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Oxidative stress and inflammatory responses
involved in dietary nickel chloride (NiCl2)-induced
pulmonary toxicity in broiler chickens

Jie Deng,†a Hongrui Guo,†a Hengmin Cui,*a,b Jing Fang,a,b Zhicai Zuo,a,b

Junliang Deng,a,b Xun Wanga,b and Ling Zhaoa,b

The respiratory system is the primary target of nickel or nickel compound toxicity after inhalation

exposure. There are no reports on the effects of nickel or nickel compounds on the lung via dietary

administration at present. This study aimed to investigate pulmonary toxicity induced by dietary NiCl2 in

broiler chickens by using histopathology, qRT-PCR, and ELISA. In comparison with the control group,

NiCl2 intake induced oxidative damage to DNA (upregulation of 8-OHdG) and lipid peroxidation (upregu-

lation of MDA), which was associated with the upregulation of NO and the downregulation of the

expression levels and activities of pulmonary CuZn-SOD, Mn-SOD, CAT, GSH-Px, GR and GST mRNA.

Also, the T-AOC activity, GSH content, ability to inhibit the generation of hydroxyl radicals, and ratio of

GSH/GSSG were decreased in the groups treated with NiCl2. Concurrently, the mRNA expression levels of

iNOS, TNF-α, COX-2, IL-1β, IL-6, IL-8, IL-18 and IFN-γ were increased via the activation of NF-κB, and the

mRNA expression levels of anti-inflammatory mediators including IL-2, IL-4 and IL-13 were decreased in

the groups treated with NiCl2. The above-mentioned results were the first to demonstrate that NiCl2
intake induced pulmonary oxidative stress and inflammatory responses via the dietary pathway, which

subsequently contributed to histopathological lesions and dysfunction.

Introduction

As one of the most abundant transition metals in the Earth’s
crust, Ni occurs in soil, water, and air.1,2 Owing to its unique
catalytic, magnetic, and optical properties and biological
effects, Ni is widely used as an important material in many
processes of modern industry.3 The high consumption of Ni-
containing products inevitably leads to environmental pol-
lution, which increases the possible health risks to humans
and animals.4 Ni is also considered to be essential for many
animal species, microbes, and plants.5,6 However, excess
exposure to Ni may be acutely toxic to humans and animals.7

Ni chloride, nitrate, sulphate, hydroxide, acetate, carbonate,
and oxide are the most commercially important Ni compounds
in nature.8 Exposure to Ni commonly occurs by ingestion of
contaminated water and food.2,9 Workers in Ni-producing and

processing industries are exposed by inhalation and, to a
lesser extent, dermal contact.10 People may also be exposed via
contact with stainless steel, jewelry, and coins. Ni is toxic at
high doses to both humans and animals.11 A previous study
has reported that Ni and Ni compounds are immunotoxic,
neurotoxic, genotoxic, toxic to the reproductive and pulmonary
systems, nephrotoxic, hepatotoxic and carcinogenic.12 Also,
our studies have proved that dietary NiCl2 in excess of 300 mg
kg−1 can cause immunotoxicity, oxidative damage, inflamma-
tory response, apoptosis and cell cycle arrest in the kidney,
spleen, small intestine, cecal tonsil and bursa of Fabricius in
broiler chickens.13–30

It has been reported that oral NiCl2 in excess of 2 mg kg−1

can decrease body and liver weight and cause hepatic toxicity
in mice.31 Ling and Leach reported that dietary NiCl2 concen-
trations of 300 mg kg−1 and above resulted in a significant
reduction in growth rate. Mortality and anemia were observed
in chicks receiving 1100 mg kg−1 nickel.32 Weber and Reid
found a significant reduction in growth at concentrations of
700 mg kg−1 and above of NiSO4 and nickel acetate.33 Chicks
that were fed diets contaminated with Ni at a concentration
ranging from 250 to 300 mg kg−1 in the diet exhibited growth
depression and a reduction in feed intake.34 Bersényi et al.35†These authors contributed equally to this work.
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reported that supplementation of 500 mg kg−1 NiCl2 reduced
weight gain (by 10%), feed intake (by 4%) and FCE (by 5%) in
growing broiler cockerels. Numerous studies have demon-
strated that Ni can induce oxidative stress, inflammatory
responses and apoptosis in vivo and in vitro.36–40 In in vivo
studies, it has been reported that NiSO4 can induce oxidative
stress-mediated apoptosis in the liver in Carassius auratus.41

Sun et al. and Amudha et al. have also reported that NiCl2 and
NiSO4 induce oxidative stress in the testes in Spodoptera
litura36 and in the kidney in rats.42 In in vitro studies, Ma
et al.43 have demonstrated that nickel nanowires (Ni NWs)
induce apoptosis via the production of ROS in HeLa cells. Ni
and Ni compounds can cause oxidative stress in human lung
epithelial A549 cells44 and human bronchial epithelial cells
(BEAS-2B).45 Also, these studies all demonstrate that oxidative
stress induced by Ni is accompanied by an increase in the
generation of ROS, a decrease in GSH and inhibition of the
activities of antioxidant enzymes.41,46,47 Lung inflammation
has been observed after inhalation of NiO, NiSO4 or Ni3S2 in
F344/N rats and B6C3F1 mice.48 NiCl2 can induce an inflam-
matory response by increasing the protein expression levels of
pro-inflammatory cytokines including TNF-α, IL-6, and IL-1β
in RAW264 cells, bone marrow-derived macrophages and bone
marrow dendritic cells.49,50 Nickel oxide nanoparticles
(NiONPs) can also increase the protein expression levels of
MIP-1α, MCP-1, IL-1α and IL-1β in the lungs of rats.51 The
above-mentioned studies suggest that oxidative stress and
inflammatory response are the two main mechanisms involved
in Ni-induced toxic effects on organs, tissues and cells.

The lung is the target organ for the acute toxicology of Ni,12

and the respiratory system is the primary target of Ni toxicity
after inhalation exposure. Based on the above-mentioned refer-
ences, there are no reports on the effects of Ni or Ni com-
pounds on the lung via dietary administration at present.
Therefore, this study was conducted with the objective of
assessing pulmonary toxicity via oxidative stress and inflam-
matory responses after NiCl2 intake in broiler chickens by
using histopathology, qRT-PCR, and ELISA.

Results
Histopathological changes in the lung

A histopathological study showed that NiCl2 caused dose- and
time-dependent lesions in the lungs of the groups treated with
NiCl2 when compared with the control group. The alveolar epi-
thelial cells were swollen and exfoliated. The alveolar walls
were thickened with the infiltration of inflammatory cells and
congestion. The results are shown in Fig. 1.

Changes in 8-OHdG, MDA and NO contents in the lung

As shown in Fig. 2, NiCl2 induced the generation of NO free
radicals, oxidative damage to DNA and LPO in the lung. The 8-
OHdG contents were significantly higher (p < 0.05 or p < 0.01)
in the 600 mg kg−1 and 900 mg kg−1 groups from 14 to 42 days
of age and in the 300 mg kg−1 group at 42 days of age than

those in the control group. The MDA and NO contents
were significantly increased (p < 0.05 or p < 0.01) in the
900 mg kg−1 group at 14 days of age, in the 600 mg kg−1 and
900 mg kg−1 groups at 28 days of age, and in all three NiCl2-
treated groups at 42 days of age in comparison with those in
the control group.

Changes in mRNA expression levels of antioxidant enzymes in
the lung

The results of qRT-PCR showed that NiCl2 decreased the
mRNA expression levels of antioxidant enzymes in the lung
when compared with those in the control group. The mRNA
expression levels of CuZn-SOD were significantly lower (p <
0.05 or p < 0.01) in the 900 mg kg−1 group at 14 days of age, in
the 600 mg kg−1 and 900 mg kg−1 groups at 28 days of age and
in all three NiCl2-treated groups at 42 days of age than those in
the control group. The mRNA expression levels of Mn-SOD
were significantly decreased (p < 0.05 or p < 0.01) in the
900 mg kg−1 group from 14 to 42 days of age and in the
600 mg kg−1 group at 42 days of age. The mRNA expression
levels of CAT and GSH-Px were significantly lower (p < 0.05 or
p < 0.01) in the 900 mg kg−1 group at 14 days of age, in the
600 mg kg−1 and 900 mg kg−1 groups at 28 days of age, and in
all three NiCl2-treated groups at 42 days of age than those
in the control group. The mRNA expression levels of GR
and GST were significantly decreased (p < 0.05 or p < 0.01) in
the 600 and 900 mg kg−1 groups at 14 days of age and in all
three NiCl2-treated groups from 28 to 42 days of age when
compared with those in the control group. The results are
shown in Fig. 3.

Changes in activities of antioxidant enzymes in the lung

The T-AOC activities in the three NiCl2-treated groups were
lower (p < 0.05 or p < 0.01) than that in the control group from
14 to 42 days of age except in the 300 mg kg−1 group at 14 days
of age. The activities of CuZn-SOD and GST were significantly
reduced (p < 0.05 or p < 0.01) in the 900 mg kg−1 group at 14
days of age and in all three NiCl2-treated groups at 28 and 42
days of age, and the Mn-SOD activity was significantly
decreased (p < 0.05 or p < 0.01) in the 900 mg kg−1 group from
14 to 42 days of age and in the 600 mg kg−1 group at 42 days of
age when compared with the control group. The CAT activity
was lower (p < 0.05 or p < 0.01) in the 900 mg kg−1 group at 14
days of age, in the 600 mg kg−1 and 900 mg kg−1 groups at 28
days of age, and in all three NiCl2-treated groups at 42 days of
age than that in the control group. The ability to inhibit the
production of hydroxyl radical and the GSH-Px activity were
significantly decreased (p < 0.05 or p < 0.01) in the 900 mg kg−1

group from 14 to 42 days of age and in the 600 mg kg−1

group from 28 to 42 days of age. Also, the GR activity was
reduced (p < 0.05 or p < 0.01) in the 600 mg kg−1 and 900 mg
kg−1 groups from 28 to 42 days of age and in all three NiCl2-
treated groups at 42 days of age. The results are shown in
Fig. 4.
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Changes in contents of GSH and GSSG and the ratio of
GSH/GSSG in the lung

The GSH content was dramatically decreased (p < 0.05 or p <
0.01) in the 300, 600 and 900 mg kg−1 groups in comparison
with that in the control group from 14 to 42 days of age,

whereas the GSSG content was increased (p < 0.05 or p < 0.01)
in the 600 and 900 mg kg−1 groups from 14 to 42 days of age.
Concurrently, the ratio of GSH to GSSG was sharply reduced
(p < 0.05 or p < 0.01) in the 900 mg kg−1 group from 14 to 42 days
of age and in all three NiCl2-treated groups at 28 and 42 days
of age. The results are shown in Fig. 5.

Fig. 1 Histopathological changes in the lung at 42 days of age. Control group: no changes are observed; 300 mg kg−1 group: the alveolar epithelial
cells are swollen; 600 mg kg−1 group: the alveolar epithelial cells are swollen. The alveolar walls are thickened with the infiltration of inflammatory
cells and congestion; 900 mg kg−1 group: the normal alveolar architecture has disappeared. Many exfoliated and necrotic alveolar epithelial cells,
alveolar macrophages and inflammatory cells are observed (H&E).
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Changes in mRNA expression levels of inflammatory
mediators in the lung

The mRNA expression levels of NF-κB, TNF-α, IFN-γ, iNOS,
COX-2, IL-1β, IL-6, IL-8 and IL-18 were significantly higher (p <
0.05 or p < 0.01) in the three NiCl2-treated groups than those
in the control groups. However, the mRNA expression levels of
IL-2, IL-4 and IL-13 were decreased (p < 0.05 or p < 0.01) when
compared with those in the control group. The results are
shown in Fig. 6.

Changes in Ni residues in the lung

The Ni content was increased in the three NiCl2-treated groups
at 42 days of age in comparison with that in the control group
(p < 0.05 or p < 0.01), as shown in Fig. 7.

Discussion

In summary, we found that NiCl2 can cause oxidative stress
and inflammatory responses in this study.

It has been suggested that one possible molecular mecha-
nism involved in the toxicity of Ni is the disruption of a deli-
cate oxidant/antioxidant balance, which can lead to lesions

via oxidative damage.12 We investigated the mechanism of
NiCl2-induced oxidative stress in this study. The result showed
that NiCl2 intake induced oxidative damage to DNA (upregula-
tion of 8-OHdG) and lipid peroxidation (upregulation of
MDA). 8-OHdG is an indicator of oxidant-induced damage to
DNA and oxidant status.52 MDA is the most abundant alde-
hyde that is formed during LPO.53 Kalaivani et al.54 have also
reported that the intratracheal instillation of Ni3S2, NiO, and
NiSO4 into Wistar rats significantly increased the levels of 8-
OHdG in the lungs. An increase in the concentration of NO
free radicals and a decrease in the mRNA expression levels
and activities of pulmonary antioxidant enzymes such as
CuZn-SOD, Mn-SOD, CAT, GPx, GR and GST were observed in
the broiler chickens treated with NiCl2. Also, the T-AOC
activity, GSH content, ability to inhibit the generation of
hydroxyl radicals and ratio of GSH/GSSG were decreased in
the groups treated with NiCl2. An increase in the pulmonary
NO content has also been observed in rats treated with
NiSO4.

55 Decreases in GSH levels and SOD activities and an
increase in LPO have been found in the kidneys of rats fed
diets contaminated with NiCl2.

56 An increase in the lipid per-
oxidation level, depletion of GSH and decreases in the activi-
ties of antioxidant enzymes (SOD, CAT, and GPx) have also

Fig. 2 Changes in 8-OHdG, MDA and NO contents in the lung. The contents of NO (free radical), 8-OHdG (marker of oxidative damage to DNA),
and MDA (LPO marker) are significantly increased in the NiCl2-treated groups. The letters A, B, C, and D represent a significant difference (p < 0.01)
among the four groups; the letters a, b, c, and d represent a difference (p < 0.05) among the four groups.
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been observed in the livers of mice treated with NiCl2.
57 Pari

et al.58 have also demonstrated that NiSO4 can induce oxi-
dative stress via decreasing the activities of enzymatic anti-
oxidants such as SOD, CAT, GPx, and GST and non-enzymatic
antioxidants such as GSH. The findings in this study are con-
sistent with our previous studies on the kidney, spleen, small
intestine, cecal tonsil and bursa of Fabricius of broiler chick-
ens.17,22,29,59,60 Based on the above references, this in vivo
study was the first to observe NiCl2-induced pulmonary oxi-
dative damage via the dietary pathway. These results demon-
strate that NiCl2 induces pulmonary oxidative stress via
increasing the generation of free radicals and reducing anti-
oxidant status. In this study, the decrease in the mRNA
expression levels of these antioxidant enzymes shows that the
inhibition of transcription is a possible way to decrease the
activities of antioxidant enzymes.

There are no reports at present on the mechanism of
inflammatory responses induced by dietary NiCl2 in the lung
via the expression of mRNA. We also investigated the possible
mechanism of inflammatory responses induced by dietary
NiCl2 in this study. The results showed that dietary intake of
NiCl2 increased the mRNA expression levels of the transcrip-
tion factor NF-κB, TNF-α, IFN-γ, COX-2, iNOS, IL-1β, IL-6, IL-8
and IL-18. The transcription factor NF-κB is a critical
intracellular mediator of the inflammatory cascade.61 The
expressions of pro-inflammatory cytokines and other pro-
inflammatory mediators that participate in acute inflammatory
responses such as TNF-α, IFN-γ, COX-2, iNOS, IL-1β, IL-6, IL-8

and IL-18, which play an important role in initiating the
body’s inflammatory response to infections, injuries, or stress,
are widely regulated by the transcription factor NF-κB.61,62 Our
results indicated that dietary intake of NiCl2 amplifies the
expression of pro-inflammatory mediators by activating the
NF-κB signaling pathway, which is in agreement with the
results obtained by Liu et al.63 that NiSO4 induced inflam-
mation in livers by upregulating the levels of expression of
TNF-α, IL-6, COX-2, and PGE2 via activation of the nuclear
translocation of NF-κB.37 Freitas et al.64 have also reported that
Ni(NO3)2 can activate the NF-κB pathway in THP-1 monocytic
cells. Nickel hydroxide NPs increase the mRNA levels of TNF-α
and IL-6 in the lung, spleen and heart of mice.65 Ni3S2 signifi-
cantly increases mRNA expression levels of IL-8 protein in
human airway epithelial cells.66 Furthermore, NiCl2 reduced
the mRNA expression levels of IL-2, IL-4 and IL-13 in this
study, which are the main anti-inflammatory mediators and
can inhibit the production of pro-inflammatory mediators.67,68

Saito et al.69 have suggested that NiCl2 decreases the mRNA
expression levels of IL-2, IL-4 and IL-13 in T cells. Also, our pre-
vious studies have proved that NiCl2 decreases the expression
of IL-2 in the thymus, intestinal mucosa, cecal tonsil and
spleen.13,14,20 Moreover, we have found that NiCl2 causes renal
inflammatory responses by activation of the NF-κB pathway
and reduction in the expression of anti-inflammatory
mediators.25 The upregulation of the production of pro-inflam-
matory mediators and downregulation of that of anti-inflam-
matory mediators stimulate the lung to inflammatory

Fig. 3 Changes in mRNA expression levels of CuZn-SOD, Mn-SOD, CAT, GPx, GR, and GST in the lung. The mRNA expression levels of the antioxi-
dant enzymes CuZn-SOD, Mn-SOD, CAT, GPx, GR, and GST are decreased in the lung. The letters A, B, C, and D represent a significant difference (p
< 0.01) among the four groups; the letters a, b, c, and d represent a difference (p < 0.05) among the four groups.
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Fig. 4 Changes in activities of T-AOC, CuZn-SOD, Mn-SOD, CAT, GPx, GR, GST, and ability to inhibit hydroxyl radicals in the lung. The activities of
T-AOC, CuZn-SOD, Mn-SOD, CAT, GPx, GR, and GST, and the ability to inhibit hydroxyl radicals are decreased in the lung. The letters A, B, C, and D
represent a significant difference (p < 0.01) among the four groups; the letters a, b, c, and d represent a difference (p < 0.05) among the four
groups.

Fig. 5 Changes in contents of GSH and GSSG and the ratio of GSH/GSSG in the lung. The content of the non-enzymatic antioxidant
molecule GSH and the ratio of GSH to GSSG are significantly decreased and the GSSG content is increased in the lung. The letters A, B, C,
and D represent a significant difference (p < 0.01) among the four groups; the letters a, b, c, and d represent a difference (p < 0.05) among the four
groups.
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responses, which impair the pulmonary function and tissue
structure.

Oxidative stress induces the generation of free radicals, LPO
and oxidative damage to DNA, which lead to injury to the lung
tissue and cells. At the same time, the upregulation and
downregulation of pro-inflammatory and anti-inflammatory
mediators can induce an inflammatory response with the

infiltration of inflammatory cells and congestion. Thus, we
observed histopathological changes induced by NiCl2, e.g.,
swollen and exfoliated alveolar epithelial cells, the infiltration
of inflammatory cells and congestion, which were promoted
by oxidative stress and the inflammatory response. Also, the
pulmonary injuries were strongly consistent with the accumu-
lation of Ni in the lung.

Fig. 6 Changes in the mRNA expression levels of inflammatory mediators in the lung. The mRNA expression levels of the pulmonary pro-inflamma-
tory mediators NF-κB, TNF-α, IFN-γ, COX-2, iNOS, IL-1β, IL-6, IL-8 and IL-18 are increased, and the mRNA expression levels of the anti-inflammatory
mediators IL-2, IL-4, and IL-13 are decreased in the lung. The letters A, B, C, and D represent a significant difference (p < 0.01) among the four
groups; the letters a, b, c, and d represent a difference (p < 0.05) among the four groups.
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Experimental procedures
Experimental design

Two hundred and eighty one-day-old healthy broiler chickens
were divided into four groups (n = 70). There were seven repli-
cates in each group and ten broilers in each replicate. The broi-
lers were housed in cages with electrical heaters and were
provided with water as well as the below-mentioned diets
ad libitum for 42 days. The growth cycle of commercial broilers
is about 42 days, and then they will be put to use for consump-
tion. In this period, they grow rapidly and a lot of diet will be
consumed, and broilers will easily be affected by a diet con-
taining metal pollutants (such as Ni). The aim of our study
was to evaluate the effect of dietary NiCl2 on broilers in the
period of growth.

A corn-soybean meal formulated by the National Research
Council 70 was the control diet, and NiCl2 (NiCl2·6H2O, Cheng
Du Kelong Chemical Co., Ltd, Chengdu, China) was mixed
into this basal diet to produce experimental diets containing
300, 600 and 900 mg kg−1 NiCl2, respectively. According to the
ref. 32–35 doses of 300, 600 and 900 mg kg−1 NiCl2 were
chosen to observe dose-dependent changes in this study.

The animal protocols and all procedures of the experiment
were performed in compliance with the laws and guidelines of
Sichuan Agricultural University Animal Care and Use Commit-
tee (Approval No.: 2012-024). The Ethics Committee for Animal
Experiments (Institute of Animal Diseases and Environmental
Hazards of Sichuan Province, Chengdu, China) approved our
experimental protocol.

Histopathological examination of the lung

Five chickens in each group were humanely killed at 14, 28
and 42 days of age. The lungs were removed, fixed in 4%
paraformaldehyde, dehydrated in ethanol and embedded in
paraffin. Serial slices with a thickness of 5 μm were prepared,
stained with haematoxylin and eosin (H&E), and examined by
light microscopy.

Detection of parameters of oxidative damage in the lung

At 14, 28 and 42 days of age, after five broilers in each group
had been humanely killed, the lungs were immediately
removed, chilled to 0 °C in 0.85% NaCl and then dried,
weighed and homogenized in 9 vol. ice-cold 0.85% NaCl in a
chilled homogenizer and centrifuged at 3500g at 4 °C for
10 min, and the supernatant was finally collected. After deter-
mining the amount of total protein in the supernatant by the
Bradford method,71 the activities of T-AOC, CuZn-SOD, Mn-
SOD, CAT, GST, GSH-Px and GR, ability to inhibit the gene-
ration of hydroxyl radicals, contents of NO, MDA, and GSH
and ratio of GSH to GSSG in the supernatant were detected by
biochemical methods following the instructions of the reagent
kits (T-AOC, A015; CuZn-SOD, A001-2; Mn-SOD, A001-2; CAT,
A007; GST, A004; GSH-Px, A005; GR, A062; ability to inhibit the
generation of hydroxyl radicals, A018; NO, A012; MDA, A003-1;
GSH/GSSG, A061; total protein, A045-2, purchased from
Nanjing Jiancheng Bioengineering Institute of China, Nanjing,
China). Their absorbances were measured at 520, 550, 550,
240, 412, 412, 340, 550, 412, 532, 240 and 590 nm, respectively,
using a microtiter plate reader (Thermo, Varioskan Flash,
USA).

Determination of the 8-hydroxy-2′-deoxyguanosine (8-OHdG)
content in the lung by ELISA

At 14, 28 and 42 days of age, five broilers in each group were
humanely sacrificed, and the lungs were immediately stored at
−70 °C until analysis was performed. Pulmonary 8-OHdG
levels were measured using ELISA (DRE-C6207, RB, USA), as
described by Gaca et al.72

Determination of mRNA expression of antioxidant enzymes
and inflammatory mediators in the lung by qRT-PCR

The lungs from five broilers in each group were taken at 14,
28, and 42 days of age and stored in liquid nitrogen. They were
then homogenized in liquid nitrogen using a mortar and
pestle. The total RNA was isolated using RNAiso Plus
(9108/9109, Takara, Japan). Subsequently, the RNA was tran-
scribed into cDNA using a PrimeScript™ RT reagent kit
(RR047A, Takara, Japan) according to the manufacturer’s
protocol. The cDNA product was used as a template for
qRT-PCR analysis. Sequences for target genes were obtained
from the NCBI database. Oligonucleotide primers were
designed using Primer 5 software and synthesized by Takara
(Dalian, China; Tables 1 and 2).

For qRT-PCR reactions, 25 μL mixtures were made up, con-
taining 12.5 μL SYBR® Premix Ex Taq™ system (DRR820A,
Takara, Japan), 1 μL forward and 1 μL reverse primer, 8.5 μL
RNase-free water (RT12102, Tiangen, China) and 1 μL cDNA. A
Bio-Rad C1000 thermal cycler (Bio-Rad, USA) was used to
perform qRT-PCR reactions. The PCR procedure consisted of
95 °C for 3 min followed by 44 cycles of 95 °C for 10 s, Tm of a
specific primer pair for 30 s, and then 95 °C for 10 s and 72 °C
for 10 s. Melting curve analysis showed only one peak for each
PCR product.

Fig. 7 Changes in Ni content in the lung at 42 days. The pulmonary Ni
content has significantly increased. Data are presented as the mean ±
standard deviation (n = 5). The letters A, B, C, and D represent a signifi-
cant difference (p < 0.01) among the four groups; the letters a, b, c, and
d represent a difference (p < 0.05) among the four groups.
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Data from the real-time PCR reactions were analyzed using
the 2−ΔΔCT method.73

Determination of pulmonary Ni content by GFAAS

After five broilers in each group were humanely killed at 42
days of age, the lungs were immediately removed, weighed,
dried, and collected for the determination of the Ni content.

The Ni content in the lungs was measured by GFAAS
according to a reference method.25

Statistical analysis

The significance of differences among the four groups was
analyzed by variance analysis, and the results were presented
as the mean ± standard deviation (M ± SD). The variation was
measured by a one-way analysis of variance (ANOVA) test using

SPSS 16.0 for Windows. Statistical significance was considered
to occur at p < 0.05.

Conclusions

Our data are the first to show that NiCl2 intake induces pul-
monary oxidative stress and inflammatory responses via the
dietary pathway, which contributes to histopathological
lesions and dysfunction.
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Table 1 List of primers of the antioxidant enzymes in qRT-PCR analysis

Gene symbol Accession number Primer Primer sequence (5′–3′) Product size Tm (°C)

CuZn-SOD NM205064 Forward CGCAGGTGCTCACTTTAATCC 119 bp 57
Reverse CTATTTCTACTTCTGCCACTCCTCC

Mn-SOD NM204211 Forward CACTCTTCCTGACCTGCCTTACG 146 bp 57
Reverse TTGCCAGCGCCTCTTTGTATT

CAT NM001031215 Forward CTGTTGCTGGAGAATCTGGGTC 160 bp 61
Reverse TGGCTATGGATGAAGGATGGAA

GST L15387 Forward CAGGGAAATACAATCTCTACGGGA 128 bp 59
Reverse TTCTTTCACATCGGCTGCTTG

GSH-Px NM001277853 Forward TTGTAAACATCAGGGGCAAA 140 bp 61
Reverse TGGGCCAAGATCTTTCTGTAA

GR GQ853055 Forward CTGTGGCAAAGCCCTCCTGA 135 bp 61
Reverse ATGGGTGGGTGGCTGAAGAC

β-Actin L08165 Forward TGCTGTGTTCCCATCTATCG 178 bp 62
Reverse TTGGTGACAATACCGTGTTCA

Table 2 List of primers of the inflammatory mediators in qRT-PCR analysis

Gene symbol Accession number Primer Primer sequence (5′–3′) Product size Tm (°C)

NF-κB NM205134 Forward CTGAAACTACTGATTGCTGCTGGA 179 bp 62
Reverse GCTATGTGAAGAGGCGTTGTGC

IFN-γ Y07922 Forward AGCTGACGGTGGACCTATTATT 157 bp 58
Reverse GGCTTTGCGCTGGATTC

TNF-α NM204267 Forward CCCCTACCCTGTCCCACAA 100 bp 58
Reverse TGAGTACTGCGGAGGGTTCAT

COX-2 NM001167718 Forward CTTAAATTGAGACTTCGCAAGGATG 165 bp 62
Reverse TGGGACCAAGCCAAACACCT

iNOS NM204961 Forward CCGTGTTCCACCAGGAGATG 168 bp 56
Reverse GCAGGAGTAATGACGCCAAGAG

IL-1β Y15006 Forward CAGCCTCAGCGAAGAGACCTT 106 bp 60
Reverse CACTGTGGTGTGCTCAGAATCC

IL-2 AF000631 Forward TCTGGGACCACTGTATGCTCT 138 bp 60
Reverse ACACCAGTGGGAAACAGTATCA

IL-4 AJ621249 Forward ACCCAGGGCATCCAGAAG 176 bp 59
Reverse CAGTGCCGGCAAGAAGTT

IL-6 AJ309540 Forward AATCCCTCCTCGCCAATCTG 106 bp 60
Reverse GCCCTCACGGTCTTCTCCATA

IL-8 HM179639 Forward CTGGCCCTCCTCCTGGTT 105 bp 60
Reverse GCAGCTCATTCCCCATCTTTAC

IL-13 AJ621250 Forward AGTGCTGGACAACATGACCGA 128 bp 60
Reverse GCAAGAAGTTCCGCAGGTAGAT

IL-18 AJ277865 Forward TAGCCAGTTGCTTGTGGTTCG 170 bp 60
Reverse TCTTATCTTCTACCTGGACGCTGA

β-Actin L08165 Forward TGCTGTGTTCCCATCTATCG 178 bp 62
Reverse TTGGTGACAATACCGTGTTCA
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Appendix

Abbreviations appearing in the text

Abbreviation Name Abbreviation Name

NiCl2 Nickel chloride NF-κB Nuclear factor-κB
Ni Nickel IL-1β Interleukin-1β
qRT-PCR Quantitative real-

time polymerase
chain reaction

IL-6 Interleukin-6

DNA Deoxyribonucleic
acid

IL-18 Interleukin-18

mRNA Messenger
ribonucleic acid

IL-2 Interleukin-2

8-OHdG 8-Hydroxy-2′-
deoxyguanosine

IL-4 Interleukin-4

MDA Malondialdehyde IL-13 Interleukin-13
NO Nitric oxide NiSO4 Nickel sulfate
CuZn-SOD Copper–zinc

superoxide
dismutase

Ni NWs Nickel nanowires

Mn-SOD Manganese
superoxide
dismutase

ROS Reactive oxygen
species

CAT Catalase NiNPs Nickel
nanoparticles

GSH-Px Glutathione
peroxidase

LPO Low pulse
occupancy

GR Glutathione
reductase

NiONPs Nickel oxide
nanoparticles

GST Glutathione-S-
transferase

MIP-1α Macrophage
inflammatory
protein-1α

T-AOC Total antioxidant
capacity

MCP-1 Monocyte
chemotactic
protein-1

GSH Reduced
glutathione

IL-1α Interleukin-1α

GSSG Oxidized
glutathione

Ni3S2 Nickel subsulfide

•OH Hydroxyl free
radical

Ni(NO3)2 Nickel nitrate

iNOS Inducible nitric
oxide synthase

H&E Haematoxylin
and eosin

TNF-α Tumor necrosis
factor-α

PBS Phosphate
buffered solution

COX-2 Cyclooxygenase-2 PI Propidium
iodide staining
solution

IFN-γ Interferon-γ GFAAS Graphite furnace
atomic
absorption
spectrometry
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