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Abstract: The objectives of the present study were to evaluate the potential of the Korill (KO), a
product based on krill oil, supplemented in fish feed (5 g/kg feed) to alleviate density-induced
stress in carp fingerlings, and its protective capacity in case of anthelmintic drug administration
(ABZ—albendazole). Thus, the fish were divided into four groups: LD (low density with normal
feed), LD-KO (low density with KO supplementation feed), HD (high density with normal feed),
and HD-KO (high density with KO supplementation feed). During the first trial, the fish held under
different densities were fed normal feed and KO feed for two months, following a 2 × 2 factorial
experimental design. In the second trial, seven fish per tank were subjected, for one week, to
albendazole treatment (administered daily by an oral dose of 5 mg/kg body weight). For both trials,
blood and plasma samples were used to quantify hematological and biochemical parameters. The
results showed that the KO diet alleviated the negative impact of ABZ treatment on liver function and
the metabolic profile of carp fingerlings reared in high densities. In addition, KO feeding improved
lysozyme activity (LZM) and therefore the immune status of the fish, and reduced oxidative damage
in the liver, demonstrated by a decrease of malondialdehyde (MDA) content and an increase of total
antioxidant capacity (TAC).

Keywords: density stress; albendazole; krill oil; oxidative stress; hepatotoxicity

1. Introduction

Over the past two decades, the aquaculture industry faced major changes toward the
diversification of cultivated species and sustainable production intensification, contributing
significantly to the world food sector [1].

In intensive aquaculture systems, economic efficiency is dictated by unitary produc-
tion, which is dependent on the growth performance of the fish and the level of stocking
density. However, high stocking density (HD) has been evaluated as a chronic stressor
responsible for different physiological stress responses, putting at susceptibility or risk
the homeostasis and health of the fish [2,3]. The principal corticosteroid triggered by HD
is cortisol, which, during crowding stress, rises at high concentrations in blood inducing
immunosuppressive and catabolic actions [4]. Therefore, humoral immune parameters [5],
serum metabolites (osmolality, albumin, and globulin values), liver antioxidant-related
parameters (SOD, CAT, GPx, and MDA levels), lipid [6] and liver proteome patterns are
affected [7–9].

In order to counteract the negative effects induced by the high densities practiced in
intensive production systems, various solutions to increase the immune response of fish
have been already tested in numerous studies. In this sense, the main approach was the
nutritional path, which aimed to supplement the diet with antioxidant compounds such
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as herbal compounds and their extracts [10,11], essential oils [12,13] or functional feed
additives [14] to stimulate the fish immunity to cope with the stress.

Besides stress induced by HD, cultured fish are also exposed to other types of stressors
such us transport, manipulation (fishing, sorting), sudden changes in water quality (water
safety, oxygenation, composition), or diseases and, implicitly, the treatments applied for
their control. It is well known that disease prevention is more desirable than medical
treatment. However, in practice, treatments are still applied sometimes since stimulation
of immune response does not necessarily offer total protection against pathogens [15].
High stocking density practiced in fish farms favors the dispersion and transmission of
the parasites, especially in the open systems where the fish are exposed to opportunistic
species from the wild [16,17]. Thus, in some cases, broad-spectrum antiparasitic agents are
used to control the infestation.

Albendazole (ABZ) is a broad-spectrum anthelmintic drug used in the zootechnic
sector [18]. Recently, ABZ became a potential drug for use in aquaculture; however, it is
not specifically regulated for aquaculture [19]. Previous studies concerning the impact of
ABZ on fish highlighted its efficiency on pathogen control [20,21] but also its toxic effect on
rainbow trout (Oncorhynchus mykiss) infected with Gyrodactylus spp. [22], teratogenic and
embryotoxic effects as well as developmental abnormalities in zebrafish, Danio rerio [23,24],
and oxidative stress, elevated lipid peroxidation, or altered hematological parameters in
African Catfish [25]. In order to counteract the negative effects of ABZ, a nutritional strategy
must be found in the sense of using functional ingredients that increase fish immunity and
reduce oxidative stress. Such diets are viewed as important complementary component of
fish health management in aquaculture.

Phospholipids (PLs) are lipidic biomolecules constituting the main structural elements
in the formation of cell membranes, being also essential for the normal functioning of cells
and organs. For example, they can act as secondary messengers in cell signaling, this pro-
cess being essential, among others, in the regulation of cellular growth and differentiation,
ion transport, or nutrient absorption metabolism. Fish cannot synthesize phospholipids at
an optimal rate to meet their nutritional requirements and, therefore, it is recommended to
include enough phospholipids in the fish diet to ensure adequate growth as well as stress
resistance [26]. Krill oil is a unique lipid consisting of diverse lipid classes and is character-
ized by a high concentration (39.29% to 80.69%) of PLs associated with eicosapentaenoic
acid (EPA) and docosahexaenoic acid (DHA). Krill oil also contains tocopherols, vitamin A,
and astaxanthin, which help to support the health of the organisms and that may enhance
the immune function [27–29]. In mice studies, it has been already demonstrated that krill
oil can improve the absorption and delivery of DHA inside the body when compared with
fish oil [30].

High content of n-3 polyunsaturated fatty acids (n-3 PUFA) and PLs, but also the rich-
ness in valuable nutrients such as vitamins, flavonoids, minerals, and antioxidants [31,32],
has put krill oil on the list of candidates with multiple benefits such as immunomod-
ulation [33], hepatoprotection against the effect of toxic drugs [34], analgesic and anti-
inflammatory effects [35], along with antioxidant response [36,37]. However, even though
the functionality of krill oil has been proven, very few studies have provided detailed
information about the molecular mechanisms to elucidate how exactly krill oil exerts its
beneficial role. It is widely recognized that the functionalities of krill oil are corelated with
its chemical composition [32].

In the aquaculture industry, krill was explored rather as a protein source [38–40] and
as carotenoids for pigmenting fish flesh [41]. Few studies addressed the potential of KO as a
functional ingredient for stress and health management of intensively cultured fish [42,43].
According to our knowledge, there are no reported studies regarding the effect of KO diet
supplementation on the oxidative stress parameters of carp reared under high stocking
density or treated with ABZ.
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This research aims to investigate the capacity of Korill product to alleviate stocking
density stress in carp fingerlings and its hepatoprotective potential in case of anthelmintic
treatment with ABZ.

2. Materials and Methods
2.1. Experimental Design and Fish Maintenance

The present study was carried out in the recirculating aquaculture system (RAS) at the
Romanian Center for Modelling Recirculating Aquaculture Systems from the “Dunărea de
Jos” University of Galat, i, Romania. The RAS was previously described [44].

Common carp (Cyprinus carpio) fingerlings were purchased from a local farm and
transported to the laboratory facilities at Dunărea de Jos University of Galat,i. All fish
were acclimatized for 2 weeks during which were fed with a commercial diet (43% protein,
12% fat, 4% fiber, 6% ash. (Skretting, Vignetto, Italy) twice a day (2% of biomass).

Feeding trail (Trial 1). After the acclimation period, a total number of 300 fish (mean
weight 113.58 ± 11.09 g) were stocked in 12 fiberglass tanks (water volume 500 L) to create
four experimental groups with triplicates for each group: LD (low density fed with normal
feed), LD-KO (low density fed with 5% Korill product-supplemented feed), HD (high
density fed with normal feed), and HD-KO (high density fed with 5% Korill product-
supplemented feed). For LD treatments, 15 fish per tank were used (3.5 kg/m3), while
HD treatments, there were 35 fish per tank (8 kg/m3). For LD-KO and HD-KO, the feed
was supplemented with 5 g/kg Korill product from Sanience company (containing 500 mg
pure krill oil, 200 mg phospholipids, 90 mg Omega-3 EPA/DHA fatty acids, and 400 µg
astaxanthin), while for LD and HD, the feed was supplemented with fish oil. To incorporate
the oils, the basal diet was ground then mixed with the specified oil and transformed into
isoenergetic, isolipidic, and isoproteic pellets. After being dried, the pellets were transferred
to plastic bags and stored in a freezer at −20 ◦C before feeding. The fish were fed with
the above-mentioned diets within 2 months; feed was administrated manually to avoid
feed competition and fighting among fish. When uneaten feed was observed, the feed
administration was stopped, and the remaining pellets were quantified after being removed
from the tank using a small net and dried. A photoperiod of 16 h light and 8 h dark was
maintained. The biomass in each tank was weighed biweekly to adjust the feed amount.

ABZ exposure trial (Trial 2). After 2 months, 7 fish from each tank were randomly
selected and retained for albendazole treatment. Therefore, the fish were moved in an
experimental RAS system with 12 glass aquaria of 130 L individual volume. The ABZ
treatment was administered daily by an oral dose of 5 mg/kg body weight for 7 consecutive
days. The fish received the same diet (adjusted to biomass) under the same feeding regime.

The procedures presented in this study were approved by the Ethics Committee of
the university in accordance with the Experimental Certificate of Animal Use (no. 783/2022).
All animals were handled according to the principles stated by the EC Directive 86/609/EEC
regarding the protection of animals used for experimental and other scientific purposes.

2.2. Water Quality Parameters

During the trial, water quality parameters were monitored daily. Water temperature,
pH, dissolved oxygen, ammonium, and nitrate were measured automatically with an
Endress+Hauser monitoring system, Endress+Hauser AG, Switzerland, (probes of oxygen
and temperature are placed in each tank while the RAS system is provided with two probes
for pH, ammonium, and nitrate), while the nitrite concentrations were quantified weekly
with a Skalar SAN++ analyzer, Skalar Analytical, Breda, The Netherlands.

2.3. Sampling Protocol and Blood Analysis

The fish blood was sampled (seven fish per tank) for hematological, biochemical, and
antioxidant assays at the end of the 60-day feeding trial and after the 7-day exposure to
albendazole. The fish were gently caught and placed in an anesthetic chamber (0.7 mL/L
of 2- phenoxyethanol until deep anesthesia) before manipulation [45].
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Blood was taken from the caudal vein using a heparinized syringe and transferred to
sterilized tubes. The procedure was performed on ice until samples were transferred to
the laboratory for further analysis. Each sample taken was split into two Eppendorf tubes:
the first part was transferred into a sterile 2 mL Eppendorf tube with anticoagulant added
for the hematological analysis, while the second part was stored in a 2 mL Eppendorf tube
which was used for plasma separation. Plasma was obtained by centrifugation of blood at
3500 rpm (1166× g) for 10 min and used for further biochemical analyses.

The hematological profile was determined using the routine methodology of fish
hematology [46]. The red blood cells count (RBC × 106/µL) were determined using glass
blood diluting pipette and Vulpian diluting solution. Calculation of RBC (106/µL) was
performed using the number of counted cells, number of squares in which they were
counted, square volume, and blood dilution [47]. For the hematocrit or packed cell volume
(PCV, %) determination, we used the microhematocrit method, after centrifugation of
blood at 12,000 rpm (13,709× g) for 5 min. Hemoglobin concentration (Hb, g/dL) was
measured by cyanmethemoglobin method using Drabkin’s reagent (DIALAB, Wiener
Neudorf, Austria), and then the absorbance was read at a wavelength of 540 nm [48] using a
Specord 210 UV–Vis spectrophotometer (Analytic Jena, Jena, Germany). The hematological
indices, mean corpuscular volume (MCV, fL), mean corpuscular hemoglobin (MCH, pg),
and mean corpuscular hemoglobin concentration (MCHC, g/dL) were calculated from the
PCV, Hb, and RBC [49,50].

For the biochemical determinations, we used the VetTest® Chemistry Analyzer and
IDEXX VetTest kits (IDEXX Laboratories, Inc., Westbrook, ME, USA) for albumin (ALB,
g/dL), globulin (GLOB, g/dL), total serum protein (TP, g/dL), glucose (GLU, mg/dL),
alanine aminotransferase (ALT, U/L), aspartate aminotransferase (AST, U/L), alkaline
phosphatase (ALP, U/L), gamma-glutamyltransferase (GGT, U/L), direct bilirubin con-
centration (BIL D, mg/dL), cholesterol (CHOL, mg/dL), high-density lipoprotein (HDL,
mg/dL), low-density lipoprotein (LDL, mg/L), and triglycerides (TG, mg/dL).

Lipid peroxidation measured by malondialdehyde (MDA, nmol/mL) concentrations
were determined according to the Ohkawa (1979) method [51], and the optical density of
samples was read at 532 nm. The results were expressed as nmol of MDA per mL of plasma
or, per g of liver homogenate (nmol/g liver). Serum lysozyme activity (LZM, U/mL)
was measured based on the turbidimetric assay, Enzymatic Activity of Lysozyme Protocol
(Sigma, EC 3.2.1.17, Sigma-Aldrich, St. Louis, MO, USA). Total antioxidant capacity (TAC,
mMol Trolox) was measured spectrophotometrically, at an optical density of 734 nm, using
the ABTS—(2,2-azinobis 3-ethylbenzothiazoline-6sulphonic acid) according to the method
described by [52].

2.4. Data Analysis

All the statistical analyses were performed using the SPSS statistical software for
Windows, Version 16.0, United States, Chicago, SPSS Inc. Hematological and serum
parameters were expressed as means ± S.E. of the replicates, considering each tank as the
experimental unit. Data were analyzed by two-way ANOVA analysis having stocking
density and feed as independent variables. Before statistical analyses, both normality and
homogeneity of variance were confirmed by Shapiro–Wilk, and Levene’s tests, respectively.
All two-way ANOVA analyses were followed by a Ducan’s post hoc test when significant
differences were detected. T dependent test was used to compare the mean difference. The
level of significance was set at p < 0.05 for all analyses.

3. Results
3.1. Physicochemical Parameters of Water

During the feeding trial, the mean values of water quality did not differ signifi-
cantly (p > 0.05), and remained in the optimum range for carp culture [53]: tempera-
ture 22.4 ± 2.04 ◦C; pH = 7.25 ± 1.24; dissolved oxygen 7.56 ± 1.23 mg/L; ammonium
0.16 ± 0.09 mg/L; nitrate < 0.20 mg/L; and nitrites < 0.010 mg/L.
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3.2. Hematological and Biochemical Parameters

At the end of the feeding trial (after 60 days) and after the ABZ challenge (after
7 days of exposure), fish hematological parameters such as hemoglobin (Hb), red blood
cells count (RBC), hematocrit (PCV), and erythrocytes indices (MCV, MCH, MCHC) were
studied/computed (Table 1).

Table 1. Hematological parameters of C. carpio (Lin.) in different treatments after 60 days.

Parameters
Before ABZ Challenge After ABZ Challenge

LD LD-KO HD HD-KO LD LD-KO HD HD-KO

RBC
(×106/µL) 1.24 ± 0.14 a* 1.31 ± 0.16 a* 1.14 ± 0.14 a* 1.28 ± 0.05 a* 1.40 ± 0.12 a* 1.67 ± 0.15 a* 1.36 ± 0.21 a* 1.41 ± 0.11 a*

Hb (g/dL) 8.42 ± 0.63 a* 8.83 ± 0.69 a* 9.71 ± 0.51 a* 9.34 ± 0.27 a* 8.44 ± 0.31 c* 9.48 ± 0.39 d* 7.09 ± 0.73
a**

7.28 ± 0.72
b**

PCV (%) 28.22 ± 2.10
a*

29,13 ± 1.31
a*

31.59 ± 1.80
a*

27.93 ± 2.65
a*

31.30 ± 2.17
c*

31.80 ± 1.77
c*

23.00 ± 2.62
a**

28.87 ± 2.02
b*

MCV (fl) 238.59 ±
36.97 a*

233.77 ±
34.33 a*

286.63 ± 12.3
a*

220.36 ±
14.88 a*

231.23 ±
12.30 a*

196.57 ± 9.74
a*

194.52 ±
16.87 a**

213.77 ±
11.01 a*

MCH (pg) 71.71 ± 11.45
a*

70.68 ± 10.97
a*

88.01 ± 10.31
a*

73.46 ± 4.46
a*

62.40 ± 6.37
a*

58.68 ± 6.07
a*

56.48 ± 9.06
a**

53.01 ± 7.38
a*

MCHC
(g/dL)

30.02 ± 2.05
a*

30.21 ± 1.21
a*

30.93 ± 2.02
a*

34.42 ± 3.44
a*

27.33 ± 1.57
a*

30.35 ± 2.52
a*

30.55 ± 5.63
a*

25.56 ± 2.71
a**

Values are Mean ± S.E., n = 3. Values with different superscripts in a row differ significantly (ANOVA, p < 0.05).
Values with different symbols */** in a row differ significantly after treatment (T dependent, p < 0.05). RBC—red
blood cells (erythrocytes) count; Hb—hemoglobin; PCV—packed cell volume; MCV—mean corpuscular volume;
MCH—mean corpuscular hemoglobin; MCHC—mean corpuscular hemoglobin content.

At the end of the feeding experiment, although no significant differences (p > 0.05)
were detected, the data showed a slight decrease in values of RBC in higher densities and
higher values in variants fed with supplemented KO diet. The stocking density or diet
had a non-significant effect on Hb, PCV, MCV, MCH, and MCHC. However, after ABZ
treatment, values of Hb showed a significant decrease in both HD and HD-KO groups
(p < 0.05) with the lowest value in HD. PVC, MCV, and MCH dropped only in HD groups.
The ABZ treatment also induced a significant decrease (p < 0.05) of MCHC values only in
the HD-KO group.

3.3. Serum Metabolic Profile

At the end of the trial and after the ABZ challenge, the metabolic profile of the fish was
analyzed; the values (mean ± SE) for albumin (ALB), globulin (GLOB), albumin/globulin
ratio (A/G), total serum protein (TP), glucose (GLU), alanine aminotransferase (ALT),
aspartate aminotransferase (AST), alkaline phosphatase (ALP), gamma-glutamyltransferase
(GGT), direct bilirubin (BIL D), total bilirubin (BIL T), high-density lipoprotein (HDL), low-
density lipoprotein (LDL), cholesterol (CHOL), triglycerides (TG), and total lipids (TL) are
presented in Table 2.

Before the ABZ challenge, fish kept under higher stocking density and fed a normal
diet registered a significant (p < 0.05) increase in GLU, AST, ALT, and GGT compared with
groups fed the KO diet. KO did not induce significant changes in ALP, BIL D, BIL T, TL,
and lipid fraction, except HDL, which had higher values in LD-KO and HD-KO variants.

After ABZ treatment ALB, GLOB, and TP increased in all experimental variants,
with both factors, density and diet, showing a significant interaction (p < 0.005) for these
parameters. GLU increase significantly after ABZ with the highest value in the HD variant
and the lowest value in the LD-KO variant followed by HD-KO and LD. Treatment also
induced an increase in ALT and AST values in all variants, with a significantly higher
mean value for HD groups. HDL values increased after ABZ in all variants showing no
significant differences (p > 0.05) among treatments. LDL was not influenced by diet or
density during the feeding trial but increased significantly after ABZ treatment when the
highest mean value was registered for HD groups.
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Table 2. Serum metabolic profile parameters of C. carpio.

Parameters

Experimental Groups Interaction

LD LD-KO HD HD-KO Feed ×
Density

Before ABZ challenge
ALB (g/dl) 1.09 ± 0.03 a* 1.00 ± 0.05 a* 1.13 ± 0.10 a* 1.03 ± 0.07 a* p = 0.084

GLOB(g/dl) 2.76 ± 0.25 c* 2.96 ± 0.10 c* 2.33 ± 0.06 a* 2.56 ± 0.15 b* p = 0.034
A/G 0.39 ± 0.03 b* 0.33 ± 0.02 a* 0.48 ± 0.03 c* 0.40 ± 0.01 b* p = 0.020

TP (g/dl) 3.83 ± 0.18 b* 3.96 ± 0.25 b* 3.36 ± 0.05 a* 3.59 ± 0.10 b* p = 0.235
GLU (mg/dl) 48.33 ± 3.79 a* 43.67 ± 2.42 a* 68.67 ± 3.21 c* 51.50 ± 5.03 b* p = 0.967

ALT (U/L) 81.33 ± 3.59 a* 54.33 ± 3.46 a* 110.00 ± 4.94 c* 96.00 ± 3.58 b* p = 0.560
AST (U/L) 120.67 ± 8.36 a* 106.67 ± 5.16 a* 189.67 ± 4.98 c* 150.33 ± 6.53 b* p = 0.872
ALP (U/l) 129.20 ± 4.44 a* 103.60 ± 4.50 a* 135.33 ± 4.31 a* 113.50 ± 6.79 a* p = 0.403
GGT (U/L) 0.50 ± 0.71 a* 0.50 ± 0.71 a* 3.00 ± 0.83 c* 1.33 ± 1.15 b* p = 0.457

BIL D(mg/dl) 0.20 ± 0.07 a* 0.22 ± 0.08 a* 0.20 ± 0.05 a* 0.18 ± 0.04 a* p = 0.213
BIL T (mg/dl) 0.29 ± 0.10 a* 0.25 ± 0.11 a* 0.32 ± 0.09 a* 0.27 ± 0.06 a* p = 0.187
HDL (mg/dl) 79.73 ± 6.85 a* 90.07 ± 6.38 b* 74.63 ± 5.03 a* 87.73 ± 8.24 b* p = 0.578
LDL (mg/L) 27.67 ± 6.00 a* 26.33 ± 2.65 a* 25.67 ± 4.85 a* 27.67 ± 12.22 a* p = 0.858

CHOL (mg/dl) 211.67 ± 15.57 a* 204.67 ± 8.50 a* 203.50 ± 5.69 a* 181.33 ± 8.02 a* p = 0.961
TG (mg/dl) 449.33 ± 9.29 a* 435.00 ± 33.51 a* 440.00 ± 4.43 a* 421.33 ± 27.74 a* p = 0.642
TL (mg/dl) 1026.33 ± 63.01 a* 983.00 ± 74.64 a* 999.00 ± 9.81 a* 931.33 ± 43.25 a* p = 0.734

After ABZ challenge
ALB (g/dl) 1.28 ± 0.06 b** 1.18 ± 0.06 a* 1.42 ± 0.05 c** 1.21 ± 0.03 a** p = 0.044

GLOB (g/dl) 3.02 ± 0.04 b** 3.22 ± 0.22 c** 2.75 ± 0.18 a** 3.11 ± 0.13 b** p = 0.026
A/G 0.40 ± 0.02 a* 0.36 ± 0.03 a* 0.51 ± 0.01 b** 0.38 ± 0.01 a* p = 0.312

TP (g/dl) 4.30 ± 0.15 b** 4.40 ± 0.22 c** 4.17 ± 0.32 a** 4.32 ± 0.15 b** p = 0.031
GLU (mg/dl) 86.80 ± 4.95 b** 75.20 ± 3.11 a** 97.60 ± 3.80 c** 85.60 ± 4.73 b** p = 0.751

ALT (U/L) 92.40 ± 2.40 b** 65.00 ± 2.47 a** 148.50 ± 1.44 d** 122.00 ± 2.99 c** p = 0.011
AST (U/L) 233.50 ± 10.32 b** 197.75 ± 6.79 a** 367.25 ± 7.25 d** 281.00 ± 7.06 c** p = 0.012
ALP (U/l) 53.20 ± 0.73 a* 69.60 ± 4.33 a** 74.80 ± 2.19 a* 75.53 ± 3.95 a** p = 0.494
GGT (U/L) 2.40 ± 2.30 a** 2.50 ± 1.29 a** 4.00 ± 1.00 b** 2.40 ± 1.14 a** p = 0.148

BIL D(mg/dl) 0.11 ± 0.04 a** 0.11 ± 0.05 a** 0.13 ± 0.04 a** 0.12 ± 0.03 a** p = 0.830
BIL T (mg/dl) 0.19 ± 0.06 a** 0.19 ± 0.09 a** 0.21 ± 0.06 b** 0.24 ± 0.05 c** p = 0.860
HDL (mg/dl) 75.40 ± 3.15 a** 82.10 ± 6.50 a** 70.16 ± 7.45 a** 80.00 ± 6.08 a** p = 0.571
LDL (mg/L) 89.00 ± 3.76 a** 81.60 ± 5.66 a** 118.40 ± 9.07 c** 95.20 ± 2.52 b** p = 0.459

CHOL (mg/dl) 228.40 ± 9.58 a* 214.80 ± 7.29 a* 247.60 ± 6.89 b** 229.00 ± 4.16 a** p = 0.771
TG (mg/dl) 263.80 ± 8.94 a** 266.60 ± 7.04 a** 334.40 ± 6.89 b** 285.80 ± 9.05 a** p = 0.252
TL (mg/dl) 899.00 ± 10.23 a** 959.40 ± 7.87 b** 871.60 ± 12.46 a** 903.00 ± 15.23 a** p = 0.268

Values are Mean ± S.E., n = 3. Values with different superscripts in a row differ significantly (ANOVA, p < 0.05).
Values with different symbols */** in a column differ significantly after treatment (T dependent, p < 0.05).

In the first trial, neither stocking density nor diet influenced CHOL, TL, and TG, but
the ABZ caused a significant decrease in TG and TL and a significant increase in CHOL
in all variants. Thus, after treatment, the highest mean values for CHOL and TG and the
lowest mean value for TL were registered for HD groups.

3.4. Oxidative Stress Parameters and Lysozyme Activity

The effects of stocking density, feeding, and ABZ treatment on the oxidative stress
parameters and lysozyme activity of common carp were shown in Table 3.

Before the ABZ challenge, the MDA concentrations from plasma and liver were
significantly increased (p < 0.05) in the groups fed with the normal diet and held in high
density. Significant higher (p < 0.05) MDA concentrations were registered after the ABZ
challenge in all variants; however, the lowest concentration was observed in LD-KO and
the highest in the HD variant. Furthermore, TAC values in Cyprinus carpio serum were
significantly (interaction p < 0.05) influenced by stocking density and feeding. Before
the ABZ challenge, TAC significantly (p < 0.05) increased in fish from the LD-KO group.
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After the ABZ challenge, significant decreases were observed in the TAC values, the lower
values being registered in the HD group. The lysozyme activity in the blood serum of
Cyprinus carpio fingerlings was significantly higher (p < 0.05) after 60 days in groups fed
KO-supplemented diets. After ABZ, the lysozyme activity significantly increases (p < 0.05)
in all groups except LDKO; the lowest values were registered in the HD variant.

Table 3. Oxidative stress parameters and Lysozyme activity of C. carpio in different treatments (after
60 days of feeding different diets and after the ABZ challenge).

Parameters
Before ABZ Challenge After ABZ Challenge

LD LD-KO HD HD-KO LD LD-KO HD HD-KO

MDA
(nmol/mL) 2.10 ± 0.09 b* 1.67 ± 0.13a* 2.67 ± 0.16 c* 2.00 ± 0.15 b* 2.44 ± 0.11

b**
1.88 ± 0.17

a**
2.98 ± 0.15

c**
2.28 ± 0.13

b**

MDA
(nmol/g

liver)
8.12 ± 0.17 b* 5.49 ± 0.10 a* 8.47 ± 0.21 c* 8.12 ± 0.22 b* 10.77 ± 0.19

c**
6.61 ± 0.19

a**
11.84 ± 0.18

c**
9.12 ± 0.14

b**

TAC
(mM Trolox)

21.78 ± 0.25
b*

24.64 ± 0.29
c*

19.31 ± 0.26
a*

21.48 ± 0.31
b*

18.97 ± 0.22
a**

20.95 ± 0.24
a**

14.37 ± 0.21
b**

19.21 ± 0.23
a**

LZM
(U/mL) 7.70 ± 0.29 b* 9.10 ± 0.12 c* 7.33 ± 0.14 a* 9.03 ± 0.11 c* 9.18 ± 0.18

b** 9.33 ± 0.16 c* 8.54 ± 0.11
a**

9.58 ± 0.14
d**

Values are Mean ± S.E., n = 3. Values with different superscripts in a row differ significantly (ANOVA, p < 0.05).
Values with different symbols */** in a column differ significantly after treatment (T dependent, p < 0.05).
MDA—malondialdehyde; TAC—Total antioxidant capacity; LZM—lysozyme activity.

4. Discussion

In aquaculture farms, the fish species are exposed to different stress conditions that
can maintain their influence on the physiological mechanisms either for a limited period of
time (acute stress) or for extended periods (chronic stress). In the first case, depending on
the stressor type, the organisms experience transitory changes and therefore the recovery
of normal immunocompetence occurs after a few hours or days [54]. In the second case,
chronic stress involves complex physiological changes, including alteration of energetic
metabolism pathways, necessary to cope with the demands of the stress [55]. Moreover,
in chronic situations, keeping the low but persistent intensity of the stressor could lead
to depression or even suppression of the immunity system. In aquaculture, stocking
density represents a factor of welfare impairment even if a moderate, acceptable limit,
combined with good management practices, is applied [56]. In these cases, although
biological markers are not showing dramatic changes, the situation can quickly worsen
when other stressors, such as chemical treatment, are applied. The present study evaluated
the protective potential of KO on the welfare of carp held under different densities when
challenged with ABZ treatment.

In general, stocking density can compromise the health of farmed animals [57] and
cause hematological and metabolic changes in fish [58]. Thus, increased values of Hb,
Hct, and RBC in higher stocking densities were reported for species such as gilthead
seabream (Sparus aurata) [59], rainbow trout (Oncorhynchus mykiss) [3], or African catfish
(Clarias gariepinus) [60]. Our results revealed that the levels of non-specific stress responses
such as blood RBC and Hb or the hematological indices were not affected by moderate
stocking density or the KO-supplemented diet. Nevertheless, after albendazole treatment,
a significant decrease (p < 0.05) of hemoglobin values were observed in carp fingerlings
held in both HD and HD-KO variants, with the lowest value for HD groups.

It has been wildly accepted that the blood profile of fish could be easily altered by
external stressful factors since it represents the link between the surrounding and internal
environment. Reduction in hemoglobin concentration in both HD groups after ABZ
exposure could be due to the cumulative inhibitory effect of both stress factors, density and
ABZ, on the enzyme systems which are responsible for Hb synthesis [58]. Similar results
were observed in hematocrit and hemoglobin in tambaqui (Colossoma macropomum) treated
with albendazole [61]. The significantly higher Hb in the HD-KO variant compared with the
HD variant emphasizes the beneficial role of KO on the Hb synthesis. In fact, it is already
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demonstrated that due to its antioxidant property, astaxanthin stimulates the immune
system and functions of organs related to hematopoiesis [62]. The significant reduction
of PVC in the HD variant after ABZ treatment could be due to drug-induced hemolysis
via membrane lipid peroxidation or decreased red cell size [25], confirmed also by MCV
reduction. Nevertheless, in HD-KO groups, the PVC was not significantly affected after
ABZ treatment; this situation could be due to the intake of fatty acids n-3 PUFAs, which
has been shown to have crucial importance at cellular levels for maintaining membrane
homeostasis [30].

Determination of blood indices have particular importance in describing anemia in
fish [63], MCV, MCH, MCHC being widely used for determining the size, content, and
density of Hb in red blood cells [64]. In our study, before ABZ treatment, the differences
in MCV, MCH, and MCHC values were non-significant among variants, supporting the
assumption that increasing stocking density did not pose many challenges to the erythro-
cytes and did not indicate any pathological condition in the studied fish. However, after
ABZ treatment, values of MCV and MCH showed a significant decrease in HD groups
(p < 0.05) and, respectively, a significant decrease of MCHC values in HD-KO groups as a
result of a decrease in Hb but not in PVC for this variant. Other studies reported similar
effects of pharmaceuticals on PVC, Hb, and MCV in fish, as a result of anemia and due to
the oxidative stress arising from the metabolic interactions between the drug and the cell
environment [65].

In our study, the values of hematological parameters (Table 1) showed a variation
range consistent with the life stage of the carp [66]. Nevertheless, the HD groups receiving
the KO diet presented a less impaired hematological status due to the beneficial effect of KO
compounds in special omega 3 fatty acids, which are mostly bound in phospholipid form
and easily absorbed by cell membranes, contributing to the increased stress tolerance [28].

The content of total protein, albumin, and globulin in the serum is often used to assess
the nutritional and metabolic status of the fish held under different dietary regimes [67]
or different stressful conditions, these biomarkers also reflecting, indirectly, the welfare
status [68]. Under high stocking density, a drop in serum protein, albumin, or globulin
has been previously reported for species such as Labeo rohita [69], Cyprinus carpio [11], or
Oreochromis niloticus [70].

In our study, after the feeding trial, the fish reared under HD conditions showed the
lowest content of serum protein and globulin. Although groups receiving the KO diet
had higher protein and globulin serum concentrations compared with groups fed with
normal diet and held in the same density, significant differences were registered only for
high-density groups; albumin was not affected by density or feeding regime. A similar
pattern of biochemical parameter alteration has been reported by other authors [71–73] in
response to the high stocking density of the fish. However, other authors [7] showed no
changes in total proteins but significantly lower globulin values and higher albumin levels
in Oncorhynchus mykiss reared at high stocking density. Globulin is a diagnostic biomarker
with significant value in fish. Thus, the increase in serum globulin and the decrease in
the levels of the albumin–globulin ratio represents an important indicator of non-specific
immunity and enhanced protective mechanisms for fish [74]. In the present study, after
the feeding trial, A/G ratio was influenced by both factors—diet and density—and by
their interaction (p < 0.05). The high A/G ratios were found in HD groups while the lower
values were observed in groups receiving the KO diet.

After ABZ treatment, the serum total proteins and globulin levels increased in all
experimental groups (p < 0.05); however, total protein and globulin registered significantly
higher values in groups fed with the KO diet and held in low densities. A significant
increase in serum protein and globulin level was also found in fish treated with other
similar drugs, such as praziquantel [75] and levamisole [76]. Nevertheless, based on
present results, the fish held under density stress and ABZ treatment, fed with a normal
diet, reveal a more affected non-specific immune response than the fish held in the same
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conditions but fed a diet containing KO; the highest A/G ratio value was registered in the
HD group (p < 0.05).

Glucose is also considered a good indicator of fish stress (acute or chronic), being
often used as a welfare biomarker [77]. Data from the present study confirmed that carp
serum glucose was significantly higher in both HD groups, regardless of the diet. From this
point of view, the KO diet lowered glucose, especially in high-density groups. After the
ABZ challenge, the glucose increased in all experimental variants, registering the highest
value in the HD group fed with a normal diet, suggesting an overwhelming physiological
response to stress induced by the combined factors represented by high stocking density
and ABZ toxicity.

In addition to glucose, the CHOL and TG in the blood are considered reliable pa-
rameters for fish stress as they are related to energy and lipid metabolism [78,79]. It is
acknowledged that in fish kept under high stocking densities, in order to cope with the
increased energy demand, energy reserves are affected either through consumption or
reallocation [59]. Thus, depending on the specie or density tested, reported results are
controversial: CHOL and TG were markedly increased at high stocking density in Carassius
gibelio [80], Ictalurus punctatus [81], or Megalobrama amblycephala [82], while for species such
as Oncorhynchus mykiss [83], Micropterus salmoides [8], or Trachinotus ovatus [84], CHOL and
TG reserves were depleted to cope with increased energy demand generated by stressful
conditions. For carp, after the feeding trial, total cholesterol was not significantly affected
by density (p > 0.05) or diet (p > 0.05), although lower values were observed for higher
densities and for groups fed the KO diet. No differences were induced by feeding regime
or density in LDL concentration (p > 0.05), while HDL values registered higher values for
fish fed the KO diet. However, ABZ treatment induced a significant increase in LDL in all
experimental groups, among which the highest value was quantified in HD and the lowest
in LD-KO, suggesting that KO alleviated the negative impact of ABZ on the lipid profile.
The HDL decreased significantly (p < 0.05) after ABZ treatment but without differences
among experimental variants.

Chronic stress also altered the liver function, assessed here through biomarkers such
as ALT, AST, ALP, and GGT. Normally, these enzymes have constant variation unless
environmental stress or some pathological challenges are addressed. For teleost fish, ALT
and AST enzymes are the main aminotransferases related to amino acid metabolism in
the liver [85]. For carp reared in the present experiment, under crowding and stressful
conditions, the AST and ALT levels, measured after the feeding trial, increased significantly
(p < 0.05) in higher density variants, while for ALP, no significant (p > 0.05) changes were
induced by either feeding regime or stocking density. Other authors reported increased
values for AST, ALT, and ALP for species such as gibel carp, Carassius gibelio [80], or grass
carp, Ctenopharyngodon idella [11], held in higher densities, but they found no significant
differences in serum ALT, AST, and ALP for largemouth bass, Micropterus salmoides [8].
KO-supplemented diet induced significantly lower values for AST (p < 0.05) measured in
groups from high densities and significant changes in ALT in both tested densities. ALP
was not affected by density or feeding regime.

After the ABZ challenge, ALT and AST liver enzyme concentration increased for all
variants with the highest levels in HD groups. However, it is worth noticing the significantly
lower values (p < 0.05) registered for both density groups receiving the KO diet. For
these parameters, a significant diet x density interaction (p < 0.05) was found. Alkaline
phosphatase (ALP) values measured on carp exposed to ABZ registered a significant
decrease (p < 0.05) for groups fed with the normal diet, regardless the density. In the current
study, the decrease in ALP activity in fish after ABZ exposure may result from disruption of
the membrane transport system since ALP is an enzyme directly involved in the activities
of membrane transport [86].

Direct bilirubin among other biomarkers could be used as an indicator of liver impair-
ment and/or nutritional status. Total bilirubin concentrations in fish serum are considered
almost negligible in comparison with mammals due to the lower activity of biliverdin
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reductase [87]. In the present study, bilirubin was not affected by density or KO diet but
was significantly reduced after ABZ treatment in all cohorts, BIL T showing higher values
in HD groups. GGT activity is also low in healthy fish, with significant changes occurring
in diseases or toxicological challenges [88]. GGT activity was enhanced by high density
and by ABZ treatment, indicating, along with AST and ALT, liver malfunction or damage.
Using KO in the carp diet significantly reduced the GGT level in the serum of the fish held
in high densities.

As a result of metabolic processes at the cellular level, reactive oxygen species (ROS) are
produced and eliminated, through complex physiological mechanisms which are designed
to maintain a continuous dynamic balance. When ROS are in excess, free radicals cause lipid
peroxidation. The main component of lipid peroxides, malondialdehyde (MDA), affects the
structure and cellular functions, being characterized by biotoxicity [89]. Increased levels of
MDA in different fish tissues have been associated with cellular injury after fish exposure
to various stressors. In our study, the results showed that both density and ABZ treatment
increased plasma MDA. Nevertheless, the KO show a protective role demonstrated by
lower MDA values in LD-KO and in HD-KO variants. Thus, the following increasing
MDA profile was emphasized among variants, both before and after ABZ treatment:
LD-KO < HD-KO < LD < HD. The same pattern variation was also revealed in the liver but
with higher values of MDA explained by the strategic function of the liver in detoxification
and protection against ROS [90].

These results indicate that high densities and ABZ treatment induced oxidative stress
in the animals, particularly in the liver. This is also supported by the increased ALT enzyme
activity in the HD groups. The high level of oxidative stress could be reduced by feeding the
fish a diet supplemented with KO, due to its high content of astaxanthin, which has a high
antioxidant capacity [3]. Moreover, phospholipids can act as an enhancer of antioxidant
capacity [91]. Therefore, the KO containing astaxanthin and phospholipids contribute to
ROS scavenging and antioxidant activities.

After ABZ treatment, the total antioxidant capacity (TAC) was reduced in all experi-
mental variants. Similar results were reported for African catfish exposed to ABZ, which
showed higher levels of lipid peroxidation and, correspondingly, greater inhibition of
antioxidant activities, putting the liver at a higher risk of damage [25]. In the present trial,
however, the lower reduction of TAC in variants supplemented with KO may indicate
that tissues avoid depleting the total antioxidant reserves to neutralize oxidative stress.
Thus, the high content of n-3 PUFAs and astaxanthin from KO may be responsible for the
activation of protection mechanisms and/or for the antioxidant action of these molecules
limiting the use of the internal TAC reserves.

LZM is a biomarker commonly accepted for the assessment of the immune status of
fish after adverse stimuli since it plays an important role in the biodefense system [92].
Decreased LZM plasma concentration has been correlated with an impairment of the
immune system of different fish species held at a high stocking density [5,93]. Similarly,
in the present work, the LZM level decreased in the HD groups fed with a normal diet,
revealing that the density had an adverse effect on the immunity status. However, in
cohorts fed the KO diet, LZM activity was enhanced, and no significant differences were
detected between the tested stocking densities for these variants. After the ABZ challenge,
LZM concentration increased in all variants, showing the highest value in LDKO and the
smallest in HD, suggesting that the combination of the anti-inflammatory and antioxidant
agents found in krill oil stimulated the production of the molecules involved in immunity,
such as lysozyme, and enhanced the organism’s capacity to strengthen the defense system
when challenged.

5. Conclusions

The present study was conducted to investigate the potential of KO as a functional
ingredient for intensive aquaculture. The results showed that KO alleviated density stress
and albendazole liver toxicity, improved lipid metabolism, and improved the capacity to
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scavenge free radicals. Thus, KO could be regarded as a complementary component of fish
health management in aquaculture and could be used to develop nutraceutical products.
However, the exact mechanism behind the positive effects of the dietary inclusion of KO
needs to be addressed in future studies.
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