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ARTICLE INFO ABSTRACT

Keywords: A 56-day feeding experiment was conducted to evaluate the dietary Lipidol™ (functional ingredient: lysopho-
Hepatic enzymes spholipids) on growth performance, biochemical and immunological parameters, and selected immune and
Immunity antioxidant-relevant genes expression in rainbow trout. Fish (N = 840; 70.4 = 1.5 g) were randomly dis-
Phospholipid

tributed in 12 circular fiberglass tanks and nominated to four treatments: 0 (control), 1, 2, and 3 g Lipidol™ per
kg diet. Results indicated that growth performance and feed intake were significantly higher and feed conversion
ratio was lower in fish fed with 2 g kg~ ! Lipidol™ (p < .05). The lowest albumin, glucose, and high-density
lipoprotein, and the highest low-density lipoprotein were observed in fish fed with 2 g kg~ Lipidol™ (p < .05).
Similarly, the most activity of IgM and lysozyme were observed in 2 g kg ™' Lipidol™ and complement proteins
were higher in fish fed with 1 and 2 g kg ™! Lipidol™ than other groups (p < .05). The lowest hepatic enzymes
activity and the highest villus height were observed in fish fed with 2 g kg™* Lipidol™ (p < .05). Fish fed with
2 g kg~ ! Lipidol™ had significantly higher expression of tumor necrosis factor-a, interleukin-1f and interleukin-
8 compared to others (p < .05). Also, the expression of liver genes including superoxide dismutase, catalase,
and glutathione peroxidase were significantly up-regulated in 2 g kg~ Lipidol™ (p < .05). Taken together,
supplemental Lipidol™ at 2 g kg™' in diet could promote the growth performance, serum biochemical para-
meters, and immune-related genes expression of rainbow trout.

Polar lipids

1. Introduction

Over the past three decades, it has been confirmed that adding
phospholipids (PLs) supplements in aqua-feeds can be used at about
2-4% in the diets to boost up the growth performance in some marine
and freshwater fish species (Tocher et al., 2008; Saleh et al., 2013;).
Moreover, many investigators showed the positive effect of PLs as a
growth promoter (Tocher et al., 2008; Dapra et al., 2011; Azarm et al.,
2013; Zhang et al., 2019), prevention of malformations (Kanazawa
et al., 1981; Tocher et al., 2008; Kenari et al., 2011), stress resistance
(Tocher et al., 2008; Zhao et al., 2013; Kumar et al., 2014; Adel et al.,
2017), and increase in survival ratio in fish and shellfish (Niu et al.,
2008; Saleh et al., 2015; Noordin et al., 2018). In fact, PLs are con-
sidered as a group of polar lipids in aquatic animals diet that may
promote emulsification of lipid and assistance in the digestion and
absorption of lipids in the intestine of fish (Tocher et al., 2008), shrimp
(Kanazawa et al., 1985; Kumaraguru Vasagam et al., 2005), and

* Corresponding author.

crayfish (Thompson et al., 2003). Despite the fact that PLs will be
prioritized as a pathway for various substances across the cell mem-
branes, they also act as a feed attractant in fish diet (Adel et al., 2017;
La et al., 2018; Noordin et al., 2018) and lead to reduce leaching of
water-soluble nutrients (Hu et al., 2011). Although previous in-
vestigations described that de novo synthesis of PLs happens in fish
(Kanazawa et al., 1985; Tocher, 1995; Tocher et al., 2008), it seems that
the rate of this synthesis usually occurs insufficiently to confront their
metabolic demands (Kenari et al., 2011; Azarm et al., 2013; Adel et al.,
2017; Noordin et al., 2018).

Naturally, lysophospholipids (LPLs) are produced by the degrada-
tion of PLs with pancreatic phospholipase A, and act as an emulsifier in
order to increase other lipid digestibility (Tocher et al., 2008). The
capability for stabilizing water-in-oil emulsion allows fatty acids to
form into the micelles; therefore, it enhances lipid metabolism, nutrient
digestibility, and growth performance of animals (Zampiga et al., 2016;
Zhao et al.,, 2017, Mohammadigheisar et al., 2018;). In general,
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synthetic LPLs are commercially produced from hydrolyzing lecithin
from soybean, sunflower or egg yolk for animal nutrition (Olsen et al.,
2003; Tocher et al., 2008; Saleh et al., 2013). The produced LPLs can
accelerate the absorption of some nutrients with their freely entering
through the cell's membrane. However, there are no researches on the
effects of supplementing fish diet with LPLs, even though some in-
vestigations have been reported on the influences of dietary LPLs in
broilers, lactating sows, and weanling pigs.

The immune system of fish like other vertebrates is a complex net-
work of molecules, signaling pathways, receptors, and cells to make a
group of defense responses. In this regard, cytokines are signaling group
of molecular which are excreted by different immune cells in order to
modulate and regulate immunity system (Secombes et al., 2001). Since
PLs along with LPLs are presented in many biological membranes like
immune cells, it was not unexpected to exhibit an immunomodulatory
effect. For instance, they can be found in the intestinal epithelial cells
which act in the mucosal immune responses, express several receptors,
and inflammatory mediators (Ehehalt et al., 2004; Treede et al., 2007).
Moreover, the unsaturation degree of fatty acyl chain in polar lipids such
as PLs and LPLs is greatly associated with the antioxidant capacity, im-
munological function, and other biological activates (Sugino et al., 1997;
Treede et al., 2009). Hence, numerous studies have been demonstrated
that dietary fatty acids, especially polyunsaturated fatty acids, induced
the innate immunity (Xu et al., 2010; Sun et al., 2011), specific immunity
(Montero et al., 2010; Zuo et al., 2012; Li et al., 2013) and the expression
level of inflammatory (Tan et al., 2017) and anti-inflammatory cytokines
(An et al., 2020) in fish. To our best knowledge, there is no study focus
on the effects of dietary PLs and especially LPLs on the mRNA level of
cytokines in fish, which is worthy to research.

Rainbow trout (Oncorhynchus mykiss) is one of the important culti-
vable Salmonidae fish species in the world and also it is the most im-
portant cultivated inland fish species in the cold-water aquaculture
industry of Iran (Hosseini Shekarabi et al., 2020). Since nutrition plays
a vital role in fish growth performance and immunity system as well as
production cost, researchers seek to improve the fish diet using dietary
supplements in line with sustainable development. Therefore, this study
aimed to appraise the effects of dietary levels of a commercial product
(Lipidol™) as an exogenous source of LPLs on some growth perfor-
mance, hematology and serum biochemical parameters, immunity, in-
testinal morphology, and antioxidant responses of rainbow trout.

2. Material and methods
2.1. Experimental feeding trials and husbandry

The present study was conducted in Ghadi farm in the Haraz road
(Mazandaran province, Iran). Rainbow trout, O. mykiss, (n = 840) with
an initial weight of 70.4 = 1.5 g was randomly distributed into 12
circular fiberglass tanks (2000L) at a stocking density of 70 fish per tank
and was equipped with air stones. After the arrival, the fish were fed with
the control diet for 14 days for acclimatization. During the investigation,
fish were fed manually three times a day (8:00, 12:00, and 16:00) to ad
libitum for 56 days. Each trial diet included three replicates. In order to
prevent contamination of the tanks, daily feces and leftover feed from the
bottom of the tanks were siphoned out, and one-third of the tank water
was replaced to maintain the water quality. The physicochemical para-
meters were monitored daily. Water temperature, pH, dissolved oxygen,
unionized ammonia, and nitrite were at 12 +* 3 °C, 7 * 1.4,
7 + 1.4mgL™!, <0.02 mg L™%, < 0.01 mg L7, respectively during
the trial. In addition, the fish were held under natural photoperiod
conditions throughout the feeding trial.

2.2. Experimental diets

Diets were formulated based on the protocols reported by Gatlin
(2010) using UFFDA software (UFFDA, 1992, Athens, GA) according to
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Table 1
Ingredients and proximate composition of the experimental diets (g kg™, dry
matter).

Ingredients (g kg™ ") Lipidol™ in the experimental diets

0 (control) 1 2 3
Fishmeal® 280 280 280 280
Meat meal (cattle slaughter waste) 150 150 150 150
Wheat flour 140 140 140 140
Soybean meal” 250 250 250 250
Sunflower oil 85 85 85 85
Yeast 30 30 30 30
Molasses 40 40 40 40
L-Lysine® 2.5 2.5 2.5 2.5
DL-Methionine® 1.5 1.5 1.5 1.5
Vitamin mixture® 10 10 10 10
Mineral mixture’ 5 5 5 5
Sand® 6 5 4 3
Lysophospholipids" 0 1 2 3
Total 1000 1000 1000 1000
Proximate analysis (g kg~ !)
Crude protein 420 425 421 420
Crude lipid 176 180 181 179
Crude fiber 19.6 20 20.6 19.8
NFE! 251.4 233 237.4 242.2
Crude ash 71 72 69 71
Moisture 62 70 71 68
Gross energy (MJ/kg) 21.9 21.6 22 22.2

@ Fishmeal was produced from black sea sprat (Clupeonella cultriventris)
(Momtazdaneh Company, Iran) and included 701 g kg~ ' protein, 96 g kg ™' fat
and 93 g kg~ ! ash.

> The proximate composition of roasted full-fat soy flakes was 36.0% protein,
21.46% lipid, 4.7% ash, and 3.5% fiber (Shayan Energy and Protein Company,
Tehran, Iran).

¢ Aras Taban Pharmaceutical Factory (Amol, Mazandaran Province, Iran).

4 Aras Taban Pharmaceutical Factory (Amol, Mazandaran Province, Iran).

¢ Vitamin premix was prepared from Science Laboratories Company (Qazvin,
Iran) and the composition per 1000 g was: 160,000 IU vitamin A, 400,000 IU
Vitamin D3, 40 mg vitamin E, 2 g vitamin K3, 6 g vitamin B1, 8 g vitamin B2,
12 g Pantothenate calcium, 40 g vitamin B3, 4 g vitamin B6, 2 g vitamin B9, 8 g
vitamin B12, 0.24 g H 2, 60 g vitamin C, and 20 mg Inositol.

f Mineral premix (2600 mg Man, 600 mg Cu, 6000 mg Fe, 4600 mg Zn,
100 mg Se, 100 mg I, and 50 mg Co).

& Afrandtooska mine company (Semnan, Iran) which was sieved to 2 mm in
size (66.5% SiO, and 11.81% Al,03).

" Lipidol™ (active ingredient: lysophospholipids) obtained from Easy Bio Inc.
(Seoul, South Korea).

! Nitrogen-free extract (NFE) = dry matter — (crude protein + crude lipid +
ash + fiber).

the different levels of Lipidol™ (functional ingredient: LPLs). Lipidol™ is
derived from soy lecithin and it was prepared from Easy Bio (Seoul,
South Korea). Information, which was obtained by the manufacturer
reported that Lipidol™ contains 12.18% total PLs, 4.06% LPLs, and
27.21% lecithin. Furthermore, it contains 22.76% saturated fatty acids
(SFA), 18% 18:1 and 52.95% 18:2n6 as the percentage of total fatty
acids. Diets were prepared using different levels of Lipidol™ including 0
(control), 1, 2, and 3 g kg™! (Table 1). The measured phospholipid
contents for four treatments were 2.83, 3.1, 3.26, and 3.89 g kg’l,
respectively. Total PLs of the experimental diets were determined by
the colorimetric determination method of phosphorus as molybdenum
blue, according to Li et al. (2005) method. Primarily, all the ingredients
are finely ground (< 500 pum), weighed, and mixed (vertical mixer,
Khazar Electric, Iran) to obtain a homogeneous mixture. All ingredients
were thoroughly mixed in a mixer until a homogenous consistency was
given. Water and molasses were gradually added to the blended in-
gredients and mixed for 15 min to make a stiff dough. This stiff dough
mixture was extruded by a 1.5-mm diameter noodle-like die using a
twin-screw extruder (Muyang, China) with temperature ranging
105-110 °C for 90 s. All diets were dried at 25 °C for 30 h until the
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moisture content of the diets reached less than 10%. Afterward, they
were sealed in the plastic bags and preserved at —20 °C until usage.

2.3. Growth performance

At the end of the feeding test, the fish were starved for 24 h and
anesthetized by 150 mg L™' of clove oil (Hushangi and Hosseini
Shekarabi, 2018). All fish were individually weighed (with an accuracy
of 0.01 g) to determine weight gain (WG), feed conversion ratio (FCR),
specific growth rate (SGR), body weight increase (BWI), protein effi-
ciency ratio (PER), condition factor (CF), feed intake (FI), and survival
rate (SR). The calculation of the mentioned biological indices was done
in the following formulas:

WG (g) = final weight (g) — initial weight (g).

FCR = [dry feed intake (g)]/[wet weight gain (g)].

SGR (% day_l) = 100 x [Ln (final body weight (g)) -Ln (initial
body weight (g))]/ days of culture.

BWI (%) = 100 X [final weight (g) - initial weight (g)]/initial
weight (g).

PER (%) = wet weight gain (g)/ total protein intake (g).

CF (g cm™ %) = final weight (g)/final body length (cm).

FI (g day ') = total feed intake per fish/day.

SR (%) = 100 X (final fish number)/(initial fish number).

2.4. Chemical composition of diets and fish

The proximate analysis of the diets and whole-body was performed
according to the standard methods (AOAC, 2000). Three fish per tank
(nine fish per treatment) were randomly caught and anesthetized by an
overdose of clove powder (1000 mg L™ 1). The fish were eviscerated and
the flesh was stored at —20 °C until use. The moisture content was de-
tected by drying in the oven (ED 53, Binder, Germany) at 105 °C to
steady weight. Crude protein and lipid contents were measured by the
Kjeldahl apparatus (V40, Bakhshi, Tehran, Iran) and extraction by the
Soxhlet system (Bakhshi, Tehran, Iran), respectively. The ash content was
determined by incineration samples in a muffle furnace at 550 °C for 6 h.

2.5. Serum biochemical and immunological analysis

At the end of the research, fish feeding was ceased for one day, and
nine fish were randomly captured from each treatment (three fish for
each replicate) and euthanized in clove powder (300 mg L™1. Blood
samples were taken from the caudal vine using 1 mL syringes and
pooled into non-heparin tubes and centrifuged (10 min at 836 xg) at
4 °C. Afterward, serum specimens were stored at —80 °C until used to
measure the serum biochemical and immunological indices (Hushangi
and Hosseini Shekarabi, 2018).

Fish serum biochemistry parameters including Cholesterol,
Albumin, Glucose low-density lipoprotein (LDL), high-density lipopro-
tein (HDL), and hepatic indices of serum such as aspartate amino-
transferase (AST), alanine aminotransferase (ALT) and alkaline phos-
phatase (ALP) were measured by an autoanalyzer instrument (Pristage
Biomedical Ltd., Tokyo, Japan) use of commercial kit (Pars-Azmoon,
Karaj, Iran) based on the manufacturer's protocol.

Also, some immune parameters including complement C3, com-
plement C4, and immunoglobulin (IgM) content determined by a
Pristage Biomedical Autoanalyzer using assay kits purchased from Pars-
Azmoon Company (Iran). Lysozyme level was estimated by a turbidi-
metric assay based on the method described by Ellis (1990).

2.6. Intestinal morphology

For the mid intestinal histological analyses of the fish, samples were
primarily fixed in 10% and then dehydrated in a graded series by ethanol,
dealcoholized in butanol. The fixed samples were embedded in paraffin,
sectioned into 4 pm, and stained using hematoxylin-eosin (Merck,
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Darmstadt, Germany). The structure of the intestinal tissue morphology
was recognized using an optical imaging microscope (ECLIPSE 80i, Nikon,
Japan) equipped with image analysis software (ImageJ 1.32j; National
Institute of Health, USA). The villus height was assayed from the apex of
the villus to the depths of villus trenches. The crypt depth was assayed
from the base of the submucosa to the villus (Qu et al., 2019).

2.7. Gene expression studies

At the end of the experimental feeding period, five were randomly
caught from each tank fish (n = 15 fish per treatment). Anesthetized
fish were rapidly dissected on ice to collect the liver and kidney tissue
samples. The tissues were immediately moved into liquid nitrogen
(=196 °C) to prevent any RNA degradation and preserved at —80 °C
before RNA extraction.

2.7.1. RNA extraction and cDNA synthesis

Total RNA extraction was performed using Biozol commercial kit
(Bioflux-Bioer, China) according to the manufacturer's guidelines. In
addition, a secondary DNA-removal step was carried out on 1 pug of RNA
with the DNase I (Invitrogen, USA) to prevent any genomic DNA con-
tamination. The quantity of the isolated RNA was measured by a na-
nodrop spectrophotometer (Eppendorf, Hamburg, Germany) at 260/
280 nm and the quality also checked by stained gel-electrophoresis
(1.5% agarose gel). The first-strand of cDNA was synthesized from the
extracted RNA samples using commercial cDNA synthesis kit (GeNet
BIO Inc., Daejeon, South Korea) based on the manufacturer's protocol.

2.7.2. Primer design

The qPCR specific-primers for catalase (CAT), superoxide dismutase
(SOD), glutathione peroxidase (GPX), interleukin-13 (IL-1f3), inter-
leukin-8 (IL-8) and tumor necrosis factor-a (TNF-a) were designed ac-
cording to the conserved regions of O. mykiss Gene Bank using Oligo 7
software (Table 2). Also, the B-actine was used as the reference gene.

2.7.3. Quantitative real-time PCR

The expression of the selected genes was measured with an iCycler
iQ real-time PCR (Bio-RAD, USA) using the Wizpure qPCR master mix
(Wizibiosolutions, South Korea) as an SYBR green fluorescent dye and
gene-specific primers. Also, 5 serial dilutions of the synthesized cDNA
were prepared to estimate the efficiency of primers according to the
equation reported by et al. (Radoni¢ et al., 2004). The fold chain of
mRNA expression of selected genes was calculated by the DDCt (244¢T)
method (Livak and Schmittgen, 2001). The iQ5 optical system software
version 2.0 (Bio-Rad) was used to analyze the achieve data.

2.8. Statistical analysis

The quantitative analyses of data were expressed as men * standard
deviation (SD). The normality of data was assessed with Kolmogorov-
Simonov test. Differences between treatments were identified using
one-way ANOVA (Duncan's test). The entire procedures were conducted
by SPSS software no 19.0 (SPSS, Chicago IL, USA). The relation be-
tween the different levels and the SGR were subjected to second-degree
polynomial regression analysis by Excel software 2016. Differences
were examined significant at P < .05 for all analyses.

3. Results
3.1. Growth performance

No mortalities were observed in any group throughout the feeding
experiments. The growth performance and feed utilization of rainbow
trout fed with supplemented diets, including several levels of Lipidol™
are shown in Table 3. Overall, rainbow trout fed with 2 g kg ! Lipidol™
supplemental diet revealed improved factors SGR, PER, FCR, FI, and
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Table 2
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Primers sequences of selected immune and antioxidant-related genes used for the real-time PCR assay in rainbow trout.

Gene Sequences (Forward/reverse) Target tissue Application Amplicon Efficiency (%) Accession no.

CAT F: GAGGGCAACTGGGACCTTACT Liver Antioxidant 79 96 BE669040.1
R: GGACGAAGGACGGGAACAG

SOD F:GTAGTCGTGGCTCAATGGTAAG Liver Antioxidant 201 94 NM_001160614.1
R:GCTTTATATTCTGCGGGTCATT

GPX F:AAATTGCCATTCCCCTCCGA Liver Antioxidant 126 98 100,136,264
R: TCCATCAGGACTGACCAGGA

IL-18 F: ACATTGCCAACCTCATCATCG Kidney Immune 91 96 AJ223954
R: TTGAGCAGGTCCTTGTCCTTG

IL-8 F: AGAATGTCAGCCAGCCTTGT Kidney Immune 69 99 AJ279069
R: TCTCAGACTCATCCCCTCAGT

TNF-a F: TGGAGGGGTATGCGATGACACCTG Kidney Immune 116 99 AJ249755.1
R:TGAGGCCTTTCTCTCAGCGACAGC

B- actin F: TCACCCACACTGTGCCCATCTACGA Liver and kidney Reference 210 96 AC006483.3

R: CAGCGGAACCGCTCATTGCCAATGG

Notes. CAT: catalase; SOD: superoxide dismutase; GPX: glutathione peroxidase; IL-1: interleukin-1f3; IL-8: interleukin-8; TNF-a, tumor necrosis factor-a.

BWI compared to other treatments. Final weight, PER, and SGR re-
vealed a decreasing trend and FCR showed an increasing trend with an
increase of Lipidol™ more than 2 g kg ™! in the diets. SGR exhibited a
second-degree polynomial regression model (Fig. 1). The regression
equation was as follows: y = —0.3983 x 2 + 1.2863x + 1.7097;
R? = 0.9334, x = dietary PLPs levels and y = SGR.

3.2. Whole-body proximate chemical analysis

According to the results of Table 4, the crude protein contents of fish
fed with 1 and 2 g kg~ Lipidol™ diets were significantly lower than
those fed with 3 g kg™! Lipidol™ and control diets. In contrast, the
whole-body lipid content in fish fed with 2 and 3 g kg ™! Lipidol™ was
significantly higher than those fed with the control treatment (p < .05)
but did not significantly differ with 1 g kg™* Lipidol™ (p > .05). The
lowest ash content was measured in fish fed with 3 g kg~' Lipidol™
diet. Furthermore, the highest and lowest levels of moisture were ob-
served in 2 and 3 g kg~ ' Lipidol™ treatments, respectively.

3.3. Serum biochemical and immunological indices

All serum biochemical parameters were influenced by various levels
of Lipidol™ in rainbow trout diets (p < .05; Table 5). The albumin and
HDL values increased with a decrease in dietary Lipidol™ up to 2 g kg ™!
(p < .05); however, these values were decreased in 3 g kg~ * Lipidol™
(p > .05). Cholesterol and glucose levels did not show a regular trend
with increasing Lipidol™ inclusion, but the highest cholesterol level and
lowest glucose levels were observed in 3 g kg™ ! Lipidol™ treatment.
Serum LDL level was at the lowest value in 2 g kg ~* Lipidol™, while the
highest value was measured in the control group.

The complements C3 and C4 activities were highest in the fish fed

Table 3

diets 1 and 2 g kg~ ! Lipidol™; however, these levels were significantly
different from control and 3 g kg ! Lipidol™ groups (P < .05; Table 6).
The highest levels of IgM and lysozyme were observed in the fish fed
with 2 g kg ™! Lipidol™ diet and the lowest values were seen in 3 g kg ™!
Lipidol™ diet.

3.4. Hepatic enzymes activity

As shown in Table 7, hepatic enzymes activity are markedly affected
by dietary levels of Lipidol™. The highest levels of AST, ALT, and ALP
were observed in the fish fed diet containing 3 g kg ™! Lipidol™ followed
by control and 1 g kg~ * Lipidol™, while the lowest hepatic enzymes
were observed in the 2 g kg ™! Lipidol™ group (p < .05).

3.5. Intestine morphological changes

The effects of dietary Lipidol™ on the mid intestinal morphology of
rainbow trout are presented in Table 8. The fish fed with 2 g kg ™' Li-
pidol™ diet displayed superior villus height than those in other groups
(p < .05). There were no significant differences among control and
3 g kg ™! Lipidol™ diets. The depth of crypt revealed a decreasing trend
with increasing dietary levels of Lipidol™ inclusions up to 2 g kg ~*, but
afterward, the trend declined.

3.6. Immune-related genes expression

The expression of three genes from the kidney tissues of rainbow
trout fed with graded levels of Lipidol™ was shown in Fig. 2. As the
results revealed, dietary 2 g kg~ ! Lipidol™ considerably increased the
expression of TNF-a compared to the other groups (p < .05). IL-1f and
IL-8 expression were upregulated in 2 g kg ™! Lipidol™ diet.

Effect of different dietary levels of Lipidol™ on growth performance and feed utilization of rainbow trout for 56 days.

Index Lipidol™ in the experimental diets (g kg~ ")

0 (control) 1 2 3
Initial weight (g) 71.17 + 0.28 72.00 + 1.00 72.23 + 0.23 69.53 + 0.50
Final weight (g) 134.23 + 0.68° 175.80 + 2.75° 200.30 + 1.57° 139.43 + 0.51°
PER (%) 1.28 + 0.04¢ 1.73 + 0.02° 2.05 * 0.06% 1.47 + 0.02°
CF (g cm™) 1.15 + 0.02° 1.90 + 0.05% 1.19 + 0.04° 1.15 + 0.04°
FCR 2.04 + 0.06 1.37 + 0.03° 1.28 + 0.90° 1.78 + 0.04°
SGR (% day ™) 1.75 = 0.01° 2.45 + 0.05" 2.83 + 0.03° 1.93 + 0.00¢
FI (g day 1) 2.30 + 0.04% 2.55 + 0.03" 2.92 + 0.05° 2.24 + 0.02%
SR (%) 100 + 0.00 100 + 0.00 100 + 0.00 100 + 0.00

Notes. PER: protein efficiency ratio; CF: condition factor; FCR: feed conversion ratio; SGR: specific growth rate; FI: feed intake; SR: survival rate. Data represented as
means * SD (n = 3). Values in the same row with various superscripts denote a significant difference (p < .05). Absence of letters shows no significant difference

between treatments.
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Fig. 1. Relationship among dietary Lipidol™ levels and specific growth rate (SGR) of rainbow trout fed with experimental diets for 56 days.

Table 4
Effect of different dietary levels of Lipidol™ on whole-body proximate composition (%, wet weight) in rainbow trout for 56 days.

Composition (%) Lipidol™ in the experimental diets (g kg ™)

0 (control) 1 2 3
Protein 17.02 + 0.12* 17.55 = 0.11% 16.15 + 0.05" 16.15 + 0.05°
Crude lipid 6.77 + 0.25" 7.55 = 0.27% 8.33 + 0.23% 8.27 + 0.13%
Ash 1.77 + 0.04%° 2.16 * 0.33% 2.31 = 0.47° 1.48 = 0.53°
Moisture 74.31 + 0.53° 77.45 + 0.86° 73.20 + 0.71° 71.60 + 0.37°

Notes. Data represented as means + SD (n = 3). Values in the same row with various superscripts denote a significant difference (p < .05).

Table 5

Serum biochemical parameters of rainbow trout fed with different dietary levels of Lipidol™ for 56 days.

Parameter Lipidol™ in the experimental diets (g kg~ %)

0 (control) 1

2 3

Cholesterol (mgdL’l) 281.50 + 0.70

266.00 = 2.82°

282.00 * 1.41° 322,50 * 2.122

Albumin (g dL™") 5.90 * 0.14% 6.40 * 0.14° 7.25 + 0.07% 5.65 * 0.21°

Glucose (mg dL.™") 45.48 + 0.83° 42,92 + 1.52° 46.57 + 1.32° 32.28 + 0.01°
LDL (mg dL~}) 102.00 = 1.41% 91.50 * 0.70° 80.50 + 0.70° 93.50 + 0.70°
HDL (mg dL.™ %) 155.00 + 2.82° 158.50 + 0.70° 162.25 + 0.35% 158.50 + 2.12°

Notes. LDL: low-density lipoprotein; HDL: high-density lipoprotein. Values in the same row with various superscripts denote a significant difference (p < .05). Data
represented as means = SD (n = 3). Values in the same row with various superscripts denote a significant difference (p < .05).

3.7. Antioxidant related genes expression

Antioxidant genes expression from the liver tissues of rainbow trout
fed with different levels of Lipidol™ are represented in Fig. 3. Rainbow
trout fed with 2 g kg~ Lipidol™ in the diet rather than other groups
displayed notably higher expression gene for GPx and SOD (p < .05).
No significant difference was observed in GPx gene expression between
control, 1 and 3 g kg~ ' Lipidol™ treatments (p > .05). The same
outcomes were seen in CAT gene expression which the highest value
belonged to the rainbow trout fed with 2 g kg ~* Lipidol™ and control
diets (p < .05).

4. Discussion

Based on the data of this study, rainbow trout which was fed with a
diet containing 2 g kg~ ! Lipidol™, showed the best growth performance
(final weight, CF, and SGR) and feed utilization (PER, FCR, and FI).
Chen et al. (2019) and Hosseini et al. (2018) claimed that improved
growth efficiency with LPLs supplementation could be due to their ef-
fect on cell membrane enterocytes, promoting the flux rate of macro-
molecules across the cell membrane and modified permeability mem-
brane whereby leading to bioavailability performance. Furthermore,
improved growth performance and feed utilization by lysolecithin (A
removed fatty acid molecule from phospholipid) supplements were
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Table 6
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The immune factors value of rainbow trout fed with different dietary levels of Lipidol™ for 56 days.

Parameter Lipidol™ in the experimental diets (g kg~ ")

0 (control) 1 2 3
C3 (mgL™Y) 32.25 + 1.34° 34.85 = 1.207 35.47 + 0.82°7 31.50 + 0.70"
C4 (mg LY 18.50 = 0.70° 22.50 + 0.70% 23.00 + 1.41° 19.25 + 1.06°
IgM (mg L™1) 42.84 + 1.64° 38.46 *= 1.11° 50.67 * 2.34% 34.48 + 3.79¢
Lysozyme (ug mL ™" min) 10.74 + 0.87° 11.87 + 0.54° 13.62 += 0.86 9.00 + 1.41°¢

Notes. C3: Complement 3; C4: Complement 4; IgM:

Immunoglobulin M. Data represented as means + SD (n = 3). Values in the same row with various superscripts

denote a significant difference (p < .05). Data represented as means + SD (n = 3). Values in the same row with various superscripts denote a significant difference

(@ < .05).

Table 7

Hepatic enzymes activity of rainbow trout fed with different dietary levels of Lipidol™ for 56 days.

Parameter Lipidol™ in the experimental diets (g kg~ ")

0 (control) 1 2 3
AST (U L™ 140.50 = 1.41° 121.50 * 2.12¢ 110.00 * 1.419 206.50 = 1.41°
ALT (IUL™Y) 64.08 + 0.70° 53.93 + 0.70¢ 51.04 + 0.70¢ 67.96 + 1.41*
ALP (IUL™Y) 410.14 = 0.70° 383.13 + 0.70° 352.09 + 0.70¢ 452.35 = 0.70°

Notes. AST: Aspartate transaminase; ALT: Alanine aminotransferase; ALP: Alkaline phosphatase. Data represented as means + SD (n = 3). Values in the same row
with various superscripts denote a significant difference (p < .05). Data represented as means + SD (n = 3). Values in the same row with various superscripts

denote a significant difference (p < .05).

Table 8

Villus height and crypt depth in the mid-gut of rainbow trout fed with different dietary levels of Lipidol™ for 56 days.

Parameter Lipidol™ in the experimental diets (g kg~ ')

0 (control) 1 2 3
Villous height (um) 336.62 *= 0.63° 409.61 + 5.68° 442.87 = 8.89° 340.03 = 7.05°
Crypt depth (um) 98.23 + 0.30" 112.58 * 6.47° 114.37 + 5.25° 92.84 + 1.41¢
VH/CD 3.42 = 0.01° 357 = 0.1° 3.94 + 0.25° 371 + 0.14%

Notes. VH/CD = villous height to crypt depth ratio. Data represented as means + SD (n = 3). Values in the same row with various superscripts denote a significant
difference (p < .05). Data represented as means + SD (n = 3). Values in the same row with various superscripts denote a significant difference (P < .05).

observed in broiler chickens, turbot (Scophthalmus maximus), and
channel catfish (Ictalurus punctatus) (Brautigan et al., 2017; Li et al.,
2019; Liu et al., 2019). Liu et al. (2019) pointed out that one of the
reasons for the improvement of food utilization by dietary lysolecithin
supplementation (375 mg kg™!) was an increase in intestinal lipase
enzymes (> 100%) and alkaline phosphatase activity (> 15%) com-
pared to the control group in the channel catfish. These researchers
postulated that the emulsifying property of lysolecithin leads to en-
hance the active surface of lipids and transforms them to form micelles
which ultimately augment the nutrient bioavailability.

It has been shown that dietary Lipidol™ supplementation up to
2 g kg~ ! induced the feed utilization of rainbow trout. Similarly, some
investigators reported that PLs (especially LPLs) in supplemented diets
can act as a food attractant and lead to high feed palatability in juvenile
amberjack (Seriola dumerili) (Uyan et al., 2009), common carp finger-
ling (Adel et al., 2017), and weanling pigs (Zhao et al., 2015). Lipidol™
has about 27% soy lecithin which is a significant source of PLs (i.e.
phosphatidylcholine, phosphatidylethanolamine, and phosphatidylino-
sitol) and it may increase in transferring of neutral lipids from enteric
enterocytes into the bloodstream and boost up the somatic growth
(Seiliez et al., 2006; Morais et al., 2007). Since lecithin is supplied from
soybean, sunflower or rapeseed oils in the fish diet, higher content of
lecithin carrying with Lipidol™ can lead to decrease in the amount of
feed consumption due to the earlier satiety of the fish (Gawlicka et al.,
2002) and have a negative impact on the growth performance of
rainbow trout fed with 3 g kg~ ' Lipidol™.

Crude lipid content of rainbow trout whole-body augmented with

increasing in Lipidol™. This may be related to the emulsifying properties
of LPLs, which could improve the absorption of lipids (Zhao et al., 2013;
Taylor et al., 2015). A similar result was shown in cobia (Rachycentron
canadum) larvae (Niu et al., 2008) and juvenile drum (Sciuenops ocellatus)
(Craig and Gatlin, 1997). Based on the result of the current study, a
significant decrease in crude protein was seen in fish fed with higher
levels of Lipidol™ (2 and 3 g kg™ 1), which corroborated with Niu et al.
(2008). In contrast with our result, Uyan et al. (2009), Zhao et al. (2013),
and Li et al. (2015) addressed that PLs notably augmented crude protein
of the whole-body in blunt snout bream (Megalobrama amblycephala)
fingerling, yellow croaker (Larmichthys crocea) larvae and juvenile am-
berjack, respectively. In addition, Liu et al. (2019) concluded that dietary
lysolecithin supplementation could reduce whole-body lipid deposition
in channel catfish (14.77 + 0.45) for 10 weeks. This apparent con-
flicting results between fry and adults may be related to a different for-
mulation of diet, variations in the amount of secreted digestive enzymes,
developmental stages, and fish species.

LPLs exacerbates glucose uptake, which is generally utilized as a
source of energy and a metabolic intermediate in the serum (Boontiam
et al.,, 2017). Boontiam et al. (2017) reported that broiler chickens,
which were with 1.5 g kg™* LPLs in the diet showed higher levels of
glucose in the serum. In the present study; however, glucose level in the
rainbow trout fed with dietary of 1 and 2 g kg ™! Lipidol™ was increased
and then decreased. Circulating proteins like albumin, reflecting the
condition of the organism and playing an influential role in the nutri-
tional and immune status of fish (Acar et al., 2018). In our study, adding
Lipidol™ more than 2 g kg~ ! in rainbow trout diet caused a decrease in
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Fig. 2. Effect of different dietary levels of Lipidol™ on the mRNA expression of TNF-a, IL-1 and IL-8 genes in rainbow trout at day 56 of the experiment. The bars
with different letters showed statistical difference between the treatments (n = 5, P < .05).



M. Taghavizadeh, et al. Agquaculture 525 (2020) 735315

1.2 1
a
2 a
o 1
A=
5 c
S 08 £
2
gl)g 06 -
-
5 o
w2 04 -
o ~—
]
&
= 0.2 A it
(&
.
= 0 -
0 1 2 3
Dietary Lipidol™ levels, g kg™!
8 ]6 T
[}
2 14 - &
k=
2 12
2 —
& g 10 A
S €
L3 g
Sy 8
=8
] 6 ]
&
S & b
h=) T
E 2 c c
L
0 - .
0 1 2 3
Dietary Lipidol™ levels, g kg-!
16 A
=
2 144 a
<
T‘d 12 A
=
5 o 10 A
o0 &
=
SERE
22
E- N
&
= 47 b
2 T
o= |
: ] - ¢
- —
0 1 2 3

Dietary Lipidol™ levels, g kg'!
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serum albumin values in comparison with the 1 and 2 g kg ™" Lipidol™
groups. That may be related to a disorder of protein metabolism and
suppressed immunity. Cholesterol value rose linearly with increasing
Lipidol™ in the diet of rainbow trout. One of the reasons could be that
LPLs in Lipidol™ functioned as an emulsifier and reduced the secretion of
bile salt, thereby prevented from cholesterol to be excreted in the body.
These findings are inconsistent with the results of Hosseini et al. (2018).
They postulated that cholesterol level was reduced by LPLs supple-
mentation in broilers. Furthermore, our results showed that the lowest
and highest levels of LDL and HDL were observed in the serum of fish fed
with dietary Lipidol™ at 2 g kg~ !. According to the presence of lecithin
and other PLs in the supplemented diets with Lipidol™, the absorption of
lipids from the intestinal cells was enhanced and therefore a higher rate
of lipids was transported and metabolized in the liver leading to elevate
HDL content (Fontagne et al., 1998; Tocher et al., 2008). In the same
way, previous studies showed that PLs could upregulate the expression of
fatty acids oxidation-related genes and lead to reduce lipid accumulation
in the liver (Liu et al., 2013; Lin et al., 2018).

Lysozyme contains lytic activity versus Gram-positive and Gram-nega-
tive bacteria and represents an influential indicator of innate immune
function in fish, which inhibits biofilm formation by the colonization of
microorganisms (Adel et al., 2017; Xiao et al., 2019). As observed, non-
specific (lysozyme, C3, and C4) and specific immune (IgM) parameters were
also increased in fish fed with 2 g kg~! Lipidol™ diet, thus, this positive
effect may be attributed the increase in the number of blood lymphocytes,
ultimately promoting the immune function (Corripio-Miyar et al., 2007).

The three enzymes AST, ALT, and ALP are the main indicator for
showing liver function. Under normal liver function, these enzymes stay
low, and their increase is a sign of disruption in normal liver conditions
(Zhang et al., 2019). The present study confirmed that AST, ALT, and
ALP activities in the 2 g kg ™! Lipidol™ group were significantly lower
than 1 and 3 g kg~' Lipidol™ and control group, which implied that
beneficial influences on the liver of rainbow trout. Although studies of
the effects of LPLs on hepatic enzymes were rarely published, some
researchers have pointed out that AST and ALT did not show a sig-
nificant difference in the hepatopancreas of white shrimp, which was
fed with different levels of phospholipid (Zhang et al., 2019).

Fish intestinal morphology is a sign of digestive health and nutrients
absorption ability. Our finding demonstrated that both villus height and
VH/CD were markedly increased in rainbow trout fed with dietary sup-
plementation 2 g kg~ Lipidol™ group. It was proposed that improving
growth performance and feed utilization might be attributed to an in-
creased surface area between nutrients and intestinal villi. In agreement
with the results of our study, Hosseini et al. (2018) and Boontiam et al.
(2017) reported that LPLs have an increasing effect on villus height and
VH/CD in broiler chicken. In general, feeding fish with inadequate PLs can
cause the accumulation of fats in their intestinal tissues (Fontagne et al.,
1998; Olsen et al., 2003). However, LPLs and lecithin of Lipidol™ have a
key role in the cell membrane synthesis and improving digestion and
absorption of feed ingredients due to their emulsifying effects and there-
fore they have been suggested as an attractive ingredient in fish diets
(Orthoefer et al., 1995; Tocher et al., 2008).

Cytokines or glycoproteins are water-soluble proteins, which play an
important role in the regulation of immune responses and inflammatory
reactions. Several studies showed that supplementing of aquatic organisms
diet with immunostimulants can elevate key inflammatory cytokines gene
expression to enhance the immunity status of fish (Awad et al., 2011;
Guardiola et al., 2016; Adel et al., 2019). Inflammatory cytokines include
IL-1p that play a vital role in the host defense responses to infections, tissue
necrosis, and other pro-inflammatory responses and are made mainly by
leukocytes (Corripio-Miyar et al., 2007). IL-8 is also involved in initiating
and enhancing inflammatory responses, respectively (He et al., 2014).
Besides, TNF-a is a potent element during early inflammatory reactions.
Various cell types synthesize TNF-a upon stimulation with endotoxin and
inflammatory mediators (Corripio-Miyar et al., 2007; Nootash et al.,
2013). Our findings showed that TNF-a, IL-1, and IL-8 were elevated in
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rainbow trout fed with 2 g kg ™' Lipidol™ diet, while a downward trend
was observed in higher levels of Lipidol™. This down-regulation may be
attributed to oxidative damage in the high concentration of LPLs.
Hartmann et al. (2009) demonstrated that bio-surfactant phospholipids
play an essential role in the immune system of rats. The positive functions
of PLs in innate immunity and inflammation of cytokines were recognized
by Yun et al. (2005). Since no information has been published about
evaluating the effects of dietary LPLs levels on mRNA expression of im-
mune-related genes in fish, further studies are recommended particularly
after challenging the treated fish with some infectious agents.

Oxidative status in fish physiology plays a significant role in mon-
itoring health status (Mirghaed et al., 2019). The expression of SOD,
CAT, and GPx genes were upregulated in rainbow trout fed with
2 g kg ™! Lipidol™ diet, and this results may show that the appropriate
level of Lipidol™ can enhance the antioxidative ability and also inter-
fere with the immunity to neutralize the oxidative destruction of
rainbow trout. Inconsistent with our results, an earlier study reported
that oral administration of polar lipids in larval gilthead sea bream
(Sparus aurata) enhanced SOD, CAT, and GPx genes expression as well
as the serum antioxidant enzyme activities (Saleh et al., 2015). In an-
other study, Li et al. (2015) showed that the expression levels of per-
oxisome proliferator-activated receptors (PPAR-a and PPAR-c) and the
activities of CAT, SOD, and GPx enzymes were increased with dietary
PLs up to 6% in blunt snout bream (Megalobrama amblycephala). Adding
exogenous LPLs in the fish diet probably has the same effect as PLs.
According to the upregulation of antioxidant-related genes expression
in rainbow trout fed with 2 g kg™ ! Lipidol™ supplementation, the fish
can probably maintain general health status by increasing their radical
scavenging activities and protecting them against oxidation-induced
lesions (Li et al., 2012). In this study, the expression of antioxidant
genes in fish fed with 3 g kg ™! Lipidol™ was down-regulated. This could
be attributed to the (-oxidation-related gene (Li et al., 2015) and in-
habitation of the liver antioxidant-related genes expression at a high
dose of LPLs supplementation.

In conclusion, the outcomes of this study indicate that supple-
mentation of rainbow trout diet with 2 g kg ~* Lipidol™ is suggested due
to the enhancement of growth performance, feed efficiency, im-
munological parameters, and antioxidant activities.

Funding

This research did not receive any specific grant from funding
agencies in the public, commercial, or not-for-profit sectors.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influ-
ence the work reported in this paper.

Acknowledgments

The authors would like to thank Ghadi's family trout farm for pro-
viding material and fish rearing facilities. Also, the authors are grateful
to the official agent of EASY BIO Company in Iran for providing
Lipidol™ for the current study. Moreover, the authors thank Kimiagaran
Taghziyeh Feed Manufacturer (Shahrekord, Iran) for providing advice
on the formulation and production of the diets.

References

Acar, U., Kesbic, O.S., Yilmaz, S., Karabayir, A., 2018. Growth performance, haemato-
logical and serum biochemical profiles in rainbow trout (oncorhynchus mykiss) fed
diets with varying levels of lupin (lupinus albus) meal. Aquac. Res. 49, 2579-2586.
https://doi.org/10.1111/are.13724.

Adel, M., Gholaghaie, M., Khanjany, P., Citarasu, T., 2017. Effect of dietary soybean


https://doi.org/10.1111/are.13724

M. Taghavizadeh, et al.

lecithin on growth parameters, digestive enzyme activity, antioxidative status and
mucosal immune responses of common carp (cyprinus carpio). Aquac. Nutr. 23,
1145-1152. https://doi.org/10.1111/anu.12483.

Adel, M., Dawood, M.A., Shafiei, S., Sakhaie, F., Shekarabi, S.P., 2019. Dietary poly-
gonum minus extract ameliorated the growth performance, humoral immune para-
meters, immune-related gene expression and resistance against yersinia ruckeri in
rainbow trout (oncorhynchus mykiss). Aquaculture 519, 734738. https://doi.org/10.
1016/j.aquaculture.2019.734738.

An, W., Dong, X., Tan, B., Yang, Q., Chi, S., Zhang, S., Liu, H., Yang, Y., 2020. Effects of
dietary n-3 highly unsaturated fatty acids on growth, non-specific immunity, ex-
pression of some immune-related genes and resistance to vibrio harveyi in hybrid
grouper (Q epinephelus fuscoguttatus X & epinephelus lanceolatu). Fish Shellfish
Immun. 96, 86-96. https://doi.org/10.1016/j.fsi.2019.11.072.

AOAC, 2000. Official Methods of Analysis of AOAC International. Gaithersburg, MD USA.

Awad, E., Mitchell, W.J., Austin, B., 2011. Effect of dietary supplements on cytokine gene
expression in rainbow trout, oncorhynchus mykiss (Walbaum). J. Fish Dis. 34,
629-634. https://doi.org/10.1111/j.1365-2761.2011.01271.x.

Azarm, H.M., Kenari, A.A., Hedayati, M., 2013. Effect of dietary phospholipid sources and
levels on growth performance, enzymes activity, cholecystokinin and lipoprotein
fractions of rainbow trout (oncorhynchus mykiss) fry. Aquac. Res. 44, 634-644.
https://doi.org/10.1111/j.1365-2109.2011.03068.x.

Boontiam, W., Jung, B., Kim, Y.Y., 2017. Effects of lysophospholipid supplementation to
lower nutrient diets on growth performance, intestinal morphology, and blood me-
tabolites in broiler chickens. Poult. Sci. 96, 593-601. https://doi.org/10.3382/ps/
pew269.

Brautigan, D.L., Li, R., Kubicka, E., Turner, S.D., Garcia, J.S., Weintraut, M.L., Wong, E.A.,
2017. Lysolecithin as feed additive enhances collagen expression and villus length in
the jejunum of broiler chickens. Poult. Sci. 96, 2889-2898. https://doi.org/10.3382/
ps/pex078.

Chen, C., Jung, B., Kim, W.K., 2019. Effects of lysophospholipid on growth performance,
carcass yield, intestinal development, and bone quality in broilers. Poult. Sci. 98,
3902-3913. https://doi.org/10.3382/ps/pezl11.

Corripio-Miyar, Y., Bird, S., Tsamopoulos, K., Secombes, C.J., 2007. Cloning and ex-
pression analysis of two pro-inflammatory cytokines, IL-1B and IL-8, in haddock
(melanogrammus aeglefinus). Mol. Immunol. 44, 1361-1373. https://doi.org/10.
1016/j.molimm.2006.05.010.

Craig, S.R., Gatlin, D.M., 1997. Growth and body composition of juvenile red drum
(sciaenops ocellatus) fed diets containing lecithin and supplemental choline.
Aquaculture 151, 259-267. https://doi.org/10.1016/50044-8486(96)01479-2.

Dapra, F., Geurden, 1., Corraze, G., Bazin, D., Zambonino-Infante, J.L., Fontagné-
Dicharry, S., 2011. Physiological and molecular responses to dietary phospholipids
vary between fry and early juvenile stages of rainbow trout (oncorhynchus mykiss).
Aquaculture 319, 377-384. https://doi.org/10.1016/j.aquaculture.2011.07.016.

Ehehalt, R., Wagenblast, J., Erben, G., Lehmann, W.D., Hinz, U., Merle, U., Stremmel, W.,
2004. Phosphatidylcholine and lysophosphatidylcholine in intestinal mucus of ul-
cerative colitis patients. A quantitative approach by nanoelectrospray-tandem mass
spectrometry. Scand. J. Gastroenterol. 39, 737-742. https://doi.org/10.1080/
00365520410006233.

Ellis, A.E., 1990. Lysozyme assays. In: Stolen, J.S. (Ed.), Techniques in Fish Immunology.
SOS publication, Fair Haven, pp. 101-103.

Fontagne, S., Geurden, 1., Escaffre, A.M., Bergot, P., 1998. Histological changes induced
by dietary phospholipids in intestine and liver of common carp (cyprinus carpio L.)
larvae. Aquaculture 161, 213-223. https://doi.org/10.1016/50044-8486(97)
00271-8.

Gatlin, D.M., 2010. Principles of Fish Nutrition. 92. Southern Regional Aquaculture
Center, pp. 1-8.

Gawlicka, A., Herold, M.A., Barrows, F.T., De La Noiie, J., Hung, S.S.0., 2002. Effects of
dietary lipids on growth, fatty acid composition, intestinal absorption and hepatic
storage in white sturgeon (acipenser transmontanus R.) larvae. J. Appl. Ichthyol. 18,
673-681. https://doi.org/10.1046/j.1439-0426.2002.00371.x.

Guardiola, F.A., Porcino, C., Cerezuela, R., Cuesta, A., Faggio, C., Esteban, M.A., 2016.
Impact of date palm fruits extracts and probiotic enriched diet on antioxidant status,
innate immune response and immune-related gene expression of European seabass
(dicentrarchus labrax). Fish Shellfish Immunol. 52, 298-308. https://doi.org/10.
1016/].fsi.2016.03.152.

Hartmann, P., Szabd, A., Eros, G., Gurabi, D., Horvath, G., Németh, I., Boros, M., 2009.
Anti-inflammatory effects of phosphatidylcholine in neutrophil leukocyte-dependent
acute arthritis in rats. Eur. J. Pharmacol. 622, 58-64. https://doi.org/10.1016/j.
ejphar.2009.09.012.

He, Y., Liang, X., Wu, X., Meng, C., Wu, B,, Fu, D,, Jin, S., Yang, S., Wang, H., 2014.
Association between interleukin 8-251 A/T and+ 781 C/T polymorphisms and os-
teoarthritis risk. Immunol. Lett. 162, 207-211. https://doi.org/10.1016/j.imlet.
2014.08.018.

Hosseini Shekarabi, S.P., Omidi, A.H., Dawood, M.A., Adel, M., Avazeh, A., Heidari, F.,
2020. Effect of black mulberry (morus nigra) powder on growth performance, bio-
chemical parameters, blood carotenoid concentration, and fillet color of rainbow
trout. Ann. Anim. Sci. 20, 125-136. https://doi.org/10.2478/a0as-2019-0068.

Hosseini, S.M., Nourmohammadi, R., Nazarizadeh, H., Latshaw, J.D., 2018. Effects of
lysolecithin and xylanase supplementation on the growth performance, nutrient di-
gestibility and lipogenic gene expression in broilers fed low-energy wheat-based
diets. J. Animal. Physiol. Anim. Nutr. 102, 1564-1573. https://doi.org/10.1111/jpn.
12966.

Hu, Y., Tan, B., Mai, K., Ai, Q., Zhang, L., Zheng, S., 2011. Effects of dietary menhaden oil,
soybean oil and soybean lecithin oil at different ratios on growth, body composition
and blood chemistry of juvenile litopenaeus vannamei. Aquac. Int. 19, 459-473.
https://doi.org/10.1007/510499-010-9361-4.

10

Aquaculture 525 (2020) 735315

Hushangi, R., Hosseini Shekarabi, S., 2018. Effect of a peracetic acid-based disinfectant
on growth, hematology and histology of juvenile rainbow trout (oncorhynchus my-
kiss). Fishes 3, 10. https://doi.org/10.3390/fishes3010010.

Kanazawa, A., Teshima, S., Inamori, S., Iwashita, T., Nagao, A., 1981. Effects of phos-
pholipids on growth, survival rate and incidence of malformation in the larval ayu.
Mem. Fac. Fish. Kagoshima Univ. 30, 301-309.

Kanazawa, A., Teshima, S.I., Sakamoto, M., 1985. Effects of dietary lipids, fatty acids, and
phospholipids on growth and survival of prawn (penaeus japonicus) larvae.
Aquaculture 50, 39-49. https://doi.org/10.1016,/0044-8486(85)90151-6.

Kenari, A.A., Sotoudeh, E., Rezaei, M.H., 2011. Dietary soybean phosphatidylcholine
affects growth performance and lipolytic enzyme activity in Caspian brown trout
(salmo trutta caspius) alevin. Aquac. Res. 42, 655-663. https://doi.org/10.1111/j.
1365-2109.2010.02587 .x.

Kumar, N., Minhas, P.S., Ambasankar, K., Krishnani, K.K., Rana, R.S., 2014. Dietary le-
cithin potentiates thermal tolerance and cellular stress protection of milk fish (chanos
chanos) reared under low dose endosulfan-induced stress. J. Therm. Biol. 46, 40-46.
https://doi.org/10.1016/j.jtherbio.2014.10.004.

Kumaraguru Vasagam, K.P., Ramesh, S., Balasubramanian, T., 2005. Dietary value of
different vegetable oil in black tiger shrimp penaeus monodon in the presence and
absence of soy lecithin supplementation: effect on growth, nutrient digestibility and
body composition. Aquaculture 250, 317-327. https://doi.org/10.1016/j.
aquaculture.2005.02.035.

La, T.X., Ishikawa, M., Tola, S., Fukada, H., Masumoto, T., 2018. Effects of dietary
phospholipid level and fraction on the feed intake of non-fish meal diet in yellowtail,
seriola quinqueradiata temminck & schlegel, 1845. Aquac. Res. 49, 569-575. https://
doi.org/10.1111/are.13488.

Li, B.Q., Deng, Y., Suo, X., 2005. Determinating content of phospholipids in liposomal gel
with molybdenum blue method. Chin. J. Pharm. 3, 306-3010.

Li, X.F., Liu, W.B., Lu, K.L., Xu, W.N., Wang, Y., 2012. Dietary carbohydrate/lipid ratios
affect stress, oxidative status and non-specific immune responses of fingerling blunt
snout bream Megalobrama amblycephala. Fish Shellfish Immunol. 33, 316-323.
https://doi.org/10.1016/j.fsi.2012.05.007.

Li, E., Lim, C., Klesius, P.H., Welker, T.L., 2013. Growth, body fatty acid composition,
immune response, and resistance to streptococcus iniae of hybrid tilapia, oreochromis
niloticus X reochromis aureus, fed diets containing various levels of linoleic and lino-
lenic acids. J. World Aquacult. Soc. 44, 42-55. https://doi.org/10.1111/jwas.12014.

Li, Y., Gao, J., Huang, S., 2015. Effects of different dietary phospholipid levels on growth
performance, fatty acid composition, PPAR gene expressions and antioxidant re-
sponses of blunt snout bream Megalobrama amblycephala fingerlings. Fish Physiol.
Biochem. 41, 423-436. https://doi.org/10.1007/s10695-014-9994-8.

Li, B., Li, Z., Sun, Y., Wang, S., Huang, B., Wang, J., 2019. Effects of dietary lysolecithin
(LPC) on growth, apparent digestibility of nutrient and lipid metabolism in juvenile
turbot scophthalmus maximus L. Aquacult. Fish. 4, 61-66. https://doi.org/10.1016/j.
aaf.2018.11.003.

Lin, S.M., Li, F.J., Yuangsoi, B., Doolgindachbaporn, S., 2018. Effect of dietary phos-
pholipid levels on growth, lipid metabolism, and antioxidative status of juvenile
hybrid snakehead (channa argus X channa maculata). Fish Physiol. Biochem. 44,
401-410. https://doi.org/10.1007/s10695-017-0443-3.

Liu, X., Xue, Y, Liu, C,, Lou, Q., Wang, J., Yanagita, T., Xue, C., Wang, Y., 2013.
Eicosapentaenoic acid-enriched phospholipid ameliorates insulin resistance and lipid
metabolism in diet-inducedobese mice. Lipids Health Dis. 12, 109. https://doi.org/
10.1186/1476-511X-12-109.

Liu, G., Ma, S., Chen, F., Gao, W., Zhang, W., 2019. Effects of dietary lysolecithin on
growth performance, feed utilization, intestinal morphology and metabolic responses
of channel catfish (ictalurus punctatus). Aquac. Nutr. 26, 456-465. https://doi.org/10.
1111/anu.13008.

Livak, K.J., Schmittgen, T.D., 2001. Analysis of relative gene expression data using real-
time quantitative PCR and the 2-AACT method. Methods 25, 402-408. https://doi.
org/10.1006/meth.2001.1262.

Mirghaed, A.T., Yarahmadi, P., Soltani, M., Paknejad, H., Hoseini, S.M., 2019. Dietary
sodium butyrate (Butirex® C4) supplementation modulates intestinal transcriptomic
responses and augments disease resistance of rainbow trout (oncorhynchus mykiss).
Fish Shellfish Immunol. 92, 621-628. https://doi.org/10.1016/].fsi.2019.06.046.

Mohammadigheisar, M., Kim, H.S., Kim, I.H., 2018. Effect of inclusion of lysolecithin or
multi-enzyme in low energy diet of broiler chickens. J. Appl. Anim. Res. 46,
1198-1201. https://doi.org/10.1080/09712119.2018.1484358.

Montero, D., Mathlouthi, F., Tort, L., Afonso, J.M., Torrecillas, S., Ferndndez-Vaquero, A.,
Negrin, D., Izquierdo, M.S., 2010. Replacement of dietary fish oil by vegetable oils
affects humoral immunity and expression of pro-inflammatory cytokines genes in
gilthead sea bream sparus aurata. Fish Shellfish Immun. 29, 1073-1081. https://doi.
org/10.1016/j.fsi.2010.08.024.

Morais, S., Conceigdo, L.E.C., Rgnnestad, 1., Koven, W., Cahu, C., Infante, J.Z., Dinis, M.T.,
2007. Dietary neutral lipid level and source in marine fish larvae: effects on digestive
physiology and food intake. Aquaculture 268, 106-122. https://doi.org/10.1016/j.
aquaculture.2007.04.033.

Niu, J., Liu, Y.J., Tian, L.X., Mai, K.S., Yang, H.J., Ye, C.X., Zhu, Y., 2008. The effect of
different levels of dietary phospholipid on growth, survival and nutrient composition
of early juvenile cobia (rachycentron canadum). Aquac. Nutr. 14, 249-256. https://
doi.org/10.1111/j.1365-2095.2007.00525.x.

Noordin, N.M., Zeng, C., Southgate, P.C., 2018. Progress in diet development for blue
swimmer crab, portunus pelagicus, juveniles: effect of dietary phospholipid on sur-
vival, development, growth and resistance to osmotic shock. Aquac. Nutr. 24,
1834-1844. https://doi.org/10.1111/anu.12822.

Nootash, S., Sheikhzadeh, N., Baradaran, B., Oushani, A.K., Maleki Moghadam, M.R.,
Nofouzi, K., Shabanzadeh, S., 2013. Green tea (camellia sinensis) administration in-
duces expression of immune relevant genes and biochemical parameters in rainbow


https://doi.org/10.1111/anu.12483
https://doi.org/10.1016/j.aquaculture.2019.734738
https://doi.org/10.1016/j.aquaculture.2019.734738
https://doi.org/10.1016/j.fsi.2019.11.072
http://refhub.elsevier.com/S0044-8486(19)33117-5/rf0025
https://doi.org/10.1111/j.1365-2761.2011.01271.x
https://doi.org/10.1111/j.1365-2109.2011.03068.x
https://doi.org/10.3382/ps/pew269
https://doi.org/10.3382/ps/pew269
https://doi.org/10.3382/ps/pex078
https://doi.org/10.3382/ps/pex078
https://doi.org/10.3382/ps/pez111
https://doi.org/10.1016/j.molimm.2006.05.010
https://doi.org/10.1016/j.molimm.2006.05.010
https://doi.org/10.1016/S0044-8486(96)01479-2
https://doi.org/10.1016/j.aquaculture.2011.07.016
https://doi.org/10.1080/00365520410006233
https://doi.org/10.1080/00365520410006233
http://refhub.elsevier.com/S0044-8486(19)33117-5/rf0075
http://refhub.elsevier.com/S0044-8486(19)33117-5/rf0075
https://doi.org/10.1016/S0044-8486(97)00271-8
https://doi.org/10.1016/S0044-8486(97)00271-8
http://refhub.elsevier.com/S0044-8486(19)33117-5/rf0085
http://refhub.elsevier.com/S0044-8486(19)33117-5/rf0085
https://doi.org/10.1046/j.1439-0426.2002.00371.x
https://doi.org/10.1016/j.fsi.2016.03.152
https://doi.org/10.1016/j.fsi.2016.03.152
https://doi.org/10.1016/j.ejphar.2009.09.012
https://doi.org/10.1016/j.ejphar.2009.09.012
https://doi.org/10.1016/j.imlet.2014.08.018
https://doi.org/10.1016/j.imlet.2014.08.018
https://doi.org/10.2478/aoas-2019-0068
https://doi.org/10.1111/jpn.12966
https://doi.org/10.1111/jpn.12966
https://doi.org/10.1007/s10499-010-9361-4
https://doi.org/10.3390/fishes3010010
http://refhub.elsevier.com/S0044-8486(19)33117-5/rf0130
http://refhub.elsevier.com/S0044-8486(19)33117-5/rf0130
http://refhub.elsevier.com/S0044-8486(19)33117-5/rf0130
https://doi.org/10.1016/0044-8486(85)90151-6
https://doi.org/10.1111/j.1365-2109.2010.02587.x
https://doi.org/10.1111/j.1365-2109.2010.02587.x
https://doi.org/10.1016/j.jtherbio.2014.10.004
https://doi.org/10.1016/j.aquaculture.2005.02.035
https://doi.org/10.1016/j.aquaculture.2005.02.035
https://doi.org/10.1111/are.13488
https://doi.org/10.1111/are.13488
http://refhub.elsevier.com/S0044-8486(19)33117-5/rf0160
http://refhub.elsevier.com/S0044-8486(19)33117-5/rf0160
https://doi.org/10.1016/j.fsi.2012.05.007
https://doi.org/10.1111/jwas.12014
https://doi.org/10.1007/s10695-014-9994-8
https://doi.org/10.1016/j.aaf.2018.11.003
https://doi.org/10.1016/j.aaf.2018.11.003
https://doi.org/10.1007/s10695-017-0443-3
https://doi.org/10.1186/1476-511X-12-109
https://doi.org/10.1186/1476-511X-12-109
https://doi.org/10.1111/anu.13008
https://doi.org/10.1111/anu.13008
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.1016/j.fsi.2019.06.046
https://doi.org/10.1080/09712119.2018.1484358
https://doi.org/10.1016/j.fsi.2010.08.024
https://doi.org/10.1016/j.fsi.2010.08.024
https://doi.org/10.1016/j.aquaculture.2007.04.033
https://doi.org/10.1016/j.aquaculture.2007.04.033
https://doi.org/10.1111/j.1365-2095.2007.00525.x
https://doi.org/10.1111/j.1365-2095.2007.00525.x
https://doi.org/10.1111/anu.12822

M. Taghavizadeh, et al.

trout (oncorhynchus mykiss). Fish Shellfish Immunol. 35, 1916-1923. https://doi.org/
10.1016/j.si.2013.09.030.

Olsen, R.E., Dragnes, B.T., Myklebust, R., Ringg, E., 2003. Effect of soybean oil and
soybean lecithin on intestinal lipid composition and lipid droplet accumulation of
rainbow trout oncorhynchus mykiss Walbaum. Fish Physiol. Biochem. 29, 181-192.
https://doi.org/10.1023/B:FISH.0000045708.67760.43.

Orthoefer, F.T., Gurkin, S.U., Fisk, J.D., 1995. The use of soy lecithin in aquaculture. In:
Lim, C., Sessa, D.J. (Eds.), Nutrition and Utilization Technology in Aquaculture.
AOCS Press, Champaign, IL, pp. 114-129.

Qu, F., Liu, Z., Hu, Y., Zhao, Q., Zhou, Y., Liu, Z., Li, J., 2019. Effects of dietary glutamine
supplementation on growth performance, antioxidant status and intestinal function
in juvenile grass carp (ctenopharyngodon idella). Aquac. Nutr. 25, 609-621. https://
doi.org/10.1111/anu.12883.

Radonié, A., Thulke, S., Mackay, 1., Landt, O., Siegert, W., Nitsche, A., 2004. Guideline to
reference gene selection for quantitative real-time PCR. Biochem. Biophys. Res.
Commun. 313, 856-862. https://doi.org/10.1016/j.bbrc.2003.11.177.

Saleh, R., Betancor, M.B., Roo, J., Hernandez-Cruz, C.M., Moyano, F.J., Izquierdo, M.,
2013. Optimum soybean lecithin contents in microdiets for gilthead seabream (sparus
aurata) larvae. Aquac. Nutr. 19, 585-597. https://doi.org/10.1111/anu.12009.

Saleh, R., Betancor, M.B., Roo, J., Benitez-Santana, T., Zamorano, M.J., Izquierdo, M.,
2015. Biomarkers of bone development and oxidative stress in gilthead sea bream
larvae fed microdiets with several levels of polar lipids and a-tocopherol. Aquac.
Nutr. 21, 341-354. https://doi.org/10.1111/anu.12166.

Secombes, C.J., Wang, T., Hong, S., Peddie, S., Crampe, M., Laing, K.J., Cunningham, C.,
Zou, J., 2001. Cytokines and innate immunity of fish. Dev. Comp. Immunol. 25,
713-723.

Seiliez, 1., Bruant, J.S., Zambonino Infante, J.L., Kaushik, S., Bergot, P., 2006. Effect of
dietary phospholipid level on the development of gilthead sea bream (sparus aurata)
larvae fed a compound diet. Aquac. Nutr. 12, 372-378. https://doi.org/10.1111/j.
1365-2095.2006.00436.x.

Sugino, H., Ishikawa, M., Nitoda, T., Koketsu, M., Juneja, L.R., Kim, M., Yamamoto, T.,
1997. Antioxidative activity of egg yolk phospholipids. J. Agric. Food Chem. 45,
551-554. https://doi.org/10.1021/jf960416p.

Sun, S., Ye, J., Chen, J., Wang, Y., Chen, L., 2011. Effect of dietary fish oil replacement by
rapeseed oil on the growth, fatty acid composition and serum non-specific immunity
response of fingerling black carp, mylopharyngodon piceus. Aquac. Nutr. 17, 441-450.
https://doi.org/10.1111/j.1365-2095.2010.00822.x.

Tan, P., Dong, X., Xu, H., Mai, K., Ai, Q., 2017. Dietary vegetable oil suppressed non-
specific immunity and liver antioxidant capacity but induced inflammatory response
in Japanese sea bass (lateolabrax japonicus). Fish Shellfish Immun. 63, 139-146.
https://doi.org/10.1016/j.£si.2017.02.006.

Taylor, J.F., Martinez-Rubio, L., Del Pozo, J., Walton, J.M., Tinch, A.E., Migaud, H.,
Tocher, D.R., 2015. Influence of dietary phospholipid on early development and
performance of Atlantic salmon (salmo salar). Aquaculture 448, 262-272. https://doi.
org/10.1016/j.aquaculture.2015.06.012.

Thompson, K.R., Muzinic, L.A., Christian, T.D., Webster, C.D., Manomaitis, L., Rouse,
D.B., 2003. Lecithin requirements of juvenile Australian red claw crayfish cherax
quadricarinatus. Aquac. Nutr. 9, 223-230. https://doi.org/10.1046/j.1365-2095.
2003.00246.x.

Tocher, D.R., 1995. Glycerophospholipid metabolism. Biochem. Mol. Biol. Fishes. 4,
120-157.

Tocher, D.R., Bendiksen, E.A., Campbell, P.J., Bell, J.G., 2008. The role of phospholipids

11

Aquaculture 525 (2020) 735315

in nutrition and metabolism of teleost fish. Aquaculture 280, 21-34. https://doi.org/
10.1016/j.aquaculture.2008.04.034.

Treede, L., Braun, A., Sparla, R., Kithnel, M., Giese, T., Turner, J.R., Anes, E., Kulaksiz, H.,
Fiillekrug, J., Stremmel, W., Griffiths, G., 2007. Anti-inflammatory effects of phos-
phatidylcholine. J. Biol. Chem. 282, 27155-27164. https://doi.org/10.1074/jbc.
M704408200.

Treede, 1., Braun, A., Jeliaskova, P., Giese, T., Fiillekrug, J., Griffiths, G., Stremmel, W.,
Ehehalt, R., 2009. TNF-a-induced up-regulation of pro-inflammatory cytokines is
reduced by phosphatidylcholine in intestinal epithelial cells. BMC Gastroenterol. 9,
53. https://doi.org/10.1186,/1471-230X-9-53.

UFFDA, 1992. User Friendly Feed Formulation. University of Georgia, Athens, USA.

Uyan, O., Koshio, S., Ishikawa, M., Yokoyama, S., Uyan, S., Ren, T., Hernandez, L.H.H.,
2009. The influence of dietary phospholipid level on the performances of juvenile
amberjack, seriola dumerili, fed non-fishmeal diets. Aquac. Nutr. 15, 550-557.
https://doi.org/10.1111/j.1365-2095.2008.00621..x.

Xiao, W., Jiang, W., Liu, Y., Wu, P., Jun, J., Zhang, Y., Zhou, X., 2019. Effect of dietary
enzyme-treated soy protein on the immunity and antioxidant status in the intestine of
juvenile Jian carp (cyprinus carpio var. Jian). Aquac. Res. 50, 1411-1421. https://doi.
org/10.1016/j.£si.2014.10.002.

Xu, H., Ai, Q., Mai, K., Xu, W., Wang, J., Ma, H., Zhang, W., Wang, X., Liufu, Z., 2010.
Effects of dietary arachidonic acid on growth performance, survival, immune re-
sponse and tissue fatty acid composition of juvenile Japanese seabass, lateolabrax
japonicus. Aquaculture 307, 75-82. https://doi.org/10.1016/j.aquaculture.2010.07.
001.

Yun, C.C., Sun, H., Wang, D., Rusovici, R., Castleberry, A., Hall, R.A., Shim, H., 2005.
LPA2 receptor mediates mitogenic signals in human colon cancer cells. Am. J.
Physiol. Cell Physiol. 289, 2-11. https://doi.org/10.1152/ajpcell.00610.2004.

Zampiga, M., Meluzzi, A., Sirri, F., 2016. Effect of dietary supplementation of lysopho-
spholipids on productive performance, nutrient digestibility and carcass quality traits
of broiler chickens. Ital. J. Anim. Sci. 15, 521-528. https://doi.org/10.1080/
1828051X.2016.1192965.

Zhang, W., Wang, F., Tan, B, Dong, X., Zhang, H., Chi, S., Yang, Q., 2019. Effect of the
dietary phosphatidylcholine at different growth stages of Pacific white shrimps, li-
topenaeus vannamei. Aquac. Nutr. 25, 555-566. https://doi.org/10.1111/anu.12857.

Zhao, J., Ai, Q., Mai, K., Zuo, R., Luo, Y., 2013. Effects of dietary phospholipids on sur-
vival, growth, digestive enzymes and stress resistance of large yellow croaker, lar-
michthys crocea larvae. Aquaculture 410, 122-128. https://doi.org/10.1016/j.
aquaculture.2013.05.018.

Zhao, P.Y., Li, H.L., Hossain, M.M., Kim, L.H., 2015. Effect of emulsifier (lysopho-
spholipids) on growth performance, nutrient digestibility and blood profile in
weanling pigs. Anim. Feed Sci. Technol. 207, 190-195. https://doi.org/10.1016/j.
anifeedsci.2015.06.007.

Zhao, P.Y., Zhang, Z.F., Lan, R.X., Liu, W.C., Kim, L.H., 2017. Effect of lysophospholipids
in diets differing in fat contents on growth performance, nutrient digestibility, milk
composition and litter performance of lactating sows. Animal 11, 984-990. https://
doi.org/10.1017/s1751731116002238.

Zuo, R., Ai, Q., Mai, K., Xu, W., Wang, J., Xu, H., Liufu, Z., Zhang, Y., 2012. Effects of
dietary n-3 highly unsaturated fatty acids on growth, nonspecific immunity, ex-
pression of some immune related genes and disease resistance of large yellow croaker
(larmichthys crocea) following natural infestation of parasites (cryptocaryon irritans).
Fish Shellfish Immun. 32, 249-258. https://doi.org/10.1016/j.fsi.2011.11.005.


https://doi.org/10.1016/j.fsi.2013.09.030
https://doi.org/10.1016/j.fsi.2013.09.030
https://doi.org/10.1023/B:FISH.0000045708.67760.43
http://refhub.elsevier.com/S0044-8486(19)33117-5/rf0245
http://refhub.elsevier.com/S0044-8486(19)33117-5/rf0245
http://refhub.elsevier.com/S0044-8486(19)33117-5/rf0245
https://doi.org/10.1111/anu.12883
https://doi.org/10.1111/anu.12883
https://doi.org/10.1016/j.bbrc.2003.11.177
https://doi.org/10.1111/anu.12009
https://doi.org/10.1111/anu.12166
http://refhub.elsevier.com/S0044-8486(19)33117-5/rf0270
http://refhub.elsevier.com/S0044-8486(19)33117-5/rf0270
http://refhub.elsevier.com/S0044-8486(19)33117-5/rf0270
https://doi.org/10.1111/j.1365-2095.2006.00436.x
https://doi.org/10.1111/j.1365-2095.2006.00436.x
https://doi.org/10.1021/jf960416p
https://doi.org/10.1111/j.1365-2095.2010.00822.x
https://doi.org/10.1016/j.fsi.2017.02.006
https://doi.org/10.1016/j.aquaculture.2015.06.012
https://doi.org/10.1016/j.aquaculture.2015.06.012
https://doi.org/10.1046/j.1365-2095.2003.00246.x
https://doi.org/10.1046/j.1365-2095.2003.00246.x
http://refhub.elsevier.com/S0044-8486(19)33117-5/rf0305
http://refhub.elsevier.com/S0044-8486(19)33117-5/rf0305
https://doi.org/10.1016/j.aquaculture.2008.04.034
https://doi.org/10.1016/j.aquaculture.2008.04.034
https://doi.org/10.1074/jbc.M704408200
https://doi.org/10.1074/jbc.M704408200
https://doi.org/10.1186/1471-230X-9-53
http://refhub.elsevier.com/S0044-8486(19)33117-5/rf5085
https://doi.org/10.1111/j.1365-2095.2008.00621.x
https://doi.org/10.1016/j.fsi.2014.10.002
https://doi.org/10.1016/j.fsi.2014.10.002
https://doi.org/10.1016/j.aquaculture.2010.07.001
https://doi.org/10.1016/j.aquaculture.2010.07.001
https://doi.org/10.1152/ajpcell.00610.2004
https://doi.org/10.1080/1828051X.2016.1192965
https://doi.org/10.1080/1828051X.2016.1192965
https://doi.org/10.1111/anu.12857
https://doi.org/10.1016/j.aquaculture.2013.05.018
https://doi.org/10.1016/j.aquaculture.2013.05.018
https://doi.org/10.1016/j.anifeedsci.2015.06.007
https://doi.org/10.1016/j.anifeedsci.2015.06.007
https://doi.org/10.1017/s1751731116002238
https://doi.org/10.1017/s1751731116002238
https://doi.org/10.1016/j.fsi.2011.11.005

	Efficacy of dietary lysophospholipids (Lipidol™) on growth performance, serum immuno-biochemical parameters, and the expression of immune and antioxidant-related genes in rainbow trout (Oncorhynchus mykiss)
	Introduction
	Material and methods
	Experimental feeding trials and husbandry
	Experimental diets
	Growth performance
	Chemical composition of diets and fish
	Serum biochemical and immunological analysis
	Intestinal morphology
	Gene expression studies
	RNA extraction and cDNA synthesis
	Primer design
	Quantitative real-time PCR

	Statistical analysis

	Results
	Growth performance
	Whole-body proximate chemical analysis
	Serum biochemical and immunological indices
	Hepatic enzymes activity
	Intestine morphological changes
	Immune-related genes expression
	Antioxidant related genes expression

	Discussion
	Funding
	Declaration of Competing Interest
	Acknowledgments
	References




