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Abstract

Background: The use of zinc oxide in the form of nanoparticles (ZnO-NPs) is of great benefit due to its potent
effectiveness and higher bioavailability compared to zinc oxide. This study aimed to investigate the impact of
dietary inclusion of different doses of ZnO-NPs on selected serum biomarkers, lipid peroxidation and tissue gene
expression of antioxidant enzymes and cytokines in Japanese quail. Eighty Japanese quails (Coturnix japonica) (45
days old) were randomly divided into four groups (20 birds for each) with 4 replicates (5 birds each). Birds in the
first group were fed a basal diet alone and served as a control (C). Birds in groups 2–4 were fed the basal diet
supplemented with ZnO-NPs at doses of 15 mg/kg, 30 mg/kg and 60 mg/kg for a period of 60 days. At the end of
the experiment, all birds were sacrificed to collect blood in a plain vacutainer, whereas liver and brain tissues were
stored frozen at -80 °C. The obtained sera were used for the analysis of selected biochemical parameters, whereas
tissue homogenates were used for the estimation of zinc, oxidative stress biomarkers and gene expression of
selected antioxidant enzymes and cytokines.
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Results: ZnO-NPs (30 and 60 mg/kg) induced a significant decrease in serum triacylglycerol (TAG) compared to the
control. ZnO-NPs did not affect the activities of serum alanine aminotransferase (ALT), aspartate aminotransferase
(AST), total protein, albumin, globulin and tissue zinc concentrations but reduced the malondialdehyde (MDA) levels
compared to the control. The liver retained a higher zinc concentration than that of brain tissue. In a dose-
dependent manner, ZnO-NPs upregulated the mRNA levels of antioxidant enzymes (superoxide dismutase: SOD1;
catalase: CAT; glutathione peroxidase-1: GPX 1) and pro-inflammatory cytokines (interferon α: IFN-α; interleukin 6: IL-
6) in liver and brain tissues.

Conclusion: The current study suggests the inclusion of ZnO-NPs, particularly 60 mg/kg, in the diet of Japanese
quails to improve antioxidant and immune status.

Keywords: Japanese quails, Zinc oxide nanoparticles, Gene expression, Antioxidants
Background
Zinc is an essential trace element for poultry. It im-
proves the growth performance, skeletal muscle develop-
ment and immunity of broiler chickens [1]. Due to the
low bioavailability of zinc, it is important to ensure the
requirements of animals by increasing the concentration
of inorganic Zn approximately 20- to 30-fold above the
optimum requirements [2]. However, this scenario is
costly, might create a problem with higher zinc residues
in chicken manure [3] and can reduce the digestibility of
other minor elements, such as copper, iron, and cad-
mium [4]. Therefore, the improvement in Zn bioavail-
ability is a major prerequisite for the solution to this
problem. Recently, there has been increasing interest in
substituting bulk inorganic minor elements with nano-
particles. These substitutions increase the surface react-
ive area, bioavailability, and absorbability, as well as
cover the needs of the animals accordingly [5, 6]. In this
context, zinc oxide nanoparticles (ZnO-NPs) are consid-
ered suitable candidates as feed additives [7]. The
addition of ZnO-NPs to poultry diets induced significant
decreases in serum total cholesterol (TC) and triacyl-
glycerol (TAG) [8]. This effect may be linked to the role
of zinc in enhancing fat metabolism or reducing the ab-
sorption of dietary lipids [8]. Dietary ZnO-NPs reduced
the malondialdehyde (MDA) concentration and in-
creased superoxide dismutase (SOD) and catalase (CAT)
activities in chickens [8–10]. Dietary ZnO-NPs (500 µg/
litre) increased the expression of the SOD, CAT and
glutathione peroxidase (GPX) genes in tilapia [11]. This
explains role of zinc in enhancing the antioxidant status
in birds [8]. ZnO-NP supplementation potentiated the
mRNA expression of IL-1β, IL-10, and TNF-α [12].
However, studies regarding the effect of ZnO-NPs in
Japanese quails are insufficient and require further inves-
tigation. Therefore, the current study aimed to investi-
gate the impact of dietary inclusion of different doses of
ZnO-NPs on selected serum biomarkers, lipid peroxida-
tion and tissue gene expression of antioxidant enzymes
and cytokines in Japanese quail.

Results
Characterization of ZnO-NPs
High-resolution transmission electron microscopy
(HRTEM) images of ZnO-NPs indicate the spherical
shape of the obtained nanocrystals of ZnO and a particle
size of 40 nm (Fig. 1a). The field emission scanning elec-
tron microscopy (FESEM) images of ZnO-NPs (Fig. 1b)
showed that ZnO-NPs are identical, spherical with a
smooth surface and approximately 60–95 nm in size.
Peaks of elemental zinc are present in different oxidation
states (Fig. 1c). The average size distribution and the
surface charge, as indicated by a Zetasizer, were deter-
mined to be approximately 130 nm, and the apparent Zeta
potential was approximately − 42 mV (Fig. 1d and e).

Effect of dietary ZnO-NP supplementation on selected
serum biochemical parameters
The activities of liver enzymes (AST and ALT) and the
concentrations of total proteins, albumin and globulin
remained unchanged in the serum of Japanese quail fed
ZnO-NPs compared to the control (Table 1). Total chol-
esterol (TC) decreased significantly (p < 0.05) in the
serum of Japanese quail fed the highest dose of ZnO-
NPs (60 mg/kg diet; group 4) compared to the other
groups, including the control (Table 1). In addition,
serum TAG decreased significantly in birds fed 30 mg/
kg diet (group 3) and 60 mg/kg diet (group 4) of ZnO-
NPs compared to the control (Table 1). The serum TAG
of birds fed lowest dose of ZnO-NPs (group 2; 15 mg/
kg) did not change significantly compared to the control
group (Table 1). The zinc concentration was increased
significantly in the serum of Japanese quails fed the



Fig. 1 Characterization of zinc oxide nanoparticles. a a high-resolution transmission electron microscope (HRTEM) images of ZnO-NPs where its
size is between 40 nm. b The field emission scanning electron microscopy (FESEM) images of ZnO-NPs where its particle size was approximately
60–95 nm. c Energy dispersive X-ray spectra (EDS) of ZnO-NPs. d average size distribution and e surface charge of prepared ZnO-NPs by using
dynamic light scattering technique via Zetasizer instrument

Table 1 Effect of dietary ZnO-NPs supplementation on serum selected biochemical parameters in Japanese quails

Parameters Dietary groups SEM P
valuesGroup 1 Group 2 Group 3 Group 4

AST (U/L) 16.02 17.07 16.35 17.62 0.48 0.695

ALT (U/L) 38.25 35.05 34.42 32.72 0.93 0.206

Total Proteins (mmol/L) 0.459 0.487 0.456 0.469 0.15 0.713

Albumin (mmol/L) 0.173 0.171 0.185 0.186 0.20 0.618

Globulin (mmol/L) 0.241 0.285 0.226 0.240 0.50 0.589

TC (mmol/L) 5.28a 5.00a 4.90a 4.50b 0.24 0.014

TAG (mmol/L) 5.31a 5.03a 4.66b 4.54b 0.29 0.006

Zinc (µmol/L) 10.80b 12.39b 13.13b 19.70a 0.65 0.004
a−c Means within a row not sharing a common superscript differ significantly with corresponding p value
Group 1: control; Group 2: ZnO-NPs 15 mg/kg diet; Group 3: ZnO-NPs 30 mg/kg diet; Group 4: ZnO-NPs 60 mg/kg diet
Abbreviations: ZnO-NPs zinc oxide Nano particles, SEM Standard error of mean, ALT alanine aminotransferase, AST aspartate aminotransferase, TC total
cholesterol, TAG triacylglycerol
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highest dose of ZnO-NPs (60 mg/kg; group 4) compared
to the other groups, including the control (Table 1).

Effect of dietary ZnO-NP supplementation on lipid
peroxidation and oxidative stress biomarkers in liver and
brain tissues
The data summarized in Table 2 indicated that all stud-
ied doses of ZnO-NPs induced a significant reduction
(p < 0.05) in MDA concentrations in liver and brain tis-
sues of Japanese quails compared to the control. Fur-
thermore, all studied doses of ZnO-NPs induced
significant increases (p < 0.0001 and p < 0.01) in NO con-
centrations in the liver and brain tissues of Japanese
quails compared to the control (Table 2). Reduced gluta-
thione (GSH) was increased significantly (p < 0.01) in the
liver and brain tissues of birds fed higher doses of ZnO-
NPs (30 and 60 mg/kg diet) compared to the control
(Table 2). The concentration of GSH in liver and brain
tissue of birds fed lowest dose of ZnO-NPs (15 mg/kg
diet) remained comparable to the control (Table 2).
However, all studied doses of ZnO-NPs induced a sig-
nificant reduction (p < 0.05) in oxidized glutathione
(GSSG) concentrations in liver and brain tissue of Japa-
nese quails compared to the control (Table 2).

Effect of ZnO-NP supplementation on the gene
expression of selected antioxidant enzymes and pro-
inflammatory cytokines in liver and brain tissues
In a dose-dependent manner, all studied doses of ZnO-
NPs induced significant upregulation of the mRNA
levels of the SOD-1 (Fig. 2a), CAT (Fig. 2b), GPX-1
(Fig. 2c), GPX-7 (Fig. 2d), IL-6 (Fig. 2e) and IFN-α
Table 2 Effect of dietary ZnO-NPs supplementation on lipid peroxid
Japanese quails

Parameters Dietary groups

Group 1 Group 2

Liver

MDA(nM/g tissue) 27.20a 21.50b

NO (nM /g tissue) 0.15a 0.46b

GSH (nM /g tissue) 12.50a 12.72a

GSSG (nM /g tissue) 0.29a 0.21b

Brain

MDA (nM /g tissue) 23.48a 16.38b

NO (nM /g tissue) 0.16a 0.36b

GSH (nM /g tissue) 9.05a 11.32a

GSSG (nM /g tissue) 0.24a 0.16b

a−c Means within a row not sharing a common superscript differ significantly with c
Group 1: control; Group 2: ZnO-NPs 15 mg/kg diet; Group 3: ZnO-NPs 30 mg/kg die
Abbreviations: ZnO-NPs zinc oxide nano particles, nM nanomole, SEM Standard error
GSSG oxidized glutathione
(Fig. 2f) genes in the liver tissue of Japanese quails com-
pared to the control. All studied doses of ZnO-NPs in-
duced significant upregulation of the mRNA levels of
the SOD-1 (Fig. 3a), CAT (Fig. 3b), GPX-1 (Fig. 3c), IL-6
(Fig. 3e) and IFN-α (Fig. 3f) genes in the brain tissue of
Japanese quails compared to the control in a dose-
dependent manner. However, the level of gene expres-
sion of GPX-7 remained unchanged in the brain tissue
of Japanese quails fed ZnO-NPs compared to the control
(Fig. 3d).

Effect of dietary ZnO-NP supplementation on zinc
concentrations in liver and brain tissues
Inclusion of ZnO-NPs in the diet of Japanese quails in-
duced a significant increase in the zinc concentration in
both liver and brain tissues compared to the control
(Table 3). Liver tissue retained a higher zinc concentra-
tion than brain tissue (Table 3). The retention of zinc in
either liver or brain tissue was dose independent
(Table 3).

Discussion
Characterization of ZnO-NPs
In the current study, ZnO-NPs were produced by green
biosynthesis, and the chemical stabilization of spherical
ZnO-NPs by the acacia template as a natural, biodegrad-
able polymer is proposed for the action of nucleation
and crystal growth of ZnO-NP crystallites [13]. This
process is preceded by an induction period of Zn cations
and acacia precursor polymer in the solid state. Hazard-
ous solvents or chemicals were not used in this
ation and oxidative stress biomarkers in liver and brain tissues of

SEM P
valuesGroup 3 Group 4

19.63b 17.63b 1.39 0.04

0.52b 0.67c 0.06 0.0001

17.95b 18.19b 0.89 0.002

0.20b 0.16b 0.01 0.04

14.77b 14.47b 1.33 0.02

0.41b 0.52b 0.04 0.006

15.51b 16.44b 1.01 0.003

0.14b 0.12b 0.01 0.04

orresponding p value
t; Group 4: ZnO-NPs 60 mg/kg diet
of mean, MDA malonaldehyde, NO Nitric oxide, GSH reduced glutathione,



Fig. 2 The differential expression of a Superoxide dismutase (SOD1), b Catalase (CAT), c Cellular Glutathione peroxidase 1 (GPX1), d Cellular
Glutathione peroxidase 7 (GPX7), e interleukins (IL-6) and f interferon α (IFN-α) genes expressions in the liver of Japanese quail fed on diets
supplemented with different levels of ZnO-NPs (15, 30, 60 mg/kg diet), β-actin gene was an internal reference gene. The data expressed
as mean ± SEM
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preparation procedure [14]. The electrostatic linkages
and coordination between zinc cations and hydrophilic
functional hydroxyl groups of acacia were developed
when zinc nitrate [(Zn(NO3)2] was added to the polymer
under strong mechanical milling. Furthermore, the
addition of NaOH billets converted the zinc cations co-
ordinated by acacia into Zn(OH)2–acacia [15]. The ob-
tained zinc hydroxide Zn(OH)2 is converted to ZnO-NP
crystals via a further calcination process. The growth
rate of ZnO-NP nuclei is controlled by the polymer,
which governs the size distribution. The spherical shape
of ZnO-NPs, as reflected by the HRTEM image, clearly
indicated that each particle is very small in size and that
the obtained size is approximately 40 nm. The FESEM
images indicated that the ZnO-NPs are identical, spher-
ical, have a smooth surface and have an approximate
particle size of 60–95 nm. The average size was deter-
mined to be approximately 130 nm, which is higher than
the value obtained from HRTEM and FESEM. This in-
crease in size could be attributed to the swelling of the
stabilizing coating polymer acacia when dispersed in de-
ionized water. The apparent Zeta potential is



Table 3 Effect of dietary ZnO-NPs supplementation on zinc concnetrations in liver and brain tissues of Japanese quails

Tissues Unit Dietary groups SEM P
valuesGroup 1 Group 2 Group 3 Group 4

Liver PPb/g tissue 1.10Aa 5.20Ab 5.40Ab 5.15Ab 1.34 0.05

Brain PPb/g tissue 1.09Aa 2.80Bb 2.89Bb 2.05Bb 1.07 0.04
A−B Means within a column not sharing a common superscript differ significantly with corresponding p value
a−c Means within a row not sharing a common superscript differ significantly with corresponding p value
Group 1: control; Group 2: ZnO-NPs 15 mg/kg diet; Group 3: ZnO-NPs 30 mg/kg diet; Group 4: ZnO-NPs 60 mg/kg diet
Abbreviations: ZnO-NPs zinc oxide nano particles, SEM Standard error of mean, PPb/g tissue part per billion per a gram of tissue

Fig. 3 The differential expression of a Superoxide dismutase (SOD1), b Catalase (CAT), c Cellular Glutathione peroxidase 1 (GPX1), d Cellular
Glutathione peroxidase 7 (GPX7), e interleukins (IL-6) and f interferon α (IFN-α) genes expressions in the brain tissue of Japanese quail fed on
diets supplemented with different levels of ZnO-NPs (15, 30, 60 mg/kg diet), β-actin gene was an internal reference gene. The data expressed
as mean ± SEM

El-Bahr et al. BMC Veterinary Research          (2020) 16:349 Page 6 of 12



El-Bahr et al. BMC Veterinary Research          (2020) 16:349 Page 7 of 12
approximately − 42 mV, which indicates relatively high
repulsive forces present in the solution that in turn posi-
tively reflect the stability of the nanoparticles [14].

Effect of dietary ZnO-NP supplementation on selected
serum biochemical parameters
ZnO-NPs were safe with respect to liver function, as
reflected by unchanged values of the activities of AST
and ALT and concentrations of total proteins, albumin
and globulin in the serum of Japanese quail fed all stud-
ied doses of ZnO-NPs compared to the control. This
finding supported earlier results of ZnO-NPs in broilers
[10] and weaned piglets [12]. Only the highest dose of
ZnO-NPs (60 mg/kg diet) was able to induce a signifi-
cant decrease in the concentration of TC in the serum
of Japanese quail compared to other groups, including
the control. It has been published that higher doses of
ZnO-NPs (100 and 200 mg/kg diet) decreased TC con-
centrations effectively in the plasma of laying hens [16].
Only moderate (30 mg/kg) and high doses (60 mg/kg
diet) of ZnO-NPs reduced TAG significantly in the
serum of quails compared to the low dose and control.
The reduction in TAG may be attributed to the reduc-
tion in lipid biosynthesis induced by ZnO-NPs, as indi-
cated earlier in broilers [8] and in laying hens [16]. The
hypolipidemic effect of ZnO-NPs may be attributed to
the incorporation of zinc in the structure of metalloen-
zymes associated with lipid metabolism [17]. The high-
est dose of ZnO-NPs (60 mg/kg diet) was exclusively
able to induce a significant increase in the concentra-
tion of zinc in the serum of Japanese quail compared to
the other groups, including the control. Similar findings
have been indicated earlier in broilers [18] and in laying
hens [19].

Effect of dietary ZnO-NP supplementation on lipid
peroxidation, oxidative stress biomarkers and gene
expression of selected antioxidant enzymes and pro-
inflammatory cytokines in liver and brain tissues
The current findings indicated a significant reduction in
MDA concentrations in liver and brain tissues of birds
fed all studied doses of ZnO-NPs compared to the con-
trol. Because MDA is a well-known biomarker of lipid
peroxidation [20], the current findings confirmed the
antioxidant effect of ZnO-NPs in quail tissues at all
studied doses, as demonstrated earlier in other birds [9,
19, 21]. Of course, zinc plays the main role in this anti-
oxidant effect [22]. The antioxidant effects of ZnO-NPs
in quail [37] and birds [23–25] were supported by the
current results, which reflected a significant increase in
NO in the liver and brain tissues of Japanese quails fed
ZnO-NPs compared to the control. NO modifies cellular
processes that protect cells and tissue from oxidative
damage. In addition to the antioxidant chemistry, NO
protects against cell death mediated by H2O2, alkylhy-
droperoxides, and xanthine oxidase. The attenuation of
metal/peroxide oxidative chemistry, as well as lipid per-
oxidation, appears to be the major chemical mechanisms
by which NO may limit oxidative injury [38]. Both level
of 120 and 200 mg Zn/kg diet increased the sum of
serum nitrite and nitrate in broilers [39]. Usually, most
glutathione is in reduced form (GSH), but in the pres-
ence of free radicals, it is converted to glutathione disul-
fide (GSSG) at a fast rate [26]. New evidence of the
antioxidant effect of dietary ZnO-NPs in quail liver and
brain has been submitted in the current study when all
doses, particularly the higher doses of ZnO-NPs induced
a significant increase in GSH accompanied by a signifi-
cant decrease in GSSG in relevant tissues. The positive
correlation between zinc and GSH has been reported
earlier [26–29]. The antioxidant effect of ZnO-NPs in
liver and brain tissues of Japanese quails has been con-
firmed at the molecular level as reflected by the signifi-
cant upregulation of antioxidant enzyme (SOD-1, CAT,
and GPX-1) genes. The significant upregulation of SOD-
1 because of dietary supplementation of ZnO-NPs in
liver and brain tissues of Japanese quails can be ex-
plained by the potential structural role of zinc as a co-
factor of superoxide dismutase [30]. Oxidative stress in-
duced upregulation of SOD-1 gene expression, which is
usually followed by upregulation of the expression of
CAT and GPX genes [31]. The significant upregulation
of antioxidant enzymes because of ZnO-NP supplemen-
tation has been confirmed in broilers [9, 32] and tilapia
fish [11]. The current study indicated that GPX-7 gene
expression was detected in liver only and not in brain
tissue. The highest GPX activities were observed in the
liver, kidney, heart, lung and yolk sac membrane,
whereas the lowest activities were observed in the
muscle and brain of broiler chickens [33]. The specific
activity of the enzyme in the liver was 6.1 times greater
than that in the brain in chicken [34]. This might also
be the case in Japanese quail, which requires further in-
vestigation. The anti-inflammatory and antiviral effects
of ZnO-NPs in liver and brain tissues of Japanese quails
have been observed at the molecular level, as reflected
by the significant upregulation of cytokine (IFN-α and
IL-6) genes. This effect has been demonstrated earlier
in vitro [35] and in humans [36]. In addition, the well-
known role of Zinc on activation of monocyte and re-
lease of IFN-α and IL-6 has been documented earlier in
human [35, 36].

Effect of dietary ZnO-NP supplementation on zinc
concentrations in liver and brain tissues
The significant increase in zinc concentration in both
liver and brain tissues of ZnO-NP-treated Japanese
quails compared to the control confirmed that tissue
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mineral biodistribution can be used as an index of min-
eral storage in the body [37]. Previous works indicated
that Zn levels in the liver and other tissues were signifi-
cantly increased by dietary inclusion of Zn either in the
form of zinc oxide [40] or nano-zinc oxide [41] in
broiler chickens. The retention of zinc in either liver or
brain tissue was dose independent. In the current study,
dietary ZnO-NPs induced a significant increase in the
zinc concentration in both liver and brain tissues of Jap-
anese quails compared to the control. This observation
is supported by the same finding that was reported re-
cently in broiler chickens [41]. In the current study, liver
tissue retained a higher zinc concentration than that of
brain tissue. This observation is supported by the accu-
mulation of Zn in the liver of chickens supplemented
with graded levels of Zn sulfate [42]. The liver is an
organ in the body that processes blood and helps to re-
move unwanted substances [42]. Zinc in the form of
nanoparticles has the ability to penetrate hepatic cells
via the blood or interstitial space better than the brain
and brain barriers [41].
Conclusions
The current study concluded that the inclusion of ZnO-
NPs (30 and 60 mg/kg) induced a significant decrease in
serum TAG and was safe for liver function. In general,
the inclusion of ZnO-NPs reduced the MDA and upreg-
ulated the mRNA levels of antioxidant enzymes (SOD1,
CAT and GPX1) and pro-inflammatory cytokines (IFN-
α and IL-6) in liver and brain tissues in a dose-
dependent manner. Therefore, the current study recom-
mended the inclusion of the studied dose of ZnO-NPs,
particularly 60 mg/kg, in the diet of Japanese quails to
improve antioxidant and immune status. Future studies
are needed to explain the reason behind the expression
of GPX-7 genes in the liver only and not in brain tissue
of Japanese quails.
Methods
Preparation of ZnO-NPs
ZnO-NPs were prepared in the Textile Research Div-
ision, National Research Centre, Dokki, Egypt, by the
wet chemical method using Acacia (Merck). Briefly,
0.4 g of Acacia was mixed with 0.9 g of zinc nitrate
hexahydrate (Zn(NO3)2.6H2O; Sigma-Aldrich) in the
presence of 0.025 g of sodium hydroxide (Fisher Scien-
tific). The mixture was stirred and ground vigorously
using a ball mill mixer for 10 min. The mixture was then
washed with deionized water to separate the product,
Zn(OH)2, and to remove the unreacted reagents. The
product was air dried at 80 °C and then calcinated at
800 °C for 1 h to obtain pure ZnO-NPs.
Characterization of ZnO-NPs
The particle size and size distribution of the obtained
ZnO-NPs were investigated by using a high-resolution
transmission electron microscope (HRTEM; JEOL-JEM-
1200) [13]. The HRTEM samples were prepared by
dropping a dilute suspension of ZnO-NPs onto copper-
coated grids. The morphological features of the synthe-
sized ZnO-NPs were examined by field emission scan-
ning electron microscopy (FESEM; Quanta FEG 250)
with the field emission technique [13]. The FESEM im-
ages of ZnO-NPs were taken at a magnification of 12,
000X. Energy dispersive X-ray spectra (EDS) were con-
nected to FESEM to determine the existence of zinc.
The size distribution and the surface charge of the ZnO-
NP preparations were investigated by using a Marvelan
Zetasizer-SE [13].

Study collaboration
The current study is a collaborative project between
King Faisal University, Saudi Arabia and Benha Univer-
sity, Egypt. This project was funded by the Deanship of
Scientific Research, King Faisal University, Saudi Arabia
(Grant # 186,202). The Deanship of Scientific Research,
King Faisal University, Saudi Arabia, approved the de-
sign of the study and provided the total funding of the
study, whereas the experimental procedures and man-
agement conditions used in this study were carried out
in accordance with the IUCN policy statement on re-
search involving species at risk of extinction and ap-
proved by the Animal Care and Use Committee of
Benha University, Faculty of Veterinary Medicine, Egypt
(BUFVTM; permission # 03-10-2018).

Birds and experimental design
Eighty Japanese quails (Coturnix coturnix japonica; 45
days old) were provided by the Quails Unit, Center of
Agriculture Production Technology, College of Agricul-
ture, Cairo University, Egypt. After arrival, quails were
housed in 16 wire cages equipped with trough feeders
and automatic drinkers at the farm of the Faculty of
Agriculture, Benha University, Egypt. Birds were ran-
domly divided into four treatments (20 birds for each)
with 4 replicates (5 birds each). Birds of the first group
were fed basal diet alone and served as a control. Birds
of groups 2–4 were fed a basal diet supplemented with
ZnO-NPs at doses of 15 mg/kg, 30 mg/kg and 60 mg/kg
for 60 days. The basal diet was formulated according to
the National Research Council (NRC) [43]. The compos-
ition of the basal diet is listed in Table 4. The premix
used in the diet did not contain additional zinc. All diets
within a period had the same chemical composition.
Birds had free-choice access to diets and clean water
(i.e., ad libitum) in an entirely randomized design during
the experimental period (60 days). The basal diet was



Table 4 Diet composition and calculated chemical analysis

Ingredients Level %

Yellow corn grains 57.1

Soybean meal 44% 28.47

Corn gluten meal 4.5

Vegetable oil 1.8

Limestone 5.55

Dicalcium phosphate 1.73

Sodium chloride 0.33

Vitamin and mineral premix1 0.28

L-lysine 0.1

DL-methionine 0.14

Nutrient specifications

ME MJ/kg 12.14

CP (%) 20

Ca (%) 2.5

Available P (%) 0.4

Calculated zinc (mg/kg) 60.44 [41]

Analyzed zinc (mg/kg) 66.6 ± 1.5 (group 1); 73.0 ± 1.3 (group 2); 81.4 ± 1.2 (group 3); 84.9 ± 1.1 (group 4)

Methionine (%) 0.47

Lysine (%) 1.01
1Vitamin and mineral premix supplied each kg of feeds with: Vitamin A 12,000 IU; vitamin D3 2000 IU; vitamin E 10 mg; vitamin K3 2 mg; vitamin B1 1 mg; vitamin
B2 5 mg; vitamin B6 1.5 mg; vitamin B12 0.01 mg; Biotin 0.05 mg; pantothenic acid 10 mg; Nicotinic acid 30 mg; Folic acid 1 mg; Manganese 60 mg; Iron 30 mg;
Copper 10 mg; Iodine 1 mg; Selenium 0.01 mg; Cobalt 0.01 mg. The zinc content of the premix was13600 mg/kg
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analysed for zinc content by using an AA-6800 model
flame atomic absorption spectrophotometer [44].

Sample collection and biochemical analysis of oxidative
stress biomarkers
At the end of the experiment, all birds were euthanised
by sodium pentobarbital (100 mg/kg) infused intraven-
ously into the wing vein [45]. Afterwards, blood was col-
lected in a plain vacutainer, whereas tissues (liver and
brain) were stored frozen at -80 °C. The collected blood
samples were centrifuged at 1008 g for 10 min, and the
obtained sera were stored frozen at -20 °C until the time
of analysis of the activities of alanine aminotransferase
(ALT) and aspartate aminotransferase (AST) [46], total
cholesterol (TC; [47]), triacylglycerol (TAG; [48]), total
proteins and albumin by using commercially available
kits (Spinreact, Spain) with Catalogue Numbers
TK41274, MD41264, SP41021, 41,030, MD1001291 and
MX1001020, respectively. After thawing, the liver and
one portion of the brain tissue were homogenized in ice-
cold phosphate buffer saline (pH 7.4) to prepare 10% (w/
v) homogenate and used for estimation of malondialde-
hyde (MDA; [49]), nitric oxide (NO; [50]), reduced
glutathione (GSH), and oxidized glutathione (GSSG)
concentrations [51] by HPLC. In addition, serum and
tissue homogenates were used for the determination of
zinc (Zn) by using an AA-6800 model flame atomic ab-
sorption spectrophotometer [44].

Gene expression analysis of selected antioxidant enzymes
and pro-inflammatory cytokines
Liver and brain tissue samples were ground by a Tissue
Lyser LT apparatus (QIAGEN). Total RNA was ex-
tracted from the suspension of cells using the SV Total
RNA Isolation System (Promega Cat. # Z3100). The re-
verse transcriptase reaction of RNA was conducted by
using the QuantiTect® Reverse Transcription Kit (Qia-
gen, Cat. # 205,311). Triplicate PCRs were performed for
each complementary DNA (cDNA) sample in addition
to the non-template control (NTC) and negative cDNA
template. Oligonucleotide names, sequences and acces-
sion numbers of qRT-PCR primers are presented in
Table 5. Primers for superoxide dismutase-1 (SOD1;
[52]), glutathione peroxidase-1 (Gpx1; [53]), glutathione
peroxidase-7 (Gpx7; [52]), interleukin-6 (IL-6; [54]),
interferon alpha (IFN-α; [55]) and beta actin (ß-actin;
[56]) were selected from the literature. However, the pri-
mer for the catalase (CAT) gene was designed using Pri-
mer 3 (http://www.ncbi.nlm.nih.gov/tools/primer-blast/;

http://www.ncbi.nlm.nih.gov/tools/primer-blast/


Table 5 Oligonucleotide name, sequence and accession numbers of qRT-PCR primers

Gene Sequence Accession # References

SOD1 F: TGGACCTCGTTTAGCTTGTG XM_015881247.1 [50]

R: ACACGGAAGAGCAAGTACAG

CAT F: CCTGACTATGGTGCGCGTAT NC_029520.1 Designed

R: CAGACACACGAGAAGTGGCT

GPX1 F: CAG TTC GGG CAT CAG GAGAA AB371709.1 [51]

R: CGA GGA ACT TGC TCGAAA GTT ACC AGG

GPX7 F: TTGTAAACATCAGGGGCAAA XM_015870585.1 [50]

R: TGGGCCAAGATCTTTCTGTAA

IL-6 F: CAACCTCAACCTGCCCAA XM_015853679.1 [52]

R: GGAGAGCTTCCTCAGGCATT

IFN-α F: CCTTGCTCCTTCAACGACA AB154298.1 [53]

R: CGCTGAGGATACTGAAGAGGT

β-actin F: CTGGCACCTAGCACAATGAA XM_015876619.1 [54]

R: CTGCTTGCTGATCCACATCT

Abbreviations: qRT-PCR quantitative real time polymerase chain reaction, SOD1 super oxide dismutase-1, CAT catalase, GPX1 glutathione peroxidase-1,
GPX7 glutathione peroxidase-7, IL-6 interleukin 6, IFN-α interfron α, β-actin beta actin
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NC_029520.1). Each PCR reaction was composed of
2.5 µl of cDNA, 12.5 µl of SYBR Green Mix (Qiagen
Cat. No. 204,143), 0.3 µM of each forward and reverse
primer, and 1 µl of RNase inhibitor, and the final volume
was adjusted to 25 µl by adding RNase-Free water. Reac-
tions were assessed on an AriaMx Real-Time PCR Sys-
tem (Agilent Technologies), two-step cycling protocol,
under the following conditions: 95 °C for 10 min and 40
cycles of 95 °C for 15 s followed by 60 °C for 60 s. The
expression levels were normalized to those of β-actin as
an internal reference gene. Changes in the expression of
the studied genes are presented as n-fold changes rela-
tive to the corresponding controls. Relative gene expres-
sion ratios (RQ) were estimated using the formula:
RQ = 2−ΔΔCT [57].

Statistical analysis
The collected data were analysed by multivariate analysis
(factorial analysis). SPSS (version 16; IBM, Chicago, IL,
USA) software was used. Duncan’s multiple comparison
tests [58] were applied to compare the differences between
dietary groups. The comparison between zinc concentra-
tions in liver and brain tissues of each group conducted via
independent samples t test. The independent factor was the
tissue itself when comparing zinc concentration among
group. However, the independent factor was the group it-
self when comparing zinc concentration in liver and brain
tissues. The sample size calculation was performed using
power and sample size program (www.power-analysis.
com); the type 1 error was 0.05, and the power was 85%.
Eighty birds were classified into 4 groups (20 birds for
each). Each group allocated into 4 replicates (5 birds for
each) as 4 × 4 × 5 factorial randomised controlled study
design. This factorial randomised controlled study design
reduced the number of birds used. The assessors were
blinded to any stages of the methodological process.

Abbreviations
ZnO-NPs: Zinc oxide Nano particles; FESEM: Field emission scanning electron
microscopy; SOD1: Super oxide dismutase-1; CAT: Catalase;
GPX1: Glutathione peroxidase-1; GPX7: Glutathione peroxidase-7; IL-
6: Interleukin 6; IFN-α: Interfron α; β-actin: Beta actin; SEM: Standard error of
mean; ALT: Alanine aminotransferase; AST: Aspartate aminotransferase;
TC: Total cholesterol; TAG: Triacylglycerol; MDA: Malonaldehyde; NO: Nitric
oxide; GSH: Reduced glutathione; GSSG: Oxidized glutathione; qRT-
PCR: Quantitative real time polymerase chain reaction; PPb: Part per billion;
nM: Nanomole
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