 24 h prior to
sampling events in order to avoid contamination of samples with faeces or feed in the diges-
tive tract. Samples of gastrointestinal tract (i.e., gut) tissue were collected and individually
homogenized (Ultra-Turrax device, Ika, Germany; n = 6/treatment and sampling point) in
different buffer solutions, depending on the specificities of each procedure (see Section 2.3).
Samples of liver were collected and freeze-dried in pools of pairs (n = 3 pools/treatment
and sampling point) for 48 h at low pressure, followed by homogenization utilizing a
mortar and pestle. All samples were subsequently stored at −80 ◦C until analysis.
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Figure 1. Experimental design representing the various treatments and the timeline of sampling after
prophylactic supplementation (T1) and post-marine heatwave, MHW, exposure (T2).

2.3. Biochemical Analysis

The samples were analysed in duplicates through methods adapted to 96-well mi-
croplates (Greiner Bio-one, Kremsmünster, Austria), using a Multiskan GO 1510 microplate
reader (ThermoFisher Scientific, Waltham, MA, USA). Protein levels were quantified
through the Bradford method [31] in order to normalize our results. As such, biomarker
results were expressed per mg of protein (except for the enzyme superoxide dismutase,
SOD). A thorough description of all biomarker methodologies is available in [25].

2.3.1. Oxidative Stress

A portion of the gut samples (~50 mg) were homogenized in 2 mL of phosphate-
buffered saline at pH = 7.4 (0.14 M NaCl, 0.003 M KCl, 0.01 M Na2HPO4, 0.002 M KH2PO4;
Sigma-Aldrich, St. Louis, MO, USA). Tissue homogenates were centrifuged at 10,000× g
and 4 ◦C for 10 min, which were then used to determine oxidative stress biomarkers:
catalase (CAT) activity according to [32], glutathione S-transferase (GST) activity according
to [33], superoxide dismutase (SOD) activity according to [34], and malondialdehyde
content (as a proxy for lipid peroxidation, LPO) according to [35].

2.3.2. Digestive Enzymes

The whole gut was homogenized in 2 mL of buffer for digestive enzymes at pH = 7.8
(1 mM Tris-HCl, 0.1 mM EDTA, 0.1% Triton X-100; Sigma-Aldrich, Germany). These
homogenates were centrifuged at 14,000× g and 4 ◦C for 30 min, which were then used
to determine the activity of the following digestive enzymes: amylase according to [36],
pepsin based on [37,38], and trypsin based on [39,40].
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2.3.3. Fatty Acid Analysis

The fatty acid profile was determined by acid-catalysed transesterification, following
the procedures thoroughly described in [41]. Briefly, the organic phase was collected, and
fatty acid methyl esters (FAMEs) were separated and quantified by gas chromatography
(Varian Star 3800 CP, Walnut Creek, CA, USA) using a DB-Wax capillary column and flame
ionization detection, with helium as the carrier gas and n-heptane as washing solvent.
Fatty acids were identified by comparison of retention times with a commercial standard
(Menhaden oil, Sigma-Aldrich, Schnelldorf, Germany) and quantified using heneicosanoic
acid (C21:0, 10 mg mL−1; Sigma-Aldrich, Schnelldorf, Germany) as an internal standard.

2.4. Statistical Analysis

Data were tested for normality through the Shapiro–Wilk test and homoscedasticity
through the Levene test. The presence of significant differences between treatments in
oxidative stress, digestive enzymes, and fatty acids levels were assessed through one-way
ANOVAs. Multiple comparison analysis was performed when necessary through post hoc
Tukey HSD tests. Kruskal–Wallis tests and the Dunn’s Test were performed if the data did
not meet parametric assumptions. These analyses were performed at a significance level of
0.05, through RStudio (4.1.1, 2021).

3. Results
Oxidative stress biomarker levels and the activities of digestive enzymes in the fish gut

are, respectively, presented in Figures 2 and 3 (after thirty days of prophylactic exposure)
and in Figures 4 and 5 (after exposure to the MHW), as well as in Supplementary Table S1.
The main liver fatty acids (>1%) are shown in Table 1 (after thirty days of prophylactic
exposure) and Table 2 (after exposure to the MHW), while the complete fatty acid profile
can be found in Supplementary Table S2.

3.1. The Effects of L. digitata Supplementation Under Control Temperature Conditions

Antioxidant scavengers’ activities (CAT, GST, and SOD) and LPO levels were sig-
nificantly affected by the supplementation with L. digitata under control temperature
conditions (Figure 2, Table S1). There was a significant reduction in CAT activity for all
macroalga-supplemented treatments, regardless of incorporation method and inclusion
level (corresponding to 38.41% with p = 0.002; 35.30% with p = 0.005; and 34.34% with
p = 0.006, for E0.3%, P0.3%, and P1.5% treatments, respectively, as shown in Figure 2A and
Table S1). Regarding GST, significant changes were found between the CTR and P1.5%
(corresponding to a 55.69% decrease and p = 0.020), as well as P0.3% (corresponding to a
129.77% increase and p < 0.001 as shown in Figure 2B and Table S1). SOD activity differed
between all other treatments and P0.3%, which exhibited a 13.64% decrease in relation
to CTR (p = 0.001; Figure 2C, Table S1). As for cell damage, the treatments employing
powdered macroalga displayed significantly lower LPO levels than CTR (65.61%, p = 0.015,
for P0.3% and 59.14%, p = 0.027, for P1.5%; Figure 2D, Table S1), whilst the treatment
employing macroalga extract (E0.3%) displayed significant higher levels (58.21%, p = 0.029;
Figure 2D, Table S1).
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Figure 2. Oxidative stress biomarkers in the gastrointestinal tract of S. aurata fed the experimental
diets after 30 days of prophylactic supplementation under control temperature conditions: catalase
activity ((A); CAT; nmol min−1 mg−1 protein), glutathione S-transferase activity ((B); GST; nmol
min−1 mg−1 protein), superoxide dismutase activity ((C); SOD; % inhibition), and lipid peroxidation,
expressed as MDA content ((D); nmol MDA mg−1 protein). Different letters indicate significant
differences (p < 0.05) between treatments. CTR—control feed; E0.3%—feed supplemented with 0.3%
of L. digitata extract; P0.3%—feed supplemented with 0.3% of dried powdered L. digitata; P1.5%—feed
supplemented with 1.5% of dried powdered L. digitata.

Gut digestive enzymes (amylase, pepsin, and trypsin) were likewise significantly
affected by L. digitata dietary supplementation (Figure 3, Table S1). Although the values
of amylase activity were lower after all types of supplementations, significant differences
were only found between the CTR and E0.3% treatment, with the latter displaying a
decrease of 37.35% relative to the former (p = 0.035; Figure 3A, Table S1). As for pepsin
and trypsin activity, the supplementation with L. digitata elicited a similar pattern. There
were significant decreases in the activity of these enzymes, with the lowest being found
for treatment P0.3% (corresponding to a decrease of 46.23%, p < 0.001, for pepsin activity
and 53.29%, p < 0.001, for trypsin activity), followed by E0.3% (20.41%, p = 0.010, for
pepsin activity and 27.92%, p = 0.012, for trypsin activity) and P1.5% (27.89%, p = 0.012, for
trypsin activity, but no significant differences from the CTR for pepsin activity) (Figure 3B,C,
Table S1).
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Figure 3. Digestive function biomarkers in the gastrointestinal tract of S. aurata fed the experimental
diets after 30 days of prophylactic supplementation under control temperature conditions: amylase
activity, reflected through maltose concentration ((A); mg maltose mg−1 protein), pepsin activity
((B); nmol min−1 mg−1 protein), trypsin activity ((C); nmol min−1 mg−1 protein). Different letters
indicate significant differences (p < 0.05) between treatments. CTR—control feed; E0.3%—feed sup-
plemented with 0.3% of L. digitata extract; P0.3%—feed supplemented with 0.3% of dried powdered
L. digitata; P1.5%—feed supplemented with 1.5% of dried powdered L. digitata.

Regarding FAME profile, palmitic acid (16:0) was the main saturated fatty acid (SFA)
for all treatments, followed by stearic acid (18:0) and myristic acid (14:0). As for monoun-
saturated fatty acids (MUFA), the most abundant were oleic acid (18:1 n-9), palmitoleic acid
(16:1 n-7), and vaccenic acid (18:1 n-7), regardless of the treatment. Docosahexaenoic acid
(DHA, 22:6 n-3), linoleic acid (18:2 n-6), and eicosapentaenoic acid (EPA, 20:5 n-3) were
the predominant polyunsaturated fatty acids (PUFA). No statistically significant variations
were found between treatments for these main fatty acids, neither for the sum of total
SFA, MUFA, PUFA, PUFA n-3, and PUFA n-6 (p > 0.05, Table 1). Still, some notable non-
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significant trends were observed: the concentration of 18:1 n-9, 18:1 n-7, and 16:1 n-7 were
apparently lower in E0.3%, resulting in lower ΣMUFA, with this trend also seen for the
treatment P0.3%. Although likewise non-significantly, E0.3% presented an apparent higher
percentage of EPA and arachidonic acid (20:4 n-6), while both E0.3% and P0.3% presented
an apparent higher percentage of DHA than the CTR, resulting in an overall higher Σn-3
and ΣPUFA levels in these treatments (Table 1).

Table 1. Main fatty acids (>1%; percentage of total fatty acids, mean ± standard deviation) in the
liver of juvenile S. aurata fed the experimental diets after 30 days of prophylactic supplementation
under control temperature conditions. Absence of letters indicates lack of significant differences
(p > 0.05) between treatments. SFA: saturated fatty acids; MUFA: monounsaturated fatty acids;
PUFA: polyunsaturated fatty acids. CTR—control feed; E0.3%—feed supplemented with 0.3% of
L. digitata extract; P0.3%—feed supplemented with 0.3% of dried powdered L. digitata; P1.5%—feed
supplemented with 1.5% of dried powdered L. digitata. p-value: one-way ANOVA p-value for
each variable.

CTR E0.3% P0.3% P1.5% p-Value

14:0 2.61 ± 0.43 2.63 ± 0.24 2.45 ± 0.16 2.93 ± 0.07 0.372
16:0 14.69 ± 0.50 16.52 ± 0.35 16.30 ± 1.06 15.79 ± 0.19 0.150
18:0 5.30 ± 0.90 5.23 ± 0.07 5.38 ± 0.31 5.15 ± 0.53 0.797

ΣSFA 24.51 ± 1.27 26.15 ± 0.33 25.61 ± 0.84 25.36 ± 0.28 0.313
16:1 n-7 4.43 ± 0.57 3.71 ± 0.03 3.82 ± 0.32 4.45 ± 0.03 0.120
18:1 n-7 3.13 ± 0.11 2.63 ± 0.05 2.79 ± 0.21 2.93 ± 0.12 0.058
18:1 n-9 22.64 ± 3.08 17.14 ± 0.67 18.64 ± 2.24 21.43 ± 0.60 0.155
20:1 n-9 1.20 ± 0.37 1.10 ± 0.01 1.07 ± 0.09 1.43 ± 0.06 0.430
ΣMUFA 33.62 ± 3.81 26.46 ± 0.85 28.21 ± 3.10 32.39 ± 0.46 0.113
18:2 n-6 11.41 ± 1.60 10.28 ± 0.10 10.66 ± 0.43 11.43 ± 0.65 0.451
18:3 n-3 2.19 ± 0.46 1.95 ± 0.06 1.97 ± 0.12 2.18 ± 0.18 0.599
20:4 n-6 1.33 ± 0.36 2.01 ± 0.02 1.78 ± 0.31 1.37 ± 0.11 0.130
20:5 n-3 5.85 ± 0.97 7.22 ± 0.28 6.62 ± 1.05 5.73 ± 0.01 0.186
22:5 n-3 2.38 ± 0.36 2.70 ± 0.24 2.79 ± 0.34 2.65 ± 0.64 0.623
22:6 n-3 10.29 ± 2.63 15.38 ± 0.16 14.70 ± 1.94 10.90 ± 0.02 0.121
ΣPUFA 37.75 ± 2.29 43.70 ± 0.43 42.49 ± 2.12 33.22 ± 7.20 0.106

ΣPUFA n-3 22.84 ± 3.41 29.21 ± 0.56 27.98 ± 2.16 23.47 ± 0.41 0.097
ΣPUFA n-6 14.16 ± 1.25 13.82 ± 0.13 13.86 ± 0.27 14.03 ± 0.52 0.867

3.2. The Effects of L. digitata Supplementation upon MHW Exposure

Upon exposure to the MHW, both CAT and GST enzyme activities significantly de-
creased (i.e., differences between CTR and CTR–MHW: 32.88%, p = 0.034, Figure 3A and
35.75%, p = 0.002, Figure 3B, respectively; Table S1). Such reduction was not seen in the
supplemented treatment P0.3%–MHW, which had significantly higher enzymatic activi-
ties than CTR–MHW, corresponding to a 67.90% increase for CAT (p = 0.003, Figure 3A,
Table S1) and 51.04% for GST (p = 0.008, Figure 3B, Table S1). On the other hand, the other
two supplemented treatments presented similar CAT and GST activities to CTR–MHW
treatment (p > 0.05). As for SOD, its activity levels did not differ between treatments
(p > 0.05, Figure 4C, Table S1). LPO levels, on the other hand, differed between all other
treatments and E0.3%, which presented significantly higher values (4-fold in relation to
CTR–MHW, p < 0.001; Figure 4D, Table S1).
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Figure 4. Oxidative stress biomarkers in the gastrointestinal tract of S. aurata fed the experimental
diets at the end of the 7-day exposure to the peak temperature of the MHW: catalase activity (A);
CAT; nmol min−1 mg−1 protein), glutathione S-transferase activity ((B); GST; nmol min−1 mg−1

protein), superoxide dismutase activity ((C); SOD; % inhibition), and lipid peroxidation, expressed
as MDA content ((D); nmol MDA mg−1 protein). Different letters indicate significant differences
(p < 0.05) between treatments; the absence of letters indicate lack of statistical differences (p > 0.05).
CTR—control feed maintained under control temperature; CTR–MHW—control feed exposed to
MHW conditions; E0.3%–MHW—feed supplemented with 0.3% of L. digitata extract exposed to MHW
conditions; P0.3%–MHW—feed supplemented with 0.3% of dried powdered L. digitata exposed to
MHW conditions; P1.5%–MHW—feed supplemented with 1.5% of dried powdered L. digitata exposed
to MHW conditions.

The exposure to MHW did not produce significant differences in digestive enzymes
activities (i.e., no differences between CTR and CTR–MHW, p > 0.05; Table S1). Amylase
activity was enhanced in treatment P1.5%–MHW relatively to both CTR and CTR–MHW
(56.75% and 65.18%, respectively, p < 0.001; Figure 5A, Table S1), whereas lower activity
occurred in treatment P0.3%–MHW compared to CTR only (30.72%, p = 0.019; Figure 5A,
Table S1). On the other hand, trypsin activity was significantly lower in treatment P1.5%–
MHW compared to all others (corresponding to a reduction of 62.52% compared to CTR–
MHW with p < 0.001 as shown in Figure 5C and Table S1). Regarding pepsin activity,
significant differences were found only between CTR and both P1.5%-HW and P0.3%-
HW (corresponding to a decrease of 28.37% with p = 0.017 and 27.21% with p = 0.030,
respectively, as shown in Figure 5B and Table S1).
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Figure 5. Digestive function biomarkers in the gastrointestinal tract of S. aurata fed the experimental
diets at the end of the 7-day exposure to the peak temperature of the MHW: amylase activity, re-
flected through maltose concentration ((A); mg maltose mg−1 protein), pepsin activity ((B); nmol
min−1 mg−1 protein), and trypsin activity ((C); nmol min−1 mg−1 protein). Different letters in-
dicate significant differences (p < 0.05) between treatments. CTR—control feed maintained under
control temperature; CTR–MHW—control feed exposed to MHW conditions; E0.3%–MHW—feed
supplemented with 0.3% of L. digitata extract exposed to MHW conditions; P0.3%–MHW—feed sup-
plemented with 0.3% of dried powdered L. digitata exposed to MHW conditions; P1.5%–MHW—feed
supplemented with 1.5% of dried powdered L. digitata exposed to MHW conditions.

As before the MHW event, the main SFA for all treatments were palmitic acid, stearic
acid, and myristic acid, the main MUFA were oleic acid, palmitoleic acid, and vaccenic acid,
and the main PUFA were DHA, linoleic acid, and EPA, regardless of the treatment. The
MHW resulted in a few statistically significant alterations (i.e., between CTR–MHW and
CTR): a decrease in the percentage of palmitoleic acid (p = 0.024), linoleic acid (p = 0.037),
and ΣPUFA n-6 (p = 0.011). Additionally, although non-significantly, there was an increasing
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trend in the percentages of 16:0, 18:0, and ΣSFA post-MHW (Table 2). Both the E0.3%–
MHW and P0.3%–MHW treatments presented statistically higher values than the treatment
CTR–MHW which were no different to that of the CTR in regard to ΣPUFA n-6 (p > 0.05).
Additionally, E0.3%–MHW presented significantly higher 18:2 n-6 percentage values than
CTR–MHW, which were similar to CTR as well (p > 0.05). Finally, E0.3%–MHW presented
significantly lower percentages of 18:0 compared to CTR–MHW (p = 0.042) (Table 2).

Table 2. Main fatty acids (>1%; percentage of total fatty acids, mean ± standard deviation) in the liver
of juvenile S. aurata fed the experimental diets at the end of the 7-day exposure to the peak temperature
of the MHW. Different letters indicate significant differences (p < 0.05) between treatments, and
their absence indicates lack of significant differences (p > 0.05). SFA: saturated fatty acids; MUFA:
monounsaturated fatty acids; PUFA: polyunsaturated fatty acids. CTR—control feed maintained
under control temperature; CTR-HW—control feed exposed to MHW conditions; E0.3%–MHW—
feed supplemented with 0.3% of L. digitata extract exposed to MHW conditions; P0.3%–MHW—feed
supplemented with 0.3% of dried powdered L. digitata exposed to MHW conditions; P1.5%–MHW—
feed supplemented with 1.5% of dried powdered L. digitata exposed to MHW conditions. p-value:
one-way ANOVA p-value for each variable.

CTR CTR-HW E0.3%-HW P0.3%-HW P1.5%-HW p-Value

14:0 2.83 ± 0.21 2.23 ± 0.11 2.82 ± 0.42 2.75 ± 0.23 2.40 ± 0.30 0.095
16:0 15.63 ± 0.48 b 16.72 ± 0.29 ab 15.76 ± 1.04 ab 16.61 ± 0.36 ab 17.86 ± 0.46 a 0.033
18:0 5.20 ± 0.61 ab 6.06 ± 0.13 a 4.90 ± 0.19 b 4.86 ± 0.33 ab 5.70 ± 0.19 ab 0.039

ΣSFA 23.59 ± 0.55 ab 24.85 ± 0.05 ab 22.63 ± 0.34 ab 23.11 ± 0.96 b 25.11 ± 0.52 a 0.026
16:1 n-7 4.41 ± 0.08 a 3.50 ± 0.14 b 4.13 ± 0.44 ab 4.06 ± 0.01 ab 3.47 ± 0.39 b 0.012
18:1 n-7 2.91 ± 0.09 2.62 ± 0.04 2.76 ± 0.29 2.59 ± 0.12 2.42 ± 0.21 0.127
18:1 n-9 21.32 ± 1.92 17.94 ± 0.59 19.25 ± 1.88 18.65 ± 0.13 16.83 ± 1.40 0.050
20:1 n-9 1.29 ± 0.28 1.05 ± 0.10 1.12 ± 0.88 1.09 ± 0.04 0.96 ± 0.16 0.437
ΣMUFA 32.11 ± 2.22 27.29 ± 0.93 28.95 ± 2.95 28.20 ± 0.36 25.51 ± 2.28 0.067
18:2 n-6 10.91 ± 0.65 a 9.63 ± 0.25 b 11.01 ± 0.13 a 10.96 ± 0.34 ab 9.64 ± 0.55 b 0.005
18:3 n-3 2.13 ± 0.21 ab 1.80 ± 0.05 ab 2.12 ± 0.07 a 2.16 ± 0.21 ab 1.69 ± 0.11 b 0.033
20:4 n-6 1.36 ± 0.27 b 1.92 ± 0.05 ab 1.53 ± 0.28 ab 1.61 ± 0.0 ab 2.06 ± 0.24 a 0.019
20:5 n-3 5.54 ± 0.64 6.72 ± 0.45 6.12± 0.40 6.55 ± 0.62 6.24 ± 0.39 0.147
22:5 n-3 2.29 ± 0.20 2.39 ± 0.12 2.67 ± 0.23 2.51 ± 0.13 1.28 ± 0.17 0.081
22:6 n-3 11.71 ± 1.49 16.70 ± 0.36 14.83 ± 3.18 15.32 ± 1.14 18.89 ±2.70 0.057
ΣPUFA 38.33 ± 2.09 42.89 ± 0.36 42.45 ± 3.12 42.92 ± 2.05 44.05 ± 2.44 0.168

ΣPUFA n-3 23.85 ± 2.18 29.43 ± 0.42 27.83 ± 3.06 28.52 ± 1.84 30.64 ± 2.73 0.123
ΣPUFA n-6 13.77 ± 0.29 a 12.94 ± 0.09 b 13.94 ± 0.16 a 13.79 ± 0.22 a 12.97 ± 0.31 b <0.001

4. Discussion
The present study provides novel data regarding the interactive effects of macroalgae

supplementation and MHW events on digestive performance and lipid metabolism in
farmed fish. Such information is crucial to validate the effectiveness of dietary modulation
approaches in both optimal and sub-optimal environmental conditions. These findings
complement the work previously conducted by our team [14,26], which reported the benefi-
cial effects of L. digitata supplementation on S. aurata immune system, growth performance,
and liver antioxidant response.

4.1. L. digitata Supplementation Under Control Temperature Conditions

The gastrointestinal tract plays a crucial role in marine organisms, being the only
site for nutrient absorption and contributing to fish overall performance [42], and it is
particularly sensitive to dietary modulations [25]. Oxidative stress biomarkers are key
indicators of organism’s health, as antioxidant defence systems are of utmost relevance to
evaluate the health of organisms. This system constitutes the first line of cellular protection

https://doi.org/10.3390/environments13010025

https://doi.org/10.3390/environments13010025


Environments 2026, 13, 25 13 of 20

against the build-up of harmful reactive oxygen species, which can cause lipid and protein
damage [42,43]. The macroalgae L. digitata contains an abundance of bioactive compounds,
such as laminarin, fucoidan, or β-glucans, with the ability to neutralize free radicals and/or
boost antioxidant scavengers’ activity and, thus, reduce oxidative stress [19,23,26,44,45].
The results observed for the fish gut in the present study were consistent with the trends
previously reported in our initial work on liver [27]. Macroalgae supplementation under
optimal rearing conditions triggered significant decreases in the activities of SOD (P0.3%),
CAT (all treatments), and GST (P1.5%), which is likely associated with a protective effect of
L. digitata that effectively reduced oxidative stress, thereby lowering the requirement for
primary antioxidant enzymatic action. The elevated GST activity observed in treatment
P0.3% indicates a stimulated phase II detoxification response, leading to enhanced removal
of peroxidised cell membrane lipids. Previous studies involving S. aurata and Salmo salar
supplemented with higher doses of Laminaria spp. (1.5–10%) described both an enhance-
ment and inhibition of antioxidant defences [26,30,46]. These discrepancies among studies
likely reflect species-, tissue-, inclusion-dose-, and formulation-dependent responses.

In accordance with a lower oxidative state, LPO levels were markedly lower for fish
fed with powdered macroalgae, further confirming the effectiveness of the L. digitata sup-
plementation in its dry powder form in preventing cell damage. Conversely, this beneficial
effect was not observed in fish supplemented with the macroalgae in the extract form
(i.e., increased lipid damage), potentially due to changes in feed digestibility and/or in-
creased bioavailability of specific bioactive compounds (e.g., phenolic compounds, such as
phlorotannin) with reported adverse pro-inflammatory effects in high doses [47]. Previous
studies have reported a stimulation of lipid degradation following powdered macroalgae
supplementation, although the inclusion levels reported were much higher than those
herein tested (5–7.5%) [48,49].

Fish welfare is intrinsically related with gut health, and gastrointestinal enzyme activ-
ity strongly influences physiological status [50,51]. Dietary macroalgae supplementation
has been shown to modulate the digestive and absorptive processes [18]. Brown macroal-
gae are described as relevant sources of complex polysaccharides, phenolic compounds,
and alginates that act as α-amylase inhibitors [36]. In line with this, supplemented fish
exhibited decreased amylase activity, particularly when L. digitata was added as an extract.
This was most likely caused by the presence of inhibiting compounds and/or less digestible
polysaccharides that can compromise digestive enzyme secretion or activity, especially in
carnivorous species that have naturally low capacity to digest carbohydrates [52]. Similarly,
pepsin and trypsin activities were also reduced in supplemented fish regardless of the
inclusion form. This suggests, once again, the potential presence of antinutritional factors
in L. digitata, such as tannins, alginates, or phenolic compounds, that act as proteolytic
inhibitors by either binding to dietary proteins and/or digestive enzymes, altering gut pH
or viscosity, or forming indigestible complexes [20,49,53,54].

The suppression of the aforementioned enzymes’ activity can be linked to decreased
digestive functionality and nutrient utilization, raising concerns for aquaculture. How-
ever, the same L. digitata-supplemented feeds utilized in this study were not previously
associated with compromised feed efficiency and growth rate [27], indicating that these
feeds are still nutritionally balanced and the alterations on digestive enzymatic activities
were not severe enough to impair nutrient conversion. Moreover, it has been observed that
S. salar digestive tracts became heavier and longer upon Laminaria spp. supplementation,
suggesting an increased surface area and retention time for digestion [30]. This would
allow enzymes to remain active for a longer period [55], meaning that their activity can
be lowered while maintaining similar functionality. Alternatively, algae probiotics can
stimulate the growth of non-harmful microbiota, which has been associated to the secretion
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of digestive enzymes [56,57]. In this context, we hypothesize that the microbiocidal activity
of some macroalgae compounds could, conversely, partially inhibit the growth of beneficial
microbiota and associated enzyme production [20,24].

Lipid metabolism is a critical component in the assessment of dietary supplementa-
tion of farmed fish species, as it directly influences animal growth performance, tissue
composition, and overall physiological health status. Understanding processes by which
different fish species metabolize dietary lipids allows feed producers and farmers to op-
timize aquafeed formula’s nutritional balance (i.e., ratio of lipids to carbohydrates and
proteins) towards the enhancement of energy efficiency, animal growth, and immuno-
competence. A thirty-day supplementation with L. digitata did not significantly alter liver
fatty acid composition of S. aurata, suggesting that the inclusion of the macroalgae did not
influence fish lipid metabolism. This finding is consistent with the pattern reported by [58],
in which S. aurata muscle fillets’ fatty acids profile was assessed upon supplementation
with L. digitata at 10%. Nonetheless, the non-significant increase in the present study found
in ΣPUFA and Σn-3, only for both E0.3% and P0.3%, should not be overlooked, since these
are essential to support organ function and overall animal welfare.

4.2. L. digitata Supplementation upon MHW Exposure

As discussed above, antioxidant enzymes are typically elevated by stress exposure.
Yet, under sustained or severe stress conditions, enzyme inhibition can also occur as a
result of protein denaturation, oxidative damage to the enzymes themselves, or depletion
of antioxidant substrates [27,43,59]. Exposure to the MHW had some mild effects on the
antioxidant defence system of S. aurata, namely the inhibition of CAT and GST activities.
Despite the lowered defences, peroxidation of cell membrane lipids was not significantly
enhanced (i.e., LPO levels remained similar between CTR and CTR-HW). However, this
result could be related with the duration of the trial, i.e., the duration of the MHW event
was not long enough to elicit severe effects.

Overall, dietary supplementation with L. digitata did not counteract the inhibition
of antioxidant scavengers elicited by the MHW, except for treatment P0.3%–MHW, in
which GST and CAT activity values were closer to optimal/baseline levels (i.e., similar
values to those found for fish in CTR). As observed under optimal rearing conditions, upon
exposure to the MHW, fish from E0.3% kept experiencing an increase in LPO levels, further
confirming the pro-inflammatory action of this feed formulation, regardless of temperature
conditions. Remarkably, in our previous work [27], this same feed formulation reduced
LPO levels in S. aurata liver under a MHW simulation, showcasing how different tissues
respond in distinct ways to dietary modulation and/or stressful environmental conditions.

Consistent with control temperature conditions, the effects of inclusion form (dried
powder versus extract) on antioxidant fish responses remain evident under MHW exposure.
Indeed, macroalgae processing and extraction may remove or cleave particular bioactive
compounds, either allowing fish to better access them [49] or altering their bioactivity [60].
It is probable that the subcritical extraction through which L. digitata extracts were obtained
and the addition to feed pellets (which involves exposure to high temperatures during
extrusion; [27]) partially influenced the type and bioavailability of compounds present in the
final aquafeed formula [61]. The contradictory results amongst numerous studies indicate
the necessity to conduct further research focused on comparisons between macroalgae
processing methods and diet manufacturing procedures, as well as on comprehensive
feed characterization (an extensive characterization of the L. digitata dried powder and
sub-critical extracts utilized in the present work is currently underway in the scope of
another study from our team).
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Regarding digestive capacity, the exposure to the MHW did not result in significant
changes, evidencing the minor impact that these acute thermal events may have on fish
gastrointestinal physiology, as opposed to other tissues [43]. Under these conditions,
a higher inclusion level (1.5%) of L. digitata increased amylase and decreased trypsin
activities, suggesting dose-dependent modulation of digestive capacity under thermal
stress. To the best of our knowledge, this is the first study addressing the effects of
L. digitata supplementation on digestive capacity under sub-optimal thermal conditions,
which hampers appropriate comparisons of the present results with previous studies.

Thermal stress can disrupt normal lipid synthesis, mobilization, and oxidation, affect-
ing energy homeostasis, membrane fluidity, and overall physiological performance [55]. In
the present study, exposure to the MHW significantly decreased the percentage of palmi-
toleic and linoleic acids, as well as Σn-6 fatty acids, which may compromise membrane
structure and inflammatory signalling. Conversely, the non-significant tendency toward
higher ΣSFA, 16:0, and 18:0 could indicate increased membrane saturation. The liver plays
an essential role in fatty acid metabolism, with these processes being severely affected by
temperature [62,63]. In particular, n-6 PUFAs biosynthesis depend on hepatic enzymes that
present lower activity at higher temperatures [64], and thermal stress can specifically com-
promise linoleic acid metabolism in fish [65]. Overall, thermal stress could have altered lipid
metabolism by impairing metabolism pathways or downregulated key enzymes involved
in the conversion of SFA to MUFA/PUFA. As suggested by [66], the present alterations
could also be connected to a homeoviscous adaptation, which is based on the maintenance
of cell membranes’ fluidity in response to temperature fluctuations. Additionally, the ob-
served reduction in certain fatty acids may be associated with increased liver lipid damage
caused by thermal stress (see [27]). On the other hand, a decrease in specific fatty acids (e.g.,
palmitoleic and linoleic acids) can likewise be linked to increased metabolic requirements
and energy needs at higher temperatures or stress situations that were not overcome via
diet [62]. This latter hypothesis, together with the fact that macroalgae-supplemented
feeds can prevent thermal stress-related liver lipid damage [27], is better supported by
the attenuation of these alterations in the 0.3% supplemented-diet treatments. All in all,
the outcomes of the present study highlight that MHWs negatively impact liver lipid
metabolism, which were partially mitigated through L. digitata dietary supplementation
at lower doses (0.3%), regardless of the incorporation form. However, the use of powder
L. digitata may be more economically feasible compared to the extract-feed, due to the
additional costs associated with this processing method. Hence, the powdered low-dose
supplementation may represent a more practical option in commercial applications.

5. Conclusions
This study aimed to investigate the potential benefits of L. digitata supplementation on

the gastrointestinal health and liver fatty acid composition of farmed gilthead seabream
(S. aurata), as well as to understand whether this macroalgae can provide antioxidant and
digestive protection under thermal stress conditions. Under optimal environmental condi-
tions, feeds enriched with dried macroalgae powder (both at P0.3% and P1.5% inclusion
levels) enhanced antioxidant capacity and reduced lipid peroxidation in the fish gastroin-
testinal tract. Furthermore, despite diminishing digestive enzymes activities, L. digitata
supplementation did not substantially influence nutrient conversion and lipid metabolism.
The simulated MHW condition did not impair fish digestive function nor did it elicit severe
oxidative damage, which can be attributed either to the resilience of the gastrointestinal
system to acute temperature changes or to the thermal optimal range of the model fish
species. Nonetheless, the MHW reshaped the liver fatty acid profile (i.e., decreasing the
percentage of some specific fatty acids and total n-6 PUFAs), most likely to follow up the
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higher energy demands due to enhanced fish metabolism. The feed supplemented with
0.3% L. digitata powder somewhat mitigated these effects by either allowing the fish to
maintain favourable antioxidant defences or preventing changes in lipid metabolism.

Taken together, the present results align with our previous findings, confirming that
L. digitata is a promising ingredient that can be used to benefit fish well-being while
simultaneously contributing to the sustainability of the aquaculture industry. Considering
the gut tissue damage caused by the 0.3% extract feed under both optimal and sub-optimal
conditions, as well as the lack of protective effects of the 1.5% powder feed under sub-
optimal conditions, the aquafeed containing 0.3% dried macroalgae powder stood out
as the most balanced and cost-effective formula from a gastrointestinal physiology and
lipid metabolism standpoint. Nonetheless, the formulation of macroalgae supplemented
aquafeeds should be tailored to the producer’s objectives, as the beneficial outcomes that
they promote can substantially vary across species and life stage, as well as tissues and
physiological endpoints.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/environments13010025/s1, Table S1: biomarker levels in juvenile
Sparus aurata for each treatment and sampling time (mean ± standard deviation) and their statis-
tical comparison (p-value). CAT: catalase activity (nmol min−1 mg−1 protein); GST: glutathione S-
transferase activity (nmol min−1 mg−1 protein); SOD: superoxide dismutase activity (% of inhibition);
LPO: lipid peroxidation levels (nmol MDA mg−1 protein); pepsin: pepsin activity (nmol min−1 mg−1

protein); trypsin: trypsin activity (nmol min−1 mg−1 protein); amylase: amylase activity (mg mal-
tose mg−1 protein). p-value: one-way ANOVA p-value for each variable; and Table S2: fatty acid
composition in liver of juvenile Sparus aurata for each treatment (%, percentage of total fatty acids,
mean ± standard deviation). SFA: saturated fatty acids; MUFA: monounsaturated fatty acids; PUFA:
polyunsaturated fatty acids.
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