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ARTICLE INFO ABSTRACT

Keywords: The present study was conducted to investigate the effects of CoQ10 dietary supplementation on growth per-
Nile tilapia formance, feed utilization, blood profile, immune response, and oxidative status of Nile tilapia (12.4 + 0.11 g,
CoQ10 initial body weight). Five experimental diets were formulated containing CoQ10 at levels of 0, 10, 20, 30,

Growth performance
Digestive enzymes
Blood health
Immune response
Oxidative status

40 mg kg~ ! diet (D1, D2, D3, D4, and D5, respectively). The results of a 56-days feeding trial showed that,
significantly higher weight gain % (WG %), specific growth rate (SGR), feed intake (FI), and feed efficiency ratio
(FER) were recorded in fish groups fed diets supplemented with different levels of CoQ10 than fish fed the
control diet, while survival rate (SR%), condition factor (CF), hepatosomatic index (HSI) and viscerasomatic
index (VSI) showed no obvious differences (P > 0.05) among all experimental groups. The highest activities of
digestive enzymes (protease, amylase, and lipase) were recorded in D3, D4, and D5 groups. Moreover, blood
status of all experimental fish was within normal rates and significant alterations were only in the case of
glucose, cortisol, total cholesterol (T-Chol), triglycerides, and total protein (TP), where fish fed on D3, D4 and D5
diets exhibited lower values of glucose, cortisol, T-Chol, and triglycerides and higher values of TP. Furthermore,
the lowest values of immune response [lysozyme, bactericidal, respiratory burst (NBT), and alternative com-
plement pathway activities (ACP)], antioxidant capacity and oxidative related genes expressions [superoxide
dismutase (SOD), catalase (CAT) and glutathione peroxidase (GPx)] resulted from feeding on the basal diet (D1)
compared to CoQ10 diets, especially with its high levels { =20 mg kg~ ! diet (D3, D4, and D5)} in most cases. In
conclusion, our results suggest that the use of =20 mg CoQ10 kg™ diet improves the growth and health being of
Nile tilapia.

the success of aquaculture is good management [5]. Chemotherapeutics
or/and antibiotics were the most common approach to cope with dis-

1. Introduction

Rapid and influential expansions in the aquaculture sector, parti-
cularly intensive farming as an ideal option for the production of a
considerable amount of safer high-quality animal protein, have in-
creased the focus of the studies on overcoming the unfavorable impacts
and stressful conditions of intensification [1-3]. Fish is more suscep-
tible to disease outbreak in intensive aquaculture [4] and the basis for
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eases [6,7], but with increased anxiety about the consequences of fre-
quent use (e.g. the development of resistant pathogens strains, accu-
mulation of toxic residues, suppression of immune system, and
environmental hazards) [8,9], their use in several countries has pre-
vented [3]. As promising and effective alternatives to antibiotics, eco-
friendly natural strategies and/or functional feed additives such as
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medicinal herbs, probiotics, prebiotics, and synbiotics, have attracted
researchers' attention [10-13].

One candidate example found naturally in the biological system and
most cells is coenzyme Q10 (CoQ10) or ubiquinone, a hydrophobic
molecule [14], which exists in the inner membrane of mitochondria
where plays a pivotal role in the electron transport chain (ETC) and
generates energy (ATP) by transfer electrons from dehydrogenases
(NADH) to complex II (succinate) to complex III (ubiquinone cyto-
chrome ¢ oxidase) of ETC [15-17]. Coenzyme Q10, especially its re-
duced form (ubiquinol), is an effective antioxidant and free radical
scavenger that provides a protection to DNA, cells membrane, lipids
and proteins from the risks of oxidative damage, helps regenerating of
vitamin E and support healthy energy levels [18-21].

The bioactive compound CoQ10 is considered as a super-vitamin
(vitamin Q) that exhibits potent antioxidant amplitude, which is formed
in the body in insufficient quantities especially under stresses and
therefore need to be obtained from an external source [22]. The addi-
tion of CoQ10 helps to improve human and animal health in the case of
many diseases such as diabetes, obesity, muscular dystrophy, heart
disease, periodontal disease, cancer, Alzheimer, aging, etc. [23-27].
Also, in vitro studies suggest its anti-inflammatory potency [28,29].
Because of the multiple benefits of CoQ10, the potential therapeutic
advantages and the ease of synthesis either in biological or chemical
methods made it one of the distinctive material of high demand in the
market along with some other compounds such as vitamin C, vitamin E,
alpha-lipoic acid, and r-carnitine [15,30]. In addition, CoQ10 solubility
in lipids and organic solvents and water insolubility make it an ideal
supplement for aquatic animal feed.

To our best knowledge, there is a lack of studies on the use of CoQ10
in the aquatic animals. Therefore, this study is designed to evaluate the
use of CoQ10 on Nile tilapia (Oreochromis niloticus) performance and
health as one of the most prevalent cultivated species in the world (2nd
place with > 65% of the total aquaculture production) due to its con-
venience for farming and high marketability while maintaining a good
marketing price [31]. Intensification of tilapia culture makes fish more
susceptible to disease and stresses [32,33]. Our hypothesis suggests that
the use of CoQ10 as a feed supplement may boost the growth, utiliza-
tion of nutrients, blood profile, immune response, and oxidative status.
This study could be the basis for future research on the use of CoQ10,
not only with Nile tilapia but also for other aquatic species.

2. Materials and methods
2.1. Ethical approval

The study was fulfilled in accordance with the standards of animal
care and use for scientific purposes approved by the Ethics Committee
of Tanta University, Egypt.

2.2. Experimental design and diets preparation

Five experimental diets (=30.5% crude protein and ~18.05 kJ g~ 1)
were prepared by supplementing the basal diet (Table 1) with graded
levels of CoQ10 (C9538 Sigma-Aldrich, USA) at 0 (control), 10, 20, 30,
and 40 mg kg~ ! diet at the expense of starch. CoQ10 was thoroughly
mixed with fish oil and sunflower oil before adding other ingredients
then water was added at 10% with continued mixing for extra 15 min
until the texture was pasted and then pelleted using a California mill
machine with 2 mm diameters [33]. The pellets were air-dried at room
temperature in a dark place to avoid degrading of CoQ10 [34]. All diets
were kept at —20 °C in a freezer until use. The chemical composition of
the test diets was verified according to the standard analysis methods
[35] (Table 1).
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Table 1
Basal diet ingredients and proximate chemical analysis (%).

Ingredients Proximate composition®

Fish meal (72%) 10.5 Dry matter (DM) 90.48
Soybean meal (44%) 42 Crude protein (CP) 30.50
Wheat bran 10 Crude lipids (CL) 7.77
Yellow corn 18.5 Ash 6.97
Rice bran 10 Gross energy (KJ g~ )¢ 18.05
Fish oil 2.5

Sunflower oil 1.5

Vitamins mixture * 1

Minerals mixture " 1

Starch 3

Total 100

@ Vitamins mixture (kg): vitamin A (3300 IU), vitamin B1(133 mg), vitamin
B2 (580 mg), vitamin B6 (410 mg), vitamin B12 (50 mg), biotin (9330 mg),
vitamin C (2660 mg), Colin chloride (4000 mg), vitamin D1 (410 IU), inositol
(330 mg), niacin (26.60 mg), Para-amino benzoic acid (9330 mg), pantothenic
acid (2000 mg).

> Minerals mixture (kg): cobalt (5 mg), copper (25 mg), iodine (5 mg), iron
(200 mg), manganese (325 mg).

¢ Proximate analyses were performed in triplicates.

4 Gross energy (KJ g~ !): calculated mathematically by multiplying the
combustion coefficient of protein (23.6), lipid (39.5), and carbohydrate (17.2)
in their ratio in diets.

2.3. Fish maintenance

The present study was conducted under the supervision of Fish
production branch, Animal Production department, Faculty of
Agriculture, Tanta University in cooperation with Animal and Fish
Production Department, Faculty of Agriculture, Alexandria University,
Egypt.

Juveniles of Nile tilapia (O. niloticus) were purchased from a com-
mercial fish hatchery located in Kafrelsheikh, Egypt and after two
weeks of adaptation period to the experimental conditions in a 1000-L
tank with feeding on a 30% crude protein diet, 300 fish (initial body
weight = 12.4 + 0.11 g) were distributed into 15 glass aquaria (5
treatments in triplicates; 20 fish/aquarium; 100 1). All tanks were
supplied with air generators and 50% of the water was changed daily
with clean chlorine-free water at the same temperature under 12: 12hrs
light: darkness photoperiod regime for 56 days.

The mean values of daily measurements of water properties during
the experiment period were: T°C 25.2 = 0.39 (Thermometer),
pH 6.9 = 0.75 (Portable digital pH meter Martini Instruments
Model 201/digital), dissolved oxygen (DO, mg 171) = 7.3 + 04
(Waterproof Portable Dissolved Oxygen and BOD Meter model Hanna
waterproof IP67), and total ammonia-nitrogen (TAN, mg
I™H = 006 + 02 (Colorimetrically: Spectronic 601, Milton Roy
Company, San Diego, CA, USA). All water measured values were within
the optimal ranges for rearing Nile tilapia [2,33].

2.4. The feeding trial, sampling schedule, and analytical procedures

2.4.1. Feeding protocol

The feeding trial lasted for 56 days in which fish were hand-fed
twice at a specific time of day (08:00 and 16:00) at a percentage of wet
body weight (4% for 2 weeks and 3% for 6 weeks) which is re-adjusted
every two weeks according to the actual fish biomass in the tanks after
the batch-weights of the fish. After 3 h of feeding time, uneaten feed is
withdrawn from the tanks by siphoning and dried to calculate the ac-
tual feed intake (FI). At the end of the feeding trial, feeding was stopped
for 24 h prior to final sampling to reduce fish handling stress.

2.4.2. Growth parameters, feed utilization and biometric indices
The weight and length of each fish were measured separately.
Growth parameters and feed utilization were calculated according to
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the following formulae [36,37]:
Wr = W %

0

Weight Gain (WG %) = 100

_ LnWr —LnW,

Specific Growth Rate (SGR % day~!) X100

Feed Intake (FI, g fish™! 56 days™!)
Dry diet given — Dry remaining diet recovered

No.of fish
Feed Efficiency Ratio (FER) = FI ()
WG (2)
. Nr
Survival rate (SR %) = I X 100
o

Condition factor (CF) = % x 100

Where, W = final body weight; Wy = initial body weight; T = the
trial period in days (d); No = initial number of fish; Ny = final number
of fish; W = total weight (g); L = total length (cm).

Five fish were taken randomly from each aquarium (15 per treat-
ment), anesthetized (3 ml pure clove oil: 10 ml of 40% ethyl alcohol)
and the liver and viscera were eviscerated on the ice surface. Liver
weight relative to body weight was used to calculate the hepatosomatic
index (HSI) and viscera weight relative to body weight was used to
calculate the viscerasomatic index (VSI). The gastrointestinal tract was
separated from the rest of the viscera and washed with PBS (pH7.5;1 g
per 10 ml), then homogenized and centrifuged for 5 min at 8000 rpm
and the supernatant was then kept at 4 °C for the assessing of digestive
enzyme activities. Besides, parts of the collected organs (liver and in-
testine) were immediately frozen in liquid nitrogen for the further
analysis.

2.4.3. Digestive enzyme activities

Intestine protease activity was measured using casein as a substrate
following the assay of Sigma's non-specific protease activity [38].
Amylase and lipase activities were quantified spectrophotometrically at
As4o and Ay14 according to the modified methods of Wang et al. [39].

2.4.4. Blood and skin mucus sampling

After 24 h of the final weigh scaling, 15 anesthetized fish per
treatment were assigned for sampling skin mucus and blood. Skin
mucus was collected from a constant area (200 mm?) of dorsal side skin
using a plastic frame just before blood was collected according to the
method of Ross et al. [40]. Blood was sampled using a sterile syr-
inge * heparin (anticoagulant) from the fish caudal vessels. Haema-
tocrit was assessed in the partial heparinized whole blood by the cen-
trifugation (13,000 rpm for 5 min) of samples placed into micro-
haematocrit tubes according to the methods of Goldenfarb et al. [41].
Non heparinized syringes were used to collect blood for serum se-
paration. Serum and plasma were collected undercooling (4 °C) at a
speed of 3000 rpm for 10 min. Plasma and serum samples were kept at
—20 °C until the analysis.

2.4.5. Blood hematological and biochemical indices

Plasma hematology [haemoglobin (Hb), red blood cells (RBCs) and
white blood cells (WBCs)] and serum biochemical profile [glucose,
cortisol, total protein, cholesterol, triglycerides, alanine transaminase
(ALT) and aspartate transaminase (AST)] were determined using Semi-
automatic analyzer for clinical chemistry and hematology tests- Model
2000 Evolution, EMEG using Bayer Diagnostics Reagents strips fol-
lowing the manufactory guidelines.

2.4.6. Non-specific inmune responses
Serum and mucus lysozyme activities were diagnosed with 96-well
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microplate turbidimetric assay utilizing Micrococcus lysodeikticus (lyo-
philized cell, Sigma-Aldrich, India) as described by Lygren et al. [42].
Serum or mucus samples (10 pl) were placed into 96 microplate tubes,
and then the substrate mixture [190 pl of 0.2 mg of Micrococcus lyso-
deikticus m1~* PSB, pH = 7.4] were added with soft shaking at room
temperature. Changes in turbidity values were measured after 1 and
5 min, at 450 nm. A unit of enzyme activity was defined as the amount
of enzyme that causes a decrease in absorbance of 0.001/min.

Bactericidal activities of serum and mucus were assessed spectro-
photometrically at 570 nm according to the modified methods of
Gallage et al. [43] as described by Wang et al. [44]. Briefly, serum or
mucus samples were mixed with the bacterial suspension (Streptococcus
agalactize 1.4 x 10%) in a 1: 1 ratio (50 pl sample: 50 ul bacterial
suspension) at 25 °C for 2.5 h by using micro-tube rotator (Wavex —
Tube Rotator E11270). After incubation, mixtures were placed into 96-
microplate tubes with 15 pl 3-(4,5-Dimethyl-2-thiazolyl)-2,5-diphenyl-
2H-tetrazolium bromide MTT (Sigma-Aldrich, Egypt) (5 mg ml~?) for
15 min at 25 °C with soft shaking and the resulted formazan was dis-
solved with 50 pl of dimethyl sulfoxide (DMSO). Bacterial suspension in
PBS without serum or mucus samples served as a positive control. The
optical density (ODsy() for each sample was assessed in triplicate and
the antimicrobial activities presented as a percentage of S. agalactiae
inhibition relative to the positive control as follow:

ODComrol - ODSample
ODComrol

S. agalactiae inhibition % = X 100

Whole blood respiratory burst activities were quantified spectro-
photometrically at 630 nm by performing nitro blue tetrazolium (NBT)
assay according to the modified method of Secombes [45]. Alternative
complement pathway activities of serum samples (ACP) were defined
following the method described by Yanno [46] and Van Doan et al.
[47].

2.4.7. Antioxidant potential assessment and oxidative related genes

Tissues samples (liver and intestine of 15 fish/treatment) were
homogenized (Homogenizer VEVOR, FSH-2A) in cold iced NaCl
(0.86%), then centrifuged (10 min, 12,000 rpm, 4 °C) and the super-
natant was collected for superoxide dismutase (SOD), catalase (CAT)
and glutathione peroxidase (GPx) colorimetric analyses with a specific
detection kits (JianCheng, Nanjing, China) using a microplate spectro-
photometer at 550, 280, 412 nm following the manufacturer's in-
structions. One unit of SOD enzyme activity equals the amount of su-
peroxide dismutase needed to inhibit 50% of the nitrobluete trazolium
reduction [48]. One unit of CAT enzyme activity was defined as the
needed amount of CAT to transform 1 pmol of H,0, min~?! [49]. GPx
enzyme activity unit is the required amount of GPx to oxidize 1 pl of
NADPH min~! [50].

The gene expression trial focused on the genes associated with
oxidation (SOD, GPx and CAT) [51-53] and was performed in tripli-
cates using quantitative real-time PCR (qRT-PCR) in the collected tis-
sues (liver and intestinal samples kept at —80 °C; 15 fish per treat-
ment). About 50-100 mg of collected samples were utilized to extract
RNA using RNeasy Mini (Qiagen, Hilden, Germany) following manu-
facturer's guidance. The extracted RNAs were subjected to 1.5% agarose
gel electrophoresis in TAE buffer under a stable voltage condition
(100 V) using E-Gel Agarose System to verify RNA integrity, while the
concentration was defined using a spectrophotometer. First-strand
cDNA was obtained by the reverse transcriptase of 1-2 pug pure RNA
using SuperScript IV Reverse Transcriptase cDNA synthesis kit as de-
scribed by Amin et al. [33].

Selected genes and a stable internal housekeeping standard (f3-actin)
were amplified using a specific primer set (Sigma-Aldrich Chemie
GmbH, Steinheim, Germany) (Table 2) [53] and amplification products
were tested by melting curve analysis at the end of each PCR reaction.
SOD, GPx and CAT mRNA expressions in liver and intestine were as-
sessed by real-time quantitative PCR (qQRT-PCR) and the amplification
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Table 2
Oligonucleotide primers set used for qRT-PCR analysis.
Gene Sequence (5’-3") Annealing T Amplicons size (Pb) Accession number Reference
F= Forward — R = Reverse
SOD F GGTGCCCTGGAGCCCTA 60 377 JF801727.1 [53]
R ATGCGAAGTCTTCCACTGTC
CAT F TCCTGAATGAGGAGGAGCGA 60 232 JF801726.1 [53]
R ATCTTAGATGAGGCGGTGATG
GPx F CCAAGAGAACTGCAAGAGA 60 180 FF280316.1 [53]
R CAGGACACGTCATTCCTACAC
B-actin F CAATGAGAGGTTCCGTTGC 60 280 EF206801 [53]
R AGGATTCCATACCAAGGAAGG

mixture and thermal profile were designed following the manufac-
turer's protocol of the SYBR® Premix Ex Taq™ II Kit (Takara Bio, Otsu,
Japan). The relative values of mRNA expression were calculated using
2—2ACT algorithm with B-actin as the house keeping endogenous re-
ference [54].

2.5. Statistical analysis

The data were analyzed statistically using IBM® SPSS® Statistics
program version 22 (SPSS Inc., IL, USA) and expressed as means =+
standard errors (S.E.) of triplicate values. The homogeneity and nor-
mality of variance were inspected by Shapiro-Wilk and Levene tests and
then one-way ANOVA and Duncan's post hoc tests were performed at a
5% probability level.

3. Results
3.1. Fish growth, feed efficiency and biometric indices

Table 3 summarizes the growth, feed utilization, and biometric in-
dices of Nile tilapia fed the experimental diets for 56 days. Significantly
higher growth performance and feed utilization were recorded in fish
groups fed diets supplemented with CoQ10 compared to fish fed the
control diet, while SR, CF, HSI, and VSI shown no obvious differences
(P > 0.05). Moreover, there were no appreciable differences
(P > 0.05) in weight (WG and SGR) and feed efficiency (FI and FER)
among fish groups fed on diets with different levels of CoQ10.

3.2. Digestive enzyme activities

Intestine enzymes activities (protease, amylase, and lipase) of Nile
tilapia after 56 days trial period were shown in Table 4. CoQ10 sup-
plementations at a rate of =20 mg kg’1 diet (D3, D4, and D5) max-
imize the activity of protease, amylase, and lipase. Conversely, fish fed
the basal diet (D1) had the lowest significant lipase and protease per-
formance compared to their analogs. Meanwhile, no statistically dif-
ference (P > 0.05) in amylase activity between fish groups fed D2 diet
(10 mg CoQ10 kg diet) and D1.

3.3. Blood hematological and biochemical indices

Table 5 represents the blood hematological and biochemical para-
meters of Nile tilapia fish after 56 days experimental period. No sig-
nificant differences were found in Ht (%), Hb (g dl™ 1), RBCs (10° ul~ b,
WBGs (103 ul~ 1), ALT (IU 1= %), and AST (IU 1™') between the experi-
mental groups. Interestingly, fish fed diet contain CoQ10 a rate of
>20 mg kg~ ! diet (D3, D4, and D5) exhibited lower values of glucose
(mg dI™ 1Y), cortisol (ng dl™1), T-Chol (mg d1~ 1), and triglycerides (mg
dl™Y) and higher values of TP (g di="h.

3.4. Non-specific immune responses

Serum and mucus lysozyme activity of Nile tilapia is presented in
Fig. 1-A. The lowest values of lysozyme activity in both serum and
mucus were recorded in fish fed on the basal diet (D1) and the highest
value of mucosal lysozyme was observed in fish groups fed on CoQ10
diets, while the highest activity of serum lysozyme was found in fish
groups fed on diets with high levels of CoQ10 = 20 mg kg~ ' diet (D3,
D4, and D5).

Data on serum and mucus bactericidal activity of Nile tilapia are
presented in Fig. 1-B. Serum and mucus bactericidal activity positively
exhibited higher values in the groups reared on CoQ10 diets and the
lower values were recorded in fish fed with D1.

Respiratory burst (Nitro-blue Tetrazolium, NBT) showed higher
values in CoQ10 groups compared with the control (Fig. 2-A). Values of
serum alternative complement pathway activities (ACP) were higher
(P < 0.05) in fish groups fed on D3, D4, and D5 when compared with
other groups (D1, D2) (Fig. 2-B).

3.5. Antioxidant potential assessment and oxidative related genes

Results of SOD, CAT and GPx are shown in Fig. 3. Significantly
higher SOD, CAT, and GPx values were observed in fish groups fed on
D3, D4, and D5 diets, while the lower values were in fish fed D1. Gene
expression analysis detected a significant (P < 0.05) upregulation of
liver and intestine SOD, CAT, and GPx expressions in fish fed CoQ10
diets at different levels compared to control group, with high values in

Table 3

Growth, nutrient efficiency and biometric indices of Nile tilapia fed test diets (D1 = 0; D2 = 10; D3 = 20; D4 = 30; D5 = 40 mg CoQ10 kg'1 diet) for 56 days.
Item Test diets

D1 D2 D3 D4 D5

WG (%) 197.64 + 4.30° 240.81 = 5.21% 246.35 *+ 6.62% 249.35 + 6.817 242.80 = 6.017
SGR (% WG day_l) 1.95 + 0.03" 2.19 + 0.03° 2.22 + 0.03* 2.23 + 0.04* 2.20 += 0.03°
FI (g/fish/56 days) 37.92 + 0.10° 40.08 = 0.17* 40.13 + 0.22% 39.95 + 0.31° 39.69 + 0.17°
FER 0.64 + 0.01° 0.74 += 0.01° 0.76 + 0.03% 0.77 + 0.02° 0.76 + 0.02°
SR (%) 95.00 = 2.89 96.67 = 1.67 100.00 = 0.00 98.33 = 1.67 98.33 = 1.67
CF (%) 1.79 = 0.12 1.81 = 0.08 1.82 = 0.03 1.82 = 0.01 1.81 = 0.01
HSI (%) 2.01 = 0.15 2.10 = 0.20 2.04 = 0.18 2.05 = 0.11 2.10 = 0.06
VSI (%) 6.32 = 0.32 6.55 + 0.52 6.71 += 0.83 7.02 = 0.44 6.47 += 0.54
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Table 4
Digestive enzymes activities (amylase, lipase, protease) of Nile tilapia fed test diets (D1 = 0; D2 = 10; D3 = 20; D4 = 30; D5 = 40 mg CoQ10 kg'1 diet) for 56 days.
Enzyme activit (U mg ') Test diets
D1 D2 D3 D4 D5
Amylase 23.02 + 0.59" 25.30 = 0.57° 31.73 = 0.92° 31.70 = 0.94* 30.95 + 1.04*
Lipase 24.80 + 0.75° 27.11 + 0.56° 36.44 + 0.59% 35.61 + 0.74% 35.87 + 0.67%
Protease 17.62 + 0.72¢ 19.53 + 0.28° 24.87 += 0.09% 24.70 + 0.55% 24.09 + 0.58*

Values represent Means * S.E. (n = 5). Means in the same row bearing different superscript are significantly different at (P < 0.05).

Table 5

Blood hematological and biochemical parameters of Nile tilapia fed test diets (D1 = 0; D2 = 10; D3 = 20; D4 = 30; D5 = 40 mg CoQ10 kg™ diet) for 56 days.
Item Test diets

D1 D2 D3 D4 D5

Haematocrit (Ht, %) 29.23 + 1.21 29.95 + 0.54 30.36 + 0.26 29.74 + 1.29 29.61 + 1.38
Hemoglobin (Hb, g d1™%) 7.24 = 0.07 7.80 = 0.15 7.71 = 0.34 7.77 = 0.18 7.48 + 0.30
Red blood cells (RBCs, 10° ul ™) 1.98 + 0.02 2.47 + 0.09 2.46 = 0.26 257 + 0.29 2.04 + 0.04
White blood cells (WBCs, 10% ul~1) 68.77 + 3.95 76.96 + 8.89 79.46 + 2.91 80.33 + 3.24 79.69 * 0.62
Glucose (mg dI™%) 82.92 * 1.11° 76.72 * 0.44° 69.49 + 0.52° 70.13 * 0.74° 71.39 * 0.62°
Cortisol (ng m1™") 42,59 + 0.36° 35.39 * 0.67° 34.69 + 0.51° 35.05 + 0.12° 35.74 + 0.32°
Total protein (TP, g d1~ 1) 2.19 + 0.02° 2.66 + 0.06™ 2.89 + 0.07° 2.82 = 0.06° 245 + 0.14°
Total cholesterol (T-Chol, mg dl™ %) 87.40 + 0.63" 84.84 + 1.19%°® 80.26 = 1.22° 83.11 + 0.57° 82.71 + 1.42%
Triglyceride (mg dl™1) 102,59 * 1.172 98.93 + 1.80°° 94.58 + 1.48° 97.57 + 0.94° 96.77 + 1.66°
Alanine transaminase (ALT, TU 171) 81.55 * 0.91 77.69 + 1.80 77.02 + 1.74 76.98 + 1.99 76.77 * 0.71
Aspartate transaminase (AST, TU 171) 32.77 * 0.44 31.60 + 0.73 31.32 + 0.71 31.31 + 0.81 31.09 + 0.28

Results are expressed as Means = S.E. (n =

fish fed on D3, D4, and D5 diets (Fig. 4).

4. Discussion

Cultivation of aquatic animals at high densities requires precise
strategies to achieve the desired production and quality and also to
cope with the consequences of intensification. Recently there are many

5). Means in the same row bearing different superscript are significantly different at (P < 0.05).

being, including fermentation [13], modern aquaculture systems [e.g.
aquaponics, recirculatory aquaculture system (RAS), biofloc technology
(BFT), compensatory growth technology} [55-57], and nutraceuticals
feed additives {probiotics, prebiotics, synbiotics, immunostimulant
agents, exogenous enzymes, hormones, nucleotides, medicinal plants,

approaches used in boosting and modulating fish growth and well-
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organic acids or acidifiers, and antioxidants] [1]. Dietary im-
munostimulants are known to be a useful application for enhancing
performance and disease resistance in fish [58]. CoQ10 is a natural
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Fig. 2. Respiratory burst (Nitro-blue Tetrazolium, NBT) and serum alternative complement pathway (ACP) values for Nile tilapia fed the experimental diets (D1 = 0;
D2 = 10; D3 = 20; D4 = 30; D5 = 40 mg CoQ10 kg™ diet) for 56-days. (For interpretation of the references to color in this figure legend, the reader is referred to the

Web version of this article.)

substance with a strong antioxidant impact that has been studied sig-
nificantly in humans [25] and some animals [59,60], while there is a
lack of studies on its effect on farmed fish. To this end, in the present
study Nile tilapia was used as a widespread model worldwide to test the
efficacy of CoQ10 in modifying and improving growth and health
status. CoQ10 as an inexpensive obtainable dietary supplement has
been proven to yield a broad range of advantageous impacts [61]. The
natural sources of CoQ10 vary from prokaryotic organisms to eu-
karyotic organisms including a large number of bacteria, some of which
use as probiotics [15].
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The results of growth and utilization of nutrients showed an im-
provement with the addition of CoQ10 in the diet. The enhanced feed
utilization in terms of feed intake (FI) and feed efficiency ratio (FER)
might be one of the reasons for the boosted growth in fish fed on CoQ10
diets. Increased nutritional efficiency may also be associated with the
improved intestine condition due to modulating intestine microflora or
CoQ10 anti-inflammatory properties [28]. Also, the results of digestive
enzymes activity (protease, amylase, and lipase) confirm this im-
provement as enzymes activity could extend further insight into the
prospective impacts of diets on growth performance and feed utilization
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[2]. This amelioration in growth, utilization of feed and digestive en-
zymes may be due to the indirect effect of CoQ10 on re-synthesis of
vitamin E [18-21]. Moreover, the role of CoQ10 in the carbs cycle
makes it an important pivot in the metabolism of carbohydrates, pro-
tein, and lipids [15-17]. Also, the effects of CoQ10 treatment on in-
sulin, glucagon and cortisone hormones support the positive role in
improving the performance of fish [62]. In this context, Gopi et al. [63],
reported better feed efficiency and production score with high energy
diet supplemented with CoQ10 at 20 mg kg~ ' diet in broiler. Also,
Geng et al. [64], observed remarkable higher weight gain with com-
parable feed intake and feed efficiency with CoQ10 supplement at the
level of 40 mg kg~ ' diet. moreover, Huang et al. [65], reported an
enhancement in the weight gain at the level of 20-40 mg CoQ10 kg™
diet.

Blood indicators are accurate tools that reflect the health status of
fish as well as the response to external stimuli and stressors [36,37]. In
general, measurement values of blood indices recorded in the present
study are within the acceptable limits for Nile tilapia [2]. Also, no
considerable changes were noticed in the activities of liver metabolic
enzymes (ALT and AST) reflecting the absence of CoQ10 toxicity at any
levels used in this study. Glucose and cortisol are realistic indicators of
the existence of stressors as they increase with stress and decreases in
well-being [66,67]. Interestingly, levels of glucose and cortisol have
been decreased in fish fed CoQ10 supplemented diets when compared
with fish fed un-supplemented diet; this could be linked either to hy-
poglycemic hormone stimulation (insulin) or reduction in glucose ab-
sorption [36,68]. Also, cholesterol and triglyceride levels were de-
creased and this may linked to the hypocholesterolemic effect of CoQ10
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[68,69]. Conversely, higher total protein (TP) contents were observed
in fish fed with high levels of CoQ10 (=20 mg kg~ ! diet), which may
indicate an improvement in fish health or could be a post-injury or
infection adaptation response [70].

Nutrients supplementation may alter the immune responses of fish
by impressing directly or indirectly on immune cells through metabolic,
neurological, or endocrine pathways [13]. Phagocytosis is a vital de-
fense mechanism line in fish which utilizes in lysozyme activity, bac-
tericidal activity (BA), respiratory burst activity (Nitroblue Tetra-
zolium, NBT), and alternative complement pathway activities (ACP)
[70,71]. Lysozyme is considered one of the most significant non-specific
defense lines of natural immune system and used to assess the ability of
the immune system in many fish species as a result of its anti-microbial
activities [5]. Leucocytes cell produce lysozyme, which lysis the wall of
microbial cells and thus stimulate the lysozyme production, activates
the immunity complement system [72]. It is worth to be mentioned
NBT activity issued as an important indicator of the innate immune
defense mechanism in fish [73]. Bactericidal activity (BA) serves as a
pivotal factor of the host to withstand pathogens [74]. The results of
improved immunological parameters with CoQ10 supplements can be
explained by maintaining a healthy energy level, reducing stresses,
enhancing mitochondrial respiration, protecting cells membranes, and
maximizing the level of vitamin E [61].

The antioxidant defense system is highly linked with fish health
status and the immune system [36]. Oxidative stress arises from the
lack of balance between production and disposal of reactive oxygen
species (ROS) [75]. Superoxide dismutase (SOD), catalase (CAT), and
glutathione peroxidase (GPX) as vital components of the antioxidant
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defense system play important roles in removing excessive ROS, sus-
taining the homeostasis of the cell [2,70]. SOD, CAT and GPx values
and their gene expression were significantly higher in fish groups fed at
>20 mg CoQ10 kg™ diets indicating the high capacity of CoQ10 as an
antioxidant. Also, the enzyme activities (SOD, CAT, and GPx) and their
gene expressions were higher in the liver compared to the intestine,
demonstrating the important role of the liver in the antioxidant defense
system as previously mentioned [27,51]. It is well known that, CoQ10 is
considered as a super-vitamin (vitamin Q) that exhibits potent anti-
oxidant amplitude, free radical scavenger that provides a protection to
DNA, cells membrane, lipids and proteins, helps regenerating of vi-
tamin E and support healthy energy levels, improve health in case of
many disease [18-27].

5. Conclusion

Dietary inclusion of CoQ10 at level of =20 mg CoQ10 kg™ diet
improves the growth, health being and compensate for the harmful
impacts of oxidative stress in Nile tilapia.
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and VSI where n = 5). Means in the same row with different superscript
letters are significantly different (P < 0.05).

+

References

[1] M.A.O. Dawood, S. Koshio, M. Angeles, Beneficial roles of feed additives as im-
munostimulants in aquaculture : a review, Rev. Aquacult. 10 (2018) 950-974,
https://doi.org/10.1111/raq.12209.

M.A.O. Dawood, F.I. Magouz, M.F.I. Salem, H.A. Abdel-daim, Modulation of di-
gestive enzyme activity , blood health , oxidative responses and growth-related
gene expression in GIFT by heat-killed Lactobacillus plantarum (L-137), Aquaculture
505 (2019) 127-136, https://doi.org/10.1016/j.aquaculture.2019.02.053.

H. Van Doan, S.H. Hoseinifar, W. Tapingkae, M. Seel-audom, S. Jaturasitha,
M.A.O. Dawood, S. Wongmaneeprateep, T.T.N. Thu, M.A. Esteban, Boosted growth
performance , mucosal and serum immunity , and disease resistance nile Tilapia
(Oreochromis niloticus) fingerlings using corncob-derived xylooligosaccharide and
Lactobacillus plantarum CR1T5, Probiotics Antimicrob. Proteins (2019), https://doi.
org/10.1007/512602-019-09554-5.Boosted.

H. Van Doan, S.H. Hoseinifar, E. Ringg, M. Angeles, M. Dadar, M.A.O. Dawood,
C. Faggio, Host-associated Probiotics : a key factor in sustainable aquaculture host-
associated Probiotics : a key factor in sustainable aquaculture, Rev. Fish. Sci. Aquac.
(2019) 1-27, https://doi.org/10.1080,/23308249.2019.1643288 0.

M.A.O. Dawood, S. Koshio, M. Ishikawa, S. Yokoyama, Effects of heat killed
Lactobacillus plantarum (LP20) supplemental diets on growth performance, stress
resistance and immune response of red sea bream, Pagrus major, Aquaculture 442
(2015) 29-36, https://doi.org/10.1016/J.AQUACULTURE.2015.02.005.

L. Santos, F. Ramos, Antimicrobial resistance in aquaculture: current knowledge
and alternatives to tackle the problem, Int. J. Antimicrob. Agents 52 (2018)
135-143, https://doi.org/10.1016/J.IJANTIMICAG.2018.03.010.

H.Y. Done, A.K. Venkatesan, R.U. Halden, Does the recent growth of aquaculture
create antibiotic resistance threats different from those associated with land animal
production in agriculture? AAPS J. 17 (2015) 513-524, https://doi.org/10.1208/
§12248-015-9722-z.

A. Newaj-Fyzul, A.H. Al-Harbi, B. Austin, Review: developments in the use of
probiotics for disease control in aquaculture, Aquaculture 431 (2014) 1-11, https://
doi.org/10.1016/J.AQUACULTURE.2013.08.026.

A. Langdon, N. Crook, G. Dantas, The effects of antibiotics on the microbiome
throughout development and alternative approaches for therapeutic modulation,
Genome Med. 8 (2016) 39, https://doi.org/10.1186/513073-016-0294-z.

T. Defoirdt, P. Sorgeloos, P. Bossier, Alternatives to antibiotics for the control of
bacterial disease in aquaculture, Curr. Opin. Microbiol. 14 (2011) 251-258, https://
doi.org/10.1016/J.MIB.2011.03.004.

J. Romero, C. Gloria, P. Navarrete, Antibiotics in aquaculture — use, abuse and al-
ternatives, Heal. Environ. Aquac, InTech, 2012, , https://doi.org/10.5772/28157.

[2]

[3]

[4]

[5]

[6

[}

71

8

—

91

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

Fish and Shellfish Immunology 98 (2020) 420-428

E. Capkin, T. Ozcelep, S. Kayis, I. Altinok, Antimicrobial agents, triclosan, chlor-
oxylenol, methylisothiazolinone and borax, used in cleaning had genotoxic and
histopathologic effects on rainbow trout, Chemosphere 182 (2017) 720-729,
https://doi.org/10.1016/j.chemosphere.2017.05.093.

S. Dossou, S. Koshio, M. Ishikawa, S. Yokoyama, M.A.O. Dawood, M.F. El Basuini,
A. Olivier, A.I. Zaineldin, Growth performance, blood health, antioxidant status and
immune response in red sea bream (Pagrus major) fed Aspergillus oryzae fermented
rapeseed meal (RM-Koji), Fish Shellfish Immunol. 75 (2018), https://doi.org/10.
1016/j.fs.2018.01.032.

P.R. Nepal, H.-K. Han, H.-K. Choi, Enhancement of solubility and dissolution of
Coenzyme Q10 using solid dispersion formulation, Int. J. Pharm. 383 (2010)
147-153, https://doi.org/10.1016/j.ijpharm.2009.09.031.

S. Shukla, K.K. Dubey, CoQ10 a super-vitamin: review on application and bio-
synthesis, 3 Biotech 8 (2018) 249, https://doi.org/10.1007/s13205-018-1271-6.
A.R. Klingen, H. Palsdottir, C. Hunte, G.M. Ullmann, Redox-linked protonation state
changes in cytochrome bcl identified by Poisson-Boltzmann electrostatics calcu-
lations, Biochim. Biophys. Acta Bioenerg. 1767 (2007) 204-221, https://doi.org/
10.1016/j.bbabio.2007.01.016.

G. Lenaz, R. Fato, G. Formiggini, M.L. Genova, The role of Coenzyme Q in mi-
tochondrial electron transport, Mitochondrion 7 (2007) S8-S33, https://doi.org/
10.1016/j.mito.2007.03.009.

Y. Yoshida, M. Hayakawa, Y. Habuchi, E. Niki, Evaluation of the dietary effects of
coenzyme Q in vivo by the oxidative stress marker, hydroxyoctadecadienoic acid
and its stereoisomer ratio, Biochim. Biophys. Acta Gen. Subj. 1760 (2006)
1558-1568, https://doi.org/10.1016/j.bbagen.2006.06.007.

M. Bentinger, K. Brismar, G. Dallner, The antioxidant role of coenzyme Q,
Mitochondrion 7 (2007) S41-S50, https://doi.org/10.1016/j.mit0.2007.02.006.

S. Martin, I. Buron, J. Espinosa, J. Castilla, J. Villalba, J. Torres, Coenzyme Q and
protein/lipid oxidation in a BSE-infected transgenic mouse model, Free Radic. Biol.
Med. 42 (2007) 1723-1729, https://doi.org/10.1016/j.freeradbiomed.2007.03.
005.

A.W. Linnane, M. Kios, L. Vitetta, Coenzyme Q10 - its role as a prooxidant in the
formation of superoxide anion/hydrogen peroxide and the regulation of the meta-
bolome, Mitochondrion 7 (2007) S51-S61, https://doi.org/10.1016/j.mito.2007.
03.005.

J.D. Hernandez-Camacho, M. Bernier, G. Lépez-Lluch, P. Navas, Coenzyme Q10
supplementation in aging and disease, Front. Physiol. 9 (2018) 44, https://doi.org/
10.3389/fphys.2018.00044.

L. Roffe, K. Schmidt, E. Ernst, Efficacy of coenzyme Q10 for improved tolerability of
cancer treatments: a systematic review, J. Clin. Oncol. 22 (2004) 4418-4424,
https://doi.org/10.1200/JCO.2004.02.034.

K. Adarsh, H. Kaur, V. Mohan, Coenzyme Q10 (CoQ10) in isolated diastolic heart
failure in hypertrophic cardiomyopathy (HCM), Biofactors 32 (2008) 145-149 ac-
cessed http://www.ncbi.nlm.nih.gov/pubmed/19096110 , Accessed date: 16
October 2019.

A. Varela-Lépez, F. Giampieri, M. Battino, J. Quiles, Coenzyme Q and its role in the
dietary therapy against aging, Molecules 21 (2016) 373, https://doi.org/10.3390/
molecules21030373.

S. Prakash, J. Sunitha, M. Hans, Role of coenzyme Q(10) as an antioxidant and
bioenergizer in periodontal diseases, Indian J. Pharmacol. 42 (2010) 334-337,
https://doi.org/10.4103/0253-7613.71884.

F.M. Sohet, A.M. Neyrinck, B.D. Pachikian, F.C. de Backer, L.B. Bindels,

P. Niklowitz, T. Menke, P.D. Cani, N.M. Delzenne, Coenzyme Q10 supplementation
lowers hepatic oxidative stress and inflammation associated with diet-induced
obesity in mice, Biochem. Pharmacol. 78 (2009) 1391-1400, https://doi.org/10.
1016/j.bcp.2009.07.008.

C. Schmelzer, I. Lindner, G. Rimbach, P. Niklowitz, T. Menke, F. Doring, Functions
of coenzyme Q10 in inflammation and gene expression, BioFactors, IOS Press, 2008,
pp. 179-183, , https://doi.org/10.1002/biof.5520320121.

C. Schmelzer, G. Lorenz, G. Rimbach, F. Doring, In Vitro effects of the reduced form
of coenzyme Q10 on secretion levels of TNF-a and chemokines in response to LPS in
the human monocytic cell line THP-1, J. Clin. Biochem. Nutr. 44 (2009) 62-66,
https://doi.org/10.3164/jcbn.08-182.

S. Golbidi, S.A. Ebadi, I. Laher, Antioxidants in the treatment of diabetes, Curr.
Diabetes Rev. 7 (2011) 106-125 accessed http://www.ncbi.nlm.nih.gov/pubmed/
21294707 , Accessed date: 16 October 2019.

M. Dickson, A. Nasr-Allah, D. Kenawy, F. Kruijssen, Increasing fish farm profit-
ability through aquaculture best management practice training in Egypt,
Aquaculture 465 (2016) 172-178, https://doi.org/10.1016/J.AQUACULTURE.
2016.09.015.

M.M. Abdel-Daim, I.A.M. Eissa, A. Abdeen, H.M.R. Abdel-Latif, M. Ismail,

M.A.O. Dawood, A.M. Hassan, Lycopene and resveratrol ameliorate zinc oxide
nanoparticles-induced oxidative stress in Nile tilapia, Oreochromis niloticus, Environ.
Toxicol. Pharmacol. 69 (2019) 44-50, https://doi.org/10.1016/J.ETAP.2019.03.
016.

A. Amin, A. El, A.S.A. El-naby, F. Samir, A. El-ashram, Growth performance , in-
testinal histomorphology and growth-related gene expression in response to dietary
Ziziphus mauritiana in Nile tilapia (Oreochromis niloticus), Aquaculture 512 (2019)
734301, https://doi.org/10.1016/j.aquaculture.2019.734301.

H.-Y. Yang, J.-F. Song, High-sensitive determination of coenzyme Q(10) in iodinate-
beta-cyclodextrin medium by inclusion reaction and catalytic polarography, Anal.
Biochem. 348 (2006) 69-74, https://doi.org/10.1016/j.ab.2005.10.016.

AOAC, Official Methods of Analysis of AOAC International, eighteenth ed.,
Associations of Analytical Chemists, International, Washington DC, 2007.

M.F. El Basuini, A.M. El-Hais, M.A.O. Dawood, A.E.S. Abou-Zeid, S.Z. EL-Damrawy,
M.M.E.S. Khalafalla, S. Koshio, M. Ishikawa, S. Dossou, Effect of different levels of


https://doi.org/10.1016/j.fsi.2020.01.052
https://doi.org/10.1016/j.fsi.2020.01.052
https://doi.org/10.1111/raq.12209
https://doi.org/10.1016/j.aquaculture.2019.02.053
https://doi.org/10.1007/s12602-019-09554-5.Boosted
https://doi.org/10.1007/s12602-019-09554-5.Boosted
https://doi.org/10.1080/23308249.2019.1643288
https://doi.org/10.1016/J.AQUACULTURE.2015.02.005
https://doi.org/10.1016/J.IJANTIMICAG.2018.03.010
https://doi.org/10.1208/s12248-015-9722-z
https://doi.org/10.1208/s12248-015-9722-z
https://doi.org/10.1016/J.AQUACULTURE.2013.08.026
https://doi.org/10.1016/J.AQUACULTURE.2013.08.026
https://doi.org/10.1186/s13073-016-0294-z
https://doi.org/10.1016/J.MIB.2011.03.004
https://doi.org/10.1016/J.MIB.2011.03.004
https://doi.org/10.5772/28157
https://doi.org/10.1016/j.chemosphere.2017.05.093
https://doi.org/10.1016/j.fsi.2018.01.032
https://doi.org/10.1016/j.fsi.2018.01.032
https://doi.org/10.1016/j.ijpharm.2009.09.031
https://doi.org/10.1007/s13205-018-1271-6
https://doi.org/10.1016/j.bbabio.2007.01.016
https://doi.org/10.1016/j.bbabio.2007.01.016
https://doi.org/10.1016/j.mito.2007.03.009
https://doi.org/10.1016/j.mito.2007.03.009
https://doi.org/10.1016/j.bbagen.2006.06.007
https://doi.org/10.1016/j.mito.2007.02.006
https://doi.org/10.1016/j.freeradbiomed.2007.03.005
https://doi.org/10.1016/j.freeradbiomed.2007.03.005
https://doi.org/10.1016/j.mito.2007.03.005
https://doi.org/10.1016/j.mito.2007.03.005
https://doi.org/10.3389/fphys.2018.00044
https://doi.org/10.3389/fphys.2018.00044
https://doi.org/10.1200/JCO.2004.02.034
http://www.ncbi.nlm.nih.gov/pubmed/19096110
https://doi.org/10.3390/molecules21030373
https://doi.org/10.3390/molecules21030373
https://doi.org/10.4103/0253-7613.71884
https://doi.org/10.1016/j.bcp.2009.07.008
https://doi.org/10.1016/j.bcp.2009.07.008
https://doi.org/10.1002/biof.5520320121
https://doi.org/10.3164/jcbn.08-182
http://www.ncbi.nlm.nih.gov/pubmed/21294707
http://www.ncbi.nlm.nih.gov/pubmed/21294707
https://doi.org/10.1016/J.AQUACULTURE.2016.09.015
https://doi.org/10.1016/J.AQUACULTURE.2016.09.015
https://doi.org/10.1016/J.ETAP.2019.03.016
https://doi.org/10.1016/J.ETAP.2019.03.016
https://doi.org/10.1016/j.aquaculture.2019.734301
https://doi.org/10.1016/j.ab.2005.10.016
http://refhub.elsevier.com/S1050-4648(20)30060-7/sref35
http://refhub.elsevier.com/S1050-4648(20)30060-7/sref35

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]
[50]

[51]

[52]

[53]

[54]

[55]

[56]

. El Basuini, et al.

dietary copper nanoparticles and copper sulfate on growth performance, blood
biochemical profiles, antioxidant status and immune response of red sea bream
(Pagrus major), Aquaculture 455 (2016) 32-40, https://doi.org/10.1016/j.
aquaculture.2016.01.007.

M.F. El Basuini, A.M. El-Hais, M.A.O. Dawood, A.E.-S. Abou-Zeid, S.Z. EL-Damrawy,
M.M.E.-S. Khalafalla, S. Koshio, M. Ishikawa, S. Dossou, Effects of dietary copper
nanoparticles and vitamin C supplementations on growth performance, immune
response and stress resistance of red sea bream, Pagrus major, Aquacult. Nutr. 23
(2017) 1329-1340, https://doi.org/10.1111/anu.12508.

C. Cupp-Enyard, Sigma's non-specific protease activity assay - casein as a substrate,
J. Vis. Exp. €899 (2008) 1-3, https://doi.org/10.3791/899.

W. Wang, M. Ishikawa, M.A.O. Dawood, S. Koshio, S. Yokoyama, A.S. Moss,

S. Hossain, Effects of dietary astaxanthin and vitamin E and their interactions on the
growth performance , pigmentation , digestive enzyme activity of kuruma shrimp
(Marsupenaeus japonicus), Aquacult. Nutr. (2019) 1186-1197, https://doi.org/10.
1111/are.13993.

N.W. Ross, K.J. Firth, A. Wang, J.F. Burka, S.C. Johnson, Changes in hydrolytic
enzyme activities of naive Atlantic salmon Salmo salar skin mucus due to infection
with the salmon louse Lepeophtheirus salmonis and cortisol implantation, Dis. Aquat.
Org. 41 (2000) 43-51, https://doi.org/10.3354/dao041043.

P.B. Goldenfarb, F.P. Bowyer, E. Hall, E. Brosious, Reproducibility in the hema-
tology laboratory: the microhematocrit determination, Am. J. Clin. Pathol. 56
(1971) 35-39, https://doi.org/10.1093/ajcp/56.1.35.

B. Lygren, H. Sveier, B. Hjeltness, R. Waagbg, Examination of the im-
munomodulatory properties and the effect on disease resistance of dietary bovine
lactoferrin and vitamin C fed to atlantic salmon (Salmo salar) for a short-term
period, Fish Shellfish Immunol. 9 (1999) 95-107, https://doi.org/10.1006/fsim.
1998.0179.

S. Gallage, T. Katagiri, M. Endo, K. Futami, M. Endo, M. Maita, Influence of mod-
erate hypoxia on vaccine efficacy against Vibrio anguillarum in Oreochromis niloticus
(Nile tilapia), Fish Shellfish Immunol. 51 (2016) 271-281, https://doi.org/10.
1016/j.£si.2016.02.024.

J. Wang, R.Z. He, G.L. Lu, H.L. Luo, D.Q. Lu, A.X. Li, Vaccine-induced antibody level
as the parameter of the influence of environmental salinity on vaccine efficacy in
Nile tilapia, Fish Shellfish Immunol. 82 (2018) 522-530, https://doi.org/10.1016/
j.fs1.2018.08.025.

C.J. Secombes, Isolation of salmoid macrophages and analysis of their killing ac-
tivity, Tech. Fish Immunol. 1 (1990) 137-155.

T. Yanno, Assays of haemolytic complement activity, in: J.S. Stolen, T.C. Fletcher,
D.P. Anderson, S.L. Kaattari, A.F. Rowley (Eds.), Techniques in Fish Immunology,
SOS Publications., Fair Haven, NJ, 1992.

H. Van Doan, W. Tapingkae, T. Moonmanee, A. Seepai, Effects of low molecular
weight sodium alginate on growth performance, immunity, and disease resistance
of tilapia, Oreochromis niloticus, Fish Shellfish Immunol. 55 (2016) 186-194,
https://doi.org/10.1016/j.fsi.2016.05.034.

F. Paoletti, A. Mocali, Determination of superoxide dismutase activity by purely
chemical system based on NAD(P)H oxidation, Methods Enzymol. 186 (1990)
209-220, https://doi.org/10.1016/0076-6879(90)86110-h.

H. Aebi, [13] catalase in vitro, Methods Enzymol. 105 (1984) 121-126, https://doi.
0rg/10.1016/50076-6879(84)05016-3.

1. Carlberg, B. Mannervik, [59] Glutathione reductase, Methods Enzymol. 113
(1985) 484-490, https://doi.org/10.1016/50076-6879(85)13062-4.

S. Sun, X. Ge, J. Zhu, F. Xuan, X. Jiang, Identification and mRNA expression of
antioxidant enzyme genes associated with the oxidative stress response in the
Wuchang bream (Megalobrama amblycephala Yih) in response to acute nitrite ex-
posure, Comp. Biochem. Physiol. C Toxicol. Pharmacol. 159 (2014) 69-77, https://
doi.org/10.1016/j.cbpc.2013.09.005.

E.S. dos Reis Goes, M.D. Goes, P.L. de Castro, J.A.F. de Lara, A.C.P. Vital,

R.P. Ribeiro, Imbalance of the redox system and quality of tilapia fillets subjected to
pre-slaughter stress, PloS One 14 (2019), https://doi.org/10.1371/journal.pone.
0210742.

A.M. Abdelazim, I.M. Saadeldin, A.A.A. Swelum, M.M. Afifi, A. Alkaladi, Oxidative
stress in the muscles of the fish nile Tilapia caused by zinc oxide nanoparticles and
its modulation by vitamins C and E, Oxid. Med. Cell. Longev. 2018 (2018) 6926712,
https://doi.org/10.1155/2018/6926712.

M.W. Pfaffl, A new mathematical model for relative quantification in real-time RT-
PCR, Nucleic Acids Res. 29 (2001) 45e-45, https://doi.org/10.1093/nar/29.9.e45.
M. Ali, A. Nicieza, R.J. Wootton, Compensatory growth in fishes: a response to
growth depression, Fish Fish. 4 (2003) 147-190, https://doi.org/10.1046/j.1467-
2979.2003.00120.x.

A.T. Mansour, M.A. Esteban, Effects of carbon sources and plant protein levels in a
biofloc system on growth performance, and the immune and antioxidant status of

428

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

Fish and Shellfish Immunology 98 (2020) 420-428

Nile tilapia (Oreochromis niloticus), Fish Shellfish Immunol. 64 (2017) 202-209,
https://doi.org/10.1016/J.FS1.2017.03.025.

J.Y. Liang, Y.H. Chien, Effects of feeding frequency and photoperiod on water
quality and crop production in a tilapia-water spinach raft aquaponics system, Int.
Biodeterior. Biodegrad. 85 (2013) 693-700, https://doi.org/10.1016/j.ibiod.2013.
03.029.

A. Oliva-Teles, Nutrition and health of aquaculture fish, J. Fish. Dis. 35 (2012)
83-108, https://doi.org/10.1111/j.1365-2761.2011.01333.x.

M.M. Amin, G.F. Asaad, R.M. Abdel Salam, H.S. El-Abhar, M.S. Arbid, Novel CoQ10
antidiabetic mechanisms underlie its positive effect: modulation of insulin and
adiponectine receptors, tyrosine kinase, PI3K, glucose transporters, SRAGE and
visfatin in insulin resistant/diabetic rats, PloS One 9 (2014), https://doi.org/10.
1371/journal.pone.0089169.

K. Honda, H. Kamisoyama, T. Motoori, T. Saneyasu, S. Hasegawa, Effect of dietary
coenzyme Q10 on cholesterol metabolism in growing chickens, J. Poultry Sci.
(2010), https://doi.org/10.2141/jpsa.009063.

J. Feher, E. Nemeth, V. Nagy, G. Lengyel, J. Feher, The preventive role of coenzyme
Q10 and other antioxidants in injuries caused by oxidative stress, Arch. Med. Sci. 3
(2007) 305-314.

J.E. Henriksen, C.B. Andersen, O. Hother-Nielsen, A. Vaag, S.A. Mortensen, H. Beck-
Nielsen, Impact of ubiquinone (coenzyme Q10) treatment on glycaemic control,
insulin requirement and well-being in patients with type I diabetes mellitus, Diabet.
Med. 16 (1999) 312-318, https://doi.org/10.1046/j.1464-5491.1999.00064.x.

M. Gopi, M.R. Purushothaman, D. Chandrasekaran, Effect of dietary coenzyme Q10
supplementation on the growth rate, carcass characters and cost effectiveness of
broiler fed with three energy levels, SpringerPlus 3 (2014), https://doi.org/10.
1186/2193-1801-3-518.

A. Geng, B. Li, Y. Guo, Effects of dietary L-carnitine and coenzyme Q10at different
supplemental ages on growth performance and some immune response in ascites-
susceptible broilers, Arch. Anim. Nutr. 61 (2007) 50-60, https://doi.org/10.1080/
17450390601117041.

B. Huang, Y. Guo, X. Hu, Y. Song, Effects of coenzyme Q10 on growth performance
and heart mitochondrial function of broilers under high altitude induced hypoxia, J.
Poultry Sci. 48 (2011) 40-46, https://doi.org/10.2141/jpsa.010084.

D. Bertotto, C. Poltronieri, E. Negrato, D. Majolini, G. Radaelli, C. Simontacchi,
Alternative matrices for cortisol measurement in fish, Aquacult. Res. 41 (2010)
1261-1267, https://doi.org/10.1111/j.1365-2109.2009.02417 .x.

J.M. Ramsay, G.W. Feist, Z.M. Varga, M. Westerfield, M.L. Kent, C.B. Schreck,
Whole-body cortisol is an indicator of crowding stress in adult zebrafish, Danio
rerio, Aquaculture 258 (2006) 565-574, https://doi.org/10.1016/j.aquaculture.
2006.04.020.

K. Modi, D.D. Santani, R.K. Goyal, P.A. Bhatt, Effect of coenzyme Q10 on catalase
activity and other antioxidant parameters in streptozotocin-induced diabetic rats,
Biol. Trace Elem. Res. 109 (2006) 25-34, https://doi.org/10.1385/
BTER:109:1:025.

S. Raeisi-Zeydabad, R. Mirmahmoudi, O. Esmaeilipour, M. Mazhari, Effects of
Coenzyme Q10 and Vitamin C on Growth Performance and Blood Components in
Broiler Chickens under Heat Stress vol. 6604, (2017), pp. 145-152, https://doi.org/
10.22069/psj.2017.13733.1272.

M.A.O. Dawood, S. Koshio, M. Ishikawa, S. Yokoyama, Effects of dietary inactivated
Pediococcus pentosaceus on growth performance, feed utilization and blood char-
acteristics of red sea bream, Pagrus major juvenile, Aquacult. Nutr. 22 (2016)
923-932, https://doi.org/10.1111/anu.12314.

M.A.O. Dawood, S. Koshio, M. Ishikawa, S. Yokoyama, Immune responses and stress
resistance in red sea bream, Pagrus major, after oral administration of heat-killed
Lactobacillus plantarum and vitamin C, Fish Shellfish Immunol. 54 (2016) 266-275,
https://doi.org/10.1016/j.£5i.2016.04.017.

S. Cecchini, G. Terova, G. Caricato, M. Saroglia, Lysozyme activity in embryos and
larvae of sea bass (Dicentrarchus labrax L.), spawned by broodstocks fed with vi-
tamin C enriched diets, Bull. Eur. Assoc. Fish Pathol. 20 (2000) 120-124 (accessed
June 27, 2018), https://www.cabdirect.org/cabdirect/abstract/20002218656.

T. Miyazaki, A simple method to evaluate respiratory burst activity of blood pha-
gocytes from Japanese flounder, Fish Pathol. 33 (1998) 141-142, https://doi.org/
10.3147/jsfp.33.141.

H. Kawakami, H. Yamashita, M. Sakai, Comparative sensitivity of yellowtail Seriola
quinqueradiata and goldstriped amberjack S. aureovittata to Photobacterium damsela
subsp. piscicida, J. World Aquacult. Soc. 31 (2000) 213-217, https://doi.org/10.
1111/j.1749-7345.2000.tb00355.x.

M.A.O. Dawood, S. Koshio, Vitamin C supplementation to optimize growth, health
and stress resistance in aquatic animals, Rev. Aquacult. 10 (2018) 334-350, https://
doi.org/10.1111/raq.12163.


https://doi.org/10.1016/j.aquaculture.2016.01.007
https://doi.org/10.1016/j.aquaculture.2016.01.007
https://doi.org/10.1111/anu.12508
https://doi.org/10.3791/899
https://doi.org/10.1111/are.13993
https://doi.org/10.1111/are.13993
https://doi.org/10.3354/dao041043
https://doi.org/10.1093/ajcp/56.1.35
https://doi.org/10.1006/fsim.1998.0179
https://doi.org/10.1006/fsim.1998.0179
https://doi.org/10.1016/j.fsi.2016.02.024
https://doi.org/10.1016/j.fsi.2016.02.024
https://doi.org/10.1016/j.fsi.2018.08.025
https://doi.org/10.1016/j.fsi.2018.08.025
http://refhub.elsevier.com/S1050-4648(20)30060-7/sref45
http://refhub.elsevier.com/S1050-4648(20)30060-7/sref45
http://refhub.elsevier.com/S1050-4648(20)30060-7/sref46
http://refhub.elsevier.com/S1050-4648(20)30060-7/sref46
http://refhub.elsevier.com/S1050-4648(20)30060-7/sref46
https://doi.org/10.1016/j.fsi.2016.05.034
https://doi.org/10.1016/0076-6879(90)86110-h
https://doi.org/10.1016/S0076-6879(84)05016-3
https://doi.org/10.1016/S0076-6879(84)05016-3
https://doi.org/10.1016/S0076-6879(85)13062-4
https://doi.org/10.1016/j.cbpc.2013.09.005
https://doi.org/10.1016/j.cbpc.2013.09.005
https://doi.org/10.1371/journal.pone.0210742
https://doi.org/10.1371/journal.pone.0210742
https://doi.org/10.1155/2018/6926712
https://doi.org/10.1093/nar/29.9.e45
https://doi.org/10.1046/j.1467-2979.2003.00120.x
https://doi.org/10.1046/j.1467-2979.2003.00120.x
https://doi.org/10.1016/J.FSI.2017.03.025
https://doi.org/10.1016/j.ibiod.2013.03.029
https://doi.org/10.1016/j.ibiod.2013.03.029
https://doi.org/10.1111/j.1365-2761.2011.01333.x
https://doi.org/10.1371/journal.pone.0089169
https://doi.org/10.1371/journal.pone.0089169
https://doi.org/10.2141/jpsa.009063
http://refhub.elsevier.com/S1050-4648(20)30060-7/sref61
http://refhub.elsevier.com/S1050-4648(20)30060-7/sref61
http://refhub.elsevier.com/S1050-4648(20)30060-7/sref61
https://doi.org/10.1046/j.1464-5491.1999.00064.x
https://doi.org/10.1186/2193-1801-3-518
https://doi.org/10.1186/2193-1801-3-518
https://doi.org/10.1080/17450390601117041
https://doi.org/10.1080/17450390601117041
https://doi.org/10.2141/jpsa.010084
https://doi.org/10.1111/j.1365-2109.2009.02417.x
https://doi.org/10.1016/j.aquaculture.2006.04.020
https://doi.org/10.1016/j.aquaculture.2006.04.020
https://doi.org/10.1385/BTER:109:1:025
https://doi.org/10.1385/BTER:109:1:025
https://doi.org/10.22069/psj.2017.13733.1272
https://doi.org/10.22069/psj.2017.13733.1272
https://doi.org/10.1111/anu.12314
https://doi.org/10.1016/j.fsi.2016.04.017
https://www.cabdirect.org/cabdirect/abstract/20002218656
https://doi.org/10.3147/jsfp.33.141
https://doi.org/10.3147/jsfp.33.141
https://doi.org/10.1111/j.1749-7345.2000.tb00355.x
https://doi.org/10.1111/j.1749-7345.2000.tb00355.x
https://doi.org/10.1111/raq.12163
https://doi.org/10.1111/raq.12163

	Assessing the effectiveness of CoQ10 dietary supplementation on growth performance, digestive enzymes, blood health, immune response, and oxidative-related genes expression of Nile tilapia (Oreochromis niloticus)
	Introduction
	Materials and methods
	Ethical approval
	Experimental design and diets preparation
	Fish maintenance
	The feeding trial, sampling schedule, and analytical procedures
	Feeding protocol
	Growth parameters, feed utilization and biometric indices
	Digestive enzyme activities
	Blood and skin mucus sampling
	Blood hematological and biochemical indices
	Non-specific immune responses
	Antioxidant potential assessment and oxidative related genes

	Statistical analysis

	Results
	Fish growth, feed efficiency and biometric indices
	Digestive enzyme activities
	Blood hematological and biochemical indices
	Non-specific immune responses
	Antioxidant potential assessment and oxidative related genes

	Discussion
	Conclusion
	Acknowledgment
	Supplementary data
	References




