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Simple Summary: Amino acids have various crucial roles in fish growth and health. Among them,
the non-essential amino acids have been less studied in aquaculture, but they have many physiological
roles. Glycine is a non-essential amino acid that is involved in glutathione structure, and is also
involved in the antioxidant system in fish. Moreover, glycine stimulates the immune system. This
study shows that a period of 8-week feeding with a diets supplemented with 5 g/kg glycine can
improve growth performance, erythrocyte stability, and humoral and mucosal immunity in common
carp. So, the present results can be used in carp diet production to support higher growth and health.

Abstract: The effects of dietary glycine supplementation, 0 (control), 5 (5 GL), and 10 (10 GL) g/kg,
have been investigated on growth performance, hematological parameters, erythrocyte antioxidant
capacity, humoral and mucosal immunity in common carp, Cyprinus carpio. After eight weeks feeding,
the 5 GL treatment exhibited significant improvement in growth performance and feed efficacy, com-
pared to the control treatment. Red blood cell (RBC) and white blood cell (WBC) counts, hemoglobin,
hematocrit, neutrophil and monocyte counts/percentages, RBC reduced glutathione (GSH) content,
and skin mucosal alkaline phosphatase, peroxidase, protease, and lysozyme activities were similar
in the glycine-treated fish and significantly higher than the control treatment. Blood lymphocyte
percentage decreased in the glycine-treated fish, but lymphocyte count increased, compared to the
control fish. RBC glutathione reductase activities in the glycine-treated fish were similar and signifi-
cantly lower than the control treatment. The highest plasma lysozyme and alternative complement
activities were observed in GL treatment. The glycine-treated fish, particularly 5 GL, exhibited
significant improvement in RBC osmotic fragility resistance. Dietary glycine had no significant effects
on RBC glutathione peroxidase activity, plasma immunoglobulin, eosinophil percentage/count, and
hematological indices. In conclusion, most of the benefits of dietary glycine supplementation may be
mediated by increased glutathione synthesis and antioxidant power.

Keywords: amino acid; glutathione; nutrition; blood cells; skin mucus

1. Introduction

Dietary amino acids have important roles in fish growth and health. Fish depends
on dietary supply to meet the requirement of certain amino acids, called essential amino
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acids. These amino acids cannot be synthetized in the fish body [1]. However, there are
other amino acids that can be synthetized by fish, if certain substrates, enzymes, and
cofactors are available. Most of the studies on amino acids’ requirement in fish have
focused on the essential amino acids, but the non-essential amino acids should be focused
as well. These amino acids, although can be synthetized in fish body, have many important
physiological roles vital for fish health and welfare [2,3]. Thus, the conventional definition
on essential/non-essential amino acids has been recently challenged by researchers.

Glycine is one of the non-essential amino acids in fish like other animals, but has
many important physiological functions [2]. Glycine participates in collagen formation
and 33% of collagen is made from this amino acid [4]. Moreover, glycine, in collaboration
with glutamate and cysteine, participates in synthesizing of glutathione, a powerful and
important antioxidant molecule [5]. Thus, glycine modulates the antioxidant system. This
amino acid has various roles in immune function. It has been established that a drop
in the blood serum glycine concentration increases serum resistance of various human
pathogens [6]. A study on Nile tilapia, Oreochromis niloticus, has revealed that glycine
metabolism pathways are of the most important pathways in prevention of mortality in the
fish infected by Edwardsiella tarda [7].

There are a few studies regarding the effects of dietary glycine on fish, but the results
are not consistent. For example, Nile tilapia has exhibited significant increase in growth
performance, when fed a diet supplemented with 5 g/kg glycine. Dietary glycine has
failed to affect various plasma and/or hepatic metabolites’ levels, antioxidant enzymes’
activities, lysozyme/myeloperoxidase activities, and malondialdehyde (MDA) content.
Experimental challenge with Streptococcus iniae has shown that glycine failed to improve
the disease resistance, and the other antioxidant/immunological responses were similar
to pre-challenge, except an increase in plasma superoxide dismutase (SOD), glutathione
reductase (GR), and myeloperoxidase activities [8]. A study on largemouth bass, Mi-
cropterus salmoides, has revealed that a plant-based diet supplemented with 20 g/kg glycine
was beneficial to prevent growth retardation and intestinal villi shortage, compared to a
fishmeal-based diet. However, no change in the hepatic SOD and glutathione peroxidase
(GPx) activities and increases in hepatic MDA content and plasma alanine aminotransferase
activity suggest possible hepatic problems in the fish [9]. Hoseini, Moghaddam [10] have
shown that glycine supplementation has no significant effects on growth performance of
beluga, Huso huso. White blood cell (WBC) count, plasma reduced glutathione (GSH) level,
GPx, lysozyme, and complement activities increased at 2.5 and/or 5 g/kg glycine levels,
implying the antioxidant and immunomodulation effects of glycine; however, significant
increase in plasma MDA content at 5 and 10 g/kg glycine makes it hard to believe the
antioxidant effects of glycine on this species. Our previous study on common carp, Cyprinus
carpio, has shown that a 3-week period of feeding with 2.5–10 g/kg glycine is beneficial
in improving the plasma lysozyme (5 and 10 g/kg glycine), GPx (2.5–10 g/kg glycine),
glutathione-s-transferase (GST; 10 g/kg glycine) activities, and GSH (5 and 10 g/kg glycine)
content, but decreases the plasma catalase (CAT; 5 and 10 g/kg glycine) activity and has
no significant effects on the plasma MDA [11]. An 8-week feeding with the same diets
have shown that glycine had no growth-promoting effects on the fish, although numerical
improvements of ~10.5 and 12.5% were observed in the fish growth rate and feed efficiency,
respectively. Plasma SOD, CAT, GPx, and GST remained unchanged, but plasma GSH and
MDA increased and decreased, respectively [12]. These studies indicate that further evalua-
tions are needed to improve the current knowledge regarding the effects of dietary glycine
in fish. For example, the above-mentioned studies have focused on limited numbers of
humoral innate immune parameters (lysozyme, complement, myeloperoxidase, respiratory
burst activities, and WBC) and neglected others, such as skin mucosal immune parameters.
This is an important topic considering several immunological roles of glycine reported in
mammals [13] and its particular role in mucosal immunity observed in pigs [14]. Moreover,
antioxidant effects of glycine have been only assessed in fish blood and liver, but it has
been demonstrated that red blood cells (RBC), both in mammals and fish, actively pump
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glycine into their cytoplasm [15,16] to support glutathione synthesis and maintain internal
antioxidant capacity. Glycine is also a key component of heme synthesis by participation
in 5-aminolevulinic acid production; inhibition of glycine import by erythroids led to
disrupted heme synthesis in mammals [17].

Considering limited information regarding the roles of dietary glycine in fish (com-
pared to mammals), the present study was designed to assess the effects of dietary glycine
on growth performance, the skin mucosal and humoral immune parameters, hematological
parameters, RBC antioxidant capacity and propensity to hemolysis in common carp.

2. Materials and Methods
2.1. Diets

In light of the previous studies [11,12], we chose 5 (5 GL) and 10 (10 GL) g/kg glycine
for supplementation, but reduced basal (endogenous) glycine level (from 19.8 to 16.1 g/kg)
by reducing the amount of poultry by-product in the diet to find if glycine supplementation
in plant-based diets (low poultry by-product) can support maximum growth. A control
diet without glycine supplementation (CTL) was also included. Feedstuff (corn meal,
wheat meal, soybean meal, cottonseed meal, fish canning by-product, and poultry by-
product) were sieved (200 µ), mixed at the desired proportions (Table 1). Then, soybean
oil, vitamin/mineral premixes, amino acids, cellulose, and glycine were added to the
mixture. About 400 mL/kg water was added to the mixture and a dough was prepared,
which was pelleted using a meat grinder. Dietary proximate composition was determined
(three sample per diet) based on standard methods (kjeldahl method for protein; ether
extraction for lipid; oven drying at 70 ◦C for moisture; furnace combustion for ash, and
acid/base digestion for fiber) as described by Hoseini, Moghaddam [10]. Dietary amino
acid profile was determined by an HPLC system (Waters Corporation, Milford, MA, USA).
The samples were defatted with n-hexane and digested by HCl, followed by derivitization
with phenyisothiocyanase, separation with PICO.TAG column, and detection in a dual λ
absorbance detector [10].

Table 1. Compositions of the experimental diets containing grading levels of glycine.

Ingredients (g/kg) CTL 5 GL 10 GL Amino Acid
Profile (%) CTL 5 GL 10 GL

Corn meal 50 50 50 Glycine 1.61 2.07 2.74

Wheat meal 260 260 260 Arginine 2.47 2.35 2.56

Soybean meal 1 350 350 350 Serine 1.83 1.63 1.75

Soybean oil 63 63 63 Glutamic
acid 8.52 8.06 8.08

Fish canning by-product 2 100 100 100 Histidine 0.87 0.92 0.80

Cotton seed meal 3 60 60 60 Isoleucine 1.62 1.57 1.64

Poultry by-product 4 80 80 80 Leucine 2.54 2.43 2.65

Vitamin premix 5 5 5 5 Lysine 2.45 2.40 2.39

Mineral premix 6 5 5 5 Methionine 1.10 1.19 1.11

Methionine 7 6 6 6 Cyctein 0.56 0.53 0.49

Lysine 8 6 6 6 Alanine 1.14 1.09 1.02

Cellulose 9 15 10 5 Phenylalanine 1.58 1.46 1.49

Glycine 10 0 5 10 Tyrosine 1.15 1.15 1.21

Proximate composition Threonine 1.29 1.33 1.38

Moisture (g/kg) 106 102 107 Tryptophan 0.48 0.42 0.43
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Table 1. Cont.

Ingredients (g/kg) CTL 5 GL 10 GL Amino Acid
Profile (%) CTL 5 GL 10 GL

Crude protein (g/kg
dry matter) 338 ± 1.62 343 ± 0.99 347 ± 2.32 Valine 1.71 1.63 1.67

Crude fat (g/kg dry matter) 129 ± 1.35 132 ± 0.92 131 ± 0.37

Crude ash (g/kg dry matter) 57.9 ± 0.13 58.4 ± 0.10 58.1 ± 0.23

Crude fiber (g/kg dry matter) 51.3 ± 1.46 44.5 ± 0.87 39.1 ± 2.13
1 crude protein 42%; crude fat 1%; 2 crude protein 55%; crude fat 17%; 3 crude protein 39%; crude fat 2%; 4 crude
protein 50%; crude fat 19%; 5 Amineh Gostar Co. (Tehran, Iran); the premix provided vitamins as follow (per kg
diet): A: 1600 IU; D3: 500 IU; E: 20 mg; K: 24 mg; B3: 12 mg; B5: 40 mg; B2: 10 mg; B6: 5 mg; B1: 4 mg; H: 0.2 mg;
B9: 2 mg; B12: 0.01 mg; C: 60 mg; Inositol: 50 mg; 6 Amineh Gostar Co. (Tehran, Iran); the premix provided
minerals as follow (per kg diet): Se: 0.15 mg; Fe: 2.5 mg; Co: 0.04 mg; Mn: 5 mg; iodate: 0.05 mg; Cu: 0.5 mg;
Zn: 6 mg; choline: 150 mg; 7 CheilJedang Co., Seul, Korea; 8 CheilJedang Co., Seul, Korea; 9 Sigma-Aldrich Co.
(St. Louis, MO, USA); 99%; 10 Sigma-Aldrich Co. (St. Louis, MO, USA); 99%.

2.2. Fish Rearing

Two hundred common carp juveniles were purchased from a local farm and stocked in
one 1 m3 tank for 7 days, during which they were fed the CTL diet. After that, 90 healthy fish
(24.5± 0.21 g) with a uniform size were selected and randomly distributed in 9 glass aquaria.
The aquaria were filled with 50-L dechlorinated tap water, with continuous aeration. The
stocking density was based on a previous study on the same fish species [12]. The fish were
fed either of the above-mentioned diets, twice a day (2% of biomass), for 8 weeks. Every
other week, the fish of each aquarium were bulk-caught and placed in a tank filled with
water on a digital scale to record the tank biomass and the feed amounts adjustment. Water
of the aquaria was renewed by 30% every day and the wastes were siphoned out. Water
temperature, pH, dissolved oxygen, and total ammonia were 23.8 ± 0.85 ◦C, 7.74 ± 0.68,
6.78 ± 0.74 mg/L, and 1.53 ± 0.33 mg/L, respectively.

After 8 weeks rearing, weight gain (WG), specific growth rate (SGR), and feed conver-
sion ratio (FCR) were recorded as follows:

WG (%) = 100 × [(final weight − initial weight)/initial weight] (1)

FCR = feed intake/(final weight − initial weight) (2)

SGR (%/day) = 100 × [(Ln final weight − Ln initial weight)/rearing days] (3)

2.3. Sample Collection and Processing

At the end of the rearing period, three fish were caught from each aquarium and
anesthetized in 100 µL/L eugenol. Then, blood samples (1 mL per fish) were taken from the
fish caudal vein, using heparinized syringes. A portion of 300 µL of the fresh blood samples
was used for hematological examinations. Another portion of 200 µL of the fresh blood
samples was used for osmotic fragility test of the RBC. To make the cell lysate, the packed
RBC of the samples were frozen at −70 ◦C and added with two volumes of phosphate
buffer (pH 7.0). After vortexing, the suspensions were centrifuged (6000× g; 7 min; 4 ◦C)
and the supernatants were kept at −70 ◦C until analysis of the RBC GSH, GR, and GPx.
To obtain plasma, 350 µL of the fresh blood samples were centrifuged (6000× g; 7 min;
4 ◦C) and the plasma samples were kept at −70 ◦C until analysis of lysozyme, alternative
complement (ACH50), and total immunoglobulin (Ig).

The skin mucus samples were collected from three fish per tanks. The fish were anes-
thetized as mentioned above and the mucus samples were collected from the dorsolateral
surface by scrubbing a spatula. The collected mucus samples were mixed with equal vol-
ume of Tris-buffered saline (TBS, 50 mM Tris–HCl, 150 mM NaCl, pH 8.0). After vortexing,
the mixtures were centrifuged (13,000× g; 15 min; 4 ◦C) and the supernatants were kept at
−70 ◦C until the mucosal immunological assays.
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2.4. Analysis
2.4.1. Hematological Examinations

RBC and WBC were counted using a Neubauer chamber, following dilution with the
dacie solution. Hematocrit (Hct) and hemoglobin (Hb) were measured by centrifuging
and cyanomethemoglobin methods, respectively. Mean corpuscular volume (MCV), mean
corpuscular hemoglobin (MCH), and mean corpuscular hemoglobin concentration (MCHC)
were calculated according to Dacie and Lewis [18]. Leukocyte differential count was
performed by preparing blood slides stained by Giemsa.

2.4.2. Plasma Immunological Parameters

Plasma lysozyme activity was determined based on a turbidimetric method, as de-
scribed by Ellis [19]. Micrococcus luteus was used as the target and suspended in phosphate
buffer (pH 6.2). To 1 mL of this suspension, 25 µL of the plasma sample was added and
average decrease in optical density per minute was recorded over 5 min at 450 nm. Each
0.001 decrease in optical density per minute was considered as one unit of lysozyme activity.

Plasma ACH50 activity was measured based on a hemolytic method [20], using
sheep RBC as the target in veronal buffer containing magnesium and gelatin (pH 7.0).
Serially diluted plasma samples were added to the suspension of the RBC in the buffer and
incubated at room temperature for 60 min. The plasma amount leading to 50% hemolysis
was estimated and used to calculate ACH50 activity per mL plasma.

Plasma total Ig concentration was determined after precipitation with polyethylene
glycol [21]. Equal amounts of the plasma and polyethylene glycol solution (12%) were
mixed and kept under agitation at room temperature. After 2 h, the mixture was centrifuged
(6000× g; 7 min; 4 ◦C) to precipitate Ig. Difference in the sample protein before and after
the centrifugation was equal to the sample total Ig concentration.

2.4.3. RBC Antioxidant Enzymes

The RBC antioxidant parameters were assessed according to Yousefi, Hoseini [22]. The
RBC cell lysates were thawed and the solutions were centrifuged to precipitate any derbies.
The supernatants were used for enzymatic assays. Commercial kits (Zellbio Co., GmbH,
Deutschland, Germany) were used to assay the enzymes’ activity. GSH concentration
was measured based on reaction with 5,5′-dithiobis-(2-nitrobenzoic acid) at 412 nm. The
principal of GPx assay was based on adding GSH to the samples and conversion of GSH to
oxidized glutathione (GSSG) by the sample GPx. The resultant GSSG is recycled to GSH by
GR activity, which uses NADPH. The decrease in NADPH concentration is proportional
to GPx activity and measurable at 340 nm. The same protocol is used for GR activity
determination, but GSSG is added to the samples instead of GSH. The solution hemoglobin
level was measured and the enzymes’ activities were expressed based on it.

2.4.4. Osmotic Fragility Test

Osmotic fragility test of RBC was conducted according to Gao, Liu [23]. In brief, 25 µL
of the packed fresh RBC was added to 1 mL of 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.85% sodium
chloride solution and left at room temperature for 90 min. Then, the suspensions were
centrifuged (6000× g; 7 min; 4 ◦C) and the absorbance of the supernatants were measured
at 492 nm. The optical densities were corrected based on the RBC count and MCH. The
highest optical density was considered as 100% hemolysis and the other optical densities
hemolysis rates were calculated based on it.

2.4.5. Skin Mucus Immunological Parameters

Soluble protein concentrations of the skin mucus samples were determined based on
Bradford [24]. The skin mucus peroxidase activity was determined according to Quade
and Roth [25], using 3,3′,5,5′-tetramethylbenzidine hydrochloride and hydrogen peroxide
as the substrates at 450 nm. The skin mucus protease activity was determined according to
Zhang, Hu [26], using AZOcasein as the substrate at 350 nm. The skin mucus lysozyme
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activity was determined as described above. The skin mucus alkaline phosphatase (ALP)
activity was determined using Parsazmun Co. kit (Tehran, Iran), according to Hoseinifar,
Roosta [27].

2.5. Statistical Analysis

Before analysis, the averages of data per aquarium were calculated and used for
statistical analysis (n = 3). After confirming normal distribution of the data by the Shapiro–
Wilk test, and variance homogeneity by the Levene test, the data were subjected to one-way
ANOVA. Significant differences among the treatments were determined by Tukey test.
p < 0.05 was considered as significance and all analyses were performed in SPSS v.22.

3. Results

Growth performance of the fish is presented in Table 2. FCR in the 5 GL and 10 GL
treatments were significantly lower than that of the CTL treatment. Final weight, WG, SGR
in the 5 GL treatment were significantly higher than that of the CTL treatment. There was
no mortality among the treatments.

Table 2. Growth performance of common carp following eight weeks feeding with diets containing
graded levels of glycine. Different letters within a row indicate significant differences among the
treatments (mean ± SE; n = 3; Tukey).

CTL 5 GL 10 GL p-Value

Initial weight (g) 24.4 ± 0.59 a 24.6 ± 0.35 a 24.6 ± 0.23 a 0.921
Final weight (g) 48.8 ± 2.45 a 56.9 ± 1.78 b 54.8 ± 0.98 ab 0.049

FCR 1.49 ± 0.06 b 1.21 ± 0.05 a 1.26 ± 0.03 a 0.025
WG (%) 99.9 ± 5.22 a 131 ± 8.02 b 123 ± 4.31 ab 0.022

SGR (%/d) 1.24 ± 0.05 a 1.50 ± 0.06 b 1.43 ± 0.03 ab 0.018
Survival (%) 100 100 100 1.00

RBC, Hct, and Hb of the 5 GL and 10 GL treatments were similar and significantly
higher than those of the CTL treatment (Table 3). Blood MCV in the 10 GL treatment signif-
icantly decreased, compared to the CTL treatment. There were no significant differences in
the blood MCH and MCHC among the treatments (Table 3).

Table 3. Hematological and erythrocytes’ antioxidant parameters of common carp following eight
weeks feeding with diets containing graded levels of glycine. Different letters indicate significant
differences among the treatments (mean ± SE; n = 3; Tukey).

CTL 5 GL 10 GL p-Value

RBC (106 cell/µL) 1.33 ± 0.01 a 1.52 ± 0.01 b 1.51 ± 0.01 b <0.001
Hct (%) 33.3 ± 0.40 a 37.3 ± 0.08 b 36.1 ± 0.32 b <0.001

Hb (g/dL) 7.79 ± 0.12 a 8.78 ± 0.15 b 8.46 ± 0.11 b 0.005
MCV (fL) 251 ± 1.82 b 245 ± 1.34 ab 241 ± 1.64 a 0.013
MCH (pg) 58.7 ± 1.14 a 57.7 ± 1.13 a 56.3 ± 1.00 a 0.365

MCHC (mg/dL) 23.4 ± 0.53 a 23.5 ± 0.36 a 23.4 ± 0.45 a 0.983
GSH (nM/mg Hb) 6.21 ± 0.02 a 7.88 ± 0.04 b 7.59 ± 0.08 b <0.001

GR (U/mg Hb) 91.5 ± 0.29 b 75.8 ± 0.35 a 79.3 ± 0.41 a <0.001
GPx (U/mg Hb) 79.2 ± 0.55 a 72.2 ± 0.46 a 74.2 ± 1.02 a 0.593

Antioxidant parameters of RBC are shown in Table 3. GSH content significantly
increased, as GR activity significantly decreased in the 5 GL and 10 GL treatments, com-
pared to the CTL treatment. There was no significant difference in GPx activity among
the treatments.

The results of osmotic fragility test are presented in Table 4. There were no significant
differences in hemolysis rate among the treatments at NaCl concentrations of 0.1, 0.2, 0.7,
and 0.85%. At NaCl concentration of 0.3–0.5%, hemolysis rate of the 5 GL treatment was
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significantly lower than the CTL treatment. The hemolysis rates of glycine-treated fish at
NaCl concentration of 0.6% were significantly lower than those of the CTL treatment.

Table 4. Blood hemolysis rate of common carp following eight weeks feeding with diets contain-
ing graded levels of glycine. The hemolysis rates were calculated as percentages of the highest
hemolysis among the samples. Different letters indicate significant differences among the treatments
(mean ± SE; n = 3; Tukey).

NaCl concentration (%) CTL 5 GL 10 GL p-Value

0.1 93.2 ± 1.57 a 93.4 ± 2.20 a 91.5 ± 2.22 a 0.769
0.2 89.0 ± 1.80 a 86.8 ± 0.74 a 84.3 ± 1.83 a 0.189
0.3 81.1 ± 2.22 b 68.0 ± 2.83 a 78.6 ± 2.69 ab 0.026
0.4 72.3 ± 2.14 b 53.1 ± 2.03 a 65.6 ± 2.17 b 0.002
0.5 52.4 ± 1.45 b 37.0 ± 1.46 a 43.7 ± 3.34 ab 0.009
0.6 34.3 ± 0.22 b 18.0 ± 0.93 a 20.7 ± 0.73 a <0.001
0.7 17.7 ± 1.29 a 15.4 ± 0.63 a 15.7 ± 0.20 a 0.247
0.85 13.9 ± 0.51 a 14.1 ± 1.01 a 15.0 ± 0.42 a 0.555

WBC and differential leukocyte counts are presented in Table 5. Dietary glycine
supplementation significantly increased WBC count, and neutrophil and monocyte percent-
ages/counts, compared to the CTL treatment. On the other hand, the glycine-treated fish
had significantly lower lymphocyte percentages, but higher lymphocyte count, compared
to the CTL fish. There were no significant differences in WBC and leukocyte differential
counts between the 5 GL and 10 GL treatments. The blood eosinophil percentages/counts
were similar among the treatments. Plasma immunological parameters are presented
in Table 5. The glycine-treated fish exhibited significantly higher plasma lysozyme and
ACH50 activities, compared to the CTL fish. The highest plasma lysozyme and ACH50
activities were observed in the 5 GL treatment. Dietary glycine supplementation had no
significant effects on the plasma total Ig concentrations.

Table 5. Humoral immunological parameters of common carp following eight weeks feeding with
diets containing graded levels of glycine. Different letters within a row indicate significant differences
among the treatments (mean ± SE; n = 3; Tukey).

CTL 5 GL 10 GL p-Value

WBC (103 cell/µL) 10.9 ± 0.08 a 14.3 ± 0.28 b 13.8 ± 0.24 b <0.001
Lymphocyte (103 cell/µL) 9.49 ± 0.11 a 10.4 ± 0.21 b 10.4 ± 0.18 b 0.013
Neutrophil (103 cell/µL) 0.82 ± 0.04 a 2.65 ± 0.10 b 2.29 ± 0.11 b <0.001
Monocyte (103 cell/µL) 0.42 ± 0.03 a 0.95 ± 0.08 b 0.92 ± 0.03 b 0.001
Eosinophil (103 cell/µL) 0.16 ± 0.01 a 0.21 ± 0.01 a 0.22 ± 0.04 a 0.327

Lymphocyte (%) 87.3 ± 0.51 b 73.4 ± 0.56 a 75.2 ± 0.73 a <0.001
Neutrophil (%) 7.44 ± 0.48 a 18.4 ± 0.40 b 16.6 ± 0.62 b <0.001
Monocyte (%) 3.78 ± 0.29 a 6.67 ± 0.58 b 6.67 ± 0.33 b 0.004
Eosinophil (%) 1.44 ± 0.11 a 1.44 ± 0.11 a 1.56 ± 0.29 a 0.897

Lysozyme (U/mL) 26.3 ± 0.47 a 50.4 ± 0.84 c 34.8 ± 0.29 b <0.001
ACH50 (U/mL) 181 ± 4.56 a 397 ± 4.57 c 283 ± 2.47 b <0.001

Total Ig (g/L) 7.87 ± 0.53 a 7.52 ± 0.65 a 8.17 ± 0.73 a 0.786

The skin mucosal immunological parameters of the fish are presented in Table 6.
There were no significant differences in the mucosal soluble protein content, lysozyme,
peroxidase, protease, and ALP activities between the 5 GL and 10 GL treatments; both
exhibited significantly higher values, compared to the CTL treatment.
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Table 6. The skin mucosal immunological parameters of common carp following eight weeks feeding
with diets containing graded levels of glycine. Different letters indicate significant differences among
the treatments (mean ± SE; n = 3; Tukey).

CTL 5 GL 10 GL p-Value

Soluble protein (mg/dL) 54.3 ± 1.26 a 77.1 ± 2.51 b 72.0 ± 2.03 b <0.001
Proxidase (U/mg Pr) 3.96 ± 0.15 a 5.40 ± 0.13 b 5.66 ± 0.09 b <0.001
Protease (U/mg Pr) 40.6 ± 0.29 a 63.6 ± 0.87 b 62.0 ± 0.19 b <0.001

ALP (U/mg Pr) 120 ± 3.35 a 155 ± 3.09 b 155 ± 4.30 b 0.001
Lysozyme (U/mg Pr) 29.1 ± 0.53 a 38.7 ± 0.91 b 40.5 ± 1.16 b <0.001

4. Discussion

Glycine contributes to synthesis of structural proteins and accounts for nearly 9% of
the whole body protein in common carp [28]. In the present study, dietary glycine supple-
mentation significantly improved growth performance and feed efficiency in common carp,
which is not similar to our previous study on the same species [12]. The exact reasons for
such a difference are not clear; it was expected that the lower glycine level in the control diet
of the present study (1.61%), compared to the previous one (1.98%), made the difference.
However, the growth performance of the control fish in the two studies was approximately
similar. Thus, other factors might contribute to such a difference. One explanation may
be change in the dietary amino acid compositions between the two studies. Lysine and
methionine, two major growth-limiting amino acids, in the present study were higher
than the previous one and sub-optimal dietary levels of these amino acids result in lower
nitrogen, amino acid, and glycine retentions [29,30]. The present results are in line with
the previous studies on Nile tilapia [8] and largemouth bass [9] that dietary glycine sup-
plementation has improved the fish growth performance. Although non-essential amino
acids can be synthetized in fish body, their synthesis rate may be insufficient to meet the
biological requirements. Hence, the improved growth performance in glycine treatments in
the present study can be due to higher glycine availability to meet growth and maintenance
requirements.

Hematological studies give a sight regarding the fish health and gas mobilization
status. Decrease in RBC count and hemoglobin content hinders tissue oxygenation and
carbon dioxide clearance [31]. Therefore, a number of studies have assessed the role
of nutritional manipulations [32–34], including amino acid supplementation [35–37], on
hematological parameters in different fish species. Little is known regarding the role of
glycine in hematological parameters in fish. A study on channel catfish, Ictalurus punctatus,
has revealed that RBC actively transports glycine into the cytoplasm, which can be used
for glutathione synthesis [15], as observed in mammals [17]. Due to the presence of
hemoglobin, RBC are in constant threat of oxidation and glutathione has a crucial role in
prevention of RBC oxidative stress [15]. According to the present results, the improvements
in glutathione-related antioxidant parameters (increase in GSH content and decrease in GR
activity) can be responsible for higher RBC count and resistance to hemolysis in the glycine-
treated fish. It has been revealed that fish erythrocytes are very sensitive to oxidative
conditions, under which a significant drop in GSH content (that has been due to oxidation)
and increase in GPx, lipid peroxidation, and hemolysis occur [38–40]. No change in GPx
activity in the present study suggests probably no difference in oxidative conditions among
the treatment. Thus, higher GSH contents in 5 GL and 10 GL treatments can be due to
improved glutathione synthesis under glycine availability. Increase in GSH synthesis can
fulfil the cell biological requirement, so no need for further recycling of GSSG, which
explains the decreases in GR activity in 5 GL and 10 GL treatments.

Leukocytes are important immune cells with diverse functions that help the host to
combat foreign germs [41]. Increase in WBC after dietary supplementations has been found
to augment disease resistance in different fish species [42,43]. Regarding glycine, dietary
supplementation has been found to increase WBC in beluga [10], similar to the present
results. Neutrophils are the first defending leukocytes, when fish encounter pathogen
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attacks. They kill pathogens by phagocytosis, which leads to the formation of reactive
molecules [44]. Monocytes are another immune cells with phagocytic functions [45]. Due
to the production of various pro-oxidant molecules by these cells, they need a strong
antioxidant system to survive. Studies on human cells have revealed that glutathione is
crucially necessary for viability and function of neutrophils and monocytes [46,47], but
there are limited information regarding this topic in fish. Studies on carp have revealed that
glutathione content increases in neutrophils during phagocytosis or lipopolysaccharide
induction [48]. Exposure of Nile tilapia monocytes to a pro-oxidant agent (copper nanoparti-
cle) has induced apoptosis, oxidative stress, and depletion of GSH content [45]. Accordingly,
it is speculated that higher blood neutrophil and monocyte number/percentage in the
glycine-treated fish in the present study was a consequence of improvement in the cells
GSH content. However, glycine has no significant effects on blood lymphocyte population
and the decrease in lymphocyte percentages in the glycine-treated fish was as a result of
increase in the percentages of other leukocyte types. All together, these results suggest that
dietary glycine supplementation improves the strength of the innate immunity system.

Lysozyme acts as a bactericidal agent that is secreted by blood neutrophils in the
circulation [49]. Therefore, it is speculated that the increase in plasma lysozyme in the
glycine-treated fish was due to the increase in the blood neutrophil population or their
lysozyme production. Similarly, elevations in the plasma lysozyme activity have been
accompanied by elevations in the blood neutrophil population, after adding various feed
additives to fish diets [50,51]. Similar to the present study, dietary glycine supplementation
has significantly increased plasma lysozyme activity in beluga [10] and common carp [11].
The complement system acts as a germ-killing and opsonizing agent in fish that consists
of several proteins produced in the liver [52]. Dietary glycine supplementation have
been found to increase the plasma ACH50 activity in beluga [10]; however, a short-term
period of feeding with glycine-supplemented diets induced no significant changes in the
plasma ACH50 activity in common carp [11]. The exact mechanism by which glycine
improves the plasma ACH50 activity is not clear, but GSH may contribute, as dietary
glutathione supplementation has significantly increased concentration of complement
proteins in hemolymph of mitten crab, Eriocheir sinensis, which may be as a results of higher
hepatopancreas health and protein synthesis caused by GSH availability [53]. Therefore, it
is speculated that dietary glycine can increase GSH concentration, which in turn may be
responsible for higher ACH50 activity in the present study. Moreover, properdin, a glycine-
rich molecule that up-regulates the complement activity, has been identified in various
tissues of fish such as the liver, skin, neutrophil, and monocyte [54,55]. This molecule has
been identified in common carp [56], so it is speculated that glycine availability might
support higher properdin production and increased ACH50 activity in the present study.

Skin mucosal immunity is very important to prevent diseases in aquaculture practice,
as water serves as the main pathogen transmitter and a strong mucosal immunity can
prevent the entrance of pathogens to new fish [57]. Skin mucosal lysozyme acts as a bacteri-
cidal agent, similar to plasma lysozyme [49]. Protease in the skin mucus kills pathogens,
decreases mucus integrity, increases mucus layer sloughing, and activates other immune
parameters [58]. Skin mucosal peroxidase participates in the formation of peroxidase–
H2O2–halide complex, a strong bactericidal and cytotoxic agent [58]. ALP activity in the
skin mucus can detoxify pro-inflammatory compounds created by microbes [59]. There
are no similar studies for comparison, but the present results suggest that dietary glycine
supplementation can improve the skin mucosal immunity in common carp.

5. Conclusions

In conclusion, dietary glycine supplementation can support GSH synthesis, which
improves antioxidant capacity and hemolysis resistance in RBC. Moreover, dietary glycine
supplementation increase the population of blood neutrophils and monocytes that can
be due to protective role of GSH in these cells. Interestingly, glycine can improve several
immune-related factors in the fish skin mucus that can be helpful in inhibition of pathogen
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entering fish body. Based on these benefits, dietary 5 g/kg glycine supplementation is
recommended for common carp feed supplementation.
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