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Dietary Isoleucine Influences Non-Specific Immune Response in Juvenile 

Olive Flounder (Paralichthys olivaceus) 

Introduction 

 
Protein is the most important component of fish 

feeds providing essential amino acids for tissue repair 

and growth (Luo et al., 2006). Proteins and their 

building blocks, amino acids, play very important 

roles in the structure and metabolism of living 

organisms (Meijer, 2003). Fishes cannot synthesize 

all the amino acids hence they require an exogenous 

source to meet the requirements (NRC, 2011). A 

consistent amount of proteins and amino acids needs 

to be incorporated in fish diets as they are continually 

used by the fish to build new proteins, peptides, free 

amino acids, enzymes, hormones, neurotransmitters 

and cofactors. Branched-chain amino acids (BCAA), 

isoleucine, leucine and valine, exert very important 

roles in certain biochemical reactions and growth. 

Isoleucine participates in production of certain 

biochemical compounds which are involved in energy 

production, and together with the other two BCAA 

promotes tissue building. It is the first limiting BCAA 

in meat and bone meal (Wang et al., 1997). Isoleucine 

deficiency results in biochemical malfunction 

including growth retardation (Ahmed and Khan, 

2006; Khan and Abidi, 2007). 

It has long been demonstrated that deficiency of 

dietary proteins and amino acids leads to impairment 

of immune function and increased susceptibility to 

infectious disease (Li et al., 2007). Results from both 

oral and parenteral feeding studies showed that 

protein intake and availability of certain dietary amino 

acids are vital for optimal immune function of the 

intestine and the proximal resident immune cells 

(Ruth and Field, 2013). A large body of studies has 

been conducted to assess the role of amino acids in 

immune function of animals including fish (Roch, 

1999; Calder, 2006; Grimble, 2006; Kim et al., 2007). 

Early reports suggested that amino acids are used as 

important energy substrates for immune cells (Wu et 

al., 1991a, 1991b, 1991c; Field et al., 1994) and 

antioxidant defense mechanisms (Xue and Field, 

2011). Several amino acids have been recognized to 

play significant roles in modulating various immune 

responses including the activation of lymphocytes, 

natural killer cells, and macrophages; proliferation of 

lymphocytes; regulation of intracellular redox states; 
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Abstract 

 

A 9-week feeding trial was conducted in low temperature season to evaluate the effects of varying levels of dietary 

isoleucine on hematology and innate immune response of juvenile olive flounder. Six isonitrogenous (45% crude protein) and 

isocaloric (4.45 kcal g-1 gross energy) diets containing graded levels of isoleucine (0.48, 0.87, 1.43, 1.94, 2.37 and 2.78% dry 

diet) were formulated. Triplicate groups of fish (8.59 ± 0.13 g) were fed the six test diets to apparent satiation twice daily. 

Fish growth performance was affected by dietary isoleucine levels and the highest growth was obtained at 1.43% isoleucine. 

The results showed the significant (P<0.05) increase of plasma total protein and cholesterol concentrations at isoleucine levels 

of 1.43 - 2.37% compared to those offered 0.48% isoleucine. Also, significant reductions in plasma alanine aminotransferase 

and aspartate aminotransferase activities were detected by increment of dietary isoleucine up to 1.94%. Fish innate immunity 

was significantly affected by isoleucine levels. Significantly higher lysozyme activity was found at 0.87 - 2.37% isoleucine 

and superoxide dismutase activity increased at 1.94-2.37% isoleucine levels. Respiratory burst activity and total 

immunoglobulin level were significantly enhanced at isoleucine levels of 1.43-1.94 and 1.94%, respectively. The findings in 

this study showed that inclusion of approximately 2% isoleucine in diets for olive flounder can enhance innate immunity. To 

estimate isoleucine requirement of the species further studies are required. 

 

Keywords: Dietary isoleucine, olive flounder, Paralichthys olivaceus, growth, hematology, innate immunity.  
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gene expression; and production of cytokines 

(Yoneda et al., 2009). BCAA are involved in 

biosynthesis of glutamine, as part of the immune 

system, by providing α-amino group (Newsholme and 

Calder, 1997). Also, the carbon skeletons of BCAA 

are required by leucocytes for protein synthesis 

(Waithe et al., 1975). It has been reported that 

deficiency of BCAA results in immune impairment. 

Petro and Bhattacharjee (1981) reported that mice fed 

BCAA-deficient diet exhibited increased 

susceptibility to Salmonella typhimurium, impaired 

antibody production, reductions in serum 

concentrations of transferrin and complement C3, and 

increased numbers of bacteria in liver and spleen. 

Isoleucine has been reported to influence innate 

immunity including induction of the antimicrobial 

peptide beta-defensin from Madin–Darby bovine 

kidney (MDBK) epithelial cells (Fehlbaum et al., 

2000). Also, it has been shown that isoleucine is 

incorporated into human leucocyte cellular proteins 

and lipids (Burns, 1975) and improves the serum 

complement component 3 (C3) level in mice (Petro 

and Bhattacharjee, 1980). However, there is only a 

single available study on immunomodulating effects 

of isoleucine in fishes. Zhao et al. (2013) showed that 

dietary isoleucine promotes the immune responses in 

Jian carp (Cyprinus carpio var. Jian). 

Olive flounder has been the most important 

cultured marine fish species in Korea. Its total 

production reached ~37,000 tons in 2013 in Korea 

(Ministry of Maritime Affairs and Fisheries of Korea, 

2013). Because of importance of olive flounder in 

Korean aquaculture industry, this study was 

conducted to examine the effects of different dietary 

isoleucine levels on growth, hematology and non-

specific immune response of the species. 

 

Materials and Methods 
 

Experimental Diets 

 

Six isonitrogenous (45% crud protein) and 

isocaloric (4.45 kcal g-1 gross energy) diets were 

formulated using fish meal and a mixture of 

crystalline amino acids to contain graded levels of 

isoleucine (0.48–2.78% dry diet). The mixture of 

crystalline amino acids without isoleucine was 

prepared according to Dabrowski et al. (2003) and 

used as the main protein source and fish meal was 

included to increase palatability of the semi-purified 

diets. Proximate and essential amino acid composition 

of fish meal used in this study is provided in Table 1. 

The basal diet contained a minimum level of 

isoleucine from fish meal and supplemented with 

incremental levels (0.5%) of L-isoleucine. Analyzed 

dietary isoleucine concentrations were 0.48, 0.87, 

1.43, 1.94, 2.37 and 2.78% (Table 2). The 

experimental diets were kept isonitrogenous by 

decreasing the level of glycine as the isoleucine level 

was increased. Isoleucine concentration of the 

experimental diets was determined using an 

automated amino acid analyzer (Beckman 7300, 

Beckman Instruments, Palo Alto, CA). The energy 

value of diets was estimated on the basis of 

physiological fuel value, i.e., 3.99 kcal g-1 proteins or 

carbohydrates and 9.01 kcal g-1 lipids (Lee and 

Putnam, 1973). All dry ingredients were thoroughly 

mixed and after addition of squid liver oil and double 

distilled water pelleted through a meat chopper 

machine (SMC-12, Kuposlice, Busan, Korea) in 3 

mm diameter. The diets were freeze-dried for 24 h, 

crushed into desirable particle sizes, sealed in bags 

and stored at -20oC until used. 

 

Fish and Experimental Conditions 

 

Juvenile olive flounder were transported from a 

private hatchery to the Marine and Environmental 

Research Institute of Jeju National University (Jeju, 

South Korea). All the fish were fed the basal diet for 

one week to be acclimated to the semi-purified diet 

and the experimental conditions. At the end of the 

acclimation period, 45 randomly selected fish (8.59 ± 

0.13 g) were stocked into each polyvinyl circular 

tanks of 150 L capacity and supplied with filtered 

seawater at a flow rate of 3 L min-1 and aeration to 

maintain enough dissolved oxygen. Triplicate groups 

of fish were hand-fed the six test diets to apparent 

satiation (twice a day, 09:00 and 17:00 h) for 9 weeks. 

Uneaten food was siphoned out 30 min after feeding 

and weighed to determine the feed intake. Growth of 

fish was measured with three-week intervals. Feeding 

was stopped 24 h prior to weighing or blood sampling 

to minimize handling stress on fish. The water 

temperature during the feeding trial ranged from 13 to 

17°C and the photoperiod was maintained on a 12:12 

light:dark schedule.  

 

Sample Collection and Chemical Analyses 

 

At the end of the feeding trial, all the fish in each 

tank were bulk-weighed and counted for calculation 

Table 1. Proximate and essential amino acid composition of 

white fish meal (% dry matter) 

 

 % 

Essential amino acids  

Arg 3.65 

His 2.60 

Ile 2.59 

Leu 4.97 

Lys 5.46 

Met 1.84 

Phe 2.60 

Thr 3.05 

Val 3.04 

Proximate composition  

Dry matter 90 

Protein 67 

Lipid 10 

Ash 16 
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of growth parameters and survival. Five fish per tank 

(15 fish per treatment) were selected and kept at -

20°C for whole-body composition analysis. Five fish 

per tank (15 fish per treatment) were randomly 

captured, anesthetized with 2-phenoxyethanol (200 

mg L-1), and blood samples were collected from the 

caudal vein with heparinized syringes for 

determination of hematocrit, hemoglobin and 

respiratory burst activity. After the above mentioned 

measurements with whole blood, plasma were 

separated by centrifugation at 5000 × g for 10 min 

and stored at -70°C for determination of total 

immunoglobulin (Ig) level and blood biochemical 

parameters including plasma total protein, glucose 

and cholesterol concentrations and activities of 

alanine aminotransferase (ALT) and aspartate 

aminotransferase (AST). Another set of blood 

samples (5 fish per tank, 15 fish per dietary treatment) 

were taken without heparin and allowed to clot at 

room temperature for 30 min. Then, the serum was 

separated by centrifugation for 10 min at 5000 × g 

and stored at -70°C for the analysis of non-specific 

immune responses including lysozyme, 

myeloperoxidase (MPO) and superoxide dismutase 

(SOD) activities.  

Analyses of moisture and ash contents of diet 

and fish whole-body samples were performed by the 

standard procedures (AOAC, 1995). Crude protein 

was measured by using automatic Kjeltec Analyzer 

Unit 2300 (FossTecator, Höganäs, Sweden) and crude 

lipid was determined using the Soxhlet method with 

extraction in diethyl ether (Soxhlet Extraction System 

C-SH6, Seoul, Korea). Hematocrit was determined by 

microhematocrit technique (Brown, 1980). 

Hemoglobin and plasma levels of total protein, 

glucose and cholesterol and activities of ALT and 

AST were determined by an automated blood 

analyzer (SLIM, SEAC Inc, Florence, Italy). 

A turbidometric assay was used for 

determination of serum lysozyme level by the method 

described by Hultmark (1980) with slight 

modifications. Briefly, Micrococcus lysodeikticus 

(0.75 mg ml-1) was suspended in sodium phosphate 

buffer (0.1 M, pH 6.4), then 200 µl of suspension was 

placed in each well of 96-well plates and 20 µl serum 

was added subsequently. The reduction in absorbance 

of the samples was recorded at 570 nm after 

incubation at room temperature for 0 and 30 min in a 

microplate reader (UVM 340, Biochrom, Cambridge, 

UK). A reduction in absorbance of 0.001 min-1 was 

regarded as one unit of lysozyme activity. 

Oxidative radical production by phagocytes 

during respiratory burst was measured through NBT 

(nitro-blue-tetrazolium) assay described by Anderson 

and Siwicki (1995). Briefly, blood and NBT (0.2%) 

(Sigma, USA) were mixed in equal proportion (1:1) 

and incubated for 30 min at room temperature, then 

50 µl was taken out and dispensed into glass tubes. 

Then, 1 ml dimethylformamide (Sigma) was added 

and centrifuged at 2000 × g for 5 min. Finally, the 

optical density of supernatant was measured at 540 

nm using a spectrophotometer (Genesys 10UV, 

Rochester, NY, USA). Dimethylformamide was used 

as blank. 

Serum myeloperoxidase (MPO) activity was 

measured according to Quade and Roth (1997). 

Briefly, twenty microliter of serum was diluted with 

HBSS (Hanks Balanced Salt Solution) without Ca2+ or 

Mg2+ (Sigma, USA) in 96-well plates. Then, 35 µl of 

3,3’,5,5’-tetramethylbenzidine hydrochloride (TMB, 

20 mM) (Sigma, USA) and H2O2 (5 mM) were added. 

The color change reaction was stopped after 2 min by 

Table 2. Formulation and proximate composition of the experimental diets (% dry matter) 

 

Ingredients 1 2 3 4 5 6 

White fish meal  20.0 20.0 20.0 20.0 20.0 20.0 

Free AA mix1 27.5 27.5 27.5 27.5 27.5 27.5 

Isoleucine 0.0 0.5 1.0 1.5 2.0 2.5 

Glycine 2.5 2.0 1.5 1.0 0.5 0.0 

Dextrin 33.5 33.5 33.5 33.5 33.5 33.5 

Taurine 1.0 1.0 1.0 1.0 1.0 1.0 

Mineral mix2 1.0 1.0 1.0 1.0 1.0 1.0 

Vitamin mix3 1.0 1.0 1.0 1.0 1.0 1.0 

Choline chloride 1.0 1.0 1.0 1.0 1.0 1.0 

Squid liver oil 12.5 12.5 12.5 12.5 12.5 12.5 

Proximate composition 

Dry matter  93.1 93.0 94.0 93.4 94.0 94.0 

Protein  44.9 45.2 45.0 45.4 45.6 45.1 

Lipid  9.5 9.2 9.4 9.3 9.5 9.5 

Ash 3.6 3.8 3.5 3.7 3.5 3.5 

Isoleucine 0.48 0.87 1.43 1.94 2.37 2.78 
1  Free amino acid mixture composition: (g per 446 g dry weight mixture): arginine hydrochloride, 15; lysine hydrochloride, 18; methionine, 

10; histidine, 7; valine, 12; leucine, 14; phenylalanine, 18; threonine, 8; tryptophan, 2; glutamic acid, 111; glycine, 231. 
2  Mineral premix (g kg-1): MgSO4.7H2O, 80.0; NaH2PO4.2H2O, 370.0; KCl, 130.0; Ferric citrate, 40.0; ZnSO4.7H2O, 20.0; Ca-lactate, 356.5; 

CuCl2, 0.2; AlCl3. 6H2O, 0.15; Na2Se2O3, 0.01; MnSO4.H2O, 2.0; CoCl2.6H2O, 1.0. 
3  Vitamin premix (g kg-1): L-ascorbic acid, 121.2; DL- tocopheryl acetate, 18.8; thiamin hydrochloride, 2.7; riboflavin, 9.1; pyridoxine 
hydrochloride, 1.8; niacin, 36.4; Ca-D-pantothenate, 12.7; myo-inositol, 181.8; D-biotin, 0.27; folic acid, 0.68; p-aminobezoic acid, 18.2; 

menadione, 1.8; retinyl acetate, 0.73; cholecalficerol, 0.003; cyanocobalamin, 0.003.  
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adding 35 µl of 4 M sulfuric acid. Finally, the optical 

density was read at 450 nm in the microplate reader. 

Plasma Ig level was determined according to the 

method described by Siwicki and Anderson (1993). 

Briefly, plasma total protein concentration was 

measured using a micro protein determination method 

(C-690; Sigma), prior to and after precipitating down 

the Ig molecules using a 12% solution of polyethylene 

glycol (Sigma). The difference in protein 

concentration represents the Ig content. 

Serum superoxide dismutase (SOD) activity was 

measured by the percentage reaction inhibition rate of 

enzyme with WST-1 (Water Soluble Tetrazolium 

dye) substrate and xanthine oxidase using a SOD 

Assay Kit (Sigma, 19160) according to the 

manufacturer's instructions. Each endpoint assay was 

monitored by absorbance at 450 nm (the absorbance 

wavelength for the colored product of WST-1 reaction 

with superoxide) after 20 min of reaction time at 

37°C. The percent inhibition was normalized by mg 

protein and presented as SOD activity units. 

 

Statistical Analysis 

 

All dietary treatments were assigned by a 

completely randomized design. Data were analyzed 

by one-way analysis of variance (ANOVA) in SPSS 

version 11.0 (SPSS Inc., Chicago, IL, USA). When 

ANOVA identified differences among groups, the 

difference in means was made with Tukey's HSD 

multiple range test. Statistical significance was 

determined at P<0.05. Data are presented as mean ± 

SD. Percentage data were arcsine transformed before 

statistical analysis. 

 

Results 
 

The results showed the significant enhancement 

of growth performance and feed utilization at dietary 

isoleucine levels of ≥0.87% (Table 3). Feed 

conversion ratio decreased significantly at isoleucine 

levels of 0.87-1.94% and significantly higher protein 

efficiency ratio was found in fish fed 1.43-1.94% 

isoleucine compared to those offered 0.48% 

isoleucine. Fish survival was not affected by dietary 

treatments. Also, the results showed no significant 

effect of dietary isoleucine on whole-body 

composition (Table 4). 

Higher hematocrit values were obtained at 

increased isoleucine levels, but the differences were 

not significant (Table 5). Significantly higher plasma 

total protein and cholesterol concentrations were 

found in groups fed 1.43-2.37% isoleucine. Also, the 

results revealed the significant reduction of plasma 

ALT and AST activities at dietary isoleucine levels of 

1.43-1.94% and 0.87-1.94%, respectively.  

Non-specific immune response parameters were 

affected by dietary isoleucine levels (Table 6). 

Significantly higher lysozyme and SOD activities 

were found in fish fed isoleucine levels of 0.87-2.37% 

Table 3. Growth performance of olive flounder (initial body weight, 8.59±0.13) fed different levels of dietary isoleucine for 9 

weeks 
 

Ile level  

(% dry diet) 
WG1 (%) SGR2 (%) FI3 (g/fish) FCR4 PER5 Survival (%) 

0.48 81.54±4.68d 0.95±0.04d 18.71±3.47 2.68±0.61a 0.84±0.22b 80.00±13.5 

0.87 119.12±4.07ab 1.25±0.03ab 19.89±1.14 1.92±0.06b 1.14±0.04ab 77.78±7.70 

1.43 128.41±4.85a 1.31±0.03a 17.93±0.80 1.64±0.12b 1.33±0.10a 89.63±5.59 

1.94 116.80±5.76ab 1.23±0.04ab 18.15±1.23 1.80±0.21b 1.22±0.14a 88.15±16.8 

2.37 109.04±4.77bc 1.17±0.04bc 18.47±0.96 1.98±0.18ab 1.10±0.10ab 89.63±8.41 

2.78 101.98±5.40c 1.12±0.04c 17.69±1.16 2.05±0.03ab 1.05±0.01ab 91.85±5.13 

Values are mean of triplicate groups and presented as mean ± SD. Values in the same column having different superscript letters are 
significantly different (P<0.05). The lack of superscript letter indicates no significant differences among treatments. 
1 Weight gain = [(final body weight – initial body weight) / initial body weight × 100]; 
2 Specific growth rate = 100 × [(ln final body weight - ln initial body weight) / days]; 
3 Feed intake (g/fish) = dry feed consumed (g) / fish; 
4 Feed conversion ratio = dry feed fed / wet weight gain; 
5 Protein efficiency ratio = wet weight gain / total protein given. 
 

 

 

Table 4. Whole-body composition (% wet basis) of olive flounder fed different levels of dietary isoleucine for 9 weeks 
 

Ile level 

(% dry diet) 
Protein Lipid Moisture Ash 

0.48 16.78±0.45 1.08±0.16 82.40±0.61 3.48±0.38 

0.87 16.83±0.71 1.09±0.03 81.85±0.60 3.25±0.69 

1.43 17.55±0.73 0.99±0.05 81.93±0.14 3.56±0.70 

1.94 16.97±0.53 1.14±0.19 81.47±0.25 3.33±0.52 

2.37 16.80±0.65 1.15±0.12 81.73±0.50 3.65±0.39 

2.78 16.87±0.50 1.12±0.04 81.54±0.45 3.51±0.75 

Values are mean of triplicate groups and presented as mean ± SD.  

The lack of superscript letter indicates no significant differences among treatments. 
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and 1.94-2.37%, respectively, compared to those fed 

the basal diet. Respiratory burst activity was 

significantly increased at the levels of 1.43-1.94% 

isoleucine. The highest Ig level was detected in fish 

fed 1.94% isoleucine and differed significantly from 

that of the fish fed 0.43% isoleucine. However, MPO 

activity did not significantly differ among 

experimental groups. 

 

Discussion 
 

In the present study the fish readily accepted the 

semi-purified test diets, however, relatively low 

growth rates were achieved due to low rearing water 

temperature. The results showed the significant 

enhancement of fish growth by increment of dietary 

isoleucine level up to 1.43% and thereafter a 

decreasing tendency was achieved. The increased fish 

growth in this study was primarily due to improved 

feed utilization efficiency as significantly lower FCR 

and higher PER were obtained by increment of 

dietary isoleucine level. It has long been demonstrated 

that a balanced amino acids profile is required for 

effective utilization of dietary protein for tissue 

synthesis (D’Mello, 1994; Yamamoto et al., 2000; 

Berge et al., 2002; Green and Hardy, 2002; Goemez-

Requeni et al., 2003). In this study reduced growth 

was found in fish groups fed isoleucine deficient diets 

and those fed higher isoleucine levels than 1.43% 

probably indicating imbalances in dietary amino acids 

profile. Antagonistic interactions between BCAA 

including leucine, isoleucine and valine have been 

reported in chicks, pigs, rats and humans (D'Mello, 

1994). In fish, such effects have not been fully 

investigated and the obtained results have been 

capricious (NRC, 2011). BCAA are known to produce 

antagonistic effects when the proportion of these three 

amino acids in diet is imbalanced. Reduced growth 

performance of olive flounder at over 1.43% 

isoleucine in this study can be attributed to 

antagonism between BCAA (Ahmed and Khan, 

2006). 

The results showed no significant influence of 

isoleucine on feed intake. Similarly, previous studies 

on catla (Catla catla) (Zehra and Khan, 2013) and 

Pacific white shrimp (Litopenaeus vannamei) (Liu et 

al., 2014) did not show any significant effect of 

dietary isoleucine on feed intake. However, Zhao et 

al. (2012) reported the significant increase of feed 

intake in Jian carp (Cyprinus carpio var. Jian) offered 

Table 5. Hematological parameters of olive flounder fed different levels of dietary isoleucine for 9 weeks 

 

Ile level  

(% dry diet) 
Ht1 Hg1 Total protein3 ALT4 AST5 Glucose6 Cholesterol7 

0.48 15.83±1.04 2.36±0.24 1.72±0.15c 57.33±6.66a 105.5±6.40a 19.65±1.94 39.77±8.21c 

0.87 16.50±1.80 2.38±0.02 1.87±0.24bc 56.20±4.20a 83.74±5.24b 24.02±4.19 49.12±9.42bc 

1.43 17.50±2.18 2.45±0.33 2.58±0.38ab 35.79±2.44c 64.94±7.58b 24.31±3.58 77.55±5.80a 

1.94 17.67±1.76 2.59±0.25 2.96±0.28a 43.26±4.95bc 78.00±9.13b 25.19±3.46 67.08±7.57ab 

2.37 17.33±0.76 2.30±0.13 2.88±0.21a 55.37±5.37ab 84.88±8.42ab 24.60±2.40 64.85±7.86ab 

2.78 17.67±1.04 2.33±0.10 2.53±0.34ab 62.81±2.66a 85.03±7.97ab 23.40±4.89 60.54±8.18abc 

Values are mean of triplicate groups and presented as mean ± SD. Values in the same column having different superscript letters are 
significantly different (P<0.05). The lack of superscript letter indicates no significant differences among treatments. 
1Hematocrit (%) 
2Hemoglobin (g/dl) 
3Total protein (g/dl) 
4 Alanine aminotransferase activity (U/L) 

5 Aspartate aminotransferase (U/L) 

6Glucose (mg/dl) 
7Total cholesterol (mg/dl) 

 

 

 

Table 6. Innate immune response of olive flounder fed different levels of dietary isoleucine for 9 weeks 

 

Ile level  

(% dry diet) 
Lysozyme1 NBT2 MPO3 Ig4 SOD5 

0.48 19.74±2.29c 0.26±0.01b 1.42±0.04 5.89±0.57b 55.22±2.84c 

0.87 28.23±2.45ab 0.34±0.03ab 1.49±0.04 8.83±0.73ab 59.06±3.16bc 

1.43 28.06±2.13ab 0.41±0.04a 1.51±0.15 10.36±0.21ab 62.54±4.56abc 

1.94 34.21±2.48a 0.42±0.08a 1.65±0.09 12.92±3.18a 68.41±1.51a 

2.37 33.27±2.59a 0.35±0.03ab 1.45±0.10 10.72±3.56ab 64.58±2.10ab 

2.78 24.73±4.57bc 0.37±0.05ab 1.50±0.03 9.75±2.59ab 58.67±3.57bc 

Values are mean of triplicate groups and presented as mean ± S.D. Values in the same column having different superscript letters are 

significantly different (P<0.05). The lack of superscript letter indicates no significant differences among treatments. 
1 Lysozyme (U/ml) 
2 Nitro blue tetrazolium activity (Absorbance) 
3 Myeloperoxidase (Absorbance) 
4 Total Immunoglobulin (mg/ml) 
5 Superoxide dismutase (% inhibition) 
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incremental dietary isoleucine levels. Quantitative 

requirement for essential amino acids is generally 

estimated based on fish weight gain; however, 

regarding the secondary growth of fish in this study 

the data were not used for determination of optimal 

isoleucine requirement level and needs to be 

quantified in future studies. Fish whole-body 

composition was taken into account in the present 

study and the results revealed no significant changes 

with respect to variations in dietary isoleucine level. 

Hematological parameters are being increasingly 

taken into account in amino acids requirement studies 

because of their sensitivity to dietary manipulations 

(Hrubec et al., 2000; Congleton and Wagner, 2006). 

Accordingly, in the current study the changes in 

hematological and blood biochemical parameters 

were examined and significant changes were detected. 

Zhao et al. (2013) reported the significant increase of 

red and white blood cells count in Jian carp fed 

increased dietary isoleucine levels. In the current 

study, numerically higher hematocrit values were 

observed at higher isoleucine levels, however the 

differences were not significant. Plasma total protein 

level has been measured frequently as an indicator of 

physiological condition in fish nutrition studies 

(Nakagawa et al., 2000; Farhangi and Carter, 2001; 

Watanabe et al., 2001; Harikrishnan et al., 2003). 

Total protein in plasma is the most stable component, 

and few dietary factors have been reported to affect 

the levels in fish. Plasma total protein is elevated 

when dietary protein intake increases (Leveille and 

Sauberlich, 1961) indicating improved physiological 

condition (Dawson and Bortolotti, 1997). Also, it has 

been suggested that increased blood protein level is 

associated with enhanced innate immune response in 

fish (Wiegertjes et al., 1996). In the current study 

significant enhancements in plasma total protein level 

was observed at increased isoleucine levels. There is 

no available study on the effect of dietary isoleucine 

on fish plasma total protein level, but in agreement to 

our study significant enhancements in fish 

serum/plasma protein levels have been reported 

following administration of optimum dietary lysine 

level in black sea bream (Sparus macrocephalus) 

(Zhou et al., 2010) and yellow catfish (Pelteobagrus 

fulvidraco) (Cao et al., 2012), and optimal dietary 

valine level in red sea bream (Rahimnejad and Lee, 

2013). In general, ALT and AST are mainly 

distributed in the liver and spleen and play important 

roles in protein metabolism. Their concentrations in 

the blood increase when the liver and myocardial cells 

are damaged or their permeability increased. Both 

enzymes are used as valuable diagnostic means of 

stress responses in fish species (De Smet and Blust, 

2001; Almeida et al., 2002; Choi et al., 2007) and 

their concentration in plasma increases in response to 

several factors such as pollution and ammonia and 

nitrite toxications (Das et al., 2004). In the current 

study significant reductions in plasma ALT and AST 

concentrations were achieved by increment of dietary 

isoleucine level up to 1.94% indicating an 

improvement in fish health status. It has been reported 

that dietary protein affects the plasma cholesterol 

level (Carroll and Hamilton, 1975; Kritchevsky, 1979; 

Terpstra et al., 1983) and that the main influencing 

factor is the amino acids composition of the protein 

source (Garlich et al., 1970; Olsen et al., 1970a,b; 

Coles and McDonald, 1972). In agreement to this 

notion, Sugiyama et al. (1996) reported a significant 

positive correlation between the plasma total 

cholesterol level and plasma concentration of valine 

in rats fed different dietary protein sources. Also, the 

results of our previous study on red sea bream showed 

the significant increase of plasma cholesterol 

concentration by increment of dietary valine level 

(Rahimnejad and Lee, 2013). Similarly, in the present 

study plasma cholesterol level elevated significantly 

when dietary isoleucine level increased.  

 It has been demonstrated that deficiency or 

excess of dietary protein (Glick et al., 1981, 1983; 

Payne et al., 1990) or amino acids (Bhargava et al., 

1970, 1971; Tsiagbe et al., 1987a, 1987b) alters 

immune responses. BCAA have been shown to play 

very important roles in the immune organ 

development (Kidd, 2004). Konashi et al. (2000) 

reported that weights of lymphoid organs are 

modified by either the type of essential amino acids or 

the degree of deficiency; and that feeding the BCAA-

deficient diet causes the most severe decrease in both 

thymus and bursa weights in chickens. Lysozyme as a 

bactericidal enzyme is well known as an important 

humoral indicator of innate immunity in fish. It is 

released by leucocytes and provides protection against 

both gram-positive and gram-negative bacteria by 

lysing the 1, 4-beta-linkages in the peptidoglycan 

layer found in bacteria cell walls (Ellis, 1999). 

Several factors affect the lysozyme activity in fish 

including nutritional status (Saurabh and Sahoo, 

2008). In the present study, significantly higher 

lysozyme activities were found by increment of 

dietary isoleucine level up to 2.37% and thereafter a 

reduced activity was obtained. Similarly, Zhao et al. 

(2013) reported the significant enhancement in 

lysozyme activity of Jian carp fed increased dietary 

isoleucine levels. The respiratory burst is generated 

by macrophages/monocytes and granulocytes to 

attack invasive pathogens during phagocytosis and is 

widely used to evaluate the defense capabilities 

against pathogens (Dalmo et al., 1997). In the current 

study the respiratory burst activity was measured 

through NBT assay and significantly higher activities 

were achieved at increased isoleucine levels. There is 

no earlier report on the effect of isoleucine on fish 

respiratory burst activity; however our previous study 

on red sea bream (Rahimnejad and Lee, 2013) showed 

the enhanced respiratory burst activity at increased 

valine levels indicating the role of BCAA. Total 

immunoglobulins play important roles in innate and 

acquired immune response (Magnadóttir, 2006) and 

are regarded as a good indicator for the action of 
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immunonutrients. In this study higher Ig levels were 

found by increment of dietary isoleucine. In 

agreement to our results, Zhao et al. (2013) showed 

the significant elevation of IgM level in Jian carp fed 

increased dietary isoleucine level. Reactive oxygen 

species (ROS) are chemically reactive molecules 

containing oxygen including oxygen ions and 

peroxides. The over production of ROS may damage 

cell membranes (Liu et al., 2007). Radical scavenging 

enzymes such as SOD can provide protection against 

ROS damage. Earlier, Zhao et al. (2013) reported the 

enhancement of SOD activity in Jian carp when by 

increment of dietary isoleucine level, which is in 

agreement with the results of the present study.  

In conclusion, under the rearing conditions in 

this study it was shown that supplementation of a 

proper level of isoleucine is necessary for maximal 

growth of olive flounder, however, the optimum 

requirement level remains to be determined in future 

studies. The most significant finding of this study was 

that dietary inclusion of approximately 2%   

isoleucine can enhance humoral innate immune 

response in olive flounder. 

 

Acknowledgments 
 

This research was supported by Basic Science 

Program through the National Research Foundation of 

Korea (NRF) funded by the Ministry of Education, 

Science and Technology (grant number NRF 2010-

0009918). 
 

References 
 

Ahmed, I. and Khan, M.A. 2006. Dietary branched-chain 

amino acid valine, isoleucine and leucine 

requirements of fingerling Indian major carp, 

Cirrhinus mrigala (Hamilton). British Journal of 

Nutrition, 96: 450–460.  

doi: 10.1079/BJN20061845 

Almeida, J.A., Diniz, Y.S., Marques, S.F.G., Faine, L.A., 

Ribas, B.O., Burneiko, R.C. and Novelli, E.L.B. 2002. 

The use of the oxidative stress responses as 

biomarkers in Nile tilapia (Oreochromis niloticus) 

exposed to in vivo cadmium contamination. 

Environment International, 27: 673–679.  

doi:10.1016/S0160-4120(01)00127-1.  

Anderson, D.P. and Siwicki, A.K. 1995. Basic haematology 

and serology for fish health programs. In: M. Shariff, 

J.R. Arthur and J.P. Subasinghe (Eds.), Diseases in 

Asian aquaculture II. Fish Health Section. Asian 

Fisheries Society. Manila: 185-202.  

AOAC (Association of Official Analytical Chemists), 1995. 

Official Methods of Analysis of Official Analytical 

Chemists International 16th ed. Association of 

Official Analytical Chemists, Arlington, VA, USA. 

Berge, G.E., Sveier, H. and Lied, E. 2002. Effects of 

feeding Atlantic salmon (Salmo salar L.) imbalanced 

levels of lysine and arginine. Aquaculture Nutrition, 

8: 239–248.  

doi: 10.1046/j.1365-2095.2002.00211.x 

Bhargava, K.K., Hanson, R.P. and Sunde, M.L. 1970. 

Effects of methionine and valine on antibody 

production in chickens infected with Newcastle 

disease virus. Journal of Nutrition, 100: 241–248.  

Bhargava, K.K., Hanson, R.P. and Sunde, M.L. 1971. 

Effects of threonine on growth and antibody 

production in chickens infected with Newcastle 

disease virus. Poultry Science, 50: 710–713.  

doi:10.3382/ps.0500710 

Brown, B.A., 1980. Routine hematology procedures. In: 

Brown, B.A. (Ed.), Hematology, Principles and 

Procedures, Lea and Febiger, Philadelphia, PA, USA, 

71–112 pp.  

Burns, C.P. 1975. Isoleucine metabolism by leukemic and 

normal human leukocytes in relation to cell maturity 

and type. Blood, 45: 643-651. 

Calder, P.C. 2006. Branched-chain amino acid and 

immunity. Journal of Nutrition, 136: 288S–293S. 

Cao, J.M., Chen, Y., Zhu, X., Huang, Y.H., Zhao, H.X., Li, 

G.L., Lan, H.B., Chen, B. and Pan, Q. 2012. A study 

on dietary L-lysine requirement of juvenile yellow 

catfish Pelteobagrus fulvidraco. Aquaculture 

Nutrition, 18: 35–45.  

doi: 10.1111/j.1365-2095.2011. 00874.x 

Carroll, K.K. and Hamilton, R.M.G. 1975. Effects of dietary 

protein and carbohydrate on plasma cholesterol levels 

in relation to atherosclerosis. Journal of Food Science, 

40: 18–23.  

doi:10.1111/j.1365-2621.1975.tb03726.x 

Choi, C.Y., Min, B.H., Jo, P.G. and Chang, Y.J. 2007. 

Molecular cloning of PEPCK and stress response of 

black porgy (Acanthopagrus schlegeli) to increased 

temperature in freshwater and seawater. General and 

Comparative Endocrinology, 152: 47–53.  

doi:10.1016/j.ygcen.2007.02.019 

Coles, B.L. and McDonald, I. 1972. The influence of 

dietary protein on dietary carbohydrate: lipid 

interrelationships. Nutrition and Metabolism, 14: 238–

244.  

doi:10.1159/000175386 

Congleton, J.L. and Wagner, T. 2006. Blood-chemistry 

indicators of nutritional status and food intake in 

juvenile salmonids. Journal of Fish Biology, 69: 473–

490.  

doi:10.1111/j.1095-8649.2006.01114 

Dabrowski, K., Lee, K.J. and Rinchard, J. 2003. The 

smallest vertebrate, teleost fish, can utilize synthetic 

dipeptide-based diets. Journal of Nutrition, 133: 

4225–4229.  

Dalmo, R.A., Ingebrigtsen, K. and Bogwald, J. 1997. Non-

specific defence mechanisms in fish, with particular 

reference to the reticuloendothelial system (RES). 

Journal of Fish Diseases, 20: 241–273. 

doi:10.1046/j.1365-2761.1997.00302.x  

Das, P.C., Ayyappan, S., Jena, J.K. and Das, B.K. 2004. 

Acute toxicity of ammonia and its sub-lethal effects 

on selected haematological and enzymatic parameters 

of mrigal, Cirrhinus mrigala (Hamilton). Aquaculture 

Research, 35: 134–143.  

doi:10.1111/j.1365-2109. 2004.00994.x 

Dawson, R.D. and Bortolotti, G.R. 1997. Total plasma 

protein level as an indicator of condition in wild 

American kestrels (Falco sparverius). Canadian 

Journal of Zoology, 75: 680–686.  

De Smet, H. and Blust, R. 2001. Stress responses and 

changes in protein metabolism in Carp Cyprinus 

carpio during cadmium exposure. Ecotoxicology and 

Environmental Safety, 38: 255–262.  

doi:10.1006/eesa.2000.2011 

http://dx.doi.org/10.1016/j.ygcen.2007.02.019


 860 S. Rahimnejad and K-J. Lee  /  Turk. J. Fish. Aquat. Sci. 14: 853-862 (2014)  

 

    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

D’Mello, J.P.F. 1994. Amino acid imbalances, antagonisms 

and toxicities. In: J.P.F. D’Mello (Ed.), Amino Acids 

in Farm Animal Nutrition, Wallingford: CAB 

International, 63–97 pp. 

Ellis, A.E., Stolen, J.S., Fletcher, T.C., Anderson, D.P., 

Roberson,W.B. and Van muiswinker, W.B. 1990. 

Serum Antiprotease in Fish. Techniques in Fish 

Immunology. SOS Publication, Fair Haven, U.S.A. 

95–99.  

Ellis, A.E. 1999. Immunity to bacteria in fish. Fish and 

Shellfish Immunology, 9: 291–308. 

doi:10.1006/fsim.1998.0192 

Farhangi, M. and Carter, C.G. 2001. Growth, physiological 

and immunological responses of rainbow trout 

(Oncorhynchus mykiss) to different dietary inclusion 

levels of dehulled lupin (Lupinus angusti folius). 

Aquaculture Research, 32(1): 329–340. 

doi:10.1046/j.1355-557x.2001.00044.x  

Fehlbaum, P., Rao, M., Zasloff, M. and Anderson, G.M. 

2000. An essential amino acid induces epithelial ß-

defensin expression. Proceedings of the National 

Academy of Sciences, 97: 12723–12728.  

doi:10.1073/pnas.220424597 

Field, C.J., Wu, G. and Marliss, E.B. 1994. Enhanced 

metabolism of glucose and glutamine in mesenteric 

lymph node lymphocytes from spontaneously diabetic 

BB rats. Canadian Journal of Physiology and 

Pharmacology, 72: 827–832.  

doi:10.1139/y94-117 

Garlich, J.D., Bazzano, G. and Olsen, R.E. 1970. Changes 

in plasma free amino acid concentrations in human 

subjects on hypercholesterolemic diets. The American 

Journal of Clinical Nutrition, 23: 1626–1683.  

Glick, B., Day, E.J. and Thompson, D. 1981. Calorie–

protein deficiencies and the immune response of the 

chicken Ι. Humoral immunity. Poultry Science, 60: 

2494–2500.  

doi:10.3382/ps.0602494 

Glick, B., Taylor, R.L.Jr., Martin, D.E., Watabe, H., Day, 

E.J. and Thompson, D. 1983. Calorie–protein 

deficiencies and the immune response of the chicken 

П. Cell-mediated immunity. Poultry Science, 62: 

1889–1893.  

doi:10.3382/ps.0621889 

Gόmez-Requeni, P., Mingarro, M., Kirchner, S., Calduch-

Giner, J.A., Médale, F., Corraze, G., Panserat, S., 

Martin, S.A.M., Houlihan, D.F., Kaushik, S.J. and 

Pérez-Sánchez, J. 2003. Effects of dietary amino acid 

profile on growth performance, key metabolic 

enzymes and somatotropic axis responsiveness of 

gilthead sea bream (Sparus aurata). Aquaculture, 220: 

749–767.  

doi:10.1016/S0044-8486(02)00654-3 

Green, J.A. and Hardy, R.W. 2002. The optimum dietary 

essential amino acid pattern for rainbow trout 

(Oncorhynchus mykiss), to maximize nitrogen 

retention and minimize nitrogen excretion. Fish 

Physiology and Biochemistry, 27: 97–108. 

Grimble, R.F. 2006. The effects of sulfur amino acid intake 

on immune function in humans. Journal of Nutrition, 

136: 1660S–1665S. 

Hardy, R.W. and Tacon, A.G.J. 2002. Fish meal: historical 

uses, production trends, and future outlook for 

sustainable supplies. In: R.R. Stickney and J.M. 

MacVey (Eds.), Responsible Marine Aquaculture, 

CABI Publishing, Wallingford, UK: 311–325. 

Harikrishnan, R., Nisha Rani, M. and Balasundaram, C. 

2003. Hematological and biochemical parameters in 

common carp, Cyprinus carpio, following herbal 

treatment for Aeromonas hydrophila infection. 

Aquaculture, 221: 41–50.  

doi:10.1016/S0044-8486(03)00023-1 

Hultmark, D., Steiner, H., Rasmuson, T. and Boman, H.G. 

1980. Insect immunity: purification and properties of 

three inducible bactericidal proteins from hemolymph 

of immunized pupae of Hyalophora cecropia. 

European Journal of Biochemistry, 106: 7–16. 

doi:10.1111/j.1432-1033.1980.tb05991.x  

Hrubec, T.C., Cardinale, J.L. and Smith, S.A. 2000. 

Hematology and plasma chemistry reference intervals 

for cultured Tilapia (Oreochromis hybrid). Veterinary 

Clinical Pathology, 29: 7–12.  

doi:10.1111/j.1939-165X.2000.tb00389.x  

Khan, M.A. and Abidi, S.F. 2007. Dietary isoleucine 

requirement of fingerling Indian major carp, Labeo 

rohita (Hamilton). Aquaculture Nutrition, 13: 424–

430.  

doi:10.1111/j.1365-2095.2007.00493.x  

Kidd, M.T. 2004. Nutritional modulation of immune 

function in broilers. Poultry Science, 83: 650–657. 

doi: 10.1093/ps/83.4.650.  

Kim, S.W., Mateo, R.D., Yin, Y.L. and Wu, G. 2007. 

Functional amino acids and fatty acids for enhancing 

production performance of sows and piglets. Asian-

Australasian Journal of Animal Science, 20: 295–306. 

doi: 10.5713/ajas.2007.295.  

Konashi, S., Takahashi, K. and Akiba, Y. 2000. Effects of 

dietary essential amino acid deficiencies on 

immunological variables in broiler chickens. British 

Journal of Nutrition, 83: 449–456.  

doi:10.1017/S0007114500000556 

Kritchevsky, D. 1979. Vegetable protein and 

atherosclerosis. Journal of the American Oil Chemists' 

Society, 56: 135–140. 

Lee, D.J. and Putnam, G.B. 1973. The response of rainbow 

trout to varying protein/energy ratios in a test diet. 

Journal of Nutrition, 103: 916–922.  

Leveille, G.A. and Sauberlich, H.E. 1961. Influence of 

dietary protein level on serum protein components and 

cholesterol in the growing chick. Journal of Nutrition, 

74: 500–504. 

Li, P., Yin, Y.L., Li, D., Kim, S.W. and Wu, G. 2007. 

Amino acids and immune function. British Journal of 

Nutrition, 98: 237–252.  

doi:10.1017/S000711450769 9 36.x 

Liu, Y., Wang, W.N., Wang, A.L., Wang, J.M. and Sun, 

R.Y. 2007. Effects of dietary vitamin E 

supplementation on antioxidant enzyme activities in 

Litopenaeus vannamei (Boone, 1931) exposed to 

acute salinity changes. Aquaculture, 265: 351–358. 

doi:10.1016/j.aquaculture.2007.02.010. 

Liu, F.J., Liu, Y.J., Tian, L.X., Li, X.F., Zhang, Z.H., Yang, 

H.J. and Du, Z.Y. 2014. Quantitative dietary 

isoleucine requirement of juvenile Pacific white 

shrimp, Litopenaeus vannamei (Boone) reared in low-

salinity water. Aquaculture International.  

doi:10.1007/s10499-014-9761-y 

Luo, Z., Liu, Y.J., Mai, K.S., Tian, L.X., Tan, X.Y., Yang, 

H.J., Liang, G.Y. and Liu, D.H. 2006. Quantitative L-

lysine requirement of juvenile grouper Epinephelus 

coioides. Aquaculture Nutrition, 12: 165–172. 

doi:10.1111/j.1365-2095.2006.00392.x 

Magnadóttir, B. 2006. Innate immunity of fish (overview). 

Fish and shellfish Immunology, 20: 137–151. 

http://dx.doi.org/10.1006/fsim.1998.0192
http://dx.doi.org/10.1016/S0044-8486%2802%2900654-3
http://dx.doi.org/10.1016/S0044-8486%2803%2900023-1
http://dx.doi.org/10.1016/j.aquaculture.2007.02.010


  S. Rahimnejad and K-J. Lee  /  Turk. J. Fish. Aquat. Sci. 14: 853-862 (2014) 861 

 

    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

doi:10.1016/j.fsi.2004.09.006 

Meijer, A.J. 2003. Amino Acids as Regulators and 

Components of Non-proteinogenic Pathways. Journal 

of Nutrition, 133: 2057–2062. 

Ministry of Maritime Affairs and Fisheries, 2013. 

Aquaculture Statistic from Ministry of Maritime 

Affairs and Fisheries of Korea.  

Nakagawa, H., Mustafa, M.G., Takii, K., Umino, T. and 

Kumai, H. 2000. Effect of dietary catechin and 

Spirulina on vitamin C metabolism in red sea bream. 

Fisheries Science, 66: 321–326. 

doi:10.1046/j.1444-2906.2000.00050.x 

Newsholme, E.A. and Calder, P.C. 1997. The proposed role 

of glutamine in some cells of the immune system and 

speculative consequences for the whole animal. 

Nutrition, 13: 728–730.  

doi:10.1046/j.1444-2906. 2000.00050.x 

NRC 1993. Nutrient Requirements of Fish. National 

Academy Press, Washington DC, USA, 114 pp. 

NRC 2011. Nutrient Requirements of Fish. Natl Academy 

Press, Washington, DC, USA.  

Olsen, R.E. Bazzano, C. and D'Elia, J.A. 1970a. The effects 

of large amounts of glutamic acid upon serum lipids 

and sterol metabolism in man. Transactions of the 

Association of American Physicians, 83: 196–210. 

Olsen, R.E., Nichaman, M.Z., Nittka, J. and Eagles, A. 

1970b. Effect of amino acid diets upon serum lipids in 

man. The American Journal of Clinical Nutrition, 23: 

1614–1625. 

Payne, C.J., Scott, T.R., Dick, J.W. and Glick, B. 1990. 

Immunity to Pasteurella multocida in protein-

deficient chickens. Poultry Science, 69: 2134–2142. 

doi:10.3382/ps.0692134 

Petro, T.M. and Bhattacharjee, J.K. 1980. Effect of dietary 

essential amino acid limitations upon native levels of 

murine serum immunoglobulins, transferrin, and 

complement. Infection and Immunity, 27: 513–518.  

Quade, M.J. and Roth, J.A. 1997. A rapid, direct assay to 

measure degranulation of bovine neutrophil primary 

granules. Veterinary Immunology and 

Immunopathology, 58: 239–248.  

doi:10.1016/S0165-2427(97)00048-2  

Rahimnejad, S. and Lee, K.J. 2013. Dietary valine 

requirement of juvenile red sea bream Pagrus major. 

Aquaculture, 416-417: 212–218.  

doi:10.1016/j.aquaculture.2013.09.026 

Ren, M., Lia, Y., Xie, J., Liu, B., Zhou, Q., Ge, X., Cui, H., 

Pan, L. and Chen, R. 2013. Dietary arginine 

requirement of juvenile blunt snout bream, 

Megalobrama amblycephala. Aquaculture, 414-415: 

229–234.  

doi:10.1016/j.aquaculture.2013.08.021 

Roch, P. 1999. Defense mechanisms and disease prevention 

in farmed marine invertebrates. Aquaculture, 172: 

125–145. 

 doi:10.1016/S0044-8486(98)00439-6 

Ruth, M.R. and Field, C.J. 2013. The immune modifying 

effects of amino acids on gut-associated lymphoid 

tissue. Journal of Animal Science and Biotechnology, 

4: 27.  

doi:10.1186/2049-1891-4-27 

Saurabh, S. and Sahoo, P.K. 2008. Lysozyme: An important 

defence molecule of fish innate immune system. 

Aquaculture Research, 39: 223–239.  

doi:10.1111/j.1365-2109.2007.01883.x 

Siwicki, A.K. and Anderson, D.P. 1993. Nonspecific 

defense mechanisms assay in fish: II. Potential killing 

activity of neutrophils and macrophages, lysozyme 

activity in serum and organs and total 

immunoglobulin level in serum. Fish Disease 

Diagnosis and Prevention Methods. Wydawnictwo 

Instytutu Rybactwa Strodladowego, Olsztyn, Poland: 

105–112.  

Sugiyama, K., Kanamori, H., Akachi, T. and Yamakawa, A. 

1996. Amino acid composition of dietary proteins 

affects plasma cholesterol concentration through 

alteration of hepatic phospholipid metabolismin rats 

fed a cholesterol-free diet. Nutritional Biochemistry, 

7: 40–48.  

doi:10.1016/0955-2863(95)00165-4 

Tacon, A.G.J. and Metian, M. 2008. Global overview on the 

use of fish meal and fish oil in industrially 

compounded aquafeeds: Trends and future prospects. 

Aquaculture, 285: 146–158.  

doi:10.1016/j.aquaculture.2008.08.015 

Terpstra, A.H.M., Hermus, R.J.J. and West, C.E. 1983. The 

role of dietary protein in cholesterol metabolism. 

World Review of Nutrition and Dietetics, 42: 1–55.  

Tsiagbe, V.K., Good, M.E., Harper, A.E. and Sunde M.L. 

1987a. Efficacy of cysteine in replacing methionine in 

the immune responses of broiler chickens. Poultry 

Science, 66: 1138–1146.  

doi:10.3382/ps.0661138.b 

Tsiagbe, V.K., Cook, M.E., Harper, A.E. and Sunde, M.L. 

1987b. Enhanced immune responses in broiler 

chickens fed methionine-supplemented diets. Poultry 

Science, 66: 1147–1154.  

doi:10.3382/ps.0661147 

Waithe, W.I., Dauphinais, C., Hathaway, P. and Hirschhorn, 

K. 1975. Protein synthesis in stimulated lymphocytes. 

II. Amino acid requirements. Cellular Immunology, 

17: 323–334.  

doi:10.1016/S0008-8749(75)80036-0 

Wang, X., Castanon, F. and Parsons, C.M. 1997. Order of 

amino acid limitation in meat and bone meal. Poultry 

Science, 76: 54–58. doi:10.1093/ps/76.1.54  

Watanabe, T., Aoki, H., Watanabe, K., Maita, M., 

Yamagata, Y. and Satoh, S. 2001. Quality evaluation 

of different types of non-fish meal diets for yellowtail. 

Fisheries Science, 67: 461–469.  

doi:10.1046/j.1444-2906.2001.00262.x 

Wiegertjes, G.F., Stet, R.J.M., Parmentier, H.K. and Van 

Muiswinkel, W.B. 1996. Immunogenetics of disease 

resistance in fish; a comparable approach. 

Developmental and Comparative Immunology, 20: 

365–381.  

doi:10.1016/S0145-305X(96)00032-8 

Wu, G.Y., Field, C.J. and Marliss, E.B. 1991a. Glutamine 

and glucose metabolism in thymocytes from normal 

and spontaneously diabetic BB rats. Biochemistry and 

Cell Biology, 69: 801–808.  

Wu, G.Y., Field, C.J. and Marliss, E.B. 1991b. Elevated 

glutamine metabolism in splenocytes from 

spontaneously diabetic BB rats. Biochemical Journal, 

274: 49–54.  

Wu, G.Y., Field, C.J. and Marliss, E.B. 1991c. Glutamine 

and glucose metabolism in rat splenocytes and 

mesenteric lymph node lymphocytes. American 

Journal of Physiology, 260: 141–147.  

Xue, H. and Field, C.J. 2011. New role of glutamate as an 

immunoregulator via glutamate receptors and 

transporters. Frontiers in Bioscience (Scholar 

Edition), 3: 1007–1020.  

Yamamoto, T., Shima, T., Furuita, H., Shiraishi, M., 

http://dx.doi.org/10.1016/j.fsi.2004.09.006
http://dx.doi.org/10.1016/S0165-2427%2897%2900048-2
http://dx.doi.org/10.1016/j.aquaculture.2013.09.026
http://dx.doi.org/10.1016/j.aquaculture.2013.08.021
http://dx.doi.org/10.1016/S0044-8486%2898%2900439-6
http://dx.doi.org/10.1016/0955-2863%2895%2900165-4
http://dx.doi.org/10.1016/j.aquaculture.2008.08.015
http://dx.doi.org/10.1016/S0008-8749%2875%2980036-0
http://dx.doi.org/10.1016/S0145-305X%2896%2900032-8


 862 S. Rahimnejad and K-J. Lee  /  Turk. J. Fish. Aquat. Sci. 14: 853-862 (2014)  

 

    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Sanchez-Vasquez, F.J. and Tabata, M. 2000. Self-

selection of diets with different amino acid profiles by 

rainbow trout (Oncorhynchus mykiss). Aquaculture, 

187: 375–386.  

doi:10.1016/S0044-8486(00)00320-3 

Yoneda, J., Andou, A. and Takehana, K. 2009. Regulatory 

roles of amino acids in immune response. Current 

Rheumatology Reviews, 5(4): 252–258.  

doi:10.2174/ 157339709790192567 

Zehra, S. and Khan, M.A. 2013. Dietary isoleucine 

requirement of fingerling catla, Catla catla 

(Hamilton), based on growth, protein productive 

value, isoleucine retention efficiency and carcass 

composition. Aquaculture International,  

doi:10.1007/ s10499-013-9627-8 

Zhao, J., Liu, Y., Jiang, J., Wu, P., Chen, G., Jiang, W., Li, 

S., Tang, L., Kuang, S., Feng, L. and Zhou, X. 2012. 

Effects of dietary isoleucine on growth, the digestion 

and absorption capacity and gene expression in 

hepatopancreas and intestine of juvenile Jian carp 

(Cyprinus carpio var. Jian). Aquaculture, 368–369: 

117–128.  

doi:10.1016/j.aquaculture.2012.09.019 

Zhao, J., Liu, Y., Jiang, J., Wu, P., Jiang, W., Li, S., Tang, 

L., Kuang, S., Feng, L. and Zhou, X. 2013. Effects of 

dietary isoleucine on the immune response, 

antioxidant status and gene expression in the head 

kidney of juvenile Jian carp (Cyprinus carpio var. 

Jian). Fish and Shellfish Immunology, 35: 572–580.  

doi:10.1016/j.fsi.2013.05.027 

Zhou, F., Shao, J., Xu, R., Ma, J. and Xu, Z. 2010. 

Quantitative L-lysine requirement of juvenile black 

sea bream (Sparus macrocephalus). Aquaculture 

Nutrition, 16: 194–204.  

doi:10.1111/j.1365-2095.2009.00651.x 

http://dx.doi.org/10.1016/S0044-8486%2800%2900320-3
http://dx.doi.org/10.1016/j.aquaculture.2012.09.019

