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Abstract
This study was conducted to explore the effect of the zinc oxide nanoparticles (ZnONPs) supplement on the regulatory 
appetite and heat stress (HS) genes in broiler chickens raised under high or normal ambient temperatures. In this study, 
240 one-day-old male broiler chicks (Cobb 500) were randomly assigned to 48 battery cages. From day 1, these 48 cages 
were randomly subjected to four different treatment strategies: Control (wherein, their basal diet included 60 mg/kg of 
ZnO), ZNONPs 40 (wherein basal diet included 40 mg/kg of ZnONPs), ZnONPs 60 (basal diet included 60 mg/kg of ZnONPs), 
and ZnONPs 100 (basal diet included 100 mg/kg of ZnONPs). Thereafter, from day 22 to 42, the chickens from each dietary 
treatment group were subjected to different temperature stresses either normal (23 ± 1 °C constant) or HS (34 ± 1 °C for 
6 h/d), which divided them into eight different treatment groups. Our findings revealed that dietary ZnONPs altered the 
gene expression of cholecystokinin (ileum), heat stress proteins (HSP) 70 (jejunum and ileum), and HSP 90 (duodenum, 
jejunum, and ileum). The gene expression of ghrelin was affected by the interaction between the ZnONPs concentration 
and temperature in the duodenum and stomach. More studies are required to elucidate its complex physiological and 
biochemical functions of the regulation of gene expression within the intestine in heat-stressed broiler chickens.

Key words:  broiler chickens, gene expression, heat challenge, small intestine, zinc oxide nanoparticles

  

Introduction
The impact of climate change has a devastating consequence on 
the poultry production to sustain its productivity. High ambient 

temperature is of great concern in all types of poultry production, 
which can lead to heat stress (HS), thus affecting the productivity 
of the chickens (Habibian et al., 2016). HS is a significant factor 
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influencing domestic animal production especially in the tropical 
climate of Malaysia (Khajavi et al., 2003).

The performance of chickens affected by HS leads to 
significantly impaired growth rates and feed intake due to 
the intestinal inflammation and injury, pathophysiological 
alterations in digestion and loss of absorptive surface 
area, and impairment of intestinal barrier integrity causes 
increased susceptibility to infectious diseases (Ebrahimi et al., 
2015). Severe effects of HS may lead to pathological damage 
via mucosal epithelial cell exfoliation and villi fracture that 
mainly involved the duodenum, jejunum, and ileum (Ning 
et al., 2003).

Most of the intestinal hormones in broiler chickens which 
include appetite inhibitors, such as ghrelin and cholecystokinin 
(CCK), are released from the intestine. These inhibitors are 
widely distributed in the gastrointestinal tract and are important 
in the regulation of feed intake in broilers and layers (Lei et al., 
2013). Both of these genes transmit satiety signals to the brain 
after feed consumption, resulting in the attenuation of appetite 
(Honda et al., 2017). A study has shown that heat-induced stress 
increased the mRNA expression of ghrelin in the duodenum 
and downregulated mRNA CCK expression in the duodenum 
and ileum of broiler chickens (He et al., 2018). The expression of 
downregulation of CCK and upregulation of ghrelin observed in 
the intestine tissue suggested anorexigenic effects of acute high 
ambient temperature in chickens (Lei et al., 2013). The response 
of ghrelin and CCK expression under dietary manipulation 
on the appetite regulatory genes and HS genes under the HS 
environment in avian species have not been addressed.

Heat shock proteins or heat stress proteins (HSP) are a group 
of highly conserved proteins that are rapidly synthesized when 
living organisms are induced with HS (Al-Aqil and Zulkifli, 2009). 
Varasteh et al. (2015) reported that during HS the mRNA HSP70 
and HSP 90 levels were upregulated in both the jejunum and 
ileum; however, no HS-related alteration of these HSPs was 
observed in the duodenum and colon in chickens. This indicated 
that HSPs expressions vary in the individual organs of the 
intestine (Varasteh et al., 2015). However, the information on the 
relationship between the mRNA expression of HSP70 and HSP 90 
activity in the stressful condition is rather scarce.

Sahin et  al. (2009) stated that Zinc (Zn) was a vital 
component that was used in many poultry diets for alleviating 
the HS-related effects. The usage of higher levels of Zn excreted 
from animals fed with zinc oxide has raised concerns about 
environmental pollution (Feng et al., 2009). Thus, this problem 
opens an alternative for better bioavailable Zn sources and, if 
possible, to reduce the dosage of Zn usage into animal feed. 
Scientific reports related to the role of ZnONPs in HS poultry 
performance are very scarce. In our previous study, increased 
retention of Zn in the liver of chicken had alleviated the negative 
effects of HS via maximizing the antioxidant defense system 
and minimizing lipid peroxidation (Ramiah et al., 2019). Because 
of these considerations, this study was designed to examine the 
effects of Zinc oxide nanoparticles (ZnONPs) on the regulation 

of appetite-associated (ghrelin and CCK) and HSP genes (70 and 
90)  in broiler chickens reared under normal and high ambient 
temperature conditions.

Materials and Methods

Ethical note

In this study, all experimental procedures were carried out as per 
the guidelines mentioned in the Animal Ethical Code No. UPM/
AICUC/AUP-R040/2017. These procedures were also approved 
by the Institutional Animal Care and Use Committee (IACUC), 
Universiti Putra Malaysia. All animal models were cared for and 
their health and welfare were also regularly monitored by a 
qualified veterinarian, who was one of the researchers in this 
study.

Chickens, housing, diets, and experimental design

The materials and methods used in this study have been 
previously outlined in the recently published parallel paper 
(Ramiah et al., 2019), including the composition of the basal 
diet during the starter (day 1 to 21)  and finisher (day 22 to 
42)  periods (Table  1); 240 one-day-old male broiler chicks 
(Cobb 500) were randomly allotted to 48 battery cages, which 
were maintained in six similar environmentally controlled 
chambers. Feed and water were provided ad libitum. From 
day 1, the 48 cages were randomly subjected to four different 
treatments, that is, Control (the chicks were given a basal diet 
with 60 mg/kg ZnO), ZnONPs 40 (wherein basal diet included 
40 mg/kg ZnONPs), ZnONPs 60 (basal diet of 60 mg/kg ZnONPs), 
and ZnONPs 100 (basal diet included 100 mg/kg ZnONPs). The 
premix minerals used in this study were specially formulated 
by Peters Lab Sdn Bhd (Nilai, Negeri Sembilan, Malaysia) 
without inclusion of Zn in the treated diets. The nano zinc 
oxide (nano-ZnO) particles used in this study were acquired 
from the US Research Nanomaterials, Inc. (Houston, USA). 
The nano-ZnO has 99+% purity with nearly spherical particles 
of size ranged from 35 to 45  nm. On day 22, the chickens 
were subjected to different heat treatments, that is, normal 
ambient temperature or HS, which formed two groups. Thus, 
the chickens were divided into different groups with 4 diets × 2 
temperatures. Each treatment was carried out on six replicates, 
wherein each subgroup consisted of five chickens.

Heat challenge

After 21 d of the adaptation period, the chickens were assigned 
at random to two groups. During the finisher period, chickens 
from each dietary treatment were assigned to normal ambient 
temperature (23 ± 1 °C throughout) or high ambient temperature 
(34 ± 1 °C for 6 h/d from 10:00 a.m. to 4:00 p.m.) resulting in eight 
treatment groups. The relative humidity ranged from 70% to 80%.

Samples collection for real-time polymerase chain 
reaction analysis

From each treatment group, 10 chickens were randomly 
selected. The chickens were slaughtered according to the halal 
slaughter method at the end of the experimental period (Farouk 
et al., 2014). The whole intestinal tract was removed from the 
broiler chickens. Using normal saline, the contents of the gut 
were flushed. Thereafter, 0.5-cm tissues were extracted from 
the center of the glandular stomach, duodenum (center of the 
duodenum), jejunum (between the entry of the bile duct and 
Meckel’s diverticulum), and ileum (center between Meckel’s 
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diverticulum and ileocecal junction) (Awad et  al., 2008). After 
excision, all the tissue samples were frozen using liquid nitrogen 
and then stored at –80  °C. These samples were later used for 
RNA extraction.

RNA extraction

For extracting and purifying the total RNA from the tissue 
samples, the RNeasy Mini Kit (Qiagen, Hilden, Germany) was used 

according to the kit instructions. The total RNA concentrations 
were quantified by determining the optical density. The results 
for the ratio of absorption at 260/280 nm for all samples ranged 
from 1.8 to 2.2.

Real-time polymerase chain reaction

QuantiTect Rev Transcription Kit (Qiagen, Hilden, Germany) 
was used for reverse transcription of mRNA; 5  μg of RNA 
from each sample was reverse transcribed according to 
the manufacturer’s protocol. β-actin and glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) gene markers were used as 
reference genes for normalization. Real-time polymerase chain 
reaction (PCR) reaction was carried out using the Bio-Rad CFX96 
Touch Real-time PCR System (Bio-Rad, USA), with the Quantitect 
primer assays for CCK. The remaining primers were purchased 
(i.e., HSP 70, HSP 90, and ghrelin) from 1st BASE Oligonucleotide 
Synthesis (1st Base, Singapore). The primers are listed in detail 
in Table 2.

The final concentration of the reaction was 1X QuantiFast 
SYBR green PCR kit (Qiagen, Hilden, Germany), 1 μg of cDNA, 
400/500  nM of each forward and reverse primers, and 8.5 μL 
of RNase-free water. RT-quantitative PCR  reaction conditions 
were set at initial activation at 95  °C for 10  min, 40 cycles 
of denaturation at 95  °C for 15  s, followed by annealing at 
different temperatures according to targeted genes for 20 s and 
finally extension at 72 °C for 20 s. The amplification procedure 
was done in a 20-μL reaction volume. For developing the 
standard curve for each gene and checking the efficiency of 
primers, the respective cDNA templates were titrated using 
six serial dilutions in the PCR experiment. Each sample was 
run in triplicate, and the averaged triplicates were used to 
assign cycle threshold (Ct) values. In each run, template 
control was included. The transcription levels were calculated 
using the ΔΔCt method as described by Vandesompele et  al. 
(2002). Thereafter, the real-time PCR data were normalized 
using a geometric average of the two reference genes (i.e., β-
actin and GAPDH). The transcription levels of the HSP 70, HSP 
90, ghrelin, and CCK genes in the treated and control groups 
were compared. Transcriptions levels in the control group were 
always expressed as 1-fold gene expression.

Statistical analysis

The general linear model of the Statistical Analysis System (SAS 
Institute, Inc., Cary, NC, USA) software (SAS, 2005) was used to 
analyze the gene expression data by selecting the heat, diet 
treatments, and their interaction as the main effects. When 
these main effects showed a significant interaction, they were 

Table 1. Composition of the diet during the starter (day 1 to 21) and 
finisher periods (day 22 to 42)

Item
Starter (day 

1 to 21)
Finisher (day 

22 to 42)

Ingredient composition, %
 Corn 54.05 58.21
 Wheat bran 2.70 2.50
 Soybean meal 32.9 30.4
 Gluten meal 3.30 0.00
 Palm oil 3.10 5.20
 Dicalcium phosphate 1.81 1.47
 Limestone 0.95 0.82
 Salt (NaCl) 0.42 0.40
 Vitamin premix1 0.07 0.05
 Mineral premix1 0.10 0.10
 dl-Methionine 0.25 0.21
 l-Lysine HCl 0.24 0.05
 l-Threorine 0.04 0.55
Choline CI, 70% 0.07 0.04
Nutrient composition (%DM, unless stated otherwise)2

 Crude protein 22.00 20.5
 Metabolizable energy, 

kcal/kg
3,080 3,150

 Crude fat 7.27 7.50
 Phosphorus 0.45 0.42
 Calcium 1.00 0.90
 Methionine 0.55 0.50
 Lysine 1.20 1.00
 Na 0.20 0.15

1Premixes contributed the following nutrients per kilogram of 
complete feed: vitamin A, 2,300 IU; vitamin D3, 400 IU; vitamin E, 
1.8 mg; vitamin B12, 3.5 mg; riboflavin, 1.4 mg; panthotenic acid, 
2 mg; nicotinic acid, 7 mg; pyridoxine, 0.25 mg; folic Acid, 0.15 mg; 
menadione, 0.3 mg; thiamin, 0.15 mg; manganese oxide, 35 mg; 
ferrous sulfate, 35 mg; copper sulfate, 60 mg; cobalt carbonate, 5 mg; 
potassium iodine, 0.6 mg; selenium vanadate, 0.09 mg. Mineral 
premix was free of zinc.
2Calculated values. 

Table 2. Primer sequences used for real-time PCR analysis

Gene Primers set Size
Primer Melting 
Temperature References

HSP 70 F: 5′-CGTCAGTGCTGTGGACAAGAGTA-3′  
R: 5′-CCTATCTCTGTTGGCTTCATCCT-3′

145 60 Uerlings et al. (2018) 

HSP 90 F: 5′-GAGTTTGACTGACCCGAGCA-3′  
R: 5′-TCCCTATGCCGGTATCCACA-3′

107 60 Uerlings et al. (2018) 

Ghrelin F: 5′-CCTTGGGACAGAAACTGCTC-3′  
R:5′-CACCAATTTCAAAAGGAACG-3′

203 60 Lei et al. (2013)

GAPDH F:TGAAAGTCGGAGTCAACGGATT-3’  
R:CCACTTGGACTTTGCCAGAGA-3′

81 60 Ojano-Dirain et al. (2007)

β-Actin F: 5′-ATGAAGCCCAGAGCAAAAGA-3′  
R-:5′-GGGGTGTTGAAGGTCTCAAA-3′

223 62 König et al. (2008) 
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compared with each experimental variable. The mean values 
were compared using the Tukey’s test, and the values were seen 
to be statistically significant at P ≤ 0.05.

Results
Table 3 shows the effects of dietary ZnONPs supplementation and 
temperature on the fold changes in the expression of genes in the 
duodenum of broiler chickens at 42 d of age. There were significant 
interactions between diet and temperature for ghrelin (P = 0.0048) 
and HSP 70 (P  =  0.0330) genes. Chickens fed with ZnONPs 60 
diet had higher ghrelin fold changes under normal temperature 
compared with HS conditions. However, there were no differences 
in ghrelin fold changes between temperatures in chickens fed with 
Control, ZnONPs 40, or ZnONPs 100. Also, chickens fed with ZnONPs 
100 diet had higher fold changes of the ghrelin gene under HS 
conditions compared with other diets. Under normal temperature, 
however, fold changes of the ghrelin gene were higher in chickens 
fed with ZnONPs 100 and ZnONPs 60 diets compared with those 
fed with Control and ZnONPs 40 diets. Unlike chickens fed with 
Control and ZnONPs 40 diets, fold changes of HSP 70 gene highly 
increased when heat-stressed broilers fed with ZnONPs 100 and 
ZnONPs 60 diets compared with their counterparts fed the same 
diets under normal temperature. The temperature had no effect on 
the fold changes of HSP 90 and CCK genes. However, chickens fed 
with 100 mg/kg of ZnONPs have the highest fold changes of HSP 90 
at 4.55 (P < 0.05) compared with control groups. Diet had no effect 
on the fold changes of the CCK gene.

The effects of dietary ZnONPs supplementation and 
temperature on the fold changes in the expression of genes 
in the jejunum of broiler chickens at 42 d of age are presented 
in Table 4. No significant interactions (P > 0.05) were observed 
between diet and temperature for fold changes of ghrelin, CCK, 
HSP 70, or HSP 90 in the jejunum. The gene expression of HSP 

70 was found to be higher (P < 0.05) under normal temperature 
compared with HS conditions. The fold changes of HSP 70 were 
significantly (P < 0.001) higher in chickens fed with ZNONPs 60 
and 100 compared with other treatment diets. In this study, 
the gene expression of HSP 90 was not affected by temperature 
conditions. The chickens fed with ZNONPs 40 had greater fold 
changes of HSP90 gene compared with chickens fed with the 
control diet.

Table  5 presented the effects of the dietary ZnONPs 
supplementation and temperature stress on the fold changes 
in the ileum gene expression in the broiler chickens. Significant 
interactions were noted between the diet and temperature 
stresses for the mRNA expressions of the ghrelin (P  =  0.0018) 
and CCK (P = 0.0047) genes. According to the results, the treated 
chickens reared under the HS conditions showed no effect on the 
fold changes of the ghrelin gene. At normal temperature, when 
the chickens were fed the ZnONPs 100 diet, a significant increase 
was seen in the fold changes of the ghrelin gene in comparison 
to the other treatment diets. In the mRNA expression of the CCK 
gene, the temperature had no effect on the fold changes of CCK 
gene in chickens fed with the Control, ZnONPs 60, or ZnONPs 100 
diets. However, feeding chickens with ZnONPs 40 significantly 
increased the fold changes of the CCK gene under HS conditions 
compared with normal temperature. The gene expression of 
HSP 70 and HSP 90 was not affected by temperature. Regardless 
of temperature, fold changes of HSP 70 gene were significantly 
(P < 0.001) higher in chickens fed with ZnONPs 60 diet compared 
with other diets. Chickens fed with the Control diet had fewer 
fold changes of HSP 70 compared with their counterparts fed 
with ZnONPs 40 and ZnONPs 100 diets. The expression of HSP 
90 gene was significantly higher in chickens fed with ZnONPs 40 
diet compared with their counterparts fed with the Control diet.

Table 6 presents the data regarding the effects of the dietary 
ZnONPs supplementation and temperature stress on the fold 
changes in the expression of the glandular stomach genes, 

Table 3. Effects of dietary ZnONPs supplementation and temperature on the fold changes in the expression of genes in the duodenum of broiler 
chickens at 42 d of age

Diet1 Temperature2 n Ghrelin CCK HSP 70 HSP 90 

Interaction effects
 Control HS 6 1.00b ± 0.00 1.00 ± 0.00 1.00b ± 0.00 1.00 ± 0.00
 Control Normal 6 1.00b ± 0.00 1.00 ± 0.00 1.00b ± 0.00 1.00 ± 0.00
 ZnONPs 40 Heat stress 6 1.64b ± 0.38 13.0 ± 8.29 1.75b ± 0.21 2.42 ± 0.73
 ZnONPs 40 Normal 6 1.92b ± 0.39 5.64 ± 0.59 1.62b ± 0.31 2.33 ± 0.54
 ZnONPs 60 Heat stress 6 2.23b ± 0.33 5.74 ± 1.95 25.59a ± 8.35 2.72 ± 0.53
 ZnONPs 60 Normal 6 5.43a ± 0.48 4.04 ± 0.45 2.64b ± 0.34 1.38 ± 0.12
 ZnONPs 100 Heat stress 6 4.78a ± 0.88 2.01 ± 0.49 25.6a ± 11.7 3.97 ± 1.53
 ZnONPs 100 Normal 6 4.29a ± 0.89 4.96 ± 0.69 3.76b ± 0.79 5.13 ± 2.43
Main effects
 Control  12 1.00 ± 0.00 1.00 ± 0.00 1.00 ± 0.00 1.00b ± 0.00
 ZnONPs 40  12 1.78 ± 0.26 9.34 ± 4.12 1.69 ± 0.18 2.38ab ± 0.43
 ZnONPs 60  12 3.83 ± 0.56 4.89 ± 0.99 14.1 ± 5.28 2.05b ± 0.33
 ZnONPs 100  12 4.54 ± 0.60 3.48 ± 0.60 14.7 ± 6.49 4.55a ± 1.38
 HS 24 2.41 ± 0.38 5.45 ± 2.22 13.49 ± 4.19 2.53 ± 0.47
 Normal 24 3.16 ± 0.45 3.91 ± 0.44 2.26 ± 0.31 2.46 ± 0.67
ANOVA (P-value)
Diet   <0.0001 0.0616 0.0092 0.0178
Temp   0.0516 0.4783 0.0034 0.9332
Diet × Temp   0.0048 0.3908 0.0330 0.7256

1Control, basal diet containing 60 mg/kg zinc oxide; ZnONPs 40, basal diet containing 40 mg/kg zinc oxide nanoparticles; ZnONPs 60 basal diet 
containing 60 mg/kg zinc oxide nanoparticles; ZnONPs 100 basal diet containing 100 mg/kg zinc oxide nanoparticles.
2Equal numbers of chickens from each diet were subjected to either 23 ± 1°C throughout (normal temperature) or 34 ± 1 °C for 6 h per day (HS) 
from 22 to 42 d of age.
a,bMeans within a column-subgroup with no common superscripts are significantly different at P < 0.05.
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which were extracted from the 42-d-old broiler chickens. 
A significant diet × temperature interaction was noted for the 
CCK mRNA (P = 0.0319) and HSP 90 mRNA (P = 0.0014) genes. 
The chickens, which were fed the ZnONPs 40 diet, showed a 
higher fold change in the CCK gene expression when they 
were reared in normal temperatures in comparison to those 

reared under an HS condition. However, the temperature 
had no effect on the expression of CCK when chickens were 
fed with Control, ZnONPs 60, or ZnONPs 100 diets. The gene 
expression of HSP 90 was significantly upregulated under heat 
conditions in chickens fed with ZnONPs 60 diet. However, the 
temperature had no effect on the expression of HSP 90 and 

Table 4. Effects of dietary ZnONPs supplementation and temperature on the fold changes in the expression of genes in the jejunum of broiler 
chickens at 42 d of age

Diet1 Temperature2 n Ghrelin CCK HSP 70 HSP 90 

Interaction effects
 Control HS 6 1.00 ± 0.00 1.00 ± 0.00 1.00 ± 0.00 1.00 ± 0.00
 Control Normal 6 1.00 ± 0.00 1.00 ± 0.00 1.00 ± 0.00 1.00 ± 0.00
 ZnONPs 40 HS 6 2.51 ± 0.73 4.83 ± 1.29 1.34 ± 0.23 5.54 ± 2.33
 ZnONPs 40 Normal 6 14.3 ± 8.89 3.41 ± 0.49 2.23 ± 0.27 1.72 ± 0.31
 ZnONPs 60 HS 6 1.70 ± 0.44 1.64 ± 3.43 2.12 ± 0.84 3.08 ± 0.57
 ZnONPs 60 Normal 6 4.53 ± 1.11 4.20 ± 0.64 4.18 ± 1.04 2.54 ± 0.37
 ZnONPs 100 HS 6 2.05 ± 0.59 1.92 ± 0.39 3.29 ± 1.15 2.10 ± 0.31
 ZnONPs 100 Normal 6 1.89 ± 0.49 4.19 ± 0.63 5.23 ± 0.41 2.89 ± 0.48
Main effects
 Control  12 1.00 ± 0.00 1.00 ± 0.00 1.00b ± 0.00 1.00b ± 0.00
 ZnONPs 40  12 8.40 ± 4.61 3.05 ± 0.67 1.78b ± 0.22 3.63a ± 1.26
 ZnONPs 60  12 3.12 ± 0.71 4.49 ± 1.67 3.15a ± 0.71 2.81ab ± 0.33
 ZnONPs 100  12 1.97 ± 0.37 3.23 ± 0.46 4.26a ± 0.65 2.49ab ± 0.29
 HS 24 1.82 ± 0.27 2.69 ± 0.91 1.94b ± 0.38 2.93 ± 0.66
 Normal 24 5.43 ± 2.36 3.20 ± 0.36 3.16a ± 0.44 2.04 ± 0.22
ANOVA (P-value)
Diet   0.1107 0.0939 <0.0001 0.0387
Temp   0.1177 0.5935 0.0115 0.1627
Diet × Temp   0.2173 0.8132 0.3572 0.0643

1Control, basal diet containing 60 mg/kg zinc oxide; ZnONPs 40, basal diet containing 40 mg/kg zinc oxide nanoparticles; ZnONPs 60 basal diet 
containing 60 mg/kg zinc oxide nanoparticles; ZnONPs 100 basal diet containing 100 mg/kg zinc oxide nanoparticles.
2Equal numbers of chickens from each diet were subjected to either 23 ± 1 °C throughout (normal temperature) or 34 ± 1 °C for 6 h per day HS 
from 22 to 42 d of age.
a,bMeans within a column-subgroup with no common superscripts are significantly different at P < 0.05.

Table 5. Effects of dietary ZnONPs supplementation and temperature on the fold changes in the expression of genes in the ileum of broiler 
chickens at 42 d of age

Diet1 Temperature2 n Ghrelin CCK HSP 70 HSP 90 

Interaction effects
 Control HS 6 1.00b ± 0.00 1.00c ± 0.00 1.00 ± 0.00 1.00 ± 0.00
 Control Normal 6 1.00b ± 0.00 1.00c ± 0.00 1.00 ± 0.00 1.00 ± 0.00
 ZnONPs 40 HS 6 1.33b ± 0.15 4.93a ± 1.19 2.45 ± 0.76 2.91 ± 0.66
 ZnONPs 40 Normal 6 3.41b ± 0.19 2.63b ± 0.37 2.46 ± 0.52 2.69 ± 0.43
 ZnONPs 60 HS 6 2.11b ± 0.09 1.50bc ± 0.18 6.21 ± 1.18 2.23 ± 0.68
 ZnONPs 60 Normal 6 1.22b ± 0.14 2.79b ± 0.07 4.11 ± 0.55 1.63 ± 0.21
 ZnONPs 100 HS 6 3.03b ± 0.76 1.65bc ± 0.33 1.85 ± 0.35 3.36 ± 1.71
 ZnONPs 100 Normal 6 12.3a ± 3.48 1.74bc ± 0.27 2.86 ± 0.36 1.24 ± 0.09
Main effects
 Control  12 1.00 ± 0.00 1.00 ± 0.00 1.00c ± 0.00 1.00b ± 0.00
 ZnONPs 40  12 2.37 ± 0.65 3.78 ± 0.69 2.46b ±0.44 2.79a ± 0.38
 ZnONPs 60  12 1.66 ± 0.16 2.14 ± 0.22 5.16a ±0.69 1.93ab ± 0.35
 ZnONPs 100  12 7.65 ± 2.19 1.69 ± 0.20 2.36b ±0.28 2.20ab ± 0.80
  HS 24 1.87 ± 0.24 2.27 ± 0.44 2.88 ± 0.54 2.33 ± 0.45
  Normal 24 4.47 ± 1.29 2.04 ± 0.18 2.61 ± 0.30 1.64 ± 0.18
ANOVA (P-value)
Diet   <0.0001 <0.0001 <0.0001 0.0468
Temp   0.0084 0.4956 0.5247 0.1114
Diet × Temp   0.0018 0.0047 0.0760 0.3677

1Control, basal diet containing 60 mg/kg zinc oxide; ZnONPs 40, basal diet containing 40 mg/kg zinc oxide nanoparticles; ZnONPs 60 basal diet 
containing 60 mg/kg zinc oxide nanoparticles; ZnONPs 100 basal diet containing 100 mg/kg zinc oxide nanoparticles.
2Equal numbers of chickens from each diet were subjected to either 23 ± 1 °C throughout (normal temperature) or 34 ± 1 °C for 6 h per day HS 
from 22 to 42 d of age.
a,b,cMeans within a column-subgroup with no common superscripts are significantly different at P < 0.05.
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ghrelin in chickens fed with the ZnONPs 40 or ZnONPs 100 
diets. The gene expression of ghrelin in the glandular stomach 
was upregulated in chickens fed with ZnONPs 40 or ZnONPs 
100 diets compared with Control and ZnONPs 60. 

Discussion
In the present study, results showed elevated levels of 
mRNA ghrelin in the duodenum and stomach together 
with the increased level of mRNA CCK in the ileum after 
heat exposure in broiler chickens. Studies have shown that 
intracerebroventricular (i.c.v.) and peripheral injection of 
ghrelin inhibits feed intake in chicks (Saito et al., 2005; Chen 
et al., 2018). In chickens, the stomach is the major source of the 
endogenous ghrelin (Richards et al., 2006), and CCK transcripts 
are dispersed throughout the small intestine, particularly 
around the proximal ileum (Reid and Dunn, 2018). Our study 
is consistent with an earlier study, which indicated that the 
ghrelin mRNA levels significantly increased in the glandular 
stomach and duodenum tissues of broiler chickens that were 
exposed to an acute HS condition (Lei et al., 2013). In addition, 
He et al. (2018) observed that high ambient temperature could 
significantly upregulate the ghrelin and CCK mRNA expression 
in the duodenum of broilers that reduced the feed intake. Our 
present results coincided with the previous study by Ramiah 
et  al. (2019) with a general trend observed in heat-stressed 
broilers of decreased feed intake. A  study by Richards et  al. 
(2006) indicated that the intestinal hormones such as CCK and 
ghrelin mediated signals in the gut and transmitted these to 
the hypothalamus that caused the reduction in feed intake in 
poultry. Hence, in this study, the elevated expression of ghrelin 
and CCK seem to be a result of decreased feed consumption 
in broiler chickens. The proteins encoded by ghrelin and 
CCK probably inhibit the appetite via a decrease in intestinal 

motility, which exerts the comparable effects on feed intake in 
broiler chickens (Song et al., 2012). 

It was observed that ZnONP supplementation had some 
amplified effects on these elevating levels of mRNA ghrelin and 
CCK in the intestine. In our previous study (Ramiah et al., 2019), 
the feed intake was substantially reduced with the decrease of 
ZnONP concentration during the finisher and overall periods. 
We found that ZnONPs may not have eliminative the effects 
on the appetite regulatory genes under HS. The reduced 
feed consumption in ZnONP diets may be due to increased 
synthesis of intestinal metallothionein in which is associated 
with reduced zinc absorption (Jahanian et al., 2008). The role of 
metallothionein in the regulation of absorption and excretion 
of Zn in the gut by limitation of   Zn absorption at high Zn 
concentration and enhances Zn absorption at Zn discrepancy 
(Tran et al., 2011). 

A recent study found that dietary nanosized ZnO significantly 
increased the Zn content in the eggshells, Zn concentration 
serum, ghrelin and the IgG levels in aged layers compared with 
dietary ZnO (Mao and Lien, 2017). On the other hand, Hu et al. 
(2016) stated that decreased ghrelin mRNA expression of the 
hypothalamus tissue in Zn-supplemented broiler chickens.  Yin 
et  al. (2009) noted that when the gastric mucosal piglet cells 
were provided with a varying ZnO supplementation, ranging 
between 0 and 0.5  mM, ZnO-supplemented cells showed a 
higher ghrelin concentration. Although zinc supplementation 
has positive impacts on animal performances, however, the 
molecular mechanism describing the Zn effect on the appetite 
regulation genes in poultry remains unclear. The contradictory 
results could arise because of the various levels and forms of Zn 
supplementation were utilized. 

In heat environments, compared with HSP 90, the HSP 
70 gene expression plays a greater role in cellular functions 
(Cedraz et al., 2017). In the present results, HSP 70 expression 
was elevated in an HS environment compared with normal 

Table 6. Effects of dietary ZnONPs supplementation and temperature on the fold changes in the expression of genes in the glandular stomach 
of broiler chickens at 42 d of age

Diet1 Temperature2 n Ghrelin CCK HSP 70 HSP 90 

Interaction effects
 Control HS 6 1.00 ± 0.00 1.00c ± 0.00 1.00 ± 0.00 1.00b ± 0.00
 Control Normal 6 1.00 ± 0.00 1.00c ± 0.00 1.00 ± 0.00 1.00b ± 0.00
 ZnONPs 40 HS 6 2.43 ± 0.31 1.58c ± 0.23 2.90 ± 0.71 2.34b ± 0.62
 ZnONPs 40 Normal 6 7.78 ± 3.26 7.11a ± 2.47 5.48 ± 0.53 3.02b ± 0.28
 ZnONPs 60 HS 6 1.99 ± 0.63 5.60ab ± 0.84 2.16 ± 0.92 7.51a ± 1.28
 ZnONPs 60 Normal 6 2.36 ± 1.18 5.90ab ± 1.31 4.96 ± 0.55 1.85b ± 0.34
 ZnONPs 100 HS 6 6.12 ± 1.37 2.88bc ± 0.98 6.19 ± 4.31 3.45b ± 1.22
 ZnONPs 100 Normal 6 4.58 ± 0.87 4.70ab ± 1.22 3.86 ± 0.44 3.43b ± 1.39
Main effects
 Control  12 1.00b ± 0.00 1.00 ± 0.00 1.00 ± 0.00 1.00 ± 0.00
 ZnONPs 40  12 5.11a ± 1.76 3.43 ± 1.17 4.19 ± 0.57 2.68 ± 0.34
 ZnONPs 60  12 2.17 b ± 0.64 5.68 ± 0.67 3.56 ± 0.66 4.68 ± 1.06
 ZnONPs 100  12 5.35a ± 0.81 3.79 ± 0.79 5.03 ± 2.09 4.44 ± 0.88
 HS 24 2.89 ± 0.54 2.77 ± 0.48 3.07 ± 1.12 3.58 ± 0.68
 Normal 24 3.93 ± 0.99 3.96 ± 0.81 3.82 ± 0.42 2.33 ± 0.39
ANOVA (P-value)
Diet   0.0053 0.0002 0.0889 0.0009
Temp   0.2890 0.0088 0.5098 0.0412
Diet × Temp   0.0864 0.0319 0.3476 0.0014

1Control, basal diet containing 60 mg/kg zinc oxide; ZnONPs 40, basal diet containing 40 mg/kg zinc oxide nanoparticles; ZnONPs 60 basal diet 
containing 60 mg/kg zinc oxide nanoparticles; ZnONPs 100 basal diet containing 100 mg/kg zinc oxide nanoparticles.
2Equal numbers of chickens from each diet were subjected to either 23 ± 1 °C throughout (normal temperature) or 34 ± 1 °C for 6 h per day HS 
from 22 to 42 d of age.
a,b,cMeans within a column-subgroup with no common superscripts are significantly different at P < 0.05.
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temperature in the duodenum of broiler chickens fed higher 
concentrations of ZnONPs (60 and 100  mg/kg ZnONPs). One 
school of thought suggested that high HSP expression is 
associated with HS tolerance (Wang and Edens, 1993). On the 
other hand, the downregulation expression of HSP genes 
could be due to the adaptation of chickens to environmental 
temperature stress (Rajkumar et  al., 2017). In contrast to our 
results, the chickens exposed to HS showed a significant 
upregulation of HSP 70 in mRNA levels in both jejunum and 
ileum (Varasteh et  al., 2015). The discrepancies of the results 
might be partly due to the stability of tissues to high ambient 
temperature to protect the body tissues from being exposed to 
stress (Rajkumar et al., 2017). The mRNA expression of HSP 70 
varied between the heart, liver, and stomach upon HS in pigs, 
indicating tissue specificity (Zhang et  al., 2012). In this study, 
the disparity of HSP 70 mRNA expression varied in the different 
parts of the chickens’ gut because severe HS causes pathological 
damage to the duodenum, jejunum, and ileum, which mainly 
involved mucosal epithelial cell exfoliation and villi fracture as 
reported by (Ning et al., 2003).

HSPs play a vital role when the animals are exposed 
to oxidative stress (Zhao et  al., 2014). Zn supplementation 
could help in suppressing free radicals, thereby decreasing 
their production due to HS (Prasad and Kucuk, 2002). Results 
showed that the HSP 90 mRNA expression was higher in the 
duodenum and glandular stomach tissue samples in the 
broiler chickens that were fed the highest ZnONP levels. 
Similar results were reported by Ramiah et  al. (2019), who 
showed that a diet containing 100  mg/kg ZnONPs increased 
the serum corticosterone levels. Hence, a low Zn level was 
absorbed because of lower feed intake. The results showed 
that the intestinal stress induced a higher HSP 90 expression, 
which could protect the intestinal mucosa against some 
severe tissue injuries. No HS-related alterations were observed 
in the level of expression of HSP 90 in the jejunum or ileum. 
This suggested the differences in the susceptibility of the 
individual parts of the intestines exposed to HS (Varasteh 
et al., 2015).

In summary, this study has compiled the current and past 
data regarding the role played by the ZnONPs in the health of 
the poultry exposed to HS. Heat exposure impairs the appetite, 
which may be correlated with the increased gene expression of 
appetite-related genes (CCK and ghrelin). In the present study, 
we found that supplementation of ZnONPs at 100  mg/kg-fed 
chickens upregulated HSP 70 (jejunum) and HSP 90 (duodenum 
and ileum). In our previous data, we found that supplementation 
of ZnONPs at 100 mg/kg reduced feed intake in broiler chickens 
due to increased synthesis of intestinal metallothionein, 
which is associated with reduced zinc absorption. Since the 
Zn absorption was low, it may not exert a positive influence on 
the broilers subjected to HS. Therefore, the upregulation of HSP 
genes as shown in this study may be one of the mechanisms 
to combat HS by protecting the tissues from being exposed to 
stress. The influence of ZnONPs on appetite regulatory and 
HSP genes in broilers under HS condition still not completely 
understood. Hence, future study is needed to understand the 
dynamics of this mineral on the overall productivity and health 
of broiler chickens.
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