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Abstract: The effect of different main dietary compositions on growth, anticipatory digestive enzyme
activities, and oxidative status was studied in the proximal intestine of juvenile European sea bass. A
control diet (C, 44% protein, 17.6% lipid, and 20% starch), three diets with increasing starch levels
to test protein sparing (P36S36, P40S29, and P43S24), and two diets with high lipid content (L20S13
and L22S7) were tested. After 20 weeks, growth, digestive enzyme activities, lipid peroxidation,
antioxidant enzyme activities, and G6PDH activity were measured after a 24-h fast. Sea bass fed
P43S24 and L20S13 maintained an oxidative status like C fish, up-regulated CAT activity, and adjusted
anticipatory protease activity. Instead, the lipid peroxidation increased in the L22S7 group, although
CAT activity increased, whereas anticipatory total protease activity was downregulated. P40S29
also triggered LPO and CAT activity, but G6PDH levels diminished significantly. Moreover, an
up-regulation in digestive enzyme activities was found. Finally, P36S36 fish showed less antioxidant
enzyme activity and G6PDH, although their LPO tended to increase and their lipase and α-amylase
activities were upregulated. In conclusion, the inclusion of carbohydrates up to 24% or lipids up to
20% is possible for this species if protein requirements are met without negative effects on growth.

Keywords: starch; protease; amylase; antioxidants; lipid peroxidation

Key Contribution: Moderate changes in macronutrient composition affect anticipatory digestive
enzyme activities and LPO in the intestine. Up to 24% carbohydrates or 20% lipid inclusion in diets
for sea bass is possible if protein requirements are met.

1. Introduction

One of the most significant production costs in aquaculture is feed. This is even more
critical in carnivorous species because of their high protein requirements, considering it is
the most expensive macronutrient [1,2]. Both fish meal (FM) and fish oil (FO) are the most
balanced sources of nutrients for fish because of their amino acid and fatty acid profiles,
but overexploitation of these sources and the steady rise of aquaculture have caused their
prices to increase [1].

Alternative sources like vegetable ingredients, insects, and algae are considered viable
candidates, and important advances have already been made [3–8]. It has been estimated
that around 80–95% of FM and FO could be replaced by plant sources without considerably
affecting performance if essential amino acid and fatty acid requirements are met [9]. More-
over, alternative sources come with their own set of problems, such as high cellulose and
chitin contents, anti-nutritional factors, and deficient amino and fatty acid profiles [5,9–11].
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Furthermore, several environmental and biotic factors and their interactions determine
whether the organism uses nutrients efficiently [12–14]. The efficiency with which a feed is
used is highly dependent on the digestive enzyme activities and its nutrient absorption ca-
pacity, which are closely related to intestinal integrity. Moreover, the production of reactive
oxygen species (ROS), such as superoxide, hydrogen peroxide, and hydroxyl radicals, as a
byproduct of normal oxygen metabolism [15,16], has the potential to cause cell damage
affecting intestinal integrity. This ROS production can be natural or promoted by external
factors such as stressful situations and even nutritional imbalances [15,17]. Thus, organisms
have evolved defensive mechanisms to prevent cellular damage, such as low molecular
weight molecules such as vitamins and enzymatic antioxidants [17].

The digestive process is a combination of complex processes, from the physical tritura-
tion of feed to the absorption of nutrients by the brush border membrane of the intestinal
tract. It starts in the stomach, where pepsin initiates the enzymatic hydrolysis of the protein.
As the chyme reaches the pyloric caeca, cholecystokinin stimulates both the gall bladder to
secrete bile and the pancreas to secrete bicarbonate to neutralize the acid from the stomach
and digestive enzymes such as proteases (e.g., trypsin and chymotrypsin), carbohydrases
(e.g., α-amylase), and lipases (lipase and colipase) [18]. Moreover, the activity of these
enzymes is affected by a multitude of factors, such as age, physiological state, temperature,
pH, seasonality, and even the composition of the feed itself [12,14,19,20]. Further, not all
fish species have the same digestive enzyme profile [21–23], suggesting that enzymatic
digestive capacities are species-specific.

Diet replacement by plant feedstuffs impacts the digestive and absorptive processes
of other commercially relevant marine species, such as gilthead sea bream (Sparus aurata),
as has been widely studied [12,20,21,24–28]. Nonetheless, despite being one of the most
important farmed fish species in the Mediterranean and the fourth in Europe, little is known
about the effects on digestive processes in European sea bass. As a marine carnivorous
species, protein requirements for optimum growth in sea bass are high when compared to
other fish [29–31]. Regarding lipid requirements, the data is not very clear, but it appears
that an inclusion level between 12 and 18% delivers the best growth performance [13,19].
Regarding carbohydrate utilization, Enes et al. [32] concluded that starch digestibility in
sea bass juveniles is high and can be further improved by processing. They also found
that an inclusion level of around 20% digestible carbohydrates ensures high growth and
feed utilization.

One of the most serious impacts of ROS is lipid peroxidation (LPO). Polyunsaturated
fatty acids, especially phospholipids from membranes [33], start a chain reaction in which
serious cell damage occurs. The action mechanisms of the main antioxidants are well
known [15,17,34]. Briefly, superoxide dismutase (SOD) accelerates the dismutation of the
superoxide radical into hydrogen peroxide and oxygen. Catalase (CAT) and glutathione
peroxidase (GPx) both act on H2O2, but through different pathways. CAT catalyzes H2O2 to
water and oxygen or by causing the oxidation of other reduced compounds with H2O2. GPx
catalyzes the oxidation of reduced glutathione (GSH). Glucose-6-phosphate dehydrogenase
(G6PDH) was also related to antioxidant defense modulation as NADPH generated by
this enzyme in the pentose phosphate pathway is essential for the reduction of oxidized
glutathione (GSSG) [35]. It is known that dietary composition can affect peroxidation
levels. Thus, the lipid content of the diet and its level of unsaturation increase LPO [36].
Moreover, a 20% dietary carbohydrate inclusion did not promote significant changes in LPO
at the intestinal level in sea bass and sea bream; however, in the liver, it had a protective
effect [17,37].

The aim of this study was to evaluate growth performance, the digestive process, and
intestinal oxidative status in sea bass fed diets where protein was replaced by starch at
levels above 20% or where lipid was included above 18%. Analysis was focused on the
proximal intestine to study total and individual proteases, amylases, and lipases activities,
a traditional marker of oxidative stress such as LPO, some markers of the lipid-soluble
antioxidant system (SOD, CAT, GPx), and G6PDH enzyme activities.
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2. Materials and Methods
2.1. Trial and Diets

The trial was carried out at Institut de Recerca i Tecnologia Agroalimentàries (IRTA)
facilities in La Rápita (Tarragona, Spain), where 450 sea bass juveniles (Dicentrarchus labrax)
with an initial weight of 95.4 g ± 0.4 g were distributed randomly in 18 tanks of 400 L
with a final stocking density of 12.8 kg·m−3. The trial was carried out between February
and June and spanned 142 days with a 2-week acclimatization period and a 12 L/12 D
photoperiod during the whole experiment. Water quality indicators were monitored and
kept at an oxygen concentration of 8 mg·mL−1, a salinity of 35‰, and a temperature of
22 ◦C. Skretting ARC (Norway) formulated and produced six diets; their ingredients and
nutritional composition are presented in Table 1.

Table 1. The proximate composition and ingredients of the experimental diets when protein was
replaced by starch at levels above 20% or where lipid was included above 18%. Diets were formulated
and produced by Skretting ARC (Norway).

Dietary Conditions P36S36 P40S29 P43S24 C L20S13 L22S7

Analysis (%DM):
Moisture 7.9 7.6 7.0 5.7 5.6 7.4
Protein 35.6 40.1 43.0 44.0 43.7 42.6
Lipid 16.1 16.5 15.8 17.6 19.7 22.3
Starch 35.5 29.2 24.2 20.4 13.1 7.3

Calculated GE (MJ/kg) 20.9 21.1 20.9 21.6 21.9 22.4
1 Ingredients (%):

Fish oil 12.3 12.1 12.0 14.0 16.0 18.0
Soy concentrate 3.7 6.6 15.0 15.0 15.0 15.0

Corn gluten 5.2 9.0 7.1 7.1 7.1 7.1
Cellulose 0.0 0.0 1.3 3.8 8.1 12.5

Wheat starch 36.7 30.2 22.5 18.0 11.7 5.3
1 All diets contain: 20% fish meal, 20% wheat gluten, a 2% vitamin and mineral premix that meets the requirements
of the species, and 0.1% yttrium premix. Gross energy (GE) was calculated according to NCR (2011).

The C diet was considered a control due to its high crude protein and lipid content
(44% and 18%, respectively) according to Dias et al. [29] and Peres and Oliva-Teles [31]. The
C diet also included the maximum starch content recommended for this species (20%) [32].
On three diets, protein and lipids were partially replaced by starch at levels above 20%.
These diets contained 16% lipid and were named according to their crude protein and
starch contents as P36S36, P40S29, and P43S24. Furthermore, two 44% protein diets with
high lipid content were formulated, L20S13 and L22S7, whose amounts of lipids and starch
gave them their names. Cellulose was used as an inert filler. All dietary treatments were
run in triplicate, and fish were fed twice a day by hand until visual satiety.

2.2. Sampling and Performance Indicators

At the end of the growth trial and 24 h post-feeding, all fish per treatment were
anesthetized (with phenoxyethanol at 100 ppm), measured, weighed, and sacrificed by
severing their spinal cord. The proximal intestine from nine fish per treatment was removed,
and the first 1.5 cm of this segment was rapidly frozen in liquid nitrogen and stored at
−80 ◦C. All fish-handling procedures complied with the European guidelines for animal
care (Directive 2010/63/EU).

The specific growth rate (SGR) was calculated as: ((lnWfin(g) − lnWini(g)) × t−1) × 100,
where Wfin and Wini represent the final and initial weights, respectively, and t is the
duration of the trial in days. The condition factor (K) was calculated as:
(final body weight × standard length−3) × 100. Protein retention efficiency (PER) was
calculated as: g weight gain × g ingested protein−1. The feed conversion ratio (FCR) was
calculated as: g feed intake × g weight gain−1. Voluntary feed intake (VFI) was calculated
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according to Lupatsch et al. [38] as: g × BW (kg)−0.7 × day−1, where BW was calculated
as: (Wini × W f in)0.5. In addition, the hepatosomatic (HSI) and mesenteric fat (MFI) indices
were calculated: HSI = (liver weight/FBW) × 100 and MFI = (visceral fat weight/FBW) × 100,
where FBW represent final body weight.

2.3. PH of Intestinal Duct and Sample Homogenization

Proximal intestine samples were thawed on ice, and the intestinal duct pH was
measured (Crison, Micro pH 2000). After that, samples were individually homogenized
(Polytron 2000, Sorvall TC) in Tris-HCl, 50 mM, pH 7.5, to a final concentration of
250 mg·mL−1. Next, homogenates were centrifuged for 15 min (1100× g, 4 ◦C, Jouan
CR411), and aliquots of the supernatant were then stored at −80 ◦C for future digestive
enzyme activity determination and for LPO, antioxidant, and G6PDH activity analysis.

2.4. Digestive Enzyme Analysis

Total protease activity (TPA) was measured according to the end-point assay described
by Santigosa et al. [21]. Briefly, samples and standards were reacted with 1% casein (w/v)
in 50 mM Tris-HCl buffer at the pH of the intestinal duct. After 30 min, the reaction
was stopped with trichloroacetic acid (TCA) 12%, the samples were stored at 4 ◦C for
60 min, and then centrifuged for 5 min at 7500× g and 4 ◦C. The supernatant absorbance
was measured at 280 nm (Tecan Infinite 200 PRO, Tecan Austria, Grodig, Austria), with
blanks established for each sample and the standard. TPA was calculated as BAEE units,
and bovine trypsin (Sigma Aldrich, Madrid, Spain, T9935, 12100 BAEE U·mg protein−1)
was used as the standard. Activity was reported as BAEE U per mg of protein.

To characterize individual proteases (trypsin-like and chymotrypsin-like activities),
zymograms were run according to the method of García-Carreño et al. [39], modified
by Santigosa et al. [21]. Samples were mixed at a 1:1 ratio with a 20% glycerol loading
buffer and loaded on a 12.5% polyacrylamide gel (10 × 10.5 × 0.1 cm); pure trypsin and
albumin were used as controls. A commercial weight marker (Amersham GE Healthcare,
Amersham, UK, RPN800E, 12000-225000Da) was also used to determine the molecular
weight of protease fractions. Electrophoresis was performed at a constant current of 15 mA
per gel for approximately 180 min at 4 ◦C (EPS 301 Power Supply). Gels were agitated in
a 2% casein-TrisHCl solution at intestinal duct pH and 4 ◦C for 30 min. The temperature
was then raised to 25 ◦C, and the gels were agitated for 90 min. Staining was carried out in
a methanol:acetic:water (40:10:40) solution with 0.1% Brilliant Blue Coomassie R-250 for
25 min. The same solution without colorant was used for destaining for 10 min, and
agitation was applied during both procedures.

Proteolytic characterization was performed by combining the homogenate with water
or the corresponding inhibition solution for 45 min at a ratio of 4:1. Inhibition solutions
selected were: TLCK (10 mM in HCl at 1 mM) as a trypsin-like activity inhibitor; TPCK
(10 mM in methanol); and ZPCK (10 mM in dioxane) as chymotrypsin-like activity modifiers;
and SBTI (250 µM in water) as a total serine protease activity inhibitor, according to Alarcon
et al. [40]. Díaz et al. [41] demonstrated that the inhibition of used solvents is less than 5%.
Zymogram results were analyzed using Quantity One 1-D Analysis Software 4.6.6 (BioRad).

For α-amylase determination, a kinetic assay was conducted to measure the rate of
2-chloro-4-nitrophenol formation at 405 nm, according to the kit manufacturer’s recommen-
dation (Spinreact, Sant Esteve d’en Bas, Girona, Spain). One international unit (UI) is the
amount of enzyme that hydrolyzes 1 µmol of substrate per minute in standard conditions.
Activity was reported as mU per mg of protein.

For lipase determination, a kinetic assay was applied in which the increase in ab-
sorbance at 580 nm was measured, as performed by Santigosa et al. [27]. Briefly, previously
homogenized samples stored at −80 ◦C were thawed on ice and mixed with a buffer
containing (all values expressed in mM): 20.5 Tris, 3.6 taurodeoxycholate, 0.9 deoxycholate,
0.8 tartrate, 0.12 DGGR (1,2-Di-O-lauryl-rac-glycero-3-(glutaric acid 6-methylresorufin es-
ter) as substrate, 0.05 CaCl2, 30 mannitol, and 1 mg·L−1 colipase (pH 8.3). Absorbance
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was registered every minute for 45 min, and the linear zone was determined between
10 and 20 min of reaction. Lipase (Sigma Aldrich, Spain, L0382, 33944 U·mg protein−1,
22980U·mg solid−1) was used as the standard and was previously diluted to 20 U·mL−1.
One international unit (IU) is the amount of enzyme that hydrolyzes 1 µmol of substrate
per minute in standard conditions. Lipase activity was calculated as mU per mg of protein.

All tests were conducted at 25 ± 0.5 ◦C using a microplate scanning spectrophotometer
(Tecan Infinite 200 PRO, Tecan Austria).

To quantify protein concentration in proximal intestine homogenates, the Bradford
(1976) method was applied with bovine serum albumin as the standard.

2.5. Lipid Peroxidation and Lipid Soluble Antioxidant System (l.s.a.s. with SOD, CAT, and GPx)

LPO levels were determined based on the concentration of malondialdehyde (MDA)
calculated from a calibration curve [42]. Briefly, diluted samples were mixed with 5 µL of
HCl 0.5 N and 50 µL of 0.12 M thiobarbituric acid (TBA) solution at pH 7. The mixture was
heated to 95 ◦C for 10 min and then kept on ice for 5 min. Next, 300 µL of cold butanol were
added and centrifuged for 10 min at 300× g and 4 ◦C (Eppendorf, 5418R). The absorbance
of the supernatant was measured with a fluorimeter at 515–548 nm. MDA concentration
was reported as pMol MDA per mg of protein.

SOD activity (EC 1.15.1.1) was determined by the ferricytochrome C method, with
xanthine/xanthine oxidase as the source of superoxide radicals. A kinetic assay was
performed according to Mccord and Fridovich [43], with some modifications. A reaction
buffer was prepared, containing 50 mM potassium phosphate buffer at pH 7.8, 0.1 mM
EDTA, 0.095 mM cytochrome C, and 0.015 mM xanthine. Afterwards, a diluted sample
was mixed with xanthine oxidase (0.5 IU·mL−1) and the reaction buffer. Absorbance was
measured at 550 nm. One unit of activity was defined as the amount of enzyme necessary
to produce 50% inhibition of ferricytochrome C reduction rate. Activity was reported as
U per mg of protein.

CAT activity (EC 1.11.1.6) was determined by measuring the decrease in H2O2 con-
centration at 240 nm. A kinetic assay was performed according to Aebi [44], with some
modifications. The diluted sample was mixed with a reaction buffer containing 50 mM
potassium phosphate buffer at pH 7.0 and 10 mM H2O2 One unit of enzyme activity was
defined as the amount required to transform 1 µmol of substrate per minute under the
above assay conditions. Activity was reported as U per mg of protein.

GPx activity (EC 1.11.1.9) was determined by measuring the NADPH consumption
rate at 340 nm. A kinetic assay was performed according to Flohe and Gunzler [45],
with some modifications. The following reaction mixture was loaded: 2 mM NADPH,
Glutathione reductase (GR, 4 U·mL−1), H2O2 1 mM, diluted sample, GSH 40 mM, and a
reaction buffer containing 50 mM potassium phosphate buffer at pH 7.2, sodium azide
2.66 mM, and EDTA 1.33 mM. One unit of enzyme activity was defined as the amount
required to transform 1 µmol of substrate per minute under the above assay conditions.
Activity was reported as U per mg of protein.

G6PDH activity (EC 1.1.1.49) was determined by a kit measuring the reduction of
NADP+ at 340 nm (Spinreact, Sant Esteve d’en Bas, Girona, Spain) following the manufac-
turer’s recommendations. Activity was reported as mU per mg of protein.

All tests were conducted at 25 ± 0.5 ◦C using a microplate scanning spectrophotometer
(Tecan Infinite 200 PRO, Tecan Austria).

To quantify protein concentration in proximal intestine homogenates, the Bradford
(1976) method was applied with bovine serum albumin as the standard.

2.6. Statistical Analysis

Data were tested for normality by Shapiro-Wilk and homoscedasticity by Levene’s test,
followed by an ANOVA and a post-hoc Tukey’s test to detect significant differences between
experimental groups. For data that did not achieve normality, significant differences were
then determined by Kruskal-Wallis H and Mann-Whitney U non-parametric tests. The
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software used was SPSS Statistics v25.0 (SPSS Inc., Chicago, IL, USA), and the one used for
graphic representation was GraphPad 7.0 (GraphPad Software Inc., San Diego, CA, USA).

3. Results
3.1. Growth Performance

The survival rate was calculated, and no significant differences were found between
the experimental groups (87.8 ± 2.4%). No differences were found in final body weight, SGR,
FCR, VFI, or PER among the experimental groups. Instead, K was significantly lower in L22S7
sea bass (Table 2), whereas HSI was significantly higher in sea bass fed low-protein diets.

Table 2. Performance indicators when dietary protein was replaced by starch at levels above 20% or
where lipid was included above 18%: final body weight (FBW), specific growth rate (SGR), condition
factor (K), protein retention efficiency (PER), feed conversion ratio (FCR), voluntary feed intake (VFI),
hepatosomatic index (HSI), and mesenteric fat index (MFI).

Dietary
Conditions P36S36 P40S29 P43S24 C L20S13 L22S7

FBW (g) 214.6 ± 6.7 221.3 ± 7.5 226.5 ± 4.9 230.2 ± 6.5 230.3 ± 10.5 244.4 ± 5.1
SGR 0.57 ± 0.02 0.59 ± 0.03 0.61 ± 0.02 0.62 ± 0.02 0.62 ± 0.03 0.67 ± 0.01

K 2.14 ± 0.07 a 2.18 ± 0.05 a 2.16 ± 0.02 a 2.21 ± 0.06 a 2.31 ± 0.08 a 1.86 ± 0.01 b

PER 1.11 ± 0.06 0.98 ± 0.10 1.07 ± 0.04 1.03 ± 0.12 1.09 ± 0.08 1.16 ± 0.08
FCR 2.53 ± 0.13 2.59 ± 0.27 2.19 ± 0.08 2.29 ± 0.32 2.12 ± 0.18 2.05 ± 0.14
VFI

(g·kg−0.7·day−1) 2.33 ± 0.03 2.32 ± 0.08 2.45 ± 0.02 2.45 ± 0.09 2.56 ± 0.06 2.47 ± 0.04

HSI 3.22 ± 0.22 a 2.90 ± 0.20 ab 2.58 ± 0.17 abc 2.43 ± 0.19 bcd 2.00 ± 0.09 cd 1.75 ± 0.12 b

MFI 4.72 ± 0.60 5.32 ± 0.63 5.04 ± 0.43 6.41 ± 0.79 7.53 ± 0.83 6.41 ± 0.47

Values are presented as means ± SEM (FBW, SGR, K, PER, FCR, and VFI with n = 3; HSI and MFI with n = 9).
Significant differences between dietary conditions are shown by letters (p < 0.05).

3.2. Anticipatory Digestive Enzyme Activities

Digestive enzyme activities and oxidative stress were studied in the proximal intestine
24 h post-feeding in sea bass fed with diets where protein and lipid were partially replaced
by starch (P43S24, P40S29, and P36S36) or where lipid was included above 18% (L20S13
and L22S7).

Intestinal duct pH (Figure 1a) was between 6.92 ± 0.03 in P36S36 sea bass and
7.05 ± 0.01 in C fish, being above 7 in fish fed C and L22S7 diets. As pH affects enzyme
activity, the protease activity for each experimental group was determined at the pH of
its intestinal duct. Regarding TPA at 24 h post-feeding (Figure 1a), C and P43S24 sea bass
showed a similar pattern of specific activity. Instead, a moderate decrease in dietary protein
(P40S29) or an increase in dietary lipids (L20S13) provoked an up-regulation in anticipatory
TPA versus that of C sea bass, with the increase being higher in the P40S29 fish (×2.95) than
in the L20S13 fish (×1.51). By contrast, if dietary protein was limited (P36S36), the TPA was
not significantly upregulated, and if dietary lipids were increased excessively (L22S7), the
TPA presented a significant downregulation regarding the C group.

Individual protease activity for each experimental group was characterized by zy-
mography (Figure 1b). According to the TPA measured, P40S29 sea bass showed more
activity in the zymogram than the other groups, presenting six different bands in a range
from 24 to 15 KDa. Figure 1c shows the inhibition zymogram for P40S29 sea bass. The six
bands detected had serine protease activity; the 23 and 17 kDa bands presented trypsin-
like activity; and the 24, 21, 18, and 15 kDa bands had chymotrypsin-like activity. All
the changes visually apparent in the inhibition zymogram were confirmed by Quantity
One treatment. Zymography results and their quantification showed that the band with
the highest proteolytic activity is that of 23 KDa with trypsin-like activity, followed by
24 and 21 KDa with chymotrypsin-like activity, and these three bands were detected in fish
from all experimental conditions. 18 KDa chymotrypsin-like and 17 KDa trypsin-like activi-
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ties present in P40S29 sea bass were also visualized as slight bands in P36S36 that presented
intermediate TPA and L22S7 fish with the lowest TPA, whereas 15 KDa chymotrypsin-like
activity was only detected in fish fed low protein diets (P40S29 and P36S36) (Figure 1b, Table 3).

Fishes 2023, 8, x FOR PEER REVIEW 7 of 19 
 

 

anticipatory TPA versus that of C sea bass, with the increase being higher in the P40S29 
fish (x 2.95) than in the L20S13 fish (x 1.51). By contrast, if dietary protein was limited 
(P36S36), the TPA was not significantly upregulated, and if dietary lipids were increased 
excessively (L22S7), the TPA presented a significant downregulation regarding the C 
group.  

Figure 1. (a) Total protease activity (TPA, gray bars) and pH (black dots) in the proximal intestine 
24 h post-feeding in sea bass fed experimental diets where protein was replaced by starch at levels 
above 20% or where lipid was included above 18%. Values are the mean ± SEM (n = 9). Significant 
differences in TPA between dietary conditions are shown by letters, and in pH by numbers (p < 0.05). 
(b) Model zymogram of protease activity in proximal intestine extract of sea bass fed diets when 
protein or lipid were modified. Figure 1 shows the molecular weight of each band with proteolytic 
activity and the molecular weight marker (MWM). All samples were analyzed individually; Figure 
1 shows a representative result. (c) An inhibition zymogram made from the sample with the highest 
total protease activity in the proximal intestine of sea bass fed the P40S29 diet (22.69 U·mg prot−1). 
MWM = molecular weight marker; H = homogenate; TPCK and ZPCK = chymotrypsin activity mod-
ifiers; TLCK = trypsin inhibitor; SBTI = serine protease inhibitor. 

Individual protease activity for each experimental group was characterized by zy-
mography (Figure 1b). According to the TPA measured, P40S29 sea bass showed more 
activity in the zymogram than the other groups, presenting six different bands in a range 
from 24 to 15 KDa. Figure 1c shows the inhibition zymogram for P40S29 sea bass. The six 
bands detected had serine protease activity; the 23 and 17 kDa bands presented trypsin-
like activity; and the 24, 21, 18, and 15 kDa bands had chymotrypsin-like activity. All the 
changes visually apparent in the inhibition zymogram were confirmed by Quantity One 
treatment. Zymography results and their quantification showed that the band with the 
highest proteolytic activity is that of 23 KDa with trypsin-like activity, followed by 24 and 

Figure 1. (a) Total protease activity (TPA, gray bars) and pH (black dots) in the proximal intestine
24 h post-feeding in sea bass fed experimental diets where protein was replaced by starch at levels
above 20% or where lipid was included above 18%. Values are the mean ± SEM (n = 9). Significant
differences in TPA between dietary conditions are shown by letters, and in pH by numbers (p < 0.05).
(b) Model zymogram of protease activity in proximal intestine extract of sea bass fed diets when
protein or lipid were modified. Figure 1 shows the molecular weight of each band with proteolytic
activity and the molecular weight marker (MWM). All samples were analyzed individually; Figure 1
shows a representative result. (c) An inhibition zymogram made from the sample with the highest
total protease activity in the proximal intestine of sea bass fed the P40S29 diet (22.69 U·mg prot−1).
MWM = molecular weight marker; H = homogenate; TPCK and ZPCK = chymotrypsin activity
modifiers; TLCK = trypsin inhibitor; SBTI = serine protease inhibitor.

Table 3. Trypsin and chymotrypsin-like activities (U/mg prot−1) calculated from proximal intestine
zymography analysis in sea bass fed experimental diets where protein was replaced by starch at
levels above 20% or where lipid was included above 18%.

Dietary Conditions P36S36 P40S29 P43S24 C L20S13 L22S7

Chymotrypsin-like 24 KDa 1.01 ± 0.09 b 2.70 ± 0.81 a 0.36 ± 0.4 bc 0.92 ± 0.03 b 0.54 ± 0.67 bc 0.25 ± 0.31 c

Trypsin-like 23 KDa 1.26 ± 0.22 b 3.41 ± 0.59 a 3.11 ± 1.09 a 1.32 ± 0.14 b 2.35 ± 1.78 ab 0.69 ± 0.42 c

Chymotrypsin-like 21 KDa 0.53 ± 0.11 ab 1.91 ± 1.09 a 0.10 ± 0.12 c 0.58 ± 0.41 ab 0.37 ± 0.45 abc 0.17 ± 0.21 bc

Chymotrypsin-like 18 KDa 0.37 ± 0.18 b 2.05 ± 0.36 a 0.00 ± 0.00 c 0.00 ± 0.00 c 0.00 ± 0.00 c 0.17 ± 0.21 bc

Trypsin-like 17 KDa 0.30 ± 0.09 b 1.81 ± 0.38 a 0.00 ± 0.00 c 0.00 ± 0.00 c 0.00 ± 0.00 c 0.09 ± 0.10 bc

Chymotrypsin-like 15 KDa 0.09 ± 0.11 0.69 ± 0.84 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00

Values are the mean ± SEM (n = 3). Significant differences between dietary conditions are shown by letters (p < 0.05).
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Figure 2 shows amylase and lipase activities in the proximal intestine for each group.
Significantly higher α-amylase activities (Figure 2a) were found in sea bass fed low protein
diets (P36S36 and P40S29), being 73.4% and 309.6% higher than the C group, respectively.
Animals fed 43–44% protein diets (P43S24, C, L20S13, and L22S7) showed similar amylase
activity, regardless of their starch content (between 24 and 7%). Moreover, significant
differences in lipase activity were found between sea bass fed low-protein diets (P36S36
and P40S29) and the C group. Furthermore, this enzyme activity tended to be more elevated
in the P43S24, L20S13, and L22S7 groups versus C fish (Figure 2b).
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Figure 2. (a) Amylase and (b) lipase activities in the proximal intestine 24 h post-feeding in sea bass
fed experimental diets where protein was replaced by starch at levels above 20% or where lipid was
included above 18%. Values are the mean ± SEM (n = 9). Significant differences between dietary
conditions are shown by letters (p < 0.05).

3.3. Lipid Peroxidation, the Lipid Soluble Antioxidant System, and Glucose-6-P-Dehydrogenase
Enzyme Activities

The effects of dietary macronutrients on traditional markers of oxidative stress were
also determined in the proximal intestine at 24 h post-feeding. Sea bass fed diets with
43–44% protein and 16–20% lipid (P43S24, C, and L20S13 fish) showed the lowest levels of
LPO (Figure 3). However, both moderate substitution of dietary protein by starch (P40S29
fish) and increased dietary lipid (L22S7 fish) promoted a significant rise in LPO levels
(+112.5% and +123.3%, respectively). When dietary protein was dropped to 36%, LPO
tended to increase with respect to the C group (Figure 3).
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Antioxidant and G6PDH activities in the proximal intestine were determined (Figure 4).
SOD and GPx activities were negatively affected by dietary low protein content, showing in
P36S36 sea bass a significant reduction in their activities (−54.7% and −48.2%, respectively)
relative to C fish (Figure 4a,b). CAT activity of the proximal intestine was higher than GPx
activity by a factor of 102 (Figure 4c,b), suggesting that the former has a greater capacity to
remove hydrogen peroxide. Regarding CAT activity, a significant increase was found in sea
bass fed L20S13 and L22S7 diets versus C fish (+34.2% and +34.5%, respectively) (Figure 4c).
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Figure 4. (a) Superoxide dismutase (SOD), (b) glutathione peroxidase (GPx), (c) catalase (CAT), and
(d) glucose-6-P-dehydrogenase (G6PDH) activities in the proximal intestine 24 h post-feeding in sea
bass fed experimental diets where protein was replaced by starch at levels above 20% or where lipid
was included above 18%. Values are the mean ± SEM (n = 9). Significant differences between dietary
conditions are shown by letters (p < 0.05).

Despite the trend toward increased CAT activity found in P40S29 and P43S24 groups,
the higher individual variation prevents them from significantly differing from C sea bass.
Moreover, CAT activity measured in the C and P36S36 groups was similar. Concerning
G6PDH activity, an up-regulation was found in fish fed with high lipid content versus
the C group (+47.9% in L20S13 fish and +15.9% in L22S7 fish); whereas in sea bass fed
low protein and high starch diets, this enzymatic activity was significantly reduced versus
the C fish by −64.5% in the P40S24 group and −39.9% in the P36S36 group (Figure 4d).
Moreover, the proximal intestine of C sea bass presented the lowest CAT/GPx ratio, being
significantly different from that calculated in P36S36 and P43S24 sea bass (Figure 5a).
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Figure 5. (a) CAT/GPx and (b) CAT/SOD ratios in the proximal intestine 24 h post-feeding in sea
bass fed experimental diets where protein was replaced by starch at levels above 20% or where lipid
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SOD, CAT, and GPx activities were normalized by LPO (Table 4). These ratios confirm
that the oxidative status of C, P43S24, and L20S13 sea bass was similar. Instead, P36S36,
P40S29, and L22S7 animals presented the lowest SOD/LPO, CAT/LPO, and GPx/LPO
ratios, suggesting an antioxidant enzyme activity deficit regarding the LPO level found in
the proximal intestine of these fish; the SOD activity of P36S36 sea bass was more significant,
as was its high CAT/SOD ratio (Figure 5b).

Table 4. SOD, CAT, and GPx activities normalized by LPO in the proximal intestine 24 h post-feeding
in sea bass fed experimental diets where protein was replaced by starch at levels above 20% or where
lipid was included above 18%.

Dietary Conditions P36S36 P40S29 P43S24 C L20S13 L22S7

SOD/LPO Ratio 0.202 ± 0.033 b 0.373 ± 0.043 a 0.473 ± 0.065 a 0.486 ± 0.78 a 0.508 ± 0.077 a 0.222 ± 0.025 b

CAT/LPO Ratio 0.156 ± 0.026 b 0.146 ± 0.09 b 0.244 ± 0.045 ab 0.239 ± 0.045 ab 0.226 ± 0.021 a 0.131 ± 0.014 b

GPx*100/LPO Ratio 0.103 ± 0.017 b 0.139 ± 0.018 b 0.204 ± 0.015 a 0.233 ± 0.028 a 0.239 ± 0.027 a 0.102 ± 0.013 b

Values are the mean ± SEM (n = 9). Significant differences between dietary conditions are shown by letters (p < 0.05).

Considering globally the oxidative stress markers studied in the proximal intestine,
the P43S24 and L20S13 sea bass were able to maintain an oxidative status similar to that of
C fish, increasing both groups CAT activity, and the L20S13 fish also their G6PDH activity.
Instead, despite the high levels of proximal intestine LPO when sea bream was fed a diet
with lower protein (P40S29) or high lipid content (L22S7), only an up-regulation of CAT
activity was found. In fact, P40S29 sea bass presented the lowest GP6PDH activity. On
the contrary, fish fed the protein-limiting diet (P36S36) showed a significant reduction in
activity of the antioxidant enzymes studied, although their LPO tended to increase.

4. Discussion

Ingredients, macronutrient composition, and their ratios in the diet can affect the
organism’s response against oxidative stress [37,46] and digestive capacities [12,24,27,28].
These processes are related to the protein-sparing effect, and their knowledge could lead to
the improvement of sea bass diet formulation, which is crucial in achieving economically
efficient and sustainable production systems in fish [47].

In the present study, fish fed low-protein diets did not show differences among the
other experimental groups for final body weight; SGR and PER may have been involved
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because of the higher anticipatory digestive enzyme activities in P40S29 sea bass and
the increase in anticipatory lipase and α-amylase activity in P36S36. This fact could be
related to the initial body weight (95.4 ± 0.4 g), since growth parameters were more
sensitive to dietary composition in the fingerlings and early juveniles, stages in which
significant changes were detected [19,20,48]. The condition of the fish is indicated in
terms of condition factor, MFI, and HSI. Thus, high lipid content significantly affects the
condition factor (L22S7) and tends to increase the MFI (L20S13), as was also found in other
species [49]. Instead, fish fed low-protein diets presented a significantly higher HSI, as
has been described by Kim and coworkers in Oplegnathus fasciatus [48], probably due to
excessive glycogen deposition caused by higher dietary carbohydrate inclusion.

At 24 h post-feeding, the digestive activity detected is food-anticipatory activity that
confers an adaptative regulation, so in the proximal intestine, the activity detected comes
from the pancreatic enzyme release that takes place in the pyloric caeca region and reaches
the proximal intestine [12,24]. Thus, an increase in these digestive activities could indicate
an imbalance in digestion or absorption of the nutrients provided by the diet, which the fish
try to compensate for by increasing digestive enzyme secretion to improve food acquisition
and utilization and maintain growth [12]. When P40S29 and C groups are compared, the
former showed a significant increase in TPA, which points to the idea that moderately
low protein diets act as secretagogues, stimulating the anticipatory release of proteases.
The present results in 95 g initial weight sea bass juveniles agreed with those found in
a previous study in this species fingerlings, despite the difference in size [19]. In fact,
in sea bass fingerlings, the effects of different protein-to-lipid ratios were studied, and
higher TPA anticipatory activity was detected in fish fed diets with a 40:20 dietary protein-
to-lipid ratio. Moreover, in European sea bass, like in sea bream [20], digestive enzyme
activities diminished as fish grew according to the decline in protein requirements [50,51],
but compensatory mechanisms related to the improvement of digestion are still evident
in sea bass above 200 g, as the present data pointed out. It is also necessary to consider
that both 36 and 40% of dietary protein are considered low for sea bass juveniles [13],
whereas for P43S24 and C groups, the protein content was inside the range adequate for
this species [11,13]. Despite this, sea bass fed a P36S36 diet, on the contrary to P40S29,
showed similar anticipatory activity to those found in P43S24 and C groups. This fact
could be related to the progressive increase in the total protease activity depending on the
dietary protein described in sea bream when the diet protein content rose from 35 to 41% in
a post-prandial study [24].

As it happened for protein, a slight increase in the dietary percentage of lipid upreg-
ulated TPA anticipatory activity in the L20S13 animals. Similar results were obtained in
sea bream juveniles fed diets with moderate lipid content 7 h post-feeding [25], where the
trypsin/chymotrypsin ratio tended to increase versus fish fed 17% lipid diets. Nevertheless,
sea bass fed a L22S7 diet presented the lowest protease anticipatory activity. These animals
were fed a diet containing the highest levels of total lipids (22.3%) and cellulose (12.5%).
Dietary lipid and fiber could be related to opposite changes in the intestinal transit rate,
and digestion time could make adaptive regulation of TPA unnecessary to maintain growth.
In sea bream fed diets with 23% of dietary lipid and 11% of fiber, total protease activity in
the proximal intestine was higher at 7 h post-feeding, probably due to a slow transit rate,
suggesting that this elevated TPA could counteract the negative effect that lipid can have
on protease activity [25], an idea that would reinforce the results obtained in this study.

Results from the proximal intestine pH show values close to those reported as normal
in the literature [24,25,52]. Moreover, it is known that slight changes in intestinal duct pH
can affect digestive enzyme activity considerably [53,54]. The differences found in intestinal
pH between C and L22S7 fish and the other experimental groups can be attributed to slight
changes in dietary proximate composition. In this sense, Lawlor et al. [55] showed that
dietary ingredients can affect the buffering capacities of animals. A similar trend was
also observed in sea bream fed with experimental diets where lipids were replaced by
starch [25]. Data suggest that when protein requirements are met, both lipid and fiber
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dietary inclusions are able to modulate TPA anticipatory activity to improve the digestion
process, allowing all groups to grow at comparable rates, as has been previously described
in other carnivorous species [18,20,24,25].

Zymograms showed the activity of six proteases: 24, 21, 18, and 15 kDa with chy-
motrypsin activity and 23 and 17 kDA with trypsin activity in sea bass over 200 g. Indi-
vidual protease profiles vary considerably between different developmental stages. Thus,
García-Meilán et al. [19] previously reported activities of 23, 22, 20, and 17 kDa trypsins
and an 18 kDa chymotrypsin in European sea bass fingerlings, but activities of 24, 21, and
15 kDa chymotrypsins in this species are reported in this paper for the first time. Irre-
spective of the administered diet, sea bass presented the high molecular weight proteases
(24, 23, and 21 KDa). These were the only bands detected in C, P43S24, and L20S13 animals
that presented low anticipatory levels of TPA. Moreover, a slight presence of proteolytic
bands with lower molecular weights was detected in sea bass with intermediate and low
TPA values (P36S36 and L22S7), and light bands were detected in animals P40S29 that had
the highest anticipatory TPA. This suggests that a higher number of different proteases,
presented in zymograms with different widths and/or definitions, were released by the
pancreas as anticipatory proteolytic activity increased. Chymotrypsin-like (24 and 21 KDa)
and trypsin-like (23 KDa) were constitutive proteases, since they were present in all exper-
imental groups. Instead, a sequential release pattern related to the amount of TPA was
observed in chymotrypsin-like (18 and 15 KDa) and trypsin-like (17 KDa) activities. These
proteases release profile was different from that found in sea bream, where the same pattern
has been detected with differences in the width and luminosity of the bands regardless of
diet, size, or time post-ingesta [12,24,25].

Protease activities obtained in the present study were of the same magnitude as those
obtained in sea bass fingerlings by García-Meilán et al. [19], but lipase activities were much
higher in the proximal intestine of fingerlings (almost tenfold). In fact, it is known that
younger fish have higher digestive enzyme activity, mainly lipase [20]. As it had been
previously described in other species [12,24,27], lipase activity presented high individual
variation. Despite this, and similar to the present study, a tendency to increase this enzyme
activity was observed in sea bream as dietary lipids increased above 20%, and a similar
profile was found in fish fed diets with moderate protein content (42%), enhancing lipid
digestion to spare protein [25].

Castro et al. [37] found low values of α-amylase activity 24 h post-feeding in the
anterior intestine of sea bass fed up to 20% of dietary starch. In the present study, slightly
lower activity of this enzyme was found in sea bass fed diets containing up to 24% of
dietary starch. These differences between the two studies could be due to the lower FM
content in the present experiment (20% versus 63.3%) and differences in protein (43–44%
versus 46%) and/or lipid dietary content (20% or more versus 18%). Moreover, an increase
in α-amylase activity was detected in sea bass fingerlings fed with low starch diets [20].
In a similar study, conducted in sea bream, the same response was observed, but of a
greater magnitude, which could be explained by different feeding habits since sea bass
is strictly carnivorous whereas sea bream is an omnivorous species [25]. Furthermore, in
sea bream, low-protein diets (35% protein) lead to an up-regulation in α-amylase 5 h after
feeding [24], reinforcing the idea that fish need to improve digestion processes to achieve
the same growth. In the present study, P36S36 and especially P40S24 sea bass presented an
up-regulation in α-amylase activity.

The intestine has a high cell turnover that makes it more susceptible to oxidative
stress [37]. In this sense, dietary composition promotes changes that could lead to an
imbalance in the intestinal oxidative status due to low l.s.a.s. to cope with the LPO
produced. These changes, in turn, can directly affect the integrity and fluidity of the
membrane of the enterocytes that constitute the barrier, making both intestinal brush
border nutrient digestion and absorption difficult [56].

Most of the studies related to antioxidant capacity by environmental or nutritional
factors have been carried out in the liver, due to its involvement in metabolism and
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detoxification [15,57–65]. However, the intestine acts as a barrier, preventing the entry
of possible pathogens, in addition to being the place where digestion and absorption
processes take place. In this sense, effects of diet composition on oxidative status seem to
be species-specific and tissue-specific; the liver is a more sensitive tissue to changes than
the intestine, and the response against oxidative stress in both organs can be different in
European sea bass and in sea bream [17,37]. Nevertheless, intestinal oxidative stress in
relation to nutritional status has hardly been studied, despite the negative effects it may
have on enterocyte membranes, affecting nutrient digestion and absorption [66–68].

Dietary lipid content and its level of unsaturation increase lipid peroxidation [36].
Several studies reported that LPO levels at the intestinal level were lower in fish-fed diets
containing vegetable oils than those fed with fish oil [17,37,69]. However, in the present
study, most of the dietary lipids (88–94%) come from fish oil and, to a lesser extent, from
fish meal, which are rich in EPA and DHA and prone to being easily oxidized. According
to this, fish fed a L22S7 diet presented high MDA levels, whereas in L20S13, those were
similar to C fish. Furthermore, we are not aware of any studies that have determined the
effects that the main composition of the diet may have on intestinal oxidative stress when
fish were fed with low levels of FM (20% in all diets). In the liver, dietary carbohydrates
administration was associated with oxidative stress protection in European sea bass up to
20% of inclusion [17,37,58], in common dentex between 24% and 28% [61,64] and in yellow
catfish with inclusion levels of up to 38% [70], probably because a higher carbohydrate
content in the diet implies a lower lipid or protein content, while in Senegalese sole this
protection effect was not found [57]. In the intestine, carbohydrates did not have oxidative
stress preventive effects, neither in gilthead sea bream and European sea bass fed diets up
to 20% starch inclusion [37,69] nor in sea bass fed diets up to 24% starch inclusion (present
work); but C, P43S24, and L20S13 fish can control LPO. Instead, the P40S29 fish proximal
intestine tended to trigger LPO, despite having l.s.a.s. (SOD, CAT, and GPx) similar to
those found in C, P43S24, and L20S13. Accordingly, higher peroxidation levels were also
found in the plasma of rats fed a protein-deficient diet [71]. Moreover, a deficient protein
diet could also be associated with a decrease in l.s.a.s. synthesis and higher superoxide
anion release [72], as also described in this study for animals P36S36. Furthermore, a higher
peroxidation level could also be related to less oxidative reducing power since the intestine
is a major consumer of GSH and an adequate GSSG:GSH ratio must be maintained [73].
The key enzyme in this process is G6PDH, which provides the NADPH required for GSH
reduction [35,36,74]. In the present study, G6PDH activity decreased as dietary starch
content rose. Data reinforce the low G6PDH activity at intestinal levels found in sea bream
fed diets containing 20% carbohydrates [73]. Moreover, NADPH, produced by G6PDH,
also contributes to the recycling of other antioxidant systems involving thioredoxins,
glutaredoxins, and peroxiredoxins [75] and maintains the activity of an important ROS-
detoxifying enzyme: CAT [76]. The higher levels of LPO in P40S29 could be due to lower
GSH availability, and the GPx and CAT activities detected could be downregulated by
lower NADPH production through G6PDH. Instead, low G6PDH and lower antioxidant
enzyme activities found in P36S36 did not affect LPO production.

Higher MDA levels could indicate an overproduction of ROS or reduced efficacy of
the l.s.a.s. [70], and both the antioxidant enzyme activities and these normalized by LPO
levels can be helpful to clarify if a specific diet could be associated with a deficit of a certain
antioxidant enzyme. In this sense, moderate and severe limitations of dietary protein
content or a higher level of lipid contribute to a lower detoxification capacity of superoxide
anion in the proximal intestine of sea bass.

The main by-product of the SOD catalytic reaction is hydroperoxide (ROOH), which
in turn can be detoxified through different pathways by both CAT and GPx; with GPx
being induced by the low H2O2 levels in the basal antioxidant situation and CAT being
preferentially activated by high H2O2 production responding to an oxidative stress situ-
ation [16,36,77]. This idea was reinforced by the present results, where CAT activity was
100× higher than GPx. In fact, the elimination of hydrogen peroxide via CAT is more
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energy efficient since it is independent of glutathione recycling [78]. Thereby, it could be
expected that the proximal intestine of sea bass fed with the different tested diets would
show preference for one or another detoxification route, making the ratio CAT/GPx a good
alternative to evaluate this trait. In this sense, the proximal intestine of the C fish showed
the lower value for this ratio. Instead, the proximal intestine of P36S36 sea bass presented
an elevated CAT/GPx ratio and an altered CAT/SOD ratio, suggesting that the P36S36 diet
can induce oxidative damage in the intestine [79,80].

5. Conclusions

In conclusion, the present study shows the effects of different levels of dietary macronu-
trients on anticipatory digestive enzymes and oxidative status in the proximal intestine
of European sea bass. Data reveal that the inclusion of carbohydrates up to 24% or lipids
up to 20% is possible for this species if protein requirements are met without negative
effects on the digestive enzymes’ activities or oxidative status. This knowledge could lead
to the improvement of sea bass diet formulation, which is crucial to achieving economically
efficient and sustainable production systems in fish.
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