
Vol.:(0123456789)1 3

Biological Trace Element Research 
https://doi.org/10.1007/s12011-021-02911-y

Synergistic Effects Between Dietary Zinc Form Supplementation 
and Dietary Protein Levels on Performance, Intestinal Functional 
Topography, Hemato‑biochemical Indices, Immune, Oxidative 
Response, and Associated Gene Expression of Nile Tilapia Oreochromis 
niloticus

Asmaa S. El‑badawy1 · Mohamed S. Hassaan2 · Nassr‑Allah H. Abdel‑Hameid1 · Magda M. El‑Ezaby1 · Sabry El‑Serafy1

Received: 4 August 2021 / Accepted: 28 August 2021 
© The Author(s), under exclusive licence to Springer Science+Business Media, LLC, part of Springer Nature 2021

Abstract
The present study investigates the effect of different dietary protein levels suboptimum level (25%) and optimum level 
(35%), different Zn forms bulk zinc oxide (BZnO) or nanoparticles zinc oxide (NZnO), and their interaction on performance, 
intestinal topography, hematology, serum biochemical, antioxidant-immune responses, and related gene expression of Nile 
tilapia. Six experimental diets were formulated to contain approximately 25% and 35% crude protein and supplemented 
with Zn forms with 0 (normal level in ingredients), 60 mg kg−1 BZnO and 60 mg kg−1 nanoparticles of NZnO. Nile tilapia, 
Oreochromis niloticus, fingerlings (7.53 ± 0. 06 g) were fed on one of tested diets in triplicates with 5% of total biomass three 
times a day for 84 days. Results showed that, fish fed diet containing 35% crude protein and supplemented with NZnO form 
recorded the highest final body weight (FBW), weight gain (WG), and specific growth rate (SGR). However, no significant 
(P > 0.05) differences were recorded in FBW, WG, SGR, feed conversion ratio (FCR), and protein efficiency ratio (PER) 
between fish fed diet containing 35% crude protein without Zn supplementation and fish fed diet containing 25% crude pro-
tein supplemented with NZnO form. Either fish fed diet containing 25% or 35% crude protein and supplemented with NZnO 
exhibited the highest values of villi height/width. The highest absorption surface area (ASA) was obtained in fish fed diet 
containing 25% or 35% crude protein and supplemented with BZnO. Hemoglobin (Hb), hematocrit (Hct), and red blood cell 
count (RBCs) highest values were obtained for fish fed diet containing protein level 35% supplemented with NZnO. Fish fed 
diet containing protein level 35% and supplemented with NZnO had the lowest value of alanine amino transferase (ALT) and 
aspartate amino transferase (AST). The highest globulin value was recorded for fish provided with diet containing 35% crude 
protein and supplemented with BZnO followed by those fed diet containing 35% crude protein and supplemented with NZnO. 
Fish fed diet containing protein level 25% with NZnO supplementation recorded the highest super oxide dismutase (SOD), 
catalase (CAT), glutathione reductase (GSH), and glutathione peroxidase (GPX), with decreasing malondialdehyde (MAD) 
values. The highest values of immunoglobulin g (IgG), immunoglobulin M (IgM), complement 4 (C4), and complement 3 
(C3) were obtained for diet containing 35% crude protein and supplemented with NZnO form. Growth hormone gene (GH) 
was upregulated in fish fed 25% dietary protein without Zn supplementation, while it was downregulated in fish fed 25% 
dietary protein and supplemented with NZnO. Transcription of insulin-like growth factor-1 (IGF-I) gene recorded the highest 
value for fish fed 35% crude protein and supplemented with BZnO. This is although the diet of 35% crude protein + NZnO 
induced significant (IGF-I) gene expression compared with 25% crude protein with or without BZnO. Therefore, nano zinc 
is useful as a feed supplement for Nile tilapia (Oreochromis niloticus)
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Introduction

Protein is a crucial core nutrient as well as the most expen-
sive ingredient in aquatic feeds industry [1]. Dietary pro-
tein level has an essential role for growth performance and 
survival of fish directly affects the price of feed products 
[2]. Growth rate of fish cannot reach to optimal rate when 
feed containing low level of the dietary protein content 
[3]. However, when feed of aquatic animal containing 
dietary protein level higher than their requirements, fish 
use excessive protein catabolism for energy consumption 
through peroxide deamination, which leads to depressed 
fish growth and unsustainable ecological developments 
[4, 5], while carbohydrates have been widely used as an 
energy source in aquatic feed to prevent the catabolism 
of expensive protein nutrients for energy needs (sparing 
effect) and reduce the emissions of ammonia nitrogen [6, 
7]. The high cost of fish feed still is one of the great diffi-
culties, so, it has been sought ever more efficient strategies 
to minimize these costs, including to know the needs of 
each nutrient for each species [8–10]. Feeds having high 
dietary protein level are also rich in zinc (Zn) content, 
whereas those feeds containing mostly carbohydrate were 
found to be much lower in zinc content [11]. Moreover, 
Zn plays a vital role as a co-factor of enzymes, involved in 
several nutrient metabolic processes and is a component 
of many important metalloenzymes [12, 13].

Dietary Zn requirements have been established for many 
freshwater fish species using dietary zinc sulfate (ZnSO4) 
source ranged between 15‒30 mg kg−1 diet for common 
carp, Cyprinus carpio [14], 20 mg kg−1 diet for channel 
catfish, Ictalurus punctatus [15], 30 and 60 mg kg−1 diet 
for Nile tilapia, Oreochromis niloticus [16, 17]. One of 
the consequences of Zn supplementation in feedstuff is an 
increase in Zn excretion from fish body and an increase 
in its concentration in the environment [18]. Meanwhile, 
Zn bioavailability to fish from Zn complexes is therefore 
higher than that observed for ZnSO4 or ZnO, especially in 
plant-origin diets [19]. In this regard, Tan and Mail [20] 
stated that different inorganic Zn sources such as ZnO, 
ZnSO4, and zinc carbonate (ZnCO3) have shown a lower 
rate of Zn absorption in fish intestines than methionine-
chelated Zn (Zn-Met). That is why researchers are look-
ing for ways to decrease Zn content in feed additives and 
increase its bioavailability in diets [18]. Over the last 
decade, the field of materials science has advanced expo-
nentially and many nanoscale materials, including Nano 
particles of zinc oxide (NZnO) have been manufactured. 
Metal oxides nanoparticles are one of the most widely 
used class of nano-materials in industrial and domestic 
applications [21]. Among the nanoscale metal oxides, 
NZnO have the third highest global production after TiO2 

and SiO2 [22]. Recently, investigation mainly focused on 
using eco-friendly to produce nanoparticles instead of con-
servative protocols [23, 24]. There are numerous factors 
controlled the absorption and bioavailability of Zn such 
as chemical form of Zn and level of Phytate in ingredients 
also, bioavailability of calcium phosphate [18, 20, 25–27]. 
Zinc preoccupation in fish is low and varies with the loca-
tions of gastrointestinal tract, size of fish and the forms of 
Zn [18]. Following the same pattern, Tan and Mail [20] 
found that the absorption of inorganic forms of Zn is infe-
rior compared to organic form in fish intestines, however 
the incorporation of organic Zn in fish diets is limited due 
to high price [28]. To the best of our knowledge, previ-
ous studies have not investigated the effect of NZnO on 
the dietary protein levels of fish. Thus, it is important to 
expand our knowledge of the effect of NZnO form on die-
tary protein level of Nile tilapia. Hence, the objective of 
the current trial was to assess the interaction between Zn 
forms and dietary protein levels (25% or 35%) on growth, 
feed efficiency, and structure of intestinal, immune-oxida-
tive response and associated gene expression of Nile tila-
pia, O. niloticus. This investigate was conducted on Nile 
tilapia, Oreochromis niloticus (Linnaeus, 1758), which is a 
tropical species that prefers living shallow waters. Tilapia 
species is the second most important group of farmed fish 
in the world following after Carp, and they are the most 
widely cultivated of any of the farmed fish.

Materials and Methods

Experimental Design

A 2 × 3 factorial experiment was designed to study the effect 
of different dietary protein levels suboptimum level (25%) 
and optimum level (35%), different Zn forms Bulk Zinc 
oxide (BZnO) or nanoparticles Zinc oxide (NZnO), and their 
interaction on growth promotion, feed utilization, intestinal 
topography, hematology, serum biochemical, antioxidant 
and immune responses, and related gene expression of Nile 
tilapia for 84 day.

Diet Preparation

Six experimental diets were formulated to contain approxi-
mately 25% and 35% crude protein, which had been shown 
to be sufficient to support the suboptimum level (25%) and 
optimum level (35%) and the proximate chemical composi-
tion of the experimental diets is presented in Table 1. The 
first group, which contained 25% crude protein, the sec-
ond group that contained 35% crude protein. Each group 
was supplemented with different Zn forms with zero (nor-
mal level), 60 mg kg−1 BZnO, 60 mg kg−1 NZnO (NZnO, 
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59.1 ± 25 nm; supplementary file), based on Zn requirement 
for Nile tilapia [16, 17]. After that all ingredient were mixed 
well for each diet, and then 150 ml water kg−1 were added 
to make a dough of each diet. Pelleting experimental diets 
were prepared with 2 mm diameter via passing it in labora-
tory pellet machine. After pelleting, the diets were dried at 
room temperature for 24 h or completely drying, then stored 
at 4 °C in refrigerator until use.

AOAC [30] approaches were used to measure the chemi-
cal composition of experimental diets. The Zn concentra-
tions in experimental diets, 25% dietary protein without 
Zn, 25% dietary protein supplemented with 60 mg BZnO, 
and 25% dietary protein supplemented with 60 mg NZnO 

after preparation, were 121.79, 180.45, and 181.25 mg kg−1 
diet, respectively, while the concentration of Zn in diets, 
35% dietary protein without Zn form, 35% dietary protein 
supplemented with 60 mg BZnO, and 35% dietary protein 
supplemented with 60 mg NZnO, were 179.23, 235.2, and 
240.5 mg kg−1, respectively. The concentration of Zn in the 
experimental diets was determined according to [17].

Experimental Fish and Culture Technique

Tilapia fingerlings were obtained from private farm (Kafer-
Elshekh Governorate, Egypt). Fish after arrived were accli-
mated before the experimental conditions for two weeks at 
the laboratory of fish research at Faculty of Agriculture, 
Banha University in two concert ponds (3 × 4 × 1 m3). Dur-
ing the acclimation period, fish were fed a commercial feed 
(30% crude protein) at a rate of 5% of biomass, which pro-
vided of equal rations at 09:00 am and 3:00 pm for 2 weeks. 
After the acclimatization, the experimental fish were ran-
domly distributed into experimental cylindrical fiberglass 
tanks (0.5 m3 for each) representing the six treatments stud-
ied. A set of 360 fish of Nile tilapia mono-sex male finger-
lings with an average initial weight of 7.53 ± 0. 06 g were 
used in this experiment. Twenty fish were randomly stocked 
into each cylindrical fiberglass tank with triplicates for each 
treatment. During the 84-day experimental period, all groups 
of fish were hand-fed with their respective diet divided into 
three equal amounts and offered three times a day at 09:00 
am, 12:00 pm, and 03:00 pm, at a rate of 5% of biomass. 
Thirty minutes after the feeding, uneaten feed were removed 
by siphoning, and then dried and weighted. Feed intake was 
the difference between them and expressed as the total feed 
intake in 84 days per fish. Fish were taken from each tank, 
weighed and the amount of feed was adjusted (every two 
weeks) according to the changes in body weight through 
the experimental period. The cylindrical fiberglass tanks 
were supplied with underground–aerated water. Air was 
compressed to each tank via air stones by air pumps during 
the experimental period. About one-third of water volume 
in each tank was daily replaced by aerated freshwater after 
cleaning and removing of the accumulated excreta. Water 
quality was monitored everyday throughout the feeding trial 
for each tank to evaluate the water quality parameters These 
values are kept up within the acceptable ranges for fish farm-
ing according to guidance of [31].

Growth Performance and Feed Utilization 
Parameters

Records of live body weight (g) were measured in all fish 
for each tank and registered every 15 days during the experi-
mental period. Growth performance parameters were meas-
ured by using the equations noted in the foot note of Table 3.

Table 1   Ingredients and proximate composition of the experimental 
diets (g/kg dry diet)

1 Fish meal, Pakistan fish meal 58% protein obtained from Plot-19, 
Sector,16 Korangi Industrial Area Karachi, Pakistan
2 Egyptian soybean 44% protein was supplied from Research Institute 
of Oil Crops, Agricultural Research Center Cairo, Egypt
3 Yellow corn 8.5% protein purchased from local market
4 Wheat bran 13.75% protein purchased from local market
5 Vitamin and mineral mix (mg or g/kg diet): MnSO4, 40 mg; MgO, 
10  mg; K2SO4, 40  mg; KI, 0.4  mg; CuSO4, 12  mg; ferric citrate, 
250 mg; Na2SeO3, 0.24 mg; Co, 0.2 mg; retinol, 40,000 IU; chole-
calciferol, 4000 IU; α-tocopherolacetate, 400 mg; menadione, 12 mg; 
thiamine, 30 mg; riboflavin, 40 mg; pyridoxine, 30 mg; cyanocobala-
min, 80 mcg; nicotinic acid, 300 mg; folic acid, 10 mg; biotin, 3 mg; 
pantothenic acid, 100 mg; inositol, 500 mg; ascorbic acid, 500 mg.2B. 
acidophullus was prepared to obtain (1.47 × 107  CFU  kg−1 approxi-
mately
6 NFE (nitrogen free extract) = 100 − (crude pro-
tein + lipid + ash + fibre content)
7 Gross energy, calculated using gross calorific values of 23.63, 39.52, 
and 17.15  kJ  g−1 for protein, fat, and carbohydrate, respectively 
according to[29]

Ingredient Experimental diets

25% crude protein 35% 
crude 
protein

Fish meal1 50 150
Soybean meal2 420 540
Yellow corn3 340 120
Wheat bran4 120 120
Soybean oil 40 40
Zn-free Premix5 30 30
Chemical analysis (%)
Dry matter 89.52 89.55
Crude protein 25.0 35.0
Crude lipid 5.55 7.20
Ash 4.30 4.92
Fiber content 5.43 5.33
NFE6 53.32 52.94
GE7 (MJ kg−1) 17.24 20.19
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Sample Collection

At the end of the experiment period, six fish (n = 3) were 
randomly selected from each group and anesthetized by MS 
222 (100 mg L−1, Sigma Aldrich, Egypt), and homogenized 
in a blender for final fish chemical composition. The fish 
from each tank were pooled, oven-dried, ground, and stored 
at –20 ºC for further analysis. Three fish (n = 3) from each 
treatment were collected to obtain the liver for antioxidant 
parameters, while other three fish (n = 3) from each group 
were separated and intestines were removed for histomor-
phometric examination (anterior and posterior parts).

Histological Characteristics of the Intestine

On 84 days of the feeding trial, three fish in each treatment 
were sacrificed, and their intestines (from the anterior and 
posterior parts) were taken for histo-morphometric examina-
tion. The intestinal tissues of the experimental fish were dis-
sected and fixed in Bouin’s fluid for 24 h. The fixed tissues 
were dehydrated in graded ethanol series, cleaned in xylene 
and embedded in paraffin wax (congealing point 58–60 °C). 
Cross sections each of 6 µm thickness were stained with 
hematoxylin and eosin. The tissue sections were examined 
under light microscope equipped with full HD microscopic 
camera (Nikon E600, Tokyo, Japan) and image analysis soft-
ware. The mean villus length (measured from the base to 
the top) and villus width were measured for three fish from 
each group by image analysis software and data were used 
for statistical analysis. The absorption surface area (ASA) 
was calculated according to [17] the mucosal to serosal ratio 
(MSR) was also estimated.

Blood Sampling

Blood samples were collected from the caudal vein and were 
divided into two portions. The first portion was collected 
with the anticoagulant 10% ethylene diamine-tetra-acetate 
(EDTA) to measure the hematological parameters as; hemo-
globin (Hb), hematocrit (Hct), red blood cells (RBCs) and 
white blood cells (WBCs). Hct was determined using the 
method described by Reitman and Frankel [32], Hb was 
determined using hemoglobin kits, which was a standard-
ized procedure using cyanmethemoglobin method and both 
the total count of RBCs and WBCs were carried out [33].
The second group of the blood samples were collected with-
out anticoagulant 10% EDTA to obtain the blood serum. 
Serum total protein, albumin and globulin were gritty con-
ferring to [34–36] and alanine amino transferase (ALT) and 
Aspartate amino transferase (AST) activities were measured 
as described by [32], and serum creatinine was measured 
as described by [34] Serum uric acid, creatinine IgG, IgM, 
C3 and C4 were measured spectro-photometrically using 

commercial kits produced by Pasteur labs (Egyptian Ameri-
can Co. for Laboratory Services, Egypt).

Antioxidant Assays

The liver of three fish in each treatment were weighed and 
grinded in glass homogenizer tubes with ice-cold saline (to 
0.1 g of liver was added 0.9 mL saline, pH 7.0) then cen-
trifuged at 3000 g for 10 min. the obtained supernatant was 
used for estimating antioxidant enzyme and MDA activities. 
Activities of superoxide dismutase (SOD), catalase (CAT), 
and malonaldehyde (MDA) levels were measured using 
diagnostic kits (Bio-diagnostics, Giza, Egypt) following the 
manufacturer’s instructions according to the methodology of 
[37] [38] [39], respectively. Glutathione reductase (GSH) 
and glutathione peroxidase (GPx) activities were measured 
according to the method of [40].

Gene Expression

After fish anesthetizing by using 3-aminobenzoic acid 
ethyl ester (MS 222, 100 mgL−1, Sigma, St. Louis, MO), 
liver samples were decapitated and homogenized by tissue 
homogenizer (QIAGEN GmbH, QIAGEN Strasse 1, Hilden, 
Nordrhein-Westfalen-40724, Germany). Total ribonucleic 
acid (RNA) was extracted from the liver, using RNeasy® 
Mini kit (Qiagen, Cat No. 74104), based on manufacturer’s 
protocol provided in the kit. cDNA was synthesized from 
1000 ng of total RNA using the protocol of high-capacity 
cDNA Reverse Transcription Kit (Applied Bio systems, 
Cat# no.4368813); then, cDNA was stored at − 80 °C for 
further molecular analyses.

Primers for amplifications of the gene, which encodes 
growth hormone (GH), insulin-like growth factor (IGFI), 
superoxide dismutase (SOD) and 18S ribosomal RNA (18S 
rRNA) gene, as reference gene, were used for quantifying 
the mRNA of the target gene using real time PCR (qRT-
PCR) methodology (Table 2). Quantitative PCR reaction 
contained 2.5 μl of 1 μg/μl cDNA, 12.5 μl SYBR Green PCR 
Master Mix (QuantiTect SYBR Green PCR Kit, Qiagen), 
0.3 μM of each of forward and reverse primers and double 
distilled water to a final volume of 25 μl. Reaction was run 
on an Applied Biosystem 7500 Real time PCR Detection 
system (Applied Bio systems) under the conditions of 95 °C 
for 10 min and 45 cycles of 95 °C for 20 s followed by 60 °C 
for 20 s and 72 °C for 20 s.

Statistical Data Analysis

All data were analyzed by using the software SAS, version 
6.03 (Statistical Analysis System; SAS 2016). One-way anal-
ysis of variance (One-way ANOVA) was used to determine 
whether significant variation existed between the treatments. 
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When overall differences were found, differences between 
means were tested by Duncan [41] new multiple range test. 
Two-way ANOVA was used for analyzing the individual 
effects of Zn form and dietary protein levels and the interac-
tion between them. All differences were considered signifi-
cant at P ≤ 0.05 and the results are presented as means with 
pooled standard error of the mean (± SE).

Results

Growth Performance and Feed Efficiency

Regardless the effect of Zn, different protein diets had sig-
nificantly effect on growth performance of tilapia, final body 
weight (FBW; P = 0.003), weight gain (WG; P = 0.0001), 
specific growth rate (SGR; P = 0.0001), FCR (P = 0.01), and 
PER (P = 0.0003) (Table 3), while dietary protein had no 
significant effect on FI (P = 0.79). The best FCR and high-
est PER were obtained in 25% crude protein. Irrespective 
of protein level effect, the Zn form significantly improved 
the growth performance of tilapia; FBW (P = 0.002), 
WG (P = 0.001), SGR (P = 0.0012), FI (P = 0.03), FCR 
(P = 0.05), and PER (P = 0.014) (Table 3).

On the other hand, interaction between different pro-
tein levels (25% and 35%) and ZnO form released a sig-
nificant effect on FBW (P = 0.001), WG (P = 0.001), and 
SGR (P = 0.0004) (Table 3). The highest FBW, WG and 
SGR were recorded by fish fed diet containing 35% crude 
protein and supplemented with NZnO form. No significant 
(P > 0.05) differences in FBW, WG, SGR, FCR and PER 
were found between fish fed diet containing 35% crude pro-
tein without BZnO supplementation and fish fed diet con-
taining 25% crude protein supplemented with NZnO form. 
The lowest values of FCR and PER were recorded by fish fed 
diet containing 25% crude protein without supplementation 
of Zn form (Table 3).

Histomorphometric

In term of anterior intestinal villi length, width and absorp-
tion area of villous (ASA) were significantly (P ≤ 0.05) 
affected by different dietary protein levels and Zn forms, 
while mucosal to serosal ratio (MSR) was not affected 
(Table 4). Either fish fed diet containing 25% or 35% crude 
protein and supplemented with NZnO exhibited the high-
est values of villi length and width. The highest ASA value 
was obtained in fish fed diet fed diet containing 25% or 35% 
crude protein and supplemented with BZnO.

In term of posterior intestine villi length, width and MSR 
were significantly (P ≤ 0.05) affected by different dietary 
protein levels and Zn forms (Table 4). Fish fed diet contain-
ing 25% + NZnO and fish diet 35% crude protein + BZnO 
recorded the highest levels of anterior intestine villi length 
and width. No significant differences (P > 0.05) were found 
in ASA as affected by dietary protein and Zn form addition.

Hematological Parameters

Different dietary protein levels 25% or 35% had no signif-
icant (P > 0.05) effect on Hb, Hct, PLT, WBCs and lym-
phocytes precent of Nile tilapia, irrespective of Zn form 
(Table 5). Regardless the effect of different dietary protein 
levels, supplementation of Zn forms (BZnO and NZnO) in 
fish diet showed a significant effect on Hb value. Interac-
tion between different protein levels (25% and 35%) and 
different Zn forms (BZnO and NZnO) had significantly 
effect on the values of Hb, Hct, PLT, WBCs, and lympho-
cyte count (Table 5). The highest Hb, Hct and RBCs values 
were obtained for fish fed diet containing protein level 35% 
supplemented with NZnO, while the lowest value of Hb 
was recorded for fish fed diet containing protein level 25% 
without any Zn supplementation. There were no significant 
(P > 0.05) effect of different dietary protein levels (25% and 
35%) in tilapia diets, different Zn form supplementation and 

Table 2   Oligonucleotide name 
and sequence of qRT-PCR 
primers used in this experiment

18 s rRNAǂ, 18 s ribosomal RNA
GH#, Growth hormone
IGF-I§, Insulin like growth factor
SOD†, superoxide dismutase

Gene Primers GeneBank no

18 s rRNAǂ Forward 5- > 3: GGT​TGC​AAA​GCT​GAA​ACT​TAA​AGG​ AF497908.1
Reverse 5- > 3: TTC​CCG​TGT​TGA​GTC​AAA​TTA​AGC​

GH# Forward 5- > 3:TCG​ACA​AAC​ACG​AGA​CGC​A KT387598.1
Forward 5- > 3: CCC​AGG​ACT​CAA​CCA​GTC​CA

IGF-I§ Forward 5- > 3:GTT​TGT​CTG​TGG​AGA​GCG​AGG​ Y10830.1
Forward 5- > 3: GAA​GCA​GCA​CTC​GTC​CAC​G

SOD† Forward 5- > 3: CAT​GCC​TTC​GGA​GAC​AAC​AC AY491056.1
Reverse 5- > 3: ACC​TTC​TCG​TGG​ATC​ACC​AT
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their interaction on RBCs, MCV, MCH and MCHC, neutro-
phil (%), monocytes (%), and eosinophil (%) values, for Nile 
tilapia (Table 5).

Serum Biochemical Parameters

Different protein levels had a significant effect on the 
activities of ALT (P = 0.01), AST (P = 0.004), regardless 
the effect of different Zn forms. Irrespective of different 
protein levels effect, different Zn forms showed a signifi-
cant effect on ALT values (Table 6). ANOVA analysis 
showed that interaction between different protein lev-
els 25% and 35% Zn form (BZnO and NZnO) released 
a significant effect on ALT activity (Table 6). Fish fed 
diet containing protein level 35% and supplemented with 
NZnO had the lowest values of ALT and AST activities 
(82.50 and 9.30 U/L), respectively. On the other hand, 
fish fed diet containing protein level 25% without any Zn 
supplementation had the highest value of ALT activities 
(154.70 U/L). No significant (P > 0.05) differences were 
found in serum total protein, albumin and creatinine val-
ues (Table 6) which were not affected by different protein 

levels, different Zn forms and their interaction, while inter-
action between different protein levels and different Zn 
form had significant effect on globulin content (P = 0.014). 
The highest globulin value was recorded for fish fed diet 
containing 35% crude protein and supplemented with 
BZnO followed by fish fed diet containing 35% crude pro-
tein and supplemented with NZnO (Table 6).

Oxidative Stress Biomarkers

Data in Table 7 showed that superoxide dismutase (SOD), 
catalase (CAT), malondialdehyde (MDA), glutathione 
reductase (GSH), and glutathione peroxidase (GPX) activi-
ties were significantly (P = 0.001) affected by different 
protein levels (25% and 35%) and Zn form for Nile tilapia. 
ANOVA analysis showed significant interaction between 
different protein levels (25% and 35%), Zn form (BZnO and 
NZnO) on SOD activity (P = 0.002). Fish fed diet containing 
protein level 35% with NZnO supplementation recorded the 
highest SOD, CAT, GSH, and GPX activities with decreasing 
MDA values.

Table 3   Growth performance of Nile tilapia fed diet containing 25% or 35% crude protein and supplemented with different form of Zn (BZnO 
and NZnO) for 84 days

† Treatment means represent the average values of three aquaria per treatment. Duncan multiple range test was conducted for individual means 
only if there was a significant interaction (ANOVA: P < 0.05). In the same column, means followed by the same letter are not significantly differ-
ent
‡ Main effect means followed by the same letter in the same column are not significantly different at P < 0.05 by Duncan multiple range test; p 
and r for protein levels and x, y, and z for ZnO form
IBW, initial body weight; FBW, final body weight; WG, weight gain; SGR, specific growth rate; FI, feed intake g−1 fish; FCR, feed conversion 
ratio; PER, protein efficiency ratio

Protein levels % ZnO Form mg kg−1 Growth performance Feed utilization

IBW (g fish−1) FBW (g fish−1) WG (g fish−1) SGR (% day−1) FI g fish−1) FCR PER

Individual treatment means†

25 Normal 7.12 33.65d 26.54d 1.85d 47.63b 1.79a 2.23b

25 BZnO 7.68 38.49c 30.82c 1.92c 44.47ab 1.45ab 2.77a

25 NZnO 7.59 40.55bc 32.96bc 1.996b 50.26ab 1.53a 2.63a

35 Normal 7.53 41.02bc 33.49b 2.018b 47.30ab 1.41b 1.60c

35 BZnO 7.65 42.85b 35.19b 2.05b 44.65ab 1.27b 1.99cb

35 NZnO 7.65 46.17a 38.52a 2.14a 51.83a 1.35ab 1.82d

Pooled SE 0.16 0.78 0.66 0.02 2.56 0.06 0.09
Means of the main effect‡

25 7.46 37.56p 30.11p 1.92p 47.45 1.58r 2.55a

35 7.61 43.35r 35.74r 2.07r 47.92 1.34p 1.81b

Normal 7.32 37.34z 30.02z 1.93z 41.47y 1.39 1.92p

BZnO 7.66 40.67y 33.01y 1.99y 44.56xy 1.36 2.38r

NZnO 7.62 43.36x 35.74x 2.07x 51.04x 1.43 2.22r

Two-way ANOVA (P-value)
Protein levels (PL) 0.31 0 0.003 0.001 0.0001 0.790 0.010 0.003
Zn form (ZF) 0.160 0.002 0.001 0.0012 0.080 0.050 0.014
PL × ZF 0.280 0.001 0.001 0.0004 0.026 0.041 0.002
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Immune Response

Results showed that, different dietary protein levels (25% 
and 35%) and Zn forms had a significant effect on immuno-
globulin g (IgG), immunoglobulin M (IgM), complement 4 
(C4), and complement 3 (C3) in Nile tilapia (Table 8). Inter-
action between different levels of protein (25% and 35%) 
and different forms of Zn (BZnO and NZnO) significantly 
(P = 0.035) affected on IgG, IgM, C4, and C3 values, the 
highest values were obtained for fish fed diet containing 35% 
crude protein and supplemented with NZnO form (Table 8).

Gene Expression

Results of the effect of different ratios of 25% and 35% crude 
protein and Zn supplemented levels and their interactions on 
relative expression of growth hormone (GH) and insulin-like 
growth factor (IGF-I) genes were showed in (Table 9, Fig. 1 
and Fig. 2). Growth hormone (GH) gene was upregulated in 
fish fed 25% dietary protein without supplementation of Zn 
form, while it was downregulated in fish fed diet with 25% 
crude protein diet and supplemented with NZnO. Further-
more, fish fed 35% dietary protein level with or without ZnO 

supplementation form were downregulated. Transcription of 
IGF-I gene in fish fed 25% and 35% dietary protein with or 
without ZnO form was opposite trend with GH gene. Sup-
per oxide dismutase (SOD) gene was upregulated in fish fed 
diet containing 25% dietary protein and supplemented with 
NZnO Compared to other treatment (Fig. 3 and Table 9). 
The lowest gene expression of the above-mentioned vari-
able was observed in fish fed 25% dietary protein without 
supplementation of Zn form.

Discussion

Growth Performance

Dietary protein is essential for fish growth and is an expen-
sive component of the feed; hence, protein supplemen-
tation needs to be optimized [42]. Zinc supplementation 
with different form is also crucial for feed utilization and 
fish growth [17]. In the current study, with an increase in 
dietary protein level from 25 to 35%, WG and SGR were 
increased significantly. However, the FCR showed the 
reverse trend, while ZnO especially nanoparticle’s form 

Table 4   Intestinal topography of Nile tilapia fed diet containing 25% or 35% crude protein and supplemented with different form of Zn (BZnO 
and NZnO) for 84 days

† Treatment means represent the average values of three aquaria per treatment. Duncan multiple range test was conducted for individual means 
only if there was a significant interaction (ANOVA: P < 0.05). In the same column, means followed by the same letter are not significantly differ-
ent
‡ Main effect means followed by the same letter in the same column are not significantly different at P < 0.05 by Duncan multiple range test; p 
and r for protein levels and x, y, and z for ZnO form

Dietary protein levels % ZnO form 
(mg kg−1)

Anterior intestine Posterior intestine

Villi length Villi width ASA MSR Villi length Villi width ASA MSR

Individual treatment means†

25 Normal 800.7c 203.1b 15.4c 9.40 225.7b 147.7b 5.05 3.55ab

25 BZnO 984.8b 193.2b 20.2a 12.20 224.5b 207.7ab 5.26 3.01b

25 NZnO 1233.5a 261.9a 18.7b 12.80 295.3a 252.8a 5.60 3.4b

35 Normal 781.2c 197.4b 15.5c 9.60 237.3ab 130.7b 6.25 3.94a

35 BZnO 852.5b 163.5c 20.4a 11.60 273.3a 265.3a 6.46 4.03a

35 NZnO 1234a 263.5a 18.8b 12.70 233ab 196.5b 6.5 3.2b

Pooled SE 3.04 0.49 0.15 0.06 0.53 0.35 0.07 0.08
Means of the main effect‡

25 1006.3x 219.4x 18.1x 11.5x 248.5x 202.8x 4.9y 3.3y
35 955.9y 208.1y 18.2x 11.3x 247.8x 164.2y 6.1x 3.7x

Normal 790.9z 200.3y 15.4z 9.5z 231.5z 139.3z 6.6x 3.7x
BZnO 918.6y 178.3z 20.3x 11.8y 248.8y 186.5y 5.4y 3.5y
NZnO 1233.7x 262.7x 18.7y 12.7x 264.1x 224.6x 4.5z 3.3z

Two-way ANOVA (P-value)
Protein levels (PL) 0.001 0.001 0.025 0.18 0.102 0.001 0.051 0.001
Zn form (ZF) 0.001 0.001 0.001 0.51 0.001 0.001 0.071 0.001
PL × ZF 0.001 0.001 0.86 0.061 0.001 0.001 0.061 0.001
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could decrease the dietary protein level of tilapia, with no 
significant differences were found in growth performance 
and feed utilization between fish fed diet containing 25% 
crude protein and supplemented with NZnO and fish fed 
35% dietary protein level without supplementation of any 
Zn form (Table 3). These improvement in growth perfor-
mance that recorded in the present study could be related 
to the following critical points: (i) the advantage of elec-
trical characteristics of nano-materials could improve the 
intestinal absorption surface area (ASA) (Table 4), con-
sequently enhance nutrient efficiency [18, 43], (ii) NZnO 
has antimicrobial agent for different species of bacteria 
and fungi, consequently improve immune system and 
therefore improve growth performance [44]. Thus, the 
variation exist in the Nile tilapia growth of the current 
study could be due to the chemical form of Zn. Addition-
ally, Zn acts as cofactor to many enzymes and proteins, 
which are involved in protein synthesis, growth, the nerv-
ous system and gastrointestinal tract function [45]. Faiz 
[26] reported that NZnO form resulted in higher growth 
performances of juvenile Ctenopharyngodon idella (C. 

idella) than conventional forms. Similarly, Hina [46] found 
that N-ZnO promote the growth performances of juvenile 
Ctenopharyngodon idella more than other inorganic con-
ventional forms. Tawfik [47] found that supplementation 
of NZnO to fish feeds can possibly improve the growth 
rates exemplified by the weight gain, the specific growth 
rate and growth hormone in blood. This could be better 
than the conventional ZnO. Khan [48] reported that Zn 
nanoparticles enhance the growth rate in fishes. Mishra 
[44] reported that inclusion of NZnO showed an improve-
ment in the growth rates than conventional zinc in various 
species, which may be attributed to better uptake of nano-
particles of Zn in the gastrointestinal tract than the remain-
ing groups. Khosravi-Katuli [49] showed that diet supple-
mented with NZnO could improve the growth performance 
and feed utilization of fish. Several studies indicated that 
Zn nanoparticles improve the production performance than 
inorganic Zn [44, 50], as well as influenced lipid deposi-
tion and metabolism [51, 52]. Many of the previous works 
reported a positive effect of N-ZnO than conventional Zn 
as dietary supplement [53–55].

Table 6   Serum biochemical parameters of Nile tilapia fed diet containing 25% or 35% crude protein and supplemented with different form of Zn 
(BZnO and NZnO) for 84 days

† Treatment means represent the average values of three aquaria per treatment. Duncan multiple range test was conducted for individual means 
only if there was a significant interaction (ANOVA: P < 0.05). In the same column, means followed by the same letter are not significantly differ-
ent
‡ Main effect means followed by the same letter in the same column are not significantly different at P < 0.05 by Duncan multiple range test; p 
and r for protein levels and x, y, and z for ZnO form
ALT (U/L), alanine aminotransferase; AST (U/L), aspartate aminotransferase; TP (g/dL), total protein; AL (g/dL), albumin; GL (gm/dL), globulin; 
Creat (mg/dL), creatinine; Urea (mg/dL), blood urea; UA (mg/dL), uric acid

Protein levels % Zn form (mg kg−1) Serum biochemical parameters

ALT (U/L) AST (U/L) TP (g/dL) AL (g/dL) GL (gm/dL) Creat (mg/dL)

Individual treatment means†

25 Normal 154.70a 21.350a 3.05 1.25 1.25b 0.55
25 BZnO 104.35b 21.200a 3.65 1.85 1.80ab 0.50
25 NZnO 96.75b 10.300b 3.85 1.75 2.10ab 0.35
35 Normal 100.00b 10.450b 3.75 1.25 2.50ab 0.50
35 BZnO 95.00b 9.900b 4.75 1.35 3.40a 0.50
35 NZnO 82.50b 9.350b 4.65 1.35 3.35a 0.35
Pooled SE 7.31 1.104 0.65 0.29 0.55 0.06
Means of the main effect‡

25 118.60r 17.62r 3.52 1.65 1.72p 0.47
35 92.500p 9.90p 4.38 1.32 3.08r 0.45

Normal 127.35x 15.90x 3.40 1.30 1.88 0.525
ZnSO4 (bulk) 99.68y 15.55x 4.20 1.60 2.60 0.500
NZnO 89.63y 9.83y 4.25 1.55 2.73 0.350

Two-way ANOVA (P-value)
Protein levels (PL) 0.01 0.004 0.16 0.22 0.030 0.740
Zn form (ZF) 0.01 0.01 0.41 0.57 0.0340 0.060
PL × ZF 0.01 0.001 0.51 0.62 0.018 0.210
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Histomorphometric

Measurements of width and length of villi as well as the 
absorption area are essential indicators of intestinal mor-
phology health due to their vital role in nutrient absorption 
[56]. The present results showed that fish fed dietary 25% 
crude protein and supplemented with NZnO had the same 
values of villus width and length, and absorption area of 
both interior and posterior intestine. With the respect that 
ZnO improved the intestinal health and enhance growth per-
formance. In this context, Hu [57] reported that Nile tila-
pia fed diets supplemented with ZnO improved the intes-
tinal villus length and digestive enzyme activities. Also, 
De Grande [58] found that the addition of NZnO increase 
intestinal villus width and length, consequently facilitate 
the process of nutrients assimilation. Suganthi [59] showed 
that ZnO nanoparticles exposure caused impact on histologi-
cal abnormalities observed in gills, muscle, brain, intestine 
and ovaries tissues of O. mossambicus exposed group, thus 
their physiological, secretory and absorption, endocrine and 
reproductive activities are disturbed. On the other side, the 
possible explanation for higher villus length may be due to 

higher bioavailability of Zn nanoparticles, so maintaining 
epithelial barrier integrity and function [60], reducing the 
turnover rate of cells in the villi and resulting in higher vil-
lus height. An improvement of villus length and crypt depth 
ratio was observed after dietary replacement of inorganic 
ZnO by different levels of organic and 30 mg kg−1 of NZnO 
and this may indicate an improvement of mucosal barrier 
functional capacity [61].

Hematology

Hematological studies provide an index of physiologi-
cal changes in fish [62, 63], as well as it acts an impres-
sive tool for detection of alterations in the tested organism 
[62]. The present trial showed no differences in the values 
of hematological parameters, whereas fish fed 60 mg kg−1 
NZnO recorded the uppermost WBCs value. There are vari-
ous reports regarding the impact of dietary Zn on hemato-
logical parameters in animals. In some reports, dietary Zn 
levels influence the hematological characteristics of vari-
ous species [16, 64], whereas other reports indicate other-
wise[65, 66]. Faiz [26] reported that dietary nanoparticles 

Table 7   Antioxidant parameters of Nile tilapia fed diet containing 25% or 35% crude protein and supplemented with different form of Zn (BZnO 
and NZnO) for 84 days

† Treatment means represent the average values of three aquaria per treatment. Duncan multiple range test was conducted for individual means 
only if there was a significant interaction (ANOVA: P < 0.05). In the same column, means followed by the same letter are not significantly differ-
ent
‡ Main effect means followed by the same letter in the same column are not significantly different at P < 0.05 by Duncan multiple range test; p 
and r for protein levels and x, y, and z for ZnO form
SOD (U/gm), superoxide dismutase; CAT (U/gm), catalase; MDA (nmol/gm), malondialdehyde (lipid peroxide); GSH (nmol/gm), glutathione 
reductase; GPX (U/gm), glutathione peroxidase

Dietary protein levels % Zn form (mg kg−1) Antioxidant parameters

SOD (U/gm) CAT (U/gm) MDA (nmol/gm) GSH (nmol/gm) GPX (U/gm)

Individual treatment means†

25 Normal 73.00d 272.95e 5.50d 7.35b 455.00c

25 BZnO 81.15c 331.00c 2.80bc 8.10b 506.00b

25 NZnO 95.00a 395.00a 2.10c 10.55a 601.00a

35 Normal 88.00bc 316.00c 3.30b 8.00b 489.50b

35 BZnO 97.000a 362.50b 2.15c 10.40a 602.00a

35 NZnO 98.00a 399.50a 2.05c 11.35a 609.50a

Pooled SE 2.07 2.95 0.26 0.59 9.45
Means of the main effect‡

25 83.05p 332.98p 3.47r 8.67p 520.67p

35 94.33r 359.33r 2.50p 9.92r 567.00r

Normal 80.50z 294.48z 4.40x 7.68z 472.25z

BZnO 89.08y 346.75y 2.48y 9.25y 554.00y

NZnO 96.50x 397.25x 2.08y 10.95x 605.25x

Two-way ANOVA (P-value)
Protein levels (PL) 0.001 0.0001 0.01 0.05 0.002
Zn form (ZF) 0.002 0.0001 0.001 0.01 0.0001
PL × ZF 0.002 0.0001 0.001 0.02 0.0003
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Zn supplementation (60 mg kg−1) significantly decrease 
the hematological values of Grass carp (Ctenopharyngo-
don idella), whereas 30 mg kg−1 diet significantly increase 
RBC count and MCHC value. Total leucocyte count and 
their differential occupied an important role in fish stud-
ies [67]. In Oreochromis mossambicus, the monocytes and 
neutrophils are reduced in circulation for the elevation of 
phagocytic activity in affected tissues such as gills, liver and 
kidneys which are damaged by copper [68–70], while NZnO 

treated fishes showed increased monocytes and neutrophilic 
conditions.

On the basis of metal size, the NZnO have small size 
and low agglomeration power compared to their conven-
tional counterpart as reported in the previous study [71]. 
So, NZnO can easily penetrate the RBCs membrane making 
the erythrocytes more fragile and permeable. [72] showed 
that metals can alter the properties of Hb by decreasing the 
oxygen binding capacity; thus, increase the erythrocytes 
fragility and permeability. In addition, the decrease in Hct 
level may be attributed to hemodilution that may occur due 
to gill damage and/or impaired osmoregulation [73]. White 
blood cells (WBCs) count is considered as the first line of 
defense, which could be related to the stronger innate resist-
ance and adaptive immunity [74]. Consistently, dietary Zn 
supplementation (BZnO and NZnO forms) presented in this 
study enhances WBC count. Similar results were reported 
by Ibrahim [75] for NZnO supplementation.

Serum Biochemical Parameters

Both AST and ALT activities are cursors of healthy liver 
or liver dysfunction [76, 77]. The highest activities of AST 

Table 8   Immune responses of 
Nile tilapia fed diet containing 
25% or 35% crude protein and 
supplemented with different 
form of ZnO (ZnSO4 and 
NZnO) for 84 days

† Treatment means represent the average values of three aquaria per treatment. Duncan multiple range test 
was conducted for individual means only if there was a significant interaction (ANOVA: P < 0.05). In the 
same column, means followed by the same letter are not significantly different
‡ Main effect means followed by the same letter in the same column are not significantly different at 
P < 0.05 by Duncan multiple range test; p and r for protein levels and x, y, and z for ZnO form
IGG (mg/dL), immunoglobulin IgG; IGM (mg/dL), immunoglobulin IgM; C4 (mg/dL), complement 4; C3 
(mg/dL), complement 3

Dietary protein levels % Zn form (mg kg−1) Immune responses

IgG (mg/dL) IgM (mg/dL) C4 (mg/dL) C3 (mg/dL)

Individual treatment means†
25 Normal 87.50d 6.50c 0.25b 1.75d

25 BZnO 107.00c 9.70ab 0.65ab 2.65d

25 NZnO 119.00b 10.50ab 1.15ab 3.25c

35 Normal 109.00c 8.50bc 0.70ab 2.25 cd

35 BZnO 119.00b 9.00abc 1.05ab 4.50b

35 NZnO 125.50a 11.50a 1.50a 6.50a

Pooled SE 1.47 0.70 0.24 0.36
Means of the main effect‡

25 104.50r 8.90 0.68 2.52p

35 117.83p 9.67 1.08 4.42r

Normal 98.25z 7.50y 0.48y 2.00z

BZnO 113.00y 9.35x 0.85xy 3.58 y

NZnO 122.25x 11.00x 1.33x 4.83x

Two-way ANOVA (P-value)
Protein levels (PL) 0.0001 0.24 0.09 0.001
Zn form (ZF) 0.0001 0.012 0.05 0.002
PL × ZF 0.0001 0.035 0.011 0.002

Table 9   Two-way ANOVA results of dietary Zn forms, dietary pro-
tein levels and their interaction on gene expression; Growth hormone, 
insulin like growth hormone factor-I and superoxide dismutase of 
Nile tilapia, O. niloticus 

Parameters Probability (P value)

Protein 
levels 
(PL)

Zn form (ZF) PL × ZF

Growth hormone gene (GH) 0.024 0.023 0.012
Insulin like growth factor-I gene 0.001 0.015 0.005
Superoxide dismutase (SOD) 0.006 0.001 0.031
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and ALT were noted in fish fed control diet. On the other 
hand, lower activities of AST and ALT were noticed in fish 
fed diet containing 35% or 25% dietary protein and supple-
mented with NZnO or BZnO, this result indicating either 
BZnO or NZnO form did not have any deleterious impact 

in liver function. Likewise, results were noticed in common 
carp fed diets supplemented with NZnO [78]. In addition, 
Gharaei [79] found significant reduction in activities of ALT, 
and AST of beluga (Huso huso) fed diets supplemented 
with NZnO. Total serum protein represents major function 

Fig. 1   Relative expression of 
GH gene/18 s rRNA of Nile 
tilapia, O. niloticus, after feed-
ing diets with different Zn forms 
and different dietary protein for 
84 days. Bars having different 
letters are significantly different 
at P < 0.05
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Fig. 2   Relative expression of 
IGF-I gene/18 s rRNA of Nile 
tilapia, O. niloticus, after feed-
ing diets with different Zn forms 
and different dietary protein for 
84 days. Bars having different 
letters are significantly different 
at P < 0.05
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Fig. 3   Relative expression of 
superoxide dismutase (SOD) 
gene/18 s rRNA of Nile tilapia, 
O. niloticus, after feeding diets 
with different Zn forms and 
different dietary protein for 
84 days. Bars having different 
letters are significantly different 
at P < 0.05 d
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to uphold the osmatic balance between blood and tissues 
[80]. In the present study, no significant differences were 
found in total protein and albumin as affected by interac-
tion between Zn form and dietary protein levels, while the 
globulin value is significantly higher in fish diet containing 
35% crude protein and supplemented with BZnO followed 
by fish containing 35% crude protein and supplemented with 
NZnO. The current findings are consistent with Gopal [81] 
who found increasing of serum globulin in common carp 
(Cyprinus carpio) fed diets supplemented with NZnO. These 
results may be due to synthesis of ribosomes, and the spread 
of protein synthesis in the liver tissues [77, 82]

Oxidative Stress Biomarkers

The activities of oxidative stress biomarkers enzymes in the 
current study are significantly higher (P < 0.05) attended 
with low significant in malondialdehyde (MDA) level in 
fish fed diet enriched with NZnO either 25% or 35% dietary 
protein. The present results are consistent with Gopal [81] 
who showed that activities of catalase (CAT) and glutathione 
peroxidase (GPx) are reached to maximum level in serum 
of Huso huso fed diet supplemented with NZnO. In addi-
tion, the simultaneous increase in the activity of superoxide 
dismutase (SOD) and glutathione peroxidase (GPx) enhance 
the activity of NADPH oxidase, which is accountable for 
hunting of superoxide anion [83]. Furthermore, Asaikkutti 
[23] found that shrimp fed diets contained Ananas como-
sus peel as a source of Mn2O3 nanoparticles improved the 
antioxidant defense system and metabolic activities. Also, 
addition of 30 mg ZnO-NP per kg diet of Nile tilapia diet 
improved the activity of SOD and total antioxidant capacity 
and decreases the MDA [84]. Addition of NZnO enhance-
ments the antioxidants enzyme activity and decrease activity 
of MDA [85]. MDA is a significant antioxidant non-enzyme 
and used as a biomarker of oxidative stress [49]. The present 
findings are in consistent with [85] who reported that Nile 
tilapia fed diet contained NZnO decreases the activities of 
MDA level. On contrary, Gharaei [79] reported no signifi-
cant (P > 0.05) differences of MDA value in fish diets sup-
plemented with either ZnO or NZnO. It is worthy to mention 
that reactive oxygen species (ROS) formation and oxidative 
stress related to inflammatory effects of NZnO because they 
can activate proinflammatory-signaling cascades [86]. Previ-
ous results, which noted above may be due to: (i) generation 
of ROS can be increased in the presence of Zn, consequently 
improve the activity of oxidative enzymes [17, 87], (ii) the 
antioxidant activity of Zn ions is linked with its compulsory 
to thiol groups and defends them from oxidation in addition, 
(iii) Zn play an important role for stimulating the activity 
of SOD enzyme; (iv) the availability of in NZnO form was 
higher compared with BZnO form [17].

Immune Response

Zinc plays a vigorous role in the immune system and affects 
numerous features of humoral and cellular immunity [17, 
75, 88, 89]. The immune function is deftly synchronized by 
zinc, since both increased and decreased dietary zinc lev-
els result in a disturbed immune function [90, 91]. further-
more, Zn deficiency affects immune cells at the survival and 
proliferation and leads to weakened innate host defense via 
phagocytosis and oxidative burst, and disturbed intercellular 
communication via cytokines [89, 92]. The present study 
noted that supplementing with NZnO form in Nile tilapia 
diets containing 25% crude protein significantly improved 
IgG, IgM, C3 and C4 compared with 25% or 35% without 
Zn supplementation. Previous studies suggesting the role 
of NZnO in improving the immune status of Nile tilapia 
[47]. Also, immune cells produce cytokines to initiate the 
defense mechanism of the immune system against pathogens 
[93]. Awad [84] reported that low concentrations of NZnO 
(30 mg kg−1) to O. niloticus diet improve immune status 
and elevate survival rate against Aeromonassobria pathogen. 
At the nanoscale level, the reactivity of ZnO is increased 
because of the large surface area to volume ratio, which may 
induce cytotoxicity [94]. Luo [95] reported that, nanopar-
ticles can stimulate innate and adaptive immune response 
depending on their physicochemical properties; however, 
it is still unclear how nano-particles affect the immune 
response. It has been demonstrated that nano-formulated 
Zn, like nano ZnO, promotes growth in a dose dependent 
effect that is positively correlated with the positive immuno-
logical responses of livestock [96]. Likewise, Gharaei [79] 
found that Huso huso fed diet supplemented with ZnO-NP 
enhanced the lysozyme levels and immune system.

Gene Expression

Growth hormone (GH) and insulin-like growth factors 
(IGFs) have garnered increased attention in recent years, 
owing to their wide-ranging biological effects and thera-
peutic potential [97]. The growth hormone is a polypep-
tide hormone necessary for growth, bone development and 
nutrient metabolism [98]. Besides, IGF-1, as a member of 
the IGFs family, is a candidate gene for improved growth, 
body composition, metabolism and adipose tissue in ani-
mals [99]. It is important to know that there are no previ-
ous reports that describe a correlation effect between the 
dietary Zn form and the dietary protein on the expression 
of GH and IGF-1 gene in fish, even though previous stud-
ies have found that dietary Zn supplementation leads to 
higher gene expression of IGF-I in weanling pigs [100]. 
Both IGF-1 and growth hormone receptors (GHR) are 
strong growth regulators, inducing an anabolic effect on 
protein and carbohydrate metabolism and mediating the 
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action of the growth hormone [101, 102]. The increased 
expression of GHR reflects an increased activity of the 
growth hormone (GH), which subsequently exhibits 
lipolytic activity by stimulating triglyceride uptake and 
increasing hepatic (LPL) expression [103]. The increased 
activity of lipid metabolism mediates the breakdown of 
circulating triglycerides into free fatty acids and increases 
its cellular uptake in the liver and skeletal muscle [103]. 
Some studies reported that, when nano-particles enter 
the body, they can interact with immune cells and trig-
ger inflammatory response, which is accompanied by the 
secretion of signaling molecules (cytokines, chemokines) 
that provide communication between immune cells and 
coordinate molecular events. Interleukin 1 beta (IL1-β) 
is a member of the interleukin 1 family of cytokines, this 
cytokine is produced by activated macrophages as a pro-
protein, which is proteolytically processed to its active 
form by caspase 1 (CASP1/ICE). This cytokine is an 
important mediator of the inflammatory response, and is 
involved in a variety of cellular activities, including cell 
proliferation, differentiation, and apoptosis. The study of 
nanoparticles that induce IL-1b via inflammatory signaling 
pathways mechanism is an emerging theme [104]. Şıklar 
[105] reported that NZnO may be attributed to somatic 
growth by stimulation of DNA and RNA synthesis and 
growth hormone protein synthesis.

In conclusion, the present results indicated that sup-
plementation of diets with NZnO is valuable for tilapia as 
growth promoting although, decreased the requirements of 
dietary protein from 35 to 25% without effect in growth, 
feed efficiency, intestinal topography, oxidative responses, 
and related gene expression. Further studies are wanted for 
gut microbiota investigation to detect the mode of action 
between ZnO and dietary protein level on the health stat-
ues of tilapia fish.
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