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Abstract

The present study aimed to investigate the effect of zinc oxide nanoparticles (ZnONPs) on immune
response and antioxidant status. A total of 150 one-day old straight run broiler chicks were randomly
allotted in 5 dietary treatments fed a basal diet supplemented with 80 mg/kg zinc oxide (control group),
60 mg/kg zinc methionine (organic zinc) and 60 or 40 or 20 mg/kg ZnONPs respectively, for 35 days.
Compared with control group, different levels of ZnONPs did not alter antibody titer against Newcastle
disease virus (NDV) and Infectious Bursal Disease virus (IBDV). However, supplementation of 20
mg/kg ZnONPs significantly downregulated the mRNA expressions of IFN vy, IL-6, and IL-10 genes
and upregulated the BF2 gene compared to the control group. Moreover, 20 mg/kg ZnONPs
significantly upregulated the mRNA expression of superoxide dismutase (SOD), glutathione
peroxidase (GPx) and catalase (CAT) genes in liver and breast muscle tissues and significantly reduced
malondialdehyde (MDA) concentration in the liver tissue compared to control group. Supplementation
of ZnONPs at a lower level (20 mg/kg feed) to the broilers enhanced antioxidant activity and immune
response compared with conventional sources of zinc.
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Introduction

The poultry sector represents one of the most dynamic components of modern agriculture
because of its rapid production cycle and substantial economic contribution. It plays a crucial
role in supplying eggs, meat, and various processed poultry products to meet the increasing
nutritional demands of the growing population (Saber et al., 2026) M. The However, the
sector encounters several nutritional and health-related challenges, particularly deficiencies
of essential micronutrients such as zinc which, although required in small quantities, are
important for health, growth, and immune function of the poultry (Al-Jaf et al., 2025) 21, It
participates in numerous biochemical and physiological processes and functions as an
antioxidant by scavenging the free radicals. In addition, zinc contributes to bone formation,
enzyme structure, growth performance, and immunity. It also plays a critical role in the
metabolism of proteins, lipids, and carbohydrates (El-Ratel et al., 2025) E1.

Despite its importance, zinc lacks a specialized storage mechanism in the body, necessitating
a continuous dietary supply to meet metabolic demands (Gatti et al., 2026) .. To ensure
adequate levels, zinc is commonly added to poultry diets in inorganic forms, such as zinc
oxide (ZnQ), primarily because of their lower cost compared with organic sources (Zhao et
al., 2014) Bl However, inorganic zinc may interact with phytate in feed, reducing its
bioavailability and necessitating higher supplementation levels. This can increase production
costs and may leads to environmental concerns due to excess mineral excretion. (Samy et al.,
2025) 61, Although chelated or organic forms of zinc exhibit greater bioavailability than
inorganic sources, their use in poultry diets is often limited by their higher price (Saber et al.,
2026) 41,

In this sense, nanotechnology enables the production of zinc oxide nanoparticles (ZnO NPs)
with extremely small particle sizes ranging from 1 to 100 nm. These nanoparticles can
enhance the bioavailability of zinc and intestinal absorption, thereby enhancing the mineral
utilization efficiency while reducing excessive mineral excretion (Mohd Yusof et al., 2023)
[ Such innovations could provide effective nutritional strategies to overcome persistent
challenges in intensive poultry production systems, where oxidative stress and immune
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suppression remain major constraints affecting optimal
productivity (Al-Jaf et al., 2025) . Due to a lack of
knowledge on the optimal inclusion level of ZnONPs in
broiler chicken diets, the purpose of this study is to
investigate the effect of various levels of ZnONPs
supplementation on humoral immunity, cell-mediated
immune response, and antioxidant defence.

Materials and Methods

Synthesis and characterization of ZNONPs

ZnONPs were synthesized using the planetary ball milling
technique following the method described by Mozhi et al.
(2024) 81, The average particle size and zeta potential value
of the synthesized ZnONPs were 7.7 nm and —31.9 mV,
respectively, as determined using a particle size analyzer
(Figures 1). High-Resolution Transmission Electron
Microscopy further confirmed the presence of nearly
hexagonal-shaped nanoparticles (Figure 2).

Birds and design of experiment

The experiment was carried out in an environmentally
controlled poultry shed at Madras Veterinary College, Tamil
Nadu Veterinary and Animal Sciences University, Chennai
— 7. A total of 150 one-day-old broiler chicks (Vencobb
400) were randomly distributed into five dietary treatment
groups, each with three replicates consisting of ten chicks
per replicate. The birds were reared in a deep litter system
for a period of five weeks. The dietary treatments consisted
of different zinc sources added per kg of maize—soybean
meal based basal diet as follows: T1 (control group) — 80
mg/kg inorganic zinc (ZnQ); T, — Zn-Met group containing
60 mg/kg organic zinc (zinc methionine); Ts, T4 and Ts —
ZnONPs groups supplemented with zinc oxide nanoparticles
at 60 mg/kg, 40 mg/kg and 20 mg/kg, respectively. The
basal diets for the broiler were formulated according to the
specifications of the Bureau of Indian Standards (BIS, 2007)
1, The experimental birds were provided ad libitum access
to feed and water, and a lighting program of 23 hours of
light per day was maintained throughout the experimental
period. The vaccination schedule followed during the study
is presented in Table 1.

Measurements

Serum antibody titers against Newcastle disease virus
and infectious bursal disease virus

To evaluate the antibody titers against NDV and IBDV in
serum, blood samples were collected from the jugular vein
of six birds prior to the vaccination from each treatment on
days 21 and 35. The antibody titers were analysed using
NDV and IBD Ab Test kits (IDEXX laboratories, USA)
respectively as per the manufacturer’s instructions by
ELISA.

Lipid peroxidation assay

Immediately after sacrificing the birds on day 35, the liver
tissues collected from six birds from each treatment were
excised and washed in ice-cold normal saline. Liver tissues
were crushed in a tissue homogenizer and 10% wi/v
homogenate was prepared with 0.05 M PBS (pH 7.4). This
was used for the estimation of malondialdehyde (MDA).
Lipid peroxide levels in the homogenates were determined
as thiobarbituric acid reactive substances by the method of
Ohkawa et al. (1979) [ Lipid peroxide levels were
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expressed in nmol MDA/ mg of tissue.

MRNA expression of immune genes and antioxidant
enzymes genes by quantitative real-time PCR

For the cell-mediated immune response-related genes (IFN-
y, IL-10, IL-6 and BF2) expression studies, 4 ml of whole
blood was collected from six birds in each treatment group
for the isolation of peripheral blood mononuclear cells
(PBMCs) using the density gradient centrifugation method
(Kaiser et al., 2006) [*41. In addition, liver and muscle tissue
samples were obtained from six birds per treatment at the
time of slaughter to study the expression of antioxidant
enzyme genes (SOD, GPx and CAT). Total RNA from
PBMCs, liver and muscle tissues was extracted using the
TRIzol method following the protocol described by Rio et
al. (2010) [*2. The concentration and purity of the extracted
RNA were measured using a NanoDrop spectrophotometer
(Thermo Scientific NanoDrop™ One Microvolume UV-Vis
Spectrophotometer). Complementary DNA (cDNA) was
synthesized from the isolated RNA using the iScript™
cDNA synthesis kit (Bio-Rad). Quantitative real-time PCR
was carried out using a Bio-Rad CFX Opus 96 Real-Time
PCR system with iTag Universal SYBR Green Supermix
(Bio-Rad). The specific primer sequences and thermal
cycling conditions used for the analysis are provided in
Tables 2 and 3, respectively. Relative mRNA expression
levels were calculated using the 2 24t method described by
Livak et al. (2001) *3! and normalized to 16s rRNA, which
served as the housekeeping gene.

Statistical Analysis

The experimental data were analyzed by one-way ANOVA
using SPSS v.20.0 statistical package and means of different
treatments were computed using Duncan’s multiple range
test (Duncan, 1995) 1. The obtained results were expressed
as mean = standard deviation and p < 0.05 was considered
as statistically significant.

Results

1. Immunological parameters

1.1. Humoral Immune Response

No significant (p > 0.05) difference was observed among the
dietary treatments on the serum antibody titers against NDV
and IBDV on days 7, 21, and 35 in broiler chicks (Table 4).

1.2. Cell-mediated immune response

Gene expression analysis of cytokines

Supplementation of broiler chick feed with the lowest dose
of ZnONPs (20 mg/kg) significantly (p < 0.05)
downregulated the mRNA expressions of pro-inflammatory
cytokines viz., IFN y and 1L-6 genes and anti-inflammatory
cytokine (IL-10) gene compared to the control group (Figure
3a). However, no significant (p > 0.05) difference was
observed in the mRNA expression of IFN y and IL-10 genes
among birds fed on 20, 40 and 60 mg/kg ZnONPs and 60
mg/kg of Zinc methionine.

Gene expression analysis of MHC class | molecule
Dietary supplementation of lower doses of ZnONPs (20 and
40 mg/kg) significantly (p < 0.05) upregulated (3.63 and
2.89-fold respectively) the MHC class | molecule (BF2
gene) gene expression as compared with control and Zn-Met
groups (Figure 3b).
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2. Antioxidant Status

Lipid Peroxidation

The malondialdehyde (MDA) concentration in the liver
tissue of birds fed on 20 mg/kg of ZnONPs was significantly
lower (p < 0.05) than control and Zn-Met group, but no
significant changes were observed among various levels (20,
40 and 60 mg/kg) of ZnONPs (Table 5). Moreover, MDA
concentration in the liver was linearly reduced as dietary
levels of ZNONPs decreased.

Gene expression analysis of antioxidant enzymes in liver
Compared to control and zinc methionine, the addition of
ZnONPs (20 — 60 mg/kg) in the broiler chicks’ diet
significantly (p < 0.05) upregulated the mRNA expression
of SOD, CAT and GPx in the liver (Figure 4a). Furthermore,
a declining trend in mRNA expression of these antioxidant
enzymes in liver tissue was observed as the level of
ZnONPs increases in the diet, while the highest level of
upregulation of genes was observed in the lowest dose of
ZnONPs (20 mg/kg diet).

Gene expression analysis of antioxidant enzymes in
muscle

The inclusion of ZnONPs (20 — 60 mg/kg) broiler chicks’
diet significantly (p < 0.05) upregulated the mRNA
expression of SOD and CAT in the breast muscle tissue,
while the gene expression of Gpx in breast muscle tissue
was significantly (p < 0.05) higher at 20 mg/kg ZnONPs
and 60 mg/kg zinc methionine-fed group as compared with
other groups. Moreover, as the level of ZnONPs increases in
the diet, declining trend in mRNA expression of these
antioxidant enzymes were observed and in the lowest dose
of ZnONPs (20 mg/kg diet), the highest level of
upregulation of genes was observed (Figure 4b).

Discussion

The present study revealed that dietary ZnONPs (20,40 and
60 mg/kg) had no effects on serum antibody titers against
NDV and IBDV as compared with 80 mg/kg ZnO and 60
mg/kg zinc methionine, suggesting that even 20 mg/kg of
ZnONPs might also deliver the required zinc for humoral
immune response as provided by dietary 80 mg/kg ZnO and
60 mg/kg zinc methionine in broiler chicks. In agreement
with the present results, other researchers indicated no effect
of different zinc sources on antibody titers against NDV and
IBDV (Manangi et al., 2012; Moghaddam et al., 2009) (15161,
Previous studies have consistently reported noteworthy
effects of ZnONPs on antibody titers against Newcastle
Disease Virus (NDV) and Infectious Bursal Disease Virus
(IBDV) in broiler chicks (Al-Shemmari and Fahad, 2019;
Tian et al., 2010) (78],

Concerning the cytokines expression, our results showed a
significant (p < 0.05) downregulation of the pro-
inflammatory cytokines viz., IFN y and IL-6 genes in the
broiler chicks supplemented with 20 mg/kg ZnONPs
compared to the control group which was consistent with
results reported in the jejunum of pigs (Hu et al., 2013) (9],
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These results imply that ZnONPs have an obvious effect on
cell-mediated immune response in broiler chicks.
Accordingly, Zhang et al. (2022) ! reported that 40 or 80
mg/kg ZnONPs significantly decreased the mMRNA
abundance of IFN vy in the jejunal mucosa of broiler
chickens. The organic zinc and different levels of ZnONPs
(20, 40, and 60 mg/kg) significantly (p < 0.05)
downregulated the expression of the IL-10 gene. On the
contrary, Zhang et al. (2022) 9 indicated that serum
concentration of IL-10 increased linearly with the increasing
level of dietary ZnONPs (40 — 160 mg/kg diet). The current
study showed the significant (p < 0.05) upregulation of the
BF2 gene in birds supplemented with either 20 or 40 mg/kg
of ZnONPs. Moreover, supplementation of low levels (20 or
40 mg/kg) of ZnONPs was more efficient than high levels
(Attia et al., 2020) 24, Therefore, downregulation of IFN-y,
IL-6, and IL-10 with upregulation of BF2 indicates
increasing the bioavailability of Zn as in the ZnONPs, might
support the enhancement of immune response to broilers.
Malondialdehyde (MDA) is an important index for lipid
peroxidation (Nielsen et al., 1997) %2 and lipid peroxidation
is an indication of oxidative damage to the cells (Hafez et
al., 2020) 231, Zinc is known as an effective antioxidant trace
mineral in the biological system (Dukare et al., 2021) 4, In
some studies, Attia et al. (2020) ?11; Eskandani et al. (2021)
1251 as well as the results of the present study, indicated that
MDA content in liver tissue was affected by different zinc
sources, and the significantly (p < 0.05) lowest MDA
content was observed in 20 mg/kg of ZnONPs group. This
finding confirmed the positive effect of ZnONPs even at
lower doses against lipid peroxidation and thereby
enhancing the antioxidant defense of the broiler chicks.

The enzymatic antioxidative stress responses were reported
to be effective only in the presence of sufficient amounts of
cofactors such as Zn in the organism (Underwood and
Suttle, 2001) 281, Zinc acts as an activator of SOD (Qu et al.,
2023) 271 and SOD catalyzes superoxide radicals into H,O,
and it is reduced to water by GPx or catalase (Surai et al.,
2016) 281, In this study, the antioxidant property of ZnONPs
has been confirmed even at the molecular level as reflected
by the significant upregulation of the SOD, CAT and GPx
genes in the liver and breast muscle tissues of the broiler
chicks. The results of the present study are in agreement
with Zhao et al. (2014) B! and Fathi et al. (2016) ?*1 who
suggested that a lower concentration of Zn (20 mg/kg)
consistently stimulates antioxidative function in broilers by
improving the Cu-Zn-SOD activity and catalase activity,
while a higher concentration of nano zinc (40 mg/kg) was
not associated with a significant increase in the SOD activity
in the serum.

In conclusion, supplementation of ZnONPs even at a lower
level (20 mg/kg feed) exhibited superior effects compared to
inorganic and organic sources of zinc in terms of enhancing
cell-mediated immunity by regulating inflammatory
cytokine activity and fortifying antioxidant defense by
reducing oxidative stress of broilers.

Table 1: Vaccination Schedule

Age Name of the Vaccine Route of Administration
0 day Marek’s disease vaccine Subcutaneous

7" day Newcastle disease vaccine — RDV- F strain Intra ocular

14" day Infectious Bursal Disease vaccine (Georgia strain) Intra ocular

21 day Newecastle disease vaccine - Lasota strain Oral
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Table 2: The sense and antisense primer sequences of genes used for Real-Time PCR study

Gene | Orientation Primers sequences (5’ - 3°) Product size (bp) Reference
168 Forward GTAACGCAAGCGATCNCG 130

Reverse AACCGCGACGCTTTCCAA

Forward ATCATACTGAGCCAGATTGTTTCG .

N [30]
IFN-Y ™ Reverse TCTTTCACCTTCTTCACGCCAT 140 Xieetal., (2020)
10 |__Forward CACGCGGAGGGCGTTAAA 186

Reverse CAGGTGAAAGTCAGCCCGT
Forward CAACCTCAACCTGCCCAA
- - [31]
L6 ™ Reverse GGAGAGCTTCCTCAGGCATT 86 El-Bahr etal. (2020)
Forward CCGTGGTTCGTGACTGTGGGGTAC .
’ [32]
BF2 ™ Reverse CACTGTGTGAGACCCGCCGGT 222 O"Neill et al. (2009)
Forward TTCCTGACCTGCCTTACGACTAT .
[33]
SoD Reverse CCAGCGCCTCTTTGTATTTCT 138 Lietal. (2011)
Forward ACTGGTGCTGGCAACCC -
[34]
CAT ™ Reverse ACGTGGCCCAACTGTCAT 86 Rimoldi et al. (2015)
Forward AACCAATTCGGGCACCAG
[35]
CPX ™ Reverse CCGTTCACCTCGCACTTCTC 122 Yuan et al. (2012)

Table 3: Thermal cyclic conditions used for Real-Time PCR study

Thermal cyclic conditions

Genes

IFN y, IL-6 & IL-10

SOD & GPx

CAT & BF-2

Initial denaturation temperature

95 °C for 3 minutes

95 °C for 3 minutes

95 °C for 5 minutes

Final denaturation temperature

95 °C for 30 seconds

95 °C for 30 seconds

92 °C for 20 seconds

Annealing temperature 60 °C for 15 seconds 60 °C for 30 seconds 60 °C for 1 minute
Extension temperature 72 °C for 35 seconds 72 °C for 45 seconds 72 °C for 1 minute
Number of Cycles 40 40 40
Melting curve 65°C-95°C 65°C-95°C 65 °C-95°C
Table 4: Effects of ZNONPs on serum antibody levels of NDV and IBDV of broilers (Mean*+ SD)
Treatments
Type Growth Stage T T Ts T. T, P value
IBDV Day 21 1.97 £ 0.08 1.88 +0.22 1.94+0.16 2.00+0.12 2.04+0.15 0.75
Day 35 2.35+0.53 2.28+0.71 2.01+0.36 2.19+0.25 2.41+0.70 0.63
NDV Day 21 2.78£0.19 2.51+0.18 2.72+0.18 2.82+0.28 2.75+0.27 0.27
Day 35 2.37+£0.42 2.14+0.23 2.72 £ 0.56 2.53 £0.57 2.43+£0.37 0.36

#Each value represents the mean of six observations. T1— 80 mg/kg ZnO; T2 - Zn met-60 mg/kg; T3 - ZnNONPs- 60mg/kg; T4- ZnONPs - 40

mg/kg; Ts- ZnONPs - 20 mg/kg

Table 5: Effects of supplementation of ZnONPs on the
concentration of malondialdehyde in the liver of broilers (Mean*+

SD)
Treatment MDA (nmol /g protein)

80 mg/kg ZnO 3.350+1.24
60 mg/kg Zn-Met 2.95 +1.02
60 mg/kg ZnONPs 2403 +1,.22
40 mg/kg ZnONPs 212®+1.17
20 mg/kg ZnONPs 1.442+0.80

P value 0.05

“Each value represents the mean of six observations. Mean bearing
different superscripts in a column differ significantly with (p < 0.05).
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Fig 1: Particle size and Zeta potential analysis of ZnONPs
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Fig 2: Transmission electron microscopic image of ZnONPs
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Fig 4: Effects of ZnONPs on relative mRNA expression of anti-
oxidant enzymes in liver and muscle tissues of broilers

Abbreviations:

BIS-Bureau of Indian Standards; CAT-catalase; cDNA-
complementary Deoxy Ribo Nucleic Acid; GPx- glutathione
peroxidase; IBDV- Infectious Bursal Disease Virus; IFN —
interferon; IL- interleukin; MDA- malondialdehyde; mg/kg
— milligram per kilogram; MHC — major histocompatibility
complex; mRNA-messenger Ribo Nucleic Acid; NDV-
Newcastle Disease Virus; PBMC — peripheral blood
mononuclear cells; PCR- Polymerase chain reaction; ROS —
reactive oxygen species; SOD- superoxide dismutase; ZnO
— zinc oxide; ZnONPs — zinc oxide nanoparticles; Zn-zinc;
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