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Abstract: Fortifying fish feeds with bioactive compounds, such as enzymes and antioxidants, has
been an adopted strategy to improve feed nutritional quality and sustainability. However, feed
additives can lose activity/effectiveness during pelleting and storage processes. This work aimed
to monitor functional activity stability in feeds supplemented with a bioactive extract, including
cellulases, xylanases, and antioxidants. This bioactive extract (FBE) was produced by Aspergillus
ibericus under solid-state fermentation of olive mill and winery by-products. Two isoproteic and
isolipidic diets were formulated and unsupplemented or supplemented with lyophilized FBE (0.26%
w/w). Both diets were stored at room temperature (RT) or 4 ◦C for 4 months. Results showed that feed
storage at 4 ◦C enhanced the stability of the enzymes and cellulase was more stable than xylanase.
Compared to RT, storage at 4 ◦C increased cellulase and xylanase half-life by circa 60 and 14%.
Dietary FBE supplementation increased antioxidant activity and storage at 4 ◦C reduced antioxidant
activity loss, while in the unsupplemented diet, antioxidant activity decreased to the same level in
both storage temperatures. Dietary supplementation with FBE reduced lipid peroxidation by 17 and
19.5% when stored at 4 ◦C or RT, respectively. The present study is a step toward improving the
storage conditions of diets formulated with bioactive compounds.

Keywords: antioxidants; enzymes; functional aquafeeds; shelf-life; solid-state fermentation

1. Introduction

Fisheries and aquaculture support global fish production, both being key sectors
to ensure food supply. Fisheries production reached a maximum and stagnated since
the 1990s, while aquaculture has been on a steady rise [1]. This growth of aquaculture
production has been raising concerns due to the reliance on fish meal and fish oil to produce
aquafeeds [1]. These ingredients were mainly produced from whole fish. However, driven
by the increased demand and price of these ingredients, as well as fish stock depletion,
more fish by-products are used for fish meal and oil production, accounting for about
54% of European fish meal production [2]. Nowadays, plant feedstuffs have become the
main ingredients in feeds, while fishmeal and oil have become high-value feedstuffs with
strategic applications [3]. The main limitation of using plant feedstuffs in aquafeed is the
presence of anti-nutritional factors such as non-starch polysaccharides (NSP) [4,5]. NSP may
impair nutrient availability by increasing digesta viscosity [5], reducing access of digestive
enzymes to the substrate, and slowing down gastrointestinal transit [5]. Furthermore,
dietary NSP may also compromise fish growth performance and induce undesirable gut
morphology and physiology alterations, impairing nutrient absorption and gut health [6].
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Functional feed additives became a critical tool to surpass some of these challenges
in settling sustainable aquaculture practices. Feed additives, including enzymes, organic
acids, yeast products, probiotics, phytogenics, and mycotoxin binders, have a large array of
compositions and applications [7]. Some feed additives may be used to increase the feed’s
nutritional properties, reduce the anti-nutritional factors’ harmful effects, and promote
feed consumption by the fish [8–11]. Others raise the possibility of including higher levels
of more sustainable and cheaper ingredients, such as plant by-products [12]. And others
may also enhance the fish’s immune and health status [13–18], thus reducing the need for
antibiotics use in aquaculture [7].

The main functional feed additives used to increase NSP digestibility are enzymes,
such as xylanases and cellulases. Some of these enzymes are authorized to be used as feed
additives for chickens, turkeys, laying hens, minor poultry species, weaned piglets, pigs,
and fish [19,20]. Positive effects of dietary xylanase and cellulase supplementation were
observed in several fish species, for instance, by enhancing growth, feed digestibility, and
digestive enzyme activities in yellow river carp (Cyprinus carpio) [21]; modulating gut mi-
crobiota of African catfish (Clarias gariepinus) [22]; increasing the digestibility of dietary dry
matter, energy, total carbohydrates, and NSP in Nile tilapia (Oreochromis niloticus) [23]; and
increasing digestibility of dry matter, energy, and starch in European Seabass (Dicentrarchus
labrax), meagre (Argyrosomus regius) [24], white seabream (Diplodus sargus) [25], and turbot
(Scophthalmus maximus) [26].

The main challenges of using enzymes as feed additives are their cost and stability
during feed manufacturing and storage, which may decrease their efficacity due to denat-
uration processes [27]. One strategy to reduce the costs is the production of enzymes by
solid-state fermentation (SSF) using low-cost agro-industrial by-products [28]. For example,
cellulase production costs using SSF are circa 2.6-fold lower than traditional production by
submerged fermentation [29]. SSF is a green bioprocess that occurs in the absence or near
absence of free-running/circulating water [30]. The microorganisms better adapted to SSF
are filamentous fungi due to their hyphal way of growth, allowing them to penetrate and
disrupt the substrate and to have a high tolerance for low water activity conditions [31].
Fungi produce different types of exoenzymes, including lignocellulolytic enzymes like
cellulase, xylanase, and β-glucosidases [32].

Quality management, from ingredient production to feed manufacture and processing,
is essential for consistent and high-quality feed production. In addition, it is also crucial to
ensure that the feed nutritional profile remains unchanged during storage [33]. However,
many processes can negatively affect the quality of the feeds. Oxidation is one of these
processes that may diminish feed quality during production and storage. Oxidation
can occur by various mechanisms, such as autoxidation, photosensitized, thermal, and
enzymatic oxidation. Feed contact with atmospheric oxygen reacts with radicals and
causes autoxidation [34,35]. The ingestion of an oxidated lipids diet may induce several
fish pathologies, such as liver degeneration, skeletal anomalies, anemia, hemolysis, and
jaundice [36,37]. Long shelf storage of fish feeds, both at room and low temperatures
may cause lipid degradation and decrease protein content [38]. Fish diets are rich in
polyunsaturated fatty acids (PUFA) and are highly susceptible to lipid peroxidation [34,35].
Antioxidants have been added to diets to prevent lipid oxidation, increasing the shelf life of
fish feeds [39,40]. Moreover, dietary antioxidants may also reduce reactive oxygen species
during fish metabolism, avoiding deterioration of fish health status. Ethoxyquin (EQ)
has been used in fish feed as an antioxidant [41]. However, the European Union recently
banned its use due to concerns about the mutagenic and carcinogenic properties of this
product [42,43]. This has led to the search for other antioxidant compounds capable of
limiting the oxidation of lipids.

Wineries and olive mills in Europe account for most of the world’s olive oil and wine
production [44,45], generating large amounts of by-products. The use of these by-products
is currently limited due to their phytotoxic effects if used as fertilizers [46], and therefore
they are typically burned as fuel. These by-products are rich in antioxidant compounds [47]
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bound to the plant cell walls [48,49], which reduces their bioavailability. SSF of these
by-products with fungi may promote the release of cell wall-bound antioxidants and the
production of enzymes, such as xylanase and cellulase [32,50]. From a circular economy
strategy, the reutilization of these by-products is crucial for the environmental sustainability
of these agricultural industries.

The evaluation of the stability of enzymes and antioxidants produced by SSF is crit-
ical to determine its dietary inclusion level, feed storage conditions, and shelf life. The
stability of enzymes such as cellulase and xylanase is affected by feed manufacture, mainly
associated with pelleting temperatures and storage conditions of feed. [51]. Adding the
enzymes before feed pelleting promotes the homogeneous distribution of enzymes and
their incorporation within the pellets. However, as aforementioned, the processing of
pelleted diets can affect enzyme stability [52].

This work aimed to study the stability of a bioactive extract rich in cellulase, xylanase,
and phenolic compounds obtained from the solid-state fermentation of winery and olive
mills by-products. For that purpose, the extract was incorporated into a typical marine
fish feed, and the cellulase, xylanase, antioxidant activity, and lipid peroxidation were
evaluated during 183 days of storage at room temperature and 4 ◦C.

2. Materials and Methods
2.1. Raw Material and Microorganisms

A previously optimized mixture for producing bioactive compounds [53], including
30% exhausted grape marc, 36% vine shoot trimmings, and 34% exhausted olive pomace,
was used as substrate in SSF with Aspergillus ibericus MUM 03.49.

2.2. Production of Bioactive Extract

The moisture of the substrate mixture was adjusted to 75% (w/w) and autoclaved
(121 ◦C, 15 min) before SSF. Afterwards, 400 g of the mixture was placed in trays (dimen-
sions 43 × 33 × 7 cm) and inoculated with 2 × 106 spores of Aspergillus ibericus per gram of
substrate mixture. SSF was carried out for 7 days at 25 ◦C. At the end of SSF, an aqueous
extraction of the fermented substrate was performed (1 mL distilled water: 5 g of fermented
mixture w/v) with constant stirring for 30 min. The mixture was then filtered through a
fine-mesh net and centrifuged (11,200× g, 10 min, 4 ◦C). The supernatant was filtered by
vacuum through filter paper (11 µm pore size), lyophilized (−51 ± 1 ◦C; 30–50 mTorr), and
then stored at −20 ◦C until utilization. The lyophilized extract was denominated as FBE.

2.3. Experimental Diets

Two isoproteic (48% crude protein) and isolipidic (16% crude lipids) experimental
diets were formulated, one unsupplemented (control diet) and another supplemented with
0.26% (w/w) FBE to contain 1550 U cellulase kg−1. Dietary ingredients were finely ground,
mixed, and dry pelleted in a laboratory pellet mill (California Pellet Mill, Crawfordsville,
IN, USA) with a 2 mm die. Pellets were then dried at 40 ◦C for 48 h to reduce the water
content to circa 10%. The diets were stored at room temperature (averaging 25 ◦C) or
at 4 ◦C in the dark. Two samples were taken from diets stored at both temperatures on
day 1 and after 14, 28, 42, 56, 91, and 119 days of storage. The antioxidant activity, lipid
peroxidation, and enzyme activity of xylanase, cellulase, and protease were screened at
both temperatures in all sampling times.

Ingredient and proximate analyses of experimental diets are present in Table 1.
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Table 1. Ingredient and proximate analyses of experimental diets.

FBE-Unsupplemented Diet FBE-Supplemented Diet

Ingredients (% dry matter)
Fish meal 9.8 9.8

Soluble fish protein concentrate 4.9 4.9
Wheat gluten meal 18.6 18.6

Soybean meal 9.8 9.8
Rice bran meal 9.8 9.8
Sunflower meal 8.8 8.8
Rapeseed meal 7.8 7.8

Wheat meal 6.3 6.1
Hemoglobin 4.9 4.9

Taurine 0.5 0.5
Lysine 0.6 0.6

Methionine 0.2 0.2
Fish oil 12.3 12.3

Vitamin premix 1 1.0 1.0
Choline chloride (50%) 0.5 0.5

Mineral premix 2 1.0 1.0
Binder 3 1.0 1.0
CaHPO 4 1.0 1.0

Hydrolyzed shrimp 1.2 1.2
FBE 4 0.26

Proximate analyses (% dry weight)
Dry matter (%) 92.9 92.3
Crude protein 47.9 48.1
Crude lipids 16.3 16.4

Starch 2.56 2.58
Ash 6.8 6.7

Gross energy (kJ g−1) 24.1 24.2
Antioxidant activity (µmol of Trolox

equivalents g−1) 18.4 19.8

Enzymatic activity (U g−1)
Xylanase 0 2.61
Cellulase 0 1.08

1 Vitamins premix (mg kg−1 diet): retinol. 18.000 (IU kg−1 diet); calciferol. 2000 (IU kg−1 diet); alpha-tocopherol.
35; menadione sodium bis. 10; thiamin. 15; riboflavin. 25; Ca pantothenate. 50; nicotinic acid. 200; pyridoxine. 5;
folic acid. 10; cyanocobalamin. 0.02; biotin. 1.5; ascorbyl monophosphate. 50; inositol. 400. 2 Minerals (mg kg−1

diet): cobalt sulfate. 1.91; copper sulfate. 19.6; iron sulfate. 200; sodium fluoride. 2.21; potassium iodide. 0.78;
magnesium oxide. 830; manganese oxide. 26; sodium selenite. 0.66; zinc oxide. 37.5; dibasic calcium phosphate.
5.9 (g kg−1 diet); potassium chloride. 1.15 (g kg−1 diet); sodium chloride. 0.4 (g kg−1 diet). 3 Binder (Aquacube.
Agil. England). 4 FBE: Lyophilized extract produced by solid-state fermentation of the olive mill and winery
by-products by Aspergillus ibericus MUM 03.49.

2.4. Xylanase and Cellulase Activity

Xylanase and cellulase activities were determined according to Fernandes et al. [8].
For xylanase, beechwood xylan (1% in citrate buffer, 0.05 N, pH 4.8) was used as the
substrate, and carboxymethylcellulose (CMC) (2% in citrate buffer, 0.05 N, pH 4.8) was
used as the substrate for cellulase. The reaction was performed at 50 ◦C for 15 min or
30 min for xylanase and cellulase, respectively, and free sugars were determined by the
DNS method [54]. Calibration curves were made using concentrations between 0 g and 2 g
of glucose or xylose L−1 for cellulase and xylanase, respectively, both in citrate buffer. In
both procedures, one unit of activity was defined as the quantity of enzyme necessary to
release 1 µmol of glucose/xylose per minute from the substrate at the reaction conditions.
Xylanase and cellulase activity was expressed as units per gram of diet (U g−1).

2.5. Proteases Activity

Protease activity was determined using azocasein (0.5% w/v in sodium acetate buffer,
50 mM, pH 5) as substrate. Diet extract (0.5 mL) was mixed with 0.5 mL of azocasein and
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incubated at 37 ◦C for 40 min. After, the reaction was stopped by adding 1 mL of 10%
trichloroacetic acid and centrifuged (1000× g, 15 min). The supernatants were recovered
and mixed with 1 mL KOH 5 N, and the absorbance was read at 428 nm. One unit of
protease activity was established as the amount of enzyme that increased by 0.01 the
absorbance relative to the blank per minute under the assay conditions. Protease activity
was expressed as units per gram of diet (U g−1).

2.6. Antioxidant Activity

Antioxidant activity was determined in vitro using the 2,2-diphenyl-1-picrylhydrazyl
(DPPH) radical scavenging assay as described in [55]. The calibration was carried out with a
concentration ranging from 100 µM to 2.125 µM of 6-hydroxy-2,5,7,8-tetramethylchroman-2
carboxylic acid (Trolox) mL−1. Results were expressed in millimoles of Trolox equivalents
per kilogram of diet (mmol Trolox kg−1).

2.7. Lipid Peroxidation

Lipid peroxidation (LPO) was assessed using the method described by Nguyen [56].
Diets were homogenized with a thiobarbituric acid solution and placed at 95 ◦C for 15 min
in a boiling water bath. Afterwards, the mixtures were cooled in ice-cold water, centrifuged
(1500× g, 15 min, at 4 ◦C), and absorbance was read at 532 nm. Results were reported as
mg malondialdehyde per kilogram of diet (mg MDA kg−1 diet).

2.8. Inactivation Parameters of Cellulases and Xylanases during Storage

The constant of the deactivation rate (kd) was analyzed following the first-order model
described by Pal et al. [57] according to the following equation:

ln
A
A0

= kd· t, (1)

where A0 is the initial activity, A is the activity at each time, kd is the constant of deactivation
rate (days−1), and t is the time of storage.

The half-life of cellulase and xylanase were calculated according to Equation (2):

t1/2 =
ln 2
kd

, (2)

where t1/2 is the half-life (days−1) and kd is the constant of deactivation rate (days−1).
The decimal reduction time (D-value) was determined according to Equation (3):

D − value =
ln 10

kd
(3)

2.9. Statistical Analysis

Data were checked for normality (Shapiro-Wilk test) and homogeneity of variances
(Levene’s test) and normalized if necessary. The enzymatic and antioxidant activity were
analyzed by one-way analysis of variance (ANOVA) and Dunnett’s test to discriminate
significant differences against the initial storage time (p < 0.05). Dietary lipid peroxidation
at each storage temperature was analyzed by two-way ANOVA, with diet and time as
fixed factors. As the interaction was significant, the diet and time effects were analyzed
by one-way ANOVA at each time and diet, respectively. For each diet and temperature,
Dunnett’s test was used to discriminate significant differences in lipid peroxidation against
the initial storage time (p < 0.05).

Data were analyzed with Statgraphics Centurion XVI software package for Windows
and IBM SPSS statistics software package version 28.
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3. Results and Discussion
3.1. Enzymatic Activities

After diet manufacturing (time 0 h), the xylanase and cellulase activities of the diet
supplemented with FBE reached 2607 U kg−1 and 1080 U kg−1 diet, respectively.

Compared to the activity post-pelleting (time 0 h), the cellulase activity of the FBE-
supplemented diet significantly decreased (p < 0.05) after 14 days of storage at RT, while at
4 ◦C it was stable for 119 days (Figure 1a). After 91 days of storage, the cellulase activity of
the FBE-supplemented diet stored at 4 ◦C was 1.4-fold higher than that stored at RT.
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Figure 1. Cellulase (a) activity of FBE-supplemented diet over storage time (days) at room tem-
perature (RT; square) and 4 ◦C (circles). The results represent the average of three independent
experiments, and the error bars represent SD. The asterisk denotes a significant difference (p < 0.05)
from the initial enzyme activity. Xylanase (b) activity of FBE-supplemented diet over storage time
(days) at room temperature (RT; square) and 4 ◦C (circles). The results represent the average of
three independent experiments, and the error bars represent SD. The asterisk denotes a significant
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The deactivation of xylanase activity of the FBE-supplemented diet, stored at RT
and 4 ◦C, is presented in Figure 1b. The xylanase activity of the diet stored at 4 ◦C only
decreased after 41 days, while that stored at RT decreased after 14 days. After 41 days, the
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loss of xylanase activity was higher at RT than at 4 ◦C. Xylanase activity of the diet stored
at 4 ◦C was 1.5-fold higher than that stored at RT after 56 days of storage.

After 119 days of storage, enzymatic activity was still detected. Cellulase lost 41.7%
and 42.4% of its initial post-pelleting activity at RT and 4 ◦C, respectively, while xylanase
lost 79.5% and 79.2% of its initial post-pelleting activity at RT and 4 ◦C, respectively.

The kinetic parameters of xylanase and cellulase activity of the FBE-supplemented diet
at RT and 4 ◦C are presented in Figure 2 and Table 2. For both enzymes, the deactivation
over storage time followed a linear model (where R2 > 0.8133 in all enzymes and conditions).
The deactivation rates of cellulase and xylanase (kd) were higher in the diet stored at RT
than that stored at 4 ◦C, thus, the storage at 4 ◦C delayed the decrease of enzymatic activity.
Half-life time (t1/2), representing the time required for the enzyme activity to be reduced to
half of its initial value, of xylanase stored at 4 ◦C and RT was lower (9 days) than that of
cellulase (81 days). Thus, refrigeration temperature had a higher impact on the increase in
the t1/2 of cellulase than on the xylanase activity. The higher t1/2 of cellulase over xylanase
showed that the stability of cellulase was higher than xylanase during storage, irrespective
of temperature. Previously, studying the thermostability of enzymes production from SSF
of brewer’s spent grain, it was observed that cellulase was more thermostable than xylanase
when exposed to temperatures from 45 ◦C to 60 ◦C [58].
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Table 2. Inactivation kinetic parameters of cellulase and xylanase stored at room temperature and 4 ◦C.

Kd (Days−1) t1/2 (Days) D-Value (Days) R2

Enzyme RT 4 ◦C RT 4 ◦C RT 4 ◦C RT 4 ◦C
Cellulase 0.0051 0.032 136 217 451 720 0.8963 0.8133
Xylanase 0.011 0.0096 63 72 209 240 0.9257 0.866

Kd: Thermal inactivation rate constant; t1/2: half-life; D-Value: Decimal reduction time; R2: coefficient of
determination of first-order model.
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The first-order model also estimated the D-values, representing the time required
for the enzyme activity to be reduced by 90% of its initial value. The higher D-value was
achieved for cellulase activity of the diet stored at 4 ◦C, which was 1.6-fold higher than
that stored at RT. Currently, dietary supplementation with exogenous enzymes has been
increasing to improve the nutritional bioavailability of plant-based diets [59]. However,
studies focusing on the stability of dietary enzymes during storage are still scarce. Fuente
et al. [60] studied the storage of a barley-based diet for poultry supplemented with cellulases
over 32 weeks at RT and observed a progressive reduction of enzyme activity, decreasing
to 42% and 33% residual activity after 3 and 6 weeks of storage, respectively. In the present
study, cellulase activity was reduced by 50% only after 19 weeks at RT and after 31 weeks
at 4 ◦C.

Studies of the shelf-life of enzymes without their incorporation into a diet are more
widely investigated. The higher stability of cellulase over xylanase was also observed
by El-Sherbiny et al. [61]. In commercial liquid feed enzymes not mixed into a diet, after
7.5 months of storage, cellulase activity was 100 and 75% of their original value when
stored at 4◦C and 30 ◦C, respectively, while xylanase residual activity was reduced to 20%
and 50% at 30 ◦C and 4 ◦C, respectively.

Cellulase activity produced by Paenibacillus chitinolyticus decreased by 33% after 9 days
of storage at 4 ◦C [62]. The storage of cellulase from Aspergillus terreus at 5 ◦C kept 75% of
its initial activity after 39 weeks of storage, while stored at RT, it only retained 40% of the
initial activity [63]. In this work, cellulase activity was reduced by 50% after 19 weeks at RT
and after 31 weeks at 4 ◦C.

In the present study, xylanase was more stable at 4 ◦C than RT. However, the t1/2 was
only delayed by 9 days. Previously, the shelf-life of xylanase produced by pseudomonas
sp. XPB-6 was studied at RT, and at 4 ◦C. Xylanase maintained its activity for 25 days at
4◦C, which was reduced to 16 days if stored at 25 ◦C, gradually decreasing its activity after-
ward [64]. According to Yadav et al. [65], xylanase activity from Anoxybacillus kamchatkensis
NASTPD13 remained stable for 25 days at 4 ◦C, decreasing 70% of its initial activity after
6 weeks. This enzyme was also stable for 15 days at RT, and its activity decreased by 40% af-
ter 6 weeks. An extracellular and purified cellulase-free xylanase produced by alkalophilic
Bacillus subtilis ASH kept its activity for 6 weeks when stored at 4 ◦C, decreasing afterward.
Nonetheless, the enzyme retained 80% of the initial activity after 10 weeks of storage at
4 ◦C [66]. In this study, xylanase activity was reduced by 50% after 10 weeks of storage at
4 ◦C and 9 weeks at RT.

Protease activity is one of the factors responsible for the deactivation of xylanases
and cellulases [61]. In this study, the protease activity was evaluated but not detected
in the diets. Thus, the temperature was the main factor in the deactivation of enzymes
during storage.

3.2. Antioxidant Activity

The antioxidant activity of FBE extract-unsupplemented (control) or supplemented
diets during storage at RT and 4 ◦C is presented in Figure 3.

Even though not supplemented with the FBE, the control diet had some antioxidant
activity, reaching 18357 µmol TE kg−1 of diet. This antioxidant activity can be attributed
to the antioxidant potential of the feed ingredients as plant-based ingredients, namely
sunflower, soybean, and rapeseed meal. Indeed, Sousa et al. [67] evaluated the antioxidant
activity of these plant feedstuffs and observed that sunflower meal had the higher antioxi-
dant activity (73 µmol TE g−1), followed by rapeseed meal (36 µmol TE g−1) and soybean
meal (12 µmol TE g−1).

At time 0 h, the FBE-supplemented diet had 7.5% more antioxidant activity than
the control diet and maintained its antioxidant activity without any significant difference
for 42 days when stored at 4 ◦C. The antioxidant activity of the control diet decreased
after 14 days at RT, and after 28 days at 4 ◦C. Afterward, the control diet maintained the
antioxidant activity until day 119 of storage. On the other hand, in the FBE-supplemented
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diet stored at 4 ◦C, the antioxidant activity decreased after the 42nd day, remaining stable
after this period. When stored at RT, the FBE-supplemented diet antioxidant activity
significantly decreased compared to the initial time (0 h) after the 14th day.
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temperature (RT) and 4 ◦C. The results represent the average of three independent experiments and
the error bars represent SD. The asterisk denotes a significant difference (p < 0.05) from the initial
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After 119 days, the FBE-supplemented diet antioxidant activity was 1.5-fold higher
when stored at 4 ◦C than at RT. Moreover, even after 119 days of storage, the antioxidant
activity of the FBE-supplemented diet was 1.3-fold higher than that of the control diet
stored at RT or 4 ◦C. The control diet showed a similar decrease in antioxidant activity
after 119 days at both temperatures (30% relative to the initial activity). However, the
FBE-supplemented diet lost 44% and 18% of the initial antioxidant activity when stored
at RT or 4 ◦C, respectively. This fluctuation in activity may be due to the degradation of
antioxidant compounds due to light and heat. Thus, storing the FBE-supplemented diet at
4 ◦C is beneficial for preserving antioxidant activity.
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The stability of polyphenols under different storage and processing conditions is
crucial and should be considered to ensure that these compounds possess the desired
properties and maintain their activity under different conditions, which can involve high
temperatures and light [68]. This is particularly important during long-term diet storage,
as antioxidants are used to protect against lipid oxidation, especially if stored at elevated
temperatures. High temperatures and light can also affect other sources of antioxidant
activity, such as vitamins and those present in plant feedstuffs [69]. So, the adequate
dietary antioxidant level should account for its consumption during storage and transport
periods [33].

Multiple storage factors, such as light exposure, temperature, oxygen, and pH, have
been highlighted to compromise the stability of the phenolic compounds [70,71]. The
storage temperature is one of the major factors affecting the stability of antioxidant activity
in diets. For example, an aqueous extract from Piper betle kept 96% of its antioxidant
activity after 180 days of storage at 5 ◦C; after 75 days at 25 ◦C, the activity was reduced to
90% [72]. In this case, the high retention of antioxidant activity in the extract was due to the
inclusion of maltodextrin as a carrier agent. Galmarini et al. [73] studied the thermostability
of several red wine powder phenolic compounds for 70 days of storage at 28 ◦C and
38 ◦C and found that thermostability depended on the phenolic compound. Malvidin 3-G,
epicatechin gallate, catechin, and epicatechin mainly decreased at the highest temperature;
epigallocatechin decreased at both temperatures, while caffeic acid, gallic acid, caftaric acid,
quercetin 3-G, and resveratrol were not reduced in the studied conditions.

3.3. Inhibition of Lipid Peroxidation

The composition of diets affects their susceptibility to oxidation. In the present study,
experimental diets are composed of 12.3% fish oil (Table 1), which is particularly prone
to oxidation given its high content of unsaturated fatty acids. Feeding oxidized lipids
to fish can cause severe issues such as damage to the intestinal tract and other organs,
as well as muscular dystrophy, among others [74]. These effects will be reflected in the
organisms’ performance, decreasing feed consumption, reducing animal weight, feed
conversion ratio, and increased fish disease susceptibility and mortality [33]. The inhibition
of lipid peroxidation through dietary antioxidant supplementation is an essential factor
in preserving fish feed quality. Moreover, dietary supplementation with antioxidants has
been demonstrated as a novel approach to maintaining cell metabolism and neutralizing
excess free radicals in fish under oxidative stress conditions [75].

In the present study, after 28 days of storage, lipid peroxidation of FBE-unsupplemented
and supplemented diets maintained a similar level (Figure 4). However, in diets kept at
4 ◦C, after 42 days, lipid peroxidation of the FBE-supplemented diet lead was lower than
the control diet. In diets stored at RT, the lipid peroxidation of the FBE-supplemented diet
was lower than that of the control diet from the 41st to the 91st day of storage. The highest
difference in lipid peroxidation between both diets was observed after 119 days of storage
at 4 ◦C, where the lipid peroxidation of the control diet was 17% higher than that of the
FBE-supplemented diet. This result correlates well with the higher antioxidant activity of
the FBE diet over the control after 119 days of storage.

Both the addition of antioxidant additives and storage temperature affect the lipid
oxidation of fisheries products. The effect of freeze-dried red grape pomace addition to
minced frozen horse mackerel stored at −20 ◦C on lipid peroxidation was studied [76].
The authors observed that this additive delayed lipid oxidation of minced horse mackerel
muscle during the first 3 months of frozen storage. The control (without supplementation)
significantly increased lipid oxidation throughout the storage time. In another study, the
levels of TBA of fishmeal were evaluated during its storage at RT and 4 ◦C [77]. After
135 days of storage, fish meal TBA levels increased to 16 and 10 mg kg−1 at RT and
4 ◦C, respectively.
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4. Conclusions

The results of this study allowed to evaluate the behavior of bioactive compounds
added to diets for aquaculture during storage. During storage, cellulase activity was more
stable than xylanase. Storage temperature, room temperature or 4 ◦C, significantly affected
the deactivation rate of enzymes and at the end of the trial, these enzymes were reduced
up to 79% and 42% for xylanase and cellulase, respectively, in both temperatures.
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The antioxidant activity of the FBE-supplemented diet was more stable for an extended
period than that of the control diet. The FBE-supplemented diet stored at 4 ◦C kept the
higher antioxidant activity even after 119 days of storage. The FBE helped reduce lipid
peroxidation in the later stages of storage.
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